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). H orck ¥ Fyarqgy Analysis of Modern
s.8.vong § Fossil-Fuel Power Plants

Whittle Laboratory,

Cambridge University, The definition of open cycle rational efficiency is unequivocally based on the ratio of the
Madingley Road, actual shaft work output from a power plant to the maximum work that could be obtained
Cambridge, CB3 DY, in a reversible process between prescribed inlet and outlet states. However, different
United Kingdom constraints may be applied to such an ideal reversible process, and the maximum work
obtainable will then vary, as will the value of the rational efficiency. Attention has been
G. Manfrida drawn to this issue before in the literature and it is discussed further here. In particular,

the consequences of defining the outlet state for the ideal process are critical. A further

Dipartimento di Energetica "Sergio Stecco,” complication occurs when water or steam is injected into a gas turbine plant. Three

Universita di Firenze,

Via S. Marta 3 definitions of rational efficiency are discussed here and some illustrative calculations
50139 Firenza, presented. There are small but significant differences between the values of the three
Italy derived efficiencies.
1 Introduction require consideration of hypothetical or fictitious states (see

P : : otas and the discussion below in Section 4).
The use of availability (and/or exergy) in the analysis of powe|§ . i Y
plant performance is well established. Several text books gi eFOr case (d) the ideal work is the change in Gibbs free energy of

e fuel [- AG,] wy in a reaction to the vapour state (an alternative

details of the thermodynamic approach used; those by Kotas : o
(1985), Szargut et al. (1988), and Moran (1989) are totally Coﬁpproach by Bejan et al. (1996) postulates water leaving in the

cerned with availability and exergy, but other more general te%)mpressed liquid equilibrium state so the change in Gibbs free
books (e.g., Obert (1960); Haywood (1980); Gyftopoulos a ergy is then {'.AGO]WL’ which is different from.PAGO].WV' .
Beretta (1991); Bejan et al. (1996)) also include relevant chapte oran called the ideal work for case (c) “the chemical availability

The concept of power plant rational efficiency was introduced ﬁ the fuel aip, andT,,” and showed that it is little different from

provide a criterion of performance relating the actual shaft wo _AGO] wv f‘?r.ma”y fue_ls. This_ case (c) may be regar_ded as a
output from a power plant to the work output that would b& assical definition of rational efficiency, but as Moran pointed out,
achievable under some specified ideal operating condition (e.r It'iqnal efficiencies are, for simplicity, often calculated on the
Szargut and Petela (1965)). The plant rational efficiency w. §SIS of case (d) (see Haywood (1980), (1991)).

therefore to be distinguished from the plant overall efficienc Case (b), in which the ideal work output i_s reduced bel_ow
Qat of case (c) by an amount equal to the mixing loss associated

E:grn;]n;;)tri]r%u;;(;r:g;{;d:fstt% fvlvjr;ch is based on the calorific val with further discharge to the atmosphere, is an alternative which

In practice, however, the specification of a suitable ideal proce'fse).(ammed In more det‘f’“l in th's paper. Rece_ntly developed
from which to calculate the ideal shaft work is not as straightfo _oss.ll-fuel power plants (in partlgular the combined cycle gas
ward as might be supposed. This was first emphasised by Stodtb’l'ép'ne plant, CCGI) employ quite low gas exhaust tempera-
(1924) and well illustrated subsequently by Obert (1960), whyres (less than 100°C) thus reducing the loss of thermal exergy
considered three examples of an ideal reaction of carbon with éﬂrthe exhaust stack. In such cases the loss of exergy associated

entering separately at standard pressure and tempergiyre,|, with a fallurg to l;axpand thgl products.to akt)mospherlc partial
but with products discharging at three different conditions: ( ressures (virtually impossible in practice) becomes compara-
le with the loss of thermal exergy. Gyftopoulos and Beretta

&991) drew attention to the practice of keeping the exhaust gas

within the atmosphere. In discussing his examples, Obert show§giPerature above the dewpoint (to avoid corrosion effects) and

that the ideal work is little different for the three cases (a), (b), an%l_ggested that the assum_ed discharge state for an i_deal process
©). might allow for such practice, presumably by assuming an exit

These examples are illustrated diagrammatically in Fig. 1 fé§mperature equal to the dewpoint temperature. This would then
the combustion of a hydrocarbon fuel with an air supply i ad to ignoring a specified amount of thermal exergy loss as

excess of stoichiometric requirements. Also shown is a “refef€ll @ mixing loss in the ideal process. However, we have not

ence” case (d), similar to (a), but with reactants (fuel, oxygef€veloped that approach here. i
To summarise, in this paper we consider,

and nitrogen) entering separately at pressupg, (T,) and
products leaving individually at pressur@ T,). Here we
shall consider cases (b), (c), and (d) in detail but in rever
order. In each of these three cases it is assumed tj@t¢hves
in the vapour state. For case (c) this poses no problem as 2’]6
products leave in the atmospheric equilibrium state (assumifig
the relative humidity is less than unity). But cases (b) and (d)

s1e the impact of recent developments in power plant technology
on the different rational efficiencies which can be found in the
literature

the particular problem, related to the practice of water or steam
injection, which leads to the discharge of wetter exhaust gases
and an effect on rational efficiency

3 the relation between the irreversibility in combustion and the

Contributed by the Advanced Energy Systems Division @ AMERICAN SOCIETY loss of exergy due to mixing in the exhaust
oF MecHanNicAL EnciNeersfor publication in the ASME JURNAL OF ENGINEERING FOR
GAS TURBINES AND POWER Finally, full exergy calculations are given for three modern power

Manuscript received by the Advanced Energy Systems Division August 28, 1998I ith th . | effici . lcul d di h
final revision received by the ASME Headquarters July 5, 1999. Technical Editd?@nts with the rational efficiencies calculated according to three

M. J. Moran. definitions based on cases (b), (c), and (d).
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Fig. 1 Definitions of four ideal processes

2 The General Statement of Rational Efficiency
As indicated in the introduction, the use of availability and

exergy leading to the definition of rational efficiency is well W, =

H_W*‘ 1)

whereW is the net shaft work output from the actual plant, avid
the maximum work obtainable from an ideal (fully reversible)
plant operating between inlet and outlet states which need to be
prescribed. (The subscript * refers throughout to ideal processes.)
W for the actual plant is directly measurable, Bt depends on
how the inlet and outlet states are specified. Nevertheless, if the
only heat transfer is with an environment at temperafyeit is
always correct to write,

W, = B — Bour (2)

whereB = H — T,Siis the steady-flow availability function and
the subscripts imply summation over all reactant streams at inlet
and all product streams at outlet.

The exergyE is often used in preference to the availability
function in order to provide a direct measure of the maximum
work potential relative to a datum staBg,r,

E = B — Bpar. 3)

The exact definition of the datum state (see for example Kotas
(1985); Szargut et al. (1988)) is not essential, so long as a fixed
definition is used and since the main concern is usually with
differences in exergy. Thus, equation (2) may be written

W, = By — Bour = En — Eour (4)

It is often convenient, but by no means necessary, t&sgt= 0
by definition (i.e., thaBpar = Bour), thus implying that no further
work can be extracted from the exhaust leaving the ideal process.
Here, however, we shall follow the usual practice of taking the datum
state as that of a standard environmental atmosphere (subscript 0), at
pressurep, and temperaturd, but with concentrations of the con
stituent gases (and their partial pressures) as defined by Kotas. Thus,
we defineBpar = B, andE, = 0, but we do not necessarily take
Eour = Eo.

An alternative expression fak/, can be obtained by application
of the steady-flow exergy equation to the real plant. Thus,

En — Eour=W+ E (ICR+ IQ) + lQEX+ I mex: (5)

covered in the literature and is therefore only briefly outlined here.
With reference to an open-circuit steady-flow power plant supvhere Icg, 1o, loex @and lyex all represent lost work due to
plied with fuel and atmospheric air, the general definition afreversibility. For a particular component (compressor, combus-

rational efficiencyn is,

Nomenclature

B, E, G, H, I, S = all denote values per
mole of fuel sup-
plied.

B = steady-flow avail-
ability function

tion chamber, turbine, etclyg is the lost work due to internal

| = combustion irreversibility

mn = rational efficiency
(¢ = ler + lep + A) w = chemical potential
| oex = exhaust thermal irreversibility v = stoichiometric coefficient
| = exhaust mixing irreversibilit .
MEX g y Subscripts

e = exergy of HO per p = pressure

mole

p, = standard pressure (1 bar)

n = number of moles

a, b, ¢, d = referring to ideal processes
DAT = datum state

E = exergy p; = partial pressure FUEL = fuel
G = Gibbs function S = entropy 0 = standard atmospheric condi-
H = enthalpy T = temperature tion
I = irreversibility (lost T, = standard temperature (25°C) i = specied
work) W = work output from real plant IN = inlet to plant
Icx = component irrevers- W, = work output from ideal plant OUT = outlet from plant

ibility (internal en-

[WED] = work of extraction and deliv-

SAT = saturated

tropy creation) ey - STACK = exhaust gas
I, = component irrevers- «, 3, y = correction terms on efficiency WL = water (liquid)
ibility (external heat defined in text WV = water vapour

transfer)

2 / Vol. 122, JANUARY 2000

x = mole fraction * = ideal process
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irreversibility andl , is the lost work due to heat transfer with theThe use of the termM/ED] should be explained. It may be thought

environment (zero for most componentis), andl, are summed of as the difference between what Haywood calls the work of

over all components. For convenience, the lost work associatextraction of air from the environment (to storage j$,(T,)) and

with discharging the hot exhaust gases directly to atmospherettie work of delivery of products to the environment (from storage

split into the following two terms: at (po, To)). Some authors refer to it as the chemical exergy
—the “thermal” irreversibilityl gey is the work which could component of the products less that of the air used in combustion.

be obtained by reversible cooling of the hot exhaust aas Since air is supplied from the standard atmosphere in that datum
to temperaturé’ 9 925&te (i.e., with zero exergyk,y is simply the exergy of the fuel
o

— the “mixing” irreversibility | ex is the work which could be Erue, SO that,
obtained by bringing the now cooled gases into chemical
equilibrium with the environment via a reversible process

_ Expressions for the component lost work terms are given in the _ s aiso called the fuel chemical availability by Moran, the
literature (Moran (1982); Kotas (1985)) but the particular ireversyailability of the fuel by Gyftopoulos and Beretta, and the chem-

ibilities | ¢ (the lost work in the combustion chamber), dngk are  jca exergy of the fuel by Kotas and by Bejan et al. The rational
discussed in detail later in this paper. efficiency is now

Combining equations (1), (4), and (5) gives a general expression

[Wile = Erper = [—AGqlwy + [WED]. (12)

for n in terms of the lost work, W W
= = . 13
S (ler+ 1o) + lgex + uex TS W, B (13
n=1- E _E : (6)
IN ouT

As for [W,]4, [Wk]. is unaltered by the presence of excess air,
3 Three Definitions of Rational Efficiency because the extra work obtained by expanding the excess gases

Referring now to Fig. 1, the three cases (b), (c), and (d) apgth the other exhaust products is exactly cancelled by the extra

; ; N k of compression at inlet—the pressure ratipg/p; ) being
considered in reverse order. Complete combustion is assume X 0
each case as excess air is always supplied in gas turbine comtiig.Same in both casesi} ] has been tabulated by Moran (1989)

tion chambers and there is no reactive exergy left in the exhad&. various fuels.

3.1 Case (d). The simplest prescription fow, andn is 3.3 Case (b). The third definition for rational efficiency fol-
based on case (d) (see Figd)) the approximate approach fre-lows from Obert's case (b). At inlet, fuel and “mixed” air enter

quently used, as indicated by Moran: with each stream at pressupy and temperaturel,, but the
Wol = [—AG 7 exhaust products leave in a fully mixed state at atmospheric
[Wila=[-AGo]wy @) temperaturd , and “total” pressur@,. (In the ideal process there

has been no irreversible mixing in reaching this state.)
®) The reversible work associated with this process is still given by
Eq. (2), but the subscript OUT now refers to the exhaust condition
in the stack after cooling td, (but before expanding each con
[AG,]w is the change in Gibbs function (products minus reagtituent to its standard atmospheric partial pressure). The subscript
tants) for a stoichiometric reaction where all chemical speci€sTACK is used to denote this exhaust state (i.e., at “mixed”
enter and leave separately and individually at standard pregsureressurep, and temperaturd,) and, hence, for the new ideal
and temperaturé,, and water leaves as a vapour. Thus, process,Eour = Esrack- NOte, however, that availability values

are still measured above the datum of the environmental state
[AGo]wy = E vipi (To, Po) — E vitki (To, Po)s ©) (Bg = Bpar, Eq = 0), so thatEgiack — Eo = Esrack

_W_W
197 Wels [—AGolwy’

prods reacts The reversible work and rational efficiency are now,
wherevw; is the stoichiometric coefficient, and, is the chemical
potential of species Note that although| AG,]wy is defined in [Wi 1o = Ew — Estack (14)
terms of a stoichiometric oxygen-fuel mixturelV]], is actually
unaffected by the presence of excess oxygen and nitrogen so long Y, W
as these enter and leave the plant at the same pressure and tem- (15)

perature. " [Wilo  En— Estack’
32 Case(c). A “(’:Iassmal" definition of rational efficiency is [\, ], now depends on the species concentrations in the exhaust
that based on Obert's case (c), see Fig).1t is conceptually (ihe same for the real and the ideal process). Furthermore, the
possible to obtain extra work by expanding each species rever&é lergy Esracx is equal to the lost work that would be associated
and isothermally fronp, to p,,, the partial pressure at which it with the discharge from the state STACK to the environmental
exists in the standard atmosphere, but this is offset by the COr®ate. This lost work of delivery (which is not included WJ],)

sponding requirement to compress the oxygen and nitrogen enggrgiven by
ing the plant from their standard atmospheric partial pressures to '
Po- Thus for case (c), Pi sTacK
lwex = RTo >, i In <7> 16
[Wi]c = En — Eour = En = [-AGo]wy + [WED], (10) MEX ° p%s Pio (16)

where, assuming all species behave as semi-perfect gases, the

[WED] (the work of extraction and delivery) is given by e Pistack ndp;, are the partial pressures of species in the

exhaust gas and the standard atmosphere, respectively.

Po Po The ideal work is now related to the real work through the
[WED] = RT, >, » In <—> -RT, >, v In (—) equation,
Pi.o ) Pio
prods air
o0 o [Wilo =W+ > (Ier+ lo) + lgex, €y
=RT, >, n; In (—) ~RT, >, n; In (—) (11)
prods Pio air Pio and the rational efficiency may be written as
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 3

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



S (ler+ o) + loex S (ler+ 1) + loex lower calorific value |-AH,] as the basis for plant overall effi
=1- . ciency, but there the differences between the two values is of
substantial significance because of the high enthalpy of vaporisa-
(18) tion of water. The difference in exergy between the stitesand
A is much smaller as indicated in the last paragraph.

n=1-

EIN - ESTACK EFUEL - IME)(

4 H,O in the Exhaust Gas

The determination of e (and the evaluation of the ration_al5 Power Plants With Water Injection
efficiency for plants with water injection), requires the determina-
tion of the exergy of HO in various states. Problems also arise for water present in the exhaust which is

Figure 2 shows various states of® all at temperaturd,. injected into the plant rather than coming from the oxidation of
StateA is liquid water at pressurp, (i.e., pressurised above thehydrogen in the fuel. In particular, gas turbines with water injec-
saturation pressuness(To)), statesB and C are saturated liquid tion represent a technology which is gaining popularity due to the
and vapour, respectively, and state 0 is the state of tizikithe associated increase in power output and cycle efficiency. Typical
standard atmosphere. The partial pressure of the water vapoug¥@mples are the STIG and RWI plants, see Macchi et al. (1995).
state O iq)W\/,O and is related to aspecified relative hum|dw7| = In terms of the fluid streams CrOSSing the control surfaces
(Pwvo/Psar), (Kotas (1985)). enclosing the real and ideal plants, the only differences lie in the

The enthalpy and entropy of liquid water are virtually indeperﬁ.ddition of extra streams of liquid water at inlet and a correspond-
dent of pressure, and, hence, the molar exergy of stetewiB are  Ing increase in the water content of the exhaust gas.

almost equale, = e;. Also, e; = e and, by definitiong, = 0. The water supplied at inlet (for all three ideal processes) has exergy
Hence, assuming water vapour behaves as a semi-perfect gg@gesponding to staiin Fig. 2, i.e.,nwex = MwRTo IN (Psar/Punvo),
(e — &) = (ec — &) = —RT, In (RH). wheren,, is the number of moles of water supplied externally per

In a real power plant, the 4@ in the exhaust gas is usually inmole of fuel. For the classical ideal process (c), the water exergy at
vapour form because the stack temperature is deliberately cho§&Het is zero. For the ideal process (d) (if based on the exit vapour
to be higher than the dewpoint temperature. On the other hand, gieMH), the extra HO at outlet has exerggiwey.. For the ideal
atmospheric temperatufig is normally below the dewpoint tem Process (b), the extra 8 at outlet (if based on the exit vapour state
perature. The true equilibrium state of the®Hin the exhaust from MN) has exergyn,ey. It should be noted, however, that for the
the ideal plant exhausting at temperatiigeis therefore a mixture Process (b) the partial pressure of water vapour in the exhaust
of water vapour at partial pressyse,r and condensed liquid water (Pwvsrack) increases with increasing water injection and this alters the
at pressur@. value ofeyy.

In eva|uating the contribution of water to the tedmy it is The values of ideal work for the three processes are, therefore,
convenient to consider a fictitious metastable vapour dtéte
lying on the isothermal ,, but at a pressurpyysrack rather than
the saturation pressupa,r. The exergy of this stat®IN is ey, =

[Wils = En — Eour = Eruer — [WED] + nyea — nweyn  (19)

RTo In (Pwystac/Pwyo), 1-€., Not the same as that of staisind [Wi]e = Ew — Eour = ErueL + Nwea (20)
c (ec = RT_O In (pSAT/_pwv.o))- )
Similarly, in evaluating the exergy change in case (d) Bagh [Welp = En — Eour = Eruer + Nwea + luex, (21)

in case (b), there is the option of choosing the equilibrium (liquid)
state at 0o, To), or another fictitious metastable stafé for the \herel ., includes the contribution due to the increased water
water (vapour) at exit from the ideal process shown in Fig).1( vapour content at state STACK, which now contributes
Moran defines the chemical exergy of a hydrocarbon fuel usig. + n,)RT, In (Puwvsrack/Pwvo), Ne being the number of
case (c) of Fig. 1, but using a value of RG,] wy determined from moles of HO produced in combustion per mole of fuel sup
the vapour staté/H leaving in case (d). He points out, howeverpjied. Corresponding rational efficiencies can be calculated by
that if the water leaves case (d) in the liquid statéhere will be  sypstitution in Egs. (8), (13), and (15).
a change in this value to{AG,] w. (a correction of €y — €,) =
eRthgll.n (po/psar)) as in the (modified) case (d) considered by Bejag Relationships Between Irreversibilities
Parallel problems to these arise when choosing the higher of~or open cycles, an interesting relationship may be established
between WED), the irreversibilityl yex involved in the discharge
of the exhaust gases &t,, and part of the irreversibility in
combustion. (Note that this relationship, as derived below, is not
applicable to cycles with water injection.)
The lost workl ¢ in an adiabatic combustion process with air and
fuel entering the chamber individually ap{, T,) and products
leaving at (., T,), is given by,

¢, = 0 (definition) ec = RI; m(psyr | Puvy)
e, = eg (approx) ey = RIp tn(pyy stack ' Pwv o)
ep =cc (oxact) ey = RTy tn(p, | Pyrva)

Temperature

I/I<_ Saturation Line _"\‘ /p” lc=To(S,— S) = To[ASolwy + To E ni[ i(T2)
ll \\ Pwv srack procs
\ Pi2 Pia
\ —Rln(—)] —TOEni[d)i(Tl)—Rln(—)], (22)
Po Po

air

where ¢(T) = [ (c,/TdT and To[AS]wy = [AHc]wv — [AGo]wn.
[AHg]wy and AS)]wy refer, like [AGo)wy, to the change in enthalpy
and entropy in a combustion process with all reactant and product
species individually supplied and exhaustedmat o). Equation (22)

> can also be written,

Ty

Entropy
le=ler+ lep+ A, (23)
Fig. 2 Schematic ( T-s) diagram for H ,O showing the molar exergy of
various states where,
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ler = To[ASo lwv + To E nidi(T2) — To 2 nidi(T1) _ Nd _1+B
prods air T’b_1+3_a_nc 1+,y:nc(1+a)' (29)
(o P, Some magnitudes fow, B, and vy, together with the differences
lp = RTy X ny I 0,) ~RTo 2 niln 2 between the three efficiencies are presented in the following sec-
air prods tion.
Pi1 Pi 2 . .
A=RT, X niln o) RT, > i In o) 8 Calculations for Some Gas Turbine Cycles
ar prods Calculations of the three efficiencies have been undertaken for
In terms of the mole fractions, the expression fobecomes, some modern gas turbine cycles using an established computer

code (Carcasci and Faccini (1996)) modified to include exergy
A=RT, D nIn(x)—RT, > n In(x), (24) balances.

ar prods 8.1 The General Electric LM2500 STIG Plant. The GE
wherex; = (pi/p) is the mole fraction of speciésSimilarly, Eqs. LM2500 STI_G plant has a facility for injecting steam into the HP
(16) and (11) for e, and WED] can be written, and LP turbines. The design features include two-stage compres-
sion with overall pressure ratio 1§, combustion temperature
Pi,stack Po 1500 K and turbine cooling air abstraction 9 percent of the air mass
lvex = RTo E n; In ( ) +RT 2 n; In (m) flowrate at engine inlet. For no steam injection, the three efficien-
prods prods ’ cies and dimensionless irreversibilities 3, andy are as follows:
“RT, S n i (x) +RT, S n, In (&) (160) n.=0-352 my=0-369 n,=0-361
prods prods pi 0
a=0-0247 B=0-0441 y=0-0195.
[WED] = RT, >, n; In Po) R, > onIn(x). (11a) T e
e i Dio ° i i/ For 8 percent steam injection, the efficiencies are as follows:
prods ' air
It therefore follows that, Me=0-399 my=0-423 m,=0-420.
[WED] = lyex + A, (25) Two exergy loss histograms, nondimensionalised with reference to

the fuel exergy, are shown in Fig. 3. The notation is self-
and the irreversibility in the combustion process may be written,

lc=lcr+ lcp + [WED] — lyex- (23a)

The full statement of exergy flux corresponding to case (c) is then, [1300 ®1500 [1700 mgoo!
from Egs. (5), (12), and (28,

[W*]c = ErueL = [_AGO]WV+ [WED] =W+ z(|(:Fe+ lQ)

0.4000

:

+ {[WED] — lvex} *+ loex + lvexs

whereX | ¢ now includes, for the combustion proceks= |1 +
I cp (but notA). Using this modified definition ok | . results in the
identity,

0.2000

:

Exergy loss / Fuel exergy

[—AGolww =W+ Z(lcg+ lg) + lgex (26) I
so that the exact expression fgi can be written, 00000 |3 i E - FET]
S(ler+ lo) + loex T 8 % & %8 % £ 7z 2
nd:l_ [_AG ] . (27) ° B B %/ é
olwv g8 £
This is the approach frequently followed in exergy analyses of real ; :
power plants (e.g., Haywood (1991); Horlock (1992)), with the | @1300 ®m1500 [1700 1900
irreversibilities being determined from local (total) pressures and
mean specific heats. 0.4000
7 Relationships Between Rational Efficiencies g 0.3000
Since all three terms in Eq. (25) are relatively small in compar-%;
ison with [-AG,] wy, it is possible to derive approximate relations & ..
between the three efficiencies, n., andn,. Writing, &
Iviex [WED] § 01000
A= 3 ~7 , BT As7 i
[_AGO]WV [_AGO]WV E
£
:[WED]_lMEX: A =B-« 0.0000-3 2 B & & § B 5 i z =
YT TAGw  [~AGolw ' EE S 5 B "33

the three rational efficiencies may be related as follows,

Fig. 3 Exergy losses for LM2500 STIG plant with (&) 0 percent and ( b) 8
Ng=nc(1+ B) (28)  percent steam injection
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PN v, although small, are still comparable with some of the other
81300 = 1500 m170ﬂ component exergy losses.

04009 8.3 The ABB GT24 Combined-Cycle Plant. The ABB
GT24 is a gas turbine with two-stage combustion designed for
combined cycle operation. The design features include three-stage
compression with overall pressure ratio -&) combustion tem-
perature 1508 K (main and reheat combustors), and total turbine
cooling air abstraction 21 percent of air mass flowrate at engine
inlet. The three efficiencies and values @f B, and y are as
follows:

0.3000

0.1000

Exergy loss / Fuel exergy
=2
7
<
<
<

0.0000 1B n.=0:543 714=0-567 m,=0-557

tgpot
devl
dev2

a=0-0263 B=0-0441 y=0-0178.

compbas
intcool |
compalta
tghassa B
stack(ph)
stack(ch)

The exergy loss histogram is shown in Fig. 5. There are a large
number of individual losses in this complex plant but it is partic-
ularly interesting to note the magnitude of the lost work in the
. . combustion process. Splitting the combustion into two stages leads
gt)(;(!igﬁ;o\r/\)//hi\évr:threl;gf r?exsceepz:ttlic\)/gl Oftghﬁ]et(at[]@fmzlt% zranniiin to a combustion irreversibility of 1876 + 8- 76 = 2755 per-

' P v, Q:ent, which is significantly below the 2% percent of the LM2500

ireversibilities of the exhaustoex andl yex. The diagrams include ., steam injection and a similar firing temperature of 1500 K.
a sensitivity analysis showing the effect of increasing the combus-It is also interesting to note that, although for both the LM2500

tion temperature from 1300 to 1900 K. Steam injection producesa d WR21 the mixing exergy loss term in the exh is

major performance improvement but the irreversibility connecte bstantially less than the thermal exergy loss téem, the

glt?\ifgggntrel\?v?;ﬁ to ti?]ir:e;]:ilrzon;?grgt gf irggm'?O?'rngtr;:ranmt%verse is true for the GT24, due to the low exhaust temperature
injgection té 5 per&;t for 8 pergent steampinjection (~100°C) of this combined cycle plant. Attention is thus drawn to
: the point made by Gyftopoulos and Beretta (and referred to earlier)

8.2 The Westinghouse/Rolls-Royce WR21.The Westinghouse/ that a rational efficiency could be defined which ignored both these
Rolls-Royce WR21 is a recuperative gas turhine for marine applicatigty/antities in an ideal process.
The design features include two-stage inter-cooled compression with
overall pressure ratio 3, heat exchanger effectivenes®8, combus- . . .
tion temperature 1500 K and cooling air abstraction 14 percent of air mgss Discussion and Conclusions
flowrate at engine inlet. The calculated efficiencies and values Bf For closed cycles, thermodynamic efficiency is defined as the

Fig. 4 Exergy losses for the WR21 recuperative plant

andvy are as follows: ratio of the net work output to the heat supplied. It may then be
compared to the efficiency of a reversible engine operating be-
Me=0-371 my=0-389 7,=0-381 tween the same temperature levels. However, for open cycles

rational efficiency should be used, defined as the ratio of the actual

a=0-0267 B=0-0482 y=0-0215. net work output to the reversible work output obtainable in an ideal

process between certain inlet and outlet states. Three such ideal
The exergy loss histogram is shown in Fig. 4, including a sengirocesses are discussed in this paper, and three expressions for
tivity analysis showing the effect of increasing the combustiofational efficiency then follow.
temperature from 1300 to 1700 K. In comparison to the LM2500 |t is useful, in discussing the merits of using any one of these, to
of Fig. 3(@), the thermal stack exergy lodsex is considerably consider the probable uses in practice, namely:
reduced (15-20 percent, compared with 22-27 percent for the
LM2500). This is a consequence of the lower exhaust gas tempgr- assessing the performance of a particular type of plant (e.g., a

ature in the recuperated cycle. It should also be notedithatand gas turbine) with changes in design parameters, such as com-
0.2000 ‘
0.1600
%3 5
5 z
2] ;
- 0.1200 -
= ;
(=% H
~ :
é ‘,
S 0.0800 :
B %
&D :
(3]
®
= 0.0400
0.0000 - = == o = o
- I B R - R
= TRETESETRERESRLET R ET s 2y
3 = = $ g7 a2 i Bz
Fig. 5 Exergy losses for the GT24 combined cycle plant
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bustion temperature (and hence air/fuel ratio), given the envraditional thermal exergy destruction (due to release of hot stack

ronmental conditions gases) can be of the same size or even lower than that connected
2 assessing the comparative performance of different typeswith chemical mixing with the reference environment.

plant in utilizing the energy (or exergy) of a fuel, given the

environmental conditions
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G. Woetting

High-Temperature Properties of
> tesrers ¥ GjC-Si3N4 Particle Composites

E. Gugel
g Due to promising results in literature, SiC,Bi, particle composites in the range 0-100
CFl GmbH & Co. KG percent SiC were evaluated. Focusing on high-temperature properties, majywés
QOeslauer Strasse 35: used as sintering additive. Consolidation occurred primarily by hot-pressing, sintering
96472 Roedental, Germany tests were performed for comparison. Besides short-term properties like strength, tough-
ness etc., long-term properties like creep and oxidation behavior were determined. Results
. as a function of SiC-content and microstructure were discussed with respect to materials’
R. Westerheide performance at high temperatures and possibilities of their production on a technical
FhG-IWM, scale.

79108 Freiburg, Germany

Introduction neouslyY and Al as grain-boundary constituents was introduced.
To reveal the effect of the SiC-SN-ratio, compositions were den-
Is,ified primarily by hot-pressing. Besides this, however, all com-

ositions were also sintered and characterized in comparison with

high-temperature applications under severe conditions, e.g., in S . -
. . L o> . hot-pressed ones in order to demonstrate the possibility to
turbines. However, there are still no satisfying solutions availab anufacture also complex components economically.

on a technical scale and at reasonable costs. SiC suffers from its
inherent low thermal shock resistance, SN by property degrada- .

tions due to oxidation and creep, though a lot of progress was maggPerimental Procedure

during the last years (Woetting, 1995; Klemm, 1995). This com- In order to evaluate the whole range of SiC-SN-composites, the
prises extensive knowledge about the effect of type and amountooimpositions listed in Table 1 were prepared. Basic powders were
sintering additives, the purity of raw materials as well as procesSN-BAYSINID ST (BAYER AG/H. C. Starck), SiC-UF25 (H. C.

ing conditions on developing microstructure and resulting propestarck), and YO,-Grade C (H. C. Starck). Focusing on high-
ties. temperature properties, mainly,®,; was used as sintering addi

Especially for liquid-phase sintered SN these items control thige. To demonstrate the undesirable effect of the simultaneous
amount, characteristic and constitution of the remaining graipresence of Al in the liquid phase of the densified material, one
boundary phase which determines long-term high-temperatwwemposition of this kind was enclosed.
properties to a high extent (Woetting, 1997). Long-term stability In order to establish a comparable chemical composition of the
would result with very small amounts of a highly pure Si-O-N ofiquid phase in the different materials, SN-powder was preoxidized
a completely absent grain-boundary phase, however, such matiarisome cases. The molar ratio of the addegdy to SiO,,
als cannot be sintered and lose in strength and toughness. Thintspduced by the oxygen content of the base powders, was di-
microstructure and properties approach those of solid-state sigeted to be 0.5-1.0. This should result in the crystallization of the
tered SiC (Tanaka, 1989). very oxidation-resistant phases3Os and Y,Si,O; in the grain-

Recently, however, a promising new concept was publishédundary phase of all compositions.

(Niihara, 1991), disclosing an improvement of mechanical as well Base powders were co-milled in SN-lined planetary mill pots
as thermo-mechanical properties of sintered (hot-pressed) SNviagh SN-balls inn-propanol to avoid contamination by milling
incorporating nano-sized SiC-particles. This initiated intensivaebris and hydrolysis. The resulting slurry was dried, sieved and
work worldwide to clarify whether these improvements are due twot-pressed with graphite dies. In order to reach complete densi-
an intrinsic “nanocomposite effect” or to further microstructurafication for the different compositions, hot-pressing conditions had
changes (Hermann, 1995; Westerheide, 1997). to be adjusted and resulted in temperatures between 1800-1850°C.

Another point of interest was to analyze if these effects aiEhus, the different compositions reveal differences in their thermal
associated with a certain amount and particle size of SiC. Initinistory. However, they are all dense (less than 1 percent porosity)
work was done with amorphous SiC-SN-powders, obtained land the composition of their grain-boundary phase is quite similar,
polymer pyrolysis with the drawback of technological difficultiesvith the exception of composition 100SC-AY which also contains
in manufacturing of components as well as with respect to cosfl.

Thus, the aim of the present work was to investigate if the Hot-pressed discs of 150 mm diameter were ground on both
reported effects can also be realized with technical crystallisédes and cut to prepare samples for the determination of mechan-
powders of reasonable purity. With this respect, the whole corigal, thermo-mechanical and thermo-chemical properties as well as
positional range from 0—100 percent was screened with a concéor- the microstructural characterization. Testing conditions are
tration on the SN-rich side. As long-term high-temperature progutlined together with the results in the following. For comparison,
erties were in the focus of interest, only®, was used as sintering some sintering trials were performed to get information on the
additive. For comparison, one composition containing simult&@bility to produce such materials on a technical scale by sintering

and on the properties achievable by this route.

Silicon carbide (SiC) as well as silicon nitride {8i, resp. SN)
are already seen for a long time as candidates for long-te

Contributed by the International Gas Turbine Institute (IGTI) eft TAMERICAN . .
SocieTy oF MEcHANICAL ENGINEERS for publication in the ASME QuRNAL oF EnGI- Results and Discussion
NEERING FOR Gas TURB!NES AND POWER. Paper_p_r_esented at the International Gas Table 2 summarizes all results obtained with the hot_pressed
Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June zﬁ?aterials Description and discussion for the different properties
1998; ASME Paper 98-GT-465. T - . . . .
Manuscript received by IGTI March 25, 1998; final revision received by the ASMECCUI'S 1N the following after introduction of the resulting micro-
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. structures.
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Table 1 SiC-SN compositions evaluated

Microstructure of the Hot-Pressed SiC-SN Composites.

Figure 1p) represents material 75SC-Y characterized by few
dispersed, rod-likg-SN-grains within the SiC-matrix. Preferably,

Code Cgi'gp.f}: ition (Sic gl\?lj/o_ 100) Additive the SN-grains are etched away by the plasma method, individual
T00SC-AY T00 0 Y,05 + AIN SiC-grains as well as the residual grain-boundary phase were not
100SC-Y 100 0 Y05 contrasted. , o ,
75SC-Y 75 25 Y,0; With material 30SC-Y (Fig. X)) matrix is built up by SN with
30SC-Y 30 70 Y,05 inter and intragranular dispersed SiC particles. Thus, SiC-particles,
20SC-Y 20 30 Y,0;3 probably below a certain size, get incorporated into the growing
58C-Y 5 95 Y,0; SN-grains. In comparison with 20SC-Y (Fig.d}f, 5SC-Y (Fig.
100SN-Y 0 100 Y,05 1(e)) and especially the SiC-free material 100SN-Y (Figf)](t

becomes obvious, that with increasing content SiC acts as a grain-
growth inhibitor. With decreasing SiC-content the common micro-
structure of SN becomes dominating, characterized by the pres-

Figure 1 is a collection of SEM-prints of the different material§nCe Of elongated interlockefi-SN-grains and the continuous
after plasma-etching. Figure d)(shows the microstructure of 9rain-boundary phase. ] _ )

100SC-Y to consist mainly of globular grains. Grain size is small The mentioned location of SiC-particles in as well as between
and seems to depend mainly on the particle size of the ba3d-grains is additionally shown in Fig. 2 for 5SC-Y by means of
powder. Black regions to be seen should not be residual porosifyEM. It seems that the maximum size of SiC to become incorpo-
but grains broken out during preparation of the polished micr#ated into SN-grains is about 20 nm. Bigger particles remain in the
section. 100SC-YA has a very similar microstructure concernirgfain-boundaries and triple points, respectively. Basically, these
grain size and shape with some more visible grain-boundary phasirostructures are very similar to those of Niihara’'s materials

(not shown).

(Pan, 1996).

Table 2 Properties of hot-pressed SiC/SN-composites

Code p-HP | o-RT |[o-1400°C Young's Modulus Kie Kie HV 10 | Oxidation Creep Mineral Phases
RFM'|RFM!| CT? VHI SENPB 1400°C | 1400°C/100MPa (X-ray)
RT |1300°C|1400°C 100h | de/dt €
[g/em®]| [MPa] | [MPa] | [GPa] | [GPa] | [GPa] | [MPa~Nm] | [MPa~Nm] | [GPa] | {mg/cm?®] [{1/h] (%)

100 SC-AY | 325 [744+93[144= 5] 412 | 311 - 3.5 - 25.7 3.77 1.10* Fracture [SiC, n.d.

100SC-Y [ 331 [791+=57]572+46] 428 | 402 | 297 35 33 203 0.43 210 0.07 [SiC, Trace Y,SiOs

75SC-Y | 332 [652+92(422+23| 362 | 334 | 288 4.1 39 20.7 0.38 3107 0.58 [17B-SN, SiC, N-Ap.* vw
30SC-Y | 331 [747x62]584+39]| 336 | 311 | 278 53 4.1 16.9 0.30 2,107 0.48 |43 B-SN, SiC, N-Ap. vyw
20SC-Y | 331 [764+27]524+21] 324 | 304 | 273 52 52 16.5 0.35 9.10%  0.23 |65 p-SN, SiC, N-Ap. vw

5S8C-Y | 331 81560152318 315 | 297 | 279 52 6.4 154 0.31 6.10%  0.20 |76 B-SN, SiC, N-Ap. vw

100SN-Y | 331 [841+32[538+34] 316 | 298 | 302 7.0 73 14.8 0.13 3.10° 045 [828-SN, -, N-Ap. vw

! Resonant Frequency Method
% Creep Test

HrP1sSsS

.

‘poseis

* N-Apatite Y5(SiO,)sN

1'SKU

Fig. 1 Microstructure of SiC-SN materials (SEM, etched; Code: see Table 1); (
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a) 100SC, (b) 75SC, (c) 30SC, (d) 20SC, (e) 5SC and (f) 100SN.
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Ratio 1400°C/RT-Strength, %
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I strength-1200°C

Fig. 3 Bending strength at room-temperature and 1400°C in air of hot-
pressed SiC-SN-materials

strating the dramatic negative effect of the simultaneous presence

Fig. 2 TEM investigation of the SiC/Si 3N, composite with 5 percent SiC; of Al besidng in the grain-boundary phase. This alS(? points out
1: SisNg; 2: SiC intracrystalline; 3: SiC intercrystalline; 4: secondary the necessity for highly pure base-powders for this group of
phase. materials to be used at high temperatures.

Figure 4 represents the fracture toughness values determined by
two different methods as well as the hardnesss values of the

Results of X-ray analysis given in Table 2 show that materiaéiC'SN variants. Though there are some inconsistencies with

consist of 8-SN and SiC according to about their original ratios'ndiVidual values, a clear trend reveals for the fracture toughness to

The grain-boundary phase of the “as hot-pressed” samples cHIEr€ase with decreasing SiC-content. This can be related with the
tains some traces of crystalline N-apatitg$iO;);N instead of the Microstructure of these materials as the SN-rich grades show the
Y-silicates anticipated. This seems to be due to the strong reducfitracteristic elongated SN-grains leading to high fracture tough-

conditions within the graphite moulds leading to some oxygen a CS va{uets_by an “|n-|S|tu" lt_oughenl(r;%. The dtepr(]andency on the
silica loss, respectively, shifting the overall composition to thg'~-CONteNnt IS More or |ess linéar and does not Show a maximum

- with SiC contents of 5-30 percent, as described by Niihara.
more Y;O; and N-rich comer of the phase system. Also the hardness shows a clear dependency on the SiC-content
Mechanical Properties at Room-Temperature and at following possibly the rule of mixture of the harder SiC and the
1400°C. This property set comprises 4-point-bending at roortess harder SN-phases. Surprisingly, for the 100SC-AY variant, an
temperature as well as at 1400°C in air (40/20 mm), fractuextremely high hardness was analyzed, succeeding the 100SC-Y
toughness evaluation by means of Vickers hardness indentatioasiant by more than 25 percent. This, however, is not of impor-
and analysis of crack length (VHI) as well as by SENPB with gance for the high-temperature behavior.
natural crack obtained by the bridging method (VAMAS, 1997), The Young's moduli of the different compositions as a function
Vickers hardness (10 kp/HV10) and the dynamic Young's modwf temperature are plotted in Fig. 5 for the absolute values (Fig.
lus as a function of temperature, determined by the resond{a)) as well as for their relative changes with respect to the
frequency method up to about 1300°C in air as well as analyzed lpom-temperature value (Fig.l)§. As can be seen from Fig. &)
the creep tests at 1400°C in air. there are distinguished differences between the different compo-
In Fig. 3 mean values of the bending strength at room tempesitions with respect to the absolute values at room-temperature,
ature as well as at 1400°C are plotted, together with the calculated
ratio of the 1400°C strength to the room-temperature strength in
percent. It can be seen that most variants show a room-temperature Hardness{HV10), GPa
strength of about 750-800 MPa, the lower value of the 75SC-Y 10 13 18 19 22 25 28
seems not to be a material characteristic, but results of processing F T T T T
problems. The strength level is surprisingly high for the pure, 1008C-ay [rmmsgmmes : #
liquid-phase sintered SiC-variants but not the optimum to be 1cosc.y_
reached for pure SN, probably due to the relatively extensive
grain-growth which took place already (see Figf))( However,
no influence of the SiC-content on the room-temperature strength3esc-Y__
is seen, as reported by Niihara. 20SC-Y_
The strength at 1400°C is of the order of 500—600 MPa, again
with the exception of 75SC-Y with just about 400 MPa and the
100SC-AY variant. Besides these latter results, the mentioned!@osN-Y_ &
1400°C-strength level qualifies all other®;-doped materials as
suitable for applications at high temperatures. This can also be Fracture Toughness, MPa*m=1/2
seen from the calculated ratio of the 1400°C-strength to the room- _
temperature strength (in percent), which varies between 65 and 75 kioven  EEK1oSENPE == HVIO
percent for these materials. On the other hand, this ratio drops £ 4 Fracture toughness and hardness of hot-pressed SiC-SN-
the comparative material 100SC-AY to about 20 percent, demanaterials

etriesrsmrsiveenisssrinzer)
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10 / Vol. 122, JANUARY 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



450 . 06 : _ __
. Rexural creep of 9N, with SC additions at 1400°C. Initial stress 100MPa. 75% SC
. The strain rates ds/dt are calculated between 80 and 100h.
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a) was determined. The first was analyzed in 4-point-bending, 40/20
mm fixture and 100 MPa initial stress in air, in order to get basic
_ information on the deformation behavior at high temperatures. For
205C-Y detailed investigations, creep has to be determined in tensile mode
because of the well-known difficulties with shifting of the neutral
axis in flexure. The oxidation behaviour was investigated by using
\ ) > a muffle furnace with samples placed on SSiC-rods.

75SC-Y Strain as a function of time for the different compositions is
plotted in Fig. 6. As can be seen, there is a positive effect of small
amounts of SiC (5-20 percent), resulting in materials with an
improved creep resistance in comparison with 100SN-Y. 30SC-Y
100SC-AY is as resistant as 100SN-Y, while still increasing SiC-contents lead
80% o v to increased creep. This might be associated with the markedly

° \ higher contents of Fe, Al and Ca of the SiC-powder UF25 in

100%

1008C-Y

99 | [ J——

Young's Modulus [GPa]

comparison with the SN-powder BAYSINID. Surprisingly,
100SC-Y does not follow this trend, but shows the highest creep
resistance of all Y-doped samples. This cannot be explained till
now.
Again, 100SC-AY deforms most at high temperatures (not
shown), indicating once more the strongly negative effect of the
Temperature [°C] presence of Al in the grain-boundary on high-temperature proper-
b) ties. With the testing conditions applied, creep rate is in the order
Fig. 5 Young’s moduli of the hot-pressed SiC-SN-materials as a func: of 10°" 1/h and the sample fractured after about 10 h. With creep
tio% of tempe?ature ( a) absolute vglues and ( b) relative changes rqtes in the order of 10 1, composmons_, Contamln.g Onh(l and .
SiC-contents up to about 20 percent qualify for applications at high
temperatures.
following more or less the rule of mixture of high-modulus SiC A more negative effect of rising SiC-additions to SN-base
and lower modulus SN. material results for the oxidation behavior, as represented in Fig. 7.
Temperature dependences of Young’s moduli show relativelypwest weight gain is found for 100SN-Y while for-doped
small changes for all compositions containing onlyOY as sin
tering additive up to temperatures of about 1350°C, determined by
the resonant frequency method (RFM). A second set of Young's
moduli was calculated from the strain of the samples during the
creep test at 1400°C, based on a special displacement measuremefflesc-AY &
(Table 2). All in all, these values are in accordance with the [
RFM-results and confirm the high-temperature stability of the 1005¢-Y_ B
Y ,05;-doped materials.
In opposite, composition 100SC-AY containing simultaneously 788¢-Y_ g
Y and Al reveals a marked drop at temperatures above 1000°C,
indicating a softening of the grain-boundary phase. This different 30S¢-Y__
behavior is best seen by the plot of the relative values in Flg). 5(
Whereas ally-doped compositions prove to be very stable up to 208¢-Y_
temperatures of about 1350°C with a retention of about 95 percent
of the room-temperature value, composition 100SC-AY is not 5SC-¥__ }
qualified for applications at temperatures above 1000°C. The rea-
son for this is only the effect of Al, being considered in the 1008N-Y_ 3, : ;
selection of base powders and sintering additives for materials to . i i ;
be applied at high temperatures. 0 0.2 0.4 0.6 0.8 1
Weight Gain, mgfem"2

70%

0 s00 1000 1500

Long-Term High-Temperature Properties. With this re-
spect, creep and oxidation behavior at 1400°C for at least 100Hm. 7 Oxidation of hot-pressed SiC-SN-materials (1400°C, 100 h, air)
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a) 400x

Fig. 8 SEM-analysis of materials’ degradation by oxidation at 1400°C; ( a) and (b) 100SN with formation of secondary pore zone; ( ¢) 5SC/95SN without
this effect (1: oxidized surface; 2: cross section through sample; 3: secondary porosity).

compositions containing SiC, the weight gain rises on a double sintering additives used besides the SiC-content. The presence of
threefold level of the 100SN-Y material. However, this is still & and Al in the grain-boundary phase results in a dramatic material
relatively low level. A dramatic increase results from the simultadegradation at temperatures above 1000°C. Qntipped materi-
neous presence of Al aridin 100SC-AY, indicating that Al also als show attractive properties up to about 1400°C, characterized by
favors oxidation. about 70 percent of the room-temperature strength at 1400°C (air),
The extent of materials degradation by oxidation is representetbre than 90 percent of the room-temperature Young’s modulus at
by SEM-analysis of oxidized samples (Fig. 8). As can be seen, 1800°C (air), creep rates in the order of 1010°° 1/h at 1400°C,
contrast to the results of weight gain, strongest degradation occlif MPa (air) and oxidation weight gain of 0.2—0.4 mgican
in 100SN-Y with the formation of secondary pores (Figa, &)). 1400°C after 100 h.
Probably, the low weigth gain is due to some vaporization of Creep is reduced for compositions containing 5-20 percent SiC
grain-boundary phase. With increasing SiC-content, the formation comparison with 100SN-Y, revealing a compositional depen-
of secondary pores and bulk degradation is suppressed, obvioud#ycy on the SiC-content. Tough oxidation weight gain increases
because a more dense and stable oxidation layer forms (). 8(with rising SiC-content, degradation of the bulk material by the
This is interpreted as a very positive effect of SiC-additiongprmation of secondary porosity is reduced. Thus, the presence of
improving long-term high-temperature stability and has also beep to about 20 percent SiC provides an improvement of the
found recently by another research group (Klemm, 1997). long-term high-temperature stability of such composites.
Of importance is the proof that all the SiC-SN composites

investigated can be sintered to high densities with only diminish-

loss in properties in comparison with the hot-pressed grades.

s, also components with a more complex geometry can be
&nguced in an economic way.

Sintering Experiments. With all compositions described
above, sintering trials were performed by the so-called two-st
gas-pressure sintering technique. This technique comprises a
sintering step under relatively low gas-pressure to a densificati
stage where no more open porosity is present in the samples. |
second step, gas-pressure is increased to 10 MPa, supporl}&r&nowledgmems
densification by the action of this isostatic pressure on the samples. )

Composition of the gas has to be established in order to avoidVe gratefully acknowledge support of this work by German
reaction with constituents of the samples. X#doped composi- Ministry BMBF under project No. 03M2116 and project manage-
tions could be densified by this technique to comparable densit@§Nt by FA Juelich/NMT.

as with hot-pressing at 1850—1900°C. 100SC-AY already reached

complete densification at 50°C lower temperature. References
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High Temperature Oxidation
+wenm | @NM Gorrosion of Silicon-Based
Non-Oxide Ceramics

M. Herrmann
The present study is focussed on the oxidation behavior of nonoxide silicon-based
C. Schubert ceramics. Various §iN, and SiC ceramics were examined after long term oxidation tests
(up to 5000 h) at 1500°C in ambient air. The damage mechanisms were discussed on the
Fraunhofer IKTS Dresden. basis of a comprehensive chemical and microstructural analysis of the materials after the
Winterbergstrasse 28, oxidation tests. The diffusion of oxygen into the material and its further reaction in the
Dresden. FRG D-01277 bulk of the material were found to be the most critical factors during long term oxidation
treatment at elevated temperatures. However, the resulting damage in the microstructure
of the materials can be significantly reduced by purposeful microstructural engineering.
Using SiN,/SiC and SjN,/MoSi, composite materials provides the possibility to improve
the high temperature stability.
Introduction failure [13—-15]. The most probable explanation of these effects is the

- . . . .. diffusion of the creep cavitation enhancing impurities to the edge of
Nonoxide silicon-based ceramics such ghiand SiC are promising the ?pecimen. After long term exposure at temperatures of 1400°C

candidates for use as structural components in advanced heat englngﬁ?a\ higher, however, these beneficial effects were ousted by the

temperatures be‘We?“ 1300 anc_i 1500°C. Recently developed materré%ﬁlts of oxidation processes. Besides the upper oxidation surface
exhibit remarkably high mechanical properties at elevated temperattﬁ

. . e PR g g ?/Sér being formed, various microstructural changes in the bulk of the
[1-4]; howe\_/er,_ ;helr actual application is still I|_m|ted by their insufficien terials to a depth of more than 1 mm were observed after long term

of damage caused by creen or subcritical crack arowth during Servic enetration of oxygen into the material. The result of these processes
g Y P 9 9 s“usually a deterioration of the crack growth resistance, in particular

elevated temperatures. In ambient air these damage mechanism%ﬁ{?e threshold of crack growth [5]. Other authors [6, 7] reported that,

additionally influenced by the interaction of the material with the oxidaiy  yegyit of the segregation of the sintering additive cations from the
tive environment. The accumulation of these damages will ultimat

dictate the performance and lifetime of the material and must be col ?Paia?nugngﬁr% eﬁgﬁzeml?ct?o:)Zfessuxgg%?;%% JSS;I %ei éﬂatat%r?r]deeg)(la);r
guently predictable before the structural component can be confideta layer during high temperature treatment at 1400°C. A degrada-
applied. For that reason a key aim in developing silicon-based nonox(l, " sirength was observed as a consequence of these damages.
ceramic materials for long term applications at high temperatures is {ifer stress loading conditions these micropores can also promote
comprehensive understanding of these processes, especially focussi opening processes with the result of a shorter time to failure of
the correlations between microstructural features (e.g., composition material. Such an oxidation enhanced crack propagation was
condition of the grain boundary phase) and lifeime determining P'escribed by Wereszczak [16], who tested a HIP’ed silicon nitride
cesses. A schematic survey of the failure mechanisms occurring du y

» - ) th 6 percent YO, as the sintering aid in dynamic fatigue in ambient
long term exposure of silicon nitride materials under severe thermg and inert (argon or nitrogen) environments. On the fracture surface

environmental and mechanical loading conditions is given in Fig. 1. ¢ the specimen tested in air he observed a characteristic stress-
Whereas the time-to-failure behavior at lower stresses is detgiqation damage zone, which weakened the material. On the con-
mined predominantly by microstructural changes as a consequencg s, there was no such damage in inert environments.
creep deformation, the failure at higher stresses is mainly caused b¥q, that reason a key objective in developing nonoxide silicon-
subcritical crack growth (SCG) from pre-existing flaws. After along§fased ceramic materials for long term applications at high tem-
exposure at elevated temperatureslQ0 h) these damage mechaperatures is the comprehensive understanding of oxidation pro-
nisms are furthermore influenced by oxidation processes (nevysses.
formed oxidation damages) with the consequence of an additionalrhe present study is focussed on the oxidation behavior of three
degradation of the lifetime performance of the material [5-8].  gj N, materials, one SiC material and two,Sj composites
The effect of the oxidative corrosion on the long term meChaniCe'JSigNAISiC and SiN,/MoSi,). Based on a comprehensive chemical
behavior of silicon-based nonoxide materials at elevated temperat{g§ microstructural analysis of the materials after more than
has been the objective of several studies. At lower temperatures ap@o h oxidation at 1500°C, an interpretation of the different
in the first stage the oxidation process can initially be of some bengffligation mechanisms obtained is suggested. Finally, the potential

by the healing of pre-existing surface flaws, thereby reducing the¢the materials is discussed in terms of time-to-failure behavior at
critical defect size [9-12]. Other authors have demonstrated that f)@vated temperatures.

oxidation process can increase the creep resistance and the time to

: _ _ _ Experimental Procedure

Contributed by the International Gas Turbine Institute (IGTI) eft TAMERICAN
SocleTY oF MECHANICAL ENGINEERs for publication in the ASME JurNAL oF ENGI- The studies were conducted on an S SiC (B, C) (SSiC), a HIP’ed
NEERING FOR Gas TURBINES AND Power Paper presented at the International GasSi,N, without sintering additives (HIPSN), two hot pressegh\Si
Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2! . :
1998; ASME Paper 98-GT-480. rﬁ_‘aterlals with ¥O; (SNY) and Y,0./Al,0; (SNY/Al) and the

Manuscript received by IGTI March 25, 1998; final revision received by the AsMEIsN4 composites SN,/SiC (SNC) and SN.,/MoSi, (SNMo) with
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. Y ,0; as a sintering additive (hot pressed). The materials exhibited
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tensile stress / MPa max. sec. creep rate / h'! different, which consequently led to changes in softening point and
3 4 5 6 viscosity and finally to different diffusion coefficients of oxygen
<10 <10 <10 <10 into the materials. The HIP’ed $i, and the SiC material were

L . 1 1 found to be the most stable materials. The HIPSN material exhib-

B ited the lowest weight gain because a quite clean protective layer
B of pure SiQ with the lowest diffusion coefficient of oxygen was

1000+ °

stow crack growth (SCG)

600 - L formed. In the case of SSIC, the parabolic oxidation rate increased
after 1000 h, and the weight gain was found to be about twice that
400 oxidation F of the HIP’ed SiN,. Possible explanations for this behavior are the
> presence of boron in the Sj@lass (B was used as a sintering aid
critical stress damage‘ goal) in this material) or an accelerated formation of cracks caused by a
2004 for SCG greater degree of crystallization of crystobalite during cooling. The

results of the oxidation tests performed on these two materials at
1500°C for 2500 h are summarized in Fig. 2 as the weight gain as
a function of the square root of time.

The oxidation rate constants, calculated from the slope of the
Am versus\/t plot of the data between 1000 and 2500 h, exhibit
the following values:

. _ -8 2 4 1.
Fig. 1 Failure mechanisms of Si 3N, materials during long term mechan - HlF.)S_N' Kox : 5.2 10,7 mgzcm,4s,1’
ical testing at elevated temperatures in air (SCG: slow crack growth) SSiC: K = 3.1 X 10" mg'cm s .

XRD of the oxidation layer showed the presence of crystallized
SiO, (cristobalite) in both materials. Onlg-Si;N, or SiC were
the typical microstructure as known from literature: HIPSN mainlgietected in the bulk below the oxidation layer.
globular grains with a average grain size of @u&; SSiC 8um; A similar oxidation behavior of the two “additive-free” materi-
SNY, SNC, SN Mo and SNY/AIl with elongated grains with 0.2mls was confirmed by observing polished and etched cross sections
um and 0.3um (SNY/A) in the shortest dimension. The phas@f the SiN, material after 2500 h (Fig. & and the SSiC material
composition of the materials was determined by X-ray diffracton{Fig. 30)) after 1000 h of oxidation treatment at 1500°C. The
etry using Cuky radiation. XRD showed the presence@Bi;N, microstructural development during oxidation was found to be
or SiC with a small amount a&-Si;N, (<5 percent) and SiC and similar in both materials. A dense oxidation layer consisting of
MoSi, in the composite. A large part of the grain boundary phag#assy silica was observed. The cracks found in this oxidation layer
was found to be crystallized with Y-apatite structure in thgNgi are the consequence of the crystallization of cristobalite in com-
materials SNY, SNC, SN Mo, and SNY/AL. bination with volume shrinkage during cooling, as mentioned
The oxidation resistance of the materials was studied usifg§ove. Below the oxidation layer, no differences in the microstruc-
bending bars with dimensions of approximately 3 mn# mm X ture and chemical composition in comparison to the one in the
50 mm in a high temperature furnace at 1500°C in air witBs-sintered condition were observed.
periodical measurement of the weight gain up to 5000 h. After In summary of these results, it can be concluded that the
oxidation, the phase composition of the oxidation surface layer apgidation process of the additive-free materials was mainly con-
the bulk below the oxidation layer was investigated by XRD. T#olled by oxygen diffusion through the upper oxidation scale. The
assess the damage caused by the oxidation after 1000 h, @kiglation of the materials was found to occur at the interface
oxidized specimens were also tested in bending and compared viagiween the oxidation surface and the bulk of the materials.
the strength of the as-hot-pressed samples. Information about th&igure 4 shows the oxidation behavior of the materials with
microstructural alterations was obtained by observing polished ayi@§ria and yttria/alumina as the sintering additive at 1500°C. In
etched (CEplasma) surface sections in the SEM. both materials, especially in the case of the alumina-containing
material, the oxidation in terms of weight gain was found to be
higher than in the additive-free materials. This behavior was the
consequence of increased oxygen diffusion into the material
Mechanical Properties. Selected mechanical properties ofcaused by the chemistry of the surface layer formed during the
the materials investigated are summarized in Table 1. The diff@xidation process (lower eutectic and viscosity due to the yttria
ences in the mechanical properties of these materials was maiafigl the yttria/alumina present). This behavior was confirmed by
the result of the amount and composition of the grain boundafiye oxidation rates of the two materials:
phase. Materials both with a high refractory grain boundary pha, . _ 7o 4 1.
(Si0, in HIPSN) and without (SSiC) exhibit superior high tem gm; AL If = ﬁi 18_5 mgcm s
perature creep resistance; however, the level of their room te§1- : o mgem s -
perature properties was found to be quite poor in comparison to therhe oxidation kinetics were found to be nearly parabolic as
materials with a weaker grain boundary phase with better mechafell; however, a decreasing oxidation rate was observed, espe-
ical properties at ambient temperatures and a degradated creep
resistance [17]. The creep data of the materials in this study were
calculated using the deflection in the inner span of the four-point ) ) o )
bending cell between 90 and 100 h. Note that the creep tests wéable 1 Mechanical properties of the materials investigated;
conducted in bending (the nonlinearity of the elastic stress distff=r and o..: four-point bending strength at room temperature
bution in the beam and the difference of the materials und@Pd 1400°C,K,:: SENB t = 0.15 mm, e: 200 MPa, 1400°C

time/h

Results and Discussion

tension and compression were neglected). material plglen?  oedMPa  o/MPa K /MPay/m e/ht
Oxidation Resistance. The oxidation behavior of all materi- ypgyN 320 510 500 30 88 10°
als investigated approximately obeyed a parabolic mechanisgsic 3.18 430 430 2.8 1810°
However, the weight gain was found to vary between the matericslY/Al 3.30 950 720 8.5 6. 10:2
observed. During oxidation a protective oxide layer was formed &iNY 3.29 1180 730 8.2 1510~
the surface of the nonoxide materials. Caused by the different gr Mo g-i? gég ;gg g'g %'g %8,5
boundary chemistry, the composition of the oxidation layer was : . :
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Fig. 4 Oxidation behavior of the Si 3N, materials with Y ,03 and Y ,03/
Al O3 as sintering additives at 1500°C, illustrated as the weight gain as a
function of the square root of time (O SNY/AI 1000 h, A SNY 2500 h)
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Fig. 2 Oxidation behavior of the SSiC and the Si 3N, materials without
additives at 1500°C, illustrated as the weight gain as a function of the
square root of time ( O HIPSN, A SSiC, 2500 h)

section of the surface region exhibited a considerably damaged
microstructure with cracks, pores, and grain boundary phase re-
gions extending to the middle of the specimen, similar to various
Si;N, materials described in the literature [5-7]. The effect of the

oxidation treatment can be seen particularly in the case of the
Al ,O5-containing material.

The presence of AD; results in an additional change in the
chemistry of the protective oxidation layer. Due to the lower
eutectic and viscosity of the oxidation layer, the oxygen diffusion
was found to be the highest of all the materials investigated. In
contrast to the additive-free materials, in which the diffusion of the
oxygen proceeded only to the interface between the surface oxi-

Fig. 3 SEM images of polished cross sections of the Si 3N, material ( A)
after 2500 h, and the SSiC material ( B) after 1000 h of oxidation treatment
at 1500°C

cially in the case of the SNY/Al material. This behavior is thought |
to be due to evaporation processes during the oxidation of the
Si;N, material, as reported recently [18]. <

The upper oxidation layer of these materials consisted of crys-
talline Y,Si,O; and cristobalite in a glassy layer consisting mainly
of SiO,. Some crystalline $SDN,, in addition to SiN, and
Y ,Si,0;, was detected by XRD in the bulk of the material just
beneath the oxidation layer.

More information about the oxidation of the SNY and SNY/AI
materials was obtained by SEM studies of the surface region of the i,
oxidized specimens. The microstructure of these materials was¥
found to be changed considerably. Figure 5 shows the microstryc- . . : :
ture of the SNY/Al material after 1000 laYand SNY after 2500 h lﬁiﬁg switﬁ"";“’fgj,‘;ﬂ“ ;S'a‘,""‘l”;?,%e r',n (t;‘)e 23{,‘ a\c(ic;i?'ozr;&f,tue 5,') as ﬁgt;“,ﬁfg'
(b) oxidation at 1500°C. In both materials the polished crossiditives after oxidation at 1500°C
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51 In spite of the higher oxidation in terms of the weight gain in
comparison to a monolithic §\, material with the same compo
sition (Fig. 4), the residual strength of the composite materials was
found to be considerably less degradated after oxidation. Figure 7
shows the results of the bending tests of the three materials
performed after 1000 h oxidation at 1400, 1450 and 1500°C. The
“pest” oxidation observed in Mogimaterials at lower tempera
tures was not found. This was the consequence of the rapid
formation of a dense oxidation layer consisting mainly of silica at
temperatures=1400°C preventing the diffusion of a large amount
of oxygen into the material.

While a reduction of the residual strength after 1000 h oxidation

at 1500°C to a level of about 450 MPa was observed in the case of
’ ’ ) the SN, material, the composite materials exhibited a consider
0 10 20 30 40 0 60, 0 80 ably higher residual strength (650—700 MPa).
(time / h)%2 These results should be attributed to the microstructural devel-
Fig. 6 Oxidation behavior of the Si 3N, composites at 1500°C ( O isNy  OPMENt of the composite materials during the oxidation treatment,
SIC, A SisN4/MoSi,, 5000 h) namely a significantly lower amount of damages than in th&.Si
material, although the oxidation processes also occurred in the
bulk composites. As shown in Fig. 8 and Fig. 9, no cracks, pores
) o or accumulations of glassy phase were found in the microstruc-
dation layer and the bulk, some oxygen diffusion into the bulk afjres of the oxidized SN./SiC and SiN,/MoSi, composite spec
the materials with YO, and Y,0,/Al,O, was observed. imens.

The oxidation process in these materials occurs predominantly inThis behavior was the consequence of different processes in the
the glassy phase of (1) the oxidation layer and (2) the grain boundaidggface region of the materials, resulting in a changed oxidation
and triple junctions between the silicon nitride grains. It is suppos@gechanism in the composites. The important feature of the com-
that the oxidation occurring in the upper oxidation scale was Cofosite materials was the increased formation gOSi, instead of
trolled by the dissolution of SN, into the glassy phase of the sj0,, producing an additional layer between the oxidation surface
oxidation layer. If the rate of the dissolution of;8j, into the glass and the bulk of the silicon nitride composite materials. The for-
was smaller than necessary to react completely with the oXyggiation of crystalline SON, in the composite materials was-de
diffusing through the upper oxidation layer, the residual oxygen coulelcted by XRD. Additionally, the SDN, crystallites were found
propagate into the bulk of the 8l,, as observed in the )0,- and  py their typical partial-fiber twin-like appearance in polished and
especially in the YO,/AlOs-containing material used in this study. plasma etched sections in the SEM images in Fib) &nd Fig.

This residual oxygen was responsible for the microstructurg|p) [9, 10]. The damage processes described above did not occur,
alterations and damages observed in the yttria-containing matgyith the result of a considerably less degraded microstructure of
als. As a consequence of the oxidation in the grain boundariestaé composite materials after long term oxidation treatment at
the bulk beneath the upper oxidation layer, an increased SiQlevated temperatures.
activity in the grain boundary phase was observed. The accumuThe significantly reduced defect size in the composite material
lation of SiG; in the surface scale of the material results in thgives an idea as to the potential in terms of their stability and
known damage mechanisms, e.g., increased evaporation procegfgsto-failure behavior at elevated temperatures.
in the upper surface scale of the,i8j as proposed in a former  The results of time-to-failure tests at 1400°C are summarized in
report [18] or the segregation of the grain boundary catiorf$/(Y Fig. 10. The additive-free materials (e.g., SSIC) exhibited superior
Al*") to the surface during high temperature oxidation observefigh temperature stability; however, because of their brittleness the
particularly in the AJO,-containing material. As already reportedmechanical level which these materials were able to survive was
by Clarke [19], the Si@rich layer at the surface of the materialfound to be quite low in comparison to the,lSj materials with
creates a chemical gradient and a driving force for the graifiiditives. The influence of oxidation was found to be less severe
boundary phase cations to diffuse into this silica-rich glass in thacause of the simple diffusion-controlled oxidation mechanism.

surface of the material. . o The oxygen penetrated through the protective layer of amorphous
All these processes observed during oxidation in the SNY and

SNY/Al materials finally led to the damaged microstructure shown
in Fig. 5@) and ). The consequence of this damaged microstruc- ¢, /MPa
ture was a significantly reduced room temperature bending
strength after oxidation at 1500°C, which was found to be about
three times lower than in the as-hot-pressed condition. 1000

weight gain / mg/cm?

1000

Improved Oxidation Resistance in SiN,-Based Composites. .
As shown above, the diffusion of oxygen into the bulk materialand 44
the resulting oxidation processes were found to be the main factors
leading to alterations of the microstructure and consequently to the
degradation of the mechanical properties of thgNSimaterials 600
with sintering additives.

In former studies SN,/SiC and SiN.,/MoSi, composite materials
were found to obey a less severe oxidation mechanism in comparison 400
to the monolithic SN, material, with the consequence of an-im
proved microstructural and mechanical stability after high tempera- Si N-SiC  Si_N-MoSi
ture oxidation [18, 20—22]. Figure 6 shows the oxidation behavior up 34 34 02
to 5000 h at 1500°C in air of two $, composites with SiC and @ as hot pressed 1000 h 1450°C
MoSi,. The oxidation rate constants exhibit these values: 2 1000 h 1400°C 1000 h 1500°C

800

600

400

. _ —7 2 —4.—1.
SNC: Kx = 8.4 X 1077 mgzcm74571: Fig. 7 Comparison of the bending strength of the Si 3N, materials as hot
SNMo: K, =9.7X 10" mgcm s . pressed and after 1000 h oxidation treatment at 1400, 1450, and 1500°C
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3um

Fig.8 (&) Surface region of a polished and etched cross section and ( b) Fig. 9 (a) Surface region of a polished and etched cross section and ( b)

Si,ON, interlayer in the bulk of the SNC material after 2500 h of oxidation Si2ONj interlayer in the b”'EOf_the_Si 3N4-MoSi, composite material after
at 1500°C 2500 h of oxidation at 1500°C in air

. . . ‘mechanical level at which these materials were able to survive was
an_d c_rystalllne Si@ and reacted at thg |ntt_arface between thlﬁ)und to be quite low in comparison to the;8i materials with
oxidation layer and the bulk of the material without any changes Yyitives.

the microstructure and chemical composition of the bulk material. |, the case of the additive-containing materials, the diffusion of
_The stress level in the lifetime tests of the additive-containingyygen into the materials was found to be increased because of the
Si;N, materials was found to be higher. This was the consequence
of the interaction of an elongated microstructure developed during
sintering with the grain boundary phase. The normally degradating

) . bending stress / MP:
effects of the weaker grain boundary phase (amount, softening 9 > 2

point, viscosity) observed in creep and SCG at elevated tempera- 1 1 1 1 1
tures [17] were less serious due to a highly crystallized grain 900 S =
boundary phase. '

While the SiN, materials exhibited nearly the same behavior at 700 - ~

higher stresses after short time, the monolithig\Simaterial was 4
observed to be considerably more damaged after long term testing
in comparison to the §N, composites (all materials with nearly 300 9 B
the same base material compositionOY as sintering additive). 2
The increased SiCactivity in the upper region of the bulk material
was responsible for the degraded microstructure (cracks, pores,
grain boundary phase inhomogeneities) which consequently led to 3
a reduced SCG resistance of the monolithigNSimaterial. As a

consequence of the altered oxidation mechanism in thil,Si

composite materials, with the formation of,ON, instead of 1
SiO,, the microstructural degradation during oxidation was found

to be considerably reduced.

W

=

(=3
1
1

Conclusion

The influence of oxidation on high temperature stability and 100 Ty T T T T T
time-to-failure behavior of silicon-based nonoxide ceramics was 102 100 10° 10! 10% 10° 10t
studied. The materials without sintering aids exhibited the highest
stability in terms of oxidation. The influence of oxidation was
found to be less severe on the lifetime behavior because of m@ 10 Comparison of time-to-failure behavior of silicon-based nonox-
simple diffusion-controlled oxidation mechanism. However, thige materials at 1400°C in bending; 1 SNMo, 2 SNC, 3 SNY, 4 SSiC

time / h
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weaker properties (softening point, viscosity) of the protective 8 Wereszczak, A. A., Ferber, M. K., Kirkland, T. P., More, K. L., Foley, M. R.,
oxidation layer. As a consequence of the higher amount of oxygéW Yeckley, R. L., 1995, “Evolution of Stress Failure Resulting from High-

diffusion, oxidation processes with an increased formation onSi(ﬁ;Te"feJra%f ggf;;%"g;‘zj;?@g r;‘i,k'gg F;; Zl';%t_lzsfiéat'ca”y Pressed Siicon N-

took place in the upper region of the bulk material, which were g van der Biest, 0., and Weber, C., 1990, “Effects of Oxidation on Long-Term

responsible for the microstructural degradation of the materiaisilure of Silicon Nitride,"Ceram. Trans.Vol. 10, R. E. Tressler, ed., pp. 125-139.

during oxidation and the resulting degraded behavior in time tscgl0 tﬁimf'gi:E"zn;N MqoéheadvAT-J-v 153/9? ;%ﬁaci OfTGaSTOUS gorfosg %;the
; rength of SiC an eram. Trans.Vol. 10. R. E. ., pp. 81-92.

failure at elevated temperature.s. . . . . 11 gClarke, D.R., Lal;{ge, F.F., andnSSc‘hgittgrund, G. Drfsls‘.)zrzy,?‘sfrsggthening of
In the_ case of the compos_lte 38, mate”a_lsl the oxidation ; gjicon Nitride by Post Fabrication Heat Treatment,’Am. Ceram. SocYol. 65,

mechanism was found to be different. The microstructural degrgy. cs1-52.

dation was found to be considerably reduced because of thé2 Choi, S. R., Tikare, V., and Pawlik, R., 1991, “Crack Healing in Silicon

formation of SLONZ instead of SiQ during oxidation, which Nggid;ozDue to Oxidation,” Proceedings;eram. Eng. Sci. Proc.Vol. 12, pp.
Consequently led to a S|gn|f|cantly reduced defect size in the%%3 Wéreszczak, A. A, Kirkland, T. P., and Ferber, M., 1995, “Differences in

composite materials after oxidation. The higher oxidation stabilityreep Performance of a HiPed Silicon Nitride in Ambient Air and Inert Environ-
of the SiN./SIC and the SN./MoSi, composite materials was ments,” Proceedings, 19th Annual Cocoa Beach Conf. & Exp., January 812, 1995.
found to be the main reason of the improved behavior in time tT014 '—etW'Sv (';" H., He;ug, Ci H-vﬁ\i\gnf,i\lehc'\/'- S., ar}ﬂl LurT]'b_yyg-fJ-, 19t$4, “High
; emperature Creep and Fracture @SisN, Ceramic Alloys,” in Deformation in
failure at elevated temperatures. Ceramics Materials II,R. E. Tressler and R. C. Bradt, eds., Plenum N.Y., pp.
605-612.
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System Identification of
Jet Engines

N. Sugiyama o _ _ _ _
sugiyama@nal go jp _Syste_m identification plays an important role m_advanced control systems fOI_’ jet engines,
National Aerospace Laboratory, in which controls are performed adaptively using data from the actual engine and the
7-44-1 Jindaiji Higashi, Chofu, identified engine. An identification technique for jet engine using the Constant Gain
Tokyo 182-8522, Extended Kalman Filter (CGEKF) is described. The filter is constructed for a two-spool
Japan turbofan engine. The CGEKF filter developed here can recognize parameter change in

engine components and estimate unmeasurable variables over whole flight conditions.
These capabilities are useful for an advanced Full Authority Digital Electric Control
(FADEC). Effects of measurement noise and bias, effects of operating point and unpre-
dicted performance change are discussed. Some experimental results using the actual
engine are shown to evaluate the effectiveness of CGEKF filter.

Introduction 1994). Most of these techniques are based on linear theories and

High performance of modem jet engines has been attained I appllcable to a nonllne.ar system directly. Usual!y, Ilnegr iden-
steady efforts focused on technological improvements of individlication systems are designed at selected operating points; then
ual engine components and materials. It is considered that {HgNtification at a specific operating point is performed interpolat-
improvement is close to limitations and higher performance |89 those. This piecewise technique was widely used because the
difficult without innovative new technologies. However, there is §oMPutational burden was low. However, due to current remark-
possibility to improve performance by a control. Current enginé®!€ progress of micro-processor or DSP boards in speed, cost,
are operating with sufficient safety margins, such as temperatfgignt, power consumption, etc., it become possible that a non-
and surge margin, considering engine to engine variations, detéfi€ar system model is applied directly to identification process,
oration, sensor and actuator error, distortion, etc. If importafftSté@d of a piecewise linear model. _ _ _
engine variables can be identified precisely, the control can reducé® SYStém identification technique for jet engines using the

these margins and improve performance by using the latent cagQ-“Stam Gain Extended Kalman Filter (CGEKF) has been de-

bilities of the engine. System identification plays a very importarfdned for a two-spool turbofan engine and evaluated by nonlinear
role in such controls, and will become a very important part &ynamic simulation test and actual engine running test. It has been

future FADEC, a Full Authority Digital Electric Control, of jet concluded that the CGEKF is a promising candidate for system
engines. identification in future FADEC.

A concept of advanced FADEC for future engines is shown in
Fig. 1. It will include a schedule control and a multivariable robustonstant Gain Extended Kalman Filter (CGEKF)
control at a more advanced level than that of conventional FA- . . . )
DECs. Also included will be a performance seeking control, a A nonlinear dynamical system is expressed as follows:
redundant control and a condition monitoring for higher efficiency,

S S - Lo x = f(x, u) + Gv
reliability, safety, maintainability, etc. Moreover, it will be a part ( )

of the flight/propulsion integrated control, exchanging information Y = Om(X, U) + W
with the flight control system. All of these controls may require an
internal model-engine and the construction of an adaptive control Yo = 0u(X, U) (1)

system, in which controls are performed adaptively, depending on

the operating condition, referring data from the actual engine, tidere, x: state vectoru: control vector,y,: measurable output
internal model engine and the flight control system. For examphgctor,y,: unmeasurable output vectar, system noise vectow:

a performance-seeking control can be realized by reliable estinfaéasurement noise vector, a@dsystem noise transfer matrix. By
tions of surge margin, turbine inlet temperature, thrust, efficiencjnearizing Eqg. (1) at a specific operating point, a linearized engine
etc. An engine condition monitoring system can be realized #jodel is derived as follows:

estimations of engine component deviation parameters. All of
these estimation data will be supplied from an internal model-
engine constructed by an on-line system identification technique,

X = AX + Bu + Gv

as shown in Fig. 1. Ym=Cx + Du +w
Many works on system identification of jet engines have been
done. The major objectives of these works are (i) diagnostics of y.=Cx+ Dy (2)

engine condition (Kerr, 1991; Urban, 1992; Doel, 1992), (ii) _ ) )
improvement of propulsion/flight performance (Luppold, 1989vhere, @, B, C, D, C,, D.): system matrices. Assuming noise
Espana, 1993; Adibhatla, 1993; Orme, 1994), and (jii) imprové&ovariance matrices:

ment of the reliability of control system (Merrill, 1988; Volponi,
E(vw') = Q, E(ww’) =R,

Contributed by the International Gas Turbine Institute (IGTI) e TAMERICAN E(v)=0, E(w)=0 ?3)
SocieTy oF MEcHANICAL ENGINEERS for publication in the ASME QuRNAL oF EnGI-
NEERING FOR Gas TURBINES AND Power. Paper presented at the International Gasmaximum likelihood estimates of state, measurable and unmea-
Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2<5, 5 Iy H
1098; ASME Paper 98.GT.99. sBirable output vectog, ¥,, andy,, are given by,

Manuscript received by IGTI March 2, 1998; final revision received by the ASME .
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. X = AX + Bu + K(y,, — CX — Du)
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Fig. 1 Concept of advanced FADEC

where,

K is the linear Kalman filter gain matri is the steady-state

Ym=CX + Du
y.=CX+ Dy
K=PCR™!

Constant Gain Extended Kalman Filter
Control \/ Estimated
Variables Ummeasurable
u Variables
Measured *Yu
Variables
Ym L > Y
Estimated
Measurable

Variables
\ Nonlinear Dynamic Simulation of Engine
Kalman Filter Gain

Fig. 2 Concept of CGEKF

At a specific operating poinK (X, u) is obtained by Eq. (5)K (X,
u) is a nonlinear function of the operating point and must be
evaluated repeatedly when the operating point is moving. This is
called the Extended Kalman Filter (EKF) and requires a great deal
of computer power. To overcome the substantial computational
burden imposed by the EKF, Safonov and Athan suggested the use
of Constant Gain Extended Kalman Filter (CGEKF), in which
filter gain, K, is a constant matrix designed at a representative
operating point. They also showed the conditions under which a
class of nonlinear observers is nondivergent (Safonov, 1978; Mi-
sawa, 1989). This provides a basis for design of practical, nondi-
vergent CGEKF estimators. It should be noted that the differenti-
ation of equation in the linearization process might unfavorably
affect the guaranteed robustness properties of CGEKF.

The CGEKF is diagrammed as shown in Fig. 2. It is almost a

variance matrix of the estimates and can be calculated from

AP + PA’ + GQG' — PC'R!CP = 0.

Extending this method to nonlinear system, maximum likelithan real time and can be realized using currently available micro-
hood estimatest, ¥, andy,, are given by

%= 1(%, u) + KX, U)(Yn — Gn(X, W)

Nomenclature

Ym = Om(X, U)
yu = gu()A(y U).

innovation procesK (Y, — ¥.), the Kalman filter gain multiplied
by a difference between measured variables and estimated vari
ables. CGEKF for advanced control must run in real time or faster

processors or DSP boards with significant computational capabil-
ity.

CGEKF for Turbo Fan Engine

A two-spool turbofan engine is considered here (refer to Fig. 3).
Engine component performance data and some overall perfor-

A, B, C, D = engine system matrices m, U = measurable, unmeasurable Subscripts (refer to Fig. 3 and Fig. 4)
E(-) = Expected value of-) b = bias .
f(), g() = funrz:tion of () ) ) h, | = high- and low-pressure
G = system noise transfer ma- ENgine Variables ot he h rotor
trix A = nozzle area deviation pa- T -
K = Kalman filter gain matrix rameter It, mn, bn = engine component
P, Q, R = covariance matrix of esti- F = thrust 0.2 21 3 4 name
mate, system noise and G = flow deviation parameter e A ER : ,
measurement noise h = enthalpy 41, 5, 3, 5b = engine station number
u = control vector M = flight Mach number Acronyms
W = measurement noise vector N, N,, N, = rotational speed BAV = bleed air valve
X = state vector P, p = total and static pressure CGEKF = constant gain extended
y = output vector S. = thrust specific fuel con- Kalman filter
. sumption DSP = digital signal process-
Superscript ) ing
S, = surge margin EKE = ded Kal il
(77! = matrix inverse T, t = total and static temperature ECDP — extended Kalman |dter
(-) = matrix transpose u = stored energy = engine component de-
" = derivative W = air or gas flow rate FADEC — ;"ﬁt'on k?afamde.t‘?f |
"~ = estimate W; = fuel flow rate = full authority digita
. ¢ = variable stator angle electric control of jet
Subscript n = efficiency deviation parame- engine

¢, e = engine component devia-

tion, engine
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[ [ Xe = (Gns My Gits Mits Gher Mnes

Inlet | [ Fan|{Vol| Duct |Vol| Bypass
Tip |-3B -5B| Nozzle Ghe» Mhes Gies Mies Amns Apn)’, (10)
|- [nterstream-Blecd - where G,.: flow deviation parameter of fan-huby,: efficiency

gafg V;l' C*”’ Vgl SOT- vle v ‘ﬁ'TLS Vgl h{Wai? deviation parameters of main and bypass-nozzle, respectively.
B pressor | T LATOT | TR e me| R Turbine o | Towse Sincex, is artificial state vector which can be estimated by the

| - Kalman filter, state equation,

@ @ X, =0 (11)

Control-Bleed Turbine-Cooling-Air must be added to the engine state equation in Eq. (1). This means

Overboard-Bleed thatx. is changed when a difference between measured value and
estimated value exists, as shown in Eq. (7). If an engine component
performance is changed gradually or suddenly, it causes a differ-
ence between measurement and estimation; then the CGEKF

) ) ) . changes, until the difference goes to zero. Total state veckor,
mance data, including dynamic performance, are available for thjgcomesc = (x., x.)'.

engine. The schematic model in Fig. 3 can be diagrammed ascontrol vectoru, is defined as follows:

shown in Fig. 4, replacing the engine components with the com-

putational modules developed by the author (Sugiyama, 1990). u= (W, & M, po, to)’ (12)
This diagram is a nonlinear simulation block diagram. In Fig. 4,

computational modules for compressor (COMP), turbine (TURBYhereW;: fuel flow rate,&: variable stator vane (VSV) angld/:
nozzle (NOZL), combustor (COMBY), duct (DUCT), inlet (IN-flight Mach numberp,: ambient pressurd,: ambient tempera
LET), rotor (ROTOR), and volume (VOL) are used. Among thes@Ire. SinceM, p,, andt, are independent variables, they are
modules, the rotor and volume are dynamic modules and the régated as control variables.

are static modules. Measurable vectory,, is selected as follows:

Engine state vectok,, is defined as follows:

I/]" deviation parameter of fan-hub, and so @,, and A,,: area
HP

Fig. 3 Configuration of two spool turbofan engine

Ym = (N;, Ny, Pay, Toy, Ps, T, Py,

Xe: (Nlr Nh! m211 Ule m3| u31 m4l Uy, P41 T41 PS -I-5 P3b T3b)l (13)

Maz Ust, M, Us, Ma, Uso, Moo, Usp)”, - (8) whereP,,: total pressure at volume-2T,,: total temperature at
whereN,: low-pressure rotor speeh,,: high-pressure rotor speed,volume-21, and so on.
m,,: stored mass at volume-20i,,: stored energy at volume-21, Unmeasurable vectoy,, is selected as follows:
and so on. Since inter-component volumes are not so big in usual
jet engines, its dynamics do not contribute significantly to dynamic Yu=(F, T4, Win, Won, Sies S, (14)
behavior of jet engine in the frequency range under 10 Hz (Seld,
ner, 1972). Hence, volume dynamics can be neglected. Th
engine state vectok,, becomes

ereF: net thrust,T,: turbine inlet total temperaturdV,,,: air
ol rate of main-nozzlew,,: air flow rate of bypass-nozzI&.:
thrust specific fuel consumptio,,; surge margin of compressor.

Xe= (N, N;)". (9) Dimensions of state, control and output vector are summarized
] o ~ as follows:
Engine component deviation parameter (ECDP) veotgr,is
defined as follows: Normal statex, = 2
P Pu_ o Pay Pir le po
Ab Tsn
comp [fasi vou [Dee Jpucrfud o} vou [fue JnozL
(FT) i (3B) [Py (BD) gptisl (sB) Z4p! (BN)
(3TN

Qe ROTORLGAL

Nal T
P, P, P; h P; P, — P, P, l] P, Py P. P,
] “ : T ] : T, * e : T o
A E—— i% COMP im‘_ vor, [ualidcomp {:x‘_ voL the I CoMEB zu'_ voL the lTURB ;‘mb vOL iun TURB [fa vor the INoOZL
= 1 (FH) B3] (21) [Ralald (HC) (3] (3) Pl () el (HT) il () Pugeed (1) e ) g um)
AAI{ 3 Azui 20 Fii i Xl e F
Pu.Poopo Po
BLEED{JAct
Theb
(HOB) 9w W T il w
hib 1 T ovb
Fig. 4 Simulation block diagram of two-spool turbofan engine
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 21

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Artificial state: x, = 12 (a) thrust 103 (&) SFC

Control:u =5 “ by & ~f
Measurable outputy,, = 13 /\
097 s Tl
Unmeasurable outpuy., = 6 1.02 (c) bypass air flow L03 (d) turbine inlet temp.
A necessary condition for the existence of the Kalman filter is the je“fi“et(sémma‘ed
observability of model. In the jet engine model described aboves | o ormae
necessary condition for the observability (Espana, 1993) is V\ —Iv \
(dimension ofx.) = (dimension ofy,,). (15) 0.98 0.97
0 5 10 0 5 10
This condition is fulfilled with one extra measurement. time [s] time {s]

Assigning state, control and output variables as above, the
Kalman filter gain at a specific operating point is obtained by the Fig. 6 Estimation of unmeasurable variables
following procedures:

1 Compute system matrice&, B, C, D, C,, andD,, in Eq. (2), ] ) )
which is a linearized form of Eq. (1). Some existing simulatiolNonlinear Simulation Results

software include this capability, but great care must be paid 0 Eotimation of Engine Component Deviation Parameters

utilize those because a linearization is very sensitive to ﬂEECDP) The Kalman filter gain matrixK, was designed at a
met_hod applled (Sugiyama, 1994). . round maximum thrust condition. When flow and efficiency

2 Deflne_scallng values O.f state, control and OUtqu variables, a%é?ameter changes are implanted in gas path components of the
nor_mtal_lze system rlnatgcetA, B,C,D,C, andD,, inorderto gnqine the CGEKF can recognize the ECDP change as shown in
maintain numerical robusiness. Fig. 5. For the fan (hub) component, flow parameg&y, dropped

? Assume nojse covriance malrioth 3 andR. i =0 (2 and g percent at = 2., and th effciency paramela,, Cropped 3
may be known, buR andQ are not defined clearly. They canB reentat = 3 s, intentionally as shown in Fig. & Two ECDPs

. . correspond toGy, and are changed apparently, but other
be treated as free design parameters to tune the Kalman fil P " T g PP Y,

- 2N TeEpps are slightly changed in transient, but go to zero rapidly.
4 check the observability o, C) and compute Kalman filter 1o £cpp estimation is successfully completed in 5 s. Similar
gain,K, by Eq. (5). parameter changes are implanted in the fan (tip) (Fidp))5(

Then, CGEKF is mechanized using this gain matikix,As men- high-pressure compressor (Figch( high-pressure turbine (Fig.

tioned above, CGEKF is almost a nonlinear simulation of jé(d)), and low-pressure turbine (Fig.&)J. The main nozzle area

engine, except for the innovation process. parameterA,,, dropped 5 percent d@t = 2 s, and the bypass
A detailed nonlinear dynamic simulation of jet engine as showtozzle area paramete,,, dropped 3 percent at= 3 s as shown

in Fig. 4 can run in real-time, or a frame time of simulatiorin Fig. 5(f). Single or simultaneous ECDP changes can be eval-

becomes less than 1 msec, if a computer power is more than 1@ed in CGEKF.

Mflops.' This computer power is easily available from current

. Estimation of Unmeasurable Variable. Figure 6 shows es-
MiCro-processors.

timation of unmeasurable variables, (a) thrist(b) specific fuel
! Computational speed of current micro processors are over 100 Mflops and enoconsumption’sfc’ (c) bypass air flow ratey,,, and (d) turbine
utatl u I Vi . . .

for realization of CGEKF. They are also good in size, weight, power consumptioﬁ%rbt_temperature_-'r“‘ _along_wnh englne_ Value_s CompUted in the
and cost. Frame time for a two-spool turbofan engine, modeled as shown in Fign@nlinear dynamic simulation. In the simulation, ECDP changes
was approximately 0.2 msec on a DEC’s Alpha Station computer which uses Atre implanted in the hc-compressor as shown in Fig), €., the
flow deviation parameteiG,., dropped 5 percent at= 2 s, and
the efficiency deviation parametet,., dropped 3 percent at=

102 (a) fan(hub) 102 (b) fan(tip)
o B pha21164 300 MHz CPU and has approximately 600 Mflops. This frame time means
5 AT U the CGEKF can run 5 times faster than real time.
3 JU SYNUEE i —
N G
094 (a) ground max design (b) ground min design
Lo2 (¢) hp-compressor 1.02 2 gro - g 1.02 L d
n D‘* | -
5 W The 8 '\k\' Mhe
r‘ [ PSSl € S S ol SN R 5 [ S S = _-’_*G*v-iﬁ
= L‘\;\ Ghpe L\_ —— he
0.94 0.94
. i d) flight min design
102 ! (e) Ip-turbine 102 ) flig g
= i [ 5
ool o
= 1 '.»\ _G_lt =
0.94 = 0.94
0 10 20 0 10 20
time [s] time (s] time [s] time [s]
Fig. 5 Estimation of engine component deviation parameter change Fig. 7 Effect of operating point
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(a) 3% bias N (b) 3% bias P3 ground means sea-level static condition and the flight means flight
1.05 W The 1.05 in Mach = 0.8 at the altitude= 10,000 m (32,800 ft). When
parameter change is implanted in the hc-compressor as in E)g. 5(
CGEKF’s estimates at ground maximum condition is shown in
Fig. 7. It is obvious that estimations are similar for four CGEKFs
designed at the different operating points. This fact is checked at
several operating points and confirms the validity of utilizing the
CGEKEF in jet engine application. Actually, the gain matri,
designed at ground maximum is preferable in view of scaling
problem, because most of variables at ground maximum are close
to maximum values, and also actual data are available.

ECDP
ECDP

Gpe
0.85 0.95

ir bleed
1.05 o) 8ir blee 1.09

ECDP

0.95 0.97 Effect of Matrices, G, Q, and R, and Measurement Noise.
0 10 20 0 10 20 Three matricesG, Q, andR, in Eq. (2) and (3) are defined by
time time characteristics of system noise and measurement noise in nature.
But they can be treated as free design parameters of CGEKF, since
they are not defined clearly in an actual engine/sensor system.
These matrices affect response time and noise sensitivity of

3 s. Estimation errors are observed in transient, but disappea%%EKF' For simplicity, each o6, Q, andR is set as a unit matrix

rapidly. The reliable estimation of unmeasurable variables is a kgg;:ﬁggegybgigeic\%%ggﬁ?ntkgqﬁr:eégo{selgggssfiﬁ;'r;?é'on 1S
factor for advanced adaptive control of jet engines. . A N .
P J 9 Q, and decreasinB result in faster response, but more sensitive to

Effect of Operating Point. The CGEKF uses a single gainnoise. They should be defined by compromise.
matrix, K, for the full flight envelope. Figure 7 shows comparison
of CGEKF, using four kinds oK, designed at (a) the ground Effect of Measurement Bias. The Kalman filter is very crit-
maximum thrust point, (b) the ground idle point, (c) the flighical to measurement error, such as bias and drift. When measure-
maximum thrust point, and (d) the flight idle point. Here thenent biases exist, the second equation in Eq. (2) is rewritten as

Fig. 8 Effect of measurement bias and unpredicted system change

——measured —— estimated

= 15 = 038 : :
) & | A A A A AN s
= I ] -
F 5100 , , 35000 . .
£ Wm - IR AR e
= J o

4900 ‘ : 25000 ‘ .

13400 1270

Ny [rpm]
T4 [K]

12800 * * 1250
140 - + 318

Py [kPa]
T2 {K]

130 : : 314 . .
= 140 - . 318 -
) %)
& AL M A, 2

130 - * 314 -

1280 650

Py [kPa]
73 (K]

1180 : ! 630
300 . T 930

P41 [kPa]
T4 [K]

280 * + 910
= 122 v 800 T .
& | 0 i
118 . : 760 - :
0 5 10 15 0 5 10 15
time [s] time [s]
Fig. 9 Measured variables and estimated variables respond to VSV change
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(Ym+ Yp) = Cx + D(u + uy) + w, (16)

(a) fan(hub)

where,y, andu, is measurement biases in output variables and & —Om '7/?’

control variables, respectively. Then,Gfis invertible, g

Ym=C(X+ C ¥Duy,—vy,) +Du+w a7

This means that measurement biases are equivalent to ECDI&
change,C *(Du, — y,). In other words, measurement biases o
cannot be distinguished from component parameter changes. 8
Figure 8@) shows estimates of ECDP when measurement of the
high-pressure rotor speel,, is biased+3 percent at = 2 s.
Measurement bias causes incorrect estimates as the high pressure 1.1
compressor’s performance changes. When the compressor delive&
pressurepPs, is biased+3 percent at = 2 s, ECDPs of many 3
components move simultaneously as shown in Fig), &y which
we cannot derive a meaningful result. But changes of ECDPs for 0.9
components close 1B, i.e., Gy, M, Ghe, andm,,, are relatively 1.1
large.

(d) hp-turbine
2% — G —~
8 —
Effect of Unpredicted System Change. In this turbofan en- &
gine case, 12 ECDPs are selected. There may be many other
ECDPs which affect performance of engine. If an unmodeled
system change occurs, CGEKF cannot work. In Fig),& percent o Gy -1
of compressor air flow is extracted at the exit of hp-compressor,Q .
which is not assumed in designing CGEKF; then many ECDPs aremQ -
changed simultaneously and we cannot derive a meaningful result. 09 ) .
In Fig. 8(d), the combustion efficiency is decreased 5 percent ’ (f) main/bypass nozzle
which is also not assumed in designing CGEKF; then many !l p P '
ECDPs are changed simultaneously and we cannot derive a meari e
ingful result again. But changes of the flow and the nozzle areaQ [\ A va il o AR e
deviation parameters are relatively large, and changes of the effi- LT v
ciency deviation parameters are small. 09
Simultaneous change of many ECDPs as shown in Fig. 8 can be_m 15
considered as sensor failure or unpredicted system change, sincg

the possibility of those may be higher than that of simultaneous r
characteristic changes of many engine components. @
5 1
. 0 5 10 15
Results of Engine Test time [s]

The effectiveness of the CGEKF was evaluated for an actual
two spool turbofan engine, whose configuration is shown in Fig. 3. Fig. 10 ECDP estimation respond to VSV change
To realize component performance changes in the actual engine,
the controller of variable stator vane (VSV) of compressor and . ,
bleed air valve (BAV) at the final stage of the hp-compressor areEffect of BAV Change. Figure 11 shows all ECDP's re-
redesigned to control these independently. The CGEKF used h&R@nses to BAV change, along with the compressor delivery
is designed including VSV as a control variable and excluding tH§€ssurePs, to indicate the instance of BAV opening. The amount
effect of BAV. The change of VSV may result in a hp-compressdif bleed air is approximately 3 percent. When BAV is opened,
performance change if the CGEKF ignores VSV input, but thréssures downstream of the hp-compressor decrease suddenly and

change of BAV may be considered the unpredicted system chaii§gIPeratures increase. ECDPs of several components change si-
mentioned above (refer to Fig.d}J. multaneously as analyzed in Fig.cB(and the CGEKF cannot

determine the true reason. This is a example of the unpredicted

Effect of VSV Change. Figure 9 shows engine variable re-system change.
sponses to VSV angle change. Measured variables are in thin lines
and estimated variables of CGEKF in thick lines. Fuel flow is ke%emarks
constant at a middle power condition and VSV is changetd5
degrees around nominal value. Bigger VSV angle is the closed sideéSensor Failure. Accurate measurement is essential for the
of VSV and means smaller air flow rate for a specific rotationaluccess of system identification. But reliability of measurement
speed. When VSV angle changes, high pressure rotor spegdtem is lower than that of engine. It is necessary for a reliable
changes its level, and pressures and temperatures downstreanderitification to include a capability to reject the effect of sensor
hp-compressor change abruptly in transient, but converge roise, bias, drift, and failure. Figure 12 shows an example of such
slightly different levels. Obviously estimated values of CGEKF arsystem. For simplicity, we assume (i) the system has four sensors,
good estimates of actual values. and (ii) three sensors are enough for the design of CGEKF, or

Using these measured values, CGEKF estimated all ECDPsaddiservability. Then, five CGEKFs can be constructed as shown in
shown in Fig. 10. The flow deviation parameter of hp-compressdrig. 12. CGEKF-0 uses four sensor signals, y,, s, andy,.
G, is estimated to be changed7 percent, but other deviation CGEKF-1 uses three sensors excgpt CGEKF-2 uses three
parameters are not changed noticeably. This coincides with thensors except,, and so on. Normally, CGEKF-0 is working.
hp-compressor characteristics, that is, when VSV is closed 2.5First, range and rate of each sensor signal is checked. If a failure
degrees, the air flow is decreased approximately 7 percent and dfisensortis detected, CGEKF-0 is switched to CGEKFwhich
efficiency is not changed at this operating point. Thus the CGEKd®es not use sensorNext, sensor signals are fed to five CGEKFs.
successfully recognized the performance deviation of hjf-a difference between estimates of sengdr) generated by
compressor. CGEKF-0 and CGEKHE-is greater than a specified value, the

24 | Vol. 122, JANUARY 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



11 (=) fan(hub) 1 ponge Mocere 1
= ’ Cm == T Y27 Rate > 2
) S e T T el Y3 > > 0 Y3 .
2 > JQ\M Vab Check _ ' V4
= WN/\\V—/\
0.9 - — c
' (b) fan(tip) _ S4 J/OGEKF [,
oy N B /J\/,: _ ama 1 >
8 7\\/»/ ;/\\’\A7‘_/_\//\/ g TS T T | >
j£a]
— G - mfit > P> L 4
09 - 4 CGEKF »C, |
i1 (©) p-compressor N . N
o ~—Gpe
3 hc The - ~
= T TN T T > L,
e | CGEKF [, !
o9l - : Switching to 3 ,IC3 l
. () hp~turl’31ne CGEKF- 1 Ly >
2 | ——Gp - Mhi
I3 b T : Compare and e id
= ! T T T T e ! Switching to » CGEKF,
< C,
L1 (e) Ip-turbine —’E,
é T T ST Fig. 12 Sensor failure accommodation
=]
—G, - M
0.9 : ; : o P :
() main/bypass nozzle Iocatlons, or by checking observablllty_of comblnatl_on of sensing
Ll - N variables,y,,, and ECDPsx.. If an omitted ECDP is changed,
= ‘ ST et e CGEKEF identification cannot work correctly since it is an unpre-
o I | . : f
2 A NI STl — dicted system change. Another method is to use combined perfor-
——Apn Apn mance deviation parameters and decrease number of EDCPs. For
0.9 ' example, a combined flow and efficiency characteristics of Ip-
- . turbine and nozzle are possible, and thus, number of ECDPs can be
12801 ) decreased. In this case, the CGEKF cannot discriminate perfor-
- ] mance changes in Ip-turbine and nozzle.
Q" e 4
1180 . Position Error. A sensor can measure only a local value,
5 10 which is not equivalent to the value represented in the nonlinear
time [s] dynamic engine model. Since temperatures and pressures in an

engine are spatially distributed, measured values depend on the
sensor positions. This is called position error. Measured values
must be corrected to the values represented in the engine model, in

Fig. 11 ECDP estimation respond to BAV open

sensotH y;) is considered to be failed. So the identification system

can recognize sensgis failure and switch the filter to CGEK[-

Thus the identification system can survive from one sensor failure

by switching the filter. CGEKF is almost a nonlinear dynamic 35000
simulation and requires computational power. So, the design %
CGEKFs in Fig. 12 must be restricted only to accommodation of—~
important sensors, considering a computer power.

In the turbofan engine case, at least 12 variables must be 25000
measured to construct CGEKF, as described in Eq. (15). Since the ..,
abovementioned CGEKF was designed by 13 measurements, o@
measurement can be omitted. Figure&3thows measured re-

— measured — estimated
(a) CGEKF-0, 13 measurements

W

(b) CGEKF-1, 12 measurements, w/o P3

e~

sponse (thin line) and estimated response (thick line) of thRyst, «7 —
by CGEKF designed by 13 measurements (CGEKF-0). Figure 1000 . .

13() shows measured and estimated response of compressor (c) CGEKF-2, 12 measurements, wlo T3
delivery pressureP,, by CGEKF designed by 12 measurements 80— —
without P; (CGEKF-1). Figure 13f) shows measured and esti & — e~
mated response of compressor delivery temperatiitg, by E i

CGEKF designed by 12 measurements with®ut(CGEKF-2).
The estimation precision &, and T, without sensors are approx 550 :
imately 5 percent. If one of these sensors is failed, the difference 10
in estimated value by CGEKF-0, -1 and -2 becomes large, and?

then, the identification system can suggest sensor failure an& L
switch to a healthy CGEKF. =
>
5 1

Reduction of Measurement. Normal number of sensors for a 0 5 10 15
turbofan engine control is less than 10. To realize CGEKF iden-

.
tification system by using these normal sensors, one method is to me [<]

omit some ECDPs. Estimatable ECDPs are defined by sensor Fig. 13 Estimation of non-measured variables
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which averaged values are used in general. Simple relations Baeferences

tw_een Ioca_l value an_d averaged value _are u_s_efu! for this COI'recuOnAdibhatla, S., and Johnson, K. L., 1993, “Evaluation of a Nonlinear PSC Algorithm
Without this correction, the CGEKF identification cannot workyn a variable Cycle Engine,” AIAA 93-2077.
correctly since it becomes measurement bias. Adibhatla, S., and Gastineau, Z., 1994, “Tracking Filter Selection and Control

. . L . Mode Selection for Model Based Control,” AIAA 94-3204.
Numerical Robustness. The nonlinear dynamic simulation as Doel, D. L., 1992, “TEMPER—A Gas-Path Analysis Tool for Commercial Jet

shown in Fig. 4, on which the CGEKF identification method i€ngines,” ASME Paper 92-GT-315.
based, is not numerically robust as a piecewise linear modefspana, M. D., 1993, “On the Estimation Algorithm for Adaptive Performance

. g . timization of Turbofan Engines,” AIAA 93-1823.
method. For example, abrupt blg Change in control variable OCC%EKerr, L. J., Nemec, T. S., and Gallops, G. W., 1991, “Real-Time Estimation of Gas

sionally moves the operating point into the area where compon&{hine Engine Damage Using a Control Based Kalman Filter Algorithm,” ASME
characteristics are not defined, and causes numerical instabilityper 91-GT-216.

The nonlinear engine model must be carefully coded, not to move-uppold, R. H., Roman, J. R., Gallops, G. W., and Kerr, L. J., 1989, "Estimating
into such area, and to recover quickly if it happens. Small intgl—:lg;i Engine Performance Variations Using Kalman Filter Concepts,” AIAA
gration step size is effective for numerical robustness in general &Aem“" W. C., DeLaat, J. C., and Bruton, W. M., 1988, “Advanced Detection,

though it cause difficulty in real-time operation. Isolation, and Accommodation of Sensor Failures—Real-Time Evaluatimufnal
of GuidanceVol. 11, No. 6, pp. 517-526.
. Misawa, E. A., and Hedrick, J. K., 1989, “Nonlinear Observers—A State-of-the-
Conclusions Art Survey,” ASME Journal of Dynamic Systems, Measurement, and Coritfol,
The system identification technique using the constant gaifl, pp. 344-352. o
extended Kalman filter was developed. The effectiveness of th&me. J. S., and Conners, T. R., 1994, “Supersonic Flight Test Results of a

. . Perf ki trol Algorith NASA F-15 Aircraft,” AIAA
filter was evaluated for a two-spool turbofan engine. It can recogs sy;a.c¢ Seeking control Algorithm on a NASA F-15 Alrcraft

nize parameter changes of engine component and estimate UnMegonov, M. G., and Athans, M., 1978, “Robustness and Computational Aspects of
surable variables over full flight envelope. This capability is usefulonlinear Stochastic Estimators and Regulatot&EE Transactions on Automatic
for an advanced FADEC. High quality measurement, i.e., lo@ontrol,Vol. AC-23, No. 4, pp. 717-725. _ _ )
noise, drift and bias, is important for reliable identification. The Seldner, K., Mihaloew, J. R., and Blaha, R. J., 1972, “Generalized Simulation
method developed will become a important part of a future jefcmdue for Turbojet Engine System Analysis,” NASA TN D-6610.
. p . p ; p | Sugiyama, N., 1990, “Generalized High Speed Simulation of Gas Turbine En-
engine control, in which a robust multivariable control, a perforgines ” ASME Paper 90-GT-270.
mance seeking control, a condition monitoring are implemented. Sugiyama, N., 1994, “Derivation of System Matrices From Nonlinear Dynamic
Simulation of Jet EnginesJJournal of Guidance, Control, and Dynamidgol. 17,
No. 6, pp. 1320-1326.
ACknOWIedgmem Sugiyama, N., 1996, “On-Line System Identification of Jet Engine,” AIAA 96-
This work was supported in part by the Hyper/Supersonic Tran%iasﬁan L. A., and Volponi, A. J., 1992, “Mathematical Methods of Relative Engine
port Propulsion System Program of AIST, MITI. The author thanks, ¢~ biagnosti'():s " SAE 022048 9
R. Yanagi, S. Sekine and S. Enomoto of the National Aerospace/oiponi, A. J., 1994, “Sensor Error Compensation in Engine Performance Diag-

Laboratory for their support in the preparation of actual engine dat@stics,” ASME Paper 94-GT-58.
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Best Paper Award Cycle Innovations Technical Committee

Internal Reforming Solid Oxide
Fuel Cell-Gas Turbine Combined
Cycles (IRSOFC-GT): Part A—

A massardo § Gell Model and Cycle
Thermodynamic Analysis

The aim of this work is to investigate the performance of internal reforming solid oxide fuel
cell (IRSOFC) and gas turbine (GT) combined cycles. To study complex systems involving

F. Lubelli

Dipartimento di Macchine Sistemi
Energetici e Trasporti

Universita di Genova, IRSOFC a mathematical model has been developed that simulates the fuel cell steady-state
Via Montallegro 1, operation. The model, tested with data available in literature, has been used for a complete
16145 Genova, IRSOFC parametric analysis taking into account the influence of cell operative pressure, cell
Italia and stream temperatures, fuel-oxidant flow rates and composition, etc. The analysis of

IRSOFC-GT combined cycles has been carried out by using the ThermoEconomic Modular
Program TEMP (Agazzani and Massardo, 1997). The code has been modified to allow

IRSOFC, external reformer and flue gas condenser performance to be taken into account.

Using as test case the IRSOFC-GT combined plant proposed by Harvey and Richter (1994)
the capability of the modified TEMP code has been demonstrated. The thermodynamic
analysis of a number of IRSOFC-GT combined cycles is presented and discussed, taking into
account the influence of several technological constraints. The results are presented for both
atmospheric and pressurised IRSOFC.

Introduction a SOFC as a topping unit, thanks to the very high SOFC operative

The fuel cell power generation svstem is expected o be onete perature £1300 K), for an existing or future conventional
p 9 Y p gogwer plant (Wilson and Korakianitis, 1997; Korakianitis et al.,

thg fpture promising power generation .methods, V.V.h'Ch can provi 97; Pilidis and Ulizar, 1997). In this field of particular interest
efﬁme_nt energy conversion rates, flgxnple fuel utilization and sitg o o' 16 the systems using SOFCs and gas turbines (GT) (Ste-
selection with very low pollutant emissions. .phenson and Ritchey, 1997; Bevc et al., 1996; Fry et al., 1997),

_In fuel cell the conversion energy is a direct electrochemical |, this paper atmospheric and pressurized SOFCs associated
kinetic process and it is not subject to the limitations of the Carngfiiy gT systems have been analysed. The first step to be able to
cycle. Moreover, the exergy losses associated with the fuel oxidgqdy complex cycles involving SOFC is to obtain thermodynamic
tion process are small compared to conventional combustion. Tii&a for SOFC in operation. Therefore, a mathematical model has
electrochemical oxidation of the fuel is accompanied by a releaggen developed that simulates the steady-state operation of a
of heat energy and an electron flow. For the electrochemicgbFC, with or without internal reforming (IR).
reactions to proceed the temperature of the reactants must raise tbhe model has been tested utilizing available data published in
a threshold depending upon the type of electrolyte used. Thrature, and has been used as a module of the ThermoEconomic
environmental preservation would be attained by higher efficiengyodular Program (TEMP) software (Agazzani and Massardo,
values from the carbon dioxide production point of view, while997), to carry out SOFC-GT combined cycle thermodynamic and
NO, emissions are greatly reduced when compared to convehermoeconomic analyses. The thermodynamic analysis is de-
tional power plant emissions (Hirschenhofer et al., 1994). scribed in this part, while the thermoeconomic analysis will be

High temperature fuel cell, as the MCFC (molten carbonate fuptesented in the second part of this work (Massardo, 1998).
cell) or SOFC (solid oxide fuel cell) are still in the development The internal reforming SOFC mathematical model, the results of
stage. However, they have much potential to achieve high effie complete IRSOFC parametric analysis, and the assessment of
ciency for electricity production and they have already demoithe modified TEMP software, based on the Harvey-Richter (1994)
strated their performance with several tens of kW stacks and unignt data are presented. Finally, the thermodynamic analysis of a
Particularly SOFC is supposed to be suitable for both large powedmber of original IRSOFC-GT combined cycles are presented
plants and small cogeneration unit (Drenckhahn and Lezuo, 1998)d discussed in depth.
There have been several proposals for integrated cycles involv-

ing SOFC, the most investigated configuration is the utilization 9RSOFC Model

As already stated the first step to be able to study complex

Contributed by the International Gas Turbine Institute (IGTI) ek Awerican  SYStemMs involving IRSOFC is to obtain thermodynamic data for

SocieTy oF MEecHanicaL EnciNeers for publication in the ASME durnaL of Ena-  Cell operation, that is a cell model is necessary to carry out cell
NEERING FOR Gas TURBINES AND Power. Paper presented at the International Gafperformance ana|ysis_ Several models have been presented in

Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2 .
1998: ASME Paper 98-GT-577. literature for SOFC or IRSOFC (Bessette, 1994; Costamagna,

Manuscript received by IGTI March 31, 1998; final revision received by the Asvg997; Harvey and Richter, 1994). .
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. In this work a model has been developed taking into account the
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following aspects: the model must be robust and reliable; the cell H=HL+3x+y—z

performance must be evaluated with a direct mathematical ap-

proach (not utilizing performance curves or correlations) to allow H,0° = H,0' — x — y + z 4)

the model to be useful for a wide range of IRSOFCs; and the

model must be easy to be integrated in the thermoeconomic toolAt the exit of the anode the total number of moles is the sum of

used for complex cycles analysis (TEMP code). the terms of the right hand side of the Eqg. (4), and the equilibrium
For the development of the model the following main assumgonditions have been written as

tions have been used: adiabatic cell; equilibrium reforming and

shifting reactions; cathode exit stream temperature equal to anode (CO' + X~ y) . (HIZ * 3’_( Ty~ Z) n2

exit stream temperature; ,Hon transportation responsible for NM' + 2x NM' + 2x P e
electrical flow; cathode stream composed ofa@d N; and anode  Kp reforming = CH}, — x HO —x—y+z ®)
stream composed of CHCO, CQ, H,, H,O. The current density <NM‘ T 2x> . < NMT + 2x >

(A/m?) and the fuel utilization coefficient have been considered as
input values. (H'z +3x+y— z) < CO, +y )

The reactions considered inside the cell have been:

K B NM' + 2x NM' + 2x 6
CH, + H,0 <> CO+ 3H, reforming P shifing (COi + X — y) (Hzoi -Xx—y+ z) - 6
CO+ H,0 < CO, + H, shifting (1) NM' + 2x NM2x
|f|2 +10, - H,0 electrochemical where the unknowns arg andy (z is known from the fuel

utilization coefficient value). The system (Eqgs. 5 and 6) has been

Reforming and shifting reactions have been considered at eqe@!ved using a classical Newton-Raphson method.
librium and, as a function of temperature, they have been repre-The cell electrical power has been calculated as the product of

sented by cell current intensity by cell electrodes voltage. Since when one
mole of H, reacts in one second the corresponding current gener-

P, Pco Pco; * Ph, ated is 96439 A, the current intensity is easy to be evaluated. The
Kp reforming = Per* Proo Kp shitting = Peo Proo | @) voltage evaluation has been carried out based on the knowledge of

the cell open circuit potential (ideal Nerst potential):
RT  pu(Po)
E:Ug+ﬁlni. @)
log K, = AT* + BT®+ CT2+ DT + E, ®) Preo
The Nerst potential is reduced when the electrical cell circuit is
closed due to the following irreversibilities:

where the equilibrium constanks,.s andK ¢, have been directly
correlated to the temperature:

where the constant values are (Bossel, 1992):

1 ohmic resistance of the cell elements
2 polarization of the electrodes

Reforming Shifting
A 22.6312-101! 547.1012 Ohmic resistances have been evaluated using the Ohm equation
B 1.2406.10" 257410 (R = pL/A), where, as suggested by Bessette (1994)
C -2.2523-10% 4.6374-10° p=0.008114°°" (air electrod@
D 1.95027-10" -3.91500-10°2 p = 0.002940955M  (electrolyte
E SG.IS0188 LR R p=0.00298& 1320 (fuel electrod

The electrode polarisation effect has been evaluated using

I . (Achenbach, 1994)
From the knowledge of the fuel utilization coefficient the hy-

drogen and oxygen moles have been evaluated. To evaluate the 1 4F (po,\ " —
CH, and CO moles the equilibrium constant equation has been R~ KerT po) & T ®)
utilized (where chemical symbols represent the number of moles): ¢
i 1 2F sz "
CHZ = CH, — x oKL 2 ~ (Eactivation anockRT)
R R, K*RT < ) e ' ©
CO°*=CO + —y WhereE oge s = 110 KI/MOIE E canoge sce= 160 kd/molep® refer-
_ ence pressurés, = 1.49 10° K, = 2.13 16 (A/m?), andm =
CO5=CO, +vy 0.25.
Nomenclature
E, U, = Nerst and Gibbs potential, re- P = power Superscripts
spectively p, Ap = pressure, pressure drop respec- . . .
F = Faraday constant tively i, 0 = inlet, outlet respectively
h = enthalpy R = gas constant Subscripts
K, = equilibrium constant T = temperature )
I, V = current, voltage respectively X, y, z = CH,, CO, H, reactant moles a, ¢ = anode, cathode respectively
m = mass flow rate respectively act = activation _
n = electron number B, n = pressure ratio, efficiency re-  f, air = fuel, air respectively
NM = number of moles spectively ST = standard cell
p = electrical resistivity
28 / Vol. 122, JANUARY 2000 Transactions of the ASME
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Table 1 IRSOFC performance comparison

Reference V ret. Vigsore |AV/V (%) | AT/ T (%)

Achenbach ,1994 | 0.682 [0.693 16 1.1
Hirano et al. ,1992 0.715 [0.753 53 2.5
Hirano et al. ,1992 0.606 |0.563 70 4.9
Costamagna 1997 [0.71 [0.68 42 2.2
Costamagna ,1997 | 0.85 0.782 8.0 not av.

Harvey-Richter, 1994 | 0.60 0.64 6.6 not av.

1.06 } t :
All the described chemical and electrical calculations need the 2000 3000 4000 5000 6000 7000
knowledge of the cell temperature. Unfortunately, at the beginning Current Density (A/m?)

of the analysis, this datum is not available. To solve this problem _ _ )

two different ways based on cell energy conservation equatiglf; 2 Or’:e;?tg’en pressure influence on IRSOFC power ratio ( P/Psr)

have been used. In the first option a tentative cell temperature hag > curent @8 sity

been assumed and the cell characteristics evaluated. Then the

enthalpy variation inside the cell has been calculated and a new o . ) )

cell temperature obtained. The process is iterated until the satis- €quilibrium of the shifting and reforming reactions and also

faction of a prescribed tolerance or a maximum iteration number. o the partial pressure changes. Figure 1 also demonstrates

In the second approach the temperature has been directly obtained that the voltage increase is not directly proportional to

satisfying the conservation equation. The solution—cell tempera- ~ OPperative pressure. o _

ture value—has been obtained using a bisection method. Figure 2 shows the modification of the cell power ratio
Several IRSOFC investigations have demonstrated that the sec- (P/Psy) versus current density (operative pressure being the

ond approach has been more effective because it is more stable, Parameter). The influence of operative pressure is evident,

and accurate (it does not utilize average concentration values for ~and itis higher when large cell current densities are selected.

the cell energy balance). More details of the model have been?2 Anode and cathode inlet temperature: the temperature effect

reported in Lubelli (1998). on cell power is presented in Fig. 3. The increase of both
Table 1 shows the results obtained using the model described for ~ @node and cathode inlet temperature shows a positive influ-
a number of SOFCs. ence on ohmic and polarization losses. Due to the low fuel

Unfortunately, often the data available in literature are not  to air ratio value and to the cathode higher temperature
complete. Therefore, where necessary they have been assumed Variation the effect of cathode data is quite apparent..
using authors’ experience. Nevertheless, the results of the presert Anodic and cathodic flow rates: Figure 4 shows the influ-
model agree well with the reference data. The model can thus be
considered as a reliable basis for developing IRSOFC studies.

1.15

IRSOFC Parametric Analysis 110 4 [Teya=993K

The cell model has been used to carry out a complete IRSOFC T
parametric analysis; all the results refer to a “STANDARD CELL” g 1.05 ¥ Srdard Cai / Ta,, = 1223 K
defined as follows: operative cell pressure: 101300 Pa; anode inle® 1 oo & an _ar
temperature: 1173 K; cathode inlet temperature: 873 K; fuel com-4g Ta = 1173K
position: 67 percent i 22 percent CO, 11 percent,@; oxidant % 0.95 1+1Tc;, = 873K
stream-—air; fuel to oxidant ratio 0.04; and @tilisation factor 22 @ 0.90 L —
percent. : \Ta,= 1123 K

The effect of the following parameters have been analyzed: 0.85 HTc,, = 773K

1 Operative pressure: the effect of this parameter is shown in 0.80 ; + ‘ t

Fig. 1, where the cell voltage is plotted versus operative 2000 3000 4000 5000 6000 7000
pressure (current density being the parameter). Cell voltage Current density (A/m?)

increase has been correlated with the modification of the . )
Fig. 3 Cathode and anode inlet temperature influence on IRSOFC power
ratio ( P/Psr) versus current density

0.90 : 1.15
4 . =-20%
| A At o E/——/’:
S 0.80 // 3000 A/m? o 105 - m=+20%
g | — 100 {——Standard |
o5 | 4000AMMP " 5000 A/m? —— v Standard |
-6 ' e = ; 095 -+ [r-—-‘ =+20%
% 0.70 + /6000 Al e 7000 A/rr? g 0.0 ~NJ\M;_
Q
085 1 / 0.85 | (m=-20%
0.60 ; : : : ; 080 = : = %
05 1 15 2 25 3 2000 3000 4000 5000 6000 7000
Operative Pressure (MPa) Current density (A/m?)
Fig. 1 Cell current density influence on IRSOFC voltage versus opera- Fig. 4 Fuel and oxidant influence on IRSOFC power ratio (  P/Psr) versus
tive pressure current density
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Unfeasible region o

Fig. 5(a)

Fig. 5(b)

Fuel ratio

1.2

Oxidant ratio

IRSOFC temperature versus oxidant and fuel flow ratios

Oxidant ratio

IRSOFC efficiency versus oxidant and fuel flow ratios

0.55

0.50 -
= 0.45 -
& 0.40
0.35
m@ Standard Cell
0.30 : : } :

300 350 400 450 500

Specific Work (kWi(kg_,/s))

250

Fig. 7 Fuel composition influence on IRSOFC specific work versus
current density (O , utilization factor is constant)

4 Fuel and oxidant composition: the influence of two different
oxidant compositions is shown in Fig. 6. The composition of
the first oxidant is 100 percent,Qwhile the composition of
the second one is 8 percent, @nd 92 percent N Cell
voltage modification is mainly correlated to the presence of
the oxygen partial pressure in the Nerst equation. Obviously,
the use of pure oxygen must be carefully considered from an
economical point of view.

Figure 7 shows cell efficiency versus specific work for four
different fuel compositions (Standard: 67 percent B2 percent
CO, 11 percent kD; A: 17.1 percent CHl, 2.94 percent CO, 4.36
percent CQ, 26.26 percent K, 49.34 percent KD; B: 97 percent
H,, 3 percent HO; C: 80 percent K, 20 percent Cg); assuming
fixed O, utilization factor & 22 percent), while the current density
is considered as a parameter (from 2000 to 7000°%/m

The internal reforming influence is evident for case A, where

ence of the fuel and oxidant flow rates modificatien£ 20 CH. is present at the fuel cell inlet; while the results for the other

percent) on the cell power. The flow rates influence the cell
operative temperature, and consequently the cell perfor-
mance characteristics. Moreover, when a high current den-
sity value has been selected the influence of flow rates
variation is more clear.

Finally an analysis has been carried out varying both flow
rates at a fixed current density (3000 AjmCell tempera-
ture and efficiency are presented in Figas@nd 5pf)
respectively. The need to operate with high fuel/air ratio
(high efficiency condition) is evident. However, attention
must be used to avoid high cell temperature values (maxi-
mum T < 1300 K).

Indeed oxidant flow rate must also be controlled to oper-
ate with Q utilization coefficient in the range suggested in

Tl
N 1300
12so
41200
A 1150
1100
41050

the literature (Kaneko et al., 1991). All the data shown have Fuel ratio 0.8 15 20
been obtained with the Qutilization coefficient well inside : os 10
this range. 0.1 Py (Mpa)
Fig. 8(a) IRSOFC temperature versus fuel flow ratio and operative pres-
sure
1.10
1.08 /(_,//
1.06 + N . S
] 11009
-E 1.04 1 100% O,
o 1.02 4 |Standard Cell A | | L3
£1.00 K
S 098 | S ——
0.96 - /8A02,92/0N2 14
0.94 } + ¥ : 12 . .
2000 3000 4000 5000 6000 7000 Fuel ratio 1 o5 10 P oy (Mpa)

Current Density (A/m?)

Fig. 6 Oxidant chemical composition influence on IRSOFC voltage ratio
(VIVsy) versus current density
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0.1

IRSOFC efficiency versus fuel flow ratio and operative pres-
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fuel compositions are quite similar. For all the cases the current
density increase reduces both efficiency and specific work.

Finally the simultaneous influence of two parameters has been
considered. As an example Fig. 8 shows cell temperature and
efficiency vs operative cell pressure and fuel flow rate. The effects
of both variables are evident. It is possible to note that when the
variables are not set at standard conditio3)(they allow high
efficiency values with feasible cell temperatur@s.,( < 1300 K)
to be obtained.

Cells that operate at high fuel flow rate show high efficiency and
high cell temperature values, sometimes higher than the cell tem-
perature limit (when cells operate at atmospheric pressure). On the
contrary the temperature of cells working at high pressure and low
fuel flow rate are well inside the feasible field, but unfortunately
the reduced ., values get the cell irreversibilities to increase and Tl
the beneficial effect of high operating pressure vanishes (low cell
efficiency).

Fig. 10 FCGT2 plant lay-out

SOFC and GT Integration Analysis

The SOFC mathematical model previously described has begk account: the detailed geometrical and electrical data of
integrated in the code TEMP, a modular simulator tool for thelarvey—Richter’s fuel cell, required by the present model, have
thermoeconomic analysis of advanced thermal energy systeh@en not completely available, and some assumptions have been
developed by the authors. The targets of the tool are thermodyade by the authors. However, modifying some SOFC's data (i.e.,
namic and exergy analysis and thermoeconomic analysis includi@lgctrical resistance, electrolyte thickness, etc.) the results obtained
environomic and optimization (Agazzani et al., 1998). The cap#ising TEMP have been found coincident with the Harvey-
bility of the original modular simulator tool has been demonstratdgichter's data not only for the whole plant, but also for any
for gas, steam, and complex combined plants (Agazzani and M&§mponent (Lubelli, 1998). Therefore, the modified TEMP code
sardo, 1997). can be considered a reliable tool for SOFC-GT combined cycle

In this work the IRSOFC module already described, an exterrinalysis.
reformer module and a flue-gas-condenser module have been déSeveral high efficiency= 0.65) proposals have been presented
veloped and included in the TEMP software as described By literature for atmospheric SOFC and GT integration. A number
Lubelli (1998). of new plant lay-out have been analyzed by the authors and have

To verify the capability of the modified TEMP code the planbeen reported in Lubelli (1998), in this paper the best two are
proposed by Harvey and Richter (1994) has been used as a teggsented. Figure 9 shows the scheme of the plant FCGT1, and
case. Fig. 10 of the plant FCGT2. Both plants generate electrical power

The results obtained using TEMP agree very well the daRy SOFC, GT and steam turbine.
published by the cited Authors, the difference in the efficiency is In the first case the inlet cathode stream (air at about atmo-
less than 0.8 percent. However, a deep analysis of the comporgieric pressure) has the same temperature of the expander outlet
performance showed some differences. Particularly the SOMe€ction; the outlet cathode stream, at about 1300 K, has been
voltage computed using the TEMP cell model is higher than th#ilized to heat the air at the compressor outlet, and this stream at
corresponding reference datum (see Table 1); as a consequencéeieat exchanger outlet has been utilized to burn the residual
SOFC exit stream is colder and the gas turbine power is reducé¢gls existing in the anodic stream at the SOFC exit (also external
Due to the increase of SOFC’s power the total power is practicafiyel (CH,) injection in the combustion chamber can be used).
the same. The difference in the SOFC performance evaluationThe combustion chamber outlet temperature has been about
should be due to the different cell models utilized by Harvey ant200 K, and this hot stream has been utilized to reform the
Richter and by the authors. However, another aspect must be taRggheated Ckifuel used in the SOFC and also to produce steam

through a heat recovery steam generator. Part of the steam has

5: cH,
CB‘A
na O
E
3

aria

Y
- r*-@-»n
s H

Fig.9 FCGTL plant lay-out Fig. 11 FCGT3 plant lay-out
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; Table 2 IRSOFC-GT plant fixed data
Hi0 Compressor polytropic efficiency 0.86
Turbine polytropic efficiency 0.88
DESO, ] che Mechanical efficiency 0.997
Fuel pressure at system inlet 3 MPa
Fuel temperature at system inlet 289K
Electrical generator efficiency 0.985
o Fuel Cell Power Condit. efficiency 0.95
G Air inlet temperature 288 K
Air inlet Pressure 101300 Pa
Pre-heater pressure drop (Ap/p) 003
Pre-reformer pressure drop (Ap/p) 0.03
g Fuel Cell pressure drop 0.00-0.05
& £ Steam generator: - superheater (Ap/p) | gas side 0.01, water side 0.08
— 7—»@ Steam generator:- evaporator (Ap/p) gas side 0.01, water side 0.01
ool v Steam generator:- economizer (Ap/p) gas side 0.01, water side 0.10
Approach point temperature 30K
Combustion Chamber Pressure drop 0.03
Fig. 12 FCGT4 plant lay-out SOFC Current Density (A/m*) 3000

been utilized in the reformer, and part has been expanded ifugbine quality (0.86); maximum steam turbine inlet temperature
steam turbine. The critical aspects of this lay-out are mainly t{823 K); and maximum oxygen utilization factor (0.52). These
maximum temperature of the heat exchangers and of the SOFQonstraints are very important because they allow the thermody-
In the FCGT2 plant the SOFC stream at the cathode exit hagmic analysis to be carried out for plants where only available
been directly utilized to preheat and reform the fuel, and itechnology is used (obviously IRSOFC module is considered
temperature has increased through the CO apddmbustion at under development). In this way some technological problems
the SOFC anode outlet section. In this case no externa] Cshown in previous works presented in literature (see as an example
injection has been considered. the very high temperature level for the blower in the plant pro-
The hot stream at the combustion chamber outlet has bgeesed by Harvey and Richter, 1994), can be eliminated.
utilized first to heat the air working in the gas turbine expander andOn the other hand it is worth noting that the four lay-out
then to generate steam in a heat recovery steam generator. Ptesented utilize a very simple steam recovery generator (single
steam required for the external reformer has been bled from tpeessure). The authors carried out also a number of analyses by
steam turbine. using complex steam bottoming cycles (three pressure levels with
A number of proposals have been presented in literature fig-heat), ORC systems (Organic Rankine Cycle, Agazzani et al.,
integration between GT and pressurized SOFC. Usually SOFC896) and NH-H,O systems (Galeazzo, 1996). The results
have been used in gas systems downstream the compressor besfopaved that the use of complex steam plants, are not very useful
the combustion chamber or directly takes the place of it. Thefleubelli, 1998). However, more studies are required to improve the
systems have been showed efficiencies greater than 70 percemesults obtained for IRSOFC-NHH,0 combined cycles as al-
Several plant lay-out have been analyzed by the authors, and tkady done by Lobachyov and Richter (1997) for MCFC-NH
results have been completely reported by Lubelli (1998). In thid,O combined cycles. Moreover, the use of nonconventional NH
paper two solutions are discussed in depth: FCGT3 (Fig. 11) ahdttoming systems is not justified, particularly if the reliability,
FCGT4 (Fig. 12). In these schemes the compressor is utilizeddorability, environmental impact, and costs of such a system are
pressurize SOFC module. The compressed air is preheated befaken into account.
entering the cell cathode; at the cell exit the anode and cathodé'he results of the investigation carried out for the FCGT1
streams have been mixed and the residughitd CO have been system are shown in Fig. 13; the results have been obtained with
burned in a combustion chamber. In this way the stream temparconstant current density value (3000 Ayrand with the external
ature increases up to a maximum value before the expander inteformer at equilibrium condition. It is possible to note that, to
The stream at the expander exit has been then reheated burningrify the cell maximum temperature constraint, the compressor
small fuel flow rate to obtain a temperature that allows the refornpressure ratio must be greater than 15 if the fuel to air ratio is equal
ing of the SOFC fuel to be obtained using the correct steam to fuel3.5 percent, while, if this ratio is 3.0 percent, the pressure ratio
ratio to avoid carbon deposition. The stream at the reformer exitust be greater than 8. The effect of fuel to air ratio has been quite
has been utilized to generate steam. evident: when it has been reduced the efficiency has been reduced
Part of this steam has been used in the reformer and part figslf from 0.69-0.71 to 0.65-0.67. Also the effect of the com-
been expanded to generate electrical power. The steam has been
expanded in a steam turbine until the condenser pressure (case
FCGT3), or it has been injected in the gas turbine and expanded in  0.72
this component until the atmospheric pressure (case FCGT4). The  0.71

714+ m/m, = 0.035
1426 K (R L Takcead
first plant (FCGT3) is more complex because the steam turbine ang 0.70 + 1373K  4321K T
0.69 + 1270

the condenser are used.
068 +

067 +

0.66 +
The data used in this study is shown in Table 2, moreoveix =
several technological constraints have been considered: heat ex- 822 Lﬂmﬂﬂ]
changer maximum temperature (1223 K); maximum gas turbine ’
inlet temperature (1573 K with cooling, 1153 K without cooling);
SOFC maximum temperature (1300 K); minimum anode inlet fuel
temperature (1123 K) (Hirano et al., 1992); minimum steam 185 13 Fuel to air ratio influence on FCGT1 plant efficiency versus
carbon ratio (2.0) (Macchi and Campanari, 1997); minimum Steagdmpressor pressure ratio (current density 3000 A/m  ?)

IRSOFC-GT Power System Analysis BI7TK 5eak

lant efficie

1243 K

1 L
+ T

5 10 15 20 25
Compressor pressure ratio
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Fig. 14 External reformer operative condition influence on FCGT1 effi- Compressor pressure ratio

ciency versus pressure ratio (- my/mai = 3.5 percent) Fig. 16 External reformer operative conditions influence on FCGT2

efficiency versus pressure ratio ( m¢/m,; = 3.5 percent)

pressor pressure ratio has been evident: if pressure ratio is high the
cathode stream temperature is low and the effect on cell temp#fluence of this parameter on the efficiency drop is about 1.5
ature is evident too. When pressure ratio has been equal to 25 peecent. For reforming at 50 percent and 70 percent a limit on the
cell exit stream temperature has been about 1270 Knfém,, =  pressure ratio must be considered (pressure ratio greater than 5.5
3.5 percent and about 1213 K for/m,, = 3.0 percent. for 50 percent reforming, and greater than 6 for 70 percent).

Taking into account the plant lay out (Fig. 9) the maximuniowever, the efficiency level is very interesting: when the pressure
temperature in the heat exchanger downstream the compressorrags is 6.2 and reforming percentage 70 percent, the efficiency of
been higher than the fixed constraint. In fact, with external refornhe SOFC-GT combined plant is 69.8 percent.
ing at equilibrium all the results obtained whit/m,, = 3.5 Another interesting result is shown in Fig. 17 where the plant
percent do not verify this constraint, while fon/m,, = 3.0 efficiency is plotted versus plant specific work (kW/4g). In this
percent the results have been acceptable only if the compresigure pressure ratio and cell temperature are also included. All the
pressure ratio has been greater than 19.5. All the results shoulddaea refer tan/m,;, = 3.5 percent and reforming percentage equal
acceptable if the use of a ceramic heat exchanger is consideredoa50 percent. The figure shows also the results obtained for the
already discussed by Agazzani et al. (1999). Another way to obtéfiCGT1 lay out. It is necessary to point out that the results shown
results that verify the heat exchanger temperature constraint is foethe FCGT1 system are always not feasible because the con-
modification of the external reforming reaction equilibrium. Figuratraint on the maximum heat exchanger temperature has been not
14 shows the results obtained for different external reformer coverified. For the second system FCGT2 the results are feasible if
dition (m/m,, = 3.5 percent); in this case when the reforminghe pressure ratio is greater than 5.5 (SOFC temperature about
percentage is lower than 50 percent the results verify all th800 K). As already discussed the efficiency is near 70 percent,
constraints. Unfortunately, the plant efficiency greatly decreasesnd the specific work is very high (1210 kW/kg/s) about three

SOFC-GT lay out FCGT2 has been proposed to eliminate thienes the specific work of conventional combined gas-steam
negative influence of the heat exchanger temperature constraintplants.
this case the SOFC temperature and the heat exchanger tempera-
ture have been not directly correlated. Figure 15 shows plant
efficiency versus pressure ratio (external reforming percentage is g 72
the parameter).

The results have been obtained with/m,;, equal to 3 percent, FCGT1 1426 K g=g
and all the system constraints have been verified. The maxmurg 0.71 1 3=10
efficiency has been obtained for external reforming at equilibrium@&
and for low compressor pressure ratio, where the maximum cetE 0.70 4

temperature values have been observed. 1330K 1270 K ; p=25
When the fuel to air ratio has been increased to 3.5 percent th§ 069 | 1287 K
results shown in Fig. 16 have been obtained. In this case thé- 1263

equilibrium reforming condition does not allow the cell tempera-

ture constraint to be verified. Therefore, the results are shown only 0.68 f t f

for reduced reforming percentage (30, 50, and 70 percent). The 1150 1200 1250 1300 1350
Plant Specific Work (kWikg,,/s)

Fig. 17 FCGT1 and FCGT?2 efficiencie versus specific work ( Ap. = 0)

0.695
0.690 0.76 -
> 0.685 2075 {1305 K 57K g o VM, =35%
< 0.680 Qe 1295
S 0675 g074 1 \
E 0.670 £ o073 171K 1299 K ~y
e 0.665 [}
& 0.660 g0727
. -2 09
0,655 & 07y | MVmM,=3.0%
0.650 - 0.70 : t ;
5 55 6 6.5 7 75 8 6 11 16 21 26
Compressor pressure ratio Plant pressure ratio
Fig. 15 External reformer operative conditions influence on FCGT2 Fig. 18 Fuel to air ratio influence on FCGT3 plant efficiency versus
efficiency versus pressure ratio ( m¢/m,; = 3.0 percent) system pressure ratio (ext. ref. at equilibrium)
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Fig. 21 Fuel to air ratio influence on FCGT4 plant efficiency versus

Fig. 19 External reformer operative conditions influence on FCGT3 specific work ( Ap. = 0%)

efficiency versus system pressure ratio ( m¢/m,, = 3.0 percent)

) ) constraint (1300 K). If the pressure ratio has been lower than 6

The results obtained analyzing the system FCGT3 are shownsigam generation problems have been found as already discussed
Fig. 18 where the efficiency has been plotted versus pressure r@gipthe previous plant. The best efficiency value is 75 percent for
(mi/my; is the parameter and the external reforming is considerggl/m,, = 3.5 percent at pressure ratio equal to IQ,(= 1307 K)
at equilibrium). Both cases show very high efficiency valuesnd 74.9 percent fan/m,, = 3 percent at pressure ratio equal to
particularly when the pressure ratio is lowg), and verify the cell g (Teer = 1281 K).
temperature constraint. ) _ The efficiency versus specific work is plotted in Fig. 21; in this

Pressure ratio lower than 8 are not possible because the air atdhge the effect ofn/m,, is evident, particularly for the specific
compressor exit is too cold and a large quantity of heat is necessgiyrk values. Ifm/m,, = 3.5 percent very high specific work has
to heat the air to the temperature required for SOFC operatids§ben obtained (1600—1700 kWikg/s), but also fafm,, = 3
Thus, the heat has been not sufficient to generate the steamgdefcent the specific work is in the range 1300 to 1500 kW/kg/s
correct external reformer operatiofi, is practically constant). In (three to four times the specific work of conventional combined
Fig. 19 the influence of the external reformer operating conditioRgs-steam plants).
(mi/my, = 3 percent) is presented. From reforming equilibrium to To conclude the thermodynamic investigation the influence of
reforming at 50 percent the efficiency drops of about 1 percent, aggrrent density (A/ff) is shown in Fig. 22. It is necessary to
similar reduction is evident for reforming from 50 percent to 3@emember that all the data previously presented have been ob-
percent. The influence of pressure ratio has been again confirmgghed for current density of 3000 Afnfsee also Fig. 2). If the
For external reforming at 50 percent and 30 percent it has be@fiyrent density is greater than this value the plant efficiency is
possible to operate at lower pressure ratio values than at reformigguced, while cell temperature is increased; nevertheless, in this
equilibrium condition (pressure ratios between 6 and 8 are nandition the cell surface (cell volume) necessary to complete the
possible). The cell and maximum heat exchanger temperatigi@ctrochemical reaction is low. The opposite is evident if the
constraints have been always verified. In the case analyzed gigrent density is lower than the standard value: the plant effi-
feasible (all the constraints are verified) best efficiency value (75{3&3ncy increases, the SOFC temperature decreases and the cell

percent) has been obtained for pressure ratio equalte/B).: =  surface (and cell volume) raises (Lubelli, 1998). However, it is
35 per)cent (ifmd/my, = 3 percent the best efficiency is 74possible to observe that the current density influence on the com-
percent).

The last plant considered is a modified version of FCGT3, in
fact in FCGT4 the steam turbine is not present and the steam not 0.76

used in the external reformer is injected in the gas turbine ex- 075 ECGT 4
pander. Figure 20 shows the efficiency vs pressure ratingy;, S
ratio is the parameter). th/m,, = 3.5 percent the cell temperature 0.74 + FCGT 3
has been a maximum value for pressure ratio equal to 10, while f0§ 073 +
low pressure ratio values the results are not feasible. Reducing 0.72 +
m¢m,, (3 percent, 2.5 percent) the minimum feasible pressure® g71 1L FCGT 1
ratio is equal to 6 and all the SOFC temperature values verify th@ 070 &
0.69 +
0.68
0.76 1330
0.74 1320 +
> 1310
g 072 1300
© 070 & 1290 -
§ 0.66 " 1260 |
1250 -
0.64 —&— 3.50% 1240 |
0.62 - ' ‘ * 1230 : : ;
6 1 16 K 2 2000 2500 3000 3500 4000
Plant pressure ratio Current density (A/m?)
Fig. 20 Fuel to air ratio influence on FCGT4 plant efficiency versus Fig. 22 IRSOFC temperature and combined IRSOFC-GT plant efficiency
system pressure ratio (ext. ref. at equilibrium) versus cell current density ( psr = 3000 A/m?)
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Table 3 IRSOFC, GT, and steam turbine power (%) very high efficiency level (Cg and the particular electro-
chemical energy conversion inside the fuel cell (NO

PLANT | GT IR-SOFC ST . L .
when a combustion chamber is included in the lay-out care
FCGT1 11094 18423 4.83 must be used for NQOcontrol
FCGT2 |{12.14 82.35 5.51
FCGT3 13987 5513 080 It has been demonstrated that SOFC-GT cycles could be very
attractive, although reliability and durability compatible with con-
FCGT4 3700  ]63.00 0.00 ventional power plants, and lower cost, essential to market entry,

have to be still proved.
In the second part of this work (Massardo, 2000) the thermo-

economic aspects of the proposed systems will be addressed using
bined IRSOFC-GT systems is not high+{ = 0.5 percent), while  SOFC cost and/or costing equations developed by the author and
the effect on cell temperature is evident, particularly for FCGTéhe exergy-thermoeconomic section of the code TEMP.
configuration. If the current density is assumed equal to 2000 A/m
all the systems show low cell temperature valuesl§00 K).
Unfortunately, always the FCGT1 lay out does not verify the he&cknowledgments
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Vaporization Cooling for Gas
Turbines, the Return-Flow
J. L. Kerrebrock Cascade

Massachusetts Institute of Technology,

31-268 MIT 77 Massachusetts Avenue, A new paradigm for gas turbine design is treated, in which major elements of the hot
Cambridge, MA 02139 section flow path are cooled by vaporization of a suitable two-phase coolant. This enables

the blades to be maintained at nearly uniform temperature without detailed knowledge of
. the heat flux to the blades, and makes operation feasible at higher combustion tempera-

D. B. Stickler tures using a wider range of materials than is possible in conventional gas turbines with

Aerodyne Research Inc., air cooling. The new enabling technology for such cooling is the return-flow cascade,

Billerica, MA 01821 which extends to the rotating blades the heat flux capability and self-regulation usually

associated with heat-pipe technology. In this paper the potential characteristics of gas
turbines that use vaporization cooling are outlined briefly, but the principal emphasis is
on the concept of the return-flow cascade. The concept is described and its characteristics
are outlined. Experimental results are presented that confirm its conceptual validity and
demonstrate its capability for blade cooling at heat fluxes representative of those required
for high pressure ratio high temperature gas turbines.

1.0 Introduction considerations of maximum power and efficiency, more or less
. . . . independently of materials considerations. With the cooling capac-

In the conventional conception of the gas turbine, the materia)s : P !
of the working parts of thep engine ingluding the compresso'yava.l”able.wlth liquids or by evaporation, the temperature of the
haterial defining the gas flow path can be kept low enough that a

tgrblne and combustion chamber op'erate ho.t. In the earhest. $huch wider choice of engineering materials is available compared
gines they operated at the local gas’ stagnation temperature; %ls

set a rather low limit on the turbine inlet temperature and result%qatgﬁ a\llse?\//hﬁ:);pg?:“éi rrseunriﬁlreﬁﬁélso;gg iﬁtgzg PJ?&nme%e()r?telj;_e
n correspondlngly low power per unit .Of all’ﬂ.OW, and lQW ?ﬁ" mple it seems conceivable that aluminum alloys might be utilized
ciencies. Most modern engines use air cooling to maintain t

metal temperatures in the combustor and turbine substanti the stationary parts, and high strength low alloy steels for the

below the gas temperatures. The compression ratios are limited ating components, although the choice of materials and the

; O ¥chanical details are outside the scope of this paper.
the temperature of the compressor outlet air which in most cases 1$ is relatively easy to conceive of designs for liquid or evapo-

Ptive cooling of the stationary components of the gas turbine.

e - tepending on the location either liquid cooling or some form of
limits the firing temperatures to values well below those COM@ant pipe would be appropriate. Neither the cooling of these

sponding to stoichiometric combustion of hydrocarbon fuels. Sin%‘?ationary parts nor the system aspects of the engine will be
the (;ompression ra}tio and'turbine inlet temperature are Ii.nked Qnsidered further here, although their importance to ultimate
maximum power, increasing the compression ratio t0 improve,sjications is appreciated. The principal subject of this paper is a
thermal efficiency results in higher cooling air temperatures gscpnique for evaporatively cooling the rotating turbine blades, by

well as a reduction in the amount of air available for coolingyeang of what will be termed a return-flow cascade. It is proposed
exacerbating the cooling problem. Thus, the efficiencies and power i1,o enabling element for a new class of heat engines.

densities attained, though very impressive, are significantly below g concept (for which US Patent number 5,299,418, entitled

those that are potentially achievable with turbine inlet temperaEvaporatively Cooled Internal Combustion Engine” was issued

tures corresponding to stoichiometric combustion, and corresporaﬁi]-Apr” 5, 1994) has been investigated experimentally, leading to
ingly high compression ratios. Furthermore, there are substanfi@hof of the conceptual viability of the return-flow cascade. Pre-

thermodynamic penalties associated with the bleed of compresgelinary modeling has established some factors that control the
discharge air for cooling, penalties considerably in excess of thaggat fiyx limits. In addition some system studies have been carried
dictated by the heat exchange to the cooling system. The techngly 15 assess the thermodynamic aspects of its application to
ogies required for solution of these problems and the cost agficraft engines. However, we wish to emphasize that the config-
fabrication difficulty of the high temperature superalloy turbingrations built and tested are in no sense optimized, nor have the
materials have caused high performance gas turbines to be exp§Rtems investigations as yet been carried to the point that the

sive. ] o ) ultimate promise of this new technology can be assessed.
A new approach to gas turbine design is proposed here, in which

the gas path is cooled by a flowing liquid or by evaporation of a o o
fluid, providing such uniform and effective cooling that the ga2.0 General Description of Vaporization-Cooled Gas
temperature can be that which is dictated by thermodynamifarbine

The general features of a gas turbine incorporating vaporization
Contributed by the International Gas Turbine Institute (IGTI) ek wericay  €00liNg are indicated schematically in Fig. 1. Liquid coolant might
SocieTy oF MEecHanicaL EnciNeers for publication in the ASME durnaL oF Ena-  be circulated through cooling jackets which surround the combus-
NEERING FOR GAs TURBINES AND Power Paper presented at the International Gagjon chamber and also through the Stationary turbine blades. Al-
Tooone and éig’;”gg}gﬁ‘iggress and Exhibition, Stockholm, Sweden, June 28 atively, heat pipes could be used to cool these parts of the flow

Manuscript received by IGTI March 4, 1998; final revision received by the Asmiath. Since the technologies for cooling these parts are well es-
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. tablished if the heat-pipe option is used (see Cotter, 1972) for a
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liquid or heat pipe
cooling jacket

combustor .
evaporatively

cooled rotors
compressor

condensing surfaces

Fig. 1 Schematic of vaporization-cooled gas turbine

Therefore, it is not necessary to predict the local heat flux accu-
rately in order to maintain a nearly constant wall temperature.
Thirdly, as conceived it is self controlling, both locally and glo-
bally. Any fluid which is vaporized returns to the cascade so that
the flow rate of coolant is automatically that required by the total
heat load to the blades. So long as there is fluid in the capture
shelves, variations in the local heat load result only in variations in
the local evaporation rate. The net result is to hold the blade
approximately at a constant temperature set by the temperature of
the condenser. The working fluid would be chosen so that its vapor
pressure at the desired temperature is in a range appropriate from
the viewpoints of the vapor pressure loads on the blade, and the
vapor flow velocities required to carry the heat load to the con-
denser.

It has been noted repeatedly that this concept is similar in
function to that of the now quite generally used heat pipe; how-
ever, it is important to note that the heat pipe as such is not suitable
for application in the rotating system of a turbomachine because

basic description of heat pipes), or need not be very different froifd¢ capillary pumping that it depends upon to saturate the wick
those used in reciprocating engine practice if ||qu|d Coo"ng i\g/lth fluid Canno.t dlstrlbute_ the fluid |r_| the strong Centrlfb!ga' field
used, they will not be discussed further here. Thus, the focus of @ihe rotor. Typically, capillary pumping produces a few inches of
following discussion is on the cooling of the rotor blades. Altise with water against normal gravity (Cotter, 1972). In the
though ||qu|d thermosiphon or through_ﬂow Cooﬁng have beeﬁﬁ.veral thousand G fle!d of a turbine rotor this WOUld become a few
considered in the past for the rotor, they have been found lackiRyls. As noted above, it may be that the heat pipe concept will be
for various reasons. For example, in the first case becauseagpropriate for cooling the stationary components of the gas tur-
stresses induced by hydrostatic heads in the rotor passages arfing. in place of liquid cooling. This choice, while important to the
the latter because of the high liquid consumption required. Nor ditgsign of a vaporization cooled gas turbine, is not critical to the
either of these concepts offer the self-regulating characteristic @ncept addressed here.

vaporization cooling, as will be explained.

The heat rejected by the vapor in the condenser can be removed

The conceptual basis for evaporatively cooling the turbine rotoliany number of ways. Convective cooling of the condenser by air
is shown in Fig. 2. It comprises a closed heat transfer systethich flows through the rotor cavity is one possibility, as shown
probably separate for each individual blade, in which the coolirgghematically in Fig. 2. In this case, since the cooling air need not
fluid cascades outward in the centrifugal field of the rotating blade€ at the pressure of the turbine working fluid, it could be extracted
falling from one capture shelf to another, with enough fluid beinfjom the compressor at a lower pressure and temperature than is
evaporated at each shelf to absorb the heat flux in its neighbdpual, reducing the amount of air required and the cycle penalty
hood. All fluid which is evaporated passes inward as vapor to tRgsociated with its extraction. Alternatively, it could be desirable
condensing section (conceptually) in the rotor disc, where it ighder some circumstances to introduce a liquid cooled condenser
reliquified, and then flows back outward in the centrifugal forcBear the axis in the rotating system, the liquid coolant being fed to
field, to the cooling cascade in the blades. All the liquid passes i rotor by some system of seals allowing its transfer to and from
the first (most inward) shelf where some is evaporated and tHi rotating system. Again, though important in the application of
remainder passes to the second and subsequent shelves, tigsevaporative cooling concept, these considerations are not cen-
enough being evaporated at each shelf to absorb the heat load df@ksto the concept, and a number of arrangements are possible.

location.

This concept has several important attributes. First, it is capable2-1 Operating Characteristics. Assuming that the cooling
of accepting very high heat fluxes, comparable to those realiz8¢St€m has come to some steady condition as described above, it
with heat pipes, the heat flux being limited only by the liquid flow important to determine whether this operation is stable, and in

rate or by the return flow of the vapor. Second, it enforces a neal
constant temperature of the cooled surfaces so long as therd

H?rticular what the response of the system is to a perturbation.
hough the final determination of such stability must be exper-

liquid available over the whole surface covered by the shelvdgiental, and strong evidence for it will be presented below, some
That is, the shelves function as does the wick of a heat pigdscussion of the mechanisms that may control the behavior of the

overflow
1

detail _-»
vapor  vapor
flows

liquid return
flows

condensing
surface

air cooling
flow

et

Fig. 2 Schematic diagram of evaporative-cooling system for rotor
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cascade is in order at this point.

For example suppose the gas temperature is raised. This will
occasion an increase in the evaporation rate in the blade, and hence
an increase in the vapor flow. The increase in vapor flow to the
condenser will cause an increase in its temperature, and therefore
an increase in the vapor pressure in the blade, which will in turn
cause an increase in the blade temperature, reducing the heat flow
to it. But because of the very rapid increase of vapor pressure with
temperature, the increase in blade temperature required to accom-
modate the increased heat load will be relatively small, and in most
cases dominated by the cooling in the condenser. This argument
indicates that the system should be stable to such perturbations.

A second question is how the system will behave during startup
from an initially cold condition, during shutdown from hot oper-
ation, and during transients from one operating condition to an-
other. In the cold startup the fluid in the rotor will be initially in
liquid (or solid) form and when rotation begins it will tend to
accumulate in the tip regions of the blades. The temperature being
low, its vapor pressure will be low as well, and the vapor flow
relatively small. As the blades heat up the fluid will vaporize,
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liquefy in the condenser, and flow into the cascade, filling the ence of the blade, the deviation being small compared to the
capture shelves successively from the innermost radius. Eventually  spacing between shelves.
a steady state will be reached in which the capture shelves are ful2  Disturbances of the rotational force field, by either gravity or
and the normal operation described above will continue. It is  rotational or lateral acceleration of the entire engine, be
possible that the portions of the blades in which the capture shelves small compared to the rotational force field. That this second
are unfilled at cold startup, could be overheated if the heating rate  requirement is readily met may be seen from an estimate of
is initially too high, however, it appears that this situation can be the rotational force field. The centripetal accelerationtis,
avoided by gradually increasing the operating temperature at wherev is the tangential velocity of the blade ands the
startup. Thus a general requirement is that the time required for  radius. A typical value o is 400 m/s or more, so far =
adjustment of the cooling system to a new operating condition, be 0.5 m, the acceleration is 8 10° m/s’ or about 3x 10*
short compared to the time scale for changes in operating condi- times the acceleration of gravity. Thus gravity itself should
tion. The adjustment time is in fact determined by the flow times introduce only very minor perturbations, and the system
of the vapor to the condenser and the liquid from it. These are in  should be very insensitive to lateral accelerations as high as
the order of milliseconds, so it appears that the response of the 100 times gravity. If the time for angular acceleration of the
cooling system should be sufficiently fast, in most situations. Inthe  rotor is in the order of 1 s, the equivalent peripheral accel-
opposite case of cooling of the system, the liquid will be retained  eration of the blades is on the order of 400 ishich is
in the capture shelves until the rotation stops. still a factor of 1000 below the acceleration due to the steady
These plausibility arguments have been confirmed by the ex-  rotation.

perimental results presented in section 3. ) o ] )
The experiments to be described in the next section largely confirm

2.2 Cooling Limits. Some requirements for evaporativethe cascade behavior postulated and rationalized above.
cooling systems can be understood from rough estimates of the
heat flux which must be accepted by the cooled blades. In first

approximation the heat flux to the blade is given by 3.0 Experimental Modeling
_ Since the return-flow cascade is a wholly new concept for
Qu = puCy (T — Tu)St, (1) cooling rotating blades, the first need is to define the factors

wherepu s the mass flux densiy in the flow passage to be cooleffiu (T 12 ERS T0 SUE EERR, T BETOURee. (8 R
¢, is the specific heat of the gaB, — T, is the difference between

the gas’ stagnation temperature and the temperature of the co ion, wetting, and viscosity with acceleration forces in controlling
wall, and St is the Stanton number. For a typical gas turbine, wi 1d flow rate and distribution. Nor is the best geometry for such

U= 2 000ka/ms.c. = 1.0003/ka K.T. — T. = 500 K. and cascade known. The model test sections used for the tests to be
gt _ 0’01 thigs givéspan eétimate gf 10(‘) watt%r‘m the v:apOf reported here were designed essentially to implement the idealized

ization cooled turbine this heat flux must be conducted through tﬁggggﬁ; m%ngilg r?r%e%r.icT(t']a?;Stoasgsrtag]i‘a%:pedcrtli(i)a::)es\;laeplj\%zt%
wall of the turbine blade, to the coolant. This conduction proce eir inner surface)é coupled to conical condensers. The evaporator
is governed by Fourier's law of heat conduction, ' p : p

sections which model the turbine blade are electrically heated on

AT their outer surfaces while the condenser is air-cooled. The evapo-
Ow=k-—, (2) rators were approximately 2 cm in inner diameter and 5 cm in
Ax radial extent, the condensers of similar dimensions but tapered as

shown. In light of the noted uncertainties about the liquid return

wherek is the thermal conductivity of the blade materiall is the g_%-\avior, the evaporators were provided with flow-control inserts
e

temperature difference between the inside and the outside of
blade, and\x is the thickness of the blade’s skin. The objective 0
the cooling system being to maintain the blade material at as ne f%
as possible a constant temperature, this relation sets a limit oni

permissible thickness of the blade’s skivx. For copperk = 480
watt/m K, and for the above estimated heat flux, we find
allowable thickness of approximately 2.5 cm if the allowabl&®
temperature difference is 50 K. On the other hand, for an all
with a conductivity of about one tenth that of copper, the allowab
thickness is reduced to 0.25 cm. This seems still to be in a practigﬁp
range. she

signed to ensure that the liquid flowing from the condenser
ers the first capture shelf and then passes sequentially through
remaining shelves, while at the same time allowing the vapor
0 enter the central passage through which it returns to the con-
a(l,tenser. The arrangement for this purpose is shown in Fig. 3. It
nsists of a tubular insert, with hemispherical depressions on its
ter surface that provide passages from one shelf to the next, and
oles aligned with the inner portion of each space between the
ture shelves to allow the venting of the vapor generated in the
Ives. Two test models using this geometry have been tested,
one with a shelf spacing of approximately 0.050 inches (TS1) and
2.3 Cascade Requirements. Since the heat must be con-0ne with a spacing of 0.080 inches (TS2). In each case there were
ducted from all points on the blade to the immediate neighborho8k of the liquid-passage depressions and six of the vapor holes, per
of the fluid in the capture shelves in order that the evaporation gf€lf. It will be argued later that the liquid flow through the first
the fluid may absorb the heat, the spacing of the capture shelvéiner) set of depressions limited the heat flux capacity of these
as well as the thickness of the blade’s skin, must be as small as f@dels under some conditions. Clearly, the capacity could be
dimension which has been estimated in the preceding paragraifiréased by providing more depressions for the inner shelves.
Thus an essential feature of the concept is a close spacing of thdhe instrumentation consisted primarily of several thermocou-
capture shelves, with spacing inversely proportional to the hedles distributed radially in grooves on the outer surface of the
flux. This requirement for a close spacing in turn leads to furth@vaporator and three similarly distributed on the condenser. In
requirements on the structure of the C00|ing cascade. adQItlon the rOtatI_Onal Speed, COO“ng air flow and its temperature
In order that the cascade function as intended in the acceleratf@rnlet to and exit from the condenser, were recorded.
field of the rotor, it is necessary that the capture shelves be “level’ These test models were mounted on the rotating arm of the MIT
in the “effective gravity” of the rotor, so that each shelf will fill Rotating Heat Transfer Facility, which is shown schematically in

before the liquid spills over its lip into the next shelf. This impliesig- 4, at location 1, labeled “test model.” Briefly, the facility
the two following requirements: enables a test assembly to rotate in a vacuum, to eliminate external

heat transfer and windage. Cooling fluid is provided through
1 The lip of each capture shelf be at a nearly constant raditstating seals and electrical power and electrical signals are carried
from the axis of rotation, over the entire internal circumferthrough slip rings. The radius of the rotating arm is approximately
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Fig. 5 Time history of an experiment with TS2 using water as working
fluid

Fig. 3 Schematic of a typical evaporator and coupled condenser, show-

ing flow control insert and capture shelves ticular to determine if it is self regulating and capable of main-

taining a nearly uniform evaporator temperature as described

above. A typical experiment consisted in initiating rotation of the
0.5 m and the rotation rate can be as high as 30 rps, although in feét model, and gradually increasing the electrical power to the
tests to be described it did not exceed 10 rps. The flow circéivaporator while observing the variation of the evaporator and
includes counter-flow heat exchangers that operate between ga@denser temperatures. Typically these were closely coupled,
incoming cooling air and that leaving the test section. This allowshowing that the thermal conductance of the cascade is very high
the test section to operate with elevated cooling air temperatytg be quantified below), as hypothesized. Due to the function of
without the need for high temperature airflow through the shaft afie counterflow heat exchangers the overall temperature level of
seals of the facility. the condenser, and, therefore, of the test section, would continue to
0rise even at constant heating power. After the cascade stabilized at
spme heat flux, (as high as 40 wattfcin the experiments re
ported) with the temperatures gradually rising as the heat exchang-
ers heated up, the rotation rate was then gradually reduced (at
about 0.025 rps per second) until the rapid (in a few seconds) rise
of one or more of the temperatures on the evaporator signaled that
the heat flux limit of the cascade had been reached. At this time the
rotation rate was increased and generally the cascade recovered to
its former temperature distribution. In this way the limits of the
cascade were explored as a function of rotation rate and heat flux.

Most of the experiments have used water as the working fluid,

but methanol was substituted for it in some experiments, to explore
the effects of changes in the fluid properties. In high temperature
gas turbine applications the most suitable working fluids are likely
to be alkali metals, but for practical reasons they have not yet been
used in these experiments.

3.1 Test Procedures. The experiments were designed t
explore the characteristics of the return-flow cascade, and in p

3.2 Experimental Results. Time histories of two experi-
ments conducted with the test section having 0.080 in. shelf
spacing, along the lines described above, are shown in Figs. 5 and
6. In the case of Fig. 5 the working fluid was water, while for Fig.

6 it was methanol. For this test section, even at rotation rates as
low as 1 rps it was not possible to reach the heat flux limit of the
cascade within the available heating power with water as the
working fluid. Hence Fig. 5 does not exhibit a heat flux limit. With
methanol, the limit of the cascade was reached, as will be de-
scribed in discussion of Fig. 6.

Legend: In Fig. 5, the variables of principal interest are the four temper-
1) Test model 7) Power slip rings atures measured on the evaporator, the condenser temperature, the
2) Vacuum enclosure 8) Pressure transducer heater power which was stepped up in increments of 50 to 100
3) Detection mirrors 9,10) Shaft seals watts, and the condenser cooling mass flow, which was also
4) Infrared detector 11) Drive motor modulated as the power was increased. The spanwise acceleration
5) Counterflow heat exchanger 12) Slip rings was held at about 100 G's over most of the experiment. The
6) Shaft encoder 13) Counterweight evaporator temperatures are numbered increasing outward, 6 being

near the tip and 2 about one third of the distance from the inner end
Fig. 4 Overall schematic of rotating heat transfer facility of the evaporator to the tip. The primary result of the experiment
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Fig. 6 Time history of an experiment with TS2 using Methanol as a

working fluid and exhibiting heat flux limit Fig. 7 Time history of an experiment with TS1 using water as a working

fluid and exhibiting heat flux limit

is that the four temperatures measured in the evaporator are all )
nearly equal, the maximum difference being about 20 C at tk 30 s. That the cascades recovered after each of these divergences
highest power, and they all closely follow the condenser tempé _taken_as proof of.the self-regulation capability and stability of
ature, the difference befween the lowest of them and the conderf§ €00ling mechanism of the cascade. .

being about 20 C. This low temperature difference indicates a ver To further illuminate the general characteristics of the return-
high thermal conductance, a characteristic typical of heat pipes!'fW cascade an experiment was conducted with the test section
is also significant that a step increase in the cooling flow, resultifjfth 0-080 in. shelf spacing, to compare its conductance in normal

in a drop of the condenser temperature, caused a correspondl ration with the conductance of the metallic structure of the

drop in the evaporator temperatures. The time scale for respons€&YgPorator and condenser. As recorded in Fig. 8 this was done by
step changes in power or cooling flow was of the order of a minu@?P!ying power to the evaporator with it stationary and upright, so

for these conditions, corresponding approximately to the thermfaft the working fluid (methanol) was isolated in the condenser. As
inertia of the test section. indicated by the time interval from about 100 to 700 s the evap-

The thermocouples in the evaporator are situated in grooves3fR{or temperatures rose rapidly, while the condenser temperature

its outer wall, adjacent the heater, and those in the condenser ained nearly constant at its initial value, until the temperature
several millimeters from the condensing surface, so a portion @fference between evaporator and condenser was about 100 C and

the measured temperature difference between evaporator and &-1ising rapidly. At 700 s, rotation was initiated, building to an
denser is due to conductive drop in the two walls. At a heat flux gceleration of about 100 G's at 1000 s. The evaporator temper-

40 watt/cr?, the highest value attained in Fig. 5, the conductiv@tures quickly Fjropped and the condenser temperature rose, till the
drop is estimated to be about 10 K, or half the temperatufgmperature differences were on the order of 10 to 20 deg and

difference between the condenser and the coolest point of ble. The rotation was then stopped with the test section pointed
evaporator. up as initially and the temperatures diverged again. It was then

Figure 6 shows the behavior of this same test model wiffPinted down, giving the effectfoa 1 G acceleration and the
methanol as working fluid, and in particular its response to chang&&nPeratures returned to the levels attained with rotation. The
in rotative speed (indicated by the radial acceleration in G's). Aft&Pnclusion is that at this low heat fla 1 G acceleration is
an initial heating period, the power and cooling flow were helgufficient for operation of the cascade. More than that, the cascade

constant. At about 1500 s the cascade had reached a stable op@ickly refills and resumes normal operation after having been

ating point at about 350 watts and an acceleration of 100 G's,
where the temperature differences within the evaporator and from
evaporator to condenser were comparable to those found in Fig. 5. Cascade Cascade
The rotative speed was then lowered linearly in time commencing Static Cascade Static
at about 1800 s. At about 60 G’s, two of the evaporator temper- (Tip Up) Spinning Down Up
atures began to rise, indicating that the cascade had reached its he ’
flux limit at this speed. Increasing the speed caused it to recover to Coolant:
the former operating condition. The variation in speed was re- Methanol
peated at about 2400 and 2900 s with similar results. o~
Similar results are shown in more detail for the test section Wit%’
0.050 inch shelf spacing in Fig. 7. For this test water was thg 100+
working fluid. Four evaporator temperatures are shown, the nurg-
ber indicating the distance in inches from the tip of the evaporatag,
so that the one labeled 1.456 is closest to the condenser. In tfis
data sequence the heater power and condenser temperature Wergg L
nearly constant, while the rotative speed was decreased until t
heat flux limit was reached, then immediately ramped back ug
This was done twice, at about 2500 and 2900 s. At the beginning Air Flow V
of the first sequence (2500 s) all evaporator temperatures were = . )
nearly equal at about 140 C. As the speed was reduced the location 0 500 1000 1500 200'050
at 0.865 in. showed signs of divergence at an acceleration of about
50 G’s. The temperature at 1.456 in. similarly increased at about
45 G's, whereupon the speed was increased and both retumeaié% Comparison of conductances of cascade when dry and in normal
their initial values. The same behavior occurred beginning at abagtration, with water as working fluid

100

+50

Accel (G)

Test Time (sec)
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tal points for each thermocouple are located on the abscissae at the
Limits Evidenced by rotational speed for which its temperature began to increase as the
) Th.'?l';g‘i‘r’f_‘;‘ég'ﬁegnznd speed was decreased, at the heating power indicated on the ordi-
8001 Location on & 1.456 nate. A series of lines indicate the limiting heat fluxes predicted by
(infﬁ'gg?rrg;?rﬁp) A 1.180 the above model with flow dimension defined by the actual cas-
600 1.456 ® 0.865 cade geometry. The assumption is that since all the liquid feeding
the cascade must pass through the innermost row of depressions in
the flow control insert, and some evaporates on each shelf, the
outermost shelves should evidence the heat flux limit first as the
rotative speed, and, therefore, the liquid supply is reduced.

The first point to be made from comparison of the model to the
data is that the magnitude of the limiting heat flux is about right,
_ suggesting that the liquid supply is in fact the limit on heat flux.

0 N 5 ' 4 6 g  Closer inspection shows that in general the thermocouples nearest
Rotational Speed (RPS) the tip did usually exhibit the limit at the lower heat fluxes. On the
other hand the trend of limiting heat flux with rotative speed does
Fig. 9 Heat flux limit for TS1 with water as working fluid, as a function not seem to follow the simple proportionality suggested by the
of rotative speed. Model results assume liquid flow rate through the inner model.
end of the flow control insert as the limiting factor in heat flux. A second test of the model is provided by the two sets of data
from the test section with shelf spacing of 0.080 in., described
above in Figs. 5 and 6, one with water and the other with methanol.
dried out. This again confirms the Se|f-regu|ating Characteris’[With water this test section showed no heat flux limit within the
hypothesized earlier. range of heating available, up to about 800 watts. But with meth-

From a series of experiments such as those discussed above@t the heat flux limit was identified at a power of about 350
global characteristics of the two test models have been adducedVaits. The heat flux limit for acceleration-driven methanol flow is
is important that these are the characteristics of these test modgut 0.4 that of water, so that other things being equal one would
only; no claim to generality can be made at this point in ou#Xpect the cascade to be stable up to 800.4 = 320 watts with
investigation. On the other hand the observed characteristics Btgthanol. This is somewhat below the observed limit of 350 watts.
thus far as initially supposed. Clearly, more must be done to define the heat flux limits of the

o ) . ) return-flow cascade, but it is important to note that the accelera-

3.3 Heat Flux Limits. In this section a simple flow and heattions required to achieve stability in these experiments are far
transfer model will be proposed that seems to provide a rationgjglow those found in turbines. As indicated above a typical level
for the observed heat flux limit. . _ . _is 3 X 10° G's. Thus it seems doubtful that the limits found here

The model is based on the assumption that in the configuratioRf be controlling in applications to gas turbines, particularly
tested, the IImItIng heat flux is determined by the rate of ||qU|d ﬂO\M/hen use of alkali metals as coolants is considered.
through the small passages that direct liquid from one shelf to the
next. In this case the heat flux limi@, is given by the product of . . .
the liquid mass flow and the latent heat 4.0 Engine System Considerations

Q ~ ih 3) To judge the viability of the return-flow cascade in an engine
fo- application several factors must be considered. These include the
The head available to drive flow through the passages is appréechanical details of incorporating it in the turbine rotor and the
imately provision of cooling for the condenser and other matters that are
quite specific to the particular engine. In addition, there are the
Ap = pw’rAr, (4) more general effects on the engine’s thermodynamic cycle of a
higher permissible firing temperature, increased heat loss from the
turbine due to lower blade temperatures, and the possibility of
rejecting this heat elsewhere than to the turbine flow path. This last

—_
o
o
[=)

4001

2001

Total Cascade Thermal Limit (Watts)

where an upper bound oAr is defined by the spacing of the
shelves. The flow velocity through the passages is then

u?=~ 2Aplp = 202rAr (5) class of effects has been treated by Martinez-Tamayo (1995) for
_ . aircraft engine applications. Amongst his findings are the conclu-
and the resultin@ is sion that in a turbofan engine there is considerable benefit in

rejecting the heat from the turbine cooling system to the fan air

~ 1/2
Q = higpwA[2rAr] ™=, (6) stream, rather than to the turbine exhaust. He also found that the
For water and = 0.5 m this becomes deleterious effects of the increased heat loss in the turbine can be
more than offset by the beneficial effects of increased turbine inlet
Q =~ 2.3X 10%wA[Ar]*? (7) temperature, so that both the specific power and the thermal

efficiency of the engine are improved by incorporation of vapor-
ization cooling. In this analysis the return-flow cascade was treated

a replacement for air cooling, so that the basic architecture of

€ engine was assumed to be conventional.

Much remains to be done to achieve a full evaluation of the
potential of the vaporization cooled gas turbine. As indicated in the
introduction, if its characteristics are exploited fully the overall

Q = 400n ~ 280 g*?, watts, @8) characteristics of the engin_e may be very different_ from _those of
present gas turbines. This is a subject for future discussion.
wheren is the rotative speed in rps aigds the acceleration. The
numerical factor however must be viewed strictly as an estimaga, .
certainly subject to error by a factor of 3 or more. 0 Conclusions

The limiting heat flux given by this model is compared in Fig. The primary conclusion of this work is that the return-flow
9 to a large number of limiting points identified for the test sectionascade does function as conceived, to provide self-regulated heat
with 0.050 in. shelf spacing, operating with water. The experimeflow from the evaporator to the condenser. While the experiments

in watts whereAr is in cm andA is in cn?.

Thus, according to this model the limiting heat flux should b
proportional to the rotative speed, or the square root of the ac
eration. It is a bit difficult to quantifyA and Ar, but taking
reasonable values @& = 1 mn? andAr = 1 mm, we have an
estimate for the total heat load allowable on the blade of

Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 41

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



reported have not fully covered the range of heat flux found itondenser, as well as the opportunities presented by new material
modern engines, when combined with simple models they indicatboices.

that these characteristics will be preserved at the very high heat

fluxes that will exist in such modern engines if vaporizatiorg o Acknowledgments
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Characteristics of MCrAlY
Coatings Sprayed by High
Velocity Oxygen-Fuel

v.ion | Spraying System

M. Saitoh High velocity oxygen-fuel (HVOF) spraying system in open air has been established for

' producing the coatings that are extremely clean and dense. It is thought that the HVOF
sprayed MCrAlY (M is Fe, Ni and/or Co) coatings can be applied to provide resistance
against oxidation and corrosion to the hot parts of gas turbines. Also, it is well known that
the thicker coatings can be sprayed in comparison with any other thermal spraying
systems due to improved residual stresses. However, thermal and mechanical properties
of HVOF coatings have not been clarified. Especially, the characteristics of residual
stress, that are the most important property from the view point of production technique,
have not been made clear. In this paper, the mechanical properties of HVOF sprayed
MCrAIY coatings were measured in both the case of as-sprayed and heat-treated coatings
in comparison with a vacuum plasma sprayed MCrAIlY coatings. It was confirmed that the
mechanical properties of HVOF sprayed MCrAlY coatings could be improved by a
diffusion heat treatment to equate the vacuum plasma sprayed MCrAIlY coatings. Also, the
residual stress characteristics were analyzed using a deflection measurement technique
and a X-ray technique. The residual stress of HVOF coating was reduced by the
shot-peening effect comparable to that of a plasma spray system in open air. This
phenomena could be explained by the reason that the HVOF sprayed MCrAlY coating was
built up by poorly melted particles.

M. Tamura

Toshiba Corporation,

2-1, Ukishima-cho, Kawasaki-ku,
Kawasaki, Kanagawa, 210-0862,
Japan

Introduction system in open air has been established for producing the coatings
The increase in gas turbine firing temperature has driven t ith extremely low oxide content, low porosity, and high bonding

; 9 firing P ; ; ﬁength (Parker and Kunter, 1994). Several investigations (Irons
need to provide blade protection. Actually, as increases in t fd Zanchuk, 1993 Irons, 1992) have been reported sprayed

firing temperatures were que, a coating technol.ogy has bel‘\ﬁ@:rAlY coatings with HVOF systems in open air and achieving
developed to protect gas turbine blades from oxidation and coros

sion at high-temperature (Mevrel, 1989). There are two baﬁ‘ear chamber quality. The superior coating performance is primar-

. ; / i 11y a result of the higher particle velocities in comparison with the
coating systems which are currently being used in gas turblg er thermal spraying systems (Russo and Dorfman, 1995). The
blades. These systems are diffusion coatings and overlay coati '

e f / . N$YOF system has been reported to be successfully applied to the
Diffusion coatings provide a surface enrichment layer of alumizaq y,rhine hot parts (Nestler et al., 1995: Clark et al., 1995). Also,
nium, chromium and/or silicon that results in the formation of is \well known that the thicker coatin’gs can be sprayed for
protective surface oxides. Overlay coatings are a specifically dgyyroving the residual stress in comparison with any other thermal
signed oxidation and corrosion-resistant alloy that is deposited SPraying systems. However, the basic properties such as mechan-
to the blade surface. The overlay coatings based on the MCrAj¥,| hroperties and residual stress characteristics of HVOF coatings
alloy system, whereM can be iron, nickel, and/or cobalt, arenaye not been clarified. It is well known that the life of thermal
commonly employed these days. The early production process Wggayed blades are affected by the mechanical properties of coat-
electron beam physical vapor deposition (EB-PVD). Howevefgs (wood, 1989; Veys and Mevrel, 1987). The cracking and
because of the high capital cost in setting up a commercial EBelamination of sprayed coatings is mainly affected by the residual
PVD plant, plasma spraying systems such as air plasma sprayiigss (Ishiwata et al., 1995: Grunling et al., 1987).
(APS) system have been widely accepted, particularly the argonn this paper, the mechanical properties of MCrAlY coatings
shrouded plasma spraying and the vacuum plasma spraying (VRSdayed by the high velocity oxygen-fuel (HVOF) system are
systems. In recent years, the vacuum plasma spraying systemif@estigated in comparison with the vacuum plasma sprayed
overlay coatings has been established and is used for hot pagrAlY coatings. Furthermore, the residual stress characteristics
such as blades and duct segments, etc., which are exposethtuced by HVOF system are analyzed using a deflection mea-
oxidizing and corrosive atmosphere at high-temperature. surement method and a X-ray method in comparison with the air
As described above, the application of high integrity for chenplasma spraying (APS) system.
ical compositions, low oxygen content coatings was only success-
fully done in an inert gas atmosphere and/or vacuum pressWisterials and Experimental Details

chamber. However, recently a high velocity oxygen-fuel (HVOF . L .
y g y 09 ( This investigation used as cast Ni-based super alloy (IN738LC)

as a substrate for thermal sprayings and three kinds of commercial
Contributed by the Internal Combustion Engine Division (ICE) eERAmerican  Spraying powders such as CoCrAlY, CoNiCrAlY and NiCoCrAlY.

SocieTy oF MecranicaL Encineers for publication in the ASME durnaL oF Ena- - The chemical compositions and powder size of these materials are
NEERING FORGAS TURBINES AND POWER. iven in Table 1

Manuscript received by the Gas Turbine Division May 1, 1997; final revisiorcrJ ) .
received by the ASME Headquarters July 30, 1999. Associate Technical Editor: _D.The morphology of NiCoCrAlY powder before thermal spray-

Assanis. ing was examined at the cross-section using a scanning electron
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Table 1 Chemical compositions of substrate and spraying powders Spraying sequence

Chemical composition (mass %) _
Materials f
Cr|A2| Y [ W |Mo[Nb|Ta |Fe | Ti | Co | Ni ” lii a
IN 738LC Jj T |
15.8(3.33| - {2.52|1.620.99(1.65|0.06 |3.32 (8.24 | Bal. Thermo-couple +
{As cast) P Displacement
ALY
2250' Mosh) |289(s.84[038| - | = | - | - | - | - |Bal|<05 100
L_20 75
i 4
?ggsl%:s;’) 2067904 | - | -|-]-|-]|- |Bal|32s r
% 7, *?* — 10
NICoCrALY |17 51126l065| = | = | | = | = | = |21.7]Bat e 1 j
{-325 Mesh) L 130 ‘

>
Unit ; mm

microscope (SEM) as shown in Fig. 1. The spraying powders used Fig. 2 Testing apparatus and configuration of test specimen
in this study were produced by rapid-cooling solidification tech-
nique using an argon gas atomizer. All of the particles appear to be

mostly spherical and a lot of fine, precipitated (Ni, Co)Al metallighe rear face was measured in-situ during thermal spraying using
compounds can be observed in NiCoCr solid-solution matrix. fjalgage as shown in Fig. 2. At the same time, the temperature
the same way, the particle morphologies of CoCrAlY and CoNthange at the substrate surface was measured by a thermo-couple
CrAlY appear to be mostly spherical and fine precipitated CoAuring thermal spraying. From the displacemehtand coating

and (Ni, Co)Al metallic compounds can be observed, respectivetpicknesshc, the average residual stress can be calculated by the

The HVOF coatings were carried out with a JP-5000 systeRyoney-Hoffman’s equation (Stony, 1987; Kuroda and Clyne,
(Hobart Tafa Technologies) under the conditions of no preheatinggos).

kerosenet oxygen fuel, three kinds of combustion pressure, such
as 483 kPa, 703 kPa, and 896 kPa, spray distance 400 mm, and or=Es -hs?-8/(3:12- ho), 1)
traverse speed 500 mm/s. For the comparison of mechanical prop- , )

erties, the VPS coatings were carried out with a A-2000 v vPghereEs = ES/(1 — vs): Esandvs are Young's modulus and
system (Plasma Tecknik) under the conditions of preheating 8%giSson’s ratio of the substrate, respectivéig.and hc are the

K, voltage 64 V, current 685 A, spray distance 270 mm in argot,tiuckness of substrate an(_j coating, re_spe;ctlvélys' substrate

gas atmosphere 6 kPa. A single face of IN738LC substrate V\Jggg_th. After thermal spraying, the longitudinal residual stress at
roughened by grit blasting after degreasing, and sprayed MCrAfRating surface (Irradiation area>510 mm) was measured using
coatings with a coating thickness of about 2 mm. The bending té¥t X-ray stress measurement equipment. Characteristic X-ray is
specimens (50< 5 x 1.5 mm) were machined out of the thickC'-K., and tube voltage and current was 30 kV and 300 mA,
coatings. In the same manner, the bending test specimens w&gPectively. Diffraction plane was Cubic (2.2.0).

machined out of the diffusion heat-treated (1393 K-2 h, 1116 K-24

h and argon gas cooled) coatings. In general, to densify the coatigicro and Microstructure of Sprayed Coatings

layer and improve the bonding strength, the coatings are subjecte

are measured by four-point bending test using a strain gage metl&cgl e of (a) as-sprayed NiCOoCrAlY and (b) heat-treated NiCo-

und_er the condition of cro_ss-head speed 0:1 mm_/min. CrAlY observed by SEM and electron probe microanalysis
. Figure 2 s_hows the_testlng apparatus to investigate the gene EtPMA). The microstructure revealed that even the as-sprayed
ing mechanism of residual stresses in case of HVOF system.

tings were very dense with low oxide content. And also, the

also carried out with a Metco system that emsl@y/7 MB gun o ricies The same observation had been made before (Irons and
under the conditions of no preheating, ArH, operating gases, 7anchuk, 1993). Therefore, it is recognized that the MCrAIY
voltagesgg vV, C;Jl’rlgl'[ SO%A’ ?pra_y d'ﬁtan%e 1%0 mm ailgotraver- egrity, especially low oxide content, is maintained in spite of
gpee n}msd ng Sk'] edoﬂstrlp-s a}pe bsu strate<k(‘ X thermal spraying in open air. It is clear from these observations
mm) was fixed, and the deflection of substrate at the center ¢ |\/oF guns produce particle velocities (or high kinetic ener-

gy), which are considerably higher than the other commercial
thermal spraying systems. Furthermore, the diffusion heat treat-
SEI (NiCoCrAZY) AZ distribution ment after thermal spraying transforms the coating into uniform

e microstructure with two predominant phases made up of (Ni,
Co)AIl metallic compounds and NiCoCr solid-solution matrix. The
poorly melted particles can’t be discriminated, and crack like pores
are transformed into micropores in a line due to the progress of
sintering.

The diffusion heat treatment of the MCrAlY coatings showed
clearly the reduction of pores in the microstructure, as shown in
Fig. 4, which was measured by a water submersion technique. The
error in measurements is less than 0.01 percent and the scatter of
datum in Fig. 4 is within=0.2 percent. The mean values of

10 ym

three-times measurement are shown in Fig. 4. The order of initial
— relative density of coatings was NiCoCrAl¥ CoNiCrAlY >
Fig. 1 EPMA analysis of NiCoCrAlY powder for thermal spraying CoCrAlY independent of the coating systems, such as HVOF and
44 [ Vol. 122, JANUARY 2000 Transactions of the ASME
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Fig. 5 Variation of chemical compositions for MCrAlY coatings due to
various thermal spraying processes

ment as shown in Fig. 5. The aluminum and chromium are well
known elements for oxidation and corrosion resistance at high-
temperature. Powder compositions with respect to the aluminum
and chromium content before thermal spraying were reduced dur-
ing thermal spraying process. The reduction tendency was large in
case of the chromium element. However, it is clear that the coating
integrity is almost held in the HVOF system, which is slightly
inferior to the VPS system.

Mechanical Properties of Sprayed Coatings
Figure 6 shows the mechanical properties of HVOF MCrAlY

Fig. 3(b) coatings in comparison with VPS MCrAIY coatings. (a) shows the
results of CoCrAlY coating, and (b) shows the results of NiCo-
Fig. 3 EPMA analysis of NiCoCrAlY coating sprayed by HVOF process: CrAlY coating. The error in measurements is less than 0.01 per-

(8) as-sprayed; ( b) heat-treated (1393 K-2 h, 1116 K-24 h, Ar gas cooled). cent and the scatter of datum in Fig. 5 is withir8.5 percent. The

mean values of three-times measurement are shown in Fy. 6(
and ).
VPS. It is thought this is because the MCrAlY coating with lower All bending test specimens failed in an apparently brittle man-
melting point (high nickel content) is sintered easily. The diffusioner, and the load versus deflection curves were straight lines until
heat-treatment of the HVOF coatings removed a fair amount tifeir catastrophic failure. These brittle fractures are caused by the
porosity (3 percent). From the view point of porosity content, iformation of aluminum metallic compounds inside the coatings.
can be said that the HVOF system is a match for the VPS syste@oAl metallic compounds were formed in the CoCrAlY coating,

Figure 5 shows the coating integrity for CoNiCrAlY and NiCo-and (Ni, Co)Al metallic compounds were formed in the NiCo-
CrAlY during thermal spraying in terms of the aluminum andCrAlY coating, respectively. It is considered that the kind of
chromium content. The aluminum content is measured by indugluminum metallic compound and precipitated volume affects the
tively coupled plasma emission spectrometry. The chromium comechanical properties of MCrAlY coatings (Itoh et al., 1994). In
tent is measured by KMn@oxidation and KMnQitration case of as-sprayed coatings, the bending strength of HVOF
method. The error in measurements is less than 0.01 percent M@rAIlY coatings were inferior] ~ ) in comparison with the VPS
the scatter of datum in Fig. 5 is withitt0.5 percent. The effects MCrAlY coatings. However, the strength of HVOF MCrAlY
of the various processes on the aluminum and chromium conteoiatings could be improved up to the level of the VPS MCrAIlY
are relatively clear by the mean values of five-samples measuceatings by the diffusion heat-treatment. This means that a lot of
crack-like pores exist among the poorly melted particles. The
HVOF MCrAIY coatings do not have excellent intergranular
bonding. However, the reduction of pores by the diffusion heat-
treatment improves the intergranular bonding of HYOF MCrAIY
100 99.9 99.8 o9 1] coatings. The difference of bending strength of as-sprayed HVOF

972 97.9 97.0 ] MCTrAIY is due to the coating structure which depended upon
%40 95378 94.9 thermal spraying systems. For that reason, when the uniform
\ microstructure can be obtained by the diffusion heat-treatment, it
is recognized that there is no difference of the bending strength
between HVOF and VPS MCrAIlY coatings.

Typical examples of SEM observed fracture surfaces are shown
in Fig. 7 for both the as-sprayed and heat-treated HVOF NiCo-
CrAlY coatings. A crack initiation site was not found clearly.

s sprayed s sprayed | Heal However, there was a special feature in the photograph of as-
CoCraAzY CoNiCrAZY NICOCrAZY sprayed HVOF NiCoCrAlY coating. Namely, some spherical par-

ticles about 20~ 50 um in diameter, could be observed in the

Fig. 4 Comparison of relative density between HVOF and VPS coatings fracture surface of as-sprayed coating. Actually, it is observed that

7933 ¢35

90

VPS

Ve

Relative density (%)

7MNOF 7/

Heat Heat

As sprayed
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Fig. 6 Mechanical properties of MCrAlY coatings in comparison with HVOF process and VPS process: ( a) CoCrAlY coatings;

(b) NiCoCrAlY coatings.

the fracture goes forward along the crack-like pores. However,On the other hand, a significant difference for Vickers hardness
after the diffusion heat-treatment, the fracture surface beconwscoatings sprayed by HVOF and VPS systems could not be
comparatively flat due to the progress of microstructural unifoobserved in case of as-sprayed. It seems that the crack like pores
mity by sintering among the poorly melted particles. that exists in HVYOF MCrAIY coatings do not affect the Vickers
In case of Young’s modulus, the same tendency was confirmkedrdness, though they affect the strength and the Young’s modulus
for both CoCrAlY and NiCoCrAlY coatings. The Young’s mod-as described above. It is well known that voluminous pores ob-
ulus of as-sprayed HVOF MCrAIlY coatings was inferiér(3) in  served in APS sprayed MCrAIY coatings reduced the strength,
comparison to the VPS MCrAlY coatings. However, the Young'¥oung’s modulus and Vicker’'s hardness. This phenomenon is in
modulus of HVYOF MCrAIlY coatings subjected to the diffusionagreement with the reason that the HVOF system is widely used to
heat-treatment could be improved up to the level of the VP&ply wear resistant coatings up to this time. Moreover, the Vick-
MCrAIY coatings. It is clear that the diffusion heat-treatment igrs hardness of heat-treated HVOF MCrAIY coatings shows high
effective in improving the Young’s modulus of as-sprayed HVOWFalue in comparison with the VPS MCrAlY coatings. This phe-
coatings for sintering among the HVOF sprayed patrticles. nomenon cannot been observed in the VPS MCrAIY coatings, and
There are no datum of as-sprayed VPS coatings for Poissonabon content of spraying powders is less than 0.02 mass percent.
ratio. However, the Poisson’s ratio was nearly 0.3 for as-spray#ds considered that this is caused by the HVOF process for its own
HVOF MCrAIlY. These values are in agreement with the diffusiosake, such as carbonizing of some elements in MCrAlY coatings
heat-treated MCrAlY coatings sprayed by both HVOF and VPBy the kerosener oxygen fuel. The carbon contamination from
systems. the kerosene- oxygen fuel is thought to be generally important to
application of the HVOF system to metal coatings, which contain
a lot of carbide forming elements.

Residual Stress of Sprayed Coatings

Deflection measurement tests using a cantilever beam specimen
as shown in Fig. 2 were conducted for investigating the generating
mechanism of residual stress during thermal spraying (Kuroda and
Clyne, 1991). The purpose of this test is to clarify the transient
thermal stresses during thermal spraying. The typical measurement
results for CoNiCrAlY coating are shown in Fig. 8(HVOF
system andk) APS system. Also, the temperature histories during

50 p thermal spraying of 15 cycles are shown in Fig. 8. While the

= HVOF gun traversed across the longitudinal direction of IN738LC
Fig. 7 SEM observation of fracture surface for NiCoCrAlY coating substrate, both the displacement and the temperature of cantilever
sprayed by HVOF process beam specimen made significant changes according to the gun
46 / Vol. 122, JANUARY 2000 Transactions of the ASME
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Fig. 9 Effect of combustion gas pressure on substrate temperature and
deflection of test specimens during thermal spraying: ( a) effect of spray-
ing passes on substrate temperature; ( b) effect of spraying passes on
substrate deflection.

pressure was high, a dense coating could be obtained by the
peening effect and the deposit efficiency became high. But, the
buildup speed of coating became lower due to crush action effect
of coating layers. Figure 10 shows the macrophotographs of cross-
section of coating layer in case of the HYOF CoNiCrAlY coating.

There was a tendency for the coating layer to become denser with
increasing the combustion gas pressure. Especially, in case of
combustion gas pressure 483 kPa, a lot of poorly melted particles
could be observed in the coating layer. In case of combustion gas

Fig. 8 Change of temperature and deflection of test specimens during
thermal spraying: ( a) HVOF process; ( b) APS process.

position. However, there was a tendency for the average displa
ment and the temperature to increase with buildup of the spray
coating. The change of displacement by the HVOF system duri
one cycle of thermal spraying was significantly in comparison wit
the APS system. This shows the higher particle velocities achiev
with the HVOF gun in comparison with the APS system. Also, i
is very interesting that the average displacement of specim
sprayed by the HVOF system shows a plus sign (convex defle
tion), and on the contrary the average displacement of specirr
sprayed by the APS system shows a minus sign (concave defl
tion). It seems that peening effect by poorly melted particles caus
the substrate surface to induce compressive stresses in case o0
HVOF system. The compressive stresses seem to be induced al
only the substrate surface but also the coating layer except for
final coating layer, namely surface layer. However, in case of tl
APS system, it is well known that the shrinkage force by therm
sprayed and fully melted particles causes the substrate surfaci
induce tensile stresses. According to the temperature rise dur
thermal spraying, the HVOF system shows high temperature
comparison with the APS system. It is thought that this temper
ture rise is caused by the very high particle velocity and the hig
deposit efficiency of HVOF system.

Figure 9@) shows the effect of number of spraying passes ar
HVOF combustion gas pressure on the surface temperature
substrate. Figure B] shows the effect on the displacement o
substrate. It is clear that the surface temperature and the displé
ment increase with increasing the combustion gas pressure, wt
equates to the sprayed particle velocity. However, the rate
surface temperature rise has a tendency to decrease as show
Fig. 9(@) as opposed to the displacement of the substrate. From t
tendency, the deformation behavior of cantilever beam is strong
affected by the peening effect due to the poorly melted particle
not by the temperature rise. In Figh)(the final coating thickness

for each of the spraying conditions is shown. When the combustiG

Combustion Combustion |
703 kPa gas pressure ° 483 kPa

: 896 kPa

Combustion

gas pressure *

gas pressure

HVOF
(CoNiCrAZY)

250 pm
=

gas pressure was low, a porous coating was formed and the depagitio  macrostructure of HVOF coating in the case of various combus-
efficiency became low. On the contrary, when the combustion gas gas pressure
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Fig. 11 Measurement results of residual stresses at the surface of Fig. 12 Residual stress generating mechanism during thermal spraying
MCTrAIlY coatings

By comparison with Eq. (2) and Eqg. (3), it seems that the
pressure 703 kPa, no porosity could be observed, and the spheriggidual stress of HVOF coatings becomes lower than the APS
particles tended to become flat and the coating surface tende@gtings.
become smoother. In case of any other MCrAlY, the same ten-Based on the generating mechanism of residual stress described
dency could be observed. above, the residual stress distribution of the HVOF CoNiCrAlY

The residual stresses calculated by Eq. (1) using the displaggombustion gas pressure: 703 kPa) can be estimated as shown in
ment of the cantilever beam are shown in Fig. 11. Also, theig. 13. A numerical model had been presented simulating heat
residual stresses at coating surface measured by a X-ray methd(ﬂﬁ@Sfel' and buildup of differential thermal contraction stresses
shown in Fig. 11. The diffraction peak of precipitated metalligluring thermal spraying (Gill and Clyne, 1990). For this residual
compounds such as CoAl and (Ni, Co)Al is used to measure thess analysis, the usual finite element method program for ana-
residual stresses of CoCrAlY and CoNiCrAlY coatings, respet/zing thermoelastic problem was used, and material constants
tively. Elastic constants as shown in Fig. 6 are used for thsed are shown in Fig. 6. The thermal stress distribution is shown
calculation of residual stresses. The residual stresses which wir&ig. 13 in case of two layered body with the uniform inherent
obtained by two methods were good agreement in case of the AS{RIN ofe; = 0.048% at coating layer. The inherent strainis
CoNiICrAlY coatings. However, in case of the HVOF MCrAly determined by the Eq. (1) and the convex displacement show in
coatings, the residual stresses obtained by the displacement nfd@- 9b). It is clear that the compressive residual stress can be
surement method are not good agreement with the X-ray meth@@_talned at the coating surface. Namely, it is the case that the final
By the way, Eq. (1) is based on an assumption that the residGgeting layer is not affected by the peening effect. The straight line
stresses are uniform in coating layer and the substrate shd&ig. 13 shows the residual stress at the final coating layer in case
elastic behavior. It is thought that the plastic deformation o three layered body with the inherent strain at the final coating
substrate and coating layers except for the final coating layer dager of 0.0125 mm thickness. Namely, the inherent strain at final
to the peening effect by poorly melted particles causes the dffating layer is a parameter in Fig. 13. As the residual stress
agreement between two measurement methods in case of Atasured by the X-ray method is 27 MPa, it seems that the
HVOF MCrAlY coating. As a matter of course, it seems that thherent strain at final coating layer of 0.0125 mm thickness is
nonuniformity of residual stress in the coating layer also arises. fa = —0.007%. The thickness of final coating layer can be ob
Fig. 11, it is clear that the difference of residual stress become
larger with increasing the peening effect. Therefore, the simple
measurement method based on Eq. (1) is not effective in case of 4q

the HVOF system. As a result, the generating mechanism fok= |

. : . - 1 y (mm)
residual stress is considered as follows from the above exper
ments. In case of the APS system, the residual stress induced i ﬁ ‘ 794 Ho.25
coating layerg is represented by the sum of the shrinkage stressg 1= [CoNIGIAEY]
of sprayed particlesgs and the thermal stress induced by the ¢ ol SN } £, =0.048% |
difference of temperature and material constants between coating y (mm) -80.4] 1686
and substratey; (Kuroda and Clyne, 1991). 5 03 Inhe‘rent strain 025268 ) ) ‘

Or=0st+ 071 (2 b =" Imzs nssLe
. . . i [81.1]  , (156 |mm

The shrinkage stress of sprayed particles, is due to the 5 -40 T
solidification of sprayed particles on the substrate as shown in Figg
12. In case of HVOF system, almost all sprayed particles dasts
against the substrate in a poorly melted state. Therefore, compregs i [-8.1]) 50
sive stress at substrate surface and coating layer except the fingl Or (MPa)
coating layer— o is induced by the peening effect. The shrinkage ! w
stress,os is slightly induced around the poorly melted particles -0.02 0 0.02 0.04
(op > o). As aresult, the residual stress induced in coating layer, .
o is presented as follows. Inherent strain, £, (%)

Fig. 13 Estimation of residual stress distribution by the inherent strain
or=0st or— op (3)  caused by thermal shrinkage and peening effect of coating layer
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tained by dividing the total coating thickness by the coating pass@d€’S system. This means the high deposit efficiency of HVOF
The inherent strain at final coating layer is affected by the peenisgstem due to very high particle velocity. It was clear that the
conditions, such as the combustion gas pressure and the postyface temperature and the displacement became high values with
melted particle size. The difference of residual stresses betwéeareasing the combustion gas pressure, which equates to the
the deflection measurement method and the X-ray method gwayed particle velocity. The deformation behavior of cantilever
shown in Fig. 11 can be explained by this consideration. Namelyeam is strongly affected by the peening effect due to the poorly
it might be thought that the residual stresses of HVOF coatingselted particles, not by the temperature rise that causes to the
was reduced by the peening effect in comparison with the AR®ncave deformation. In case of combustion gas pressure 483 kPa,

coatings. a lot of poorly melted particles could be observed in the coating
layer. The residual stress characteristics were analyzed using the
Conclusions deflection measurement method and the X-ray method. It was

confirmed that the residual stresses of HYOF coatings was reduced
B0 the peening effect in comparison with the plasma spray system
QF"air. And the generating mechanism of residual stresses was
. . . Hvestigated from the measurement results of deflection of canti-
This caused concern since there are a lot of poorly melted partic er beam specimens during the HVOF spraying. It was con-

in the HVdOF c?]qti:\g. Itt.'sl clealr fr.?_m theslc(e_ obtgervatlon thaqu\h/O irmed that the residual stress of HVOF coatings was reduced by

guns produce high particle velocities (or kinetic energy), which aige heening effect in comparison with the APS coatings.

considerably higher than the other commercial thermal spraying

systems. Furthermore, the diffusion heat treatment after thermal

spraying transforms the coating layer into uniform microstructufdeferences

with two predominant phases, which are made up of a lot of thecClark, R., Barbezat, G., Keller, S., and Nicoll, A. R., 1995, “A Review of HVOF

precipitated aluminum metallic compounds and CoCr (or NiCOCP)’St?m Process Considerations for Optimizing Coatings in Turbo-Machinery,” Pro-

solid-solution matrix. As a matter of course, the poorly meltegFedings: 14th Inter. Thermal Spray Conf., JPN, pp. 1173-1178. .
X s . L . . Gill, S. C., and Clyne, T. W., 1990, “Stress Distribution and Material Response in

particles can't be d_'scnm'nated- And Fhe diffusion heat tr_eatmeﬁﬁermal Spraying of Metallic and Ceramic Depositgiétallurgical TransactionsB,

of the HVOF coatings reduced a fair amount of porosity3( 21B, pp. 377-385.

percent)_ From the view point of porosity‘ it can be said that theGrunling, H. W., Schneider, K., and Singheiser, L., 1987, “Mechanical Properties

; of Coated SystemsMaterials Science and Engineeringpl. 88, pp. 177-189.
HVOF system s a match for the VPS system. Irons, G., 1992, “Higher Velocity Thermal Spray Proceeese Produce Better Aircraft

Next, in case of as-sprayed coatings by the HVOF system, thgjine Coatings,” paper presented at 28th Annual Aerospace/Airline Plating & Metal
Young's modulus and the bending strength of HYOF MCrAlYrinishing Forum & Exposition, CA, SAE Paper 920947.
coatings were inferior in comparison with the VPS MCrAlY Irons, G, and Zanchuk, V., 1993, “(%omparisori of MCrAlY Coatings Sprayed by
coatings. Some spherical particles, that were 2060 pum in gglof:r;?gesl_o(\évAPi)issréi_lzl’goecesses, Proceedings, 1993 National Thermal Spray
diameter, could be observed in the cross-section of as-spraye@hiwata, v., Saitoh, M., and Itoh, Y., 1995, “Coating Design and Evaluation of
coating. However, the experimental results suggested that thigh-Temperature Strength,” Proceedings, 1995 Yokohama International Gas Tur-
Young's modulus and the bending strength of the HVOF MCrAline Congress, 95-Yokohama-IGTC-71, pp. 99-106. _
coatings could be mproved up (0 the level of the VPS MCrAIY, [00, . S31oh . ré M 1, 1o0e, Mechepia) ropetes o Lo
coatings by the diffusion heat treatment. These phenomena cogig_ggs.
be considered by the reason that the HVOF MCrAlY coating waskuroda, S., and Clyne, T. W., 1991, “The Quenching Stress in Thermally Sprayed
built up by poorly melted particles. When the uniform microstrucCoathSl,”ThIn Solid Films,vol. 2h00, pp. 49—66h- ) )
ture can be obtained by the diffusion heat treatment, it is recoga'\gﬁxges’,,Sgtelr%iisg’sfiéfffe o EnAgi;eoe“rm'ggl '/Iirznope;gtulrg_gf"os'o“'Res'Stam
nized that there is no difference of the bending strength betweeRiestier, M. C., Hohle, H. M., Balbach, W. M., and Koromzay, T., 1995, “Eco-
the HVOF and the VPS MCTAIY coatings. On the other hand, th@mical Advantages of HVOF-Sprayed Coatings for the Land Based Gas Turbine
significant difference for Vickers hardness of Coatings Sprayed ustry,” Proceedings, 14th International Thermal Spray Conference, JPN, pp.
HVO.F and VPS systems could n.0t be observed .eve.n as-spra arker, D. W., and Kunter, G. L., 1994, “HVOF Moves Into the Industrial
coatings. It seems that the crack like pores that exists in the HVQ@finstream,"Advanced Material & Processe¥ol. 146, No. 1, pp. 31-35.
MCTAIY coatings do not affected on the Vickers hardness, thoughRusso, L., and Dorfman, M., 1995, “High Temperature Oxidation of MCrAlY
they affected on the strength and the Young’s modulus. Moreovégatings Produced by HVOF,” Proceedings, 14th International Thermal Spray Con-
the Vick_ers hardness of h‘?at'”e"?‘wd HVOF MCrAlY Coa.tinggrggcneéy‘i%’\.l’gf.lt%)g?:‘ll'figdzl;ension of Metallic Films Deposited by Electrolysis,”
shows high value in comparison with the VPS MCrAIY coatingSsyrface Engineeringyol. 16-1, pp. 172—175.
Itis thought that this is caused by the HVOF process for own sakeyeys, J. M., and Mevrel, R., 1987, “Influence of Protective Coating on the
such as carbonizing of some elements in MCrAIlY coatings frotechanical Properties of CMSX-2 and Contac784gterials Science and Engineer-

ing, Vol. 88, pp. 253-260.
the kerosenet oxygen fuel. Wood, M. I., 1989, “Mechanical Interaction Between Coatings and Super Alloys

According to the tempe_rature rise during thermal $prayin.g, thBder Condition of Fatigue,'Surface and Coating Technologyol. 39/40, pp.
HVOF system revealed high temperature in comparison with the-42.

In case of the HVOF system, the microstructure revealed ev
the as-sprayed that coatings was very dense with low oxide ¢
tent, as normally found in plasma sprayed coatings in open

Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 49

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Cyclic Oxidation Behavior of
Aluminide, Platinum Modified
n.s.cevs | Aluminide, and MCrAlY Coatings
«.s.chan § ON GTD-111

Cyclic oxidation behavior of aluminide, platinum modified aluminide, and MCrAIlY
coatings has been investigated at three temperatures. Aluminide and platinum modified
coatings were deposited on GTD 111 material using an outward diffusion process.

Electric Power Research Institute, ; - i - .
Materials Center for Combustion Turbines at CoCrAlY coating was applied on GTD-111 by Electron Beam Physical Vapor Deposition

G. R. Leverant

Southwest Research Institute (EB-PVD). The oxidation behavior of these coatings is characterized by weight change
6220 Culebra measurements and by the variation @fphase present in the coating. The platinum
San Antonio, TX 78238-5166 modified aluminide coating exhibited the highest resistance to oxide scale spallation

(weight loss) during cyclic oxidation testing. Metallographic techniques were used to
determine the amount @ phase and the aluminum content in a coating as a function of
cycles. Cyclic oxidation life of these coatings is discussed in terms of the regicual
aluminum content present in the coating after exposure. These results have been used to
calibrate and validate a coating life model (COATLIFE) developed at the Material Center
for Combustion Turbines (MCCT).

Introduction EPRI funded program, data on various coatings are being generated to
calibrate and validate a coating life model developed at the MCCT
n et al., 1997). The objective of this program is to use the
ATLIFE model to determine the coating refurbishment intervals
turbine blades and vanes. The results generated on aluminide,
N ) -Al, and CoCrAlY coatings are presented in this paper. Post-test
affects the service life of these components. The turbine blades g, allurgical evaluations were also performed on the specimens to

one of the most critical hot section components; thus, reliability,erstand degradation of these coatings due to exposure to thermal
and availability of a gas turbine depend on the blade life. Becauagdes at different temperatures.

of the higher operating temperatures encountered in these ad-
vanced turbines, the performance and durability of the coatin .
system has now become one of the primary life limiting factors cﬁqxperlmental Procedure
coated blades.

In the mid 1960s, coatings were introduced in land based ty
bines to provide hot corrosion protection to superalloy (nick

The hot section components of advanced land based turbi
operate at severe operating conditions— high thermal stresses
temperatures. Higher operating temperatures play a dominant r 2
in the material and coating degradation, which in turn, advers

Specimen Geometry and Test Materials. Flat rectangular

st specimens (38 15 X 1.5 mm) were machined from the shank

. ection of a fully heat treated GTD-111 turbine blade using an
and/or cobalt base _alloy) blades and vanes. Nickel and cobalt bg tro discharge machining process. The specimens were ground
alloys are susceptible to hot corrosion (Type I and 1) at the, polished to remove the recast layer. GTD-111 has a nominal
operating metal temperatures ranging from 1150° to 1700°F (G%mposition by weight: C 0.1%, Cr 14.0%, W 3.8%, Co 9.5%, Mo
to 927°C). The severity of hot corrosion increases with temperaso, Al 3.0%, Ti 4.9% and Ta 2.8%. The heat treatment for
ture up to 1600°F (871°C) and then decreases with temperatuterp.111 plades consists of a partial solution treatment at 2050°F

Above 1700°F (927°C), oxidation s_,upersedes _hot corrosion. Fldﬁ_—zzj_oc) for two hours followed by aging at 1550°F (843°C) for
thermore, the source of corrodants is fuel and airborne salts carrigfgurs (Embley and Kallianpur, 1985).

by inlet air. However, airborne impurities can be prevented from
entering into a turbine by effective use of air filters. As a result, hot Coating Application. Aluminide and Pt-Al coatings were ap-
corrosion problems are typically encountered in turbines that gpied on the test specimens using an outward diffusion process.
fired with contaminated fuels. The advanced turbines are primarilyie process is described elsewhere (Shankar, 1988; Smith and
fired with relatively clean natural gas and operate at higher tefdoone, 1990). For Pt-Al coating application, the specimens were
peratures. Degradation of coatings due to oxidation is the prime@lectroplated with approximately a 30n thick platinum plating
concern in these designs. prior to the aluminizing process. The CoCrAlY coating was ap-
Coatings used on Row 1 and Row 2 turbine blades vary from oRéed using the Electron Beam Physical Vapor Deposition (EB-
manufacturer to the other, but the generic types are similar and fa¥D) process.
into three groups: aluminide, platinum modified aluminide (Pt-Al),

and MCrAlY with or without an over aluminized layer. As part of an; Cyclic Oxidation. Tests were performed using a facility de-

gned and fabricated at SwRI. This test facility consists of a
furnace, a forced air cooling system, and a computer controlled
Contributed by the International Gas Turbine Institute (IGTI) ek Awericay ~ MOVING arm that transfers specimens in and out of the furnace and
SocieTy oF MEcHaNicAL EncINEErs for publication in the ASME durnaL oF Ena- O the cooling system. For cyclic oxidation tests, the specimens
NEERING FOR Gas TURBINES AND Power Paper presented at the International Gasyere inserted in a furnace that was maintained at the temperature

Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2=%,: : .
1998: ASME Paper 98-GT-468. oPinterest, and held in that furnace at that temperature for 55 min

Manuscript received by IGTI March 24, 1998; final revision received by the Asmirior to moving them to_the COO"_ng SyStem- T_he Sp_eCimens were
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. then cooled by forced air for 5 min prior to re-inserting them into
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Thermal Cycles Fig. 3 Cyclic oxidation behavior of aluminide, Pt-Al and CoCrAlY coat-

ings at 1750°F (954°C)

Fig. 1 Cyclic oxidation behavior of aluminide, Pt-Al and CoCrAlY coat-
ings at 1950°F (1065°C)

Aluminide: 29.5% Al, 2.8% Cr, 7.0% Co, 0.7% Ti, 57.5% Ni,
0.4% Mo, and 2.4% Ta

the furnace. The specimens took approximately four minutes toPt-Al: 19.9% Al, 4.1% Cr, 5.7% Co, 2.0% Ti, 51.2% Ni, 0.3%
reach the test temperature and one minute to cool from the td&, 2.9% Ta, and 15% Pt
temperature to room temperature. The tests were conducted d€0CrAlY: 9.9% Al, 24.5% Cr, 60.3% Co, and 2.5% Ni
1950°F (1065°C), 1850°F (1010°C), and 1750°F (955°C). Multi- . _ . .
ple specimens of each coating were tested at each temperat 1%/ ?Al'ﬁ( Omdagon. Weight chan?e of aIuTlnhlde Plt'Al ?nd
Cyclic oxidation tests were interrupted periodically to weigh the’® 0r°F 1%06a5t°ec specimens 35. aFP“CEOQ\O therma d CyI(I: es at
specimens, and a specimen of each type of coating was remoyeg, - (1065°C) is presented in Fig. 1. As expected, all these
from the test at predetermined cycles for post-test metallurgic%ﬁec'mens initially gained weight due to formation of a protective
evaluation. These specimens were sectioned and examined by
optical and scanning electron microscopy to evaluate coating deg-
radation. The composition of the phases in the coatings were
determined using energy dispersive spectroscopy (EDS).

Results

As-Coated Microstructure. A specimen from each coating
was sectioned in the as-coated condition to determine microstruc
ture and coating thickness. The aluminide and Pt-Al coated spec
imens exhibited a single phasg-NiAl) structure, while the Co-
CrAlY coated specimen exhibited approximately 5@4CoAl-
precipitates) and 50% (matrix). They phase is a solid solution of
primarily cobalt and chromium. Thickness of aluminide, Pt-Al,
and CoCrAlY coatings ranged from 1.0 to 1.8 mils, 2.0 to 3 mils,
and 9.0 to 10 mils, respectively. The chemistry of these coating
was determined at three locations on each specimen; the top, th
middle, and the bottom of the layer of each coating. The average

; X . . . a
chemistry of the coatings in weight percent is as follows: (a}

0.001

o
o
8
%

-0.001

-0.002 +

® Aluminide
-0.003 - M PrAuminide A
A CoCralY

-0.004 T T T T T
0 200 400 600 800 1000 1200 e B
Thermal Cycles (b)

Weight Change (grams/cmz)

Fig. 2 Cyclic oxidation behavior of aluminide, Pt-Al, and CoCrAlY coat- Fig. 4 B-phase variation in aluminide coating after exposure at 1950°F
ings at 1850°F (1010°C) (1065°C) for (a) 400 cycles and ( b) 1000 cycles
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(b)

(b)

) . T ) ) N Fig. 7 Microstructure of aluminide and Pt-Al coatings after 1600 cycles
Fig. 5 pB-phase variation in the Pt-Al coating after exposure at 1950°F at 1750°F (954°C)

(1065°C) for (a) 400 cycles and ( b) 1000 cycles

oxide scale with thermal cycles, up to approximately 400 cycleside spallation was noted among the specimens in 1100 ther-
for aluminide and Pt-Al coatings, and 200 cycles for CoCrAlYmal cycles. Weight loss due to oxide spallation was observed in
reached a maximum value and the specimens then lost weight wiffo of three CoCrAlY coated specimens. However, the weight
increasing cycles, due to oxide spallation. The weight loss resulfisange data for CoCrAlY coated specimens exhibited signifi-
show that Pt-Al offers slightly better resistance than aluminideant scatter. Weight change data of coatings as a function of
coating. However the variation in weight loss results between tiigermal cycles at 1750°F (954°C) is illustrated in Fig. 3. All
Pt-Al and aluminide coatings is not statistically significant. Howthree coatings predominantly gained weight. No evidence of
ever, the CoCrAlY coating showed the least resistance amongight loss due to oxide spallation was noted in these speci-
three coatings investigated. mens which were run for 2200 cycles.
Figure 2 shows weight change data of coatings as a function ) )
of thermal cycles at 1850°F (1010°C). The aluminide and Pt-Al Coating Microstructure. As expected, exposure to thermal cy-

coated specimens gained weight; no evidence of protec[iQ@S led to degradation of the microstructure of all three coatings. In
the aluminide and Pt-Al coatings, the coating degradation is mani-

fested by transformation @8-NiAl phase intoy’. In the CoCrAlY
coating, degradation is manifested by the formatiop-@oAl phase

120 depleted zones at the outer and the coating/substrate interface. The
100 - extent of degradation of coatings varied with the number of thermal
g cycles and the exposure temperature.
§ 80 Aluminide and Pt-Al Coatings. Degradation of microstruc-
Z ture of aluminide and Pt-Al coatings after exposure to 400 and
Z 60 ° 1000 thermal cycles at 1950°F (1065°C) is illustrated in Figs. 4
s and 5. In both coatingg-NiAl phase is partly transformed intg.
2 40 4 N The y' phase was identified based on nickel and aluminum con-
2 ® Aumnide N tents, as determined by EDS. Aluminum content in hephase
20 B PrAl o ranged from 8 wt.% to 10 wt.%. In both aluminide and Pt-Al, the
B to ' transformation was greater for the specimen exposed to
0 : : : : : : 1000_ cycles than for the one exposed to 4(_)0 cycles. VoIl_Jme
fraction of B phase in aluminide and Pt-Al coatings as a function
O 200 400 600 800 1000 1200  of the number of thermal cycles is presented in Fig. 6. Little or no
Fig. 6 Volume fraction of B in the aluminide and Pt-Al coatings as transformation was noted in the first two hundred cycles in both
function of thermal cycles at 1950°F (1065°C) coatings. As the number of cycles increased, the amourg of
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imens exposed to 1850°F (1010°C) and 1750°F (954°C). How-
ever, the depleted zone widths were significantly smaller in these
specimens.

Discussion

It is well known that both diffusion (aluminide and Pt-Al) and
overlay (CoCrAlY) type coatings protect the substrate blade alloy
against oxidation and corrosion by forming a protective-surface
oxide layer. The3-NiAl or CoAl phase in these coatings acts as a
reservoir, which provides aluminum for the formation of the pro-
tective oxide layer. As the protective oxide spalls during thermal
cycling, aluminum in the coating diffuses outward to re-form the
oxide layer at the surface. Aluminum also diffuses into the sub-
strate alloy due to the composition gradient between the coating
and the substrate. As a result, the coatings degrade due to inward
and outward diffusion of aluminum present in the coatings. Inward
and outward diffusion of aluminum leads to transformation of the
B-NiAl phase intoy’ or y phase in aluminide and Pt-Al coatings.
The extent of transformation, however, depends on the test tem-
perature and number of thermal cycles. The higher the test tem-
perature and/or the larger the number of thermal cycles accelerates
transformation.

The present test results show that giphase in both aluminide
and Pt-Al coatings was partly transformed ingbas a result of
thermal exposure. No evidencepphase was noted in the coating
microstructure of the test specimens. However, Cheruvu and Le-
verant (1998) have reported that th@ phase in the over-
aluminized layer transformed intg containing 3 wt.% aluminum,
in a service run GT29 coated GTD-111 blade after 25,834 hours
of operation. A comparison of present results with the in-service
degradation results suggests that long term tests will result in loss
of aluminum in they’ phase, which will lead to transformation of
v into vy in these coatings. This suggests that even ifglghase

(b) completely transforms intg’, the latter phase will act as a reser-
voir for aluminum and will provide aluminum to reform the
Fig. 8 Influence of exposure to thermal cycles at 1950°F (1065°C) on the protective oxide layer.

width of B depleted and interdiffusion zones in the CoCrAlY coating after

(a) 400 cycles and ( b) 1000 cycles CoCrAlY coatings also degrade due to inward and outward

diffusion of elements. The diffusion of elements, in particular
aluminum, results in dissolution @& phase particles at the outer
surface of the coating and the coating/substrate interface, leading
. . to the formation of8 phase depleted zones in the coating (Daleo
phase decreased in both coatings. After 1000 cyclesgthbase 54 Boone, 1997 and Srinivasan et al., 1995). As a result of
content in the aluminide and Pt-Al coatings was reduced o Zln4qre, nickel in the substrate also diffuses into the CoCrAlY
percent and 80 percent, respectively. For a given number Qiaing n addition to aluminum, cobalt and chromium in the
thermal cycles, the to y' transformation was more severe for th.‘?:oating also diffuse into the substrate. The outward diffusion of

aluminide coating than for Pt-Al. Singgphase acts as a reservoir,jcye| from the base metal into the coating and inward diffusion of

for aluminum, cyclic oxidation life of a coating is directly relatEdaIuminum, cobalt, and chromium from the coating into the sub-

to the amount op phase presentin the coating and thickness of thg, a4 yegits in coarsening of platelet precipitates in the interdif-
coating. Hence, these results show that the aluminide coatipflion ;one and an increase in the width of this zone. Since
eXh'lt:j'tSb less Cﬁ:“c ]?X'da“.gﬂ resséan.ce than Pt.'Al' fThe Pt- iffusion is a thermally activated process, the widths of the de-
\tl;lgrjmal (ca S:?e%aatethci)s 'P(arr%VIelrg?u?é(l ation protection for severajiaiaq zones in the coating and the interdiffusion zone below the
Microst)r/ucture of aIuminFi)de and i:’t-AI coatings after 1600 ther-‘anting erend on the exposure temperatur.e anq timg. The change
mal cycles at 1750°F (954°C) is shown in Fig. 7. Consistent wi |H the W|dth of the depleted zones and the mtgrdlffusmn zone are
the weight change results presented in the p?ev.ious section btu ed to estimate operating temperature of service run blades (Srini-
aluminide and Pt-Al coatings have shown little or no evidenc’e (\? an et al., 1995-; Cheruvu and Leverant, 1998). . -
degradation Though the weight change results showed an excessive weight
' loss after exposure to 600 thermal cycles at 1950°F (1065°C), only
CoCrAlY Coating. Thermal exposure at 1950°F (1065°C)a small fraction of the original coating had degraded. The coating
resulted in formation of phase depleted zones at the outer surfag@ntained 39 perceré phase after exposure, suggesting that the
of the coating and at the coating/substrate interface (Fig. 8). ¢nclic oxidation life of the coating was not exhausted. The coating
addition, the width of the interdiffusion zone below the coatingvould be capable of surviving for many more thermal cycles at
also increased due to inward diffusion of aluminum into ththis temperature. For ranking coatings, consideration of weight
substrate during thermal exposure. The width of fhephase change results, alone, may lead to an erroneous conclusion since
depleted zones increased with increasing number of cycles, andtiese results are independent of coating thickness variations. Both
B phase particles coarsened. As the number of cycles increagezight change and post test metallurgical evaluation results need
from 400 to 600, the volume fraction of th@ phase decreased to be considered for ranking coatings. A more accurate indicator of
from 48.5 percent to 39.0 percent. a coating’s condition for its residual life estimation is either the
Similar coating degradation results were observed in the speduminum content or the volume fraction of tigephase. The
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volume fraction of this phase is a better measure of the coatingdg¢knowledgments
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Dimensional Instability Studies
in Machining of Inconel 718
Nickel Based Superalloy as
Applied to Aerogas Turbine
Components

Inconel 718 alloy is used extensively in aerogas turbines and this alloy is most difficult to
machine and highly prone to dimensional instability after machining. Such detrimental
phenomenon poses an enormous problem in engine assembly and affects structural
integrity. This paper highlights the systematic research work undertaken to study the
plastic deformation characteristics of Inconel 718, and the effect of process variables on
machined surface, subsurface, and dimensional instability. Also illustrated is the tech-
nique developed for simultaneous optimization of several process variables such as
cutting speed, feed, depth of cut, rake angle, and tool nose radius to control the residual
stresses and dimensional instability within the acceptable tolerance band of the compo-

nent. Prediction equations were developed for residual stress, dimensional instability, tool
life, surface finish, and material removal rate. Predicted data were validated experimen-
tally. This paper also presents the qualitative and quantitative data on dimensional
instability with specific case studies of jet engine components, and it clearly illustrates the
approach followed to develop a technique to control such detrimental effect.

variables on machined surface and subsurface, and finally by
controlling machinability parameters. Two aspects of the studies

. . . . X : !Slated to dimensional instability have been presented here. Firstis
dimension with respect to time without doing any further work Othe plastic deformation characteristics of Inconel 718 and the

it. Two probable causes for dimensional instability have beglyect of process variables on machined surface and dimensional

@dentified. They are fes‘.‘“%a' stresses and metal_lurgical alteratiqﬂ tability; the second one is simultaneous optimization of various
introduced by the machining processes. The primary and secopthy-ess narameters to control the dimensional instability.

ary machining process leads to surface layer changes such as &e, studies on dimensional instability have been reported in

1 Introduction
The dimensional instability phenomenon is basically a change

dimensional instability of the finished part. The magnitude of thg,aior causes for a dimensional instability are the residual stress
residual stresses and metallurgical alterations introduced duriggects and metallurgical alteration. Israeli and Bendeck [2] have
the machining process depends on the machinability parametgfigorted the instability parameters for machined parts. They also
like speed, feed, depth of cut, cutting tool material and geometymphasized the effect of residual stress distribution on dimen-
cutting fluid, etc. Normal practice in industry is to carry out th&jona instability. They defined the specific instability potential as
thermal stress relieving process to reduce the effect of residygharameter for specifying process operations. Komanduri et al. [3]
stresses on dimensional instability at the machining stage.  reported that highly localized shear stress/strain and temperature in
The thermal stress relieving process is not supposed to chamggchining of Inconel 718 alloy produces the shear instability.
the properties or hardness of material, but, unfortunately, therevitereas Marschall [4] and Meyerson et al. [5] have studied the
no stress reliving cycle for Inconel 718 alloy other than followingyeneral effect of micro-structural changes on dimensional insta-
with the solutionizing process, which changes the properties apfiity. Although they have not made any specific study on Inconel
hardness. Also, only a limited aging process is permitted on thf38 alloys, they have emphasized the various mechanisms by
material to avoid alloy degradation. This metallurgical restrictiofhich material may undergo dimensional changes as a result of
compels to control the residual stress by controlling the machimternal changes at the micro-structural level. A few more re-
ability parameters, which are the influencing factors for the intrgearchers [6—7] have also reported the dimensional instability
duction of residual stress. Therefore, dimensional instability cousifect due to residual stress during the machining on conventional
be controlled by understanding the metallurgy of Inconel 718teel, but not on Inconel 718 superalloys. Subhas et al. [8] reported
plastic deformation characteristics of Inconel 718, effect of procedi#mensional instability phenomenon on titanium alloys, but not on
Inconel 718. The studies conducted by Subhas [9] on other nickel
: ) ) ) based superalloys like Nimonie-90 and Inconel 901 reveal no
Contributed by the International Gas Turbine Institute (IGTI) e TAMERICAN appreciable dimensional instability phenomenon. The literature
SoclETY oF MECHANICAL ENGINEERS for publication in the ASME JurNAL oF ENGI- . S f . .
NEERING For Gas TURBINEs anD Power Paper presented at the International Gad€View indicates that no systematic comprehensive studies have
Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2bgen reported on dimensional instability phenomenon of Inconel
1998; ASME Paper 98-GT-469. ] » _ 718 alloy. The present work is therefore planned to study the
e B I L a2, 1998; fnal revision recelved by the ASMiplastic deformation characteristics of Inconel 718, and the effect of
*Cuqrrently Dean, Sir M. Visvesvarayya Institute of Technology, Bangalore-56PIOCESS variables on machined surface and dimensional instability
157. in machined jet engine components.
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Fig- 1 Dimensional instability in IV stage compressor disc Fig. 2 Dimensional instability of Inconel 718, titanium alloy and mild

steel

The second part of the study is related to optimization of
machinability parameters to control the dimensional instability machining the ring-shaped specimen made of Inconel 718 alloy
Most of the studies reported on optimization of machinabilitjn a fully heat-treated condition.
parameters, are limited to speed, feed, and depth of cut by varyingSimilar test specimens were machined out of titanium (Ti-6Al-
one parameter at a time with optimization criteria of maximurdV) alloy and mild steel at identical machining conditions of
production rate and minimum cost. They generally followed Taynconel 718 specimen, dimensional changes were measured with
lor's tool life equation for optimization. These methods do notespect to time up to 220 hours after machining, the test results are
consider the inter-related effect of machinability parameters, apgesented in graphical form in Fig. 2.
are likely to be error-prone. Jose, et al. [10] and others [11—14] Traditionally, titanium alloys are more prone to dimensional
used the statistical method for the design of the experiment aifigtability due to low modulus of elasticity, where, as the experi-
optimization. This method considerably reduces the number @fental values show, Inconel 718 is more prone to dimensional
experiments and statistically accurate. Wu [11] applied resporigstability than titanium alloy, but this phenomenon was not no-
surface methodology for optimization of tool life. He fitted firstticed in other nickel based alloys. This experiment validates the
and second-order equations and tested for adequacy, wherexistence of dimensional instability effect in Inconel 718.
Albuelenga et al. [12] developed mathematical models represent-
ing metal cutting operations. Similarly, Shin et al. [13] presente |nvestigation on Plastic Deformation Characteristics

arg;)cng;I ffgrrmorigtrg:jz%tlotr;]gg1 n;ar%h'E.'?%r?gglg't;]%ﬁ:nggs'r?'ga:;()n_ The literature review clearly indicates that further investigations
P Y y IS multi-vari : prog re required—on deformation characteristics of Inconel 718 —

;nr:gglyir\:\égﬁrer?)s gﬁfﬁﬂ ett:(l:'h[r}f]ulézed'\g C;;?;)'gfet'?g c:)fr?: dortl;e grticularly to correlate the metal cutting variables, chip morphol-
knowled epof gthe authgors on (limu.ltaneous o timizgltion of , and their effect on structural phase transformation, residual
9 P ress, and dimensional instability. Therefore, experimental studies

mathllnlngﬂp])roc_:tes_s pafrar_ngters ?Ion% Wllthtresponsdeéynctlops, &re carried out to investigate the following aspects of plastic
pecially with criteria of minimum-residual stress and dimensiongf ¢ ..o 0" b0 o Srictios:

instability for application to aerogas turbine components. Althoug
Harrington [15] and Derringer et al. [16] presented an approach of1 effect of machinability parameters on chip morphology
desirability function and simultaneous optimization for rubber 2 effect of cutting variables such as length of shear plane, tool
industry application, such an approach is not followed for machigeometry, etc. on pattern of residual stress

ing parameter optimization. Therefore, a simultaneous optimiza-3 effect of direct machinability parameters on plastic defor-
tion technique is developed in this study to generate qualitative amdtion and resulting residual stresses

guantitative data on optimum machinability parameters with cri-

teria of least residual stress and dimensional instability as appliec-1 = Experimental Setup and Procedure. The experimental
to aerogas turbine components. procedure involved in the present work is two-fold. Machining

experiments and a hole-drilling strain gauge experiment for deter-
mining the residual stresses.
2 Validation of Dimensional Instability Phenomenon 3.1.1 Machining Experiment.Machining experiments are
Although dimensional instability was experienced extensivelyarried out to study the effect of machinability parameters on
on jet engine components (e.g., compressor disc shown in Fig. flgstic deformation characteristics. The ring-shaped type Inconel

for a better understanding and to validate the existence of dimett8 specimen machined #® 55 mm andOD 76 mm, stress
sional instability problem, experimental studies were carried otglieved, and aged to hardness 44 HRC was selected for the

Nomenclature

a = rake angle, deg. OD = outer diameter, mm v = cutting speed, m/min
d = depth of cut, mm r = tool nose radius, mm y = variable representing response
d; = desirability of response variable R. = surface roughnesg,m variables
DIMI = dimensional instabilityum o. = circumferential residual stress, y. = central value of response variable
f = feed, mm/rev MPa .
ID = inner diameter, mm o, = longitudinal residual stress, MPa Subscripts
MRR = metal removal rate, mifmin T = tool life, min max = indicating maximum value
min = indicating minimum value
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Fig. 3 Experimental set up for hole drilling method of residual stress Fig. 5 Optical micrograph of longitudinal mid section of the chip (Mag-
measurement nification: 500 X)

lances the slightly poor thermal properties of Ti-6Al-4V alloy.
h.c.p. structure titanium alloy provides limited slip and a f.c.c.

ucture material strengthened by precipitation phase (b.c.t.), such
Inconel 718, resist deformation up to high temperature. The

machining experiment. The machining experiments were carrig
out on horizontal lathe. The specimen was held in mandrel to avqi
clamping pressure. Kennametal-brazed-type carbide tools of K%

grade ground to suitable tool geometry are used in machinidg,eimental results show that shear localized chips formed with

experiments. The cutting fluid used is soluble oil (1:20). For evegysona 718 were similar to the chips generated with titanium
set of cutting parameters, chips were collected. Optical MiCre; s aj-av alloy [3].

graphs of the machined surface and the longitudinal midsection of-l-
the th'ps v(\ge[;e taken. Lhe d'“?eng'?jf.‘s of the speﬁlm&n were ITS@formation process of Inconel 718 is similar to titanium alloy;
3‘.”6 on | at e:j_pre etermine |stanh(_:e or%ht ed' auser t lrﬂ?érefore, Inconel 718 also behaves in a similar way to titanium

Imensional co-ordinate measuring machine. The dimensiona Qroys in dimensional instability. However, the experimental re-
stablll.ty. is determined by taking measurements immediately a Nlts presented in Fig. 1 show that the magnitude of dimensional
machining and after 200 hours or more. Tool flank wear an tability is more in Inconel 718 than titanium. This may be
contact Ier_lgth at chip-tool interface are mea_sured using a tQQtihted to the presence of phase in Inconel 718, whereas a
maker’s microscope. A portable perthometer is used to measy '

th ¢ finish. Cutting f d using Kistl ilar phenomenon was not noticed in other nickel based super-
€ surtace nnish. Lutling forces were measured using RIS€laoys fike Nimonic-90, Inconel-901 which are not precipitate
component tool force dynamometer.

strengthened with the presenceyéfphase. This is very interesting
3.1.2 Hole Drilling Strain Gauge ExperimentThe experi- Observation resulted from this experimental investigation and anal-
ment is carried out as per ASTM standard test method E 837 [1Y}!S: _ _ _
A special three-element strain gauge rosette (Measurement Grouphe analysis of experimental results related to studies on the
type A06-062RE-120) is installed on the machined surface of tiigfluence of machinability parameters on plastic deformation
test piece at the point where residual stresses are to be determifie@chanism resulting in residual stresses gives very interesting
The three gauge grids are wired and connected to a static striiglings. Figure 7 shows experimental results on the effect of rake
indicator P-3000 thorough a switch and balance unit SB-10 8ngle on residual stresses. The negative rake angle increases the
Measurement Group Inc., USA. A precision milling guide modelesidual stress, and the positive rake angle decreases the residual
RS-200 is attached to the test part and accurately centered over3tigss. These observed phenomena are logically correct because as
drilling target on the rosette. After zero-balancing the gage citbe rake angle increases, shear angle increases, shear plane length
cuits, a small shallow hole is drilled through the center of théecreases, cutting force decreases, and shear stress and strain
rosette using a carbide cutter run by a high-speed air turbine uiiecreases. Thus, the residual stresses decrease. These observations
Relaxed strains are read for each predetermined incremental depfR. further strengthened from experimental results presented in
The experimental setup and the close-up view of the gauge fg-. 8. The experiential results shown in Fig. 9 indicate that as the
stalled on the specimen are shown in Fig. 3 and Fig. 4. chip tool contact length decreases, the cutting forces decrease, that
) ) . . . ] is, reduction in chip tool contact length reduces the plastic strains
3.2 Results and Discussion. Optical microscopic examina- and the residual stresses. Figure 10 and Fig. 11 show the residual
tion of the longitudinal midsection of chips produced at varioustress distribution for two different sets of cutting parameters. It is
speeds ranging from 10 m/min to 38 m/min show that there isghown that the greater the distance from the machined surface, the

considerable deformation twinning. In Fig. 5 twinning can be seqasser the amount of plastic deformation that occurs. Thus, the
in the deformed regions of Inconel 718 chips. Figure 6 also shows

that even on the machined surface deformation twinning is noticed.
This kind of deformation twinning is not generally the prevalent
mode in machining other conventional steels and high temperature
alloys [3]. Komanduri et al. [3] also observed similar phenomenon
in Inconel 718 machined at a cutting speed of 100 m/min and
titanium alloy machined up to 260 m/min. Their comparative
studies of shear instability in machining of Inconel 718 and Ti-
6Al-4V alloy show that the role of limited slip in the case of
Ti-6Al-4V alloy can be considered to that of precipitates in Inconel
718. The higher resistance to deformation of Inconel 718 probalflig- 6 Optical micrograph of machined specimen (Magnification: 500 x)

he analysis of experimental results confirms that the primary
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Fig. 7 Effect of rake angle on residual stress distribution ( v =13 m/min,
Fig. 4 Test specimen with strain gauge rosette mounted on it f = 0.04 mm/rev, d = 0.5 mm)
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‘%’ 500 S
§ 750
% 0 1 selection of machining process variables
¥ e T 2 design of statistical experiment
3 determination of predicting equation for the response functions
-5 . . . . .
o 0025 005 0075 o1 such as residual stresses, tool life, surface finish and dimen-
Depth beneath sucfacetmm) sional instability using response surface methodology and ad-
Fig. 10 Residual stress distribution (v = 32 m/min, f= 0.13 mm/rev, d = equacy tests for the predicted equations
1.0'mm, @ = -6 deg) ' ' 4 computation of machinability parameters such as cutting

speed, feed, depth of cut, rake angle and tool nose radius by
iterative search method for optimum combination of the re-

lesser are the residual stresses. It is also clear that residual stresse3P0NS€S UsIng desirability function approach.

in the cutting direction are more tensile than that in the longitudi- 42  Selection of Process Variables. Most of the critical gas

nal direction. This is qualitatively in agreement with results 'Surbine components are axisymmetric in geometry; therefore, the
ported in [18]. . _turning process is used in this research work. The turning process
_ Figure 12 shows the effect of feed on residual stress distribyariables such as speed, feed, depth of cut, rake angle, tool nose
tlons._At the lower feec_is, the surface residual stresses are cqiius, side cutting edge angle, cutting tool material, and cutting
pressive, but at the higher feeds they are tensile. The resyltids have varying degrees of influence on the residual stress. Of
obtained are consistent with that reported in [18]. The effect gfese, side cutting edge angle does not have significant influence.
depth of cut on the residual stress distribution is shown in Fig. 1R|ready optimized data are available on the selection of cutting
As the depth of cut increases, the volume of material beiffjid as soluble oil (1:20) and cutting tool material as micro grain
removed increases, which requires higher cutting energy to Bgrbide for machining of nickel based superalloys [9]. Hence,
expended. Therefore, the surface residual stresses increased wi#e data are chosen form literature. In view of this, only five
the depth of cut. The residual stress magnitude is the highestgicess variables-cutting speed, feed, depth of cut, nose radius and
Fig. 10. The cutting parameters used in this case is such that fiRe angle were chosen for optimization. The maximum and min-
combined effect of negative rake angle, higher feed rate, and depffum levels were selected taking into account the recommended

of cut introduced a larger magnitude of stresses of mechani¢ghge of practical machining conditions used in finish machining
origin. In addition, this higher cutting speed introduces stressesaf Inconel 718 as shown in Table 1.

thermal origin due to higher temperatures at the cutting region. o ] ) _ _
This is responsible for the higher magnitude of surface residual4-3 Statistical Design of Experiment. The present investi-
stresses. gation involves the study of the influence of speed, feed, depth of
These investigations on plastic deformation aspects of Incorfélt; rake angle, and tool nose radius on response properties namely
718 alloy clearly indicate that direct machinability parametergsidual stress, tool life, surface finish, dimensional instability, and
significantly influence the magnitude of residual stresses and paaterial removal rate. Here the influence of process variables on
sidual stresses are primarily responsible for the dimensiorf@Sponse properties were assumed to be linear, and, hence, it was
changes. Hence, by optimization of machinability parameter@ufficient to study each variable at two levels only. The main effect
dimensional instability could be controlled. Therefore, a nef five factors were studied using half factorial design involving
methodology for optimization of machining process has bedWly sixteen experiments.
developed.

4 Optimization of Machining Process Parameters

This part of the study is related to the development of process
parameter optimization technique to control the dimensional
changes within the acceptable limits. An attempt is made to es-
tablish the appropriate technique to arrest this dimensional insta- .
bility and to validate the established techniques experimentally. T

Dopth b vt acnin )

28 & 08 2 %3

Kanden SmaMPy)
K

4.1 Methodology. The steps involved in the proposedrig. 13 Effect of depth of cut on residual stress distribution ( v =14
method are as follows: m/min, f=0.04 mm/rev, a = 6 deg)
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Table 1 Recommended range of practical machining conditions Table 3 Constraints on response variables

Independent | Maximum | Minimum “: chonee M:“[i‘:“n': ?“’,',"i',“i’ni
Variables {+) ) o, 200 0
v 38 10 o b .
I 0.22 0.04 Ry 0.8 0.2
d 1.0 0.25
o +6 -6
r 1.2 0.4

DIMI = —7.89+ 1.24v + 370.06
+19.25 — 2.63« + 0.858 (6)

Experimental Procedure.The experimental procedure fol- R, = 4.157y 056% 1570355 0113 4 7)0.082 (™)
lowed is same as that followed for the plastic deformation exper-
iment given in the earlier paragraphs. Experimental data generated he following standard formula is used for material removal
are given in Table 2. The trial numbers 17 to 20 are used foate:
checking the adequacy of the predicted equations.

- . MRR = 1000.f.d. (8)
4.4 Prediction Equation for Process Responses.The ef-

fect of five independent machining parameters during turning validity of Prediction Equations. These equations are valid
operation on residual stress, tool life, dimensional instability, suizhen v, f, d, «, andr are within the minimum and maximum
face finish, and material removal rate were established by multigie/els employed in the experiment as shown in Table 1. These
regression analysis. The equation fitted is a first order with lineaguations were checked for adequacy by analysis of variance. The
functional relationship. The two levels of independent variablagsual method is to find the ratio of lock of fit mean square to pure
are coded for convenience intel (low) and+1 (high) by the error mean square and compare this ratio with F-static. The pure
transforming equations. Typical transforming equations for th&rror mean square is estimated from the repeated tests carried out
variables are of the following form: at the midpoint of the machinability range chosen for this study.
The tests were repeated four times (trial no. 17-20 in Table 2). The

20 — (Umax+ Vmin) (1) fitted equations are found to be adequate since no significance is

(Umax = Umin) observed at 99 percent confidence level.
2(In v = In ) 5 4.5 Simultaneous Optimization. The technique of simulta-
(IN U — 1N Uin) : @ neous optimization of several variables proposed by Derringer and

] ] ) ~ Suich [16] for applications in rubber processing industry is ex-
The transforming Eq. (1) is used for the independent variablgsnded for optimizing machining response variables such as di-
when the prediction equations are required in polynomial forniensional instability, residual stress, surface finish, tool life, and
and Eq. (2) is used when the prediction equations are requiredniaterial removal rate and derived corresponding independent vari-
exponential form. Similar transformation equations are used fgples such as, f, d, «, andr for experimental validation and
other variables. These transformations were carried out by usinge@dy applications. In simultaneous optimization, the prediated
computer program and the following prediction equations wegg T R, MRR and DIMI are transformed into respective desir
derived: ability functions. The individual desirabilities are then combined
_ using the geometric mean to assess the desirability of the com-
0= —30.12+ 4.94v + 1477.34 bined response. One-sided transformations of the form (9 for
+76.20 — 10.55¢ + 2.714 (3) o, T, R.,, MRR and two-sided transformation of the form (10) for
DIMI are used for obtaining the corresponding desirability func-

0, =2.24+ 0.31v + 1055 + 6.98& tions.
—0.86a + 0.676 (4) y—y
max
o in<<Y <Y
_ —0.488 —0.3534 —0.053. —0.06 0.022 — » Ymin max
T = 9.95y 0485035 ~0.05% Ca+7) (5) q - [ymm ymax] ©)
! —
0 y - ymax
1 y = ymin
Table 2 Experimental data
Y = Ymin
L=y =
Trial v f d « r a. a R, T DIMI — , Ymin=Y=Yc
Nov. yc Ymin
10 | 0.04 0.25 6 | 04 | 100 ] 185 | 035 | 115 | 470 d=[y—YVy 10
i max
38 | 0.04 0.25 6 0.4 220 | 200 | 028 6.0 55.0 — |, Ye=VY = Ymax ( )
3 1 | va22 0.25 5 | oa | aso | avs | 240 | 65 87.5 Ye = Ymax
0 . - ). 280 | 260 | 090 . 70. )
4 10 | 0.04 1.00 6 | o4 | 280 | 26 11.0 0 0 Y < Yinins Y > Yimax
5 10 | oo04 0.25 +6 | 04 40 67 | o7o | 120 10.0
6 10 | 004 0.25 -6 1.2 200 | 190 | 030 | 105 | 500
7 as | 022 0.25 6 | 04 {700 | s53 | 10| 40 197.5
8 38 | 0.04 1.00 6 | 04 | 300 } 285 } 040 | 5.0 75.0
9 38 1 0.04 0.25 46 1 04 | 160 § 1501 025 | 60 40.0 Table 4 Optimized parameters
10 38 | 0.04 0.25 -6 12 | 230 | 225 | 028 | 55 57.5
11 10 0.22 1.00 -6 0.4 400 36.7 3.20 5.5 100.0 A(‘C(‘p(ablc [ndrpcndrnt Dcp(ndcnl or
12 10 0.22 025 +6 0.4 290 27.5 200 8.5 725 dimensional parameters Response parameters, Composite
13 10 | 022 0.25 6 12 $aso | 317 | 400 | 52 95.0 Instabllity - 7 a o o T Destrability
14 10 | 004 1.00 +6 | o4 Yo | 85 | oso | 120 250 in microns « B MRR DIMI R,
15 10 | o004 1.00 6 12 {205 | 280 | 085 | 110§ 738 Range 1T 14 0.04 oA 626 854 102
16 10 0.04 0.25 +6 1.2 50 77 0.60 12.0 12.5 10 to 20 mlerons 6 0.4 196 15.6 0.516 0.296436
17 24 | 013 | oe2s Q 08 | 325 25 1.8 7 80 Range 1Ii 20 0.04 0.5 99.9 10.9 8.4
18 24 | 013 | o625 0 08 | 267 | 239 | 2.6 8.1 67 20 to 30 microns 6 0.4 260 24.9 0.463 0.311526
19 24 | 0.3 | 0625 0 08 | 200 27 1.2 7.5 82 Range IV 26 0.04 0.8 152.4 14.8 7.2
20 24 0.13 0.625 0 0.8 310 23 1.0 8 65 30 to 50 microns ] 0.4 780 38.1 0.186 0.261750
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Table 5 Dimensional instability measurements

Measurement immecdiately Mecasurement after 360 Actual change in dimension
SL Specimen JD/OD after machining in mm hours in mun in mm
No. location Mean Roundness Mean Roundness Mean Roundness
diameter diameter diameter
i 1D at 5 mm 60.5569 0.0145 60.5569 0.0137 no hange 0.008
2 ID at §5 mmn 60.5634 0.02157 60.5630 0.0186 0.001 0.0029
3 0D at 5 mm 66.3993 0.0151 66.3982 0.0136 0.0011 0.0015
4 OD at 15 mm 66.3048 0.0125 £6.3839 0.0118 0.009 0.007
5 O at 25 mm 66.3931 0.0117 66.3024 0.0094 0.007 0.0023

4.6 Optimization Criteria. Generally, the tolerance band of1
modern jet engine components is classified into the following four
groups:

Group I: 5-10 microns range
Group II: 10—-20 microns range

Investigations on plastic deformation characteristics of Inconel
718 concludes that shear localized chips of Inconel 718 very
similar with titanium Ti-6Al-4V alloy. Deformation twinning

is noticed in Inconel 718 and titanium alloy. Inconel 718 also
behaves similar way of titanium alloy in dimensional instabil-
ity and magnitude is much higher than titanium alloys where as

Group lll: 20—30 microns range

) similar phenomenon is not noticed in other nickel based alloys.
Group IV: 30—40 microns range p y

2 The effect of machinability parameters on plastic deformation

There are only a very few components that call for the tolerance and resulting residual stresses was studied. A negative rake
group of 5-10 microns, achieved either by jig boring or girding angle increases and a positive rake angle decreases the residual
operations. Since the present study is limited to turning operation, Stresses. ) )
only the Group Il to Group IV tolerance range is considered fot As the chip tool contact length increases, cutting force and
optimization. Simultaneous optimization is done for these three frictional forces increase; therefore, the controlled chip-tool
groups. These tolerance groups decide the maximum and mini- contact length reduces residual stresses compared to natural
mum acceptable constraints on the dimensional instability. The chip tool contact length. o _
midpoint of this range is taken as the central value for the dimefi- The empirical relationships for prediction of surface residual
sional instability where its desirability becomes unity. The maxi- stresses, dimensional instability, surface finish, and tool life in
mum and minimum acceptable constraints on residual stress, tool Machining by Inconel 718 superalloy have been established.
life, and surface finish are selected based on the practical expéri- The cutting speed, feed, depth of cut, rake angle, and nose
ence, and are given in Table 3. Minimum and maximum con- radius significantly influence the residual stresses, dimensional
straints on MRR are based on the minimum values,df d, and instability, surface finish and tool life.
limiting power of the lathe. Within the given tolerance group® The optimum machinability parametets ¢, d, «, andr) have
individual desirability’s are computed for different combinations ~been established by simultaneous optimization of six response
of input machining parametets f, d, «, andr by varying them variables ¢, o1, T, R., MRR, and DIMI) using desirability
in discrete steps. Finally maximum composite desirability is function approach. The optimized results are verified with
searched by numerical comparison. A computer program is written €xperimental results and it is found adequate.
in C-language to print the optimum valuesaf, o/, T, R., MRR,
and DIMI as soon as the maximum composite desirability is
reached. The optimum parameters are listed in Table 4.

4.7 Experimental Validation of Optimum Parameters.
To validate these derived optimum machinability parameters for
the actual applications on critical components for the acceptable
tolerance range of 10 to 20 microns, tests were conducted on
ring-shaped specimen by following the same procedure that fol-
lowed for generating initial experimental data. Measured response
variables were compared with predicted. The inspection data are
listed in Table 5. The inspection report clearly shows that the
dimensional changes are well within the predicted limit. Repeated
tests were conducted with same parameters and measured values
scatter within 5 percent. This experiment validates that predicted
optimum machinability parameters are most reliable. Similar val-
idations have been done for other tolerance groups.

[©lon 13]

200 HOURS
AFTER MACHINING

IMMEDIETELY
AFTER MACHINING

Fig. 14 Effect of non-optimized parameters on dimensional instability
4.8 Validation of Optimum Parameters on Actual Compo- ' .
nents of Jet Engine. The predicted optimum parameters for the
tolerance range of 10 to 20 microns were validated for practical
application on compressor disc. By using these optimized d,
«, andr the 400 (-0.02, 0.00) mm locating diameter was ma-
chined. Immediately after machining dimensions were checked, it
was found to be 40040.010, 0.00) mm. After 360 hours, the same
dimension was 400+0.015, 0.00), which is within the acceptable
tolerance band. Figure 14 and Fig. 15 show the effect of nonop-
timized and optimized parameters on dimensional changes. The
results prove the validity of this optimization technique and the
parameters for the practical applications.
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5 Conclusion AFTER HACHINING

The following conclusions emerged form the present study:  Fig. 15 Effect of optimized parameters on dimensional instability
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Isothermal Fatigue Behavior
and Damage Modeling of a
High Temperature Woven PMC

This study focuses on the fully reversed fatigue behavior exhibited by a carbon fiber/
polyimide resin woven laminate at room and elevated temperatures. Nondestructive video
edge view microscopy and destructive sectioning techniques were used to study the
microscopic damage mechanisms that evolved. The elastic stiffness was monitored and
recorded throughout the fatigue life of the coupon. In addition, residual compressive

A. L GyekenyeSI strength tests were conducted on fatigue coupons with various degrees of damage as
NASA Glenn Research Center, quantified by stiffness reduction. Experimental results indicated that the monotonic tensile
MS 6-1, properties were only minimally influenced by temperature, while the monotonic compres-

21000 Brookpark Road, sive and fully reversed fatigue properties displayed greater reductions due to the elevated

Cleveland, OH 44135 temperature. The stiffness degradation, as a function of cycles, consisted of three stages;

a short-lived high degradation period, a constant degradation rate segment covering the
majority of the life, and a final stage demonstrating an increasing rate of degradation up
to failure. Concerning the residual compressive strength tests at room and elevated
temperatures, the elevated temperature coupons appeared much more sensitive to dam-
age. At elevated temperatures, coupons experienced a much larger loss in compressive
strength when compared to room temperature coupons with equivalent damage. The
fatigue damage accumulation law proposed for the model incorporates a scalar repre-
sentation for damage, but admits a multiaxial, anisotropic evolutionary law. The model
predicts the current damage (as quantified by residual stiffness) and remnant life of a
composite that has undergone a known load at temperature. The damage/life model is
dependent on the applied multiaxial stress state as well as temperature. Comparisons
between the model and data showed good predictive capabilities concerning stiffness
degradation and cycles to failure.

Introduction engineer must be able to detect the accumulated damage that

Current objectives of the aeronautics community call for a§:curs in a structural component under various service conditions.

vanced aircraft that produce greater payload delivery and increa fyce a dependaple methodology has been established to Qetect
fuel efficiency. Of vital importance in the development of th amage, the design engineer .must also.be ab!e to asgertaln the
propulsion systems for these aircraft is the utilization of co§'tﬁect dama,ge has on engineering properties. This e_ssgntlally leads
effective advanced materials. Bowles et al. (1996) pointed out tH3t&Stablishing a damage criterion. The damage criterion dictates
one of the prevailing philosophies driving these programs is tif§en to remove a component from service. )
utilization of lightweight polymer matrix composites (PMCs) in [N the past, successful fatigue life models for conventional
selected sections of newer engines where elevated temperat(igierials would incorporate a relationship between microstructural
prevail. These materials will serve both as load bearing and ndf@mage (i.e., the defect state) and the mechanical properties of the
load bearing components. Anticipated service environments ifaterials. Similar models based on high quality fatigue data must
clude temperature regimes that reach and maintain levels of 300%€ established for PMCs. Models that predict the rate of damage
(572°F) or more. These future requirements impose service teggcumulation for PMCs would enable a design engineer to predict
peratures approaching the glass transition temperaiigledf the when a component should be removed from service. However, in
resin. Whether the anticipated service requirements are stringerder to construct a useful fatigue life model for PMC laminates
(e.g., aerospace) or mundane (where commercial success is driingstructed from either tapes, weaves or both, an extensive data
technology) a data base of pertinent engineering properties mustiase must be developed. While information relative to non-woven
developed. Therefore, one of the objectives of this study is to atiininated PMCs has been added to the data base for a number of
to the existing property data base by providing information relatiweears, little effort has been invested augmenting the data base for
to fatigue and damage accumulation. This data has been obtainesyen PMCs. This study expands the data base of information
under conditions approaching the service conditions found iggarding the fatigue life of a cross-woven PMC. The macroscopic
turbine engines. and microscopic behavior of the material was documented at room

With the increasing utilization of PMCs in structural compoand elevated temperatures under a fully reversed cyclic load. To
nents the need to predict service life under both static and cycliecomplish this, advanced experimental techniques were devel-
loads becomes important. However, to predict life the desigiped and employed for the uniaxial tests. Finally, an isothermal,

multiaxial fatigue life model was proposed that captures the re-

Contributed by the International Gas Turbine Institute (IGTI) ef TAMERICAN duction of stiffness under cyclic load f(,)r the afo'rem_entlone_d (0/90)
SocieTy oF MEecHANICAL ENGINEERS for publication in the ASME durnaL oF Enci- ~ WEAVe. It should be noted that the primary objective of this study
NEERING FOR Gas TURBINES AND Power Paper presented at the International Gasvas to develop and establish a comprehensive fatigue model for
Igg‘g?i;&% ézr;’:r”gé’jgﬁ‘iggfess and Exhibition, Stockholm, Sweden, June 2pviCs that correlates well with experimental fatigue data. For a

Manuscript received by IGTI February 25, 1998; final revision received by thd10"€ detailed explanation concerning this research and its results,
ASME Headquarters October 20, 1999. Associate Technical Editor: R. Kielb.  the reader is advised to see Gyekenyesi (1998).

62 / Vol. 122, JANUARY 2000 Copyright © 2000 by ASME Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Interply
delamination

Warp
fiber bundle

Fiber bundle

Resin fracture

\

Load

e\

!
| —
> ‘
e i
/ Transverse \

Fill (weft) crack
fiber bundle

Direction

!

Fig. 1 Schematic of specimen geometry
Bundle debond

Material. Test Equipment and Test Procedure Fig. 2 lllustration of microscopic damage in a (0/90) weave: edge view

The high temperature PMC employed in this study carries the
designation T650-35/PMR15. This material is a carbon fiber/ ] )
polyimide composite with a two dimensional fiber architecture. AR Was employed with a displacement rate ©0.00254 cm/s
8-harness satin balanced (0/90) cross-weave was utilized in faffi-0-001 in./s). Finally, to validate the monotonic compressive
cating each ply. Plate specimens were supplied in two differeBghavior of the coupon B design, the WMC fixture was employed
thicknesses, i.e., plates with a 10-ply thickness, and plates with 86700m temperature. Again, displacement control was utilized at a
plies through the thickness. A glass transition temperature ‘@te of —0.00254 cm/s £0.001 in./s). Throughout this study,
335°C (635°F) was obtained through a rheological analysis whijlure was defined as complete separation of a coupon into two
was later verified by thermal mechanical analysis (TMA). Theieces. The isothermal fatigue experiments were conducted at
average fiber volume fraction of 0.64 was established throught!ltiple levels of maximum stress. However, the stress ratio for all
procedures set forth in ASTM Standard D 3171. atigue experiments was maintainedRat = —1.0 (0ni/Oma)- A

Two dog-bone specimen configurations were designed for ttfi¥clic load frequency of 2 Hz was employed with a triangular load
study. The first dog-bone configuration, identified as coupon Avave form. All the fatigue specimens were subjected to constant
was utilized in the monotonic tensile tests. The other dog-bo#ead limits and constant load rates, i.e., load control. _
specimen, identified as coupon B, was utilized in monotonic com- Certain monotonic tests and certain fatigue tests were inter-
pression tests and in fully reversed fatigue tests. The dimensiond'¢ted in order to ascertain information concerning microstructural
the coupons are provided in Fig. 1 and Table 1. Finally, to assl#@mage, degraded moduli and residual strength. Selected mono-
the quality and reproducibility of the coupon B design, the staonic tensile and compressive tests were interrupted to obtain
dardized Wyoming Modified Celanese (WMC) test fixture wagections for microstructural analysis. The destructive examination
employed to provide benchmark data concerning the monotorfigPeriments were stopped at approximately 55 percent and 90
compressive strength. percent of the ultimate tensile and compressive strengths. In ad-

The test rig utilized for this program is a closed-loop, servohydition, selected fatigue tests were interrupted to acquire informa-
draulic system with a load capacity of 88.96 kN (20 kip). Specfion regarding the relative state of the microstructure as well as
mens were gripped with hydraulic actuated, water cooled, diamofBtaining values for the residual compressive strength. The tests
pattern serrated, wedge grips. Longitudinal strain measureme¥f@'® interrupted based on the degradation of the tensile and
were obtained using an edge mounted, air cooled extensomé@mpressive moduli. The predetermined levels of moduli degra-
with a 1.27 cm (0.5 in) gage length. The monotonic and fatigudations were approximately 1, 5, and 10 percent stiffness loss. For
experiments were conducted under computer control. Specim&#h predetermined interruption point two coupons were obtained.
were heated utilizing six high intensity tungsten-filament quar@ne coupon was selected for destructive examinations while the
bulbs (500 watts/bulb). other was used to obtain the r_eS|duaI compressive strength. Flnglly,

The isothermal monotonic and fatigue experiments were cotle coupon edges’ were monitored by live video to assess real time
ducted at two temperatures, i.e., 22°C (72°F) or room temperat@i@mage during testing.
(RT), and 316°C (600°F) which will be referred to as elevated
temperature (ET). The ET was approximately 19°C (35°F) belofaxperimental Results
the dry glass transition temperaturg;. The monotonic tensile levated temperature had a statistically insignificant effect on
tests were conducted in load control using test coupon Aand a | posite tensile properties because the tensile behavior of the
rate of 20.7 MPa/s (3 ksi/s). Displacement control was utilized fopaterial was fiber dominated. While the behavior of the polyimide
the monotonically increasing compression tests. Here test cOuR@gn, js significantly altered at ET, the carbon fibers are generally

unaffected at the test temperatures in this study. The average
ultimate tensile strength within=1 standard deviation at 22°C

Table 1 Dimensions for flat, reduced gage section specimens (72°F) based on 11 specimens was 8537.0 MPa (124+ 2.46
Dimension | Coupon A* Coupon B* ksi). The average ultimate tensile strength withirl standard
cm (in) 10-ply Tensile | 16-ply Comp. deviation at 316°C (600°F) utilizing 7 specimens was 8314.3
L1 17.78 (1.0) 15.24 (6.00) MPa (121=+ 2.07 ksi). The average tensile failure strain withid
L2 2.79 (1.10) 1.91 (0.75) standard deviation at 22°C (72°F) was 1:1%.0408 percent. The
5‘ jig 8;?; 2-2; gég; average tensile failure strain withit:l standard deviation at
Ls 8.89 (3.50) 3.81 (1.50) 3_16°_C (600°F) was 1.1% 0.0441 percent. In addition, the lon-
Wi 216 (0.85) 2.03 (0.80) gitudinal moduli decreased approximately 2.3 percent due to the
w2 1.19 (0.75) 1.91 (0.75) ET. At both temperatures the stress-strain curves were relatively
R 36.83 (14.5) 7.19 (2.83) linear to failure.
*Average thickness = 0.323 ¢cm (0.127 in) A schematic identifying the various damage mechanisms for
**Average thickness = 0.533 cm (0.210 in) this composite material is depicted in Fig. 2. During RT tensile
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tests, transverse cracks were initiated at approximately 379 MPa MPa ksi

(55 ksi), and these cracks continued to accumulate up to failure. P B0
Figure 3 illustrates an edge view of accumulated damage charac- F 120 }Tensile f nCO2E) .
terized by destructive examination of an interrupted tensile test at 800 - 1o o ;(])Sn(cj Sggo;) |
h w L
758 MPa (110 ksi). At RT the transverse cracks appeared to be 4 200 b Model 22°C (7°F) |
uniformly distributed through the width and the thickness. Warp *:-', p 100 } ——" Model 204°C (400°F)
bundle debonds and interlaminar delaminations were next in the £ 600 [ op®S Comp Model 316°C (600°F)
sequence of damage events at RT. These events occurred at an 2 I s i
approximate tensile stress value of 827 MPa (120 ksi). Debonds E 500 F oo ]
and delaminations were initiated near the intersection of the face o E
and edge of the test specimen (i.e., the corner of the coupon). = 400 | 60 1
Stress concentrations in this region (a result of the Poisson’s ratio [ 50 1
mismatch between the bundles and resin) were the probable cause 300F 4 _
of the debonds. Although the debonds and delaminations appeared EooE
to occur simultaneously, bundle debonds probably occurred first. 0 o 1 10 1o 1 10 10
These debonds then branched to the resin rich interlaminar area .
which induced delaminations. Failure occurred shortly thereafter Cycles to failure (N)
when isolated debonded warp bundles fractured causing the sqgé:.-4 Stress based isothermal fatigue life for T650-35/PMR15 (0/90)

imen to break into two pieces. weave

A slightly different pattern of microscopic damage was ob-
served for the 316°C (600°F) tensile tests. Warp bundle debonds
occurred simultaneously with transverse cracks along the edgetludt strain gage data (gages applied to both faces) verified that
the coupon. These events were first detected via the edge vieacroscopic buckling did not occur in the unsupported specimens.
camera at approximately 414 MPa (60 ksi). Both mechanismsAs noted earlier, coupon B was used for the compression tests
continued to accumulate up to failure. However, in contrast to Rifiat generated the information presented above. To validate that
tensile tests there was a relatively low density of transverse cradaipon B produced acceptable compressive strength data, six
which was most likely the result of increased ductility of the resimonotonic compressive tests were conducted at room temperature
at ET. Relatively few transverse cracks were detected in thlizing the Wyoming Modified Celanese Fixture. The average
sectioned views taken from specimens at an interrupted stress ladémate strength obtained using this fixture wa$68 MPa
of 758 MPa (110 ksi), and none at all were detected at the lower96.8 ksi) with a standard deviation af46.5 MPa (-6.78 ksi).
interrupted stress level of 379 MPa (55 ksi). When observed, tiiest results from the Celanese fixture showed acceptable agree-
transverse cracks were homogeneously distributed through thent with the coupon B room temperature test results provided
gage section. Again, tensile failure occurred when the isolatatiove (i.e., a statistically insignificant difference concerning the
debonded warp bundles failed with increasing stress. mean compressive strengths). This is a strong indication that the

Elevated temperature had a more pronounced effect on fti&ta obtained using the coupon B specimen geometry was repro-
compressive properties of the composite. The average ultimalecible.
compressive strength within 1 standard deviation at 22°C (72°F) At both room and elevated temperatures, neither the destructive
based on 4 specimens was$75 = 5.21 MPa (97.8 = 0.756 microscopy nor the edge view monitoring indicated any signs of
ksi). The average ultimate compressive strength at 316°C (600%Ricrostructural damage prior to failure for monotonic compressive
utilizing 4 specimens was 629 = 26.4 MPa (-91.2+ 3.82 ksi). loading. By viewing the edges of the specimens during the com-
Thus, the average ultimate strength was reduced by 6.7 percenpaessive tests, it was observed that the failures were instantaneous
a result of the ET. At 22°C (72°F) the compressive failure straiat both RT and ET. At both temperatures failure was likely the
within =1 standard deviation was1.12 = 0.0457 percent. At result of the simultaneous occurrence of massive bundle debonds
316°C (600°F) the compressive failure strain wak 04 + 0.0465 and bundle buckling. The debonds were caused by the Poisson’s
percent. Thus, ET caused a 7.1 percent decrease in failure straiduced out of plane tensile strain.

The preceding statistical comparisons were based on a 95 percem graphical summary of the fatigue life data is presented in Fig.
confidence level using thietest method. As was the case for thet. As a reference, the monotonic tensile and absolute monotonic
tensile behavior, the stress-strain curves for the monotonic conompressive data appear in this figure along the vertical axis. The
pression tests at RT and ET were relatively linear to failure. Notaaximum cyclic stress levels which ranged from 241 MPa (35 ksi)
to 483 MPa (70 ksi) produced lives ranging from' 16 over 16
cycles to failure. The ET data showed a significant reduction in
cycles to failure when compared to RT data tested at the same
maximum stress level. For example, at the applied maximum stress
of 345 MPa (50 ksi), the specimens exposed to RT had an average
life 70 times greater than specimens exposed to ET (i.e., 24,314
versus 353 cycles to failurély). As a final note, all the specimens
failed during compressive regime of the fully reversed cycle at
both temperatures.

Figure 5 depicts room temperature data for compressive stiff-
ness (normalized with respect to the initial stiffness) versus accu-
mulated cycles (normalized with respect to cycles to failiwg,
for three specimens at a single maximum cyclic stress level of 379
MPa (55 ksi). Specimen identifications and respective cycles to
failure are indicated in the figure. From this data, it is easily seen
that normalized moduli as a function of normalized accumulated
cycles is consistent from specimen to specimen, at a given tem-
perature and stress level. Note that the specimens in Fig. 5 display

0.5mm three stages of degradation. The first damage stage occurred during
Fig. 3 Microscopic edge view of transverse cracks in a typical RT the_ initial 1 percent of “fe_ (see Fig. 7 for close-up view of stage |)_-
tensile specimen after loading to 758 MPa (110 ksi) This was followed by a linear second stage (constant degradation
64 / Vol. 122, JANUARY 2000 Transactions of the ASME
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Fig. 5 Normalized compressive modulus degradation behavior for mul- Fig. 7 Comparison of normalized compressive modulus degradation
tiple specimens at 22°C (72°F):  ormax = 379 MPa (55 ksi) behavior between RT and ET at an equivalent stress

rate) which constituted the majority of life. As failure approachecﬁt room temperature. This artifact is incorporated into the analyt-

a dramatic increase in the damage rate occurred. This increa& model.

rate of damage was reflected in the sudden loss of moduli prior {o"19ure 8 depicts the average Stage Il room temperature modulus
failure. Similar degradation rates were observed for both tensfi§dradation behavior at three stress levels as a function of accu-
and compressive moduli. This indicated an equivalent sensitivi’?lﬂ"’_lted cycles. Seen is the fact that the rate of modulus degrada-
of stiffness to the various microscopic damage mechanisms AN iS heavily dependent on the applied stress level. The multiple
either load direction. Here, the discussion focuses on the comprEd[ves were obtained by fitting a first order linear regression curve
sive modulus because failure always occurred during the comprg%-the Stage I.I data obtained from three speum_ens tested at a
sive segment of the cycle. Figure 6 displays the normalized stiffdrticular maximum stress level. For examplegal, = 379 MPa
ness data for three specimens at 316°C (600°F) with an appl k3|)_ a regression curve was obtained from the Stage Il data
maximum cyclic stress of 310 MPa (45 ksi). Modulus degradatidiPPearing in Fig. 5. The average accumulated cycles were calcu-
behavior similar to RT data was seen at each of the maximd@j€d Py multiplying each specimen’s normalized life by the aver-
applied cyclic stress levels at this temperature. Again, Stagedy€ life of the three. It is clear from Fig. 8 that the rate of

dominated the life of the coupons. However, the slope of the linedfgradation of the normalized stiffness as a function of accumu-

segments were relatively shallow in comparison to the room tenqi€d cycles is dependent on the applied maximum cyclic stress at

perature data. Also, note in Fig. 6 that a slight increase was : i | h i th fati
observed in some specimens during the early segments of life/At 1 percent stiffness loss, the damage in the RT fatigue cou-
s consisted of a few transverse cracks. No other forms of

Both the occasional early increase and the relatively shallow St X O . :
mage were apparent at this point in the fatigue life of the RT

Il were likely influenced by an increase in resin stiffness due i h ks h h o
cross-linking of the resin molecules at ET. The reader is directé@MPOSite. The transverse cracks had a homogeneous distribution
throughout the thickness and width. At 5 percent stiffness loss, the

to Bowles et al. (1996) for further discussions on this issue. ’ . k > 1099
Figure 7 shows a typical comparison between the RT and érfnsverse cracks increased in density. Also, there were indications
bundle debonds at the roots of the transverse cracks. At 10

compressive moduli (normalized with respect to the initial stiff® . .
ness) for an equivalent maximum cyclic stress level. Notice thBErcent stifiness reduction, the bundle debonds propagated and

the normalized moduli degrade at the same rate, but the coupﬁ'?r?lesced into interlaminar delaminations. The debonds were con-
tested at 316°C (600°F) failed much earlier than the coupon tesfed'trated along the face and edge of the coupons and expanded
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Fig. 6 Normalized compressive modulus degradation behavior for mul- Fig. 8 Normalized compressive modulus at various maximum stresses
tiple specimens at 316°C (600°F):  0Omax = 310 MPa (45 ksi) for RT condition. Each line is an average of three specimens.
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 65

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1.0Q . ulus. The primary advantage of residual modulus over residual
—O— 22°C (72°F) strength is the ability to readily follow modulus degradation via
—8— 316°C (600°F) interrupted fatigue tests. For obvious reasons the residual strength

0.9 can only be measured once during the fatigue life of a specimen.

Wang and Chim (1983), Poursartip et al. (1982), Liu (1992), Ye

R (1989) as well as Lemaitre and Chaboche (1990) have focused on

elastic moduli as a pertinent measure of the damage state. Pour-

sartip et al. (1982) pointed out that elastic moduli are particularly

7 attractive because as a fourth order tensor, elastic moduli offer the

b possibility of distinguishing and monitoring different components

06 b ~ ) of damage. Yet, representing damage with a fourth order tensor
TF has drawbacks as a result of its experimental complexities. Be-

08 f

0.7

Normalized comp. strength
(Greﬂduallostatlc ult, )

b cause of these limitations, the fatigue damage accumulation law
05 R proposed here incorporates a scalar representation for damage, but
1.00 0.95 0.90 0.85 0.80 admits an anisotropic evolutionary law. The model predicts the
current damage state (as quantified by current stiffness) and rem-
nant life of a composite that has undergone a known cyclic load at
temperature. The damage/life model is dependent on the applied
multiaxial stress state. The model is also a function of the applied
maximum fatigue stresses, the applied mean stresses, and temper-
ature. The model is characterized using the uniaxial life and
stiffness degradation data of the woven PMC employed in this

through the thickness. The transverse crack density did not fiudy. . . .
crease after 5 percent stiffness loss. Because the count did no-[he measurement of damage is not directly accessible. Its quan-

increase, it is likely that a saturation level was achieved. In-sif[jallVé évaluation, as with many properties, is linked to the defi-

monitoring of the specimen edge indicated that delaminatioﬁ'étfIon of the variable chosen to represent the phenomenon. The
grew ply by ply through the thickness until final failure occurred! erred re_Iatlonshlp 1S bas_e_d on a link between dgformatlon e}nd
Final fracture, which occurred during compression, was the resgMage. i-€., to the modification of the mechanical properties
of massive debonds, bundle buckling and delaminations in thearacterized. Here damage is defined as

Normalized modulus
(E/E,)

Fig. 9 Residual compressive strength behavior as a function of damage
(i.e., current compressive modulus)

intact interior plies of the RT coupons. E
At 316°C (600°F), no microscopic damage was observed in any D=1-—, (1)
of the sectioned views takert a 1 percent stiffness reduction. Eo

However, the in-situ edge view showed initial bundle debonds agghee g is the initial longitudinal stifiness ant is the current

breaks occurred along the edge and face. The bundle debopgsiiydinal stiffness. Thus, if the initial Young's modul@s is

occurred within the first few cycles and progressed until failurgnoyn “any measurement of the residual elastic stiffness can be
The damage level (i.e., the 1 percent decrease in the normalized 1o determine the damage.

stiffness) was maintained until a sufficient number of transverseTq gescribe the evolution of damage, a power law relationship
cracks accumulated. The transverse cracks penetrated appr%’(iémployed in a fashion similar to W(l)l’k by Wang and Chim
mately one or two bundle widths from the edge. Interlamin 5983), Hwang and Han (1989) as well as Ye (1989). The evolu-
delaminations first appeared in the edge view when the compo%%ary laws in those studies were developed for the case of
reachel a 4 percent stiffness reduction. The final damage mechgsiayially applied stresses with fixegHratios. Here, the general
nisms, initiated at 5 percent stiffness reduction, were interp. %rm of the evolutionary law is expressed as a power function in
delaminations. At this point an increased rate of bundle fracturﬁ,'srmS ofd which is a function that accounts for multiaxial cyclic

were occurring due to buckling of the isolated bundles. All of thesgess states. The evolutionary law is also a function of the current
mechanisms initiated along the edge and face and then procee, of damage. The functich is dependent on the maximum

to propagate towards the midplane of the laminate (see Gyekojic stress and the cyclic mean stress. The damage rate is
enyesi, 1998, for discussion on edge effects). This indicated ressed as
start of Stage lll (i.e., the drastic increase in degradation rategp
behavior of the modulus curve. Failure occurred when the out-of- dD HC
plane strain in the remaining intact plies caused massive debond- aN=A B(D + D)1 (2)
ing, delaminations, and bundle buckles. °

Figure 9 shows the normalized residual compressive strengthvlsereD , is the initial damage state ad B, andC are material
a function of the normalized compressive modulus. Indicated donstants. The functional dependencedofis stipulated as the
the figure is the fact that even a small amount of damage causegifference between a functioh (defined momentarily) evaluated
significant reduction in strength at elevated temperature. For ex-two different stress states, i.e.,
ample, the damage which indute 1 percent loss in stiffness
caused a 25 percent reduction in residual compressive strength. For ® = [F(Shaw 00) = F(Shean 00)]1"2 (3)
the RT case, a relatively large amount of damage, on the order_of
a 10 percent stiffness degradation, was required to reduce
residual strength by 25 percent. As a final note, the resid
strength curve of Fig. 9 suggests a three stage pattern similar®
that of the modulus degradation curves. However, there is ins
ficient data to make a conclusive statement. Future work that.
includes more residual compressive strength data is needed”
make appropriate conclusions.

vectorsSy,., and S..., have components dependent on the
JRAximum cyclic stresse{(max o' mmax aNdTLrma) and cyclic mean
{fesses K Lmean OTmeans @Nd T e, respectively. Note that the
omponents are referenced to the Idcal axis (i.e., longitudinal
d transverse axis of the material). The veetfris composed of
ate strengthery, oy, o2y and 7 1.
he function® is a measure of the intensity of the applied
multiaxial stress state with respect to the ultimate static failure
. . envelope of the anisotropic composite. The ultimate strength val-
Damage Model and Life Prediction ues arz defined by mor?otonic tpests. The functionn Eq. ?3)
The two macroscopic properties most often utilized as a medefines the monotonic failure surface for a two dimensional lam-
sure of damage for PMCs are residual strength and residual matk. In essenceb utilizes the monotonic failure function to obtain
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a scalar representation of the applied multiaxial cyclic stress, i.e.,
the stress environment. Therefore, as the applied multiaxial fatigue
stress state moves closer to the monotonic failure surface it results
in an increase in the rate of damage accumulation. Although there
are many monotonic failure functions, this study employs a deriv-
ative of the Hill failure theory for anisotropic materials under plane
stress because of its acceptance and wide use. Utilizing Hill's
definition for multiaxial failure, the functioifr is defined as

o\ 2 2
(22
Oy 0Ty

( 1 n 1 1 ) n < TLT) 2 (4)
O'Eu U%u U%u oL Tiru)

The Hill theory stipulates that for a plane stress environment the

e PCl_1 N;=40740 -
— Prediction

"0 10000 20000 30000 40000 50000

Normalized modulus (E/E )

monotonic failure initiates wher = 1. Note that when the Cycles (N)
applied normal stresses are compressive, ultimate compressive
strengths are used in Eq_ (4) Fig. 10 Model versus data comparison of normalized compressive mod-

Damage evolution can be obtained by integrating Eq. (2) and BYs as a function of cycles at 204°C (400°F)
assuming thaD = D, when N = 0. Therefore, damage as a

function of fatigue cycles is . . . .
Note that the cyclic mean stress term is O for this particular study

D =[ADCN + (2D,)E]*® — D,. (5) sinceR, = —1. Therefore® is simply the ratio of the applied
. o i . maximum stress normalized by the RT monotonic tensile strength.
Modeling of property degradation is achieved by combining Egs. The fatigue life data (but not the damage rates) showed a

(1) and (5). . _ significant decrease in cycles to failure as a result of the elevated
Atthe end of the fatigue life of a specimen, whé¥e= Ny, the  temperature. This temperature dependence was a result of the
damage parameter reaches a critical value defined as material’s lower tolerance to damage at elevated temperature.

D=D. +D.. ©) Although the specimens damage accumulation rates at a given
° criicalr maximum cyclic stress were approximately the same at either

Combining Egs. (5) and (6) and solving for the number of cycle®2°C (72°F) or 316°C (600°F), the elevated temperature coupons

(N;) associated withD ..., the life model is expressed as follows:failed at a much. lower critical damagg state. The critical damage
values were defined as the lowest stiffness value on the stage I

(Dgitcal + 2D,) B — (2D,) B portion of the modulus degradation curves as indicated in Fig. 5. A
= AdDC : (™) linear relationship was obtained f@ .. after plotting D ca
versus®. The following equation describing the critical damage
The stiffness degradation curves presented earlier indicate thats defined for the current material
the damage accumulation as a function maximum cyclic stress
involved three stages. Since the second stage (linear portion) of the Deiica = P(T) + Q- @. 9)

damage accumulation curves accounted for the majority of fatig%%sed on the data. the constants are calculated as
life for this PMC, it was reasonable to model damage for this stage. ’

Ny

The following observations obtained from the fatigue data were P=(-6.510X 104 -T + 0.5776
used to simplify the characterization process. First, since the
degradations were linear (i.e., constant rates regardless of the Q=-8.877x 107! (20)

current level of damage as a result of only modeling Stage 1), E% tri its (°C d
(2) was assumed to be dependent only on the cyclic stresstate, r metric units (°C), an

Thus, the current level of damage was not altering the rate of P=(-3.625X 107% - T + 0.5894
damage accumulation. To eliminate the dependence on the current
level of damage, the constaBtwas taken equal to 1 in Eqg. (2). Q=-8.877x 101 (11)

Second, Fig. 7 indicates that the modulus degradation rates were ) . i )

independent of temperature. Therefore, the room temperature 4 English units (°F). With the damage evolutionary law and
elevated temperature results were pooled for the characterizationica defined, the focus is now turned to a comparison with
of the damage rate constarts B, andC in Eq. (2). The damage experimental data. Note that it is assumed that the initial damage,
rate for an individual specimen was calculated by fitting a lined?o: i very small with respect to the damage which is induced
regression curve to the stage Il segment of the compressive méHting fatigue cycling. Thud), is equated to 0. As a resul, is
ulus degradation curve. The log of the damage rates for eakpual to the initial modulus at the test temperature prior to cyclic
individual coupon (both room temperature and elevated tempef@tigue.

ture) were plotted as a function of the log of the multiaxial cyclic !N addition to the data at 22°C (72°F) and 316°C (600°F), three
stress statab. The constanfA represents the inverse log of thecOUpons were tested at the intermediate temperature of 204°C
intercept and the consta@trepresents the slope of the line. Fron{400°F) to further substantiate the predictive capabilities of the

the regression analysis, the model constants for the current magdel. Figure 4 shows the theoretical results in comparison to the
rial system were experimental data. Recalling that the model characterization was

achieved using 22°C (72°F) and 316°C (600°F) data, the theoret-
A=0.1257 ical values at those temperatures show good agreement with the
data as expected. The model also shows good agreement with the
B = 1.000 204°C (400°F) cyclic fatigue data.
A comparison between the predicted compressive stiffness and
and the experimental data at 204°C (400°F) is displayed in Fig. 10.
Equation (7) was utilized to define the total number of cycles to
C=10.436. (8) failure for the stiffness prediction at the respective stress and
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temperature. As Fig. 10 depicts, the agreement was good concefamage state was dependent on the both the cyclic stress level and

ing both the slope of the line and cyclesiQca- temperature. Comparisons between the theoretical valueS-&hd
data indicated good agreement between the model and experiment
Conclusions at 22°C (72°F) and 316°C (600°F). The predictive capabilities of

. . . . the model were further substantiated by comparing the model to
With respect to the experimental portion of this study, th?éjlly reversed fatigue data produced at an intermediate temperature

monotonic and fatigue behaviors of a carbon fiber/polyimid o o o .
weave (T650-35/PMR15) were studied at room and elevated te%-zo4 C (400°F). The agresment at this intermediate temperature
as good concerning both the modulus and cycles to failure.

peratures. This involved investigating the effects of temperature o . :

both the macroscopic and microscopic properties of the compos _s_tly, the data generated here represents gnlaX|aI Ioang applied
The results indicated minimal influence of temperature concerni _|soth¢_armal temperatures. Th_us, a uniaxial formule_ltlon of the
the monotonic tensile tests. This was expected due to the ﬁg gue life model proposed in this study was characterized. Future

domination under such loading. Elevated temperature had a myf@k should encompass multiaxial testing and examine mean

pronounced effect on the monotonic compression results. Finarégess effects in order to enhance the modeling effort presented
the fully reversed fatigue data showed significant reductions

cycles to failure as a result of temperature. The effect of temper-

ature on monotonic compression and fully reversed fatigue w, f

due to the increased role of the resin for a composite subjecteo?% erences

such modes of loading. Note that the fatigue tests always failed irBowles, K. J., Roberts, G. D., and Kamvouris, J. E., 1996, “Long Term Isothermal
compression Aging Effects on Carbon Fabric Reinforced PMR-15 Composites: Compression

he d del itativel he d fd Strength,” NASA TM-107129.
The damage mode quantitatively measures the degree o an?;yekenyesi, A. L., 1998, “Isothermal Fatigue, Damage Accumulation, and Life

age by establishing a functional relationship between the residgaddiction of a Woven PMC,” NASA CR-206593.

stiffness and the damage state of the laminate. The damage evewang, W., and Han, K. S., 1989, "Fatigue of Composite Materials: Damage

lution law employs a power law relationship to model the damagéode! and Life Prediction'Composite Materials: Fatigue and Fracture, Second

rate as a function of the multiaxial cyclic stress environment af ">’ Philadelphia, PA, pp a7t o American Sociely for Testing an

the current level of damage- The C!’Itlcal Qamage, which defines th@emaitre, J., and Chaboche, J. L., 198@chanics of Solid MaterialCambridge

level of damage at the time of failure, is dependent on the mulniversity Press, New York.

tiaxial cyclic stress environment and the temperature. Charactertiu. B. Y., 1992, “Fatigue and Damage Tolerance Analysis of Composite Lami-

ization of the model in respect to the T650-35/PMR15 (0/9({}“85‘ Stlffnes_s Loss, Damage Mpdellpg,and Life Predictions,” Master’s thesis, Dept.
hi d by the utilization of the fullv reversed un$ Mech. E_nglneerlng, McGill University, Montreal, Quebec, Canada.

we_ave V_Vas a_c ieve y g y "~ Poursartip, A., Ashby, M. F., and Beaumont, P. W. R., 1982, “Damage Accumu-

axial fatigue life data and stiffness data. For the current materiadon During Fatigue of Composites,” Proceedings, International Conference on

system, the damage was found to have a constant degradation €ateposite Materials 1V, Tokyo.

dependent on the maximum cyclic stress. Because the stiffnegdans. S. i-rF%”d g&@CE s M. 33983'|“Ff339“e Damage a.r“fnyglré‘da“O” in

data showed the degradation rates to be independent of temp%;fiom ort-HIber ompositespumal ot Lomposiie Materials:ol. 27, p.
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characterization of the damage rate equation. However, the criticamposite Materials,Composite Science and Technologpl. 36, pp. 339-350.

68 / Vol. 122, JANUARY 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Mechanical Property Scatter
in CFCCs

The tensile response of continuous fibre reinforced ceramic matrix composites (CFCCs)
M. Steen is not expected to show the large variation in strength properties commonly observed for
monolithic ceramics. Results of recent investigations on a number of two-dimensional
reinforced CFCCs have nevertheless revealed a considerable scatter in the initial elastic

C. Filiou modulus, in the first matrix cracking stress and in the failure stress. One school of thought

considers that the observed variability is caused by experimental factors. Elaborate

Institute for Advanced Materials, testing programmes have been set up to clarify the origins of this scatter by investigation
Joint Research Centre, of the effects of control mode, loading rate, specimen shape, etc. Another school explains

European Commission, the scatter by the presence of (axial) residual stresses in the fibres and in the matrix.

P.0.Box 2, Although plausible, this hypothesis is difficult to verify because experimental determina-

NL_}E25N€E];F;§§S' tion of the residual stress state in CFCCs is not straightforward. In addition, with the

available methods it is impractical to determine the residual stresses in every test

specimen. This approach is indeed required for establishing the relationship between the
magnitude of the residual stresses and the experimentally observed scatter. At IAM a
method has been developed and validated which allows to quantify the axial residual

stress state in individual CFCC specimens by subjecting them to intermittent unloading-

reloading cycles. The method as well as the derived relationship between residual stress
state and scatter in mechanical response will be presented.

Introduction to specimen are obvious origins for scatter, and they have indeed
Although they exhibit very attractive properties, monolithid®&€n identified as such (Adami, 1992; Steen, 1995). However, an

ceramics have not gained widespread application as structfgdfiitional variability factor specific to multi-directionally rein-
materials because of their brittleness and lack of reliability. This [87¢€d CFCCs is the presence of a macroscopic residual stress state
caused by the statistical distribution in strength, which in turn generated by the thermo-elastic mismatch between the fibres and

governed by the distribution of flaws within the material. Thdhe matrix. Whereas the residual stresses in particulate or whisker

introduction of a second phase with a known size decreases frinforced ceramics average out on the scale of the ceramic matrix

range of the inherently present flaw sizes, and is hence expected@nS: and are hence not expected to affect the macroscopic

result in a narrower strength distribution and a higher reliabiligf€SPONSe to a large extent, this is not the case for CFCCs where

Although this expectation has been confirmed to some degree 8f9€r-range residual stresses prevail. This paper presents a ratio-
whisker and particulate reinforced CMCs, it has not been verifidtisation of the scatter observed under short-term tensile loading
to the same extent for continuous fibre reinforced ceramic mat@% Multidirectionally reinforced CFCCs in terms of the variations
composites (CFCCs). In the latter class of CMCs the introductidh @xial residual stress state between specimens.

of a continuous fibre reinforcement with a tailored interface with

the matrix has resulted in the appearance of a damage-toler8afatter in Tensile Response

instead of a brittle behavior under tensile loading conditions. This . . )
“tougher” behavior also renders the strength of CFCCs less sizeExperimental Evidence of Scatter. Examples of tensile
dependent. However, the mechanical response is still characterigf@ss versus strain curves for a satin weave two-dimensional
by a lot of scatter. As a support to the development of testirfg()/SIC(m) composite at room temperature are shown in Fig. 1.
standards for CFCCs elaborate testing programs have therefbfi€se tests have been performed on specimens taken from a single
been set up to investigate whether the scatter in mechanical patch under nominally identical experimental conditions. The re-
sponse is caused by experimental factors or by intrinsic matergallts clearly eX.thIt a conS|der§1bIe amount of scatter in the tensile
behavior (Piccola and Jenkins, 1995; Piccola et al., 1997). Thegsponse of this CFCC, both in terms of the overall shape of the
investigations have shown that for a well-defined and carefulffress-strain curve, and in terms of the values of individual param-
manufactured CFCC the scatter in strength obtained from te§i§rs such as matrix cracking and failure stress, and to a lesser
within a single lab is rather small. Also, there does not seem to B&tent initial elastic modulus.

a large influence of variations in the experimental procedures,Effect of Volume Fraction of Reinforcement and Porosity.

although the failure strength under displacement control is low: . : .
than for load control (Piccola et al., 1997). It thus appears that téét]hough reinforcement volume fraction and porosity level are not

S . ependent, it is nevertheless possible to separately quantify their
observed variability can not solely be caused by testlng-relatg ecpt on the scatter by cons‘i)dering the vgriationy ?n diff(fayrent

fa%g;smaqu-:jTgc%?rfarlIcaruesir?f?) fclzg ggmnglsjittistovg-riations in vol parameters derived from the stress-strain curve. The volume frac-
. "y P . - ~"tion of reinforcement as a source of scatter is particularly evident
ume fraction of the reinforcement and in porosity from specim

&om measurements of the tangent modulus immediately prior to
failure for so-called class Il composites where full interfacial
Contributed by the International Gas Turbine Institute (IGTI) e Awericay ~ d€boNding precedes failure (Evans et al., 1994). In this stage,
SocieTy oF MEecHanicaL EnciNeers for publication in the ASME durnaL oF Ena-  Matrix cracking has saturated and any deformation increment is
NEERING FOR GAs TURBINES AND Power Paper presented at the International Gasolely borne by the fibres. The tangent modulus is heBag,
Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2\7\ﬁ1ereV stands for the volume fraction of fibres oriented in the
1998; ASME Paper 98-GT-319. LT S ! . -
Manuscript received by IGTI March 16, 1998; final revision received by the ASMIQ'rECt'_On c_)f load appllcatlon_. The results c_)btalned in an in-house
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. investigation on an AD,(f)/SiC(m) composite prepared by chem
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Fig. 1 Examples of tensile curves on satin weave C/SiC at room tem-

Fig. 3 Tensile curve with unloading-reloading cycles illustrating the
perature

determination of the common intersection point (Al 203/SiC at room tem -
perature)

ical vapour infiltration (CVI) are shown in Fig. 2 (Adami, 1992).

Since the fibre modulug, only shows a small decrease over the, ooordinates of the common intersection point of the average
investigated temperature range (Lesniewski et aI._, 1990), the larggéression lines to consecutive unload-reload cycles represent the
part of the variation in the tangent modul&sV; is caused by |oqjqual strain and stress (corrected for the volume fraction
variations inV;. The e“?“ (.)f porosity, on the Oth.ef.ha”d' 'Soriented in the direction of load application) in the fibres (Steen,
expected to show up primarily in the value of the initial el‘."‘s.t'.grjbmitted). A graphical example of this evaluation is given in Fig.
moduluskg,. For the same data set as used in Fig. 2, the initigl A, agvantage of this method is that it not only allows the
modulus value ranges frqm 95 to 22.0'(.3Pa. . determination of the initial residual stresses before testing but also
_Based on the rule of mixtures the initial modulus for the invesg, 410,y how they evolve with the accumulation of damage during
tigated two-dimensional CFCC with a symmetrical plain weavgy,ging (steen, 1997). To validate this method the axial residual
can be written as stresses deduced from the common intersection point will be
E.= 2EV, + Ep(1— 2V, — V,), 1) compared to results obtained by other experimental and analytical
means, as well as with literature data where available.
whereE,, stands for the matrix modulus, aig is the porosity.

Using this equation the porosity equals = 0.29 = 0.09 based . " : . .
on literature values folE, (Aubard et al., 1994). Such total suitable method for measuring average axial residual stresses in

porosity levels are too large to be physically realistic and cannotageﬁccS (Majumdar et al., 1991) because no localized stress fields

substantiated by density measurements. Therefore, this indic4lg¥€ (0 be measured. Hence, large volumes can be tested and the
that other factor(s) contribute to the scattefin results correspond to the average axial residual stresses in each

constituent. An AJO,/SiC specimen from the earlier mentioned
S . . batch has been tested using a powder diffractometer in the high
Validation of a New Experimental Method to Determine  fx reactor at IAM (Youtsos et al., 1995). The results of the
Axial Residual Stresses in CFCCs diffraction analysis are shown in Table 1, where they can be
compared to the values of the intersection point strain. For the
iffraction results the error values correspond to the uncertainty in
e measurement performed on the single investigated specimen
ereas for the intersection stresses they represent the standard
?viation obtained from unloading-reloading cycles performed on

CVI-processed CFCCs these residual stresses are expected to gd mber of specimens. The diffraction results confirm both the

fom specimen t specmen wihi e same beich n view of gl 1 TAITLCE o e e stans 1 e ores and i e
different infiltration conditions. The difficulty of invoking the P

residual stress state as one of the factors causing scatter lies in%\ée unload-reload cycles.

fact that it is experimentally very difficult to quantify the residual Direct Analytical Comparison: Inverse Tangent Modulus

stress state in different specimens. Evaluation. The strain coordinate of the common intersection

At IAM a method has been established to determine the averagsint represents the average residual strain in the fibres, whereas

axial residual stresses in the fibres and in the matrix of a CFGRe stress coordinate is proportional to the average axial residual

specimen by subjecting it to unload-reload cycles during testinfipre stress. This interpretation is also given by Vagaggini et al.,
1995, where the stress coordinate is called the negative misfit
stress and is equal to the negative axial residual stress in the

Direct Experimental Comparison. Neutron diffraction is a

Experimental Determination of Fibre Axial Residual Stress
and Strain. The presence of long-range residual stress fiel
arising from the thermo-elastic mismatch between the fibres
fibre bundles) and the matrix is another factor that can contribu
to the scatter in the tensile response of CFCCs. Particularly

30 300 matrix, corrected by the factoE./E,. The evaluation method
° o T proposed there uses analytical formulations of the unloading and
25 o —o—Ef | 50 reloading curves. The analysis can be performed on consecutive
= ° o unloading and on consecutive reloading curves, through the de-
& 20 ° ° ° 200 % pendence of the inverse tangent modulus on the applied stress
= = o e B R
& o 8 8 &
o
15 .\9\8 - 150 Table 1 Comparison of residual strains determined by neutron diffrac-
tion and from the intersection point (Al ,03/SiC at room temperature)
10 T T T T 100 -
900 950 1000 1050 1100 1150 test fibre matrix
temperature [°C) neutron diffraction 0.028 = 0.01 % | -0.028 = 0.006 %
- - - o o
Fig. 2 Evolution of £,V;and £ with temperature intersection point 0.029 + 0.008 % | -0.029 + 0.008%
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Table 2 Comparison of axial residual stresses (MPa) in a single speci- Table 4 Nominal and “true” values of stress-related parameters
men derived from hysteresis loop analysis by two different methods

method plain weave C/SiC satin_weave C/SiC ALQO/SIC p'arameter nommal Value Value,;ccf)untlng for
intersection stress -150 -330 35 [MPa] residual stresses
acc. to Vagaggini (1995) -160 £ 5 -340 £ 23 34+5 [MPa]
untoading part of loop . .
acc. to Vagaggini (1995) -161£3 -306 £ 31 52+8 Intersection -270 £ 66
reloading part of loop stress
matrix 18 £ 50 322 £ 18
cracking
stress
(Domergue et al., 1995; Domergue et al., 1996). The results of the
evaluation for individual room temperature tests on a satin and dn fibre faiture 313 £56 583 + 42
a plain weave C(f)/SiC(m) composite, as well as on thgdAISIC stress

composite mentioned earlier are listed in Table 2. The standard
deviations correspond to variations in the intersection point stress

obtained from consecutive unioading or reloading curves W'th'cpr gking and fibre failure stress is matched by a similar scatter in

the same test. As can be observed the intersection point SUeSRES value of the intersection point stress. However, when the
obtained by both evaluation methods agree very well, Indlcatlnr%minal stresses are corrected for the residual stress, as indicated

the equivalence of both analyses. by the intersection point stress, the scatter is considerably reduced.

Indirect Comparison with Literature Data. Literature data Moreover, the “true” (i.e., corrected) stresses for fibre failure in
on residual stresses in CFCC specimens are very scarce. Onljia satin weave C/SiC agree well with those obtained in a plain
limited number of fibre-matrix combinations have been coverstleave C/SiC with the same fibres, whereas the nominal stresses
and the majority of the data refers to results obtained on micrewere totally different in the latter composite.
composites which represent a considerable simplification of theln addition to offering an explanation of the scatter in stresses
geometry compared to multidirectionally reinforced CFCCs. Froifier matrix cracking and fibre failure, the variation in the axial
the results of these tests the axial residual stresses in the fibre eggidual stress state from specimen to specimen also allows a
the matrix are usually obtained by a finite element analysis. Feationalisation of the scatter observed for the initial elastic modu-
Al,O./SIiC no literature data could be found, whereas those fts. This is illustrated in Fig. 4 that shows the relation between the
C/SiC model composites using the same fibres and a CVI-Sigtial elastic modulusE, and the intersection point strain, i.e., the
matrix as the two-dimensional composites investigated here @eerage axial residual strain in the fibres for all the composites
summarised in Table 3. studied.

The residual stresses for the model composites depend on the¥When the fibres are in axial residual tension and the matrix in
fiore and matrix volume fractions. Hence, the results are naxial compression (AD4/SiC) the initial modulus decreases with
directly comparable to the average residual stresses for the twiecreasing residual tensile fibre strain, or conversely with increas-
dimensional CFCCs. However, using the value of the elastieg residual tensile strain in the matrix. The explanation is that
modulus quoted in the different papers, the residual strains in tfesidual tensile stresses in the matrix promote the occurrence of
model composites can be determined, and are also listed. THiggt matrix cracking and hence of interfacial debonding, which
agree well with the average residual fibre strain determined froi@sults in a decrease of the initial modulus. Similarly, for C/SiC the
the common intersection point for the satin weave composit@rge residual tensile stresses in the matrix corresponding to large
whose reinforcement texture is most akin to that of the on&esidual compressive fibre strains have induced extensive matrix
dimensional configuration of the model composites. The higheracking and associated interfacial debonding. This has occurred to
“constraint” of the transverse bundles in the plain weave C/Siglch an extent that the initial modulus does not seem to depend on
explains the larger residual strains compared to the satin weav@e level of the residual stresses.

The discussion so far has shown that the scatter in stress pa-
Axial Residual Stresses: An Additional Source of Vari- rameters and in initial elastic modulus can be explained to a large

I extent by the variability of the axial residual stress state from
ability specimen to specimen. In addition, and not shown here, accounting

The variability in residual stress state manifests itself mosér the residual stresses also allows a rationalisation of the tem-
prominently in stress-related properties such as the matrix crackipgrature dependence of the tensile response (Steen, 1996). Because
stress and the stress for first fibre failure. The former is derivelde strength of both the fibres and of the CVI SiC matrix of the
from the stress-strain curve by the deviation from the initial
modulus, whereas the latter from the stress above which unclosed
unload-reload loops appear (see Fig. 3). Table 4 summarises the

- . . ! 250
experimentally observed values for the intersection point stresses,
the matrix cracking stress, and the first fibre failure stress for the o ALGSC
investigated satin weave C/SiC composite. The important pointto ¥ 2090 | @ ¢/SiC satin 0
observe is that the large scatter in the nominal values for the matrix & B _CISIC plain
«
2
3 1504 o
€
Table 3 Comparison of residual stresses and strains in different types 2 100 oGS
of C/SiC composites 3 e o ° ':‘ %
s
test method axial residual stress residual fibre ref. E 50
mattix [MPa fibre [MPa] strain [%] 7
FEA microcomp. 180 -630 -0.286 Lamon et al.,
1993
FEA microcomp. 300 =520 -0.236 Bobet et al., 0 T T U ) 1
1994 -0.5  -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
FEA 1D comp. 200 to 280 -350 to -620 -0.25 to -0.28 Bobet et al., axial residual fibre strain [%)]
1994
2D plain weaye (1602 12)/Ve }-0.198 +0.0177} Steen. unpubl, Fig. 4 Dependence of the initial elastic modulus on the residual fibre
2D satin weave (-270+£66)/ Ve | -0.262 £ 0.075 Steen, unpubl. strain
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On the Performance of Hybrid
Foil-Magnetic Bearings

Recent technological advancements make hybridization of the magnetic and foil bearings
both possible and extremely attractive. Operation of the foil/magnetic bearing takes
advantage of the strengths of each individual bearing while minimizing each others
weaknesses. In this paper one possible hybrid foil and magnetic bearing arrangement is
investigated and sample design and operating parameters are presented. One of the
weaknesses of the foil bearings, like any hydrodynamic bearing, is that contact between
H. Heshmat the foil bearing and the shaft occurs at rest or at very low speeds and it has low load
carrying capacity at low speeds. For high speed applications, AMBs are, however,
vulnerable to rotor-bending or structural resonances that can easily saturate power

H. Mll’lg Chen amplifiers and make the control system unstable. Since the foil bearing is advantageous
for high speed operation with a higher load carrying capacity, and the magnetic bearing
J. F. Walton. Ii is so in low speed range, it is a natural evolution to combine them into a hybrid bearing
= b ’

system thus utilizing the advantages of both. To take full advantage of the foil and
, magnetic elements comprising a hybrid bearing, it is imperative that the static and
Mohawk Innovative Technology, Inc., dynamic characteristics of each bearing be understood. This paper describes the devel-
1087 Waterxll'gt'Shaker Road, opment of a new analysis technique that was used to evaluate the performance of a class
any, NY 12205 ; ; . ‘ . _
of gas-lubricated journal bearings. Unlike conventional approaches, the solution of the
governing hydrodynamic equations dealing with compressible fluid is coupled with the
structural resiliency of the bearing surfaces. The distribution of the fluid film thickness and
pressures, as well as the shear stresses in a finite-width journal bearing, are computed.
Using the Finite Element (FE) method, the membrane effect of an elastic top foil was
evaluated and included in the overall analytical procedure. Influence coefficients were
generated to address the elasticity effects of combined top foil and elastic foundation on
the hydrodynamics of journal bearings, and were used to expedite the numerical solution.
The overall program logic proved to be an efficient technique to deal with the complex
structural compliance of various foil bearings. Parametric analysis was conducted to
establish tabulated data for use in a hybrid foil/magnetic bearing design analysis. A load
sharing control algorithm between the foil and magnetic elements is also discussed.

Introduction challenging issue that is crucial for rotor stability at high speeds.

Advanced high speed rotating machinery designs are subjectfygfivé magnetic bearings (AMBs), on the other hand, are well
bearings to ever more severe mechanical and thermal envirgHited for low speed operation because metal-to-metal contact is
ments, while in many instances also placing demands on tA¥oided, dynamic balancing is possible, and both stiffness and
cleanliness of process gases. These conditions are requiring fighPing are electronically maneuverable. For high speed applica-
new and innovative oil-free bearing systems be deve|oped. Coﬂﬁlns, AMBSs are however vulnerable to rotor-bending or structural
pliant foil bearings (CFBs) and active magnetic bearings (AMBgEsonances that can easily saturate power amplifiers and make the
are two technologies that have been investigated and fieldedc@ntrol system unstable. This problem is mainly due to noncollo-
meet these needs. For example, CFBs are suitable for a wide rapgéon of sensors and actuators. Another AMB problem for high
of rotating machinery with operating speeds exceeding 100,08peed applications is that reliable and long lasting backup bearings
rpm, such as cryogenic turboexpanders, air cycle machines, @ite not available. Conventional rolling-element-type backup bear-
free compressors and turbochargers. While CFBs appear quitgs tend to produce skidding wear and last for only a few rotor
simple, the simplicity does not necessarily imply ease of desigirops due to electric failures. Worse yet, violent backward-whirl
As a matter of fact, a thorough detailed systems oriented effortrisay occur and render a catastrophic system failure [9]. Since the
necessary to successfully design and apply a set of CFBs in do) bearing is advantageous for high speed operation and the
advanced new application [1-8]. While CFBs have many advamagnetic bearing is so in low speed range, it is a natural evolution
tages, like any hydrodynamic bearing, the shaft remains in intimate combine them into a hybrid bearing taking the advantages of
contact with the bearing smooth top foil when at rest or lowach. While there are many possible hybrid arrangements, this
speeds. Thus, a rub resistant coating is required to prevent weapgber investigates one possible hybrid arrangement where the CFB
the journal and foil at low speeds during start-ups and shutdowiq AMB are placed side by side. Figure 1 is a schematic repre-
To make a long lasting bearing, both wear resistant coatings agichtation of the hybrid bearing control system. For some applica-

conformal CFBs must be provided by design. Furthermore, ths such as aircraft gas turbines, the hybrid bearing can offer the
introduction of Coulomb damping into the bearing design is fbllowing benefits:

Contributed by the International Gas Turbine Institute (IGTI) ef TAMERICAN 1 For t_he same load capacity, the hybrid is potentially smaller
SocieTy oF MecHANICAL ENGINEERS for publication in the ASME QuRNAL OF ENGI- and lighter and consumes less power than a pure AMB. The
NEERING FOR Gas TureiNes AnD Power Paper presented at the International Gas  specific load capacity of foil bearings is more than 4000 Kg/Kg

Turbine and Aeroengine Congress and Exhibition, Stockholm, Sweden, June 2-5, ; H f
1998: ASME Paper 98-GT-376. E)Ze]acr)ifn g?’:’liélig%twelght while AMBs are about 18 Kg/Kg of

Manuscript received by IGTI March 22, 1998; final revision received by the ASME . .
Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. 2 The rotor may be able to continue operating and subsequently
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Fig. 2 Foil bearing assembly and nomenclature

3 The foil bearing coating wear problem can be eliminated
because the magnetic bearing supports the rotor loads at low

speeds. Rotor system stability and response to unbalance ¢
both be enhanced by the AMB through the use of electronicalf

generated damping and in-situ balancing.

damping made possible by the CFB.

Hybrid Foil-Magnetic Bearings

Nomenclature

The tuning of the magnetic bearing in the high frequency range
may be simplified because of the load sharing and Coulomb

an
r evaluating the performance of CFBs. A load sharing control

Igorithm for hybrid bearing system is also presented.

Foil Bearing Characteristics.
sents the fundamental configuration and nomenclature for self

Figure 2 schematically pre-

acting hydrodynamic CFBs. One of the key features of the CFB is
that it possesses a two fold mechanism for imparting stiffness and
damping to a bearing. One mechanism is via the geometry and the
An important design issue involved in a hybrid foil-magnetienaterials used for the structural support elements and the smooth
bearing is the development of the control system to ensure propep foil, which the designer combines to provide a compliant
system operation and load sharing between the two bearings. Ngpeing support [3, 8]. The other mechanism is hydrodynamic,
that a loaded AMB using a conventional PID control wouldesulting from the gas film between the shaft and the smooth top
typically locate the journal almost concentric with the bearinfpil. In CFBs, the clearance geometry required to generate load-
center. However, in a loaded foil bearing, as with any hydrodgarrying hydrodynamic films is provided by the elastic deflection
namic bearing, the journal position is offset from the bearingf the foils. As speed increases, the smooth top foil and corrugated
center with some eccentricity and attitude angle. Thus to ensww@pport foils are automatically forced radially outward, forming a
functionality of the hybrid bearing, the designer must understamdnverging wedge. Thus the optimum shape for hydrodynamic
both the static and dynamic characteristics of both bearings. Thistion is formed without having to use complex and expensive
paper first describes the development of a new analytical techniquachining. Furthermore, with appropriate design, the converging

A = area Kg
Aij = foil bearing structural rigidity Kmn
C = radial clearance K;
C, = gas constant
C; = two-dimensional influence coeffi- L
cient Pa
C, = proportional gain coefficient P
C; = integral gain coefficient R
Cp = derivative gain coefficient S
D = diameter of CFB bearing for jour- t
nal T
e = eccentricity coefficient W
f = coefficient of friction w
F = force X,y
F = FC/(mpnwlLR?), dimensionless z
force aj
g; = bearing geometric function
G, = displacement sensitivity y/mm) B
G, = power amplifier sensitivity, A/V)
h = film thickness 3
h = (h/C) )
hy = nominal film thickness
K = spring coefficient, bearing stiffness §;
K = (KC/P,R?) €
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= structural stiffness of CFB

magnetic stiffness

current stiffness, function of bias
current

width of bearing in thez direction
ambient pressure

pressure, unit loadW/LD)

radius of bearing or journal
Laplace variable

time, foil thickness

bearing torque

load

W/(P.R?), Load parameter
rectangular coordinates

axial coordinate

backing spring compliance coeffi-
cient

angular extent of bearing pad,
(GE - 05)

normalized angular extend/(3)
maximum surface deflection at
midplane of CFB

= surface deflection

eccentricity ratio ¢/C)

0 = angular coordinate

N = influence factor

05 = start of bearing pad

0 = end of bearing pad

0, = angular position oh,

0, = start of hydrodynamic film
0, = end of hydrodynamic film

T;, T4 = time constant of integrator and
differentiator, (s)

w = lubricant viscosity
v = Poisson’s Ratio

¢ = attitude angle, f, — m)

¢, = load angle

o = angular velocity

w, = natural frequency of system
A = speed parameter

Subscripts

a = ambient

E = end

Min = minimum
Max = maximum

r = radial
S = start
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effects become more pronounced as a function of speed, and load,
thereby increasing bearing load capacity.
Until very recently, the maximum load capacity of CFBs in air

Accuracy @

at 20°C and 1 ATM, was on the order of .345 Mpa at a speed of Check Modifvaearing
60,000 rpm. Tests recently performed by the first author have i Geometry
demonstrated that CFBs can be designed with significantly in- = -

creased load capacity to .669 Mpa. It has been shown that sel C"g}fe"c‘}(“ce Determine New Film
acting CFBs have a steady-state load capacity proportional to Thickness

journal speed [1-3].

Through analytic studies it has also been shown that CFB direct” Pressure Convergence>\ Top Foil Influence
and cross-coupling stiffness are functions of applied load, speed, Check = Factor @
bearing dimensions, and number of pads similar to hydrodynamic Tl Film Thickoams
bearings. However, unlike conventional hydrodynamic bearings,@ Final Outcome
the stiffness of the CFBs is dominated by the stiffness of the
structural elements and damping comes from the Coulomb friction Fig. 4 Program flow chart including top foil influence
forces generated between the bearing structural support elements
and other interface regions resulting from their particular geometry
and assembly. In addition to interface geometry and support CONTheoretical Basis and Program Logic Flow Chart. Unlike
figuration, damping is a strong function of the interacting materionyentional approaches, the solution of the CFB governing hy-
als, static load, frequency and amplitude of motion [4, 5]. AS WitQrodynamic equations must deal with a compressible fluid that is
all high speed rotor-bearing systems, damping is crucial for cogyso coupled with a compliant bearing surface. The solution to the

trolling sub-synchronous whirl. ) structural compliance is provided in two stages as presented in the
Relevant to the hybrid bearing control are the following foik g,y diagram of Fig. 4.
bearing parameters: load!, attitude anglep, speed parametex In the first level elasticity solution formulation of the compliant

and stiffness coefficieri€. These nondimensional parameters, as@ement (backing spring) stiffness matrices it is assumed that the
function of journal eccentricity ratie, can be computed using ansmqoth foil (a) follows the global deflection of the backing springs,
advanced computational technique. Given the journal speed, begty () will not follow the indentation between bumps of the
ing dimensions, etc., the computed CFB performance data candogrgated backing spring. It is also assumed that the deflection of
stored and applied to an on-line hybrid bearing control which wij},o top foil and backing springs in responding to the hydrodynamic

be discussed later. pressure is dependent on local effects only.
) ) _ ) Based on past investigation of corrugated strip foils, Heshmat
Compliant Foil Bearing Analysis [1, 2] and Walton and Heshmat [3], it is shown that the bumps near

Hybrid foil/magnetic bearing simulation requires accurate prél€ fixed end have a higher stiffness. In some cases the stiffness
diction of the foil bearing operating performance and stiffned2éar the fixed end can be two to three times higher than near the
characteristics to ensure that the bearings complement one anoff €nd. This phenomenon is related to the interacting forces that
and produce the desired characteristics. In this section we &St between bumps in a corrugated foil strip. A detailed analysis
therefore concerned with evaluating the performance of a gas S developed to compute the stiffness, deflection, displacement
journal bearing using a compliant smooth top foil as the bearifld reacting forces, including friction forces for each bump for
surface supported by a compliant backing spring (corrugated styfious geometries and load distributions [4, 5]. A sample solution
foil). Figures 2 and 3 present the basic CFB and corrugaté®f @ corrugated foil consists of ten bumps given in Table 1. The
backing strip configurations. The foil is anchored at its trailingompliance of an individual bump is represented in dimensionless
edge but is free at the leading end. The corrugated strip foil acts'88M
a backing spring and the top foil, when loaded, deflects, conform- &, = CI(P,[w./5,])
ing to the pressure profile. It must be stressed that in analyzing foil " atmint n
bearings, static force displacements play an important role, since
the compliance of the bearing surface governs the operational ) , )
characteristics. Due to the compliance of the bearing surface,lT (jleijilstrigtj’t?;gllance as a function of number of bumps under uniform
analyze foil journal bearings required the formation of a speciaf)-

ized nonlinear elasticity solution. A program has been developed | Bump Foil

and forms the basis of a coupled elastohydrodynamic solutionito 1 2 : 4 s 6 7 8 > 10
CFBS 0.2 0.6 L0 2 5 8 11 14 17 20
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wherea is the compliancy factor, subscriptrefers to the bump First Order Elasticity Analysis

1.5

number from the fixed endy designates load at the bump per unit
. . . L/D =0.75
transverses is respective bump deflection. e_ =06
It is apparent from Table 1 that this nonuniform circumferential 1.2 . A =125

stiffness distribution contributes greatly to the nonlinear stiffness

characteristics of foil bearings. Pressure atZ = 0

~ Film Thickness
atZ=10

0.9 -
Numerical Prediction of Foil Bearing Performance. With I,

the nomenclature of compliant surface foil bearings (CFB) as'«<
given in Fig. 2 and 3, the two-dimensional compressible Reynoldsi= 0.6 -
equation can be written as

19 p 9 ap aph 0.3
R 3, | 4 — 3 P _ L ]
R2 96 [h P ae] 9z [h P az] bro @)
o . 0.0 : T ‘ T T T ‘ T
However, the density is related to the pressure by an equation of 0.0 0.2 0.4 0.6 0.8 1.0
state, generally of the form Extent of Bearing Pad ( £)
p=Cgp" (2) Fig. 5 Film thickness, deflection, and pressure

whereC, is a constantn = 1 for isothermal conditions, anu =

v = C,/C, for adiabatic conditions. The usual situation with a gas
bearing is approximated by the isothermal case so it will band zero pressure gradient boundary conditions. Thus, the bound-
assumed in further analysis that= pC,, and considering the ary conditions for the solution of Eq. (3) are

following nondimensional parameters:

atb=6, or 0=60,, p=1 (7a)
- B _ 6uw (R)?2 _
Z=(ZIR); p=(p/p.); h=(h/C); A= 0. \c)- ato = 0{p=1 (7b)
Normalizing the Reynolds Eq. (1), we obtain atg = 02{% =0 (7c)
o[ _.op N ] ) 9
— 3 _ 3 T — - L
ae[ph ae] +az[ph az] TAGeP ) atZ=i<5>EJ=l (7d)

Referring to Eq. (3), it should be noted that the film thickness
variationh;; is due both to bearing initial geometrg[]™ (eccen
tricity e and bearing initial surface shape) and to the deflection
the compliant surface under imposed hydrodynamic pressu
Since the latter is proportional to the local pressure, we have

Method of Solution. The range of analytical parameters and
psign variables involved in the present method of solution is
irly wide. The overall program therefore involved a number of

computer codes, some of which had to be iterated on in order to
arrive at integrated results for the bearing system as shown in Fig.

hy = [g;1™ + [ 1[py — Pal. 4) 4
i = LG LR = P ) For the numerical solution of Eq. (3), the dependent variable
Considering the initial CFB configuration with a single cylindricalvas represented by a finite number of points located at intersec-

top foil but disrupted at = 0 (Fig. 2) then tions of a grid mesh. By substituting Eq. (6) into Eq. (3) and with
ot the grid network, the Reynolds Eq. (3) was written in finite
[g;]™ = C + ecos(6 — do), (5a)  difference form. The resultant form was linearized by the Newton—

Raphson method and represented in matrix notation and solved by

where normalized; , the column method (Heshmat et al., [7, 8]). The boundary condi-

C tions given in Eq. 7 were satisfied by setting negative pressures to
a; = — (5b) 1 during the backsweep in the column method.
Pa The resultant pressure fielg|] was then taken to the next level

reflects the structural compliancy coefficient of the backing sprinﬁ{ elasticity analysis, box no. 6, in Fig. 4, to include the effect of

Consequently, the normalized film thickness is given by e top foil in the CFB analysis. In this higher level of elasticity
analysis, the mathematical model of the foil bearing consisted of a

hi = (h;/C) = 1+ e cos(6 — ¢). (6) staggered thin top foil supported via backing springs)(sub
jected to the resultant pressure figh),

Boundary Conditions. The construction of foil journal bear- = The combined top foil and backing spring deflection was com-
ings does not permit the generation of sub-ambient pressurggted for the giverp;, resulted in a deflection matrix;. The
Whenever diverging portions of the film tend to produce ambiegt/erall structural stiffness is given by
pressure in the fluid film, i.e., on the surface of the top foil, the
prevailing ambient pressur®, underneath the foil, along with [A;] =[Py /8], (8)
preloading, lifts the foil until the pressures on both sides of the fail . . - .
(including pressures from the springs) are equalized. This fact %gekr_eA” |s'reflgls:rt]|ng the structlL_lraIdr!glfijlty of the ]Ef(.)p. foil andb
the following implications for the start and end of the hydrody- acking spring. The new normalized influence coefficient can be

namic film. When a relevant foil segment having a diverging fijp{/ritten as

thickness, either at the start or the end of the arc, the foil continues ~ C

to lift off, maintaining constant film thickness and constant ambi- Ci= S TAT 9)
ent pressure. PalA;]

In essence, this situation is similar to the trailing edge condition The deflected shape of the foil (Fig. 5) along with tbe, were
in cavitating liquid-lubricated bearings. Here, as with cavitationysed for the film thickness relationship, we have

the film ends at an unknown angular positi®g, (Fig. 2) which o
from continuity requirements must fulfill both the zero pressure [hi1™Y=[g;]™"+ [Cy1[P; — 1], (20)

76 [ Vol. 122, JANUARY 2000 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



where
[G;]1™"=1+ e cos( — o) + [8;]/C. Leading

The new film thickness relationship, Eq. (10), was substituted in
Reynolds Eq. 3. Referring to the diagram of Fig. 4, iteration
between elasticity analysis and governing hydrodynamic analysis
required few iterations to achieve final film thickness. The perfor-
mance parameters as well as membrane stress contours were
obtained, when numerical convergence based on error criteria was
satisfied.

Performance Parameters. With the solution ofp(6, z) ac-
complished, the performance quantities of the bearing can then be
obtained by proper integration. The load capacity is given in
dimensionless form as follows:

- ~wo) o
Fyx = = f f (p — 1)(—cos6 orsing)dodz.  (11) Fig. 6 Pressure profile applied to top foil
+woy 7oy

The dimensionless load is then given by o o o
work was prepared for elasticity analysis via FEA. The top foil is

_ w L\/P == considered symmetric about the bearing centerline @.e=, 0)
W= PaRZ 4 D/\p.) ~ VEy + R (12)  and relevant boundary conditions such as leading edge of the foil
is free and its trailing end is anchored to the bearing housing (fixed
The torque on the journal is normalized form end) were also applied. Not shown in this figure are distributed
backing springs; at the nodal points. Figuredepicts the top foil
_ T WOy (0 (h (9P A1l - model with applied hydrodynamic pressure vectors taken from the
T= p.R2 {5 <£> + gﬁ} dodz  (13) previously computed pressure profile. The compliant structural
~woy Y o elements (top smooth and backing spring system) FEA was con-

ducted with the above input variables. Intermediate results are
plotted in Fig. 7.
Using Egs. 8 through 10 and iterating and following numerical
scheme sequences as numbered in Fig. 4, after several passes
oF 1 0F pressure convergence was achieved. Using the relationship
k=£sin 00+Eﬁc0390 (14) ~ ‘
0 Nij = [a 1/[C;1™ (19)
Properly normalized, the collinear and cross-coupled spring coef- . -
ficients are thus given by at the end of successful 9ompletlon of the conjputatibm,,. an
influence factor was obtained (box no. 11B, Fig. 4), which is a

Bearing Stiffness Coefficient. For small displacements from
the bearing equilibrium positiore( 6,) the stiffness coefficient is
given by the general term

B oF, 10F, measure of the top foil's membrane effect. The magnitude of the
K = e Sin 6, + < 96, G0 0o (15) influence factoryi;;, can be interpreted as a stiffening effect of the
0 top smooth foil due to the membrane effect on the overall struc-
~ . 1 9F, tural compliancy of the bearing. Figure 8 shows a composite plot
Ky = De cos 6, + <30, sin 6y (16) of M, as a function extent of the large bearing pad for four
0 different values ofz. As can be seen from the plots of Fig. 8, the
) 9E 10E, stiffe_ning effect'of the top foil is greater at the middle of thfe
Ky = T: sin 6, + <90, cos 6, (17) bearing than at its edge. In fact, the top foil appears to be having
K :a—chosO +}a—Fysin(~) (18)
Yo 9e 7 €96, o

Sample Solutions. To demonstrate the aforementioned ana-
lytical model and numerical procedure, the following example
problem is used. The journal foil bearing parameterdare 100
mm,L = 75 mm,C = 0.1 mm, single pad configuration with an
operating conditionP, = 100 kPa,un = 0.02cp, ande = 0.6,

n = 10,000rpm,t = 0.15 mm. Forsimplicity «;; matrix is
developed from data given in Table 1. The results of the interme-
diate solution, which neglects bending and membrane stresses on
the smooth top foil, are presented in Fig. 5. Figure 5 is a composite
plots of hydrodynamic pressure, film thickness and deflections
taken at the bearing center ling & 0) along the normalized
angular extent of bearing pad € 6/8), with an additional film
thickness profile at the edge of the bearirg= L/D). Smooth Foil

The resultant film and pressure profiles are the inputs to our  peflection
second level elasticity equation as called for in box no. 6 of the w

flow diagram (Fig. 4). For an aligned journal/bearing condition, it g

is sufficient to model only one-half of the bearing (symmetric

about the mid-planez = 0). The top foil (membrane) grid net Fig. 7 Top foil deflections
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Second Order Elasticity Analysis Table 2-A Performance of a vertically loaded single pad bearing

- L/D = 0.75 . W x 10 o r , 4 5
D _ 200 0.7 69 1889 800 007 095
NG € = 0.6 400 29 9 2262 605 019 266

. 16 - A=.25 600 575 46 3.092 410 021 707

= = 800 1623 8 1928 245 057 2210

¥ A 1.25 950 3784 16 6.907 176 123 4.750
i 200 195 6 1889 800 008 190

S 400 501 58 2259 606 021 530

EY A=025 600 1149 i 3009 a1 035 1360

800 290.4 26 4360 283 091 3.550

3 950 550.5 16 5375 221 163 6310
N

0 200 49.1 65 L.881 805 013 4730

S 400 1252 53 2219 618 033 1.2%0

R, A=063 600 2719 37 2821 461 075 2950

© 800 5613 2 3500 354 N 5910

§ 950 8943 15 4.084 296 /229 8.870

2 200 838 6 1.875 808 018 660

= 400 173 50 2.195 629 045 1750

(3 A=0488 600 3614 35 2,742 485 096 3.760

= 800 693.5 2 3280 385 178 6950

950 1047.5 15 3.679 329 .257 0.960

200 975 60 1.865 813 025 920

‘00 2403 16 2158 645 060 236

0 A=125 600 4774 2 2585 515 121 4,740

.U T h T i T T T T 800 853.3 20 3.032 421 209 8.140

00 07 04 06 0A 10 950 1276 is 3297 365 289 11200

Extent of Bearing Pad ( §)

Fig. 8 Top smooth foil influence factors
loaded single pad bearing as a function/ofinde. Some of the
noteworthy points emerging from these tabulations which are

a softening effect at the bearing surface near the edge (about§ded for the hybrid bearing control are plotted in Figs. 10
percent to 50 percent). through 14.

Furthermore, the top foil near the trailing end where hydrody-
namic pressure approaches to ze¥b, also approaches zero.Magnetic Bearing Characteristics
These datallt;) were stored and utilized to reduce a computation \agnetic bearings [14] can be broadly classified into those that
time via by passing second level elasticity analysis for similar tqpse either repulsive or attractive forces. Repulsive force systems
foil thickness and dimensions. most often use permanent magnets while attractive force systems

Parametric Study—Performance Characteristics. In the USe electromagnets. Attraction electromagnets are by far the most

parametric study, a set of standard condition&/@ = 0.75 and

B = 350 deg with variablex given in Table 1 and = 3 will be

used, and any parametric variation will commence from this set of 15
reference values. Due to the nature of CFB, unlike rigid journal 1 L/D =075

bearings, the film thickness varies in both #thandz directions. No.s refer to A 1.25
Since pressures cause proportional deflections of the bearing sur- 12 -
face, the film thickness in the interior of the bearing, wherd &
pressures are highest, will be larger than at the edges £ L/D); ) 1 0.63
also, since the maximum pressures occur near the line of center3 094

0.88

(z = 0), the film thickness in the interior of th= ¢, line will § 0.38
not be necessarily the smallest. Therefore, a nominal film thick- § Oﬁ;
nesshy, will be defined as the minimum film thickness that occurs g = 023
. . . . . €V b
along the bearing centerline, i.e.,at= 0. In Fig. 9, this central £ 0.125
film thickness is plotted for a centerlire= 0 at various values of ~ ® 5 |
A. This value ofhy, shifts downstream and increases in value by
increasingA. This should be kept in mind wheln, values are J
plotted as a function ok and A. Similarly, the apex of the 00 : - ‘ i ‘ . . -
pressures slightly shifts downstream as a functior of 01 02 03 04 05 06 07 08 09 10
Table 2 gives a detailed listing of the performance of a vertically Eccentricity ratio (€)
Fig. 10 Load capacity versus eccentricity ratio
Film Thickness Distribution 6
15 4 LD =075 125
% No.s refer to A
, Id 124
17 4 -
i 1
2 K
5 S 08
= 06 I
£ 3
5 £ 044
QL Q
0 02
0.0 ey — — 00 ‘ ' ‘ ! ’ ‘ ’ ’
N0 W0 W K0 "0 M0 20 23 20 200 0t 0z 03 04 05 06 07 08 03 10
Effective Bearing Arc, 8 (Deg) Eccentricity ratio (€ )
Fig. 9 Location of minimum film thickness Fig. 11 Stiffness K versus eccentricity ratio
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-00 circuit making gain and phase compensation possible at resonant

frequencies not covered by the PID circuit. By varying the mag-

L/D =075
No.s referto A
5 024
I 0.2
o
g
B 044
4
w
8
T
2
S
£
Q08
-10 T T T T T T T

0

T
1 02 03 04 065 06 Q7 08

Eccentricity ratio (€)

Fig. 12 Stiffness K, versus eccentricity ratio

netic bearing DC stiffness, we can put more or less load onto the
foil bearing. DC stiffness reduction can be accomplished by re-
ducing the integral gailc;.

Hybrid Foil-Magnetic Bearing Control Algorithm. Based
on the above discussion, one may specify the following AMB
functions in the hybrid bearing: the magnetic bearing will (1)
initially center the shaft to minimize rubbing between the foil
bearing and shaft at start-up and during low speeds, (2) release the
load gradually to the CFB by following its preferred eccentricity
locus, (3) provide synchronous balancing forces, and (4) provide
additional damping for enhanced high speed rotor stability.

To reap the many potential benefits of a hybrid foil/magnetic
bearing, an approach defining the steady-state load sharing as a
function of operating conditions needs to be made. Note that a
share of steady-state load directly implies a unique eccentricity in
the foil bearing. The control reference of the magnetic part may or
may not have to follow this eccentric location, depending on
whether the integral control is exercised or not. Indeed, steady-

widely used approach for magnetic suspension systems, sistate load sharing is complicated, but is the most crucial control
stiffness nearly comparable to rolling element bearings can peoblem of the hybrid bearing. Establishing the load sharing ratio
achieved and active control permits variation of parameters @simportant because the dynamic properties of both the foil and
dictated by rotor system dynamics [10-13, 16]. In general, anagnetic bearings depend on their operating steady-state load. A
actively controlled electromagnetic bearing (AMB) consists of possible control scheme including the load sharing logic is pre-
stator which is wound with coils to create the magnetic field argented as follows:

ferromagnetic laminations mounted on the rotor to interact with
the stator magnetic field.

Figure 1 shows a homopolar AMB [15] with position sensors,
used to provide feedback control of the system. Conventional—
AMBs apply bias currents to electromagnets to support static loads
and set up an operating flux field for linearized control. The
dynamic control modulates the bias currents to create stiffness and—
damping. The bias currents form a flux field equivalent to a
negative spring, and thus the bearing is inherently unstable. Sta-
bility is established by a negative feedback control of the rotor —
displacements. The feedback controller is typically a gain and
phase compensation network which sets up proportional, integral
and derivative (PID) functions. The PID functions provide respec-
tively, the dynamic stiffness, the static stiffness and the damping.
High static stiffness keeps the rotor centered in the bearing. The
dynamic stiffness of a magnetic bearing can be represented by (1)~
in a normalized form

K/Kn = (G,GKi/K)[C, + Ci/(1S+ 1) +. (20)

Equation (1) indicates that the magnetic bearing stiffness and
damping can be varied by three gains and two time constants.
Lead-lag or notch filter circuits can be added in series to the PID__

Foil and magnetic bearing data are stored for on-line cal-
culations.

Step 1.at a given speed let the magnetic bearing take all
the steady state load so that the total load and direction can
be determined.

Step 2.using stored data, determine the eccentricity and
attitude angle of the foil bearing for a predetermined share
of the load.

Step 3.move the magnetic bearing reference to the calcu-
lated eccentric location predicted for the foil bearing. Once
the rotor center has been relocated, measure the currents in
coils and the journal true location and calculate the steady-
state load actually bearing supported by the magnetic bear-
ing.

Step 4.adjust the integral gains to make the steady-state
load sharing correct, if necessary.

Step 5.recalculate the current stiffneks, magnetic stiff
nessK,, (because both coil steady-state currents and air
gaps have been changed) and the dynamic stiffness as a
function of excitation frequency according to the existing
PID gains.

Step 6. calculate the stiffness and damping of the foil
bearing for the steady-state load. These dynamic coeffi-
cients are added to those of the magnetic bearing.

04 — Step 7.check the adequacy of the total dynamic properties
125 L/D =0.75 in terms rotor stability. If not satisfied, adjust the PID
WF 03 0.88 No.s refer to A controller to improve them.
%) .
g 027063 Numerical Example. The load-sharing mechanism is demon-
& o103 strated below by a hybrid bearing design example. This hybrid
ﬁ gi;s bearing has the following specifications:
8 00+4—
% Part Foil Part Magnetic
§ 0 Diameter (mm) 100 100
& 071 Length (mm) 75 75
_ ’ Radial clearance (mm) 0.051 0.572
03 Share of Static Load (Kg) 9.53 6.35
a4 The load sharing is performed at & = 1.25. At this speed
A T T T

T T T ¥ T
or 02 03 04 05 06 07 08 08 10

Eccentricity ratio (€ )

parameter, the foil bearing nondimensional data are given in Table
2. For the load of 9.5 Kg, the foil bearing eccentricity, altitude

angle and stiffness values were calculated by interpolation using

Fig. 13 Stiffness K, versus eccentricity ratio
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the above table, and the results were as follows:
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Fig. 15 Hybrid foil/magnetic bearing coordinate system

€, .4925
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Fig. 16 Hybrid bearing stiffness

100 Hz, while the interception betwe&®, and Mw? is at 112 Hz.
Note that the rotor was running at 10,000 rpm or 167 Hz which is
far above the natural frequencies. A more precise calculation of
damped frequencies has yielded the following eigenvalues:

—124+ (629 and —241=* j645(rad/s.

The corresponding modal frequencies are 100 Hz and 103 Hz,
not too far away from those estimated by Fig. 18. Note that the foil
bearing damping has not been included in the above calculations.

Kyy (N/M), 4.8 x 10°

Initially, the magnetic bearing supported all the 35 Ib load and its
reference was set & = Y = 0 (Fig. 15). The relevant magnetic
bearing parameters are as follows:

Initial bias currentsi 1o, 130, 120, 140 = 4.20 A (top), 457
3.00A (bottom), 3.00A (right), 3.00A (left) 40 B,,

Pid gains:C,, C;, C, = 1.70, 7.60, .0035 = 35 - W

Time constantsri, 74 = 1.59 s, .16msec = | m . s .

Control loop constantss,, G, + 7.87 V/Imm, 1.0A/V g 30 /_/#**"' B - P
3 25 1 xx

Since the rotor center is shifted tX(= e,, Y = e)), the
magnetic bearing reference center should be also shifted to th§ 20 |
eccentric point. With less load (i.e., 6.35 Kg) to support, the newg* 15 4
magnetic bearing bias currents, air gaps and magnetic quadraat J
forces were calculated and the results are tabulated as follows:

5
I, = 3.963A 0

F T T T T T T T T

0 20 40 60 80 100 120 140 160 180 200

lo=2.916Al Frequency ( Hz)
I;=3.237A Fig. 17 Hybrid bearing damping
100
l,=3.084A S 9
= 80
01, 02, U3, 94 = .592, .556, .551, .587mm) .
& 70
F., F,, F;, F,=26.86, 16.45, 20.51, 16.4&Q) 5 60
Without changing the PID gains, the magnetic bearing stiffnessa 50
and damping coefficients were calculated over a frequency range (E 40
to 200 Hz. Note that these coefficients are frequency dependent 30
while those of the foil bearing are not. Adding the two coefficients
together, we have the hybrid bearing coefficients as presented ing 20
Figs. 16 and 17. T}
It is always informative in rotor-bearing system design to know

where the bearing natural frequencies are located for a given 0
supported massM). For the hybrid bearing, a simple way to
locate the frequencies is simply by plottikg,, K,,, and Mw® as

ShOV\_/n in Fig. 18. In this ﬁgl_Jre: the mass supported by the hybrigh 18 Foil-magnetic bearing natural frequencies adjusting the PID
bearing was 15.88 Kg. The interception betw&gpand Mo’ is at  gains

20 40 60 80 100 120 140 160 180 200
Frequency ( Hz )
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Flutter Mechanisms in Low
wvowinsk | Pressure Turbine Blades

Swiss Federal Institute of Technology,

EPFL-DGM-LTT, Ecublens 1015, The work described in this paper is part of a comprehensive research effort aimed at

Lausanne, Switzerland eliminating the occurrence of low pressure turbine blade flutter in aircraft engines. The

results of fundamental unsteady aerodynamic experiments conducted in an annular
cascade are studied in order to improve the overall understanding of the flutter mecha-
nism and to identify the key flutter parameters. In addition to the standard traveling wave
tests, several other unique experiments are described. The influence coefficient technique
is experimentally verified for this class of blades. The beneficial stabilizing effect of
mistuning is also directly demonstrated. Finally, the key design parameters for flutter in
low pressure turbine blades are identified. In addition to the experimental effort, corre-
lating analyses utilizing linearized Euler methods demonstrate that these computational
techniques are adequate to predict turbine flutter.

J. Panovsky
Honeywell Aerospace,
P.0. Box 52181,
Phoenix, AZ 85072-2181

Introduction by 200 mm (outer radius). The flow conditions at the test section
@t can be varied over a wide range of Mach numbers (0.3 to 1.6)
d flow angles (20 deg to 70 deg). The general intent of the
cility is to provide two-dimensional flow conditions. In addition,

This paper summarizes the results of a series of experimefﬂ
conducted in an annular cascade facility to investigate torsio
flutter in low pressure turbine (LPT) blades. The development . " o
improved design guidelines for LPT flutter is an active researdhProvides important advantages for oscillating blade measure-
area because there have been several recent occurrences of iSRS due to its inherent circumferential flow periodicity and
bility in this class of blades. Because of these concerns, a resectbgence of lateral boundaries.
project was initiated with the goal of eliminating flutter in LPT 1he test cascade is composed of an annular arrangement of
blades. twenty blades. The LPT blade shape used for this series of tests

To date, several forced vibration experiments similar to tho&@rresponds to a latter stage of a modern commercial turbofan
described in this paper have been conducted in both linear ##fgine. Each airfoil in the cascade is imbedded within a base
annular cascades (Rs and Sctiléi, 1984; Buffum and Fleeter, who_se curved surfa_ce also forms_ the inner boundary_of the test
1990). In general, this work has been focused on a characterizatf§$tion. Each base is attached to its own mass and spring element,
of the aerodynamic stability of the cascade based on measurem@hid the resulting blade assemblies are mounted to a common core.
of the blade surface unsteady pressures. For the current LPThe individual blades in the cascade are excited using an array
cascade, this topic was the general focus of a previous papérelectromagnets. Control of the vibration amplitude and inter-
(Panovsky et al., 1997). In addition, comparisons were present@de phase angle (IBPA) is accomplished electronically based on
between the measured unsteady pressures and predictions ffé@glback signals provided by inductive displacement transducers
computational fluid dynamics (CFD) codes. placed over each individual blade assembly (Kirschner et al.,

The current paper represents an extension of this work. Th880). The frequency and mode shape are based on the torsional
primary objective of the tests presented here is to investigate th@de of the actual blade. To permit the investigation of the effects
influence of the reduced frequency, inlet flow incidence, locatioef changes in the mode shape, provisions for three locations of the
of the torsion axis, and other key parameters on the cascddesion axis were made. These locations are shown in the blade
unsteady response. In addition, an enhanced understanding ofgtigematic of Fig. 1. The nominal blade vibration amplitude is
unsteady behavior of the cascade is obtained based on unstegalyroximately 0.5 deg.
pressure measurements made along the test section outer wallhe upstream and downstream steady-state flow conditions are
Tests were also performed to check the applicability of the inflaletermined from spanwise-circumferential traverse data obtained
ence coefficient technique to these cases, as well as to study ubing 3-hole aerodynamic probes. In addition, throughflow infor-
effects of cascade mistuning. Computational predictions are imation is provided by a series of static pressure taps located along
cluded to compare with the experimental measurements. the outer wall of the test section. A parallel line of taps are
available for unsteady pressure measurements. Two neighboring
Experimental Facility and Data Analysis blades in the cascad_e are also instrumented with a total of 18 static

) i : o . __ pressure taps at midspan to measure the steady blade surface

In this section, a brief description of the experimental facilitypressure distribution. A second pair of blades are instrumented
test article, and data analysis technique is provided. A Moty 18 miniature piezoresistive pressure transducers at midspan to
complete presentation can be found in Panovsky et al. (1997). Th@asure the unsteady blade surface pressures. These measurement
experimental me_asurements were conducted in the no“r_OIatIBEations are also shown in Fig. 1.
annular test facility (Blzs, 1983) at the Ecole Polytechnique The raw, time-dependent data derived from the pressure trans-
Federale de Lausanne (EPFL). This is a continuous flow, 0p&f),cers and the inductive displacement transducers is composed of
cycle facility with a test section measuring 160 mm (inner radiugh 4| amplitude, continuous voltage signals. These analog signals

are treated through a chain of filters and amplifiers, and, subse-

Contributed by the International Gas Turbine Institute (IGTI) ef TAMERICAN quently' digitized and stored. The ‘%‘e}ta sgmplg is then SUb.d'V',ded
SocieTy oF MecHanicaL Encineers for publication in the ASME durnal oF Ena- N0 blocks, and an FFT decomposition, including the application
NEERING FOR Gas TURBINES AND Power Paper presented at the International Gapf a data window to reduce leakage effects, is performed on each
Tooone and éig’;”gg]gﬁgggfess and Exhibition, Stockholm, Sweden, June Z5fack. The frequency component corresponding to the blade vi-

Manuscript received by IGTI December 12, 1997; final revision received by tHaration reference frequency is extracted from each data block, and
ASME Headquarters October 20, 1999. Associate Technical Editor: R. Kielb. ~an average complex value is calculated. The transducer sensitivi-
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Cfg 2 Table 1 Summary of test cases

.
Cfg. # Cond. # M, M, k 1(°)
NG 0 I 037 | 074 | 031 | 07
0 2 0.50 1.00 0.24 1.1
0 3 0.46 0.95 0.25 4.9
° 0 4 0.47 0.83 0.28 10.4
Cig 0 1 1 0.38 0.77 0.16 0.6

9
1 2 0.50 0.76 0.17 6.3
1 3 0.46 0.77 0.16 3.6
1 4 0.47 0.67 0.19 9.3
2 1 0.39 0.66 0.18 04
2 2 0.49 0.68 0.17 5.8
2 3 0.46 0.54 0.21 5.4
2 4 0.36 0.45 0.25 6.2
2 S 0.42 0.52 0.22 0.7
Fig. 1 Blade Profile with torsion axes and transducer locations
Results

ties, and any other calibration corrections are applied to these o )
average values. The standard deviations for each data set af@escription of Test Cases. Measurements for four to five
calculated using the average and individual block values. The §&ady flow conditions were conducted for each of the three torsion
percent confidence intervals are calculated from the standard @i locations mentioned previously. The most significant param-
viation estimates assuming a Studerttdistribution. For these ©ters are summarized in Table 1. The sets of tests corresponding to
measurements, typical 95 percent confidence intervals are on @§€h of the torsion axis locations will be collectively referred to as
order of +3 percent for the unsteady pressure amplitude,-aad “configurations”. The range of steady conditions shown reflects
deg for the unsteady pressure phase angle. primarily variations to incidence angle, although changes to other
steady flow parameters were also addressed.

Three different types of unsteady experiments were conducted.
Computational Program The first is the traveling wave mode, where each blade is driven to
. . . . . . a constant amplitude and there is a constant temporal phase dif-
. Computational results using a quasi-three-dimensional IIne%’rence between adjacent blades. This mode simulates the domi-
ized Euler code called NOVAK (Holmes and Chuang, 1993) havg, o4 racteristics of the system mode behavior of the actual rotor

been obtained for all of the experimental cases. These predicti embly (Lane, 1956). A total of twelve interblade phase angles
are compared to the experimental results in terms of the unstead¥ | sed for eaéh of the steady conditions

pressure, work, and dampir)g coefficients’ioand Fransson, The second type of experiment will be called the single blade

Wibration test, where each blade in the cascade is vibrated individ-

tUb? cgntract(ij(_)nt,_ whicg was goqugt;) o_lr_1rl]y sli_ghtly affect th% lly. Measuring the unsteady pressures generated on the instru-
unsteady predictions (Panovsky, ) The primary PUTPOSE fihnteq (reference) blade while vibrating single blades in the

the analytical investigations is for comparison with the experimerg—ascade gives a direct determination of the influence coefficients

tal measurements to determine whether inviscid methods are f’@fawley, 1988). These coefficients define the relative importance

plicable to LPT flutter. f h bl in th h - f )
In linearized Euler methods, the unsteadiness in the flowfieldgareeiconb(,j‘agﬁ,gr]1 tre?e(r::r?(c::dbelz;get e generation of unsteady pres

assumed to be a small harmonic perturbation to the nonllnear.l-he final type of experiment is referred to as the alternating

steady flow governed by the Euler equations. The linearized Eu@é e test, where only every other blade in the cascade is excited
atE)fp(oaches S.‘le%rln t(t)trtl)e the b‘ff.t cor}wr?romlsetﬁfdaccurgcyl@l traveling wave mode. This test is a simulation of mistuning,
eimiciency availabie at the present ime. 1hese methods can INCIYREieh stydies the effect of the small frequency variations of actual

the _effects of _the geometry_of the blades, and r_nodel the Mihdes on the overall vibratory response of the rotor. The driven
pertinent physics of t.he flowfield. S.hocks can be directly capturdl 1os model those that would be at a system mode natural
by the steady solutions, and their effects on the unsteadingss, oncy while the undriven blades simulate those that are de-
determined. Because of the assumptions inherent in the Ilneanﬁ?ﬁed from the system frequency. The arrangement selected is

tion, variations in the flow parameters afe."”?"?d to small hay ~onsidered the most stable mistuning pattern, at least from a robust
monic perturbations. The determination of incipient flutter mee sign viewpoint (Crawley and Hall, 1985)
al ' '

this requirement, since actual LPT blades vibrate at very sm
amplitudes. Obviously, Euler methods cannot model the boundaryTraveling Wave Tests. A representative case from the trav-

layers and other viscous regions accurately. The numerical sodling wave results, corresponding to the design point conditions
tions for blades operating at high incidence angles, as sometinfesndition 1) for configuration 1, is presented in this section. The
required of LPT blades, may not be accurate. distribution of the first harmonic of the unsteady pressure mea-

Nomenclature

¢ = chord length LPT = low pressure turbine p. = inlet static pressure
C, = coefficient of unsteady pressure, M, = inlet Mach number s = normalized blade surface distance
pla(py — po) M, = outlet Mach number SS= suction side of the blade
CFD = computational fluid dynamics p = unsteady pressure U, = outlet velocity
i = inlet incidence angle PS = pressure side of the blade a = blade angular displacement
IBPA = interblade phase angle p. = inlet total pressure o = blade vibration angular frequency
k = reduced frequencyyc/2U,
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 83
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20 agreement with the experimental data and, in particular, accurately

o e be capture the trends exhibited along the blade surface and the effects
— ﬁna:ysqs, gg of changing IBPA. Some differences are evident, especially in the
s ~ N\ bzz nalysis, 5

magnitude of the unsteady pressures.

Additional insight into the influence of IBPA is provided by the
contour plots in Fig. 3 which show the measured distribution of the
unsteady pressure amplitude on the blade surface as a function of
IBPA. On both blade surfaces, the unsteady pressure peak regions
illustrated in Fig. 2 are most prominent near IBRA180 deg, and
tend to disappear near IBPA 0 deg. This behavior points to the
Og g . ° important influence of the direct neighbor blades on the instru-
mented blade unsteady pressures.

Cp Magnitude
>

0.2 0.4 0.6 08 1.0

o0 Normalized Surface Distance Further information concerning the interaction of the neighbor-
ing blades can be obtained from the unsteady pressure measure-
180 D55 " ments obtained along the outer wall of the test section. Such
Di?ﬁ}:ss . measurements have beer_l previously preser_lted bgbé&lmer
o Analysis. PS . (1996) and represent a unique opportunity to investigate the un-
steady interaction of the blades in the cascade by experimental
2 means. Figure 4 shows the instantaneous pressure distribution
§ 0 within two blade passages for IBPA 180 deg. Three different
& positions of the blades are shown: (a) largest throat area between
the two blades; (b) mean throat area; and (c) smallest throat area.
-90 The mean position of the blade is indicated by the black profile,
and the instantaneous position is indicated by the white profile.
) Due to the torsional motion of the blade, the trailing edge expe-
1805 02 04 06 0.8 10 riences the largest linear displacement. This can lead to fairly
Normalized Surface Distance significant changes in the throat area of the blade passage during

@) cascade vibration, particularly for IBPA 180 deg. It can be
observed in Fig. 4 that for the largest throat area, the measured
20 . . . unsteady pressures in the center passage are small. Figbjes 4(
® Data, SS and 4¢) illustrate an increase in the instantaneous unsteady pres-
O Data, PS -
Analysis, SS sure as the two blade trailing edges approach one another. For the
sy /0 N\l Analysis, PS |1 smallest throat area, the aforementioned peak unsteady pressure
regions along the leading edge on the suction side and along the
trailing edge of the pressure side become apparent. It can also be
observed from this series of plots that these peak regions are
coupled to the same basic unsteady flow phenomenon.
The aerodynamic damping coefficient can be calculated from
. the unsteady pressure measurements using the standard expression
g5 o (Bolcs and Fransson, 1986). In Fig. 5, the damping distribution
. along the blade surface as a function of IBPA is shown. The zero
0o 02 04 06 08 10 damping contour is represented in these plots by a black line. Note
Normalized Surface Distance that the maximum damping contributions occur near 0.25 on
the suction surface and near the trailing edge on both surfaces. The

D. ,SS' g . J . . .
b pa B, primary destabilizing influences (negative damping) occur near

Analysis, SS IBPA = +90 deg
80 f L= Analysse. P8 ] The damping distribution can be integrated over the blade

surface to obtain the overall damping as a function of IBPA, as
shown in Fig. 6. This plot indicates there is only a small range of
IBPA near+90 deg where the cascade is unstable. Comparison of
the test measurements and computational predictions are shown to
.90 ] be in very good agreement. Similar comparisons for all of the
steady conditions listed in Table 1 have been conducted, and
L S indicate that linearized Euler methods are sufficient for the pre-

180 Jo——0u oa 0‘6‘“& o8 0 diction of LPT flutter.

Normalized Surface Distance

Cp Magnitude
S
[}

180

Cp Phase
[=]
7.

Single Blade Tests. The unsteady pressures which occur on a
(b) given blade surface represent a combination of the contributions
made by the individual vibrating blades in the cascade. These
Fig. 2 Magnitude and phase of unsteady pressure: (&) IBPA = —90deg  contributions are generally referred to as the influence coefficients.
and (b) IBPA = +90 deg. It is also possible to define influence coefficients for local and
overall work and damping. The blade numbering convention uti-
lized in this paper defines the reference blade as blade 0, with the
sured along the blade surface is given in Fig. 2 for two interbladel blade immediately to the pressure side, the blade imme-
phase angles, IBPA —90 deg and IBPA= +90 deg. It can be diately to the suction side, and so on to define the entire cascade.
observed from these plots that, in general, the highest amplitudeThe contribution from each blade in the test cascade can be
unsteady pressures occur in the leading edge region sip-t@.5 directly determined by vibrating only single blades and measuring
on the suction side, and near the trailing edge on the pressure stte. unsteady pressures generated on the instrumented (reference)
Computational results calculated by the NOVAK code are alddade. The influence coefficients can also be obtained mathemat-
included in these figures. These results are in reasonably gadacally from the traveling wave results by assuming a linear super-
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180

IBPA (°)

60|

-120F

_180_.4_1111;;.1..

(a) (b)

Fig. 3 Measured C, magnitude: ( @) PS and (b) SS.

position of the unsteady pressures in the cascade. By companirggr the leading edge. The neighboring blade (which faces the
the single blade and traveling wave influence coefficients, tiseiction side of blade 0) also exerts a significant influence at this
validity of this assumption can be verified. For configuration ldpcation. Near the mid-section of the blade, the influence ofthe
condition 1, the results of this comparison are shown in Fig. 7 fillade substantially increases, becoming larger than that of the 0
a single unsteady pressure transducer located=at0.25 on the blade. The important influence of this neighboring blade was cited
suction surface. Both the magnitude and the phase are shown tarbthe previous section. Near the trailing edge, the influence of the
in excellent agreement. Other locations and conditions (refer tel blade diminishes greatly and the largest influences are derived
Table 1), give similar correlations. Thus, the influence coefficiefitom the 0 and+1 blades. Along the pressure side, the primary
technique is demonstrated to be valid for the case of LPT flutténfluence is due to the 0 blade except near the trailing edge. Here,
Similar linearity validations were reported by Bs et al. (1989) the influence of thet+1 blade (which faces the pressure side of
and Kabécher and Bies (1996) for annular turbine and compresblade 0) is also significant.
sor cascades, respectively, vibrating in the bending mode. How-
ever, to the authors’ knowledge, this is the first time that the Alternating Blade Tests. The effects of mistuning were eval-
superposition principle has been validated for LPT blades vibratated by vibrating only alternate blades in the cascade in a trav-
ing in torsion. This determination also provides a potential oppoeling wave pattern. Unsteady pressures were recorded as for the
tunity to greatly simplify the experimental setup, as it implies thaither tests. It was found that this vibration mode had a powerful
the traveling wave results can be accurately simulated by vibratiatabilizing effect on the cascade, as has been indicated by previous
only a single blade in the cascade and measuring the unsteaglsearch (Kaza and Kielb, 1982; Crawley and Hall, 1985).
pressures on the various neighboring blades. The reason for this stabilizing effect is clearly evident when
The influence coefficients also provide important informatioanalyzing the unsteady pressure distribution on the blade. The
regarding the relative importance of the motion of individualinsteady pressures nesar 0.25 on thesuction side for IBPA=
blades in the cascade to the generation of time-dependent pressti®8 deg are the most destabilizing on the blade (see Figs. 3 and
at a given location. In general, for this cascade, only the cont®). As mentioned previously, this unsteadiness is primarily due to
butions from the 0 or reference blade and the neighbofidgand the relative motion of the-1 blade. By not allowing the-1 blade
—1 blades have a significant influence on the unsteady pressutesvibrate, this source of unsteadiness is essentially removed, and
Along the suction surface, the 0 blade exerts the largest influerare improvement in the overall stability of the blade results.

High High
Low Low
(b) (c)
Fig. 4 Instantaneous pressures from outer wall measurements for IBPA = 180 deg
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Fig. 5 Experimental damping coefficient distribution: ( a) PSand (b) SS.

apparent, as the damping coefficient over the entire IBPA range
approaches the average value. It is worth noting that the unsteady
o ) ) ) ressures produced by this vibration pattern and, in fact, any

_ The stabilization can also be explained by a consideration of tgﬁ)itrary vibration pattern, can be also accurately determined from

influence coefficients of the overall damping from the normahe influence coefficients.

traveling wave experiments. The contribution from the reference

blade is the average damping value across the IBPA range. T, :

influence coefficients show that the only significant contribution}ng Design Parameters

from other blades is from the immediate neighbors'-mmnd+1 We now utilize the experimental results to Identlfy the effect of

blades. In the traveling wave domain, these contributions wiey design parameters on the stability characteristics of the cas-

appear as the first harmonic variations with IBPA. If these contr¢ade. To conduct this study, the least stable point from the curve

butions are removed by fixing these blades, the minimum stabili@j damping versus IBPA is identified for each of the steady

over all IBPA will increase. Since only the minimum stability is ofconditions summarized in Table 1. This minimum damping value

concern in a practical sense, the stability of the blade improveds the primary value of interest from a stability evaluation stand-
An example of the results of the mistuning experiments #0int. These damping values were then plotted as a function of

shown in Fig. 8 for configuration 1, condition 1. The effect ofvery significant steady and unsteady parameter associated with

removing the contributions of the neighboring blades is readifiie various steady conditions.

25 v T 25 T T
0O---OData o O---0 Traveling Wave
20} o. =— Analysis | | 20 | ,d/ Q\ ®— Alternating Blade
; P R
k] 151 S 15 | / K
5 5 ;
Q / \
S 10} S 104 a
2 2 S "
Q. Q 1 ’
E 05} E 05} S
< \ /
s} Q \ /
Stable Stable o=
0.0 0.0 N
Unstable Unstable o—o
05 : - - 05 ~ - .
-180 -90 0 90 180 -180 -90 0 90 180
IBPA (deg) IBPA (deg)

Fig. 6 Overall damping coefficient
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Fig. 8 Effect of mistuning on overall damping coefficient
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Min Damping Coefficient

0.2 0.3
Reduced Frequency

(a)

Min Damping Coefficient

1.2

1.4 1.6

P1/P2
(@)

Min Damping Coefficient
no

Min Damping Coefficient
N

0 2 4 6 8 10 12 1.1 1.2 1.3 14
Incidence (deg) Zweifel Number

(b) (b)

Fig. 9 Trends of minimum damping versus key parameters: (
frequency and (' b) incidence.

a) reduced Fig. 10 Trends of minimum damping versus key parameters: (

pressure ratio and ( b) Zweifel number.

a) static

An example is shown in Fig. 9 for two of the parameters whicHsed to assess the_ importance of the individual blades to the
are usually considered to be the most important, reduced frequeQEperved trends. It is found that the mode shape strongly affects
and incidence. Each steady condition is denoted by a numeri€gftributions from the neighboring1 and +1 blades. The re-
index which corresponds to the configuration number. Thus, thefiiced frequency affects contributions from both the reference
are four data points for configurations 0 and 1, while configuratigfiade and the adjacent blade pair. Loading variations solely affect
2 has five points. Acknowledging that the available data set doit§ réference blade. Incidence variations did not seem to have a
not reflect independent variations of these parameters, it is nev%ﬂ”'f'cam effect on the stability characteristics of the cascade
theless surprising that neither of these plots indicates a clear tn—{%ﬁ)”gh the range tested. These results are summarized in Table 2.
in the damping. The primary trend shown is that the conditions afigShould be noted that these conclusions have been drawn based
grouped into configurations, implying that the primary driver i9n the experimental data only, and mostly serve to highlight the
mode shape. If we consider the data points within a particulJpPortant design parameters. A more detailed parameter study
configuration, a secondary trend is observed for the reduced fREIPI0Ying computational methods is presented by Panovsky and
qguency. For example, within the five data points for configurati lelb (1998).

2, there is a clear trend toward lower damping as the reduced
frequency drops. A dotted line is used to indicate this trend f@ummary and Conclusions

each of the configurations. The incidence plot, however, does Nopetailed measurements of the unsteady pressures generated by

exhibit even this secondary trend. _ _the vibratory motion of a modern LPT blade in an annular cascade
Loading in general, in terms of higher pressure ratio or highayve been completed. A total of thirteen steady conditions were

exit Mach number or other similar measure, seems to havejrestigated using three torsion axis locations. Several types of

secondary influence, but no single parameter could be identified gfsteady tests were conducted, including traveling wave, single

having the dominant contribution. In fact, the Zweifel numbep|ade, and alternating blade modes.

(Zweifel, 1945), which is the primary loading guideline, shows no The traveling wave results demonstrated that the highest ampli-

trend at all. Examples of the effect of loading are shown in Fig. 10

using the ratio of the inlet and exit static pressures and the Zweifel

number_ as p_arameters. Averag_e trends are again 'nd_'catedTQMe 2 Dependence of the damping influence coefficients on key pa-

dotted lines in the pressure ratio plot. In summary, this studymeters

indicates that the most dominant contribution to overall stability

for LPT blades is the mode shape, followed by reduced frequendy, _Blade(s) | Mode Shape k Incidence | Loading
and finally some type of loading parameter. Reference secpndary secondary none secondary
The influence coefficients of the overall stability can also beAdjacent pair |  primary | secondary none fone
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A Design Method to Prevent
Low Pressure Turbine Blade
J. Panovsky' FIUtter

A design approach to avoid flutter of low pressure turbine blades in aircraft engines is

R. E. Kielb described. A linearized Euler analysis, previously validated using experimental data, is
used for a series of parameter studies. The influence of mode shape and reduced frequency
GE Aircraft Engines, are investigated. Mode shape is identified as the most important contributor to determin-
1 Neumann Way, MD A413 ing the stability of a blade design. A new stability parameter is introduced to gain
Cincinnati, OH 45215 additional insight into the key contributors to flutter. This stability parameter is derived

from the influence coefficient representation of the cascade, and includes only contribu-
tions from the reference blade and its immediate neighbors. This has the effect of retaining
the most important contributions to aerodynamic damping while filtering out terms of less
significance. This parameter is utilized to develop a stability map, which provides the
critical reduced frequency as a function of torsion axis location. Rules for preliminary
design and procedures for detailed design analysis are defined.

Introduction studies to be done in a practical manner, and to provide additional

insight. The first step is to define a new parameter for stability

The development of improved design rules and approaches 9. . }
avoid flutter of low pressure turbine (LPT) blades has become\_l\mlch addresses the entire range of interblade phase angle (IBPA)

high priority because of several recent occurrences of torsior%rc’fla single relevant value.
flutter. A combined experimental and computational effort to ad- . . .
dress this issue, utilizing a representative blade geometry in Rgrivation of Stability Parameter
annular cascade facility, has been described by Panovsky et alThe unsteady pressures which arise on a blade surface during its
(1997) and Nowinski et al. (1998). One of the key outcomes fronibratory motion are due to contributions from all of the blades in
this previous effort is that the most important contributor to fluttethe cascade. The contribution of each blade to an arbitrary refer-
is the location of the torsion axis. Of secondary importance are thece blade is defined as its influence coefficient (e.g., Crawley,
reduced frequency and, to a lesser extent, the steady blade load@$8). Influence coefficients can also be determined for the aero-
The effect of the inlet flow incidence angle was negligible. Whil@ynamic work.
the importance of mode shape has been identified previously bylhe influence coefficients can be defined by the transformation
many authors (e.g., Bendiksen and Friedmann (198Q0)sdhing
(1989)), reduced frequency has remained the primary design pa- _
rameter for flutter. w= D Wek 1)
Another major conclusion, which resulted from comparisons of k=-(N12)
test data and analytical predictions, is that computational flujghere
dynamics (CFD) methods based on a linearized Euler approach
(Hall and Crawley, 1989) are adequate to reliably predict flutter 2l
behavior in LPT blades. The codes can now be used to consider 9= N @)
other cases of interest and to perform systematic parameter studies.
The method assumes tuned blades, so that only a single passadoté that lower case indicates the IBPA (or traveling wave)
analyzed with phase-lagged conditions on the periodic boundariégmain and upper case denotes the influence coefficients. This
The prediction of incipient flutter is sufficient since our goal is téelation is in the form of a Discrete Fourier Transform. Each
develop design rules. c_omplex influence coefficient can be written in terms of its mag-
The focus of the present paper is to study the flutter sensitivifjtude and phase,
to the key parameters identified through the earlier efforts. The We = W.el® 3)
studies summarized here include the effects of reduced frequency k K=o
and mode shape. The findings are compared to previous investiThese expressions show that the contribution of each blade is in
gations by Kirschner, Pelet, and Gyarmathy (1976) and Whitehegi& form of a sine wave in the IBPA domain. The 0 blade
(1987). All of the computational results utilize the quasi-threezontribution is the average value, and corresponds to the contri-
dimensional linearized Euler code NOVAK by Holmes andution of the reference blade on itself. A single-period sinusoidal
Chuang (1993). Unique approaches are introduced to allow thaggiation in the curve of work versus IBPA corresponds to contri-
butions from the adjacent blades on either side of the reference.
mrent address: Honeywell Engines and Systems, P.O. Box 52181, M/S 553_The 1 b-lade s adjacem o the pressure_ Side-Of the reference
Phosnix. AZ 85072, YW 9 4 e ' bfade, while the-1 blade is on the.suctlon side. Higher frgquency
Contributed by the International Gas Turbine Institute (IGTI) e Rwerican  COMPoONeNts are due to blades which are the corresponding number
SocieTY oF MEecHaNicaL EnaINEers for publication in the ASME durnaL o Ena-  Of passages away from the reference blade. This behavior has
NEERING FOR Gas TURB!NES AND POWER. Paper_p_r_esented at the International Gagspecial Signiﬁcance for the aerodynamic dampmg On|y the con-
Iggg;”f\;\r/‘l‘é éig’;”gg}gﬁgggfess and Exhibition, Stockholm, Sweden, June Zspant value corresponding to the 0 blade can be absolutely stable or
Manuscript received by IGTI December 9, 1997; final revision received by tHdnstable. All other blades will give equal stabilizing and destabi-
ASME Headquarters October 20, 1999. Associate Technical Editor: R. Kielb.  lizing contributions.
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All of the experimental and computational results that have been 25 ‘ " "
obtained through this flutter research project indicate that the
reference blade and its immediate neighbors are the dominant
contributors to the unsteady behavior of the LPT cascade (Pan- 2°
ovsky et al., 1997; Nowinski et al., 1998). This behavior is typical
of most other cascades, whether they are fans, compressors, or
turbines. The more-distant blades do have some contribution, bgt ey
for the purpose of developing design rules, the 0 aridblades are &
the important contributions to understand and control.

To maximize stability, the O blade contribution to the damping
would be maximized to the stable side, while thd blade pair
influence is minimized, since any stabilizing contribution necessarilg
causes an equally de-stabilizing contribution at another IBPA. The
magnitude of the influence coefficient indicates the importance of
each blade, but the overall amplitude of the fundamental harmonic (in
terms of IBPA) of the damping curve depends on the magnitude of
both the+1 and—1 blades and their relative phase. This is because
both of these contributions are in the form of a single-period sine -o.
wave in the IBPA domain. The phasing of the individual influence
coefficients can be such that they superpose constructively, which
would lead to less stability, or destructively, which would cancel the
contribution and tend toward the O blade stability level.

In light of these considerations, a criterion will be defined t%: W, cos
better assess stability and the important contributions. For this = ° 0
stability criterion, the damping versus IBPA curve is approximated — W2, + 2W, W, cos(d.y + d_y) + W2, (7)
by including only contributions from the reference blade and the
adjacent blade pair. The stability parameter is defined as the leadf S is positive, the blade will be stable for all IBPA. If it is
stable point on this approximating curve. To obtain an expressioegative, then there is some range of IBPA where the blade will be
for the stability parameter, we first note that the portion of the wonlknstable. The corresponding expression for the phase ange of
at thekth harmonic (in terms of IBPA) will be due to contributionscan be used to define the most unstable IBPA, but this is of
from the =k conjugate pair. The contribution of each pair can bsecondary importance. Using Eq. (7), it is possible to summarize
separated into real and imaginary terms the overall stability of the cascade for the entire IBPA range in

terms of a single parameter.

The contributions to the stability parameter are shown schemat-

@) ically in Fig. 1. The damping versus IBPA curve resulting from the

experimental data for design point conditions is used in this
Only the real part of the right-hand side of Eq. (4) contributes texample (Panovsky et al., 1997). The approximation using only the
the aerodynamic damping. The magnitude of this real part for tieference blade and its immediate neighbors is indicated by the
+k pair is solid line. The average value is denote®D" and corresponds to
the contributions from the blade on itself. Thel blade pair
contribution is in the form of a sine wave of a single period. This
has an amplitude denote&1” in the figure. The least stable point
on the curve is obtained by subtracting this magnitude fr&a1'

There are actually two ways to consider the stability criterion:

® ~ @EPFL Data
——— S-Parameter Approximation

Coeffici

mping

0.5

0.0

-90 0
IBPA (deg)

180

Fig. 1 Definition of the stability parameter

W, et * + W_,e * = SF sin (ko| + ¢ )

+iS sin (koy + ob).

Sk = \J/Wik + 2W Wy cos(dy+ doy) + W2 (5)

A special expression is needed for the 0 blade
SR =W, cos do. (6)

The stability parametes, is defined as the minimum point on thel S > 0 stable
approximating curve to the overall damping. This point is given by S < 0 unstable
subtracting the magnitude of the contribution due to the adjaceht S§ > S¥ stable
pair from the average value due to the reference blade, S5 < SF unstable

Nomenclature

A = matrix of aerodynamic coeffi- N = total number of blades ¢ = phase of complex variable
cients n = normal vector n = coordinate normal to chord
a = modal amplitude vector p = pressure o = interblade phase angle
B = work matrix in influence coeffi- q = dynamic pressure E = damping coefficient
cient domain S = stability parameter & = coordinate along chord
b = work matrix in traveling wave S, = contribution ofkth conjugate pair .
domain s = normalized distance along surface Subscripts
¢ = chord u = physical deflection vector k = blade number
CFD = computational fluid dynamics W = work in influence coefficient do- | = index in traveling wave domain
F = discrete Fourier transform opera- main )
tor w = work in traveling wave domain Superscripts
h = bending deflection x = axial coordinate | = imaginary component
i = imaginary component y = tangential coordinate R = real component
IBPA = interblade phase angle « = torsional amplitude - = magnitude of complex variable
k = reduced frequency @ = matrix of fundamental mode shapes

LPT = low pressure turbine
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The first has the advantage of giving a single quantity which

provides a direct measure of the stability of a design. With the / n
second measure, both sides of the inequality could be plotted T Jlex
versus some parameter of interest. The intersection of the lines

indicates the stability boundary. This second measure has the
advantage that the importance of the reference blade compared to

the adjacent blade pair is apparent in such parameter studies. x
The advantage of the stability parameter is that it captures the Caade
important contributions to the damping versus IBPA curve while Aol

filtering out the smaller variations. While these details are impor-
tant for the assessment of a particular design, they may obscure the
more global behavior which is the goal of the present study.
Additionally, the influence coefficients for the 0 and blades can m'g;
be determined fairly accurately with analyses run at just a few
IBPA, using as few as three distinct IBPA. The param&tean be
determined from this small set of analyses and the overall stability
determined without the need to run many IBPA to see if the
damping curve crosses over the stable/unstable boundary. This
presents an efficient method for doing parameter studies. An
alternative calculation is to design a computer code around the
stability parameter, determining the unsteady pressures on the
reference blade due to motions of this blade and its immediate
neighbors. These three solutions give the influence coefficients
directly, and thenS can be calculated to determine the overall )
stability. The solution in the traveling wave domain could easily b@odes are least stable near an IBPA-30 deg while the least
plotted if desired, by using Eq. (1). This approach may be evéfable IBPA for the axial mode is ne&r90 deg.
more efficient than using three traveling wave solutions, thoughBecause of the surprising result for these fundamental modes,
most computational codes are not written with the necessdRe analyses were repeated for bending along the cascade axial and
conditions on the periodic boundaries. Buffum and Fleeter (199t@ngential directionsx andy in Fig. 2). A considerable difference
have proposed this type of approach and, in fact, modified a cipthe flutter reduced frequenugs was found in these cases, W[th
code to perform calculations in terms of influence coefficients. values near 0.1 for cascade axial and 0.4 for cascade tangential.
The experimental results from the cascade tests were usedl tgse results, plus the value found for torsion, are consistent with
verify the ability of the stability parameter to reliably approximat&nginé experience. ]
the minimum damping value. Comparisons such as the examplelhe conclusion is that the fundamental modes all having the
given in Fig. 1 were constructed for each of the thirteen steaggme flutter reduced frequency is coincidental, though it may have
conditions described in Nowinski et al. (1998). These comparisof8@me presently unknown physical significance. For any other set of
indicated that the stability parameter is a very good estimate of thg@nding axes, this consistency will not hold. Bending in an arbi-
minimum damping value over a wide range of steady conditiogry direction can be thought of as a combination of the two
and for three mode shapes. Now that the stability parameter Hegdamental axial and flex bending modes. It is the difference in

been validated using experimental data, it can be applied wifte least stable IBPA for these fundamental modes, as shown in
confidence in additional studies. Fig. 3, which causes the flutter reduced frequency to vary for an

arbitrary bending direction.

Fig. 2 Definition of fundamental mode shapes

Effect of Frequency on Fundamental Modes Inf_Iuence Coefficients:. Influence coefficients _have bgen de-
) ] ) - termined from the traveling wave results, and their magnitudes are
. The first parametric study describes sFablllty trends of the blad@mmarized in Fig. 4. These results show that the primary contri-
in three fundamental modes as a function of reduced frequengyijons in all cases are dominated by the reference blade and its
The fundamental modes are defined as bending along and norfRghediate neighbors. It is interesting, though, that the relative
to the chord, and torsion about the blade leading edge. Figure Zrgortance of the neighbor blades does change for the various
a sketch of the geometry and coordinate systems. Bending norig@jdes, and the trend with reduced frequency is not always the
to the chord, in then direction, will be referred to as the “flex” same. The reference blade contributions increase with increasing
mode while bending along the chord, in thelirection, is referred reduced frequency, indicative of the increased stability expected.
to as the “"axial” mode. For comparison, and to point out SOMghe change in the reference blade with reduced frequency is

contrasts, bending along the cascade axial and tangential directigpilar to the overall trends found by Szechenyi (1985) for fan
(x andy) are also considered. These directions are more repgade flutter.

sentative for system modes of tip-shrouded LPT blades. The steadythe —1 plade is the dominant contribution for the axial mode
flow in all of these studies is defined by the design point operatingq it, too, increases in magnitude for increasing reduced fre-
conditions of the actual blade. The range of reduced frequengyency. Recall, though, that this is de-stabilizing. There is little
assessed is from 0.05 to 0.5, a range which extends beyQiihnge in the-1 blades’ contribution in the flex mode, while the
standard designs for both bending and torsion. influence decreases with increased reduced frequency for torsion.
For all modes, the contribution of the 1 blade grows as the
reduced frequency increases. But the overall importance of-this
@%de and the sensitivity to reduced frequency does vary with

Damping Versus IBPA. A summary of the damping coeffi-
cient versus IBPA is shown in Fig. 3 for the three fundament
modes, with the reduced frequency as a parameter. The m
surprising feature about these curves is the critical (or “flutter’
reduced frequency, that where the modes become unstable, iStability Parameter. The stability parameter can be calcu-
almost identical for each of these modes. This critical reducéated from the influence coefficients using Eq. (7). As mentioned
frequency is between 0.2 and 0.3 in each case. This is quieeviously, it is also worthwhile to consider the contributions from
surprising, since experience suggests that the bending modestheereference blade and from the adjacent blade pair individually,
much more stable than torsion. For each mode, note the smoatid this is done in Fig. 5 for the fundamental modes. This plot is
shifting of the curves with reduced frequency. The torsion and flerore useful than the influence coefficients of Fig. 4 because it

de shape.
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Fig. 3 Damping as a function of IBPA for the three fundamental modes Fig. 4 Magnitudes of the influence coefficients for the fundamental

modes

isolates the contribution of these blades to the damping portion of

the complex work term. Recall that stability benefits from maxibution is much less affected by the reduced frequency. So one of
mizing the S, contribution and minimizing thes, contribution. the most important outcomes from this study is that the depen-
Significant features of the resulting trends is that they are neadgnce of flutter on reduced frequency is primarily a reference blade
linear with reduced frequency, and the variation of stabilyi€ contribution.

almost totally a function of the reference blade. The slope ofsthe For each of these modes, b&fandS, increase with increasing
parameter is nearly the same as that$gr while the S, contri  reduced frequency. Th8, contribution varies from a slight in
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Fig. 5 Stability parameter versus reduced frequency, including contri-

butions due to reference blade and adjacent blade pair

will increase or decrease the stability. But the benefit to stability is
clear in Fig. 5, since the magnitude of the de-stabilizBagnflu-
ence is diminishing.

Effect of Mode Shape

The most important design parameter identified through the
experimental correlation effort is the mode shape (Panovsky et al.,
1997; Nowinski et al., 1998). One of the keys to conducting a
complete study of mode shape in a practical and systematic man-
ner is the ability to superpose the three fundamental modes defined
in the previous section to get the equivalent of the torsion axis at
any location. This study also addresses bending modes, since a
torsion axis at infinity generates a pure bending mode. In this
section, this superposition is coupled directly with the stability
parametelS.

Superposition of Fundamental Modes. By exploiting linear-

ity, we can determine the unsteady solution for torsion of ampli-
tude « about any arbitrary locatior¢(n) by the superposition of
the three fundamental modes. If the aerodynamic work for a
number of locations is to be determined, it is much more efficient
to use superposition rather than direct calculation. Using vector
relations, it is straightforward to show (Panovsky, 1997) that the
amplitude of these fundamental modes is given by

h; n
{a(¢, m; a)y ={hy} =« —1§ . (8)

Following Whitehead (1987) and Holmes and Cedar (1995), the
work for a torsion axis at the poing,(n) can be obtained directly
by superposing the solutions for the three fundamental modes
through the expression

w, = {a} (b ){a}. 9)

The derivation of this expression is contained in the Appendix. The
matrix [b] is called the work matrix. Each entry of this (8 3)
matrix is the work done by combining the pressures from each
fundamental mode with the displacement of each of these modes.
This matrix is calculated once for the fundamental modes, then the
work for rotation about any point in space is given by substituting
for the {a} in Eq. (9). Note, though, that the work matrix is a
function of IBPA.

Similarly, it is also possible to determine each influence coef-
ficient

W, = {a} "[BiI{a}, (10)

where B,] is the matrix of influence coefficients for the funda
mental modes for thieth blade. This expression is also derived in
the appendix.

The general procedure, then, is to run the unsteady code in the
three fundamental modes with unit amplitudes through the range
of interblade phase angles. As few as three IBPA’s can be used.
The mode shapes and unsteady pressures from these solutions are
then used to determine the work matrix at each IBPA. From this
series of work matrices, the influence coefficient matrices can be
calculated. Finally, the influence coefficients at an arbitrary point
can be determined using Eq. (10), and then the stability parameter
is found using Eq. (7). Note that it is now very efficient to map out
the stability over an arbitrary range @& ). For a choice of steady
conditions and vibration frequency, all that is necessary is to repeat
Egs. (10) and (7) for anyé( n) of interest. A note on the normal-
ization of the aerodynamic work to obtain the damping coefficient

crease in de-stabilizing influence for the axial mode, to a signifls 150 discussed in the Appendix.

cant increase for flex, to a significant decrease for torsion. This

behavior can be contrasted to the trends found in Fig. 4. ForDamping Coefficient Map. An intermediate step in this pro-
example, the influence coefficients shown in Fig. 4 for torsiocess is to determine the damping values as a function of torsion
decrease with increasing reduced frequency fortfieblade, but axis location for each value of IBPA. While this step is not
increase for thet1 blade. It is unclear whether the combinatiomecessary to determine the overall stability, it does provide useful
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Rhn s parameter, while the experimental results indicate that it is of

- secondary importance. The study summarized in Fig. 7 can be
somewhat misleading because of the range of reduced frequency
covered. Realistically, only a very small portion of this reduced
frequency range would be within the possible range of variation
for any particular design. In summary, mode shape is the most
important parameter from a design perspective, but reduced fre-
guency must also be taken into account.

Critical Reduced Frequency Map Near the Reference Blade.
The results from the previous section can be overlaid to determine
the value of reduced frequency for which each torsion axis location
becomes unstable. The contour plot of the results is shown in Fig.
8. The contour shading pattern is set up such that a darker shade
indicates less stability. The contour levels in these plots are cut off
Fig. 6 Damping as a function of torsion axis location for k=02and agtk=0.6t0 emphasize the range of interest. This is an extremely
IBPA = 90 deg. The reference blade is in the center. useful and enlightening plot. The region toward the lower left is

the least stable, as shown previously in Fig. 7. The most stable

region is toward the upper left corner of this plot, with stability
information. An example in Fig. 6 shows contours of damping &S0 increasing to the right. On the reference blade itself, a torsion
a function of torsion axis for design point conditions at IBRA axis on the forward portion of the blade is much more stable than
+90 deg for a reduced frequency of 0.2. This type of plot will béhe aft portion.
used extensively in the studies which follow. To construct this Figure 8 can be used as a basic design tool. One interpretation
plot, the damping at each location in a fire ) grid is calculated is that by controlling the torsion axis location, it would be possible
by superposing the results from the three fundamental modes t@@llow much lower reduced frequency than the current guide-
given by Eq. (9). This calculation is repeated over the range Bf€s. Itis quite interesting that at the leading and trailing edges as
torsion axis locations shown, then contours of these dampimgll as at mid-chord, the critical reduced frequency is nearly
values are produced. For clarity and interpretation, blade profiligientical. There is a significant difference between the critical
to represent the cascade are included. The reference blade is inéisiced frequency at the most stable location on the blade (at
center of the plot. approximately 20 percent true chord) and the least stable (at

The effect of torsion axis is quite evident from this plot. Thépproximately 60 percent true chord). This leads to a high gradient
aerodynamic damping changes significantly over the plotted rangefween these locations. Since this region is the most likely loca-
of axis locations. A large region of instability is centered near tHéon for the torsion axis of an actual blade, it is not surprising that
trailing edge of the reference blade, denoted by the darker shadftigvious engine experience has been so erratic while using reduced
and bounded by the nearly vertical zero-damping contours in tfiequency as a design criterion. Small changes in these contours as
plot. A mode with a torsion axis within this region will be unstable@ function of blade shape or operating conditions for other blade
while a torsion axis located outside the region will be stable at thitesigns could lead to large differences in critical reduced fre-
IBPA. The most stable region is for a torsion axis at the leadirguency.
edge of the reference blade. Stability also increases as the torsiomhe contours of flutter reduced frequency are roughly aligned
axis moves beyond the trailing edge of the reference blade in thermal to the blade meanline at all locations along the blade
chordwise direction. surface. As a result, changes in torsion axis location along the

The drawback to this type of plot is that it only applies to aneanline are much more significant than a shift normal to the
single IBPA. The main goal of a flutter analysis is to determinsurface. Note that many of the contours coalesce at a point between
whether the design is stable or not. If a design is unstable, tiiee reference blade and its nearest neighbor to the pressure side.
IBPA at which it flutters is of little consequence. To determindhe region around this point contains very high gradients in the
overall stability, plots such as Fig. 6 would have to be constructetitical reduced frequency contours. This location appears to be a
for each IBPA, and then unstable locations on any plot would hapévotal point in determining the primary stable and unstable re-
to be identified. This would obviously be quite tedious and timegions, and is the apex of the stable region toward the upper left of
consuming. the plot.

A question which naturally arises from these results is the

Stability Regions Near the Reference Blade. To overcome source of the changes in stability that occur. The two constituents
the limitations of the damping map, the stability parameter defined the stability parameter—the contribution from the reference
earlier is used. The value @& corresponds to the least stableblade and that from the adjacent blade pair—were interrogated.
damping value over the entire IBPA range, so that each torsidhe goal was to determine whether the isolated blade effects or the
axis location can be represented by a single value. A stabilitascade effects are the key driver in the sensitivity to flutter,
parameter map is generated for the range of torsion axis locatidsgause such insight is a key to developing realistic design ap-
through superposition using Egs. (7) and (10). In Fig. 7, stable apgbaches. While considering the contributions for the reference
unstable regions are shown for a series of reduced frequencies. &hd the adjacent blade pairs did help to explain the patterns found
reference blade is again at the center. At the lowest value igfthe critical reduced frequency maps, they did not provide any
reduced frequenck = 0.05, theentire domain is unstable exceptoverwhelming insight. The interested reader is referred to Pan-
a small region which begins near the true chord line of thevsky (1997) for details.
reference blade, passes through the blade’s high-curvature region,
and extends along the cascade tangential directiodifection, Critical Reduced Frequency Map Far From Reference
from Fig. 2). As the reduced frequency increases, this stable regiBlade. The behavior in a more global sense is also investigated
expands, and a second stable region downstream of the blade bywconsidering a much larger range of possible torsion axis loca-
becomes evident. Both of these regions continue to expand withns. This larger range provides the behavior for bending-
further increases in the reduced frequency. At the highest valuedafminated modes, though the analysis is still performed by con-
reduced frequency investigated, the unstable region lies off thielering torsion about these points. This must be kept in mind
blade along a line normal to the aft surface of the blade. when interpreting the results. For example, if a stable region aligns

These results seem to imply that reduced frequency is a critiégalelf with some geometric feature, the motion of the blade is
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Fig. 7 Unstable regions (shaded) for various levels of reduced frequency

actually perpendicular to this feature. The descriptions given hamsion axis, the equivalent bending direction, and the descriptive
will refer to the location of the torsion axis. name for the mode. The definitions are consistent with the coor-
Table 1 summarizes the relationships between the location dihate systems introduced in Fig. 2. As an example, the first entry
indicates the torsion axis is approaching infinity along §teis.
This is equivalent to a translation of the blade section inhe
direction, which has been previously defined in the fundamental

4 mode study as the “blade flex” mode.
= Regions of instability for this expanded range were determined

ke, as previously presented in Fig. 7. These results were then overlaid
2 to produce contours of critical reduced frequency, shown in Fig. 9.

The reference blade is again at the center of the domain. Many
blades from the row are included for subsequent interpretation

Table 1  Equivalent bending modes for torsion axes approaching infinity

Location of Direction of Equivalent Bending
Torsion Axis Translation Mode Name

£ —too n blade flex (normal to chord)

nN->teo £ blade axial (along chord)

x--yFoo y cascade tangential
Fig. 8 Critical (flutter) reduced frequency as a function of torsion axis oo . cascade axial
location near the reference blade Yo
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trend. However, both outcomes can be explained by the stability
maps of Figs. 8 and 9. For the Kirschner study, moving the torsion
axis forward along the meanline from 40 percent to 20 percent
chord places the torsion axis near the most stable region, as shown
in Fig. 8. Moving from 40 percent chord toward the trailing edge
results in lower stability. In the Whitehead study, all of the torsion
axes are located a few chords from the blade profile along the
cascade axial direction. From Figs. 8 and 9, the region upstream of
the blade is the least stable region overall. Moving downstream a
few chords will give increasing stability. Note that this trend
changes if the torsion axis is pushed farther downstream.

These results show that it is critical to conduct a complete study
which considers all rigid body modes. Extrapolation of the trends
from a small number of torsion axis locations can result in signif-
icant errors. Moving the torsion axis in the upstream and down-
stream directions must eventually produce the same stability be-
havior, because the torsion axis at positive and negative infinity
corresponds to the same bending mode. This is true for any
arbitrary direction, as well. Therefore, any trends obtained from
limited studies must be restricted to the range of torsion axis

locations used. By utilizing the superposition approach, this re-
Fig. 9 Critical (flutter) reduced frequency as a function of torsion axis striction is eliminated.
location for the expanded range

Limitations on Parameter Studies

. . P . Note that only a single two-dimensional airfoil shape was con-
purposes. Note that the stability behavior at infinity is symmetrigyereqd at its design point conditions. A relevant question is the

about the origin (at the center of the plot). This is expected, singgjji, 1o generalize these results to other blade geometries or even
torsion about mirror image pairs of locations correspond to bengeer fiow conditions. It is believed that the trends shown here will
ing modes with 180 deg temporal phase shifts but no change in fignain valid for most LPT cases. Changes in geometry and con-
IBPA. As in the previous plots for torsion axes nearer the referengg;q s will change the precise local values, of course, and for this
blade, small changes in mode shape can give drastically differ¢glson some amount of margin must be included in designs which
flutter frequencies. These results clarify some of the trends seen,ja pased on the proposed criteria. But there has been no indication
the more-local results shown in Fig. 8 and, in fact, change the,n any of these studies that LPT flutter behavior is analogous to

conclusions dramatically from those that would be reached Bjing off a cliff” as some design parameter is varied. Rather, all
considering only that local plot.

axis location, the blade motion is normal to this line. Anoth robably have small influences on flutter behavior.

stable region lies along a line normal to the aft surface of the blade,znqther qualifier on these studies is that the experimental data
which is close but not quite perpendicular to the previous directioflseq to validate the inviscid analysis did not cover ranges of

The least stable region lies along the cascade axial, with anothgr meters where viscous effects could become more important,

uch as at very large incidence angles. For this reason, results from
€l inviscid analyses should not be blindly accepted in these
; . > h "9%gimes until they have been verified through experiments. In
gradn_ants persist far from the orgin. These grad_lents help_ neral, LPT blades do not typically deviate significantly from the
explain the differences found earlier for the various bendi sign point incidence for aircraft applications. However, larger
modes. incidence angles do occur in power generation applications. Future
studies should address these concerns as well as other factors

Comparisons to Previous Research. The effect of torsion a} sociated with actual LPT blades, such as endwall effects on the
axis location has been studied previously by other researche ady flow and structural coupling due to shrouds.

though in a much less comprehensive manner than presented here
Two of these investigations will be summarized, since they are .
closely related to the findings of the present study. Summary and Conclusions

Kirschner et al. (1976) conducted an experimental study in aA stability parameter based on the influence coefficients of only
linear cascade on important parameters for flutter of a turbitiee reference blade and its two closest neighbors was presented.
blade, including three different torsion axis locations. The torsichhis parameter retains the most important contributions to the
axes are at approximately 20 percent, 40 percent, and 60 percararall stability while filtering out small perturbations, giving a
chord, all within the airfoil profile. The experimental results indiclearer picture of the sensitivity of the blade stability to design
cate that moving the torsion axis forward is quite stabilizing whilparameters. The entire IBPA range is addressed by this single
moving the torsion axis rearward is de-stabilizing. parameter, which can be determined from as few as three unsteady

Whitehead (1987) conducted a numerical study using the ganalyses. The stability parameter is more useful than the influence
ometry of the standard configuration 4 turbine bladél¢B@and coefficients because it isolates the contribution of the reference and
Fransson, 1986), which included a study comparing the effect ofdjacent blades to the damping portion of the complex work term.
small amount of torsion in a predominately bending mode. The A study of the fundamental bending and torsion modes showed
stability for a torsion axis located several chords up and dowthat each of these modes becomes unstable for a reduced frequency
stream in the cascade axial direction is compared to the stabilitythe range 0.2 to 0.3. The flutter reduced frequency for bending
for a purely bending mode. Whitehead finds that the torsion axatong the cascade axial is considerably lower, which is consistent
upstream is very de-stabilizing, while a downstream location ith previous engine experience. By utilizing the stability param-
very stabilizing. eter, the dependence of flutter on the reduced frequency was shown

Note that the results of these two investigations are oppositetmbe primarily a contribution from the reference blade.
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The methodology to utilize the stability parameter in conjuncsur 'Aeroelasticite dans les Turbomachnes, Paris, France, Oct. 18-23, R&Vi6e
tion with a superposition of these fundamental bending and torsibgncais de Macanique, Special Issgm. 97-104. .

. winski, M. C., Panovsky, J., and'Bs, A., 1998, “Flutter Mechanisms in Low
modes was E_l|S_0 presented. This allows a comp_lete and Sys_tefm sure Turbine Blades,” to be presented at ASME Gas Turbine Conference and
study of all rigid body modes to be conducted in a very efficiertxnibition, Stockholm, Sweden, June, 1998.
manner. The use of the stability parameter allows significantPanovsky, J., 1997, “Flutter of Aircraft Engine Turbine Blades,” Ph.D. thesis,
stability trends to be easily identified. The results were prgsenfé@‘;irs\'};’k‘;/f g"”ﬁg‘xﬁgkf'&ft”::g:ﬂ%ﬂ'A.’ 1667, *Flutter of Aircraft Engine Low
as stability maps of the torglon axis IOF:atllon as a function ressure Turbine Blades,” presented at the 8th International Symposium of Unsteady
reduced frequency. Also provided were similar maps of the flutt@grodynamics and Aeroelasticity of Turbomachines, Stockholm, Sweden, Sept. 14—
reduced frequency as a function of the torsion axis location. 18, 199h7. £ 1085 “Fan Blade Flutier—Sindle Blade Instabiity or Blade t

i 1 i i zechenyl, k., , an ade rlutter—osingle ade Instability or aae to
Thes_e stqdles were sumnjarl_zed in two setz, cohrrespondlngg}l%év%? Cou;’mg?n ASMIE Paper 85-GT 216, g y |
torsion _dom'nated an_d _bendlng do_r_n'nated m_o e S apes. Regi itehead, D. S., 1987, “Flutter of Turbine Bladebisteady Aerodynamics and
of maximum and minimum stability were identified. For theaeroelasticity of Turbomachines and PropelloRsoceedings, Fourth International
torsion-dominated modes, a torsion axis located on the forwa$gmposium, Aachen, Germany, pp. 437-452, Sept. 6-10, 1987.
portion of the airfoil is much more stable than one on the aft
portion. The most stable location is at approximately 20 percent APPENDIX
chord, while the least stable location is near 60 percent chord. For . . " .
modes which are dominated by bending, the most stable regiorA§rivation of Superposition Relations
for torsion axes along the cascade tangential direction. The leaste can represent a torsion mode about an arbitrary location by
stable region lies along the cascade axial direction. obtaining scale factors for the three fundamental modes (refer to
These stability maps indicate the flutter reduced frequency Fg. 2). Linearity and small displacements are assumed. Compu-
extremely sensitive to the precise location of the torsion axigtional solutions for the pressures and work are taken to be
Because performance goals are continually pushing the reduee@ilable for the fundamental modes run at unit amplitudes, with
frequency to lower values, the sensitivity of stability to modehe torsion axis located at the origin of the coordinate system. The
shape must be acknowledged. The mode shape must be contralégch “unit amplitude” implies one chord displacement for the
in a manner to allow performance to be optimized while maintaifending modes and one radian for the torsion.
ing adequate flutter margins. To allow for inevitable blade-to-blade The scale factors for each of the fundamental modes can be
variations, the torsion axis must also be placed in regions of lagetermined from straightforward geometric relations (Panovsky,
gradients, or additional margin must be included. 1997), following previous work by Whitehead (1987) and Holmes
The results of the parameter studies presented in this paperd Cedar (1995). It can be shown that given a rotatiabout the
reveal relevant trends which must be taken into account whéf) n) location, the amplitude of the fundamental torsion mode
designing new blades or when assessing flutter behavior. Tineist also bex. The scale factors for the fundamental bending
studies indicate a new approach to designing for flutter, namely yodes are given by
controlling mode shape rather than reduced frequency. This new

design approach can be implemented by the use of the stability h;= +an
parameter and application of the superposition techniques pre-
sented here. h, = —aé. (A1)
Torsion about this arbitrary point can then be written in terms of
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which can be simplified to w

En=— "33, A.12
w = {a} [b]{a} (A7) " mgcth® M
through some basic linear algebra. This is the same as Eq. {@)ereh is the plunging amplitude normalized by the chord. The
presented earlier. damping coefficient for torsion is
This expression can be used to determine the damping (by
suitable normalization of the work) for torsion about an arbitrary w
point by appropriate superposition of the solutions for the funda- He=— """ %-3- (A.13)

- 2-72
mental modes. The major limitation is that similar plots would be macta
required for each IBPA to determine regions of stability through- o . -
ou('z the entire IBPA range. This Iimitgtion though yhas bgen In the superposition results, we want to con_sm_ier every r'g'q
overcome by extending this approach to obtain similar results fBley mOd.e as a.t(.)rS|on about some axis. In.the limit, a torsion axis
the influence coefficients and the stability parameter. approaching |_nf|n|'Fy corresponds toa bendl_n_g mc_nde of the blat_je.
The influence coefficients are given by the Discrete Fouriét Problem arises in that the damping coefficient in Eq. (A.13) is

Transform of the traveling wave components, which will be d sasically the work per radian of rotation. For a torsion axis at

noted in operator notation as infinity, the translation of the blade becomes infinite, as does the
damping coefficient. Ideally, the damping coefficient for torsion
W, = F(w,). (A.8) would asymptote to the coefficient for bending, which would

Note that the convention adopted earlier of usingpr blade re(g:Lllgsz t;in;:?e“r%gzlvgn gtlopog]::r?rrlsu(;?%redﬂsed and an additional
contributions andl for traveling wave contributions has been Y, PP ’

retained. The Fourier Transform is a linear operator and substitﬂfzrmahzat'on is employed here. Co_nstr_alnts on the normallzatlo_n
ing from (A.7) gives are that it cannot affect the algebraic sign on the damping coeffi-

cient, and it must be a continuous function. The condition chosen
F(w) ={a}"F([b ]){a}. (A.9) is that, regardless of the torsion axis location, the sum of the
displacements of the leading edge and the trailing edge must be
€one chord. This is obviously satisfied by a unit radian rotation
about the leading edge, trailing edge, and mid-chord (linear mode
F(w) = {a}[F(b;){a}. (A.10) shapes are used, as always). The derivation of the general expres-
sion is straightforward (Panovsky, 1997), and is given by

The Fourier Transform of the work matrix is a matrix of th
transforms of the individual work terms,

It is then possible to determine each influence coefficient

1
W, = {a} (B, ]{a}, (A11) M . (A14)
. L . VEE+ P+ J(E- 12+ n?
where B,] is the matrix of influence coefficients for the funda
mental modes for thith blade. This normalization does not quite reach the desired goal of
o consistency with the definition of the damping coefficient for
Normalization for Work bending. As the torsion axis approaches infinity, the leading and

Before conducting the calculations of the damping values usifigiling edge each move one-half chord with the current normal-
superposition of the fundamental modes, an inadequacy in defiation, rather than the full chord obtained by using Eq. (A.12). As
tions must be overcome. Following'Bs and Fransson (1986), thea result, the damping coefficient is different by a factor of four.
damping coefficient for a purely bending mode is related to tH¢ote that this will not change the location of any of the resulting
dimensional work by stability boundaries.
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DepartmentofMeohaniogénx\r{eaerinrg StUdieS Of a Heat-Pipe COOIGd

Northwestern University,

Evanston, IL 60208 PiSton Crown

Y. Cao Designing pistons with effective cooling is crucial to preventing piston failure and
improving engine service life. A piston design that incorporates the heat-pipe cooling

R. Wan technology may provide a new approach that could improve the thermal-tribological
. g performance of heavy-duty diesel engine pistons. A simplified piston crown with an

annular reciprocating heat pipe is constructed to demonstrate this concept. The piston
crown is experimentally tested on a specially designed reciprocating apparatus. Experi-
mental data indicate that the annular heat-pipe cooling can greatly assist in reducing the
, o temperature gradient and peak temperature along the ring bank. In order to predict the
Department of Mechanical Engineering, performance in a more realistic piston working condition, a three-dimensional finite
Florida Interna'u?;r?]li UFTVE?\’;?% element modeling is used to analyze the thermal performance of this annular heat-pipe
' cooled crown (AHPCC). The heat-transfer coefficient under the reciprocal environment of
the experimental apparatus and the effective thermal conductance of the heat pipe are
G. Chen determined by correlating the numerical calculations with the experimental measure-
Department of Mechanical Enginesring, ments. The result_s indicate that th_e heat-pipe-cooling concept presented in this paper can
Northwestern University. provide an effective means for piston temperature control under real piston operating

Evanston, IL 60208 conditions.

F. Mignano

1 Introduction evaporator section and condensation in the condenser section

result in a very effective heat transfer path and a very high heat

anEffifr(n:tl;/gvipr:Stci)tg (iggmgllse?fzggglcto;)r:gvggrt\'/?geeﬁfgemifﬁ'ilurzg?onductance. The return of the condensate to the evaporator sec-
P 9 y . 9"Chon in a reciprocating heat pipe is achieved by means of the

temperature OT charge i.n an ‘?”.gi”e combustion qhamber may y%amic action of the heat pipe. Because of this dynamic motion
preferred for higher engine efficiency. However, this high tempeé- ) ’

X . liquid phase convection is also an effective means of heat
ature may adver_sely affect engine elements_ anq cause consm_ier :g?r?sfer. It has been proven that the reciprocating heat pipe has a
thermal-tribological problems. Piston scuffing in diesel engine

. ! . ; : d . . _Similar or higher thermal conductance compared to that of con-
particularly at the piston/piston-ring/cylinder-liner interface, is Sentional heat pipes (Ling et al., 1996).

Serious problem which degrades engine performa_nce a_nd shorte is paper reports the development and modeling of a simplified
engine life. Among the assembly elements, the piston is the MoSihular heat-pipe cooled piston crown (AHPCC). The annular heat
vulnerable one. Because of the reciprocating motion of the pistgllnloe is an ezgnsion of '?he reciprocating heat. pipes mentioned
assemb!y, eff|C|er_1t piston cooling is difficult to ach_leve thr_ougab ve. Due to its cylindrical shape, the heat pipe can comply with
conventional cooling methods, such as crankcase oil splashing piston structure and the engine-operating environment. This
internal gallery circulation for heavy duty diesel engines, as dgl:mular heat pipe has the potential to cool the piston ring area

scribed by Law and Day (1969) and Mihara and Kidoguchi (1992 ffectively and thus maintains the piston ring-bank at a reasonably

Because of the combustion and the nonuniform cooling conditiong,.c "2 0 -4 The AHPCC serves as a prototvoe for Drov-
the temperature in the piston is nonuniform. The maximum ter- P : P yp P

: : : the possibility of using such an annular heat pipe in a real
perature difference in the ring area may be as large as 100—140“{2 - - C
depending on the cooling conditions (Monro and Griffiths, 19792.1'et0n for the piston temperature control. In addition to experi

This nonuniformity contributes to the piston structural distortion. ntlal teﬁtS’A?_';'g'E? eleme_nt moc(ijehng (FEM) Ilf' emplog_e_d to
and variation of the piston working clearance, which eventual jmulate the operation under severe working conditions.

affects the tribological performance of the piston odels for a simplified crown without the heat-pipe working fluid

For the aforementioned reasons it is necessary to search fo néjre?atisc?r?ir%auoﬁogﬂsgvr?sﬁvi?rlf?hc()js,eevilfot%id Afﬁ{)g)épenmental
new piston design that is able to tolerate a higher temperature™i P )
the combustion chamber and at the same time retain a reasonably

low temperature level at tribological interfaces with improveg pescription of the Simplified Piston Crown Incorpo-
temperature uniformity. Development of pistons by incorporatinlqitmg an Annular Reciprocating Heat Pipe
heat-pipe-cooling technique suggests a direction to achieve these

goals because of the superb heat transfer capability of the heathe annular heat pipe is a cylindrically shaped element with an
pipe. The piston motion requires that the heat pipe be subject to ghular cavity that is vacuumed and filled with a working fluid. A

same reciprocal motion that the piston experiences. For this rgmplified piston crown with an annular heat pipe was fabricated
son, reciprocating heat pipes have been developed and extensi@lg shown in Fig. 1, which consists of an inner adapter and an
studied (Cao and Wang, 1995a, 1995b; Wang et al., 1995). Teeter ring. This simplified crown has the basic features of a real
reciprocating heat pipe, like many conventional heat pipes (Cottéfgine piston crown of a two-piece articulated diesel-engine pis-
1965; Cao and Faghri, 1992), has an evaporator at the heat infiit, Which usually has a steel crown and an aluminum-alloy skirt.

section and a condenser at the cooling section. Evaporation in tee current piston crown would simplify the complex geometry of

a real steel crown and can be used to evaluate the cooling effec-

tiveness of the annular heat pipe. The inner adapter and outer ring
Contributed by the Internal Combustion Engine Division (ICE) eERwericaL  were assembled through a tight fit and welding at two ends to form

SocleTY oF MECHANICAL ENGINEERS for publication in the ASME JurnAL oF ENcl- u ” [

NEERING FORGAS TURBINES AND POWER the “crown . that has a top I_and (the top flat end) and a ring-bank
Manuscript received by the ICE February 26, 1998; final revision received by tif€@ (the side grooved region). The clearance between the shoul-

ASME Headquarters January 19, 1999. Associate Technical Editor: D. Assanis. ders of these two pieces results in an annular heat-pipe cavity
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SECTION A-A

Fig. 1 Structure of the simplified piston crown with an annular heat pipe

parallel to the piston ring bank, complying with the piston geonnf this enhanced heat transfer in both the longitudinal and circum-
etry. A central hole on the top land was made for connecting tlierential directions, the piston ring-bank area could become iso-
“crown” onto a reciprocating tester for experimental study. thermal at a desired temperature level.

The AHPCC was made of stainless steel 316. After properly In order to simulate a non-symmetric heat-transfer condition as
evacuating the heat-pipe cavity, an amount of liquid methanol wiswvould occur in a real engine piston, an offset heater, as shown
filled into the heat pipe as the working fluid. It was expected that Fig. 2, was used. Two additional holes were made on the top
the chaotic fluid-vapor motions in the heat pipe due to the pistéend near the central hole to reduce the heat conduction rate from
reciprocation could facilitate an enhanced heat transfer procesghe heater to the opposite side of the top land, which would create
the heat pipe both circumferentially and longitudinally. As a resuét more severe nonsymmetric heat input condition on the top land.

Top-land upper Heater
21,23 4

Top-land
lower

22,24

Outer top circle

16,11,16 —— . N T . Line 1, outer
Inner top circle ’ = J{ 1,23
4,9,14,19 e o< . .
;‘ B Line 1, inner
Outer central circle e Ve 45
Ny o 5
27,1217 —f | e N >
1,12, I N Ly
\ Line 2, outer
Inner bottom \___ --------------- ey o 16,17,18
circle ~ | \', aaaaa = . >
/i‘/ — i Line 2, inner
Quter bottom e 19,20
circle

Fig. 2 Heat input and temperature measurement. (A total of 24 thermocouples were used.
They were in five circles, three of them were on the outer surface and the other two were on

the inner surface. The thermocouples on each circle were 90 apart forming eight lines in the

longitudinal direction.)
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in the longitudinal direction should be similar to that of a conven-
tional heat pipe. The reciprocal motion of the annular heat pipe
with the piston would overcome the adverse effect of the gravity
and facilitate the liquid return from the condenser section to the
evaporator section. It was expected that both the vapor flow and
the liquid impingement in the heat pipe could greatly enhance the
heat transfer in both circumferential and longitudinal directions.
Figure 4 shows the maximum temperature differences in the
ring-bank area of the piston crown with and without the heat pipe
cooling. For all of the tests, the electric heater was fixed at the
same location on the top-land area as indicated in Fig. 2. During
the reciprocating tests, the simplified crown was heated to a
desired temperature prior to starting the reciprocating motion. The
reciprocating-test results indicate that the annular heat pipe can
quickly react to power changes and effectively control the tem-
perature distribution in the ring-bank area. The results also show
that the heat-pipe cooling can lead to a uniform ring-bank temper-
ature distribution without significantly affecting the top-land tem-
perature level. It can be anticipated that this uniform temperature
will greatly benefit future engine development for a higher power
density and better thermal-tribological performance. The testing

To test the heat-spreading effectiveness of the annular heat pif8ults show in Fig. 4 are for those with a power input of 51 W and
the top land of the simplified crown was covered by a hea® réciprocating frequency of 7 Hz. Additional experimental results
insulation layer to minimize the heat loss there. at different power inputs and reciprocating frequencies have been
reported by Mignano et al. (1998), and all those results give the
. same trend as that shown in Fig. 4.
3 Experimental Setup and Results Although the experimental data have proven the feasibility of
The simplified crown shown in Fig. 1 was fabricated and testatle heat pipe cooling concept and the cooling effectiveness of the
under the conditions of with and without the heat-pipe cooling. heat pipe, a direct application of the data to the piston design is
was expected that with the same structure and heater arrangentierited. First, the experiments were conducted at a much lower
for the heat pipe crown and nonheat pipe crown, the testing dadéaperatures than that of a piston working under a real engine
obtained should yield an accurate comparison. condition because of the power capacity of the heater. Second, the
A piston reciprocation tester was used for the experimentaciprocating frequencies of the tester is limited to an extent that
investigation. Figure 3 shows a photograph of the apparatus.the heater and thermocouples would not be torn apart. Finally, the
utilizes the piston reciprocal motion of a single-cylinder internalorking fluid used in the heat pipe might not be practical for a real
combustion engine, Briggs and Stratton model 1904009 withpgston crown. The selection of methanol as the heat pipe working
piston stroke of 69.85 mm. The testing crown was connected to tfeid is based on the compatibility of the working fluid and the
piston of the apparatus through a thread adapter so that it conidterial of the tested piston crown. In a future study, a working
experience the same motion as that of the piston. A Balder electiligid such as water should be used in the heat pipe, which would
motor, model M3559T, was used to drive the engine throughadlow the piston crown to work at a higher temperature. A finite
belt. The speed of the motor, which is the same as that of teeement analysis should be conducted to remedy the aforemen-
engine crank, was controlled by a Toshiba motor controllinioned shortcomings and provide more information for the piston
driver, model VFSX-2022p. A plastic cylindrical chamber wagrown design. The experimental data collected in this study could
built to facilitate the observation and for the safety considerationse used to verify the finite element model and determine the
An electric heater (Omega KH 212/10 flexible heater) was usegiknowns in the modeling. Once the numerical model is verified,
as the heat source, and the heat input was controlled by a variabtuld be used to predict the cooling effectiveness of the heat pipe
auto-transformer (type 3PN1010V). Both the ring-bank and topmnder wider working conditions.
land temperatures were measured through thermocouples. A total
number of 24 thermocouples were used to obtain the temperature
distributions in the piston crown, and their dispositions are given ; No reciprocating motion | Withreciprocating
in Fig. 2. The thermocouples were located along five measurement Power=s1 W y——motion, 7Hz  —
circles at both inner and outer crown surfaces, namely, outer-top,
outer-central, outer-bottom, inner-top, and inner bottom. They
were also arranged along eight lines in the longitudinal direction,
namely, lines 1 through 4 at the inner surface and lines 1 through 0
4 at the outer surface. The thermocouples along each circle were 80
90 deg apart with line 3 being opposite to line 1 and line 4 opposite
to line 2. The vertical distance between the top and bottom circles
was about 39 mm. The inner measurement circles were in between
the adjacent outer measurement circles and were separated by the
same distance as that of the outer measurement circles. In addition,
four other thermocouples, numbered 21 through 24, were attached

Fig. 3 Photograph of the reciprocating engine-simulation tester

Power=51 W

100

—e— Tmin (with the heat pipe)

Temperature (°C)
<3

to the top-land area, as indicated in Fig. 2. An automatic temper- 20 . "o Tmax(wihtheheatpipe)

ature data acquisition was achieved through an Omega Tempscan/ ~== Tmin (without the heat pipe) B

1000A high-speed temperature measurement system. 10 - T —e-Tmax (without the heat pipe)  ——
In the present experiments, the top land of the simplified crown Or A PR SN

- = © « ®©
NN ® O T F 0D OO~ N

is the heat-receiving region. As a result, the end of the annular heat _
Time (*10 Second)

pipe adjacent to the top land would work as the evaporator and the
rest of the heat pipe portion would work as the condenser. INsgy 4 comparisons of the maximum temperature differences in the
static state, the heat transfer mechanisms of the annular heat pifgebank area of the simplified piston with and without the heat pipe
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4 FEM Modeling

In this study, an ANSYS-based FEM analysis is conducted with
the assistance of experimental measurements described earlier.
Three simplified piston crowns based on two structures were
numerically studied. The first crown structure is illustrated in Fig.
5(a) with an annular heat pipe channel. After the heat pipe channel
is evacuated and filled with an amount of working fluid, the piston
crown becomes an annular heat-pipe cooled crown (AHPCC). For
the purpose of benchmark comparison, two additional piston
crowns were also studied. The first crown for this purpose is based
on the same crown structure as shown in Fig) %{ut without
charging any working fluid. Because of the lack of working fluid
in the heat pipe channel, the heat transfer in the crown is due to
pure heat conduction without heat pipe cooling effect. The second
piston crown for the comparison purpose is a solid piston structure
shown in Fig. 50). For convenience, the three piston crowns
mentioned above are referred to as models 1, 2, and 3 in this paper. A
As mentioned earlier, both model 2 and model 3 are for the VA&“‘Y?“ Nl
benchmark comparisons with model 1 (AHPCC) to illustrate the V4 S N
heat-pipe cooling effectiveness. Each modeled structure includes ‘v,“ﬁ\ B AN
the simplified crown and an insolating material on the top land for é‘!ﬁ'&;.’.fAéA
(Fig. 6). For all three models, the ring grooves were neglected for VV? 1“"%
simplicity. The thermal analysis of the simplified crowns is basi- 7
cally to solve heat conduction equations subject to appropriate
convective heat-transfer boundary condition due to the reciprocat-
ing motion of the piston. In the numerical modeling, the heat
source applied to the heating area shown in Fig. 2 was actually
sandwiched in between the top land of the simplified piston crown
and the insolating material. The annular heat pipe can be treated as
an isotropic conductor whose effective thermal conductance
should be determined by correlating numerical results with the
experimental measurements. The governing equations and #€6 Fem meshes for the simplified crown and the isolator on the top
corresponding boundary conditions are given as follows. land: ( a) the isolator; ( b) the simplified crown.

For model 1, the general steady-state heat transfer can be de-
scribed by the following heat-conduction equation:

(®)

ax Koy + ay k 3y + 37 k 3z of crown material, effective thermal conductance of the annular
1) heat pipe, gnd thermal conductivity of the |ns_ulat|r_lg mat_erlal, and
the subscripts,,, inse, and,, refer to the heat pipe, insolating and
Since the numerical model includes three regions, i.e., pist6fPWn materials. In the heat input region, a given heat generation
crown material, annular heat pipe, and insulating material on thte ® is specified. On the boundary surfaces that are exposed to
top land, the thermal conductivity in the above equation woulde air, the following boundary conditions are given:

vary as follows:

3 oT 9 oT 9 oT wherek,,, ky,, andk;,s, are, respectively, the thermal conductivity
(35 (<5) - ) =0 e

aT
ki—=—B(T-T.), 5
k= Kips (%, ¥, 2) € Qi @ T ©)
K = Kinso(X, ¥ 2) € Qinso (3) Wwheren; is the normal of boundary. The heat conductivityk;,
would take a different value at different regions. The value of heat
k=K, (X, ¥, 2) € Q, (4) transfer coefficient3, would also vary at different locations due to

different cooling conditions. In the current stug@was considered
as an average of the heat-transfer coefficient.

Equations (1) through (5) completely describe the heat transfer
problem for the AHPCC (model 1). For models 2 and 3, the
governing equations and boundary conditions are similar except
for the annular heat pipe region. Figure 6 presents the FEM meshes
for the crown and the isolator. A total of 2700 isoparametric

7 e
Lhxersain

s 2 . . .
e / . e tetrahedral elements were used in the modeling. The same group of

9¢

equations and meshes should be applied to model 2 without the
heat-pipe working fluid by settinky,, to be zero and to model 3 for
the solid-wall crown by changing,, into k., in the annular heat
pipe region. In all three models, the thermal conductivity of the
crown materialk,,, is taken to be 16.6 W/m°C based on the actual
material used. The convective heat transfer coefficigntyith
respect to the reciprocating environment and the effective thermal
conductance of the annular heat pipg,, are unknown. These

@ ®) values can be determined, however, by employing the reciprocat-
Fig. 5 Simplified piston crowns with and without the heat-pipe channel, ing test reSl_JItS reported earller._ In this study, the expe“memal
(@) with the annular heat-pipe channel; and (  b) without the annular heat- results obtained at 51 W heat input and 7 Hertz reciprocating
pipe channel. motion, which are presented in Fig. 4, were employed to determine
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Fig. 7 Comparison between the calculated and measured ring-bank
temperatures for the simplified crown represented by the solid model
structure in Fig. 5( a): (&) on the inner surface of the ring area, without the
annular heat pipe (model (2)); ( b) on the outer surface of the ring area,
without the annular heat pipe (model (2)); (  ¢) on the inner surface of the
ring area, AHPCC (model (1)); and ( d) on the outer surface of the ring
area, AHPCC (model (1)).

the values of the heat transfer coefficieff,and the heat-pipe

effective thermal conductancé,, The measured temperature
distribution from the crown without the heat-pipe working fluid
(model 2) were used first to determine the heat transfer coefficient, 0
B, by minimizing the root-mean-square (RMS) errors of the cal-

culated temperatures,, relative to the measured onds,, simply
using the trial and error method:

Error (B) = (Ta = Tw) % (6)

Journal of Engineering for Gas Turbines and Power

wheren is the number of data compared. A value of 30 WA@)

was obtained foB corresponding to the experimental reciprocat-
ing environment with a RMS error of 6.9°C. Thj was then
applied to the model for the AHPCC (model 1) to determine the
effective heat conductancé,, for the annular heat pipe. The
same methods of correlating the experimental data with the nu-
merical results and minimizing the RMS errors at the same recip-
rocating and heat input conditions were adopted:

Error (Kyp,) = (7

The nearly uniform temperature in the ring area obtained from
experiments suggests that it is appropriate to treat the annular heat
pipe as an isotropic material having a very high effective heat
conductance. With an RMS error of 1.33°C, the valu&gfwas
found to be about 3980 W/m°C, which is about 240 times that of
the crown materialk,,.

5 Numerical Results and Discussion

Once the values g8 andk, are obtained, the numerical models
can be used for a comparative study of the thermal performance of
the simplified crown. Before the numerical model is actually used
to predict the performance of an AHPCC, however, the accuracy
of the model must be verified in comparison with the correspond-
ing experimental data. Figure 7 presents the calculated and mea-
sured ring-bank temperatures for the AHPCC (model 1). The
comparisons indicate that the FEM models thus developed can
closely predict the performance of the simplified crown for thermal
analyses.

After the verification, these finite element models described
above were employed to analyze the thermal performance of the
simplified crown at higher heat inputs and working tempera-
tures. It should be noticed that the effective thermal conduc-
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Fig. 8 Calculated ring-bank temperatures for the crowns with a heat
input of 255 W: ( a) without the annular heat pipe (model (2)), solid
structure shown in Fig. 5(  a); (b) without the annular heat pipe (model (2)),
solid structure shown in Fig. 5( b); and (c) with the annular heat pipe
(AHPCC, model (1)).
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of that for the solid-wall crown having the same heat input. The
temperature distribution can also be clearly viewed through
isotherm maps, which reveal that the annular heat pipe makes
the ring-bank area almost isothermal. For both heat inputs, the
peak temperatures along the ring bank are reduced to about 60
percent of the peak values in the conventional crown as a result
of the annular heat pipe cooling. Because the current analyses
are based on conservative values of the heat pipe effective
thermal conductance, the trend of temperature uniformity and
peak-temperature reduction for real pistons with combustion
heat input should be similar or even more favorable.

Operation of the simplified crown under higher frequencies of
reciprocation was not conducted. However, previous studies re-
vealed that at a higher reciprocating frequency, the working fluid
impingement inside a reciprocating heat pipe is enhanced and as a
result, the heat-pipe performance can be more notably improved
(Wang et al., 1996a).

ANSYS 5.2

DEC 21 1997
14:32:27

NODAL SOLUTION
3TEP=1

SUB =1

TIME=1

TEMP

(2)

6 Conclusions

A simplified piston crown with an annular reciprocating heat
pipe has been developed to investigate the effect of heat-pipe
cooling on the piston-crown temperature distribution. Experimen-
tal investigations were conducted to verify the working mecha-
nisms of the annular heat pipe under a reciprocating motion and
confirm the effect of heat-pipe cooling on piston temperature
control. Ansys-based FEM models have been developed by cor-
relating the numerical results with the experimental measurements.
The effective thermal conductance of the annular heat pipe was
found to be about 3980 W/m-°C, about 240 times that of the crown
material.

The FEM models were then applied to analyze the perfor-
mance of the simplified crowns at higher power inputs. The
results indicate that the annular heat-pipe cooling can greatly
assist in reducing the temperature gradient and peak tempera-

(b
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Fig. 9 Isotherms for the crowns when the heat input is 255 W: ( a)
without the annular heat pipe, solid model shown in Fig. 5( a); (b) without
the annular heat pipe, solid model shown in Fig. 5(  b); and (¢) with the
annular heat pipe.
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500 ---
tance of the heat pipe might increase as the heat input is 400 -
increased (Chen et al., 1998). However, using the thermal-
conductance value determined at a lower heat input for higher
heat-input cases would yield conservative estimations on the
heat-pipe performance. Temperature distributions for the AH- o ) s .
PCC (model 1), the crown without the heat-pipe working fluid
(model 2), and the crown with a solid-wall (model 3) were
analyzed at 255 W and 510 W heat inputs. Figures 8 through 11
present the results in terms of temperature distributions (Figs. 8
and 10) and isotherms (Figs. 9 and 11). As can be seen, models
2 and 3 without the heat pipe cooling yield similar thermal
performances with very high ring-bank temperature gradients.
As expected, the heat-pipe cooling significantly contributes to
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Similarly, the r_naXimum temperature dif_ference in the AHPC<£ig. 5(a); (b) without the annular heat pipe, solid model shown in Fig.
for the case with a 510 W power input is only about 6 percemstb); and (c) with the annular heat pipe.
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ture along the ring bank. It is anticipated that this heat-pipe
cooling technique can function well under the working condi-

tions of a real engine. It may also be expected that the uniform
DEC 51 1497 ring-bank temperature will significantly benefit the develop-
ment of future engines with a high power density and excellent
thermal-tribological performance.
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Emission Control Through Cu-
Exchanged X-Zeolite Catalysts:
Experimental Studies and
Theoretical Modeling

, o Catalysts based on X-zeolite have been developed by exchanging itsriNaith Copper
Department of Mechanical Engineering, ions and its effectiveness in reducing Ni® an actual SI engine exhaust has been tested.
Indial '”Stgﬁter of T?%”f'ggg’ Unlike noble metals, the doped X-zeolite catalysts, studied here, exhibit significant NO

aragpu India reduction for a wide\ range and exhibit a slow rate of decrease with increask iatio.
Back pressure developed across the catalyst bed was found to be well-affordable and
power loss due to back pressure is only minimal. During 30 hours of testing of the
catalyst, no significant deactivation was observed. Additionally a mathematical model has
been developed to predict the performance of the catalyst and to validate that against
experimental results. Results predicted by the mathematical model agree well with the
experimental results and absolute average deviation of experimental conversion efficiency
is found to be less than 5 percent of the predicted value.

S. Bhattacharyya’

R. K. Das

Introduction bons like GH,, C;H,, C;Hg, and CO enhanced the performance of

Three-way catalytic (TWC) converters containing noble metaﬁu-ZSM-S catalyst even in presence of oxygen in the exhaust feed.

. : The present work was undertaken with a view to study the
catalysts are extensively used for simultaneous control of all t Stentiality of copper-exchanged X-zeolites for reduction of,NO
three principal pollutants in automobile exhaust, carbon monoxi X

. ) an actual Sl engine exhaust and to develop a mathematical
(CO), oxides of nitrogen (NG, and unburnt hydrocarbons (HC) odel for predicting the performance of a packed bed catalytic

(Tayllor,d1.983). gebSidis .hi?h .ang r?fpidly increasinlg pr!c|$s, TWGSactor containing this catalyst. Although X-zeolite is character-
are handicapped by their limited effectiveness only within a vefyeq py similar properties as Y-zeolite, very little work have been

narrow range of air-fuel ratio near stoichiometric< 1) (Held et ohqraq on application of X-zeolite in automotive emission con-
al., 1990). During lean A/F ratio operation, N@onversion falls

drastically due to competition for adsorption sites on catalyst
surfaces with excess oxygeh ¢ 1) present in the feed gas or .
released by the decomposition of NOThus the fuel economy Experimental Study

improvement potentiality of the currently developing lean-burn Zeolites are crystalline, hydrated aluminosilicates of group | and
gasoline engines, which can improve engine efficiency up to PB0Up Il element, as formed in nature or in synthesized form.
percent compared to current S| engines with TWC and e\,g@olites are formed of AlQand SiQ tet.rahedra, bonded together
greater for DI-gasoline engines (Kig, 1993), can only be utilized Via the oxygen atoms and assembled in such a way as to constitute
if a suitable catalytic system for converting NGven in an cavities, cages and channels, uniformly penetrating the entire
oxidizing atmosphere is available. In recent studies, metal-dop@gdice volume and thus generating a high internal surface area
zeolite catalysts have been reported to be a strong candidate F¥pilable for adsorption and catalytic processes (Breck, 1974). The
selective catalytic reduction (SCR) of N@ presence of different Properties of zeolites or molecular sieves which make them par-
reducing agents. Several researchers have reported high Niularly ;unable for use as catalysts are their large ‘surface area,
conversion by hydrocarbons such as ethylene and propylene i@/l defined and uniform pore structure, well defined crystal
net-oxidizing atmosphere over metal-exchanged ZSM-5 catalyfucture, temperature stability, easy ion-exchange method and
(Table 1). A recent comprehensive review (Bhattacharyya afgProducibility in various forms.

Das, 1999) exhaustively summarizes the studies that have beefin® copper-exchanged X-zeolite (Cu-X) has been developed by
reported in this area. ion-exchanging of 13X zeolites in pelleted form (3.0 mm average

Presence of reducing agents like HC, CO, ammonia, urea etc]dfﬁlmmer) with lcup.r ch ch.It(I)qrgj.et.("Clég;l2It—|20)thWh|c_ein .the rtnotI)e(;u
the exhaust gas feed increases the selectivity of, K€luction ar sieves are siurried with distiied water, the pH rises to between

over zeolite catalysts. Held et al. (1990) have reported detailgd 2nd 11, which is sufficient to precipitate the hydroxides of many
results of selective NQreduction over different zeolites in pres fansition metals. Thus, to avoid producing a catalyst with a

ence of HC, NH, and urea. At present it appears more economicéﬁgportEd oxide component, it is necessary to reduce the pH before

i X mpting ion-exchange, but not to a value less than 5, where the
to look for a catalyst to reduce N(by a reducing agent like CO removal of aluminum from the sieve itself would lead to collapse

and/or HC which are already present in auto engine exhaug ¥ the structure. The transition metal salts were dissolved in

lwamoto and Mizuno (1993) observed that presence of hydroc?ﬁ'stilled water and added to the zeolite slurry and the pH value was

maintained at-6 by adding HCI. The mixture was continuously
L Currently with Department of Mechanical Engineering, University of Canterbunystirred at warm temperatures. W_hen the supernatant "qu_|d became
Christchurch, New Zealand; souvik@mech.canterbury.ac.nz colorless, indicating complete ion-exchange, the zeolites were
Contributed by the Internal Combustion Engine Division (ICE) eERAmerican  filtered and washed with distilled water. Finally, the solid was

SocleTY oF MECHANICAL ENGINEERS for publication in the ASME JurnAL oF ENcl- oven dried in air and then activated by heating for several hours.
NEERING FORGAS TURBINES AND POWER.

Manuscript received by the ICE February 18, 1997; final revision received by tHeh€ degree of ion_'eXChange of the catalyst, calculated as_suming
ASME Headquarters October 7, 1999. Associate Technical Editor: D. Assanis. that all the metal ions used were completely exchanged, is 49.6
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Table 1 Selective reduction of NO over metal-exchanged zeolite cata-

DYNAMOMETER PANEL BOARD
lysts —

Catalyst NO Reduction achieved Reference

Cu-MFI-143 | > 95%

Iwamoto et al., 1991

Cu-ZSM-5 90%
Cu-ZSM-5 97% & 80% without & with O,
-12-140 | 72% with Oy & 2% H,0

Li and Hall, 1991
=3 EXHATUST

Cu-ZSM-5 30 — 40% on vehicle test Monroe et al., 1993 EXHAUST GAS
ORIFICE METER

Cu-ZSM-5 40% in CI engine exhaust at 250°C | Konno et al., 1992

26% with 1.4% water

18% with 7% water in exhaust

- EXHAUST GAS

Cu-ZSM-5 | 35% with 800 ppm C3Hg & 7% O- Cho, 1993 HEATER ANALVZER

60% with 1200 ppm C,Hs & 7% O2 CONTROLLER
Cu-ZSM-5 20.5% with 166 ppm CsHg at 523 K . . )
Ce-ZSM-5 | 32% with 166 ppm C3Hg at 623 K | Misono and Kondo, 1991 Fig. 1 Experimental test set-up
Ce-ZSM-5 59% with 1000 ppm C3H at 673 K
Cu-ZSM-5 52% with 800 ppm CoHy at < 473 K | Heimirch and Deviney, 1993

gas species and concentrations of each of these species as well as
temperature and flow rate of the gas mixture upstream of the

reactor are inputs to the model which, in turn, predicts the con-

percent for Cu-X catalyst. The crystallinity of the zeolites remaingentrations and percentage conversion of each of the gases down-
fairly unaffected by the various treatments that they have tQream of the reactor bed.

undergo for metal exchange, as is evident from the X-ray diffrac- The conversion performance and thermal responses of a cata-
.tion.studies of the exchanged 'c.atallysts. The Fest conditions inC|l.|l§hC converter are coupled. The rates of chemical reactions in
ing inlet exhaust gas composition is shown in Table 2. converters are highly nonlinear functions of temperature. Con-
_ A commercial 3-cylinder, water-cooled, 4-stroke, 800 cc spakfgrsely, heat released during reactions contributes to the thermal
ignition engine test rig (Fig. 1), coupled to a hydraulic dynamomesponse. This coupling implies that a realistic converter model
eter, was employed for studying the performance of the catalystgyst solve chemical and thermal problems simultaneously. Com-
The catalyst bed was attached to the exhaust manifold of they physical/chemical phenomena occurring in a converter in-
stationary engine with the provision for heating and rggulatlng the,de the heat and mass transfer between the exhaust gas and
exhaust gas flow rate through the catalyst bed. A mild steel tubya|yst surface, convective heat and mass transport, chemical

5 cm in diameter and 60 cm long, was used for housing thgactions and the attendant heat release, heat conduction to the
catalyst. As the catalyst bed was kept at a distance of about 1sf)ig and heat loss to the surroundings.

from the engine exhaust manifold, it was sometimes difficult to get T present model is a two-dimensional heterogeneous model
the higher temperatures, particularly during lower flow rates Qfnich considers radial and axial variation of temperature and
gas. To overcome this problem, a heating element was employgghcentration of each species in the bulk gas phase and those
to heat the exhaust gas, when required, within the first 30 Gkide or at the surface of the solid catalyst. Thus there are two sets
length of the tube, before it entered the catalyst bed M@hcer  f equations: one for the bulk gas phase and another for the solid
trations upstream and downstream of the catalyst bed are measyjiegse. The model also considers intraparticle gradients of temper-
on-line by an electro-chemical type gas analyzer. The catalyst hagre and concentrations by making use of the effectiveness factor,
been investigated for a wide range of engine A/F ratio, spagewhich is defined as the ratio of the actual rate of reaction to that
velocity (SV) and temperature of exhaust gas. Detailed descriptign the absence of the diffusional limitations, that is, when the
of the test rig has been reported in Das et al. (1997). surface conditions prevail throughout the particle. Thus,

Model Development

A mathematical model has been developed from fundamental
heat and mass transfer considerations to predict the composition of
exhaust gas at the outlet of a cylindrical packed bed reactor with
radiusR and lengthL. The exhaust gas is composed of different

B Actual reaction rate at conditions inside the particle
B Reaction rate at surface conditions
_R(C,T)

B Ri(Csx Ts)

Governing Equations

A particular specie$ in a mixture of gas is considered to be
consumed by chemical reaction in a cylindrical reactor of radial
co-ordinater and axial co-ordinate. Neglecting axial dispersion
effect and radial velocity of gas, the steady-state gas and solid

Table 2 Catalyst test conditions

Gas composition

0, | 1% - 10%
CO | 02%-1%

CO, | 13%
H,0 | 0% - 10%

N, | Balance

NO | 500 - 2000 ppm
HC | 500 — 3000 ppm

Space Velocity

10,000 /h — 50,000 /h

Temperature

150°C - 400°C

Engine Speed

2,000 - 3,000 rpm

Air/Fuel Ratio | 14.0 - 16.5

Engine Load

Idle to Maximum

Journal of Engineering for Gas Turbines and Power

phase mass conservation equation of the species and the energy
conservation equation for the fully developed gas mixture in a
packed bed with void fractios, can be written as follows (Wasch

and Froment, 1971).

Gas Phase.
9°Cqi 1 0Cy; aCy,
el 5z T7ar ) " Ys oz T Kgia,(Cqi — Cs);
i=1,2,3,...,9 (1

o Ty 10T, AT,
Aer ar2 + F? - ngngS E = hgav(Tg - Ts) (2)
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Solid Phase. 3¢’ coth(3¢') — 1 Vy,  [kps
_ n= 2 where, ¢’ =<
Kgia,(Cqi = Csi) = miRipp; 1=1,2,3,...,9 (3 3¢

S Vo’
whered’ is the modified Thiele modulus. The effective diffusivity

9Ty 10T . inside catalyst%., can be computed by means of Bosanquet
)\:,( or? + Fﬁ) + py E [(-AH)miR] = hgav(Ts_ Tg) relation, as
i=1

4 ( 1 1 ) -1
De=|=—+=—] .

In the above equations, subscrigtands are used to differentiate Dicer D

between solid and gas phases and the subsCrippresents a Effective radial diffusivity,% ., is obtained from the correlation of

specific species in the exhaust gas which is considered to b'lafa?nien and Smith (1955) given by

mixture of nine different species with = 1:CO, 2:NO, 3:H,

4:C;Hg, 5:CH,, 6:0,, 7:CO,, 8:H,0, and 9:N. % ,; is the effective d,U, d.\ 2

radial diffusivity of theith species of gas\J. andA ¢, are effective Pg, = g% = 10[ 1+ 19.4(3") } for Re> 10.

radial conductivities of gas and solid, respectivédy andh, are er !

gas-to-solid mass and heat transfer coefficieatsis the total Empirical correlations (Bird et al., 1994) have been employed to

external surface area of catalyst per unit catalyst voluhes the  calculate gas-to-solid heat and mass transfer coefficibgtand

superficial flow velocity which actually is the velocity through thekg;

empty bed,p, and C,, are density and specific heat at constant

pressure of gas, respectively. In the solid phaseis the bulk Jy=Jp=0.91 Re®y for Re<50
density of the catalyst bed; is the rate of the reaction involving
the ith species andy; and (—AH); are the corresponding effec =0.61 Re®*y for Re> 50,

tiveness factor and heat of reaction, respectively.
whereJ,, andJ, are Colburn factors for heat and mass transfer
respectively, from whiclh, andk, can be obtained.

The gas-to-wall heat transfer coefficient], is correlated by
Atz=0and0=r =R Dixon and Cresswell (1979) as follows:

Boundary Conditions

Cyi = Coiy Tg=To. a\?\[dp
Nug = ——=0.6 Pr?®Re'? for Re< 40
Atr =0and 0=z = L: 9
— /3 0.8
iCy 0T, T, . = 0.2 P*Re’® for 40< Re< 2000.
ar boor o ar ' After determininge$, the solid-to-wall heat transfer coefficient,
Atr=Rand 0=z = L: ay, can be calculated from the following relation:
AS
aC, oT s _ e g
Trg:()’ _Ang:aa(Tg_Tw)l Cw )\graw.

Kinetics and coverage of (N@ CO) reactions are accurately fit
by a modified Langmuir-Hinshelwood model which assumes that
the major reaction steps are rate limited by NO decomposition

= ay(Ts— Tu). followed by CO scavenging of the resulting adsorbed oxygen. The
overall reaction

At the catalyst bed inlet, concentration and temperature of the gas

are given by the inlet condition€,,; andT,, and at the axis of the

cylindrical reactor, mass transfer in gas and heat transfer in gas and . . .

solid are zero because of symmetry. At the cylinder wall, maS€s been reported to follow the reaction mechanism given by

and

S
Aoy

NO + CO — N, + CO,

transfer is again zero and total heat transfer to the wall is logically CO(g) = CO(s)
split to consider heat transfers from gas and solid phases sepa- T
rately. NO(g) = NO(s)
Determination of Model Parameters NO(s) — 3N(s) + 30,(s)
Instead of considering one lumped effective conductivity as CO(s) + 10,(s) — CO,(g)
done in two-dimensional pseudohomogeneous model (Yagi and :
Kunii, 1957), the radial effective conductivity for the gas phase, INL(S) + 2N, (s N
1%, and that for the solid phasag, is distinguished and conse 2No(S) +2N2(9) = No(g).
quently the following expressions may be derived XgrandAz;: Rate of different reactions considered in this model are obtained
in the Langmuir-Hinshelwood form given b
A = e(Ag + Bdh,, + pCp, D) and I gruirHinshel g y
B(l—é) R:Cs,iki
NG = 1 . -G
A + X/ + hod, + hyod, wherek; is the specific reaction rate a]j is a factor representing

the inhibition of reactions because of adsorption and depends on
where A, and A, are thermal conductivities of gas and solidfemperature and adsorption equilibrium constants of different spe-

respectively. cies on the catalyst surface. Noting that both specific reaction rate,
The theoretical expression for the effectiveness fasfocan be k;, and adsorption equilibrium constaft,, can be represented in

written as (Satterfield, 1970) the Arrhenius formG; can be written as
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A/F : 1487 Cu—X ] A/F : 16.96 Cu—X
70 5 Measured Predicted 55 Measured Predicted
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Fig. 3 Comparison of experimental and predicted NOx conversion effi-

Fig. 2 Comparison of experimental and predicted NOx conversion effi- ciency for varying temperature and surface velocity at A/F of 16.96

ciency for varying temperature and surface velocity at A/F of 14.87

G; = Gl/K; It is noteworthy that CoEs do not reach the peaks sharply, rather
CoEs close to the peak values are maintained through a certain
SR =C,/G range around the temperature for peak efficiency. These tempera-
' ' ture for peak CoE of NQis observed to increase with rise in SV.
where At an A/F ratio of 14.87, NQ@ CoE peaks at 275°C when SV is

30000/h, but when SV is changed to 60000/h, the same occurs at

B, -D; 325°C (Fig. 2).
Gi= Ts|:Ai exp< ?> + G exp( T )] , From Figures 2 and 3, it also appears that the,NIDE curves
s s become flatter with increase in SV, i.e., the rate of change of CoE
whereA,, B;, C;, andD; are constants for different species of gasvith temperature decreases making ;N&nversion less temper
on the solid surface and depends on the catalyst being used. ature dependent. At an A/F ratio of 14.87 and a SV of 30000/h
(Fig. 2), NO, CoE reaches the peak at an average rate of change
Method of Solution of 0.09 percent per degree temperature change; whereas at a SV of
. . . . . 60000/h, this rate is observed to be 0.044.
. Th'.s set o_f couplec_i, nonlinear, two-dimensional, para_bpllc_ Par- As certain amount of uncertainty is inherent in each measure-
tial differential equations have been solved by an implicit, finitg,o it is required to specify the precise degree of accuracy with
difference method. Solution of these equations provides the gggich the variables are measured (Holman, 1971). The uncertainty
temperature and concentration of each gas species at any loc e calculated result is estimated on the basis of the uncertainties
of the reactor. Thus, the temperature and composition of t fimary measurements.
exhaust. gas at the outlet of the reactor bed, anq, hence, Nehe uncertainties involved in the experimental results and the
conversion eff|C|ency_ of the poIIu_tants can be _predlt_:ted. In th}ﬁ)rresponding results predicted by the mathematical model are
context, NG conversion or reduction efficiency is defined as 5154 shown in the figures. It is seen that for higher measured CoEs,

Outlet concentratio the corresponding uncertainties are relatively less. At an A/F ratio
Conversion Efficiency (CoE¥ [1 i . ]1 of 14.87 and SV of 30000/h, average uncertainty-B percent in
nlet concentration measured NQ CoE, while at an A/F ratio of 16.96 and SV of

Qualitatively, the task of solving the problem numerically con67500/h the same i£5.5 percent. _

sists of starting from the initial condition at= 0, and marching !t can be seen from the figures that the model overpredicts the
the solution along the-direction. Since gas phase and solid phasdOx CoEs during low temperature range 150-250°C and again
equations are coupled, solution of gas phase equation involf#4ing high temperature range 325-400°C, but slightly under-
solid temperature and concentrations and vice versa. Thus itPigdicts for temperatures around 300°C. absolute average devia-
required to solve the gas and solid phase equations simultaneoud@f) of CoE is found to be less than 5 percent, where, deviation of
Additionally, mass conservation equations for different species 6PE is defined as

gas are to be solved separately.

o Experimental Co
Deviation,An(%) = |1 - —w—5 73~ = 100

Results and Discussions Predicted CoE

In case of heterogeneous catalysis, increase in temperaturegjfs .

two opposing effects on the reaction velocity which increases ddiect of Space Velocity

to increase in specific reaction rate and decreases due to partidpace velocity (SV), defined as the gas flow rate per unit reactor
destruction of the catalyst by coagulation of catalyst surface. Thumlume, is actually the inverse of residence time of gases on the
there must be an optimum temperature at which the efficiency cditalyst bed. Thus increase in SV reduces the residence time of
the catalyst is maximum. In conformation to this theory, ;NOgases on the catalyst bed; hence, less time is available for the
conversion efficiency exhibit peaks at a particular temperatureaction among the gas molecules to occur, causing lower conver-
depending on the testing conditions. sion of the gases. Again, very low SV for an existing engine,
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70 conversion efficiency but also back pressure or pressure drop
65§ across the catalyst bed is an important criterion for catalyst selec-
3 A/F RATIO tion. The flow of exhaust gas through the catalyst bed is restricted
603 Qo00 14.87 by the catalyst particles which gives rise a pressure drop across the
z ui . . .
o 7 catalyst bed and this back pressure has negative effect on the
4 55§ engine performance. Day and Socha (1991) have observed the
¥ 50 percent power loss per unit back pressure to be insensitive to the
F3 45_3 particular engine being tested. Percent HP loss per mm of Hg back
© " pressure has been reported by them to be 0.032. Consequently,
& 403 power losses in this present study are calculated using this data,
z 7 i.e., 2.353X 10 °% HP loss per mm of water back pressure. It has
= 354 H .
z 5 been observed that there is @ maximum power loss of only 0.4
O 30 percent at a SV of 67500/h when 1.6 mm diameter particles are
e used and in case of 3.0 mm diameter particles maximum power
3 loss is even less.
20
153 Conclusions
10 T T T A Cu-exchanged X-zeolite catalyst has been developed and its
20000 30000 40000 50000 60000 70000 effectiveness in reducing NCn an actual Sl engine exhaust has
SPACE VELOCITY, /h been tested. A mathematical model has been developed addition-

ally to predict the performance of the catalyst and the predictions
of the model are compared with experimental results. From the
study, the following conclusions can be drawn:

Fig. 4 Effect of space velocity on NOx conversion efficiency at various
AJF values

Depending on the operating conditions, N@oE exhibits
eak at a certain temperature which tends to increase during
igher SV operation. NQCoEs, close to the peak values, are

maintained through a certain range around the temperature for

peak efficiency.

The Cu-X catalyst maintains its catalytic activity over a wide

A/F ratio range of 14.6-16.4.

NOy CoE appears to decrease almost linearly with increase in

SV. At higher SV, NQ CoE also becomes less temperature

dependent.

Results predicted by the mathematical model agree well with

the experimental results and absolute average deviation of

experimental CoE is found to be less than 5 percent of the
predicted CoE.

requires large volume of catalyst bed which not only increases t%e
cost of the catalytic converter but also causes greater pressure dro
across the bed resulting in degradation of engine performance.
Hence, it is required to find an optimum SV considering the
catalyst and engine economy and also,N€duction performance 2
of the catalysts. Effect of SV on the NOeduction over Cu-X
catalyst is shown in Fig. 4. The figures have been plotted at
temperature of 300°C and for three different A/F ratios: 14.87,
14.25 and 16.08. For all three A/F ratios, the fall of Nénd CO
CoEs are almost linear. It can be seen that although for the first tyyo
AJ/F ratios, there are similar changes in CoEs, for A/F ratio o
16.08, CoEs fall at a slower rate.

Effect of A/F Ratio

The Cu-exchanged X-zeolite catalyst maintain their catalytijotation
activity over a wide range of A/F ratio and have the potentiality to
solve the problems of controlling NOn a net oxidizing atme
sphere. Figure 5 shows effect of A/F ratio on the performance of
the catalyst for three different SVs. The general trend of the figures
is that NQ, CoE increase with change in A/F ratio from rich to
stoichiometric, maintain respective high performance up to certain
range of A/F ratio in the lean side and then decrease for leaner RICH STOICHIOMETRIC LEAN

a, = external particle surface area per unit reactor volume,
cm*
C, = gas phase concentration, molesicm

mixtures. Peak NQand CO CoEs are shown to occur at an A/F 803 SPACE VELOCITY
ratio of 15.4 and performances close to the peaks are maintained . ] AAAAA 37500 /h
within an A/F ratio range of 14.6-16.4. 3 A Qe ggggg ;:
Zeolites have been identified as unstable under hydrothermal z s¢3 ﬂ A
conditions because of its low Si/Al ratio. However several reported % ]
studies on ZSM-5 (Bhattacharyya and Das, 1999) has been found & 45
to be satisfactory from applications point of view. In the present Z 1 /
study, although each catalyst was tested for more than 30 h, no S 4°7 /
appreciable change in NGreduction efficiency was noticed dur % __ 1
ing this test period. Variation found between the results of tests £ 337
conducted at different times with identical test conditions were s, 1
only within 2-5 percent, which may be attributed to the change of &~ 7
atmospheric conditions, humidity, in particular. Although the de- & 25
activation and durability of the catalysts cannot be properly eval- a 7
uated based on this short period testing, the catalysts may be 20
expected to maintain good performance over a long period. Nev- ]
ertheless, long endurance tests are necessary to evaluate catalyst 153
durability. ]
10 ||||113||J||||\||||||||II[IIII|IIII
Effect on Back Pressure AIR/FUEL RATIO

Under the two-fold requirements of improved automobile pekig 5 Etfect of A/F on NOx conversion efficiency at various space
formance and stringent allowable tailpipe emissions, not oniglocities
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C, = gas concentration on the solid, molesfcm A¢, = effective radial conductivity for solid phase, W/cm K

C,; = concentration of specidsin feed, moles/crh Ay = conductivity of gas, W/cm K
C,, = specific at constant pressure of gas, J/igm K u = dynamic viscosity, gm/cm s

C, = solid phase concentration on the surface, mole$/cm p, = bulk density of bed, gm cat/cin
d, = particle diameter, cm py = gas phase density, gm/ém

d, = internal tube diameter, cm ps = catalyst density, gm cat/cim
%, = effective diffusivity inside catalyst, cffs ¢ = Thiele modulus

%, = Knudsen diffusivity, cri's
%, = molecular diffusivity, cni/s
9., = effective diffusivity in radial bed direction based on Reference
superficial flow velocity, crfis . Bhatt?(ih?ryyei{ S, lagd Dasl, R;IIE( 199% “CataglticI Cégntrol c;’f;]\-ut;)ergotive Nox: A
G = SUperfICIal. mass flow VelOCIty’ gm/(f'ns . eB\‘/iISjV,V’R.nIBe.Tngtg\)/:/]:rt, OWu.mI?.,oandnEiggtfogts,eg.r N? .199‘1!lr;p£risport Phénomena,
h, = gas-to-solid heat transfer coefficient in a fixed bed, wiey, singapore.
W/em? K Breck, D. W., 1974 Zeolite Molecular Sieves\iley, New York.

h. = coefficient for heat transfer through the contact sur- Cho, B. K., 1993, “Nitric Oxide reduction by Hydrocarbons over Cu-ZSM-5
faces between solid particles, IfemK Monolith under Lean Conditions: Steady-State Kinetickurnal of CatalysisVol.

142, pp. 418-429.

hrs = rad?at?on Coefﬁcﬁent between pa_rtiCIeSv Wreka Das, R. K., Ghosh, B. B., Bhattacharyya, S., and Datta Gupta, M., 1997, “Catalytic
h,, = radiation coefficient between voids, W/éi{ Control of S| Engine Emissions over lon-exchanged X-Zeolites,” presented at ASME-
k = reaction rate coefficient; for the first order, e.g., ASIA 97, Singapore.

Day, J. P., and Socha, L. S., (Jr.), 1991, “The Design of Automotive Catalyst

cm’/gm cat s ; it
X _ . . Supports for Improved Pressure Drop and Conversion Efficiency,” SAE Paper
ky = gas-to-solid mass transfer coefficient in a fixed bed, 910371, vol. 100, pp. 105-114.

cm/s Dixon, A. G., and Cresswell, D. L., 1979, “Theoretical Prediction of Effective Heat
L = total length of the reactor, cm Transfer Parameters in Packed BedslChE Journal,Vol. 25, pp. 663-676.

_ i Fahien, R. W., and Smith, J. M., 1955, “Mass Transfer in Packed B&d§HE
I average length between the centres of two neigh Journal.Vol. 1, pp. 25-32.

bouring solids in the Q|rectlon of heat flow, cm Heimirch, M. J., and Deviney, M. L., 1993, “Lean NGCatalyst Evaluation and
I, = average length of solid affected by thermal conduc- Characterization,SAE Transactions930736, Vol. 102, Sec. 4, pp. 564-573.
tivity, cm Held, W., Kanig, A., Richtel, T., and Puppe, L., 1990, “Catalytic N®eduction
Nu = Nusselt numberf{gdtl)\g] i2nosl;\le£ %xidizing Exhaust Gas,SAE Transactions900496, Vol. 99, Sec. 4, pp.
—216.

Pe, = Peclet number for radial effective diffusion in fixed Holman, J. P., 1971Experimental Methods for Engineemsic-Graw Hill, New
bed, d,UJ/% ] York.
Pr = Prandtl number’q:pg“g/)\g] Iwamoto, M., Yahiro, H., Tanda, K., Mizuno, M., and Mine, Y., 1991, “Removal
r = radial position cm of Nitrogen Monoxide Through a Novel Catalytic Process. 1. Decomposition on

. . . Excessively Copper lon-Exchanged ZSM-5 Catalysisyirnal of Physical Chemis-
R; = reaction rate of per unit catalyst weight, mol/gm cat s yy, vol. 953,’ No,pS, Pp. 3727_3730, Y Y

R, = tube radius, cm Iwamoto, M., and Mizuno, N., 1993, “NQ Emission Control in Oxygen-Rich
Re = Reynolds number‘qu/M] E;haust_ throug? Selictiv_e ICatalytic ReductionI b%/ Hydrocg{boﬁ&)’@:eetgngs of
_ : The Institution of Mechanical Engineers, Journal of Automobile EngineeRag, D,
S, = surface area of a particle, ém Vol. 207, pp. 23-33,
Sh = Sherwood numbervk[th/@ m] Koénig, A., 1993, “A Cooperative Research Project on ,NOatalysis for Lean
Tg = gas temperature, K Automotive Engines,” presented at the Automotive Conference, Brussels.
T, = feed gas temperature, K Konno, M., Chikahisa, T., Murayama, T., and lwamoto, M., 1992, “Catalytic
T. = solid temperature K Reduction of NQ in Actual Diesel Engine Exhaust3AE Transactions920091,
s - b Vol. 101, Sec. 4, pp. 11-18.
U, = Sup(_-',‘l‘fICIal flow velocity, cm/s Li, Y., and Hall, K., 1991, “Catalytic Decomposition of Nitric Oxide over Cu-
V, = particle volume, cm Zeolites,” Journal of CatalysisVol. 129, pp. 202—215.
7z = axial distance in a reactor. cm Misono, M., and Kondo, K., 1991, “Catalytic Removal of Nitrogen Monoxide over
«8 = wall heat transfer coefficie’nt from the gas phase, _Rare—Earth lon-Exchanged Zeolites in the Presence of Propene and Oxgden;-
> istry Letters,Vol. 6, pp. 1001-1002.
Wiecm® K Monroe, D. R., DiMaggio, C. L., Beck, D. D., and Metekunas, F. A., 1993,
ay, = wall heat transfer coefficient from the solid phase, “Evaluation of a Cu/Zeolite Catalyst to Remove N@om Lean Exhaust,SAE
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Thermal Response of
Automotive Hydrocarbon
Adsorber Systems

Modern hydrocarbon adsorbers for gasoline engines are promising candidates for cold

G. C. Koltsakis

A. M. Stamatelos

Mechanical Engineering Department, start emission control. In this paper, the flow and heat transfer in a typical complex
Aristotle University Thessaloniki, system, comprising a “barrel type” adsorber and two conventional catalysts is studied. A
540 06 Thessaloniki, Greece mathematical model is developed and applied for the computation of the flow and pressure

distribution, as well as transient heat transfer in the system. The model is aimed at
understanding and quantifying the particular thermal response behavior of hydrocarbon
adsorber systems. lllustrative results with variable geometric parameters under realistic
input conditions are presented.

Introduction model for the flow and pressure distribution as well as heat

Future emission regulations require drastic improvements of tHgnsfer- Neglecting the exothermic reactions, which are not sig-
current emission control systems. The conventional catalytic capfficant during cold start, the model will be applied in different
verter used in automobile exhaust is effective only after the caf@alistic operating modes and the results will be discussed.
lyst temperature exceeds a characteristic “light-off” temperature,
which is usually around 550 K. For this reason, the major porti —
of the hydrocarbon (HC) emissions occur during the cold st rtrObIem Definition
phase. The HC adsorber (trap) is a promising technology to min-Figure 1 shows the arrangement of the hydrocarbon trap system
imize the cold start HC emissions. The key component of suchcansidered in the present study. The system consists of a small
system is the zeolite based HC adsorber catalyst, which is ablestlume “start catalyst” followed by the HC adsorber with a central
adsorb hydrocarbons at low temperaturesA20 K). At higher passage and the “main catalyst.” The substrates of the catalysts and
temperatures the hydrocarbons are desorbed and subsequaRBYadsorber are ceramic honeycomb monoliths with square chan-
oxidized in a downstream placed conventional 3-way catalyst. nels.

A variety of HC trap configurations have been developed and|n order to specify the test conditions to be examined, the flow
evaluated in the last years (Hochmuth et al., 1993; Abthoff et afgte and temperature levels met in real world operation should be
1998; Noda et al., 1998; Patil et al., 1998; Silver et al., 1998). fonsidered. Figure 2 presents the vehicle speed during the first 150
basic problem faced by these systems is the undesired hydroc@izonds of the standard driving procedure FTP (Federal Test
bons breakthrough during the desorption phase. To avoid this, Bgcedure). The experimentally measured exhaust gas flow rate
downstream 3-way catalyst should be sufficiently warmed Ugyqg temperature at trap inlet for a 2.0 liter gasoline car under these

before the HC adsorber exceeds the critical desorption tempejigying conditions are also given in the same figure as functions of
ture. A number of techniques have been proposed to overcome fflis,

problem. Flow management techniques seem to be more efficient, yhis study, we choose three representative test conditions.

compared to complex heat exchanger systems (Hochmuth et Ehe first corres : : S .
ponds to the idle operation point immediately after
1993). The exhaust gas flow through the adsorber should ffgine cold start (0-25 s in FTP). The second simulates the step

mgﬂrgs'gfsﬁgﬂrig%;h;;ﬂ?eS:ﬁg f?ohvij/lssi.oﬁ]l?jegéh;rzgtsgét:ﬁ:gsgls ‘} nge in inlet conditions in the first acceleration of the driving
! le (40-60 s in FTP). The third operation mode corresponds to
downstream catalyst. In the system presented by Buhrmaster e ¥ - . e
- : . - —redl FTP transient conditions regarding inlet flow rate and temper-
(1(199723, th(lsb is zlichlevedd by bcre;atlndg a central Eassar?e |nﬂtf1 re. The above test modes a?e tabl?lated in Table 1 P
adsorber (“barrel type” adsorber) and managing the exhaust : . i ' .
: A In the present analysis the start and main-catalyst geometry will
through the passage using a fluidic air diverter. In the system oft be \?aried as WZ” as the external dimensiyonsg of theyHC

Noda et al. (1998), the fluidic air diverter is dispensed of and tl
diameter of the central passage is experimentally optimized ggjsorber. On the ot_her hand_, the effect of th_e adsorber central
passage diameter will be studied for selected diameter values. The

attain best overall emission performance. . ! X i - .
The flow field in conventional catalytic converters has becgeometric parameters, which will be used in the simulations, are

extensively studied experimentally and numerically, in order g#mmarized in Table 2. In the same table, the thermophysical
minimize undesired flow maldistributions at converter inleProperties of the monoliths are also included. _
(Wendland and Matthes, 1986; Lai et al., 1992). The prediction of Before proceeding to the model description and results, it may
the flow field and the heat transfer in HC trap systems with “barrBf necessary to summarize the main design goals of the HC trap
type” adsorbers is more complicated and presents a challenge fgptem as follows:

the involved engineer. No relevant numerical studies have ap- ) .

peared in the known literature. In the following, a characteristic ® 1€ main catalyst should reach light-off temperature (about
trap system will be studied numerically, using a mathematical 250 K) before desorption from HC trap initiates (around 420
K). Practically, acceptable conversion efficiency is expected,
even if only part (e.g., 30 percent) of the main catalyst
Contributed by the Internal Combustion Engine Division (ICE) et AMERICAN volume is over 550 K (Mondt, 1987).

SocleTY oF MECHANICAL ENGINEERS for publication in the ASME JurnAL oF ENcl- e Before the main catalyst Iights-off as much as possible
NEERING FORGAS TURBINES AND POWER. !

Manuscript received by the ICE January 17, 1998; final revision received by the exha_lus_t gas should be passe(_j through the HC adsorber to
ASME Headquarters June 9, 1999. Associate Technical Editor: D. Assanis. maximize cold start HC reduction.
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Fig. 1 Arrangement of a typical hydrocarbon adsorber system 003 -
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Model Description g oo
Flow Distribution. Each monolith is divided im concentric 000%
ring-form sections. We choose that the first sectior (1) of all o 800 -
monoliths, has an outer diameter equal to that of the central 5 70}
passage of the HC adsorber. Thus for every monglithe frontal £ 600
area of the first ring section is § 500 I
@ L
S 400
— 2 °
Alj - 02577de (1) c 300 r X L i | N { ) L . |
0 25 50 75 100 125 15
All othern — 1 ring sections of each monolithare chosen to have time (s)
equal frontal area Fig. 2 Typical flow rate and temperature versus time in the standard
A federal test procedure (FTP)
_ fr, j
Aj=o—71- (2
To estimate the mixing conditions between the flow elements m; = N i=1...n. (3)

exiting the monoliths from each ring section, we may consider
them acting as co-flowing jets. For the conditions of interest, the Step 2. With the inlet pressure and flow rates given, the
length of the “initial mixing region” of the jet amounts 10—15pressure field can be computed step-wise along the system for each
“nozzle” diameters (Blevins, 1984). This is about an order afection with suitable pressure drop relations. For each rigd@ (
magnitude higher compared to the length of the air gaps betwege pressure drop depends on whether the flow is laminar or
the monoliths. Therefore, it is reasonable to assume negligihlgbulent.

mixing between the flow elements travelling in the small gaps For laminar flow, taking into account a correction for the en-

between the monoliths. Thus, for every the flow elements trance effect (Wendland and Matthes, 1986; Day, 1997) we have
through thei section of the start catalyst will pass through the

sections of the adsorber and the main catalyst. 5 28.5u U

The axial and radial temperature gradients in the monoliths arePramik = Pik = Piji1 = (1+0.064*)°° d2, Ax, (4)
significant during warm-up. Since pressure drop also depends on '
the local temperature, we employ a two-dimensional discretizati¥ith
for the flow field calculation. Flow entrance effects will be also
taken into account. An iterative procedure is employed consisting
of the following steps.

m;

ik = pAKE ®)

Step 1. Assumption of initial arbitrary values for total back-FOr turbulent flow the entrance region is negligibly short and the
pressureAp,, and individual flow ratesn,. Assuming initially Pressure drop relation is (Incropera and DeWitt, 1996),

equal values ofn; and satisfying the mass balange = m;, pik Uik
i=1 Apic = Pik = Pigsr = ff 2 d. AX, (6)
we have h,ik

Nomenclature

A = surface T = temperature, K Subscripts
3WCC = three-way catalytic converter x = axial distance from monolith en- _
¢, = specific heat capacity, J/kg K trance, m cp B central passage
d = diameter, m x* = dimensionless axial distancet =  CONV = convection
h = convective heat transfer coeffi- (x/d, - Re- Pr) g - E;gﬁ‘:jticgas
| = I(:eligthéImZK Greek Letters | = radial pode index
i = mass flow rate, kg/s € = void fraction |]< - gqx?gloi:ghd:an?nedxex
Nu = Nusselt number, Nu= w = dynamic viscosity, kg/ms M — mass
(h - di/Ag) v = kinematic viscosity, s out = outer
@ = heat transfer volumetric rate, p = density, kg/ni S _ <olid
W/m?® ¢ = empirical factor for diffuser pres- B
r = radius, m sure loss
S = specific surface area per unit ) = thermal conductivity, W/mK
monolith volume, m* ¢ = dimensionless lengtl =
t= tlme’ S (NU)\gSiAiEi/dh‘im‘ Cp‘g)X
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 113
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Table 1 Exhaust flow rate and temperature at the test conditions studied

the pressure along the monoliths and thus the pressure at the final
axial node for each ring sectiop, yn.,. The resulting computed

Test Condition FTP time Flow rate Exhaust gas pressure loss for each ring section is
{appr.) (kg/s) temperature
Ky Apl = Pin — pi,kmax- (11)
1. | Isothermal (Cold start - Idle) 0-20s 5107 300 Step 3. |If the computed pressure lossig, for all ring sections
are numerically equal tdp,, the flow and pressure field has been
2. Step response 40-60s 20 107 500 solved. In the opposite case, the assumed values for total pressure loss
and flow rates should be corrected, according to step 4.
3. Fully transient 0-150 variable variable
Step 4. The following corrections for the flow distribution and
total pressure loss are applied:
i m
with Apl=——", (12)
m ) D m
U = —n— AD.
" picAiEi i Pi
e fny = 2Pt (13)
ff = 0.316- Re . 8) boAp T

Between the monolith gaps, we assume ideal flow and the pressitmmay be easily shown that the above equations satisfy the mass
variation is due to the flow cross-area difference. From Bernoulliys, .\ ncom = 3 iy
i

law, i
We then reﬁe%\t the computation procedure starting from step 2.
1/1 1 -, The iterative algorithm converges quickly. The computed values
APgapij = 2p A? - AZ mi. ©)  for total backpressure and individual flow rates are provided as
' input for the next time step, to minimize the required iterations.
An additional pressure loss due to flow separation effects in the
inlet diffuser is taken into account based on a semi-empirical faCtPfeat Transfer

{ (Waermeatlas, 1988), ) ) ) ) )
In this study, we confine our interest in the warm-up operation

of the system during cold start, where CO and hydrocarbon oxi-

dation rates are practically insignificant and the associated exo-
thermy may be neglected. The convective and radiative heat losses
The velocity profiles in conical converter canisters measured lty ambient are significant for relatively high surface temperatures

Will and Bennett (1992) were employed to evaluates function (Koltsakis et al., 1997). In thermal response studies of insulated

of the radial distance. For the geometry considered here, thigp systems, they can be also neglected for simplification pur-

following step function correlates the experimental data of thsoses, without accuracy sacrifices. Therefore, the trap system is
above reference quite closely:= 0 for 0 = r = 20 mm,{ = considered adiabatic. However, axial and radial temperature gra-
—600 + 3-10°r for 20 mm= r = 30 mm, and, = 300 for 30 dients inside the monoliths may occur and are taken into account
mm=r = 50 mm. by the model.

Based on the pressure drop relations, we can compute stepwisghe basic heat transfer mode is convection between exhaust gas
and solid phase in the channels of the monolithic substrates (Kolt-
sakis, 1997). Although the flow in the exhaust piping of an engine
is normally turbulent, the Re numbers in the converter monolith

Ai,O) z m?

. 10
Ay pi,lAi21 (10)

4
Apiy = Pin — PiL = 2 <1

Table 2 Geometrical and thermophysical data of the HC adsorber sys-

tem used in the present study

114 / Vol. 122, JANUARY 2000

channels are always safely in the laminar region (typical values
range from 20 to 300). The Nu number for the laminar flow in the

Parameter Start HC Main Units . N
channels approximates the solution of the Graetz-Nusselt problem
catalyst Adsorber catalyst
for constant wall temperature. The methodology employed to
Monolith diameter 100 120 100 mm deposit the active washcoat in the initially square monolith chan-
Monolith length 100 140 120 mm nels results in a circular channel geometry. For laminar flow in
- circular channels with the introduction of a correction for entrance
Channel density 62 46.5 62 channels/cm” effects (HaWthorn, 1974) we have
Substrate wall thickness 0.1 0.3 0.1 mm
009 0.45
Channel hydraulic diameter 1.17 1.17 1.17 mm Nu= 3.66 1+ x* . (14)
Central passage diameter 0 0.20,35 0 mm .
. . - Due to the larger diameter of the central passage of the HC
Substrate density 1800 1800 1800 kg adsorber the flow conditions may well be turbulent. Thus forRe
Substrate conductivity 15 15 15 Wim K 2300 the following Nu number correlation is employed (Incroperra
— and DeWitt, 1996):
Other parameters Units
— .5 0.8
Gap between monoliths 30 mm Nu=0.022 PP Re™*. (15)
Inlet diffuser length 50 mm The two-dimensional axi-symmetric grid described above is used
Omilet come lenath 2 o to model the heat transfer. Each radial ring-section contains a large
N number of internal channels. With a given temperature and veloc-
fnlet pipe diameter 30 mm ity distribution at the monolith inlet, representative inlet conditions
Outlet pipe diameter 50 mm can be defined for all channels contained in each monolith radial
section.
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Fig. 3 Isothermal test: computed axial velocity for different central passage diameters ( de = 0, 20, 35 mm).
The transient thermal response of each monolith is computedaasl
a series of quasi steady-states (Chen et al., 1988; Koltsakis et al.,
1998). Thus, the solution procedure followed in each time march- ﬂ ~0 20
ing comprises the following steps: ar o (20)

r=0

o Computation of the convective heat transfer from the exp, the axial direction, heat transfer from the monolith edges is also

haust gas to the monolith surface for each ring section. pegligible. The respective boundary conditions for each monolith
e Computation of the two-dimensional transient temperatutge

field in the cylindrical converter, taking into account the heat

conduction in the monolith. The contribution of the convec- oT
tive heat transfer in the channels (computed in the previous X =0 (21)
step) is taken into account by respective source terms. x=xfirst
The first step involves the computation of the gas temperatu%‘d
for each nodei( k + 1) given the conditions in the nodg, K). oT
Employing locally analytical solutions (Mondt, 1987; Koltsakis, — =0. (22)
1997), with the dimensionless leng¢rdefined in the Nomencla- O | e stast

ture, we obtain . . . o .
The two-dimensional transient temperature field in each monolith

T =T+ (T — T )e 2 16) s solved using the “alternate direction implicit” (ADI) technique,
ol s+ (Ta ) (16) which offers stability advantages with moderate computation ef-

After the determination of the temperature distribution along tert.
channel, the corresponding convective heat rates on a volume basis
may be compqted for each space step according to the followipgsgits
balance equation:
Isothermal Operation. Figure 3 presents a contour plot of the
. M Cpg exhaust gas axial velocity inside the HC trap adsorber system in
Ueonvik = TA% (Tgiker = Tgi)- A7) the steady-state, isothermal test case (Table 1, test condition 1) for
different values of the adsorber central passage diametgr (n
In the second computational step, the temperature field in tHe case with no central passage (first plot), the radial velocity
converter is described by the transient heat equation with h&atiations are due to the inlet diffuser effects, which typically
sources in cylindrical co-ordinates, produce a parabolic velocity profile at the catalyst front face. The
lower velocities in the adsorber monolith are due to the higher
AT 9°T, 190 a7, _ frontal face and its higher porosity (lower cell density).
PsCos a1 = Asx gz T Asr v oy (f ar) + deonr (18) The presence of a central passage in the adsorber monolith
reduces the flow resistance and concentrates the flow in the core
The values 0., C,., As and\s, depend on the respective gridregion. Local valugs of the axial vglocity in the core region are
node. For the nodes included in the monoliths, bulk values af0ut 40 percent higher than those in the channels at the periphery.
computed for the above parameters, according to the respecﬁ\,%expected, this effect is more pronounced for the smaller pas-
void fraction. The boundary conditions for the heat conductiop9€- o .
equation in the radial direction result from the adiabatic conditions FOF €ngineering purposes, it is useful to know the flow rate

at the outer radius and the symmetry line, through the central passage relative to the total flow rate. This is
actually presented in Fig. 4 for different values of the central
oT passage diameter as function of the exhaust gas flow rate. For a 45
— =0 (19) mm diameter the flow rate percentage may reach 30 percent, which
CLEPE. is double the value expected for a radially uniform flow distribu-
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 115
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40 : , , no-passage system. However, the core regions of the main con-
verters are already sufficiently warmed-up. Since radial thermal
conduction is quite slow, the main converter periphery is not
30} dep = 45 mm ] affected from the presence of the adsorber passage significantly.
The evolution of the exhaust gas temperature at the core and the
periphery at adsorber exit are presented in Fig. 7 for different

Flow through central passage (%)

20l dep = 35 mm | values of passage diameters. Exhaust gas temperatures in the
] monolith channels generally tend to approximate the local temper-
atures of the solid phase (Chen et al., 1988). Thus, the results can
1ol | be associated with the contour plots of Fig. 5 and 6 to explain the
dep = 20 mm much faster gas temperature response in the core region, in the
aep = 10mm presence of an adsorb_er passage. Interestingly, the response curves
for the two different diameters tested are very close. Indeed, as
%5 10 20 30 20 shown in the isothermal case (Fig. 3) the axial gas velocities in the
Flow rate (g/s) adsorber passages, which mainly control the response times, are
i ] ] less than 10 percent different. The same has been also verified by
Fig. 4 Isothermal test: relative flow through central passage for differ- the model for the step response test. As shown above (Fig. 3), the
ent flow rates; ( 7 = 300 K). !

existence of the adsorber passage results in lower axial gas veloc-
ities in the periphery. This explains the somewhat slower exhaust

tion. In general, the dependence of this percentage on flow rat%%sﬂig:gferature rise in the periphery for non-zero adsorber passage
only minor for the value range met in real-world applications. : S

Step Temperature Change. Figure 5 presents the computed Driving Cycle Conditions. The results presented so far were
temperature fields in the system with 20 mm adsorber passageintgnded to provide a basic idea of the main physical phenomena
selected times of the step response test (Table 1, test conditionaffecting the thermal behavior of complex HC adsorber systems.
At 10 s only a small portion of the adsorber has actually sensed ther system design and optimization purposes it is rational to
step temperature change at inlet. For the first 30 s, the enthalpypefform calculations with realistic input conditions corresponding
the exhaust gas flowing through the adsorber channels is almigsteal engine operation. A basic optimization parameter is the
entirely consumed to warm-up the adsorber. On the other hand, taeperature of the exhaust gas entering the main converter, which
exhaust gas flowing through the adsorber passage retains muclsdfirectly related with its activation.
its enthalpy to warm-up a significant portion of the main converter Based on the input data presented in Fig. 2 for FTP driving
core, even at time= 10 s. The radial conduction in the mainconditions, the computed temperatures at the core and periphery of
converter is not sufficient to transfer the heat to the periphemyain catalyst inlet are presented in Fig. 8. With no adsorber
which continuously experiences convective heat transfer fropassage, the main catalyst will remain inactive even 150 s after
cooler gas arriving from the adsorber channels. engine start-up. On the other hand, the core region of the main

The effect of the adsorber passage on the thermal responseéitalyst will be subjected to sufficiently high temperature$%0
illustrated in Fig. 6, which presents the temperature fields for th@ at least 60 s earlier. In practice, this can be very crucial for the
three systems tested at tinr/e40 s. With no adsorber passage, thelimination of cold start emissions.
main converter is practically under 350 K, whereas the adsorberEvaluating systems in terms of HC emissions would require a
has already reached desorption temperature$2Q K). In the complete reactor model with a kinetic mechanism to simulate of
systems with adsorber passages, the adsorber has also reatti@@dsorption—desorption as function of the local temperature.
desorption temperatures, although somewhat lower than in tHewever, some first implications can be seen even from the

time=10s
60 =
g 29 | 500
= 20
= 0 - 1 ———
0 100 200 300 400 500 600 480
time=20s 460
60 ) T B
E 40 ' ‘ . 440
<% j k |
0 | | s , 420
0 100 200 300 400 500 600
time=40s 1 400
= 380
E
- ‘ 1360
0 100 200 300 400 500 600 1
. 340
time=60s :
— 60 . ~3 320
E 40 e
=2 —— : 300
0 100 200 300 400 500 600
X [mm]
Fig. 5 Step response test: temperature fields at selected times ( dep = 20 mm).
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Fig. 6 Step response test: temperature fields at time = 40 s for different central passage diameters ( dg, =0,
20, 35 mm).

present study. For example, it is shown in Fig. 8 that the periphe@onclusions

of the main catalyst is quite cold_ to achie_vz_e oxidation of c_iesorbedCOmputer aided methods for the design of emission control
_h_ydr(_)carbons even e}ﬁ‘?r 150 s in th_e driving cycle. Des_lgn mogévices are especially important in the case of complex HC ad-
ifications such as variation of the main catalyst aspect ratio or evgl ., systems. “Barrel type” adsorbers exhibit a particular ther-
flow management techniques could be considered as possiflgy yesponse behavior, which is actually very critical for the
solutions to this potential problem. successful control of HC adsorption, desorption, and oxidation in
the main catalyst. Flow and heat transfer effects in a typical
three-component system were studied, using an engineering math-
ematical model. The model was initially applied in simple test
cases simulating isothermal operation and step temperature re-
sponse. The results were useful to identify the critical physical and
geometric parameters controlling the system thermal response. The
cold start phase of an FTP driving scenario was also simulated, to
illustrate model application in realistic cases. It is sensed that the
design optimization of such systems for real world applications
relies on a large number of individual parameters including geom-
etry of individual monoliths, catalyst properties, additional air

1 management, flow diversions, etc. A more effective computer
dep =20 mm aided methodology would also involve simulation of the adsorber
dep = 35 mm adsorption—desorption kinetics, which is a subject of work-in-
progress.
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Modeling the Lubrication,
Dynamics, and Effects of Piston
Dynamic Tilt of Twin-Land Oil
Control Rings in Internal
Combustion Engines

A theoretical model was developed to study the lubrication, friction, dynamics, and oil
V. W. Wong transport of twin-land oil control rings (TLOCR) in internal combustion engines. A mixed

lubrication model with consideration of shear-thinning effects of multigrade oils was used
to describe the lubrication between the running surfaces of the two lands and the liner. Oil
squeezing and asperity contact were both considered for the interaction between the flanks

T. Tian

Sloan Automotive Laboratory,
Massachusetts Institute of Technology,

77 Massachusetts Avenue, of the TLOCR and the ring groove. Then, the moments and axial forces from TLOCR/liner
Building 31-166, lubrication and TLOCR/groove interaction were coupled into the dynamic equations of
Cambridge, MA 021392 the TLOCR. Furthermore, effects of piston dynamic tilt were considered in a quasi

three-dimensional manner so that the behaviors of the TLOCR at different circumferential
locations could be studied. As a first step, variation of the third land pressure was
neglected. The model predictions were illustrated via an Sl engine. One important finding
is that around thrust and anti-thrust sides, the difference between the minimum oil film
thickness of two lands can be as high as several micrometers due to piston dynamic tilt.
As a result, at thrust and anti-thrust sides, significant oil can pass under one land of the
TLOCR along the bore, although the other land perfectly seals the bore. Then, the
capabilities of the model were further explained by studying the effects of ring tension and
torsional resistance on the lubrication and oil transport between the lands and the liner.
The effects of oil film thickness on the flanks of the ring groove on the dynamics of the
TLOCR were also studied. Friction results show that boundary lubrication contributes
significantly to the total friction of the TLOCR.

Introduction Some theoretical and experimental work has been done to study

As the oil control ring is the first barrier for the oil supply to th the lubrication and dynamics of the TLOCR. A theoretical model

X . : . ) Svas developed by Ruddy et al. (1981a, b), where the twist of the

upper regions and it has much higher ring tension than the top tV’fEOCR and the lubrication between the two lands and the liner
rings, it is arguably the most critical part to the oil consumption,e e "coupled. It was found that the constraint from the radial
and friction from the piston ring-pack in internal CombUStiO’bressure on the two lands controls the twist of the TLOCR.
engines. Understanding Qynamig behavior of oil C(_)ntrol rings i_slﬁversely, twist of the TLOCR, along with running surface pro-
necessary step for quantifying oil transport rate, oil consumptiofyeg radial height difference of the lands, and surface roughness,
and friction in the piston ring pack. o _has significant effects on the lubrication between the lands and the

Twin-land oil control rings are commonly used in diesel engingger. A similar model was also developed by Sui et al. (1993).
and some of the gasoline engines. Nowadays, a TLOCR is impl€gjal dynamics of the TLOCR, interaction between the flanks of
mented with two pieces—a twin-land ring and a spring (Fig. 1}he TPOCR and the groove, and effects of piston dynamic tilt were
The spring is used to supply high tension for increasing thest considered in these modeling studies.
conformity of the ring to a distorted bore, and small axial height of On the other hand, experimental results showed the effects of
two lands further gives high unit pressure on the running surfacBBOCR axial motion on oil transport in the TLOCR groove and
to reduce oil film thickness passing the TLOCR. The lubricatiothe dependency of the behavior of the TLOCR on the circumfer-
between the lands and the liner as well as the interaction betwesial locations. Along with other in-cylinder variables, axial po-
the TLOCR and the groove are the keys for understanding tbiions of the TLOCR and piston tilt were simultaneously mea-
behavior of the TLOCR for the following reasons. First, oil pathsured in a diesel engine by Ariga (1996). Axial lift of the TLOCR
through the TLOCR include (1) the interface of the liner and thiedicated that under certain operating conditions, there could be a
running surfaces of the two lands, governed by the lubricatidarge amount of oil between the flanks of the TLOCR and the
between the lands and the liner, and (2) the groove of the TPOGRpove, which could significantly increase the oil transport rate
governed by the dynamics of the TLOCR and the gas flow througfirough the oil control ring. The measurement also showed a

the groove. Secondly, lubrication between the lands and the lirgfdden change of the axial positions of the TLOCR at both thrust

determine the friction of the TLOCR. and anti-thrust sides when piston tilt switches direction. Takiguchi

et al. (1998) measured oil film thickness of the piston ring pack and

found that the oil film thickness of the two lands behave differently
Contributed by the Internal Combustion Engine Division (ICE) eEAmMERICAN gt thrust and anti-thrust sides.
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Ring stressed) of the TLOCR and the piston is about 0.02 deg across an
Spring: supplies 80 mm bore (Fig. 3), which is much less than the magnitude of
ring tension piston dynamic tilt angleX0.1 deg). Based on these dynamic and
geometrical considerations, the neutral plane of the TLOCR was
assumed to follow piston dynamic filt.
Following this assumption, the relative angté ©f the neutral
/ axis of a section of the TLOCR to the axis perpendicular to the
Two Lands: liner can be expressed as

seal the bore \ ® = —0pigion COS (), (1)

where s, IS the piston tilt angle and specifies the location of
the section in the circumferential directiof € 0 is the anti-thrust
side). Throughout this work, relative angle to the liner actually
means relative angle to the axis that is perpendicular to the liner.
Fig. 1 Twin land oil control ring (TLOCR) From geometrical relations, one can see that the relative angle
between the neutral axis of the TLOCR and the liner would create
a difference in the clearance between the two lands and the liner,
and thus unbalanced radial forces on two lands. This difference
radial forces on two lands. How the TLOCR responds to pistdfetween two lands is most pronounced at thrust and anti-thrust
dynamic tilt has significant impact on oil transport through theides and diminishes at the pin sides. Furthermore, the torsional
TLOCR. In this work, dynamics and lubrication of the TLOCR arestiffness of any section of the TLOCR was assumed to be same as
modeled with consideration of the effects of the piston dynamipat of a complete ring without a gap and is expressed as
tilt. The model incorporates the lubrication between the two lands
and the liner, and the interaction between the flanks of the TLOCR
and the groove into the dynamic equations of the TLOCR so that
oil transport through the interface of the two lands and the liner as ) ) )
well as through the interface of the flanks of the TPOCR and tighereE is the Young's modulus of the TLOCRy is the axial
groove can both be studied. Variation of the third land pressureViédth of the TLOCR D, andD, are outer and inner diameters of
currently neglected to avoid involvement with the top two ringhe TLOCR, respectively, aneis a factor (0< e < 1). A factor
analysis. € was used since some parts of the TLOCR are removed compared
The model predictions are illustrated via a Sl engine in th# a rectangular ringe(= 1). o
paper. Oil film thickness, ring lift, ring twist, friction, and the With all the above assumptions, the present model, which is
effects of piston tilt at different circumferential locations aré&ssentially a two-dimensional model, is able to incorporate piston
explained. Then discussions are primarily focused on the oil filfynamic tilt, and the dynamic behavior of different sections can be
thickness difference between the two lands due to piston dynaraialyzed by specifying the circumferential location of a section in
tilt and the implications to oil transport through the TLOCR.  the input.

Interaction Between TLOCR and the Groove. Asperity
Model Formulation contact between the flanks of the TLOCR and the groove as well

As shown in Fig. 2, one section of the TLOCR at a particul s the squeezing pressure in the oil between the flanks of the

circumferential location is considered. The piston is chosen as theQCR and the groove were all considered for the interaction

reference, and the axial and angular dynamics of one section of een th.e .TLOC.R and the groove. Currenffly, a uniform rough-
TLOCR inside the groove is modeled. Forces and moments frdfiSS and oil film thickness are assumed to exist on the flanks of the

the following sources are considered: LOCR and the groove. However, this assumption can be easily
' relaxed.

e Lubrication between two lands and the linércreates friction .
force and radial pressure distribution on the running surfaces %fAspe_rlty _Contact Between the TLOC.R gnd_the_ Grooves
the two lands. shown in Fig. 4, a uniform roughness distribution is assumed to

e Interaction between the flanks of the TLOCR and the groibve:
includes pressure generated in the oil between the flanks of the
TLOCR and the groove due to the motion of the TLOCR and
pressure generated from the asperity contact between the
TLOCR and the groove.

¢ Inertia force due to piston acceleration and deceleration.

D
T, = €Eb%In <§>/3(Do + D)), (2)

Liner

The pressure from the interaction between the flanks of the
TLOCR and the groove can be directly calculated according to the ;¢
position of the TLOCR. However, lubrication condition, film
thickness, and all the pressure distributions between the running.
surfaces of the two lands and the liner have to be solved according
to extra conditions. In the following, sub-models on lubrication
between the lands and the liner as well as the interaction between
the flanks of the TLOCR and the groove will be briefly described.  axial lift =]
Before doing that, the method to incorporate piston dynamic tilt
effects is explained.

neutral line

Incorporating Piston Dynamic Tilt. Dynamically, the entire
TLOCR spends most time sitting on either upper or lower side of
the groove during engine operation. Statically, the clearance of the
TLOCRinits groove is between 20m and 40um. Therefore, the Fig. 2 References and variable definitions for the dynamics of the
maximum possible relative angle between the neutral plane (nanocr
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maximum relative angle between ring and piston

A
A

‘ clearance 20um-40um

positive piston
tilt direction

thrust o i anti-thrust neutral axis
piston

neutral axis

o+

o

s

=

axis perpendicular to the liner

Fig. 3 Assumptions on the position of the TLOCR in a tilted piston

exist on the flanks of the TLOCR and the groove, and asperity | First, the oil on either the upper or lower side of the groove
contact pressure distribution was modeled by using Greenwood is assumed to have a uniform thickness. Thus, the pressure
and Tripp’s model (Greenwood et al., 1971). With given surface generated in the oil is only estimated in the region where the
roughness, the contact area and pressure-distribution are calculated clearance between the flanks of the TLOCR and the groove
according to the axial and twist positions of the TLOCR. In return, is less than the specified oil film thickness on the flank of the
the integrated moment and axial force from this asperity contact  groove.

pressure are incorporated in the dynamic equations of the TLOCRy; - Even in the region where the clearance between the TLOCR
One can find the detailed description of this sub-model from earlier 54 the groove is less than the specified oil film thickness
works by Tian et al. (1998a, 1997a) where this submodel was used the pressure in the oil is evaluated differently depending on

for modeling the dynamics of the top two rings. the moving direction of the TLOCR. As shown in Fig. 4, the

Oil Squeezing Between the TLOCR and the Groovavo second assumption is that the pressure rise in the oil only
assumptions were made to model the hydrodynamic pressure inthe occurs in the region where the ring is approaching the
oil between the TLOCR and the groove. groove. The hydrodynamic pressure distribution due to

squeezing oil in Region Il (Fig. 4) is obtained by solving the

Reynolds equation. In the region where the ring is moving
oil away from the groove, the oil pressure is assumed to be the
same as the gas pressure.

In the second assumption, assuming the pressure in Region | to be
the same as the gas pressure (Fig. 5) is based on two consider-
ations. First, in Region | where the TLOCR is moving away from
the groove, oil pressure may drop below 1 bar and cavitation
occurs. However, even cavitation does occur, the pressure in the
cavitation region should be close to the gas pressure in the groove
that is assumed to be 1 bar. Secondly, when the TLOCR moves

area in direct asperity contact

Contact pressure in the contact area away from the groove, there might not be oil immediately filling
Greenwood & Tripp’s Asperity Contact Model the vacuumed region. Therefore, the pressure in Region | should
be the gas pressure inside the groove. Thus, in any cases, the
Fig.4 Asperity contact between the flanks of the TLOCR and the groove pressure in Region | should be close to the gas pressure inside the
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 121
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three lubrication modes largely depends on the minimum point on
the running surface of the land, defined as the location where the
clearance between the land and the liner reaches the minimum
(Tian et al., 1997b).

As shown in Fig. @), if the minimum point locates at the
leading edge of a land, for most of time, pure boundary lubrication
occurs, because hydrodynamic pressure cannot be generated and
only asperity contact supports the radial load from the expander.
Hydrodynamic lubrication could only appear for a few crank
angles around the TDC or BDC when squeezing effects is more
dominant than sliding effects.

On the other hand, if the minimum point of a land does not
locate at the leading edge, hydrodynamic lubrication occurs along
with possible asperity contact. To obtain all the land/liner lubri-
cation information, one has to solve the clearance between the
lands and the liner and the wetting extent through iteration by
applying radial force balance and outlet conditions. Three outlet
conditions were applied, namely, Reynolds exit condition, film
nonseparation condition, and fully flooded trailing edge. Film
nonseparation condition was developed by Tian et al. (19974,
1996) and it is used to replace Reynolds exit condition when the
unsteady squeezing effects become dominant around TDC and
BDC and further applying Reynolds exit condition results in

oil

Region 11

Region I Oil pressure distribution is violation of mass conservation. _
Qil pressure is same as b P d by usi ~ The clearances between the two lands and the liner are not
the gas pressure p obtained by using independent to each other. Here, any section of the TLOCR is
8as Reynolds Equation assumed to be rigid, i.e.,
Fig. 5 Pressure in the oil between the flanks of the TLOCR and the hoy = hoy + ayl, 3)

groove
whereh,,, h,, are the nominal clearance between the liner and the
reference points on the running surfaces of the lower land and the
groove. One can find the detailed description of this submodabper land, respectively; is the relative angle between the center
from earlier works by Tian et al. (1998a, 1997a).

In reality, the oil film thickness on the flanks of the groove is
neither uniform in the radial direction nor steady from cycle to
cycle. Nonetheless, using the current model, one is able to obtain
such important oil transport information as the oil flow rates in and
out of the TLOCR groove within a cycle due to the dynamics of
the TLOCR with given amount of the oil film on the flanks of the
groove. In the future, this assumption of a uniform oil film thick-
ness on the flanks of the TLOCR groove can be relaxed after
gaining better understanding of oil transport between the TLOCR
and the adjacent regions.

a) Illustration of the Lubricatjion between the Lands and the Liner.

exit point ——
A

Lubrication Between the Lands and the Liner. Lubrication
between the two lands and the liner determines not only the oil
flow rate, minimum oil film thickness, and asperity contact be-
tween the lands and the liner, but also friction and radial pressure
distribution that affect the dynamics of the TLOCR. Both hydro-
dynamic and boundary lubrication were considered for the inter-
action between the lands and the liner. Using the method devel-
oped by Tian et al. (1997a, 1996), the Averaged Reynolds equation
of Patir et al. (1978, 1979) was modified to take into account the
effects of shear thinning of multi-grade oils. Additionally, dynamic  piston moving direction
twist of the TLOCR not only changes the land running surface
profiles relative to the liner but also introduces an extra squeezing ] o ]
term. These two effects of TLOCR dynamic twist on hydrody- (b) Twg Lubrication Modes Depending on the Location of the Minimum Point.

namic lubrication between lands and the liner were taken into

wetted region

leading edge

account in the present model.
Greenwood and Tripp’s asperity model (1971) was used to
describe the boundary lubrication between the lands and the liner.
The dynamics of the TLOCR in the radial direction is negligible minimum poi
and force balance in the radial direction was thus applied. It was
assumed that there is always sufficient oil supply from the liner to
the two lands, i.e., the leading edge was assumed to be always fully
flooded, as shown in Fig. 6. Despite assuming sufficient oil supply, .
LUrication oceurs. Thus, the model considers rbe diferent IAmmpoms st adngedge i pontic s e i e
. X ! . . . ' "Hand hydrodynamic lubrication exists and only boundary lubrication exists.
brication modes, namely, pure hydrodynamic lubrication, mixed
lubrication, and pure boundary lubrication. The existence of these Fig. 6 Lubrication between the lands and the liner

"~

minimum poi
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Table 2 Other parameters

Roughness of the Liner (rms) 0.15um
Roughness of the Running Surfaces of the Lands 0.15um
Combined Roughness of the Flanks TLOCR Lands | 0.5um

and the Groove

Oil Film Thickness on the Upper Side of the | Sum
Groove (Baseline)
Oil Film Thickness on the Lower Side of the | 10um
- Groove (Baseline)
£ (in Equation 2) 0.5
(Baseline)

Lubrication Between the TLOCR and the Liner. First, the
calculation was conducted for the section of the TLOCR at the
thrust side since the effects of the piston dynamic tilt is most
pronounced at the thrust side according to Eq. 1.

Fig. 7 Relation between the clearances of the two lands Minimum Oil Film Thickness of the Two LandsFigure 96)
shows the minimum clearance of between each land and the liner.
Throughout this work, the term minimum oil film thickness
. . L (MOFT) is used as the minimum clearance between a land and the
line of the TLOCR and the liner, arlds the axial distance betweeniner and the term “clearance” by default, represents the nominal
the reference points of the two lands (Fig. 7). clearance between two rough surfaces. One can immediately find
Computation Algorithm. The dynamic equations of the the correlation between the MOFT of the two lands and the piston

TLOCR are solved via implicit method in time. Two levels ofdynamic tilt as shown in Fig. 8f. When the piston tilt is positive,

iteration were performed. At each time step, the outer level iter§l® MOFT of the lower land is less than the one of the upper land.
tion is used to obtain the axial position and twist value of thirOnversely, the MOFT of the lower land is greater when the piston

TLOCR. Then, at each step of an outer level iteration, an innBit IS negative. This relation between the MOFT of the two lands
level iteration has to be performed to solve land/liner lubricatio@d the piston tilt qualitatively reflects the geometrical relation of
Newton’s iteration and a globally convergent scheme were applidtf TLOCR in a tilted piston and the liner, as shown in Figd)0(

for both outer and lower level iterations and Jacobians wefd!'ther examining the radial force distribution on two lands shows

derived analytically for better computation speed and accuracytn® dynamic response of the TLOCR to piston dynamic tilt.
Figure 108) shows the integrated radial force on the running

. . surface of each land. One can see that the ring radial load is

lllustration of the Model Predictions primarily supported by one land. This uneven distribution of the

The model was applied to a gasoline engine. The TLOCR ustatlial forces thus creates a moment. As a result, the TLOCR is
(Table 1) is a typical one for this size of engines. Engine speédisted in a direction such that the relative angle between the
2500 rpm was chosen for this study. The piston tilt result of eenterline of the TLOCR and the liner is reduced, compared with
similar engine was used to illustrate the effects of piston dynandige static relation between the TLOCR and the liner (Figcllafd
tilt (Fig. 9(b)). The piston tilt was calculated with a numericall0d)). In Fig. 10€) “Twist” represents the dynamic twist of the
model (Wong et al., 1994) under 2500 rpm/WOT. TLOCR relative to the neutral line (“Neutral” in Fig. 19 that

One of the primary purposes of this paper is to illustrate tHellows piston tilt, “Neutral” represents the relative angle of the
effects of piston dynamic tilt. Thus, all the parameters related @gutral line to the liner, and “TLOCR/Liner” represents the relative
running surface profiles and the radial height difference betweangle of the centerline of the TLOCR to the liner after the dynamic
two lands were kept simple. As listed in Table 2, surface roughndegst of the TLOCR is taken into account (see Definition in Fig.
of the land running surfaces and the liner were assumed to be 011&d)). Therefore, in Fig. 1@), the value of “TLOCRI/Liner” is
wm (rms value) to simulate smooth TLOCR and liner. The runningssentially summation of “Twist” and “Neutral.” Notice that the
surface profiles were assumed to be symmetrical with an episitive direction of all the angles defined in Fig. dP(s clock-
height of 0.06um (Fig. 8) to simulate flat running surfaces of thewise. Certainly the dynamic twist of the TLOCR is created by
two lands that are usually found in TLOCR. The radial height
difference of the two lands was assumed to be zero in order to
isolate the piston tilt effects. A final note is that the ring tension is A
assumed being evenly applied to all the circumferential locations. 1

In the following, predictions for the baseline parameters are
explained first. Then ring tension, torsional stiffness, and the oil ¢ upper edge

X

film thickness on the flanks of the groove are arbitrarily varied to E“ g
illustrate their effects on the lubrication between the TLOCR and £ £
the liner as well as the interaction between the TLOCR and the \ e =
(o]
groove. < Y
h o h(x)=2x°
Table 1 Major parameters of the engine and TLOCR /
lower edge
BorexStroke 87.2mm X 79.1mm R ‘/
Nominal TLOCR Groove Axial Width 3 mm I [—
Nominal Axial Clearance of the TLOCR | 36um 0.06
Tangential Tension of the TPOCR 50N (Baseline) Lopm
Axial Width of the Lands 0.35mm Fig. 8 Definition of the running surface profiles used in this work
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 123
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() Minimum Oil Film Thickness at the Thrust Side

10a. Radial Force Supported by Two Lands
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Fig. 9 Minimum oil film thickness of the two lands and piston dynamic . | Twist
tilt o0t : I B Neutral |
: : ‘ c—- TL‘OCR/Liner

unbalanced moment from all the sources such as radial forces,
friction, and the pressures of TLOCR/groove interaction. In the
above arguments, only the moment from the radial forces is
mentioned. Figure 1@] shows that the uneven radial forces are
indeed the primary source for the dynamic twist of the TLOCR as
the torsional resistance (the sign is switched for comparison) of the
TLOCR is pretty close to the moment from the uneven radial
forces in magnitude. Hereafter, the moment on the TLOCR always : : :
means the moment about the center of gravity of the TLOCR that ‘?%60 180 o 180 360
includes the spring. Figure 1d) graphically illustrates the static
and dynamic positions of the TLOCR in a tilted piston.

The significance of these results shown in Figures 9 and 10fis Static reation  Dynami¢ respons
that at the thrust side, large MOFT difference between the two Ilustration of differen

lands still exists although the relative angle between the TLOCR 2
'Y
223

Angle (minutes)
1
> o

=20+

Crank angle (degrees)

and the liner caused by piston tilt is much reduced due to the dynamic twist
dynamic twist. As a result, bore sealing is primarily performed by Ziﬁ?ﬁiﬂfﬂ‘s
one land at a time, and the MOFT of the other land can be as high neutral axis
as several microns despite the high ring tension applied on the o
TLOCR. High MOFT on either land is detrimental to the sealing'LOcR centerline .
ability of the TLOCR as a large amount of oil might either bd s popondicular D ]
transported into the region between the two lands of the TLOCR pr to Liner 7
pass by the TLOCR along the bore. 2 ® %//’

As indicated in Eq. 1, the relative angle between the neutral line oy _)ﬁ’; )
of the TLOCR and the liner varies along the circumferential "/ﬂ%
direction. Figure 11 shows the MOFT of two lands at five equally
spaced locations. One can see that the MOFT difference of the two ) ) B o B
lands decreases from the thrust side to the pln side. The MOFT OflOd, lustration of the relation among different angles and dynamic twist of the TLOCR.
t_l|18 tf\]/(vo lands _aLe alrp]ost_idendtiC?ll a;othde pi_n séde f)'ng_?] the Fr)]iStﬁB. 10 Integrated radial forces on two lands and all the different relative
tilt effects vanish at the pin sideé (= eg in Eq. 1). Then, the angles
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(a) Minimum Oil Film Thickness of the Two Lands at Location |
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Lubrication Conditions. The lubrication condition between
the lands and the liner at the thrust side is plotted in Fig. 12. The
vertical axis is the axis on the running surface of each land in the
axial direction (Fig. 12¢)). The solid line in Fig. 12 is the mini-
mum point of the running surface of each land, defined as the
location where the clearance between the running surface and the
liner reaches the minimum (Tian et al., 1997b). The region be-
tween the two dotted lines is where hydrodynamic lubrication
occurs (marked as “wetted region” in the graph). The lubrication
condition is largely controlled by the variation of the minimum
point, which is determined by the original running surface profile
and the varying relative angle between the TLOCR and the liner.
When the minimum point becomes the leading edge, e.g., during
early intake and early expansion strokes, hydrodynamic lubrication
disappears and only boundary lubrication exists. If the minimum
point moves to the trailing edge or close to the trailing edge, e.g.,
during the late part of compression stroke, hydrodynamic lubrica-
tion exists in the entire running surface. When the minimum point
is varying within the running surface, the location of the trailing
edge is determined according to the outlet conditions. One can see
the complexity of the lubrication conditions on the running sur-
faces of the two lands as a result of flat land running surface
profiles and large variation of dynamic twist of the TLOCR.
Determining the lubrication between the lands and the liner is in
fact the most difficult and time-consuming part of the computation.

Oil Transport. The MOFT difference between two lands may
result in oil accumulation inside the TLOCR and further oil flow to
the upper regions. Detailed discussion on oil transport around the
TLOCR is beyond the scope of this paper. Here, it is only intended
to show implications of the model predictions on oil transport.
Figure 13 plots the thickness of the oil film on the liner at the thrust

| — lower] |
3 10 o uppe
=
= (a) Lubrication Condition of the Upper Land
S °r 02 o :
erEdge . ...
< ApperEdge. .
-360 -180 0 180 360 g Y
(e) Minimum Oil Film Thickness of the Two Lands at Location V E
: : : — lower| -5
=] -
- 8
S < -0.1
=
: — 0.2 ""”’.LGWe'rEdge."""";
180 360 ~360 -180 0 180 360
Crank Angle [degrees]
HI (pin) (b) Lubrication Condition of the Lower Land
0.2 .

11 v

throst I V  Anti-thrust

Fig. 11 MOFT at five locations

MOFT difference of the two lands increases from the pin side to

"Upper Edge.

the anti-thrust side. Furthermore, the MOFT difference displays
opposite trend comparing thrust and anti-thrust sides, i.e., at one
moment, if the MOFT of the lower land is higher than the one of
the upper land at one side of the bore, the opposite must be true at
the other side of the bore.
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Fig. 12 Lubrication conditions of two lands
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(a) Oil Transport during Intake stroke Dynamics of the TLOCR and TLOCR/Groove Interaction.

. . . . The clearances between the lower side of the TLOCR and the
groove at ID and OD locations at the thrust side are plotted in Fig.
15(@). Also marked in Fig. 1) are the oil film thickness on the
lower and upper sides of the groove and the roughness contact line
with thickness of four (4) times of the combined roughness of the
flanks of the TLOCR and the groove. First, one can see that lift of
the TLOCR is dominated by the inertia force of the TLOCR since
in general the inertia force is greater than the other driving force—
friction, as shown in Fig. 18). In Fig. 150), the unit of the forces
is Newton per unit length in the circumferential direction. Sec-
ondly, switch of the clearances at ID and OD occurs exactly at the
same time as the piston tilt changes the sign (Fig))3jue to the

: L LR, dynamic twist of the TLOCR as discussed in the earlier section
0 : : - - (Fig. 10€)).

0 20 40 60 80 With detailed description of the interaction between the flanks

of the TLOCR and groove in the vicinity of the groove, the model

not only predicts the overall up and down motion of the TLOCR

but also the detailed motion when the TLOCR moves to the

vicinity of the groove. This detailed motion in the vicinity of the

: — Lower groove determines the reaction force from the groove, asperity

4r E— - Upper - contact between the TLOCR and the groove, and the oil transport

' through the groove. As can be seen in Fig.abdhen the TLOCR

first makes contact with the oil film either on the upper or lower

groove, the oil resistance is low because of thick oil film and small

_ contact area between the TLOCR and the oil. Then, the penetration

2t ] of the TLOCR into the oil becomes much more gradual as the film

' thickness decreases and the contact area increases. The oil flow

rates in and out of the groove can also be calculated based on the

model predictions and will be discussed in future works along with

the oil transport from the land/bore interface.

X . . . The integrated axial forces and moments from the interactions

0 20 40 60 80 of TLOCR and the groove are plotted in Fig. 16. One can see from
Liner location [mm] Fig. 15@) and Fig. 16 that the penetration of the TLOCR into the

roughness is not significant and there is little contribution from the
Fig. 13 Oil film thickness left by the two lands during down-strokes asperity contact to the total reacting force and moment. Addition-
ally, the magnitude of the moment from TLOCR/groove interac-

side after passage of each land during different down-strokes. 7 is much less than the moment from the radial forces compar-

horizontal axis is the liner location with the origin being the TDC"9 Fig. 166) Wit.h Fig. 10@' H_owever, when engine_speed
dacreases, much increased inertia force should result in greater

e : : P : tion force and moment from TLOCR/groove interaction.
always have sufficient oil supply, the liner oil film thickness cah®dc¢ ) . ;
also be understood as the maximum amount of the oil that isTigure 17 shows the lift of the TLOCR with two different sets

allowed to pass the lands. As seen in Fid. own along the © oil film thickness on the flanks (_)f the.groove. In Fig. 47(10
liner from 6% mm, there is more oil allowgdaltgdpass by tﬁqe loweit™ @nd 20um were used for the film thickness on the upper and
land than the upper land. As a result, the upper land scrapes th er flanks, respectively. With this set of oil film thlckrjess, the
on the liner left by the lower land and oil accumulation inside th&€arance (3gm) between the TLOCR and the groove is almost
TLOCR may be created. On the other hand, during the early intake

stroke, high liner oil film thickness that passes through the upper

land (Fig. 13)) indicates that the oil accumulated inside the 50 g

— Lower
S - -Upper

PN

W

Liner OFT [um]
N

(b) Oil Transport during Expansion Stroke

Liner OFT [um]

TLOCR can be released by the upper land and may result in oil ol — {=0.1,FMEP=14.4]kPa]
accumulation in the upper piston regions. All these studies on oil -+ #=0.05,FMEP=12.3kPa
transport and influence of the piston third land pressure will beTg‘ 30t
discussed in future works. Here, through this simple study, one carg M N
see that piston dynamic tilt is able to create oil accumulation ing 20"~ 2 -
different regions and may result in irreversible oil transport to g or
upper piston regions. \cn/

Friction. Integrated friction force from the five locations de- % 0
fined in Fig. 11 is plotted in Fig. 14. Two values of boundary &L -10} , _
lubrication friction coefficient {) were used to show the effect of § R B o
boundary lubrication on total friction power loss of the TLOCR. & 20y M M
One can see that reducing the friction coefficient from 0.1 to 0.05% _go J
can bring as much as 15 percent reduction to the FMEP of the
TLOCR. Additionally, comparison of two friction traces in Fig. 14 -40+
indicates that boundary lubrication exists throughout the entire ) ) )
cycle. As stated earlier, pretty small roughness values were as- Z_3gg ~180 0 180 380

sumed here on both liner and the running surfaces of the two Iands. Crank Angle (degrees)
One would expect more contribution from the boundary lubrica-

tion to the total friction of the TLOCR with rougher liner andFig. 14 Integrated friction force of the TLOCR from five locations under
lands. two different friction coefficients
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twist is limited by the torsional stiffness of the TLOCR. Therefore,
two key parameters that control the MOFT difference are the
torsional stiffness of the TLOCR and the radial forces on the two
lands. In this study, the torsional stiffness and the tension of the
TLOCR were arbitrarily varied, and the maximum of the MOFT of
the two lands at the thrust side is plotted in Fig. 19. The maximum
of the MOFT of the two lands exactly reflects the MOFT differ-
ence of the two lands since the minimum of the MOFT is always
very small. In Fig. 194), two other torsional stiffness values £

0.3, 0.8) were used. Not surprisingly, the maximum of the MOFT
decreases with reduction of torsional stiffness as the uneven radial
forces can create greater dynamic twist. Similar trend can be found
in Fig. 190) where the tension of the TLOCR was varied. Greater
tension can create greater moment and thus dynamic twist. As a
result, the maximum of the MOFT is reduced when the ring
tension is increased.

Although simple, these results demonstrate a different way to
have a better bore sealing for a TLOCR. A unique feature of a
TLOCR is its two lands being geometrically separated. Thus,
under a tilted piston, a MOFT difference is created on both thrust
and anti-thrust sides. With adequate ring tension, the MOFT of one
land is very low and the efforts for having a better bore sealing
from the TLOCR should perhaps be focussed on how to reduce the
maximum MOFT of the two lands. As demonstrated in Fig. 19,
reducing torsional stiffness can achieve the same level of bore
sealing as increasing ring tension without potentially increasing
friction as the maximum of the MOFT of the two lands is reduced
by either methods. Even considering bore distortion, all the results
here seem to indicate that it is much easier to obtain a small MOFT
for one land than for both lands under a tilted piston. In conclusion,
while ring tension of the TLOCR is certainly an important param-

(a) Integrated Axial Reacting Forces from the Groove
300 - T .

—— Asp.,Lower

200 F S R Oil,Lower | -
; | — - Asp.,Upper | :

I~ — Oil,Upper [:

-
(=]
<

Axial Forces (N/m)
t
8 )

-200+ /

Fig. 15 Axial position of the TLOCR inside the groove and the driving
forces

full of the oil. Compared with the one in Fig. 1( the motion of

the TLOCR in Fig. 17¢) is much more gradual and the TLOCR
almost always floats in the groove. On the other hand, with the oil
film thickness of 2um on both upper and lower flanks of the
groove in Fig. 17), up-and-down transition of the TLOCR posi-
tion is steep until the TLOCR makes contact with thin oil layer and
roughness. In this case, pressures from oil squeezing and asperity

contact between the TLOCR and the groove occur at the same time &

when the clearance between the TLOCR and the groove is less
than 2 um. One can see from Fig. 18 that the magnitude of
integrated asperity contact force is significant when the oil film
thickness on the upper and lower flanks of the groove jar2

MOFT Under Different Torsional Stiffness and Ring Ten-
sion. As discussed earlier, uneven radial forces from two lands
as a primary source create dynamic twist on the TLOCR and
reduces the MOFT difference at both thrust and anti-thrust sides

~300
-360

(b} Integrated M

-180

180 360

oment from TLOCR/Groove Interaction

0.5 r
0.4 F |
03} ‘
T o2y \ i l\l
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caused by piston dynamic tilt. However, large MOFT difference afy. 16

the thrust side still exists when the piston tilt is high since dynamiéetio

Journal of Engineering for Gas Turbines and Power

ns

Axial forces and moments generated from TLOCR/groove inter-
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(a) Axial Lift of the TLOCR with High OFT on the Groove Flanks (a) Maximum MOFT of the Two Lands at Different Torsional Stiffness
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(b) Axial Lift of the TLOCR with Low OFT on the Groove Flanks (b) Maximum MOFT of the Two Lands at Different Tangential Tension
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Fig. 17 Motion of the TLOCR under two different assumed oil film Fig. 19 Maximum of the MOFT of the two lands under different torsional
thickness on the flanks of the groove stiffness and ring tensions

eter and easy to modify in reality, other parameters such gfove when the TLOCR moves close to the flanks of the groove.
torsional stiffness are perhaps equally critical to the bore sealifge sample results demonstrate the effectiveness of the model in

ability of the TLOCR. revealing oil film thickness, dynamics, and the friction of the
TLOCR as well as oil transport through the interfaces of TLOCR/
Discussions and Conclusions liner and TLOCR/groove.

A theoretical model for the lubrication and dynamics of twin; The most important finding is the existence of MOFT difference

. . tween two lands under a dynamically tilted piston and this
land oil control rings (TLOCR) has been presented. The mocﬁ . ; .
takes into account a number of important aspects of the TLO .OZT 2?%:2':;‘?5'5 T;?ﬁt p;?gﬁ“ﬁ;iala;:gtcvittmﬁStthaen?_fgt'ég'rL;St
that have never been discussed before such as the effects of pltffgﬁ : plenty !

dynamic tilt and detailed interaction between the TLOCR and t rge MOFT on either land may cause oil Iegkage to upper piston
régions. A simple study showed that reducing torsional stiffness

and increasing ring tension can both reduce the MOFT difference

of the two lands and give better TLOCR bore sealing. The results
300 " y - also show that the model, with its detailed description on oll
behavior between the flanks of the TLOCR and the groove, has
potential for studying oil transport through the flanks of the
groove. With further incorporation of gas flow, a complete oil
transport model for twin-land oil control rings can be established.
Oil transport through oil control rings is one of the most critical
elements for understanding oil consumption from piston system
because an oil control ring controls the amount of oil supply to top
two rings and upper piston regions. Along with the model on
three-piece oil control rings (Tian et al., 1998b), better understand-

200 ¢

100

-100 1

Axial Forces (N/m)
o

- | ing can be gained on the oil transport in the piston ring-pack.
200 f |- {—— Asp.,Lower |1 s N
- / Tl Asp"U or Many aspects of the model predictions qualitatively match the
L ! P.LPP experimental measurements of Ariga (1996) and Takiguchi et al.
-300 1'0 (') 1{'30 360 (1998). Ariga’s measurements clearly indicate change of relative
-360 - SC k Andle (d angle between the TLOCR and the groove due to change of the
rank Angle (degrees) direction of piston tilt as predicted by the present model (Fig.
Fig. 18 Integrated axial forces from TLOCR/groove asperity contact 15(3)) Additionally, the damping _eﬁQCtS of oil film thickness
under thin oil film thickness inside the TLOCR groove shown in Fig. 17 of the present paper
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The Potential for LNG as a
Railroad Fuel in the U.S.

S. G. FrItZ Freight railroad operations in the United States represent a substantial opportunity for
Southwest Research Institute, liquefied natural gas (LNG) to displace diesel fuel. With the promise of achieving an
6220 Culebra Road, overwhelming economic advantage over diesel fuel, this paper presents some discussion

P.0. Drawer 28510,

San Antonio. TX 78228-0510 to the question, “Why is the application of LNG for railroad use in the U.S. moving so

slowly?” A brief overview of the freight railroad operations in the U.S. is given, along
with a summary of several railroad LNG demonstration projects. U.S. Environmental
Protection Agency and California Air Resources Board exhaust emission regulations may
cause the railroad industry to move from small-scale LNG demonstration projects to using
LNG as a primary freight railroad transportation fuel in selected regions or route-specific
applications.

Introduction Railroad Energy Consumption and LNG Market Poten-

A quiet renaissance is occurring within the freight railroadial
industry in North America. After decades of downsizing, the When considering the U.S. freight railroads as a potential LNG
industry has recently been faced with the unfamiliar challenge gfarket it is interesting to first put the size of the freight railroad
accommodating record growth. When the U.S. Congress passedustry of the U.S. into perspective with other world freight
the Staggers Railroad Act in 1980, deregulating railroads, thgilway systems. Figure 1 compares the size of the U.S. Class |
industry took painful steps needed to increase competitivenegsilroads to selected world railways based on revenue tonne-km in
Over the next decade, employment was reduced from 532,0001@92. The Russian railroads are big. Very big. However, traffic has
292,000, while intercity revenue freight increased from 1,350 t@ecreased dramatically since 1990, when the former USSR rail-
1,560 billion tonne-km. The industry reduced its locomotive flegbads moved 3717 billion tonne-km of freight, to 1993 when
from 28,000 to 18,800, and eliminated older, less fuel-efficieussia moved 1607 billion tonne-km. The Russian railway system
models in favor of new, efficient, higher power locomotives. Thi roughly 75 percent electrified, with the remainder diesel-electric.
resulted in a remarkable improvement in fuel economy, from 1,2%Ven the 25 percent that is diesel electric represents an attractive
to 1,822 revenue tonne-km per liter of diesel fuel. market for LNG use.

The U.S. Interstate Commerce Commission (ICC), which wasIn 1997, the U.S. Class | railroads operated 224,374 km of track,
dissolved in December 1995, classified U.S. railroads by their lewgding 13.64 billion liters of diesel fuel (0.49 quads) in 19,682
of operating revenue. In 1994, there were twelve freight railroatlesel-electric locomotives to move 2270 billion tonne-km of
companies that had revenues greater than the $255.9 millieight (Railroad Facts, 1998). If there were a 100 percent conver-
threshold for “Class 1" railroads. sion to LNG by the U.S. freight railroads, it would result in

Much of the recent growth in railroad freight movement is @aoughly a 2 percent increase in total U.S. natural gas consumption.
result of problems within the long-haul trucking industry, which The average cost in 1997 of the ASTM No. 2-D diesel fuel used
has seen rapid cost increases and nationwide shortage of qualifigdhe U.S. railroads was $0.18 per liter ($0.68 per U.S. gallon).
drivers. The economic situation of the trucking industry has effruel costs represent an average operating expense of 7.4 percent of
couraged use of intermodal shipping, where truck trailers or cototal revenue. Therefore, the cost of fuel is a fundamental variable
tainers are transported long distances by train, then transferredrtdhe profitability of the railroads.
trucks for local distribution. Railroads are responding to the in- Although a comprehensive discussion on the economics of LNG
creased demand by buying new locomotives and freight cags compared to diesel fuel is beyond the scope of this paper,
hiring people, and investing in new facilities. several feasibility studies have been performed in recent years

Deregulation has led all freight (and passenger) modes to low@epple, 1987; Para, 1992; SwRI-5285, 1994). The underlying
their rates per tonne-km (passenger-km) since the late 1970’s. Tgaclusions of these studies are similar: LNG, under a given set of
Association of American Railroads (AAR) reports that railroagconomic and operating assumptions, has a direct economic ad-

revenue per tonne-km for selected years is as follows vantage over diesel fuel. However, capital requirements for wide
scale conversion to LNG are very large, and the assumptions
Year Current $ Constant$ modeled contain enough uncertainty to cause the railroads in the
1984 0.044 0.044 U.S. to be very cautious in their consideration of LNG. These
1989 0.038 0.032 facts, coupled with the uncertainty in gas engine availability and
1993 0.036 0.027

durability, have slowed, but not stopped, progress toward intro-

Market forces continue pushing transportation companies to fiflfction of LNG into this market. Several LNG-fueled engine and
ways to reduce costs to keep prices down yet maintain profitabilifpcomotive demonstration programs are currently underway; and
As discussed below, diesel fuel costs are the second largest opgomotive exhaust emission regulations, especially for the Los
ating cost item for railroads (after labor), and therefore, the raffingeles, California area, could provide the necessary incentives
roads are working hard to reduce fuel costs. for selected railroads to opt for LNG.

Contributed by the Internal Combustion Engine Division (ICE) et AMERICAN LNG Locomotive Demonstration PI’OjECtS in the U.S.

SocleTY oF MECHANICAL ENGINEERS for publication in the ASME JurnAL oF ENcl- ; ; :
NEERING FORGas TuREINES Anp Power ICE Paper No. 97-ICE-12. The use of LNG in U.S. locomotive engines was demonstrated

Manuscript received by the ICE April 1, 1997: final revision received by the AsMBY SWRI in 1986 in a project funded by the U.S. Department of
Headquarters July 27, 1999. Associate Technical Editor: D. Assanis. Energy (Wakenell, 1987; Wakenell, 1988). A model 567B two-
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4000 - Chemicals, Inc. (APCI) to develop fuel tender cars, storage, and
1990 refueling facilities for railroad application of refrigerated liquid
methane (RLM, a purified form of liquid natural gas). They also
3000 |- explored the various types of technology available to convert high
power turbocharged locomotives to use RLM. The BN and APCI
settled on engine conversion equipment and technology developed
by Energy Conversions, Inc. (ECI) of Tacoma, Washington. BN
1983 and APCI, working with ECI, applied the ECI dual-fuel conver-
sion system for a EMD model SD40-2 locomotive equipped with
1000 a turbocharged 2,237 kW model 16-645E3B engine (Stolz, 1992;
Olson, 1993; Jensen, 1994). The combined efforts resulted in a
locomotive that achieved BN's goal of producing 100 percent of
Russia  China US& Canada Ewope  India  Japan the diesel power rating using dual-fuel operation, while maintain-
ing diesel-only capability for operation when RLM was not avail-
able (Gillispie, 1994).

In October 1991, BN contracted with SwRI to perform exhaust
emission measurements on the first of two dual-fuel SD40-2 lo-
cylinder research engine manufactured by the Electro-Motive Qiomotives converted by ECI. BN locomotive No. 7890 had just
vision of the General Motors Corporation (EMD), was modifiedyccessfully completed a 500-hour durability test, and BN wanted
for dual-fuel operation using LNG as the primary fuel (up to 99 understand the modified engines’ exhaust emission characteris-
percent), and diesel fuel as the pilot charge to ignite the gas. T pefore operation in revenue service. A mobile SwRI emissions
project demonstrated that high pressure, late cycle gas injectigRt facility was transported to Tacoma, Washington where gas-
could yield engine performance that matched that of the unmogig g (HC, CO, NQ O,, and CQ) and particulate emission mea
fied diesel, with only slightly lower thermal efficiency. Howevergyrements were made. A gas chromatograph was used to measure
the exhaust emission tests revealed that the diesel pilot and natyigthane (Ch) content of the exhaust to compute nonmethane
gas fuel injeption systems needed further development. Excessfri]‘ifi‘jrocarbon (NMHC) emissions. The full load emissions data
smoke, particulate matter (PM), and carbon monoxide (CO) emigsm those tests, given in Fig. 2, show that N@nissions from the
sions at high power conditions indicated over-fueling and incongya-fuel locomotive were well below the baseline level of 16.4

plete combustion. g/kW-hr, and PM emissions were also lower than diesel levels.
Burlington Northern Railroad. While SwRI was demon- However, the conversion dramatically increased NMHC and CO
strating high pressure, late cycle gas injection, the Burlingtd¥nissions over diesel levels, with CO emissions about seven times
Northern Railroad (BN) was well into proof-of-concept testindiigher, and NMHC levels about two times higher. The results
using natural gas as a locomotive fuel. In 1983, BN modified aiearly demonstrated the trade-off of achieving N@ductions at
EMD model GP-9 locomotive, powered by a naturally aspirateéte expense of increased HC and CO emissions. Although natural
16-cylinder, 1300 kW, model 567C engine, to run on natural g&&s is generally considered a “clean” fuel, the emissions data
(dual-fuel). A compressed natural gas (CNG) highway trailéndicated that the BN locomotive needed additional development
mounted on a flat car was used to haul the fuel. From 1985 throufgti emissions optimization. Though economic concerns were pri-
1987, on-the-rail tests of BN No. 1961 on a route between Mirmnary motivations for BN's dual-fuel demonstrations, a fuel con-
neapolis, Minnesota and Superior, Wisconsin (approximately 240mption penalty of about nine percent at rated power was ob-
km) proved that a natural gas-powered locomotive could be opeerved during dual-fuel operation.
ated safely. BN also established that the relatively low energyIn 1992, two BN SD40-2 dual-fuel locomotives were placed
density of CNG made it impractical for wide-scale railroad usen revenue service, hauling 13,500 tonne coal trains from the
and BN'’s focus shifted to LNG. Powder River Basin of Montana to an electric power plant in
In 1987, BN entered into an agreement with Air Products ar8luperior, Wisconsin. RLM was supplied from a 95,000 liter

2000 |

Freight Traffic (Billion Tonne-km)

Fig. 1 Relative size of major freight railway systems

Nomenclature

List of Abbreviations

AAR = Association of American Rail- cm = centimeter min = minute
roads CO = carbon monoxide mm = millimeter
APl = American Petroleum Institute CO, = carbon dioxide NO, = oxides of nitrogen
ASME = American Society of Mechani- EMD = Electro-Motive Division of Gen- O, = Oxygen
cal Engineers eral Motors Corporation OEM = original equipment manufacturer
ASTM = American Society for Testing EPA = U.S. Environmental Protection PM = particulate matter
and Materials Agency rpm = revolutions per minute
AT&SF = The Atchison, Topeka and °F = degrees Fahrenheit SAE = Society of Automotive Engineers
Santa Fe Railway Company g = gram sec= seconds
BNSF = Burlington Northern Santa Fe H,O = water SP = Southern Pacific Transportation
Corporation HC = hydrocarbons Company
BSFC = brake specific fuel consump- hr = hour SwRI = Southwest Research Institute
tion ICC = U.S. Interstate Commerce Com- ton = U.S. ton= 2,000 Ibs
CAA = Clean Air Act Amendments of mission tonne= metric ton= 1,000 kg
1990 ISO = International Organization for UP = Union Pacific Railroad
CARB = California Air Resources Standardization U.S. = Unites States of America
Board L = liter wt = weight
CFR = Code of Federal Regulations LNG = liquefied natural gas % = percent
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18 ; T Union Pacific Railroad. In March of 1992, EMD and the UP

16l 4‘ ™ ] announced an agreement for modifying two EMD 3000 kW model

e s ol 1 SD60M locomotives which would run either on diesel fuel alone,
“r —,_‘ or on dual-fuel with diesel and high pressure natural gas. In May
12 | ] of 1992, the Transportation Systems Division of the General

] Electric Company (GE) announced that they would develop a
dual-fuel 3000 kW model Dash-8 locomotive for the UP. At that
time, delivery and testing of these prototype locomotives were
scheduled for mid 1993. Work progressed on demonstration units
at both companies until 1995, when technical difficulties with the

i ] high pressure fuel injection systems on both designs, combined
with the introduction of many other technologies on diesel loco-

Emissions {(g/kW-hr)

—c NVHG co NOx  PMx10 motives, resulted in both builders suspending their LNG freight
_ o locomotive programs. EMD, however, has remained active in
Fig. 2 Full load exhaust emissions results of BN No. 7890 LNG locomotive developments for passenger applications.

] ~ GasRail USA. GasRail USA is a multi-year, cooperative in-
tender car located between two dual-fuel locomotives. Thigistry research project, initiated in 1993 by SwRI to develop
allowed the locomotives to make the 2700 km round trip withatural gas engine technology for U.S. railroad freight and pas-
one fueling stop at an RLM facility established by APCI neagenger locomotives, and to demonstrate that the use of LNG can
Staples, Minnesota. One of the two locomotives with the RLNbwer exhaust emissions. Participants in the program represent a
tender car is shown in Fig. 3. ) ~wide range of organizations: the federal government, state agen-

The two RLM-fueled locomotives were used in revenue servigges, freight and passenger railroads, original equipment manufac-
until late 1995, when the BN Railroad merged with the AT&Shyrers, and the natural gas industry. Members of the project have
Railroad to become the Burlington Northern Santa Fe Railwaycluded the U.S. Department of Energy, South Coast Air Quality
Company (BNSF). The new management at the BNSF made f)@nagement District, Southern California Regional Rail Author-
decision that enough had been learned from the BN demonstratigy, California Air Resources Board, Union Pacific Railroad,
and that future efforts should focus on the current generation Plectro-Motive Division of General Motors Corporation, Southern
high-power locomotives. When BN's LNG project began in thealifornia Gas Company, Gas Research Institute, and Amoco
mid 1980’s, the 2237 kW EMD model SD40-2 was the “baCkPetro|eum Products.
bone". of the U.S. |0C0m0tiVe fleet. It WaS the |Oglca| candidate at The GasRail project grew out of SWRI's extensive experience in
that time for conversion to LNG, with expectations that thesgeveloping engines that can operate on natural gas and other
locomotives would be primary power for the railroads for the neXjternative fuels. The research and development phases of the
20 years. During the 5-7 year period while the BN LNG-fuelegiroject included both single and multi-cylinder engine develop-
locomotives matured into reliable locomotives, the makeup of thgent. Work is continuing with multi-cylinder engine development,
BN's fleet began to change rapidly. New microprocessognd integration of an LNG-fueled engine and its associated fuel
controlled locomotives from both EMD and GE offered dramatigtorage and handling systems into a 2250 kw EMD model F59PHI
improvements in power, adhesion (wheel slip control), reliabilityyassenger locomotive. Following integration, on-track demonstra-
and fuel consumption. The scale of the differences was such thighs of the passenger locomotive will be conducted in Los An-
BN placed the largest single Iocomotlve ordereverinthe U.S., 33@les by the Southern California Regional Rail Authority
EMD model SD70MAC locomotives. Three of these new 3000SCRRA), through its heavy-rail passenger service known as
kW locomotives could replace five of the SD40-2s. GE now offergietrolink. A photograph of the Metrolink F59PHI locomotive is
3356 kW locomotives as their standard power level. Both EMBjven in Fig. 4.
and GE are introducing new 4,475 kW locomotives. The model
SD40-2 locomotive, the mainstay of most Class | locomotiv, e : -
rosters just a few years ago, is rapidly being displaced by the%%(haUSt EmISSIQn R’.egulatlon_s—The Perlng FOr.CE?. .
new high power locomotives. Any LNG engine development for N 1988, the California Clean Air Act required the California Air
today and tomorrow must focus on the new high power locomé&esources Board (CARB) to regulate a broad category of off-
tives. BNSF is now considering development of the EMD moddlighway mobile sources, including locomotives. In response, the
710 engine with ECI. focus of the ongoing AAR research programs at SwRI shifted from

) ) ) ) fuel studies and engine durability issues to exhaust emissions
MK Rail.  In 1993, MK Rail Corporation (now MotivePower testing. Gaseous and particulate emission measurements were per-

Industries) introduced the MK 1200G switcher locomotive. Thiggrmed the following year at SwRI on two 12-cylinder locomotive
was an LNG mono-fuel locomotive powered by a Caterpillar

model 3516G turbocharged, aftercooled, spark-ignited, lean-burn
engine producing 1000 kW. The exhaust emissions characteristics
of this LNG engine made it particularly attractive for use in the
Los Angeles area, where the Union Pacific Railroad (UP) and
BNSF each have successfully operated two of these locomotives in
daily revenue switching service. MK Rail reports that these en-
gines have NQlevels of 2.7 g/kW-hr, CO levels of 2.5 g/kW-hr,
total HC levels of 3.8 g/kW-hr, and PM levels of 0.11 g/kW-hr,
measured in accordance with 1ISO 8178-1. These emission levels
clearly demonstrate the potential for natural gas fuel to achieve
very low exhaust emission levels, but reported performance also
demonstrates the limited power density inherent with lean-burn
spark-ignited gas engines. The Cat 3516G engine, rated at 1,000
kW on natural gas, is typically rated at nearly 1,900 kW on diesel
fuel. As the railroads push for freight locomotives of higher and
higher power capacity, spark-ignited lean-burn gas engines simply
do not provide enough power density for high power applications. Fig. 3 BN No. 7890 natural-gas fueled locomotive
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Table 1 Locomotive exhaust emissions summary

Diesel Number AAR 3x3 Average Composite Emissions (g/kW-hr)?
Locomotive Engine of Units
Madel Model Tested HC L co I NG, M
EMD
GP35 16-645D3A 1 0.68 3.8 9.9 0.6
MP15AC 12-645E 5 080t01.05 [ 471062 | 14110168 | 0.66100.83°
SD40-2 16-645E3 4 0.93t01.3 2010 3.0 14.6t0 15.2 nd
$D40-2 16-645E38 5 03110043 [ 131024 | 15610172 nd
F40-PH 16-645E3B 1 0.36 0.67 16 0.38
SD50 16-645F3B (A.0.) 4 03510044 | 101032 | 11.8t0131 | 0.38t00.46
SD60 16-710G3 2 0.35 2.7 137 0.32
F59-PH° 12-710G3A 1 0.4 1.2 15.6 0.27
SD70MAC? 16-710G3C EFI 1 0.38 0.76 174 0.31
sD75M° 16-710G3EC EFI 1 0.38 1.2 17.6 0.31
GE
c40-8 7FDL16 4 05410075 | 5.6t07.2 | 16.01017.3 nd
B32-8 7FDL12J8 1 0.72 a2 16.8 0.58
AMD-103 7FDL16NG 1 0.54 2 16.2 0.47
C44-9 7FDL16N6 EFI 1 0.28 19 15.2 0.16
c40-9° 7FDL16N18 EFI 1 0.36 1.2 19.3 0.15
Republic
RD-20 [oocreves |+ ] o5 [ a2 [ 18 [ o2
MK Rail
MK 5000G7 | Cat 3612 MUI t [ s | 18 | 198 | o1
. . ® Results presented as ranges represent 95 percent confidence intervals for the AAR 3x3 duty-cycle average
Fig. 4 Metrolink F59PHI passenger locomotive before conversion to weighted emissions at standard injection timing.
LNG : PM data on MP15AC locomotive§ based on data from 4 of the 5 Iccom‘o(ives tested.
Data on the EMD F59PH iocometive funded by Caltrans (Fritz 1992, Fritz 1994).

9 Data based on EPA-funded testing (Fritz 1995)

research engines. The emission results were used as the basis for _ _ -~ )

much of the California locomotive emissions inventory to detefd cooperation with the AAR and the Southern Pacific Railroad,

mine what percentage of air pollution in the state was attributabdd is located at a former SP repair shop. Since this facility

to locomotives (Fritz, 1989; Booz-Allen, 1991). In 1990, work foopened, over 50 revenue-service locomotives, including some 18

the AAR progressed from emissions characterization to emissighRgine models, have been tested (Fritz, 1995; Fritz, 1995). Pre-

reduction programs, which investigated the effects of retarded fg@nted in Table 1 is a summary of the locomotive exhaust emis-

injection timing, enhanced aftercooling, and use of low-aromatigions for the various engine models tested.

low-sulfur diesel fuel (Markworth, 1992; Cataldi, 1992). Table 2 gives the EPA locomotive emission levels for the
The Federal Clean Air Act Amendments of 1990 directed thllowing locomotive engines (Federal Register, 1998):

U.'S' EnV|ror_1mentaI Protection Agency (EPA) to promulga_te em.'%xempt Pre-1973 engines: any engine manufactured before Jan-

sion regulations for new Iocomotl\{e engines by 1995. This action uary 1, 1973 would be exempt from emissions regu-

brought exhaust emission regulations to the attention of railroads lation.

nationwide, not just those operating in California. EPA estimateﬁ r0  1973-2001 engines: any engine manufactured between
that current unregulated locomotives contribute about four percen? January 1, 1973 a{nd December 31. 2000.

of the total nationwide N@emissions, which is about nine percentrier 1 2002-2004 engines: engines manufactured between Jan-
of the total nationwide mobile source N@®missions. This makes uary 1, 2002 and -December 31. 2004,

locomotives one of the largest remaining unregulated sourcesQf, , o5+ engines: Engines manufactured after January 1,
NO, emissions in the U.S. 2005

Because the service life of a locomotive is relatively long— '
typically 30 years or more—EPA regulations address both newNO, emissions are the target of the Tier O and Tier 1 regulations.
and in-use locomotives. This process deviates significantly froim general, the Tier O regulations represent roughly a 25 percent
other EPA mobile source regulations, in which only new automeeduction in NQ emissions for current locomotives, and a 40
bile, truck, and bus engines are directly regulated. In addition, tpercent NQ reduction from today’s levels for new locomotives
resulting burden of compliance testing rests solely with the orignanufactured between 2002 and 2005. HC, CO, and PM levels are
inal equipment manufacturers (OEM). The railroad industry facedready below the proposed levels for these locomotives. New
many of the same responsibilities as OEMs regarding emissidosomotives manufactured after 2005 will have roughly a 60
certification of their rebuilt or remanufactured engines. percent reduction in NQ and also significant reductions in HC,

In response to pending regulations at both the state and fedeZ@, and PM. The proposed HC and CO levels for these locomo-
level, the railroad industry shifted the focus of research and diéves will require the use of advanced engine or aftertreatment
velopment efforts at SwRI from laboratory engine work to fieldcatalyst) technologies for LNG-fueled engines, and maybe also
testing of in-use locomotives. The industry recognized that emifer diesel-fueled engines.
sion regulations were being developed without technical supportAlthough California first proposed locomotive exhaust emission
information, and set out to develop in-use emissions data on whistandards, their progress has been slowed by the EPA rulemaking,
effective regulations could be based. Sponsored by the AABRnd specifically over jurisdictional issues of when a “new” loco-
SwRI began field testing in-use locomotives at a temporary facilitpotive, subject to EPA regulations, becomes “used,” and therefore
established at the UP Railroad switchyard in San Antonio. Be-
tween October 1992 and February 1993, SwRI tested 13 locomo-
tives, covering three different engine models (Fritz, 1994; Fritz, Table 2 EPA locomotive emission standards
1995). On completion of these tests, it became apparent that futyire

. - EPA Freight Duty-Cycle Composite (g/kW-hr)

test requirements were such that a more permanent facility was -

needed, one which included particulate emissions measuremgnfaiive. He Diesel pr7s NO, oM
capability. In October 1993, locomotive exhaust emissions testifgz - zo T20 o4 54 27 080
began at a new test site located near downtown San Antonio. Tja®z-2004 074 30 134 99 0.60
SwRI Locomotive Exhaust Emissions Test Center was develop&gs 240 20 20 4 027
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potentially regulated while operating in California. It appears thamall scale locomotive demonstrations. However, this is an im-
there will likely be a “Southern California” fleet of low emissionportant step in developing the necessary low-emission engine
locomotives beginning around 2010, in which the entire fleet @échnologies, and to assess the capital requirements for LNG use in
locomotives operating in a defined area would have to meet tbeeryday railroad operations.
2005 Tier 2 standards. The relatively strict N{imits proposed
present the best opportunity for application of widespread use of
LNG in locomotives. References
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Variable Composition Hydrogen/

Natural Gas Mixtures for

Increased Engine Efficiency and
- <. | DECeased Emissions

roger sierens@rug.ac.be It is well known that adding hydrogen to natural gas extends the lean limit of combustion
and that in this way extremely low emission levels can be obtained: even the equivalent
zero emission vehicle (EZEV) requirements can be reached. The emissions reduction is
especially important at light engine loads. In this paper results are presented for a GM
o V8 engine. Natural gas, pure hydrogen and different blends of these two fuels have been
Laboratory for Trgﬁsl\;;%rr?tlgéhogo?;;; tested. The fuel supply system used provides natural gas/hydrogen mixtures in variable
Sint-Pietersnieuwstraat B-9000 Gent Belgiurﬁ proportion, regulg_ted |ndepende.ntly of the. engine operating condition. The |nf|u¢nce of
' the fuel composition on the engine operating characteristics and exhaust emissions has
been examined, mainly but not exclusively for 10 and 20 percent hydrogen addition. At
least 10 percent hydrogen addition is necessary for a significant improvement in effi-
ciency. Due to the conflicting requirements for low hydrocarbons and low, N€er
mining the optimum hythane composition is not straight-forward. For hythane mixtures
with a high hydrogen fraction, it is found that a hydrogen content of 80 percent or less
guarantees safe engine operation (no backfire nor knock), whatever the air excess factor.
Itis shown that to obtain maximum engine efficiency for the whole load range while taking
low exhaust emissions into account, the mixture composition should be varied with respect
to engine load.

E. Rosseel

Introduction When comparing the results in detail, one has to keep in mind that
ép& composition of natural gas can be quite different (for different

Hydrogen-enriched natural gas has been the subject of Sevel ntries). The methane content can change from 90 to 98 percent
research projects. These mixtures of natural gas and hydrogen a?r'%l " ) : g P o
sometimes high nitrogen concentrations (1 to 8 percent). This

. t
commonly named “Hythane” (a registered trademark of Hydrogé’¥1I i .
Consultants Inc.). will of course influence the experimental results.

: . : . . - Hoekstra et al. (1994, 1995) examined a V8 Chevrolet 350
Main point of interest is that with the addition of hydrogen, the gine at one particular speed (12.7 kW, 1700 rpr, 9:1) with

lean limit of natural gas operation can be extended, without go"?rerent hydrogen enriched compressed natural gas mixtures (0,

into the lean misfire region. This results in low and even extreme . - .
low NO, levels with only a slight increase in hydrocarbons. Th 1, 20, 28, 36 percent jito simulate a light-duty truck traveling
g a level paved road at 55 mph. They found extremely low

low exhaust emission levels are obtained without emission cont@g'
; : ; . values atx = 1.6 (¢ = 0.625) for the 28 and 36 percent H
equipment (without a catalytic convertor). The CO and,®@&lues Pnds (with 28 percent H NO, = 28 ppm or 0.21 g/bhph and

are lower for any gaseous fuel compared to gasoline, and it 36 percent H : NO, — 12 ppm or 0.10 g/bhph).

hydrogen no CO or CQis formed at all (from the fuel itself). . .
Although hydrogen is an alternative fuel with very clean burn- In Hoekstra et al. (1996) described test results concerning the

ing characteristics, a high flame propagation speed and wide flaj}{2x 8missions and the efficiencies of two engines. They conclude
mability limits, it also has disadvantages. The complexity antjatWwith a 30 percent hydrogen—70 percent natural gas mixture the
weight of hydrogen storage, the loss of power associated with & |€Vels can be less than 10 ppm. With negligible efficiency
use of pure hydrogen and the backfire phenomenon are the n%?ale relative to MBT spark timing: the first engine (the same as
important ones. The addition of natural gas to hydrogen (al§Scribed above running at the same speed) operated-al.54
hythane, but with a high percentage of hydrogen) can solve tifeé = 0-65); for the second engine (te_Sts. at Sandr?\ National
backfire problem. In many cases backfire restricts the operatihgPoratory on asingle cylinder Onan engine; 0.48+ 14:1) the
region of the air-fuel mixture on the “rich” side. With natural gagiT-fuél ratioA was increased to 1.91 (or the equivalence ratio
addition stoichiometric mixtures can be run without any othéfiminished to 0.52) to obtain this low NQevel. )
precautions. Swain et al. (1993) and Yusuf et al. (1997) made tests with a 20
The proposition of an Equivalent Zero Emission Vehicl@ercent hydrogen—80 percent natural gas blend on two engines (2
(EZEV) at 10 percent of the 1997 ULEV (ultra low emissior] Nissan and 1.6 | Toyota) under light load conditions. The increase
vehicle) requirements by the California Air Resources Board flame front propagation speed by, Enrichment was measured
(CARB) has encouraged the research in lean burn hydrogen(BP to 29 percent), with a lean limit of combustion for the hythane
hythane spark ignited engines. blend atA = 1.85 \ = 1.56 for pure methane). For hythane a 10
In the literature similar trends are found using hythane blend®. 14 percent improvement in the brake thermal efficiencies over
methane was found.
Larsen and Wallace (1997) and Cattelan and Wallace (1994)
Contributed by the Internal Combustiorj Engin_e Division (ICE) eEAMERICAN  tested a turbocharged 3.1 | V6 engine under mid and high load
i;‘j;; S;R“AGiCsH$ﬂ|§;LEENmE§3v§; publication in the ASME durnaL oF ExG- conditions with a 15 percent +hythane blend and found similar
Manuscript received by the ICE June 25, 1992; final revision received by wtgends (for th_e exhaust concentrations in ppm) as the light load
ASME Headquarters July 5, 1999. Associate Technical Editor: D. Assanis. tests by Swain et al. (1993) and Yusuf et al. (1997). It was clearly
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demonstrated that hythane reduces the exhaust concentrations of Mass flow meter
regulated pollutants and increases the efficiency of a spark ignition =1
k— 2>

engine.
Non-return valve

Natural

gas

Raman et al. (1994) described lean burn and stoichiometric supply

combustion tests with a three-way catalyst. The latter under steady
state and transient conditions. For the lean burn (5.7 | GM V8)
engine it was again shown that hydrogen extends the lean limit of
natural gas, thereby enabling lower N@missions without exces

sive THC. When the BMEP advantage of hythane is sacrified by
retarding the spark advance until methane and hythane produce
equal BMEP the NQconcentrations drop significantly. e

Bell and Gupta (1997) described tests with lean mixtures of
natural gas blended with 5, 10, and 15 percent hydrogen on a 4
-

cylinder 2.5 | GM engine at 2200 rpm and 50 percent WOT. b Richnass
Engine performance parameters, heat release analyses and exhau control
emissions of CO, NO, and HC were presented. Again the subject valve
of the research was to extend the lean operating limit of the engine
and to investigate the performance and emissions characteristics of]
the Sl engine at these conditions. In the air-fuel ratio range 1.11 to
1.33 (equivalence ratio range of 0.75 to 0.90) the hydrogen addi- Venturi tank

Mass Flow
Controller

Optional

hythane

tion did not result in a significant increase in BHP. At the natural

gas lean operating limik = 1.56 (@ = 0.64) hydrogen addition

allowed an increase in power (up to 47 percent again with 15

percent H) due to an increase in the average flame speed-main

taining a sufficient heat release rate for good combustion quality. 5K1 vaive (manual control) Hydrogen

The lean operating limit (15 percentHwas reached around = consumption

2.38 (@ = 0.42). Brake thermal efficiencies (15 percen) Were ki Electromagnetic vatve neasurement

higher than for the other fuelling cases at corresponding equiva- O

lence ratios. A maximum BTE of 37 percent was found at 1.54 Zero pressure reguiator _

(¢ = 0.65) and at = 1.89 (» = 0.53), an equal value compared (optional)

to the use of pure natural gasiat 1. With the addition of Hand ~ Hydrogen bottles {3)

the extension of the lean limit, a minimum value of 0.11 g/bhph

was obtained for NQover a relatively broad range of equivalence

ratio. A smaller quench zone as the flame is able to propagate

closer to the wall and a reduction of partial burning with H

addition results in a reduction of HC emissions. A significant The Fuel Supply System. The layout of the system is shown

change in the combustion process was observed with 10 andid%ig. 1. The fuel is delivered to the engine through a gas venturi,

percent H addition (improvement in engine performance and which is supplied with the fuel mixture at a slight overpressure.

marked extension of the lean limit). With 5 percentadidition the The richness is controlled using a control valve in the supply line.

improvement was only small. It was envisioned that a minimum Both pure hydrogen and natural gas as well as mixtures of these

concentration of H addition is required to result in an energyfuels can be used with this system. The hydrogen is stored in 9

release rate increase large enough to affect performance. steel bottles at a pressure of 200 bar; the natural gas is obtained
from the city gas net at 30 mbar overpressure. Measurement of the
fuel flow rate is made using mass flow meters in both of the supply

Description of the Test Rig lines. The extra bottle in the hydrogen line was used previously to

] o ) measure the hydrogen flow: the main supply line is shut off so that
Engine. A Crusader T7400 spark ignited engine (based on thge hydrogen is consumed from the bottle.

GM 454 engine, best known as the Chevrolet Big Block) was |f hythane is used, the hydrogen flow is controlled by a mass

bottle

Fig. 1 The fuel preparation system

adapted for gaseous fuels. flow controller (the same device is used as mass flow meter for
The engine specifications are as follows: pure hydrogen). From the measured natural gas flow the necessary
—8 cylinders in V hydrogen flow is computed and supplied as input signal to the
—bore: 107.95 mm mass flow controller. This results in a constant hydrogen content
—stroke: 101.60 mm (accuracy of flow meter and flow controller each 1 percent FS at
—swept volume: 7.41 (454 fh calibrated conditions), independent of engine speed and load. The
—compression ratio: 8.5:1 hydrogen concentration is given in volume percent (the term mass
—engine speed: 1000—-4500 rpm flow meter/controller only means that the measurement is auto-
—ignition sequence: 18436572 matically compensated for temperature and pressure changes, the
The engine is connected to a water (Froude) brake. reading is in Nnivh). Alternatively, hythane (or any other fuel)

~ The gas (natural gas, hydrogen or hythane) is mixed with the @ipm a high pressure tank (200 bar) can be used for short runs: it
in a gas carburettor. The venturi of the gas carburettor is slighntains a very limited amount of hythane and freezing problems

under-dimensioned, which causes a |qWer VO|UmetriC efﬁCien@An occur. By putting this tank on a scale fuel Consumption can be
and some power loss. For the comparison of the different fuelseasured as well.

this has no importance.

The composition of the natural gas consists of 91 percentApparatus. The engine is fully equipped with the usual sen-
methane, 6 percent ethane, 1.5 percent propane, 0.8 percent ngoss. The measurement/control signals are read and controlled by
gen and smaller fractions of higher hydrocarbons. The ignition & PLC system (programmable logic controller). This system
done by a single-firing system (one spark for each cycle afionitors engine speed, oil and coolant temperature, exhaust gas
720°ca), which is necessary to avoid backfire when using hydremperatures, etc. and shuts off the engine when necessary. With
gen. The ignition timing is regulated by a special disc on tha Microsoft Excel worksheet all values are stored and can be made
distributor. visible on a screen.
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. . . . Fig. 3 The influence of the air-fuel ratio A on the efficiency
Fig. 2 The influence of the air-fuel ratio A on bmep

values of combustion (for hydrogen 120 MJ/kg and for methane 50
The exhaust temperatures and the exhaust gas composition i&lkg), efficiency comparisons should be made using Fig. 3. This
be measured at the exhaust of each cylinder and at the end of eslapws that a hydrogen addition of 10 percent increases efficiency
bank (V engine). Two ©(\)-sensors are installed at the commormoderately, whereas 20 percent hydrogen gives no significant
exhaust pipe of each bank, which allows an immediate value of tastra benefit (for the samg-value). This result is in agreement
air-fuel ratio of each bank. The-sensors and the exhaust temperwith Bell and Gupta (1997), they also found a significantly higher
atures give the possibility to check if all cylinders behave the sangfficiency when adding 10 percent hydrogen, and no further im-
The exhaust gas components are measured with the followipgpvement when going to 15 percent hydrogen.
methods of measurement: CO, IO, NO, (multor 610, non Figure 4 gives the efficiency as a function of bmep for the fuels
dispersive infra red); ©(servomex model OA 1100, paramag considered. This shows that at lower loads higher hydrogen con-
netic), HC (Signal model 3000, flame ionization). tents always give a significantly higher efficiency.
Figure 5 shows that the volumetric efficiency, defined as the
. . . volume air and gas aspirated into the engine divided by the swept
Experimental Resuits and Discussion volume, is nearly independent of the fuel and only slightly depen-
All measurements were made at 3800 rpm, with the throtttgent on the air fuel ratio (increases from 0.70 to 0.72). This is to
wide open (WOT). These conditions are chosen because at thatexpected since the inlet manifold contains mainly air whatever
engine speed maximum power is reached. No other throttle pogie mixture used (more than 80 volume percent even with hydro-
tions were used because for hythane and hydrogen the best gféin). The low volumetric efficiency is due to the suboptimal inlet
ciency is achieved when regulating power through adjustment §fstem (obstruction by the venturi), as mentioned before. The
the air fuel ratio instead of the inlet pressure (this doesn’t necesmnall influence of the air-fuel ratio can be explained by different
sarily hold true for very low percent Htoncentrations of hythane flow losses in the venturi at different fuel flows.
and for the very low loads in which we are not interested in this
study). This is not the case for natural gas because its combustion
becomes so slow at lean mixtures that efficiency suffers and even g3 —
misfire occurs below a certain equivalence ratio (however, this

depends to great extent on the engine considered). Therefore, the ° 0:/' Hz
lean limit as such has not been investigated here. o3 © 10%Hz
The measurements are analysed with respect to mean effective x 20%H2

pressure instead of power, to make the results less dependent on
engine size and speed. For a similar reason, exhaust emissions are,
represented in g/kWh instead of ppm or volume percent: this way

030+

the dependence on effective engine power is avoided. More spe-<& 029+ n = 3800 rpm

cifically, this also avoids the effect of the dilution with air of the wot

noxious emissions in lean mixtures. MBT timing

1 A I I i

Natural Gas and Hythane With 10 and 20 Volume Percent 0'284 45 5 5.5 6 6.5 7

Hydrogen. bmep ( bar)
Brake Mean Effective Pressure, Fuel Consumption, Thermal Fig. 4 Efficiency versus bmep

Efficiency, Volumetric Efficiency and Ignition Advancén a first 0.74

set of measurements a comparison is made between natural gas .

and two blends of hythane (hythane with 10 and 20 volume percent L 5 0% H

hydrogen, respectively). Each time, spark timing was optimised for © 10%H;

maximum power (MBT).

Figure 2 shows how the air-fuel ratio (A = 1/¢) influences
bmep. As can be seen clearly, the different fuel mixtures give very s
similar results: the only major difference is the ability of hythane
to run leaner, the more so the higher the hydrogen content. For

YeH
azzk x 20% 2

n = 3800 rpm

pure natural gas the lean limit gives a large reduction in engine  G70F wor
power (however, no significant benefit is to be expected from such MBT timing
lean running: low efficiency and large hydrocarbon emissions). ! y : ! : :

The specific fuel consumption, (expressed in g/kwh) for the ! M 12 M Hé {f_ ) -6 n7

same conditions as in Fig. 2 has a lowest value between 1.1 and 1.2
for each of the fuels. Because of the very different lower heafFig. 5 The volumetric efficiency as a function of the air-fuel ratio A
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Fig. 6 The optimum ignition advance as a function of the air-fuel ratio A

Fig. 9 The hydrocarbon emissions versus bmep

_ As can be seen in Fig. 6, the optimum ignition advance (MBJoint pecause it's at this point that both adequate oxygen exists to
timing) decreases when hydrogen is added, because of the highgfure complete oxidation and temperatures are high, hence pro-
flame speed of hydrogen (Yusuf et al., 1997; Milton and Kecknoting complete combustion and good post combustion oxidation
1984; Karim, 1996). Similarly, as is known from the literaturgy crevice gases that escape the main combustion event. For very
(Heywood, 1988), leaner mixtures need more ignition advanggan mixtures the flame may be unable to travel through the whole
(slower combustion). combustion chamber and in some cases the spark may be unable to

Emissions. The hydrocarbon (UHC) and the N@missions gnite the mixture at all. .
as functions of the air excess factor are shown in Fig. 7 and Fig. 8.1he Fig. 9 and Fig. 10 give the hydrocarbc:n and,N@issions .,
Minimum hydrocarbon and maximum NGmissions are found @5 & function of bmep. They show that “at the same bmep
for an air-fuel ratio of about 1.1. This result is in agreement witRydrogen addition increases N@nd decreases unburned hydro
the literature, and holds for any fuel (see for example Heywod@rbons’ irrespective .of bmep IeV(_eI. Thls_ result seems'to_dlsagree
(1988) for gasoline and Bell and Gupta (1997) for hythane). with result.s from the Ilteraturg, whlch claim lower .N©m|55|ons

For leaner mixtures the combustion temperature is lowdhen adding hydrogen. On inspection however, it becomes clear
because of the lower heat of combustion available in the mixtuf@®y compare natural gas with hythane with the latter running
which reduces NQ and for richer mixtures less oxygen isleaner (see for example Bell and Gupta (1997)), or with a reduced
available for the formation of NO Hydrocarbon emissions are atSPark advance (see for example Raman et al. (1994)). Both these
minimum at an air-fuel ratio point slightly greater than stoichioM&asures have the disadvantage of increasing unburned hydrocar-
metric (equivalence ratio point slightly less than stoichiometri&@on emissions as well as decreasing efficiency. Also, the NO

missions can be reduced by retarding the spark from MBT for any
fuel and therefore also for pure natural gas.

¢ For comparison purposes, measurements with pure hydrogen are
included in Fig. 8 and Fig. 10. Finally, Fig. 11 shows the NO
versus efficiency, and Fig. 12 the NQrersus UHC, for the
different hythane mixtures. Figure 11 is a combination of the Fig.
2 and Fig. 8 and Fig. 12 is a combination of Fig. 7 and Fig. 8 or
of the Fig. 9 and Fig. 10. It is reminded that all runs are done for
3800 rpm, WOT and the ignition timing set at MBT. The Fig. 11
and Fig. 12 show the definite advantage in Nfor the same
efficiency by increasing the Hcontent, with no HC penalty.

Hythane With 50, 67, 84 Volume Percent Hydrogen and
Pure Hydrogen. In a second set of tests a preliminary investi-

W

a 0% HZ
o 10% Hz
X 20% H

UHC (g/kWh)
N

0’ ,', ,'2 ,'3 ,' ,' ,' 17 gation was made on the use of higher hydrogen fractions. Due to
4 5 6 time constraints (high hydrogen consumption) the ignition advance
M=) was not optimized for each condition in this set of measurements,
Fig. 7 The hydrocarbon emissions as a function of the air-fuel ratio A
20 x 20
5k s 0%H
= v 0%H) < 15k © 0% H2
* ° 10% H E x 20’/-H2
N 2 S +100%H)
fd x 20%e H2 ~ 10F
o’( 8t +100 % Hp 0’(
z 2
<t 5r
0 L L 1 0 1 1 1 [ i 1 1
! 1.2 14 1.6 18 20 22 24 3 35 4 4.5 5 55 6 65 7
N(-=) bmep (bar)
Fig. 8 The NO emission as a function of the air-fuel ratio A Fig. 10 The NO emission versus bmep
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MBT timing
. . X el -/ increases flame speed (increasing bmep) but decreases the volu-
0,28 Q28 Q30 o 032 metric energy content (fox < 1.43) (decreasing bmep). In the
region considered both effects compensate each other largely. For
Fig. 11 The NO, emissions versus efficiency A > 1.43 the volumetric energy content as well as the flame speed

increase with higher hydrogen contents, which causes higher bmep
for those mixtures. At these air-fuel ratios the bmep drops signif-
but was kept constant at 20 deg before TDC, except for puigantly though.
hydrogen where the optimal spark advance was used (which varie§or strongly lean mixtures pure hydrogen gives the highest
from 12 deg at = 1.5 to 22 deg ah = 3.5). output, as it is the only fuel capable of fast combustion at these

For pure hydrogen, the engine could function reliably (withougonditions. For the high hydrogen content leaner mixtures are
backfire) fork = 1.5. Hythane with less than 79 percent hydrogeRossible as given in Fig. 13. The lean limit as such has not been the
never causes backfire nor knock in this engine, whatever tgeal of this study.
richness. During the measurements with 84 percent hydrogen
knock (without backfire) occurred for = 1.06. This suggests that The Low Emission Potential of Hythane
a hydrogen content of 80 percent or less guarantees safe operati
of the engine, whatever the air-fuel ratio.

In Fig. 13 the bmep achieved by pure hydrogen and hytha
with 50, 67, and 84 percent hydrogen is shown. Remarkably, all
hythane mixtures give a very comparable output fobetween
1 and 1.3. This is in agreement with the results presented §

Raman et al. (1994), who compared pure natural gas with hyth formance of the engine can be estimated. The following

(30 percent hydrogen) and found the same bmep &t 1.3 and anal ; :

L ) yses holds for any test cycle as the engine load is regulated
?nal)é 2n ?errciﬁint bbeTlg\F/)i I??Ss tﬁ;ﬁggﬁggﬁ”{’h;‘"? dr;ytheanni'o;%ifhout a trottle but by the air-fuel ratio (no loss of control of the
eason Io S 0 9 yarog Hit-fuel ratio during transient conditions). If we take the average

engine efficiency equal to 20 percent, the ULEV limits (1.7 g CO
per mile, 0.04 g NMOG per mile and 0.2 g N@er mile) convert
0 to an average engine emission level of no more than 15 g CO per
kWh, 0.35 g NMOG per kWh and 1.75 g N@er kWh. These
average engine emission levels are roughly calculated as follows:
8 0%H; 10 /100 km X 0.75 kg/l X 0.20 (n,) X 43.5 10 J/kg H,) *
% 10% H (3600 1G) * kwh/J gives 0.181 kWh/km. For CO one finds 1.7
* 2 g/mile X 1.609 mile/km/0.181 kWh/kne= 15 g/kWh.
* 20%H; Looking at the emission graphs, it seems that the hydrocarbon
emissions are always too high. However, because the unburned
hydrocarbons (UHCs) originate mainly from the fuel and more
specifically from the natural gas fraction of the fuel, they are
mostly methane. Because the ULEV limits concern nonmethane
organic gases (NMOG; methane is not relevant with respect to the
formation of tropospheric ozone), this improves the chances to
comply with the limits. Unfortunately, the exhaust gas analysis
equipment available for the experiments described here, didn't
allow the measurement of NMOG directly.
The CO emissions from the tested engine are very low, as is the
n = 3800 rpm case for any gaseous fuel, and therefore it doesn’'t cause major
ﬁg%timin problems when trying to comply with the limits.
g As can be seen from Fig. 8, the N@missions are only low
enough for very lean hydrogen and lean hythane mixtures. In the
UHC(9/kWH) case of hythane, the higher the hydrogen fraction, the leaner the
0 T 2 3 engine has to run and the lower the achievable bmep. At these
conditions the engine produces a lot of UHC (see Fig. 7), which
Fig. 12 The NO, emissions versus hydrocarbon emissions makes it extremely unlikely that the NMOG limit can be attained

HMost if not all of the literature about the use of hythane concerns
the possibility to achieve extremely low emissions. We will now
estigate how this can be done.

Assuming that an ultra low emission vehicle (ULEV) with a fuel
onsumption equivalent to 10 | gasoline per 100 km (fuel density
Y0.75 kg/l) during a test cycle has to be designed, the emissions

N

NQx (g/kWh)
3,1

101

Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 139

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



without exhaust gas treatment. The use of pure hydrogen givesproportion. The composition of this mixture can be set indepen-

problem with NMOG, since only a negligible amount of UHC isdently of engine operation. For future practical applications,

emitted (no hydrocarbons in the fuel). minimal modifications should allow this variable mixture compo-
For lean mixtures, it is however possible to reduce CO and UH§Rion with respect to engine load for maximum efficiency and

(and therefore NMOG) emissions by using an oxidation catalyst.rfinimal pollution.

we take into account that the NMOG fraction is reduced more For hythane with low hydrogen content (up to 20 percent) a

strongly than the methane fraction, it is very probable that in thignited improvement in emissions can be obtained. Because of the

way the NMOG limits can be fulfilled. _ conflicting requirements for low hydrocarbons and low Néx
Therefore, the following strategy to run the engine can bgemely low emissions are not possible without exhaust aftertreat-
proposed. ment: to reduce hydrocarbon emissionsnust be less than 1.3,
« At low loads, pure hydrogen is usedl & 2), limiting NO,  While for low NO, A must be at least 1.5.

and eliminating NMOG and CO emissions. For lower bmep, high efficiency can be achieved by increasing

o At intermediate loads, hythane is used in such a way thit® hydrogen content and thus avoiding throttling losses. At the
NO, remains low. The oxidation catalyst reduces CO ang@Me tlme_unburned hyd_roc_arbon emissions are minimized, while
NMOG emissions to acceptable levels. (for lean mixtures) NQemissions stay limited. This means that for

« Atfull load (nearly) pure natural gas is used, providing higiPPtimal results the composition of the fuel should depend on load.
maximum bmep.

Although this means high emissions at full load conditions, thiReferences
IS noF a major concern \,Nlth respect to the Iegal limits since theseBell, S. R., and Gupta, M., 1997, “Extension of the Lean Operating Limit for
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operated at part load reducing the need to optimize emissions_dtattelan, A. I, and Wallace, J. S., 1994, “Hythane and CNG Fuelled Engine
full load. If low emissions are to be reached at all operatin haust Emission and Engine Efficiency Comparison,” Proceedind®, viorld

o . . ydrogen Energy Conference, Cocoa Beach, Vol. 3, pp. 1761-1770.

COﬂ(;iI'[IOhS, a three_ way CatalySt may be used with 1 operation Dhooge, D., and Pussemier, B., 1997, “Ombouwen van een GM-motor tot een
at high loads. This necessitates the use of a throttle to regul@tgerstofmotor (Converting a GM-engine into a Hydrogen Engine),” end of year
power in the high load region and is unpractical without a drividesis, Laboratory for Machines, University of Gent, Gent, Belgium. .
by wire system. A less complicated solution would be to make Heywood, J., 1988|nternal Combustion Engine FundamentalcGraw-Hill,
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Vol. 58, pp. 13-22.
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Analysis of Combustion in
Diesel Engines Fueled by
Directly Injected Natural Gas

P. G. Hill A single-cylinder two-stroke (DDC 1-71) diesel engine has been fueled with natural gas
directly injected at high pressure into the engine cylinder. Prior to injection of the natural
gas, a quantity of diesel fuel is injected into the cylinder (from the same injector) to

B. Douville provide for gas ignition. Tests have been conducted at medium load and speed over a wide
range of injection timing, and with both conventional diesel and gas/diesel operation.
Department of Mechanical Engineering, With natural gas fueling, significant reduction in nitrogen oxide emissions have been
University of British Columbia, measured without significant loss in efficiency, relative to conventional diesel operation.

2324 Main Hall, Using measurements of cylinder pressure development, a new method of combustion

Vancouver B.G., VGCTar]aZ;a analysis has been used to estimate mass burning rate, burned gas temperature, and rate

of nitrogen oxide (NO) generation. The method uses a nonlinear regression technique to
determine the distribution with crank angle of the cylinder heat loss rate. The method
assumes that NO formation takes place within one turbulent mixing time following
combustion of each fuel-air increment. Comparison of measured and calculated NO
concentration in the exhaust over the whole range of injection timing shows that for both
conventional diesel and gas/diesel operation the effective turbulent mixing period is
equivalent to 4 degrees of crank angle at 1250 RPM. The results demonstrate that a mass
burned method can be used to infer cylinder temperature distributions and NO formation
rate as well as the progress of combustion.

Introduction bustion pattern can be easily inferred from cylinder pressure and

Natural gas as a fuel for diesel engines offers the advantage®8fer measurements.

reduced emissions of nitrogen oxides, particulate matter, and c rA Cef‘tfa' purpose of this paper tp demonstrate_ anew method of
bon dioxide while retaining the high efficiency of the conventionﬁ.etem“n'n.g burning rate and tracking NO formation in two-stroke

diesel engine. Direct injection of natural gas at high pressure (I&li§S€! engines. The method uses cylinder pressure and intake and
cycle injection) retains the characteristic features of diesel coffXNaust measurements to determine simultaneously, via a nonlin-
bustion without the need for throttling or reduced compressidiff egression technique, the cylinder heat loss, and the mass
ratio. With high pressure direct injection the engine is not vulnePUrning rate. With the assumption of locally stoichiometric com-

able to knock since the fuel is not mixed with air during compre yustion the procedure determines the temperature development of

sion. Thus the engine can operate at high compression ratio witRafh increment of combustion product. The method includes a
wide range of natural gas composition, e.g., with high propaﬁgodelfor NO formation which allows the kinetics of the extended

content. Zeldovich mechanism to operate during one turbulent mixing time

A disadvantage of natural gas use in diesels is the high aufiPseduent to combustion of each incremental quantity of fuel.
ignition temperature of the mostly methane mixtures. The authXPe€rimental and analytical results are compared over a range of
ignition temperature of methane under diesel-like conditions hyection timing and substantial differences are found between 100
been shown by Naber et al. (1994) to exceed 1200 K, much abd¥@icent diesel and gas/diesel operation.
the maximum compression temperature in conventional diesel
gngines. Thus, ignitior) assistanc;e is needed anq possible methPﬂa Experimental Program
include prior combustion of a pilot quantity of diesel fuel, glow
plugs (Fukuda et al., 1993; Aesoy and Valland, 1996) or other The measurements were made on a single-cylinder Detroit Die-
possible methods such as spark discharge or plasma jet injectigl. (DDC) engine whose specifications are given in appendix A.

With pilot-ignited natural gas a quantity of diesel fuel is neededihe engine has been instrumented to indicate mass flow rates of air
at all loads to ignite the natural gas by direct contact with th@nd fuel, airbox temperature and pressure, cylinder pressure, and
products of the diesel pilot combustion. The required proportion khaust temperature as well as torque and speed. In additien NO
diesel pilot fuel to natural gas may vary from a few percent at higheasurements were made and recorded as NO equivalent.
load to a large fraction at low load. The natural gas and pilot liquid For conventional diesel fueling, the commercially available
enter the chamber through different nozzles, with the liquid inje€lectronic DDC injector was used. For sequential injection of both
tion being a few degrees in advance of the gaseous one. T@ventional diesel fuel and natural gas, the injector shown in Fig.
ignition delay with combined fueling is addressed in this paper blywas used. It is a modified version of the electronically controlled
examining in a single-cylinder two-stroke engine the result d?DC injector. As shown, it is cam actuated to produce hydraulic
using natural gas together with a relatively large proportion difting pressure whose buildup is controlled by a solenoid-operated
diesel pilot liquid fuel at medium and light load where the comvalve on the liquid fuel return line. In the modified injector two
concentric needle valves are operated; the inner (liquid fuel) nee-
dle opens first, followed by the outer gas needle. The diesel pilot
Contributed by the Internal Combustion Engine Division (ICE) e AMERICAN quantity injected is limited by the stroke of the pilot plunger. The

SocleTY oF MECHANICAL ENGINEERS for publication in the ASME JurnAL oF ENcl- ; . . . L
NEERING FORGAS TURBINES AND POWER. delay in opening of the outer gas needle relative to the inner liquid

Manuscript received by the ICE, December 4, 1997; final revision received by tfid€l needle is controlled by selection of needl_e_ closing springs.
ASME Headquarters July 27, 1999. Associate Technical Editor: D. Assanis. Tables 1 and 2 show the range of test conditions for both diesel
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Table 2 Gas/diesel fueling: 3 bar bmep and 1250 rpm

boideg | pwdeg | Mair Mdsl Mgas NOx Tairbox | Pairbox | Texh
atdc kg/h kg/h kg/h ppm K kPa K
(wet)
PLUNGER 7 1456 1109 [0611 |[1.776 |258 3528 | 1203 | 608
£ 125 | 1088 [03554 |1.616 |320 3529 |120.5 | 583
-1 12 1101|0570 |1.573 | 381 3522|1200 |575
DIESEL N 13 12 1108|0574 [1.630 | 441 3520|1197 | 569
SUPPLY q 15 121 1115|0606 [1.613 | 509 3521|1197 | 566
/RETURN UNIT 7 122|114 | 0572|1606 |91  [3510_ [1195 |36l
TOR 19 2.5 109.8 | 0543 | 1.620 | 684 351.0 [ 119.6 | 561
SPOOL — INJECTO 31 3.1 1100|0576 [1.594 719 3516 | 119.6 | 3561
VALVE \
S\
N
1;}
PILOT PLUNGER AW CNG before top dead center. Due possibly to thermal effect on the
PILOT NEEDLE %'!i pressure transducer during the expansion process the polytropic
J
N

v/
Y,

B indices for the last 20 degrees of expansion before exhaust valve
GAS NEEDLE §‘ opening were as low as 1.30, i.e., considerably lower than the
_ _ N E o average isentropic index for the interval in question. This effect
- NG was corrected for by use, between maximum pressure and exhaust
DIESEL PILOT valve opening, of the formula
fulgl 1 Electronically controlled injector for natural gas and diesel pilot P’ =P[1- C\/(Q — Omad -

HereP is the measured pressuf¥, is the corrected pressure,
is crank angle, and,.., is crank angle at the location of maximum

and diesel/gas fueling at 1250 rpm and 3 bar brake mean effectRi@ssure. The consta@twas determined in each case so that the
pressure (bmep), which is about 60 percent of rated load for thiglytropic expansion index for the last 20 degrees of expansion
engine. The natural gas injection pressure was 140 bar. The cdigfore exhaust valve opening was 1.35, somewhat above the
position of the natural gas was approximately the following pefsentropic index for expansion and thus qualitatively consistent
centages by volume: methane 95.5; ethane 3.0; propane 0.5; butaiie the effect of heat loss during expansion. The square root
plus heavier hydrocarbons 0.2; nitrogen 0.6; carbon dioxide 0.2.dgpendence of the correction on crank angle difference corre-
the column captions of Tables 1 and 2 boi signifies beginning §ponds to the impulse of a thermal wave impinging on the trans-
injection, pw pulse width, Mair the air flow rate (including scav-ducer atpa,.
enged air), Mdsl the liquid fuel rate, Mgas the natural gas flow rate, The cylinder pressure measurements for the operating condi-
Tairbox the airbox temperature, Pairbox the air box pressure, &ifens shown in Tables 1 and 2 are displayed in Fig. 2. The heating
Texh the exhaust temperature. values of the fuel were taken to be 43,500 kJ/kg for diesel fuel and

Cylinder pressure measurements were made with a PCB112A3@000 for natural gas. Each pressure curve represents the results
piezo-electric pressure transducer whose readings were adjuste@fiaveraging, over 20 consecutive cycles, the indicated pressures at
two respects. To provide a static datum the dynamic indicatiogech crank angle. Figuresa2(and 2p) both show that highest
were uniformly shifted to agree with airbox pressure at inlet popeak pressure corresponds to earliest beginning of injection. How-
closure. This measure was found to be consistent with an appareygr, for the same injection angle (and the same load and speed in
average polytropic compression coefficient of 1:30.02 in each all cases) pressure development with the gas/diesel fueling is
case. To correct for crank angle phasing it was found necessargfipreciably delayed relative to the conventional diesel case.
shift crank angle indications by-1 degree to provide peak com-
pression pressure (in the absence of combustion) about one de@lfﬁérmodynamic Analysis

The method of analysis, which is described in detail by Hill and
Douville (1997), consists of the following elements.

Table 1 Conventional diesel fueling: 3 bar bmep and 1250 rpm (1) Determination of the Composition and Temperature of
boideg | pwdeg |Maz | Mdsl [ Mgas | NOx | Tairbox | Pairbox | Texh the Cylinder Contents at Inlet Port Closure. This in turn
atde kgh |kgh |kg/h |ppm | K kPa K requires determination of the trapped air quantity and the compo-
= o TiiE 245 1o g‘;’j‘) AR B E R A sition and temperature of the residual gases, which are deduced
3 03 1109 [242 |0 344 3527 (135 5% from overall stoichiometry and the exhaust gas temperature mea-
-1l 9.8 1Ls 1239 |0 420 13529 |123.1 [569 surement. The assumption is made that the only residual gas
SEN LAY AL el {1 1 constituents of importance for heat balance calculations are O
7 (95 1098 247 |0 662 3524 1229 |55 N, CO,, and HO.
-19 96 L5 [252 [0 720 3528 |1229 |555 The manufacturer has determined that the trapped air quantity
-21 9.2 108.8 2.56 0 797 352.8 123.1 564 can be calculated from

Nomenclature

bmep= brake mean effective pressure P’ = corrected pressure Texh = exhaust temperature
boi = beginning of injection Pairbox= air box pressure Vp = piston displacement
Mair = air flow rate (including scav- pw = pulse width, Pamox = air density at airbox pressure and
enged air) Q = instantaneous heat loss rate temperature
Mdsl = liquid fuel flow rate (kW) 0 = crank angle
Mgas = natural gas flow rate r = scavenge ratio Omax = Crank angle at maximum cylinder
P = measured pressure Tairbox = airbox temperature pressure
142 / Vol. 122, JANUARY 2000 Transactions of the ASME
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Fig. 2 Cylinder pressures: ( a) 100 percent diesel fueling; (  b) gas/diesel fueling
Matrap= Migeal 0.9 — (1.0 — 0.34)r exp(—1.11r)] (3) Determination of Cylinder Heat Loss During the Com-
) ) ) ) bustion Period. The distributions of heat loss rate which Dent
in whichr is the scavenge ratio,;/ M. and and Sulaimon (1977) have measured in diesel engine cylinders can
Mo =\ be used to show that heat loss intensity can be well represented by
ideal = Pairbox' D skewed Gaussian curves such as are defined by
in which paiso is the air density at airbox pressure and temperature Q=Q, exd —72(1 + Cy;7 + C,r9],
andV,, is the piston displacement volume.
_— . in which
(2) Determination of Cylinder Heat Loss and Bulk Gas
Temperature During the Compression Period. With the gas 0—Cy
composition known and constant during the compression process, TSTC,

the cylinder conditions at the beginning of injection, as well as the

heat loss during compression are calculated from the measueediQ is the instantaneous heat loss rate (kW) éimslcrank angle
cylinder pressures, and known variations of isochoric specifédter top dead center (atdc).

heats with temperature. The four constantsC; through C, and the constanQ, are
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Fig. 3 Wall heat loss rate: ( a) 100 percent diesel fueling; (  b) gas/diesel fueling

determined by a nonlinear optimization procedure, which alghuring exhaust and intake processes is very much smaller than the

determines the crank angle at the end of the combustion period.hfstat loss during the combined compression and combustion pe-

the beginning of the injection period the form of the heat lossod.

function is constrained to be consistent with a zero valuBXaé o, Beginning with assumed values of the heat loss parameters to be

whereX is the mass burned fraction. optimized, perhaps 50 iterations of the complete mass burned
The objective function for the optimization process consists @hlculation procedure may be required to satisfy the objective

the weighted sum of the squares of (a) the difference between fhaction within what are believed to be the experimental uncer-

calculated mass-burned fraction at the end of combustion and thinties. Subroutine AMOEBA by Press et al. (1986) is used for the

one deduced from exhaust emission measurements, (b) the samtémization process.

difference for halfway between the end of combustion and exhaust

valve opening, (c) the same mass-fraction difference for exhausf{4) Determination, During the Burning Period, of the Mass

valve opening, (d) the difference between the integrated heat l@gsFuel Burned During Each Crank Angle Increment and of

per cycle and the heat loss determined from an overall engine htret Temperature of the Product Increment of Burned Gas.

balance, and (e) the difference between the heat loss rate at These two quantities are determined by satisfying the conservation

point at which the mass burned fraction was 0.975 and 15 per cefitenergy and mass while assuming locally stoichiometric com-

of the value ofQ,. It is typical that the heat loss from the cylinderbustion and equilibrium gas composition for products other than
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0.8 NO or NO.. (The concentration of NO is far from equilibrium in
o7 the immediate post flame gas but is sufficiently small to have
) negligible effect on the conservation equations.) The equilibrium
0.6 t product compositions are obtained as functions of temperature and
& V] Q & 0O pressure by interpolation of tables created by the STANJAN
_ 051 @ = + program (due to Reynolds (1986)) for determining equilibrium
5 ot product composition.
S oa (5) Determination of the Generation of NO in the Post-
Flame Combustion Gas Prior to Mixing. Subsequent to com-
0.2 - bustion but within one turbulent mixing time (thought oflaal’,
O 100% diesel whereL is the integral length scale and the rms fluctuation
o1 N ) velocity), the temperature of each increment of combustion prod-
" ' gasidiesel uct will change isentropically with pressure. During this period the
22 20 48 -6 4 a2 40 8 s rate of generation of NO is calculated using the extended Zeldov-
beginning of injection, ca deg atdc ich mechanism (see Heywood (1988)). At the end of this period
Fig. 4 Total relative heat loss to the wall
(@)
1.0
0.9
0.8
0.7
0.6
x 0.5
0.4
0.3
xxOg +
0.2 S © =19
°
0.1 © xxng o -21
(4 boi deg atdc
0.0 dcommBRPRENE , , . ‘ , : . ,
-20 -10 0 10 20 30 40 50 60 70 80 90 100
ca deg atdc
(b)
m 9
o -1
X -13
x
X 15
® 17
A 19
O-21
boi ca atdc
-20 -10 0 10 20 30 40 50 60 70 80 90 100
ca deg atdc
Fig. 5 Mass burn rates: ( a) 100 percent diesel fueling; (  b) gas/diesel fueling
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15 T sudden mixing is assumed with the resultant temperature so low
"l + + + + + that no further NO is formed in the mixed increment. As will be
B - o) * + shown, comparison of the total average concentration of NO
N :f © ) o o o ' produced in this way with the measured exhaust values shows that
g 10 ] B O O o O O there is a characteristic mixing period for this engine at this rpm of
S 9 S e about 4 degrees and that the NO concentration at the end of the
g, mixing period is far from equilibrium.
5 7
S 6 - — (6) Determination of the Properties of the Burned-and-
:§ 5 Mixed Gas Increments of Combustion Product. The mass
2 4 - T mixing ratio of unburned gas to product gas is taken to be the same
: ’ B O 100% diesel for all increments of combustion product and set so that all of the
X +  gasidiesel combustion products and remaining unburned gas are fully mixed
0 at the end of combustion plus one mixing period. During the
22 20 48 T3 14 12 -10 8 s combustion period the masses and energies of all increments of
beginning of injection deg atdc burned gas and burned-and-mixed gas, as well as the remaining

Fig. 6 Ignition delay: (&) 100 percent diesel fueling; (  b) gas/diesel fueling
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Fig. 7 Rates of change of mass burn rates: (  a) 100 percent diesel fueling; ( b) gas/diesel fueling
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Fig. 8 Maximum burned gas temperature: ( a) 100 percent diesel fueling; ( b) gas/diesel fueling

unburned and unmixed gas, must be recognized in satisfying tieenperature of the gaseous content of the cylinder is decreasing
conservation equations at the end of each crank angle incremehie to expansion. The gradual shift with injection timing of the
The equations that express all of these requirements are givasat loss distribution is qualitatively the same for the conventional

explicitly in Hill and Douville (1997) diesel case as for gas/diesel fueling. With the latter the peak heat
loss rates are lower, partly due to relative delay in peak burning
Results rate. The integrated total heat loss varies little with injection

Figure 3 shows the calculated heat loss rate distributions fJ1ingd, @s shown in Figure 4; the integrated heat loss as a propor-
each of the injection timings for both diesel and gas/diesel opéfen of the fuel heating value for each of the injection timings is
ation. The magnitude of the heat loss rate decreases somewhAsgentially the same for both fueling cases. o
the piston approaches top dead center and the surface area of tHtssociated with the heat loss distributions displayed in Fig. 3,
chamber decreases. This is followed however by a sharp increffit® calculated mass-burned fractions are shown in Fig. 5. A sys-
in heat loss during the combustion period. Toward the end of tigmatic variation of the distributions of mass-burned fraction is
combustion period the apparent heat loss rate decreases to a sagglh for the conventional diesel case and also for the gas/diesel
value. In this part of the process the surfaces of the combusticase with generally more rapid rates of burning seen in the latter.
chamber are heated to quite high temperature while the butkom these curves the ignition delays, here defined as the crank
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Fig. 9 NOx formation: ( a) 100 percent diesel fueling; ( b) gas/diesel fueling

angle differences between the electronically signalled beginningaid gas injection timing and on the relative proportions of these
injection and 5 percent burned have been measured and are tlis fuels.
played in Fig. 6. Though it may appear that, for the same injection Figure 8 indicates calculated peak temperatures associated with
timing the presence of the natural gas significantly delays tliee increments of burned products formed at each crank angle. The
ignition of the diesel fuel, it should be noted that two quit@eak temperatures are, as one would expect, highest for earliest
different injectors were used with differing hydraulic responsejection timing but the variation in peak temperature is not large.
Thus differences in hydraulic response as well as in liquid atortt-is notable, however, that for the case with highest peak temper-
ization could account for most of the differences in ignition delagture there is considerably more rapid subsequent decline in tem-
shown in Fig. 6. perature than with other cases. For natural gas fueling the peak
It is may be seen from Fig. 7 that peak rates of burning are mutdmperatures are, for the given injection parameters, somewhat
the same for 100 percent diesel and gas/diesel fueling. Howeverdlayed but much the same as with conventional diesel fueling.
the latter case the peak rates appear to be associated with the diedeigure 9 shows the measurements of the concentrations of NO
liquid portion of the fuel. When the diesel liquid combustion iand NQ, (taken as equivalent NO) in the exhaust. Here one sees a
complete there appears to be a sudden drop in burning rate. Ssttbng decline in total integrated NO concentration which is larger
an effect will of course depend strongly on relative diesel liquithan one might expect from the peak temperature calculations.
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0.30 a two-stroke diesel engine fueled with conventional diesel fuel
0.28 - and also with a combination of diesel fuel and natural gas over
02867 é T Q () ) 0 a range injection timings.
gzz © R , _ o+ 2 The observation of longer ignition delay with natural gas being
0.20 ) i present in the latter part of the pilot injection period does not
& s . I necessarily indicate an inhibiting effect due to the presence of
g 016 , . the natural gas; it could be due to differences in hydraulic
5 014 - O 100%diesel response of the two injectors or in atomization. Further work is
§ 0.12 - : “ 7 gaskliesel needed on this question.
= 010 : — - = - 3 With conventional diesel fueling the calculated cylinder heat
0.08 - - : ) - loss rate distributions shift in a regular manner with injection
0.06 timing. At light load with gas/diesel fueling the heat loss rate
gg: ) distribution shifts markedly with injection timing; however the
0.00 integrated total heat loss varies little with timing within a broad
22 20 18 -16 14 12 10 -8 4 range.
beginning of injection, deg atdc 4 ltis possible to track the formation of NO in the chamber using
calculated flame temperatures and the extended Zeldovich
Fuigii :g Thermal efficiency: (- &) 100 percent diesel fueling; ( b) gas/diesel post-flame within one turbulent mixing time after the incidence

of combustion. Over a range of injection timings and for both
fueling conditions the effective average mixing period in this

engine appears to correspond to 4 degrees of crank angle.
Evidently peak temperature by itself is not a sufficient indicator of
the tendency toward NO production: NO is simultaneously beingeaferences
generated in regions of burned products over which there can be E/iﬁxtesoy V., and Valland, H., 1996, “The Influence of Natural Gas Composition on
any one time a wide dIStrIbl:Itlon of temperatu_re p”o': to mixing. II%nition i’n a’Direct Injectibn éas Er’mgine Using Hot Surface Assisted Compression
appears necessary to take into account the distributions of tempgiition,” SAE Paper 961934.
ature and NO generation rate in the immediate post-flame gasesent, J. C., and Sulaiman, S. J., 1977, “Convective and Radiative Heat Transfer in

Figure 9 shows quite close agreement over the range of injectibfidh Swir Drect (')rg;CtT'O”F'ﬁﬁiﬂinfgg'gev;gsjh;‘?;hmcagsgeg s e

timings between measured N@n the eXhaUSt and the_ CaICUIateCl/elopmeni of’ the Highvly I’Efficient Gaé In}ection Dies’el Iéngine V\’/ith’GIow 'Plug
Va|U.eS base.d. on t.he extended Zeldovich meChanl$m- F(?r b@ffition Assist for Cogeneration Systems,” Proceedings, JSME-ASME International
fueling conditions it has been assumed that one mixing time ¢®nference on Power Engineering—93 (ICOPE-93), Tokyo, Japan, Vol. 1, Sept.
equivalent to 4 degrees crank angle. The decrease in NO prodirc-16. 1993.

tion (Of the order of 100 ppm) due to the partial use of natural g%%l-‘:\;amzrjzd, J. B., 1988nternal Combustion Engine FundamentaiscGraw Hill,

is shown by comparison of Figs.&(and 9p). Hill, P. G., and Douville, B., 1997, “Relating Burning Rate and NO Formation to
Figure 10 shows the measured engine efficiency for both fueligessure Development in Two-Stroke Diesel EngindSME J. of Ener. Res. Tech.,

conditions; the calculated efficiency for the gas/diesel case dd@éalbt?v ?pblzgi;ﬁﬁfs' b L DiJulio. S. S. and Westbrook C. K. 1964 “Effects

not |r_10_Iud(_3 the work O_f compressmn of the natural ga_ls'_ThOUQh t aturél (;;as: ’Composi’tioﬁ OH Ignition ’Dellay”Under Diesel Cohdiiio&ambus’;tion

gas injection pattern in this case has not been optimized and Hag Flame,vol. 99, pp. 192-200.

relative injection timing between liquid diesel fuel and natural gasPress, W. H., Flannery, B. P., Teukolsky, S. A, and Vetterling, W. T., 1986,

was arbitrarily chosen, there is little difference in efficiency. Othé\‘“é“ee:g%?('jfe\xl'p%ﬁagg:S'dQS‘-‘TXmzﬁ'téhzfﬁ?csélcénlki’“”;igu% Ugéﬁsng\blgrg%T's o

mea_lsurements in our laboratory have shown that with natural 9@1&4%& co}aniter.’prograﬁ, Department of Meche?nical Engineering Stanford Uni—

fueling over a range of loads, speeds and gas/diesel fueling rati@ssity, Stanford, CA.

there need be no loss in efficiency with directly injected natural gas

relative to conventional diesel fueling. A notable feature evident

from Figs. 9 and 10 is that for this engine delayed injection can APPENDIX A

greatly reduce NO production with little or no loss in efficiency.

For operation with small quantities of pilot liquid fuel, where

DDC 1-71 Engine Specifications

particulate formation should not be of great concern, natural gesre, mm 108
fueling should be able to take advantage of late injection timing &yoke, mm 127
an effective means of NOreduction. Conrod length, mm 254
Displacements, litres 1.162
Compression ratio 16:1
Conclusions Rated power 11.2 KW @ 1200 rpm
Rated bmep 4.8 bar @ 1200 rpm
1 A new method of using cylinder pressure data and intake aR@ted torque 76 Nm @ 1200 rpm
exhaust measurements has been used to determine igni@rﬁt port closure 60 deg abdc
delay, cylinder heat loss, and peak combustion temperatures fiaust valve open 95 deg atdc
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W. Wagner'
J. R. Cooper?

A. Dittmann®

. | The IAPWS Industrial
Formulation 1997 for the
Thermodynamic Properties of
Water and Steam

In 1997, the International Association for the Properties of Water and Steam (IAPWS)

. adopted a new formulation for the thermodynamic properties of water and steam for

K. Oguch|4 industrial use. This new formulation, called IAPWS Industrial Formulation 1997 for the
Thermodynamic Properties of Water and Steam (IAPWS-IF97), replaces the previous

8 industrial formulation, IFC-67, that had formed the basis for power-plant calculations
H. Sato and other applications in energy engineering since the late 1960’s. IAPWS-IF97 improves
significantly both the accuracy and the speed of the calculation of the thermodynamic

" 5 properties compared with IFC-67. The differences between IAPWS-IF97 and IFC-67 will

l. Stocker require many users, particularly boiler and turbine manufacturers, to modify design and

application codes. This paper summarizes the need and the requirements for such a new

J. Kijima
H.-J. Kretzschmar®
A. Kruse®

R. Mares’

& 9 industrial formulation and gives the entire numerical information about the individual
0. Sifner equations of IAPWS-IF97. Moreover, the scientific basis for the development of the
equations is summarized and the achieved quality of IAPWS-IF97 is presented regarding
Y. Takaishi* the three criterions accuracy, consistency along region boundaries, and computation
' speed. For comparison, corresponding results for the previous standard IFC-67 are also
presented.
. Tanishita*

J. Triibenbach®

Th. Willkommen?®

1 Introduction was used for innumerable other industrial applications. However,

In the 1960s an industrial formulation for the thermodynami(éompared with today's requirements IFC-67 contains a number of
properties of water and steam was developed. This was called “.Ixﬁ%kness_es. Moreove_r, because of the progress that has _been
1967 IFC Formulation for Industrial Use” (IFC-67) [1] IFC-673C ieved in mathematical methods to develop accurate equations
' .of state, a number of reasons warranted the development of a new

was formally recognized for the calculation of thermodynamic : .
mndustrial formulation.

properties of water and steam for official use such as performancel_his newly developed formulation was adopted by the Interna-

guarantee calculations of power cycles. In addition to this, IFc't%nal Association for the Properties of Water and Steam (IAPWS)

at its meeting in Erlangen (Germany), September 1997, under the
! Ruhr-Universita Bochum, Lehrstuhl fu Thermodynamik, D-44780 Bochum name “IAPWS Industrial Formulation 1997 for the ThermOdy-
Germany, corresponding author ’ ' namic Properties of Water iind Steam” abbreviated to “IAPWS
?Queen Mary and Westfield College, Department of Engineering, London, unitéddustrial Formulation 1997” or even shorter IAPWS-IF97 [2].
KlggTdOfE sehe Universitabresden. Institut T Thermod i und Technisch Since this date IAPWS-IF97 has been officially valid. However,
ecnniscne universi resden, Institut Tou ermodynamik un ecnnische H H H H
Gebaideausistung, Dresden, Germany due to the need to mogn‘y design and_appllcat_lon coc_zles, IAPWS
“ Kanagawa Institute of Technology, Faculty of Engineering, Atsugi, Japan ~has recommended an introductory period, lasting until January 1,
5 Hochschule Zittau/Gtitz (FH), Fachgebiet Technische Thermodynamik, Zittau,1 999, during which IAPWS-1F97 should not be used for contrac-

Germany i
5 Ruhr-Universita Bochum, Lehrstuhl fuThermodynamik, Bochum, Germany tual c_:omm_ltments. . .
Current address: Bayern Innovativ GmbH: iNberg, Germany This article contains deta!ls rglevant to the deve_lop_m_ent of
" University of West Bohemia, Department of Thermodynamics, Plzen, CzedAPWS-IF97, the full numerical information on the individual
Republic equations needed for their use, details of their accuracy, consis-

8 Keio University, Faculty of Science & Technology, Yokohama, Japan | R b dari d | f . .
° Academy of Sciences of Czech Republic, Institute of Thermomechanics, PragEBnCy along region boundaries, and results of computing-time

Czech Republic investigations in comparison with IFC-67.
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p,MPa example the combinations(p, h), T(p, h), s(p, h), h(p, s),
T(p, s), andT(p) for turbine-expansion calculations, these had to
be determined via corresponding iterations. Due to these iterations
[ in combination with a relatively complex structure of the equa-
1 43 2 tions, calculations for the complete power cycle with the whole set
a(e,T) |fwT)/g(e.T) of the IFC-67 equations required relatively long computing times.
Nowadays, with modern mathematical tools to establish effec-
50l tive structures of such property formulations [5], the long process-
calculation times with the IFC-67 equations became a real weak-
ness of this formulation. Besides this main disadvantage of IFC-67
there were several other deficiencies which are summarized as
follows:

| ) 5
0 P | t°C

0 350 soo " 1 For certain regions IFC-67 no longer met the present standard
Fig. 1 Regions and equations of IFC-67. The boundary between regions of accuracy. ) . ) . .
2 and 3 is described by the L-function 2 For some properties there were considerable inconsistencies at

region boundaries.
3 The technically important property speed of sounavas not

Those who are only interested in the numerical information incorporated in the set of the IFC-67 equations.

needed to use the equations of IAPWS-IF97 can find this infof- !FC-67 was not based on the current temperature scale ITS-90

mation in compact form in several steam tables, for example [3, 4, (6]. .
4a], or in the release on IAPWS-IF97 [2]. 5 IFC-67 was based on earlier data and was therefore not con-

nected to the current scientific standard of IAPWS for the

. thermodynamic properties of ordinary water substance, the
2 Need for the Development of the New Industrial IAPWS-95 formulation [7, 8].

Formulation IAPWS-IF97
In order to demonstrate the need for a new industrial formula- More details concerning the above mentioned items can be seen

tion, the characteristics of the industrial formulation IFC-67 ard the figures of Section 5.5.

considered. As shown in Fig. 1, the entire range of validity (&°C

t = 800°C for p = 100 MPa) was divided into five regions with 3 - Aqministrative Measures of IAPWS for the Devel-

separate equations. For each of the regions 1 (liquid) and 2 (vapoB S

there was an equation of the specific Gibbs free energys opment and Examination of IAPWS-IF97

function of pressurp and temperatur€, namelyg(p, T). Each of Due to the weaknesses of the IFC-67 formulation listed in the

the regions 3 and 4 was covered by an equation of the specffievious section, at the IAPWS meeting in Buenos Aires in 1990

Helmholtz free energyf as function of specific volume and it was decided that a set of new fast equations should be developed

temperaturd, namelyf(v, T). The fifth region was the saturationfor industrial calculations. This new industrial formulation, later

curve for which a saturation-pressure equafiefl) was given. called IAPWS-IF97, should then replace the industrial formulation
Based on the equations for the industrially most importahEC-67. In order to develop the entire equation package in an

regions 1, 2, and 5, the following properties could be directiyternational collaboration, the Task Group “New Industrial For-

calculated with IFC-67 as a function pfandT: specific volume mulation” was established. It consisted of the following 12 mem-

v, specific enthalpy, specific entropy and specific isobaric heat bers from seven countries: W. Wagner (Chairman, Germany), A.

capacityc,, and in addition the saturation pressptes a function Alexandrov (Russia), J. R. Cooper (United Kingdom), A. Ditt-

of T. If other combinations of variables were of interest, fomann (Germany), J. Gallagher (USA), P. G. Hill (Canada), H.-J.

Nomenclature

a, b, ¢ = adjustable parameters s = specific entropy o = reduced entropyg = s/s*
¢, = specific isobaric heat capacity T = thermodynamic temperatufe T = inverse reduced temperature =
¢, = specific isochoric heat capacity t = Celsius temperature,= T — T*T
d = adjustable parameter 273.15 K ¢ = dimensionless Helmholtz free en-
f = specific Helmholtz free energy, u = specific internal energy ergy, ¢ = f/(RT)
f=u-—-Ts v = specific volume .
g = specific Gibbs free energy, w = speed of sound Superscripts
g=h—-Ts B = transformed pressure, Egs. &7and o = ideal-gas part; ideal gas
h = specific enthalpy (554) r = residual part
| = exponent v = dimensionless Gibbs free energy, * = reducing quantity
i = serial number y = g/(RT) ' = saturated liquid state
J = exponent A = difference in any quantity " = saturated vapor state
j = serial number 8 = reduced densityy = plp* )
M = molar mass n = reduced enthalpyy = h/h* Subscripts
n = coefficient 0 = reduced temperatur®, = T/T* b = normal boiling point
p = pressure ¥ = transformed temperature, Eq. (87 ¢ = critical point
R = specific gas constant 7 = reduced pressurer = p/p* max = maximum value
R,, = molar gas constant p = mass density s = saturation state

t = triple point
tol = tolerated

0 All temperature values given in this article are temperatures according to the
International Temperature Scale of 1990 (ITS-90)
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Kretzschmar (Germany), R. Mar¢€zech Republic), K. Oguchi , mpa 4
(Japan), H. Sato (Japan), Gfrer (Czech Republic), and J. T. R.
Watson (United Kingdom). This group was responsible for the 100}
development of IAPWS-IF97 with respect to organizational ques- 1 3 2
tions of scientific nature (structure of the formulation, selection of

the individual equations, official report to IAPWS, etc.). The final [gp.T)] |f(pT))[alp.T)]
form of IAPWS-IF97 is based on contributions and equations by
the scientists who form the group of authors of this article.

The entire project was continuously supervised by the IAPWS S0 T{p.,h) T(p.h)
Working Group “Industrial Calculations” of which many members T{p,s) T(p,s)
are representatives of international companies involved in the
power industry. This working group, chaired by B. Rukes (Ger- “\p\ 4

many), is the successor of the IAPWS “Subcommittee on Indus- 10

trial Calculations.” The progress of the development of IAPWS- 0 | S

IF97 was continuously discussed in joint sessions of this group |27|3'15 62?‘15 1073.15 | 2213'15 oc
with the IAPWS Working Group “Thermophysical Properties of ) 350 800 2000 "
Water and Steam” which was chaired by J. R. Cooper (United ) )

Kingdom). Fig. 2 Regions and equations of IAPWS-IF97. The boundary between

regions 2 and 3 is described by the B23-equation, see section 5.3

Finally, at the IAPWS meeting in Paris in 1995 the Task Group
“New Industrial Formulation-Evaluation” was founded. This
group was responsible for the examination of IAPWS-IF97 antear the critical point where clearly larger deviations were al-
consisted of the following members: K. Miyagawa, (Chairmaripwed. By taking as reference the IAPWS-95 formulation [7, 8] the
previously Fuji Electric, Japan), H. W. Bradly (Bradly Associatesagreement between the industrial formulation and the scientific
United Kingdom), R. B. McClintock (previously General Electric formulation of IAPWS is ensured.
USA), I. Kodl (Skoda, Czech Republic), W. T. Parry (General Besides the representation of h, c,, andw for the (stable)
Electric, USA), C. Perstrup (Elsam Project, Denmark), B. Rukdsomogeneous regions including saturation, the specification in-
(Siemens KWU, Germany), M. Scala (Ansaldo, Italy), P. F. Smitbluded the requirement that the equations should also yield rea-
(GEC Alstom Power Generation, United Kingdom), and R. Gsonable values for metastable states close to the stable regions.

Spencer (previously General Electric, USA). . ) ) . .
4.3 Maximum Inconsistencies at Region Boundaries.

. With regard to the continuity at the region boundaries (see Fig. 2),
4 Requirements for IAPWS-IF97 reference is made to the so-called Prague values [10]. These

The requirements for the industrial formulation IAPWS-IF9Prague values, established for IFC-67, give permissible differences
are based on the proposal of the former “Subcommittee on Induis-the property values along the region boundaries when calculat-
trial Calculations,” which was agreed with the Task Group “Neving these properties from all equations valid at the corresponding
Industrial Formulation.” The main items are summarized in theoundary. The continuity requirements are as follows:
following sections. .

(&) Single Phase.
4.1 Range of Validity. The entire set of equations of

IAPWS-IF97 should have the same range of validity as given f@Pecific volume: Av = £0.05 percent
IFC-67, which is defined by the following temperature and pre&nthalpy: Ah = %0.2 kJ kg
sure range: Heat capacity: Ac, = *1 percent
Entropy: As = +0.2 Jkg' K™
0°C=t=800°C p= 100 MPa. Gibbs free energy: Ag = 0.2 kJ kg*
Speed of sound: Aw = *1 percent

For high-temperature applications such as in gas turbines th

following extension of the range of validity was requested: e(b) Saturation.

800°C =t = 2000°C p =10 MPa. Saturation pressure:  Apg i0.0S percent

Saturation temperature:AT, 0.02 percent
Gibbs free energy: Ag = £0.2 kJ kg*

4.2 Accuracy. For the properties specific volume specific
enthalpyh, and saturation pressupe, IAPWS-IF97 should gen 4.4 Increase of Computation Speed. This item was the
erally meet the corresponding values from the scientific standardpst important demand for IAPWS-IF97. The main requirement
the “IAPWS Formulation 1995 for the Thermodynamic Propertie®garding the computation speed was that the calculation of all
of Ordinary Water Substance for General and Scientific Use” [pBroperty functions listed in Table 1 for regions 1, 2, and 4 should
8], hereafter abbreviated to IAPWS-95, within the tolerances of the altogether three times faster than with IFC-67; for the definition
International Skeleton Tables IST-85 in its version of 1994 [9bf the individual regions of IAPWS-IF97 see Fig. 2. Table 1 is
Roughly summarizing, the relevant IST-85 tolerances are, depdrased on a survey made by the “Subcommittee on Industrial
dent on the state range, farbetween=0.01 percent and-0.3 Calculations” among the international power-cycle companies and
percent, forh between+0.1 percent and-0.3 percent, and for related industries. In addition to the most important property
ps = 0.025 percent. Based on extremely accurate experimentainctions for these regions the table also gives the average fre-
data, in the liquid region fop < 1 MPa the IST-85 tolerances [9] quencies of use of the corresponding functions.
for v and h and on the saturation curve fdar < 100°C the For regions 3 and 5 of IAPWS-IF97 the computation-speed
tolerances forp, are extraordinarily small; here, the smallestequirements only related to a few functions (see Table 18), where
tolerances are=0.001 percent inv, =0.03 percent inh, and these functions are not combined with frequency-of-use values.
+0.002 percent ip.. However, in view of the technical demandsFor region 3, corresponding to regions 3 and 4 of IFC-67, it was
in this range, the permitted tolerances to the IAPWS-95 valuesly necessary that IAPWS-IF97 was not slower than with IFC-67.
were increased ta0.01 percent iny, to =0.1 percent irh, and to  For region 5, the computing-time requirements related only to
+0.025 percent ip,. For the specific isobaric heat capadgtyand 1073.15 K, the maximum temperature for which IFC-67 was valid.
the speed of sound, IAPWS-IF97 should represent the valued-or this isotherm IAPWS-IF97 should be three times faster than
from IAPWS-95 to within=1 percent except for the range verywith IFC-67.
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Table 1 Most important property functions and their frequency of use tency along region boundaries were met with equation struc-

: Froquency of use? tures allowing short computing times. In this optimization
Region®  Function % process, the equations were fitted to input values calculated
v(p.T) 29 from the IAPWS-95 formulation [7, 8]. In this way IAPWS-
L kD) 9.7 IF97 was coupled with the current scientific standard IAPWS-
iquidy [ 35 35
(Liquid) L 95.

2 All those thermodynamic properties which are not direct func-

;Epg 121 tions of th(_e indgpendent variable_s of the k_Jasic equations are_not
x(sj) e found by iteration from the basic equations. Instead of this,
2 TR 8.5 so-calledbackward equationsvere developed, namely equa-
(Vapor) | (P 3.1 j 133 tionsT(p, h) andT(p, s) for regions 1 and 2 and,(p) for the
s(ph) 17 saturation curve. With these backward equations, shown in Fig.
T(p.5 17 } 66 2 for the corresponding regions, all the functions shown in
h(p.s) 49 rectangular boxes in Table 1 can be calculated without any
. ps(T) 80 iteration. For example, ifi(p, s) is to be calculated in region
e S B 2, first the temperaturd is calculated from the backward
{(Saturation) :EZ; z;: ' equationT(p, s) and thenh(p, T) can be directly obtained

T 000 w8 from the corresponding basic equatig¢p, T).

* For the definition of the regions sce Fig, 2 However, this entire concept required that the numerical con-

" Functions with values loss than 1% have peen ne sistency between the backward and the basic equations was ex-
Jected; these sum 0 8 %, the remaining values have . . .

S 8 vele tremely good. Otherwise it would have caused numerical problems

when “jumping” back and forth between the basic and the back-
ward equations, for example, when calculating the turbine-

| der t ‘ I th ting-ti . fiqati expansion line of a power-cycle process. Based on test calculations
n orcer to periorm all theseé computing-ime INVESUgaliongy iy, characteristic power cycles via iterations with IFC-67, the

special benchmark programs for a specified PC and compiler wgtg,ying numerical consistency requirements were finally set up:
developed. These programs took into account the frequencies o

use (if any) of the corresponding property functions. (@) The temperature determined from the backward equation
T(p, h) for given values op andh had to agree with the
5 The IAPWS Industrial Formulation 1997 temperature value calculated for the sggrendh from the
This section gives full information about the IAPWS Industrial tcé)r::ezP:tn?éng.#;z'rclczgruat%.g’ A-‘II—') W';T'r; zr:]%le:]etlgetcé
Formulation 1997 (IAPWS-IF97) covering all numerical details perature di w- 10 o Vaiu u

needed for the use of the individual equations, statements on their \;:afjer:}f](f)?r trheztzr:t'trﬁarne%'%% 1k?%d f?E rf%:)?ez i‘gtneg t;Cthy
development and details concerning accuracy, consistency along entro valSes reater thén 5.85 g}kg’l theg ermis
the region boundaries, and computation speed of IAPWS-IF97 Py 9 ) ' P

compared with the previous industrial standard IFC-67. §|ble A.T“" value amounts ta-10 mK,_the small_erATm
inconsistency value in this part of region 2 (turbine expan-
5.1 Concept and Structure of IAPWS-IF97. The IAPWS sion) is particularly important for the power industry.
Industrial Formulation 1997 consists of a set of equations for (b)) The temperature determined from the backward equation
different regions which cover the following range of validity: T(p, s) for given values op ands had to agree with the

temperature calculated for the sarpeand s from the
corresponding basic equatig{p, T) within a tolerated
temperature differenc&T,,. For the toleratedT,, incon

273.15 K=T=1073.15 K p=100 MPa

1073.15 K= T=2273.15 K p=10 MPa. sistency values with regard to thgp, s) equation, the
same statement held as given for thép, h) equation
Figure 2 shows in which way the entire range of validity of under item §).
IAPWS-IF97 is covered by its equations. The division into indi- (c) The saturation pressure calculated from the saturation-
vidual regions is very similar to IFC-67. One difference is that the temperature equationy(p) was not allowed to deviate by
middle density range is covered by only one region, namely by more thanAp, = *0.003 percent from thep, value
region 3. The other difference is that there is additionally a determined from the saturation-pressure equapigin).

high-temperature region, region 5. Region 4 corresponds to the o o ) ) )
saturation curve. The boundaries of the regions can be directlyThe permissible numerical inconsistencies between the basic
taken from Fig. 2 except for the boundary between regions 2 aAfd backward equations, summarized under iteapso((c), were
3; this boundary is defined by the so-called B23-equation given §tremely small, namely about one tenth of the uncertainties of the
Section 5.3. Both regions 1 and 2 are individually covered by s¢ientific standard IAPWS-95.
fundamental equation for the specific Gibbs free engfqy, T), . . .
egion 3 by  funcamertal equaton o e specic Helmhots rge 2 eerence Consants, s secon cumnarizes sl ef. |
energyf(p, T), and the saturation curve, corresponding to regio§ection 55 9 q 9
4, by a saturation-pressure equatimiT). The high-temperature - .
region 5 is also covered by g(p, T) equation. These five The specific gas constant of ordinary water,
equations, shown in rectangular boxes in Fig. 2, form the so-called R=0.461526 ki kg* K ! 1)
basic equations. '

In order to meet the main requirement of a short computingsults from the recommended values of the molar gas constant
time, the entire set of the IAPWS-IF97 equations was developgri],
based on the following two-step concept:

R,=8.314 51 Jmol* K ! 2
1 After finding convenient functional terms, the structure of the m ' (2)

four basic equations for the homogeneous regions was optind from the molar mass of ordinary water,
mized using the method by Setzmann and Wagner [5] in such
a way that the requirements regarding accuracy and consis- M = 18.015 257 g mol*. 3)

Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 153

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



The value ofM results from the molar masses obtained fronThis general expression forms the basis for the majority of the
isotopic molar masses in [12] and representative isotopic compejuations of IAPWS-IF97.

sitions given in [13]. The final form of all equations (except for the saturation curve,
The values of the critical parameters region 4) of IAPWS-IF97 was found by using the structure-
optimization method of Setzmann and Wagner [5] or a modified
T.=647.096 K, (4) version of Wagner's method [19]. These procedures require a

so-called bank of terms from which the best combination of an
p. = 22.064MPa, ®) optimum number of terms is determined. For the development of

the backward equations, these procedures were combined with
further optimization tools, see later.
are from the corresponding IAPWS release [14]. The triple-point 5 5 The Basic Equations for Regions 1 to 5. For those

temperature is homogeneous regions of IAPWS-IF97 for which it is thermody-
namically reasonable the corresponding equations of state were

pe=322 kgm? (6)

Ti=273.16K Q) established as function of the “technical” variables prespuaad
according to the International Temperature Scale of 1990 (ITS-d@mperatureT; this is the case for regions 1, 2, and 5. For these
[6] and the triple-point pressure regions, the equations are formulated explicit in the specific Gibbs

free energyg which is, as a function op andT, a fundamental
p;=611.657 Pa (8) equation. Since region 3 contains the critical point, this region

. . ) __cannot be reasonably covered by an equation ithnd T as
was determined by Guildner et al. [15]. According to the scientifidependent variables. However, it can be represented by an equa-
standard of the thermodynamic properties of ordinary water, tgn as a function of density and temperatur&. Thus, for region
IAPWS-95 formulation [7, 8], the temperature of the normag an equation explicit in the specific Helmholtz free energy as a
boiling point (at a pressure of 0.101 325 MPa (1 atm)) amounts f@nction of p and T is used which is a fundamental equation, also.
One advantage of using fundamental equations (instead of equa-

Ty=373.124 3 K. () tions of state in form op(v, T) andwv(p, T), respectively) is that

all thermodynamic properties can be calculated from derivatives of

5.3 Auxiliary Equation for the Boundary between Regions ! . X ) - )
2 and 3. The boundary between regions 2 and 3 (see Fig. 2)9 e equations, no integrations with further information are needed.

defined by the following simple quadratic pressure-temperatulighe first and second derivatives gfwith respect tgp andT and
relation, the B23-equation of f with respect tp andT, respectively, are correctly represented,

then any thermodynamic property, based on these derivatives
7 =n; + N0 + ng02 (10) (which is the case for the vast majority of properties), can be
correctly calculated from such fundamental equations.
wheres = p/p* and 6 = T/T* with p* = 1 MPa andT* = 1 Proceeding from Eg. (13) wita = g/(RT), X = p, a = p*,
K. The coefficient:, to n; of Eq. (10) are listed in Table Al of y = T™*, andc = (T*) "' one obtains the following general form
the appendix. Equation (10) describes roughly an isentropic lingf, a so-called combined polynomial for tigép, T) equations:
the entropy values along this boundary line are betvgeerb.047

! _ <11 li/T* Ji
ki kg K ' ands = 5.261 kJ kg* K * i—Eni<pﬂ*+b) < ) ,

Alternatively Eg. (10) can be expressed explicitly in temperature RT
as

T-i—d

(14)
_ _ 05 wherep* and T* are reducing parameters.
0 =ns+ [(m = ns)ine] 11 In the following sections first the final form of the corresponding

with 6 and 7 as defined for Eq. (10) and the coefficientsto n,  Pasic equation is given including all numerical information for its

listed in Table Al. Equations (10) and (11) cover the range fro##s€: then details of its development are summarized and finally its

623.15 K at 16.5292 MPa up to 863.15 K at 100 MPa. accuracy is discussed; all table numbers starting with an “A” are
listed in the appendix.

5.4 Functional Forms Adopted for Short Computing . . .
Times. Wide-range equations of state in reference quality are 2:>-1 The Gibbs Free Energy Equation for Region 1The
nowadays explicit in the Helmholtz free energy as function g12SIC equation for this region is a fundamental equation for the
density and temperature [7, 8, 16, 17]. As functional forms fotpecific Gibbs free energy. This equation is expressed in dimen-
such equations pure polynomials in density and temperature an@nless formy = g/(RT), and reads

particularly such polynomials combined with exponential func- a

tions in density have proved very successful. g(p, T) » »
Since, however, for IAPWS-IF97 a short computing time was — g = Y(™ ) = 2 (7.1 m)'(r - 1.222%, (15)
one of the most important criterions, the computing times of =1

selected arithmetic operations were investigated [18]. Compar\glﬂerew = plp* and 7 = T*/T with p* = 16.53 MPa and™* =
with the two most important basic operations addition and mU|tI386 K:R is given by Eq. (1). The coeﬁiciénts and exponents
plication, all the other operations are slower by a factor of ten ¢r 545" o Eq. (15) are listed in Table A2.

more. After these tests it was clear that it was only possible to uéeA” thermodynamic properties can be derived from Eq. (15) by

tests for the general functional dependency thermodynamic properties tpand its derivatives are summarized

z=12(x,y) (12) in Table 2. All required derivatives of the dimensionless Gibbs free
e energyy, Eq. (15), are explicitly given in Table 3.
where, for examplez = f, x = p, andy = T, the following Since the 8 International Conference on the Properties of

general functional expression has proved most effective [18]: Steam in London in 1956, the specific internal energy and the
specific entropy of the saturated liquid at the triple point have been

X lily % set equal to zero, as follows:
z(x,y):Zni 5+b E+d . (13)
i u;=0; s=0. (16)
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Table 2 Relations of thermodynamic properties to the dimensionless

273.15 K

Gibbs free energy y and its derivatives when using Eq. (15) 2 0.02
Property Relation TT_I_TWT_ T TTTTTTTTTT TTT T
oo f~.,
Specific volume P £ r— S emn
v=(3glop); VT pr =7z O-I-. o,
~
Specific internal energy u(ir,r):”/ _y {0 Ut A I Wt S et B BT I n
n=g- T(dg/dT)p— p(Jeldp)r RT i 4 N s 1
Specific entropy @) -0.02 L L L : L L L 1
s =430}, 7
373.15 K
Specific enthalpy Wz, 7) . 0.02
h=g-T(3g/oT), RT ’ N 7T T
Specific isobaric heat capacity c,(7,7) 2 TTTTﬁ'T:TTTTTT TTTTTTTTIT
c, ={onldT) ==t o .
4 » R o E B & —}
o ! ~ 0 <
Specific isochoric heat capacity ‘v(”fT) 2 e 717’”)2 ] ‘e -
¢, = (QuldT) TR TTat = .
: Y ASEE——§ SR o R N N AR
Speed of sound wim,z) _ r2 -~ e ~. Ll L
w=v[-@ptdn,]*’ RT Up—tre? 3 -0.02 S S NS S ST S T
%y, i »
= = 523.15 K
20, Lo
LTI RRL A r’ (e ”v T 2 ”‘ = | Grar < —l T TTT TT
2 A general procedure how to obtain the retation of any property and any differential quotient to 7 1 -h-TTT TTTTTTTT
and its derivatives when using Eq.(15) can be found in [19a] > 0 — =k
~— a1t

A TUNE NN U Te"L it N L

B L
In order to meet this condition at the temperature and pressure Uy 1
of the triple point, see Eqs. (7) and (8), the coefficiantandn, -0.1
in Eq. (15) have been adjusted accordingly. As a consequence, Eq. 0.1 623.15 K
: i H H . TTTas —ee—>° T
t(rligl)ey}lzyec::jrlst for the specific enthalpy of the saturated liquid at the I 'Ir T TrrTrrrrTT T
|
h;=0.611 783 J kg™ a7 0 i - e
Equation (15) covers region 1 of IAPWS-IF97 defined by the - Lii1l
following range of temperature and pressure (see Fig. 2): 0.1 . I,MJ.lf L4 + J,‘ 1 N
0 20 40 60 80 100

273.15 K= T=623.15 K p.(T) = p = 100 MPa.

In addition to the properties in the stable single-phase liquid
region, Eq. (15) also yields reasonable values in the metastable
superheated-liquid region close to the saturated liquid line. For
temperatures between 273.15 K and 273.16 K at pressures below
the melting pressure [20] (metastable subcooled liquid) all values
are calculated by extrapolation from Eqgs. (15) and (28). Fig. 3(a) Percentage deviations of the specific volumes

To assist the user in computer-program verification of Eq. (lBr)?m Eq. (15) and IFC-67, respectively, from values
Table A3 contains test values of the most relevant properties. fom IAPWS-95[7, 8]

Pressure p, MPa

—te—ee—

—a—a— |APWS-IF97
-

IFC-67

IST-85 tolerance — — — Region boundary, pg

v calculated
Viapws.gs Calculated

5.5.1.1 Development of Eq. (15)Based on test calculations 20 __ 0.1 MPa
with Eq. (14) regarding the maximum ranges of the exponknts { h |
andJ;, the values for the reducing parametptsand T* and the g_ i ’ |
shifting parameterd and d, the following general functional a Ol :
expression of 911 terms (bank of terms) was used as a starting T \,\ ’ ‘!
point for the development of the equation for the dimensionless < - ol /‘/'/ |
Gibbs free energy for region 1 [18]: _oo Lt . [ |
I 270 300 350 380
y=3 S n71- (s - 1.222) Temperature T, K
i=0j=-18 —=—s— |APWS-IF97 —emse— IFC-67
32 -10 - — — Region boundary, Tg
)i — j
+ E E n”(7'1 m'(r - 1.222, (18) Fig. 3(b) Relative deviations in ppm of the specific volumes v calculated
i=16 j=—43

from Eqg. (15) and IFC-67, respectively, from values
from IAPWS-95 [7, 8]; Av = (V — Viapws.o5)/V.

Viapws-os Calculated

Table 3 The dimensionless Gibbs free energy
atives

v, Eq. (15), and its deriv-

wheren = p/p* and r = T*/T with p* = 16.53 MPa and* =
1386 K.Equation (15), obtained from Eq. (18) by the method of
Setzmann and Wagner [5] for optimizing the functional structure
of the finaly equation, was fitted to values of the propertied,
C,, S, and the two partial derivativeg${/op): and @v/9T),. All
these values were calculated from IAPWS-95 [7, 8] for given
values ofp andT distributed as selected grid points over region 1.
Details of this fitting process (formulation of the sums of squares
J based on the relations given in Table 2, weighting factors, etc.) are
given by Kruse and Wagner [18]. The inclusion of the partial

34 34
v o= yw-m)i(r-1222) Ve = 2 m(T1-m) e -1222)
P =
34 34
Ve o= an,-l,-m — ) —1222)% Yo = 271,(7,] — i (- 1) - 1222572
=1 i=1
£ 3
Yz = Zn,l,-(l,- -YT-2)i 2120 = Z-n,-l,(7.l —m)li (e —1222)7!

i=1 i=]

_ﬂ] (o =(a_r) {2 [
7”—(9” K rm—[&ﬂz A 7=\, T G2 A Yar=| oo
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Fig. 4 Absolute deviations of the specific enthalpies h calculated from Eq. (15) and IFC-67, respectively, from values hiapws-o5

calculated from IAPWS-95 [7, 8]; see the spread pressure scale up to p = 10 MPa in the first deviation diagram for 273.15 K.

derivatives ofv with respect tqp and T made it unnecessary to fit requirements. Figure B) illustrates the accuracy of Eq. (15) along
the equations to the corresponding values,aindw which would the 0.1 MPa isobar which might be of interest for calibration
have led to a nonlinear system of normal equations when mimgurposes. The maximum deviation from the IAPWS-95 values, of
mizing the sum of squares. Such a nonlinear fitting process cowlthich the uncertainty ir for this isobar is+1 ppm [7, 8], is less

not have been combined with the procedure of optimizing thtaan 15 ppm and fol = 300 K even less than 2 ppm.

structure of the equations because this procedure can only cop€igure 4 gives an impression of how Eq. (15) represents the
with sums of squares which are linear in the coefficienfs specific enthalpy values from IAPWS-95 [7, 8]. It can be seen that
Moreover, fitting Eqg. (15) to the properties mentioned abovEq. (15) meets all enthalpy values from IAPWS-95 within the
ensures that Eq. (15) yields reasonable values for any propegtginal IST-85 tolerances. This is also the case for pressures
based on the first and second derivativeg,odee also the general below 1 MPa where two to three times larger enthalpy deviations
statement at the beginning of Section 5.5. would have been allowed (see Section 4.2). For temperatures up to

55.1.2 Accuracy of Eq. (15).Equation (15) clearly meets the 423-15 K the absolute deviations from the IAPWS-95 values
accuracy requirements listed in Section 4.2. However, this stafgMain within£0.1 kJ kg™ and for higher temperatures they are
ment on the formal fulfillment of the requirements gives an insuffl MOSt cases less than0.2 kJ kg~ which is 10 to 20 times
ficient impression of the accuracy of Eq. (15). Therefore, t aller t.han the IST-SS tolerances; considering the entire region 1,
quality of representing the IAPWS-95 values [7, 8] by Eq. (15) j§'€ maximum deviation occurs at ?69 K very close_ to the phase
illustrated by Figs. 3{) to 6 for the relevant properties, h, c,, ~Peundary and amounts to 0.24 kJ kgThe enthalpy is the only
andw along four isotherms considered to be characteristic for tigoperty for which the IFC-67 values remain everywhere in this
entire region 1. All the diagrams show the deviations of the valu&@gion within the tolerances. However, it should be pointed out
calculated from Eq. (15) from the corresponding IAPWS-95 vafhat a good representation of the absolute enthalpy values is not the
ues. In the deviation diagrams ferand h, Figs. 3@) to 4, the decisive criterion for practlcgl appllcatl_ons, Wherez_:ls a reasonable
IST-85 tolerances [9] are plotted related to the IAPWS-95 valuggpresentation of enthalpy differences is the most important point.
at thep-T values of the Skeleton Tables IST-85 [9]. For comparf one is interested in estimating the maximum uncertainties in
ison, the figures also contain the corresponding lines generatg@baric enthalpy differences, one has to look at the uncertainties
from IFC-67. Figure 3) shows that Eq. (15) represents thdn the isobaric heat capacity.
values of the specific volume from IAPWS-95 so well that the  Figure 5 illustrates the representation of the isobaric heat capacity
line from Eq. (15) is nearly identical with the zero line. Even foPy Eg. (15). In the entire region 1, the deviations frgpvalues from
T =398.15 K anth = 0.5 MPa, where the IST-85 tolerances aréAPWS-95 are clearly smaller than the permitted tolerances bf
clearly smaller than the requirements (see Section 4.2), tpercent, in most cases they are even smaller theul percent; the
IAPWS-95 values are represented to within the original tolerancesaximum deviation amounts to 0.15 percent at about 15 MPa and 618
the only exception is the value at 323.15 K and 0.1 MPa whereK. A very high accuracy along the 623.15 K isotherm, the boundary
the deviation is just outside the IST-85 tolerance. For the greatéstegion 3, was the decisive precondition for meeting the consistency
part of region 1 the deviations are less than 10 ppm and theguirement along this region boundary.
maximum deviation amounts to 44 ppm at about 16 MPa and 621Figure 6 gives an impression of the behavior of Eq. (15) regard-
K. In larger ranges of region 1 IFC-67 does not meet the preseng the speed of sound. This property was the most difficult one to
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Fig. 5 Percentage deviations of the specific isobaric heat capacities ¢, Fig.6 Percentage deviations of the speeds of sound  w calculated from

calculated from Eq. (15) and IFC-67, respectively, from values

Cp,1APWS-95
calculated from IAPWS-95 [7, 8]

Eqg. (15) and IFC-67, respectively, from values
IAPWS-95 [7, 8]

Wiapws.os Ccalculated from

be represented in this region. Nevertheless, in most cases e . L .
?ewaﬂons are less thatr0.1 percent. The maximum deV|at|on?ﬁ;ﬁ;g‘:}'és??gi;rf ge/r(lgr%y z;lkgsiseggr?;rg?egir?t):)p{\?vzsggrtlg,
rom the IAPWS-95 values occurs at 619 K near the phase bound: 1 -, "o ar® and a residual pa’, so that
ary and amounts te-0.5 percent. Based on the wish to keep the gas p pary’,
deviations regarding the speed of sound everywhere belové
percent and to keep the maximum inconsistency with respect to
this property at the region boundaries definitely belo@.5 per-
cent, it was not possible to have less than 34 terms for Eq. (15). i .
wherew = p/p* and = = T*/T with R given by Eq. (1).
Metastable states. In addition to the properties in the stable The equation for the ideal-gas payf of the dimensionless
single-phase liquid region, Eq. (15) also yields reasonable valugibbs free energy reads
in the metastable superheated-liquid region close to the saturated
liquid line. Investigations yielded that for temperatures up to
573.15 K and pressures down to zero the deviations from the
IAPWS-95 values remain practically the same as they are at the
saturation curve (region 4). For 623.15 K, Eq. (15) can be extrap-
olated into the superheated-liquid region for pressipes p| = \heres = p/p* and r = T*/T with p* = 1 MPa andT* = 540
1.5 MPa without showing deviations from IAPWS-95 greater thag The coefficientsi? andng were adjusted in such a way that the
0.1 percent inv. values for the specific internal energy and specific entropy, calcu-
5.5.2 The Gibbs Free Energy Equation for Region 2The lated from qu. (19), relate t? Eq. (16). Table A4 contains the
basic equation for this region is probably the most importafPefficientsn’ and exponents; of Eq. (20). _
equation of the entire package of IAPWS-IF97 because in actual! N€ form of the residual payt” of the dimensionless Gibbs free
plant the important processes, e.g., the expansions in steam &fl€rgy is as follows:
bines, occur in this region.
The auxiliary equation for defining the boundary between re- 43
gions 2 and 3 is given as Egs. (10) and (11) in Section 5.3. y = > mm'(r - 0.5,
The basic equation for this region is a fundamental equation for i=1

, T
g(f” ) 1) = 3o ) + 3 ),

(19)

9
y°=Inm+ z nori, (20)
i=1

(21)
Journal of Engineering for Gas Turbines and Power

JANUARY 2000, Vol. 122 / 157

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 4 Relations of thermodynamic properties to the ideal-gas part
and the residual part " of the dimensionless Gibbs free energy and their
derivatives when using Egs. (19), (23), and (29) °

0

Y

Property Relation

Specific volume

P O LT
7 = +
. (g/ )T W r) It(y,, y,,)

ip:;iﬁcri(';:/??)ite%g/ap)r u(;,;) e +72) =l )

st ) r)-{r o)
Pt e =dlpper)

f[;:e:ig;l;;(;l‘))a,:'ic heat capacity L)’:-f) _ Afz(y;)’ +7;r)

ffe:ci(faizj;%}loric heat capacity V(: 1) (7 s ) a +7rly‘,‘,”—2;7r!my,‘n)z
Speed of sound wl(m,0) _ 1427y +7° y,',z

:v[-(ap/av)J]U’S RT 1+zzy,’,—n:y,’ﬂ)2

(1-77%)- ( Py +7k)

e (o) e (%) e (o) e [T o [T I\ o (I
7”’(07” fvm- o r,n— " lv}'rr— o2 ”,7” o r= = ”'m— 7

)

2 A general procedure how to obtain the relation of any property and any differential quotient to »° and »" and their

derivatives when using Eqs. (19), (23), and (29) can be found in [19a]

wherem = p/p* and r = T*/T with p*

in Table A5.

All thermodynamic properties can be derived from Eq. (19) b
using the appropriate combinations of the ideal-gas parteq.

= 1 MPa andT* = 540
K. The coefficients; and exponentk andJ; of Eq. (21) are listed

0.01
“\ PN e
=2 " M D * ‘/ M
° iy N ’ \
- - . \ .
°a OF v X 7 X
« . \ /' \
< - \’/ \‘/' ~t
~0.014 L 1 I 1 I 1 L
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Temperature T, K

Fig. 7 Percentage deviations of the specific isobaric heat capacities in
the ideal-gas state cp calculated from Eq. (20) from values ¢} apws-ss
calculated from IAPWS-95 [7, 8]; Acp = ((cp/R) — (cp/R)inpws-s)/(CpIR).

In addition to the properties in the stable single-phase vapor
region, Eq. (19) also yields reasonable values in the metastable-
vapor region for pressures above 10 MPa. Equation (19) is not
valid in the metastable-vapor region at presspres 10 MPa; for
this part of the metastable-vapor region see Section 5.5.2.3. For
temperatures between 273.15 K and 273.16 K at pressures above
the sublimation pressure [20] (metastable subcooled vapor) all
values are calculated by extrapolation from Eqgs. (19) and (28).

To assist the user in computer-program verification of Eq. (19),
Table A6 contains test values of the most relevant properties.

5.5.2.1 Development of Egs. (20) and (21yVhen develop-
ing an equation of state which should cover the typical gas-phase
region starting from zero pressure, it is necessary to separate the
part responsible for the behavior of the ideal gas from the rest of
e equation. Thus, for region 2 the fundamental equation for the
pecific Gibbs free energg in its dimensionless formy =

(20), and the residual payt, Eq. (21), of the dimensionless Gibbs?d/(RT). is separated into an ideal-gas pgitand a residual pay’

free energy and their derivatives. The relations of the releva
thermodynamlc properties tg° and v and thelr derlvatlves are 7.

are explicitly given in Table 5 and Table 6, respectively.

¢cording to Eq. (19).  The relation for the ideal-gas péf(tr,
, Eqg. (20), consists of the pure pressure-dependentyfgit) =

a{g 7 and of a pure temperature dependent pd(t). Keeping in
part and of the residual part of the dimensionless Gibbs free ene

@ d a short computing time and the limited range of validity of
én(lg) namely from 273.15 K to 1073.15 () is expressed

Equation (19) covers region 2 of IAPWS-IF97 defined by thay a3|mple polynomial so that the entire equation for the ideal-gas

following range of temperature and pressure, see Fig. 2:
273.15 K= T=623.15 K 0<p = ps(Teqs
623.15 K< T=863.15 K 0< p = p(T)equ10
863.15 K< T=1073.15K 0<p=100 MPa

Table 5 The ideal-gas part ¥° of the dimensionless Gibbs free energy,

Eq. (20), and its derivatives

9
¥° :lnzr+2n,°tj'n 123 :Zn,"lf i
i=l i=l
9
rp =x Ve = Yt a2 (a0 - 1)
i=l
Yar=-n7" Yar =0

o_[3°) o () o_[8°) o () o _[I°
Va [er 1’7””“ art 7'777 Ir ”'7”' or? ”’7'"_ ondr

Table 6 The residual part " of the dimensionless Gibbs free energy, Eq.

(21), and its derivatives

43
7" _2"‘ (r-0.5)" Zn,ﬂ (e - 05
43
pos —Zn,lﬂ (r~05)% Zn,ﬂ Ji{d; 1)z -08)"~
13 43 -
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party® of the dimensionless Gibbs free energy has the form of Eq.
(20). Its coefficient:n, to ny were determined by fitting Eq. (20)
to (co/R) values from IAPWS-95 [7, 8]; details of this fitting
process, which was also combined with optimizing the structure of
Eq. (20), can be found in reference [18]. The coefficierjitandn?
were determined as described for Eq. (20).

Again, the development of the residual paftof the dimen
sionless Gibbs free energy, Eq. (21), started with the formulation
of the general functional expression based on the general form of
the combined polynomial according to Eq. (14) and on similar
considerations and test calculations as carried out for Eq. (18).
Here, the shifting parametérin Eq. (14) was set to zero to ensure
a reasonable transition to the ideal gas. Thus, the final bank of
terms consisted of 955 terms and had the following form [18]:

10 33 25 60
,yl’ = E 2 nij'ﬂi(’T— 05)J + 2 E nijﬂi(T_ OS)J,

i=1 j=0 i=11j=20

wheren = p/p* and T = T*/T with p* = 1 MPa andT™* = 540 K.
Equation (21), obtained from Eq. (22) by the procedure of Setzmann
and Wagner [5] for optimizing the functional structure of the figlal
equation, was fitted as a part of Eq. (19) (i.e., in combination with Eq.
(20)) to values of the propertiesh, c,, s, (94/dp)r, and E/aT),. All
these values were calculated from IAPWS-95 [7, 8] for given values
of p and T distributed as selected grid points over region 2. The
reasoning for including the partial derivativeswih these properties

is given for Eq. (18). Further details of the fitting process are given by
Kruse and Wagner [18].

5.5.2.2 Accuracy of Eq. (19).Figure 7 shows that the°
equation, Eqg. (20), represents the/R) values from IAPWS-95
[7, 8] with maximum deviations of=0.0081 percent. In order to

(22)
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Fig. 8 Percentage deviations of the specific volumes v calculated from Eq. (19) and IFC-67, respectively, from values ViaPws-95
calculated from IAPWS-95 [7, 8]

baric heat capacities from IAPWS-95 and Eg. (19). In this region

c, was the property which gave the most problems. The most
obtain the difference inc; itself between IAPWS-IF97 and difficult problem was to keep the deviations along the boundary to
IAPWS-95 a constant amount 8f0.0017 percent has to be addedegion 3 within+0.5 percent (see Fig. 12). This was the decisive
to the deviations plotted in Fig. 7. This constant offset is caused Byecondition for meeting the consistency requirement along this
the older value of the gas constant used for IAPWS-95. region boundary. Nevertheless, apart from the boundaries to re-

Equation (19) clearly meets the accuracy requirements listgfbns 3 and 4 the deviations are less thel1 percent. However,

in Section 4.2. The quality of representing the IAPWS-9%hen approaching the boundary to region 3 at higher temperatures,
values [7, 8] by Eq. (19) is illustrated in Figs. 8 to 12 for thehe deviations irt, increase up ta-0.5 percent in a few cases; the
relevant propertiess, h, c,, and w. The figures show the maximum deviation amounts to 0.59 percent at about 56 MPa and
deviations of the values calculated from Eq. (19) from thegg k. It can be seen that IFC-67, even for moderate pressures,
corresponding IAPWS-95 values along six isotherms and alopges not meet the requirements set for IAPWS-IF97, although its
the boundary between regions 2 and 3 described by the B2y representation in this range does not seem to be too bad
equation corresponding to Eq. (10). These seven lines gi&e however, the statement on this matter given in context with
considered to be characteristic examples for the behavior of g. 4 in Section 5.5.1.2).
(19) in the entire region 2. The corresponding values from From Fig. 11 it can be seen that Eq. (19) does not have any
IFC-67 are plotted for comparison. %ﬁiculty in representing the speeds of sound. Along the entire

Figure 8 provides information on the representation of t : . e
specific volumes by Eq. (19) which is better than the requireme oundary to region 4 (saturation curve) the deviations from the

by far; considering the entire region 2, the maximum deviatio PWS-95 values remain withir0.1 percent. When approaching

from the IAPWS-95 values amounts to 0.038 percent which OCCLH%e boundary to region 3, it is only at higher temperatures that the

near 39 MPa and 750 K. In contrast to this, at higher temperatu%%\’iaﬂons increase t00.25 percent. Considering the entire region
IFC-67 makes full use of the tolerances’ reaching up+0.3 , the maximum deviation from the IAPWS-95 values amounts to

percent. 0.33 percent at 100 MPa near 900 K.

Figure 9 shows that the behavior of Eq. (19) regarding the Fi9ure 12 shows the deviations of the properiies, c,, andw
representation of the specific enthalpies is very similar to that §PM the corresponding IAPWS-95 values along the boundary to
the specific volumes. When considering the entire regionTfer ~ €gion 3. It can be seen that Eq. (19) does not have any problems
750 K the deviations from the IAPWS-95 values are less thgiong this “difficult” boundary, neither for, nor forw. In contrast
+0.2 kJ kg*, whereas forT > 750 K andp > 10 MPa the to this, thec, values from IFC-67 deviate from IAPWS-95 by up
deviations increase up to about 0.4 kJ kghe maximum devia to about 6 percent.
tion occurs at 100 MPa near 900 K and amounts to 0.41 kJ. kg After looking at all these deviation diagrams and realizing that
Thus, for the largest part of region 2 the deviations are 20 to 4l)e accuracy requirements are clearly exceeded, it should be em-
times less than the IST-85 tolerances [9]. In contrast to this, th@asized that the quality of Eq. (19) is absolutely necessary in
IFC-67 values show more systematic deviations from the values@tler to meet for certain the requirements regarding the consis-
IAPWS-95 which increase up to the IST-85 tolerances at thiency along the boundary between region 2 and regions 3 and 4,
highest pressures of the corresponding isotherm. respectively. The large differencesdp at the equivalent bound

Figure 10 illustrates the percentage difference between the isosies were one of the greatest weaknesses of IFC-67.
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calculated from - ,
5.2. upplementary Equation for the Metastable-Vapor Re- T
5.5.2.3 Suppl tary Equation for the Metastable-V. R g(p,
gion. As for the basic equation, Eq. , the supplementary e = ,T) = , "(m, 1), (23)
As for the b tion, Eq. (19), th | t Ry =~ Y(m ) =7m 1)ty

equation for a part of the metastable-vapor region is given in the
dimensionless form of the specific Gibbs free enengy;, g/(RT),
consisting of an ideal-gas payt and a residual pa#', so that wherew = p/p* and r = T*/T with R given by Eq. (1).
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Fig. 10 Percentage deviations of the specific isobaric heat capacities ¢, calculated from Eq. (19) and IFC-67, respectively, from
values c¢p apws-os calculated from IAPWS-95 [7, 8]
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Fig. 11 Percentage deviations of the speeds of sound w calculated from Eq. (19) and IFC-67, respectively, from values WiAPWS-95
calculated from IAPWS-95 [7, 8]

The equation for the ideal-gas part is identical with Eq. (20) also to the corresponding properties in the metastable part adjacent
except for the values of the two coefficiem$andn3, see Table to region 2. However, after the development of Eq. (19) it became
A4. For the use of Eq. (20) as part of Eq. (23) the coefficierits clear that in the metastable region for pressures below 10 MPa Eq.
andn; were readjusted to meet the high consistency requiremgnb) showed unexpected behavior [21]. In this range the vapor
between Eqgs. (23) and (19) regarding the propettiasds along  spinodal of IAPWS-95 is too close to the saturated vapor line [7,
the saturated vapor line, see below. 8] and as a consequence Eq. (19) also displayed the same trend.

The equation for the residual payt reads Thus, it was decided to develop a supplementary equation for the
metastable-vapor region for pressures up to 10 MPa. Since there
are no experimental data in the metastable-vapor region to which
such an equation could be fitted, the needed input values were
determined by extrapolating a so-called gas equation into the
wherer = p/p* and r = T*/T with p* = 1 MPa andT* = 540 Metastable-vapor region for= 10 MPa. This gas equation which
K. The coefficients); and exponentk andJ; of Eq. (24) are listed provides a reliable representation of the thermodynamic properties
in Table A7. of the gas region of kD at low densities{ = 55 kg m®) is

All thermodynamic properties can be derived from Eq. (23) bglescribed in reference [8]; it was used as an auxiliary equation for
using the appropriate combinations of the ideal-gas partEq. the development of IAPWS-95 [7, 8]. Besides fitting Eq. (23) to
(20), and the residual payt, Eq. (24), of the dimensionless Gibbsvalues ofv, h, c,, ands in the metastable-vapor region extrapo
free energy and their derivatives. The relations of the relevaiated from the gas equation, it was also fitted to corresponding
thermodynamic properties tp° andy" and their derivatives are values on the saturated vapor line calculated from Eq. (19).
summarized in Table 4. All the required derivatives of the ideal-
gas part and of the residual part of the dimensionless Gibbs freeBehavior of Eq. (23). Figure 13 shows in ah-s diagram the
energy are explicitly given in Table 5 and Table 7, respectivelysection of the metastable-vapor region which covers the tempera-

Equation (23) is valid in the metastable-vapor region from th@ire range from 300 K to 420 K corresponding to a pressure range
saturated vapor line to the 5 percent equilibrium moisture line fibm 0.0036 MPa to 0.44 MPa. The 5 percent moisture line is also
pressures from the triple-point pressure, see Eg. (8), up to 10 MBRewn which indicates approximately the lowest location of such
The 5 percent moisture line is determined from the equilibfiiand  \wilson lines which are considered to be the lower limit of the
h" values where these enthalpy values at saturation belong to figtastable region required for steam-turbine engineering. It can
pressure (not to the temperature) after the corresponding expansigl-seen that the paths of the isotherms calculated from the various

To assist the user in computer-program verification of Eq. (23}qyations considered are significantly different. Due to several
Table A8 contains test values of the most relevant properties. ,ormodynamic reasons the IFC-67 isotherms seem to be too linear

Reasons for Eq. (23).Initially the thermodynamic properties Whereas the isotherms calculated from the basic equation of this
in the metastable-vapor region between the saturated vapor Ifggion, Eqg. (19), have a too strong curvature. The course of the
and the 5 percent equilibrium moisture line were calculated froigotherms calculated from the supplementary equation, Eq. (23),
Eq. (19). Therefore, Eq. (19) was not only fitted to the propertiend the gas equation [8] to which Eq. (23) was fitted, are in very
of the stable part of region 2 calculated from IAPWS-95 [7, 8] bujood agreement. Equation (23) is considered to yield reasonable

13

y'= > na'(r - 0.5, (24)

i=1
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1 T . BZ?—equation Fig. 13 Mollier h-s diagram for the metastable-vapor region with iso-
I¢ i . therms calculated from the equations given above
F o1 : \
ES Ik i L
< L i P Along the 10 MPa isobar in the metastable-vapor region, the
11 : v transition between Egs. (23) and (19) is not smooth but for prac-
e tical calculations unimportant.
B23-equation 5.5.3 The Helmholtz Free Energy Equation for Region 3.
1 b g . The basic equation for this region is a fundamental equation for the
. L '3‘. J .. specific Helmholtz free energly This equation is expressed in
3~ I ! /.,—.\‘-.\ dimensionless form¢ = f/(RT), and reads
- L. B - -3 r-3 r-y
> 0 = VARG T u‘\/
< L ‘: ' s N 40
L f(p, T)
Ly 7 I 1 I ) L 1 ’ = = Sligdi
1 =¢(6,7)=n,1Ind+ n;&"r7, 25
0 20 40 60 80 100 rRT ¢ ! z ' (25)
Pressure p, MPa
—a—s— |APWS-IFO7 mvemee—  |FC-67 Wh;reé = p/p;, T= TZ/)T \éVI;h p*d:(Gp)C7 T;]‘ = ch,f.a.ndR, TC(,j
) and p. given by Egs. (1), (4), an . The coefficients an
= — — Region boundary, p exponentd; andJ; of Eq. (25) are listed in Table A9.
Fig. 12 Percentage deviations of the values of v, ¢,, and w and absolute Due to flttlng Eq' (25) .to the phase.-equnlbrlum condition in the
deviations of h values calculated from Eq. (19) and IFC-67, respectively, form Of_ the Maxwell criterion for given \_/a|UES of or p a|_|
from the corresponding values calculated from IAPWS-95 [7, 8] along the properties along that part of the saturation curve belonging to
boundary between regions 2 and 3 defined by the B23-equation: Av = region 3 can be calculated from Eq. (25) alone. Moreover, Eq. (25)
I(NVIA_PWZ'_’QS};?S)/V’ ACy = (Cp = Compwsss)lCps A = h = newsosi AW = (W = ronr44y ces exactly the critical parameters according to Eqs. (4) to

(6) and yields zero for the first two pressure derivatives with
respect to density at the critical point.

All thermodynamic properties can be derived from Eq. (25) by
predictions for steam properties for industrial use in thgsing the appropriate combinations of the dimensionless Helm-
metastable-vapor region. holtz free energyb and its derivatives. The relations of the relevant

The consistency of Eq. (23) with the basic equation, Eq. (1%hermodynamic properties thand its derivatives are summarized
along the saturated vapor line is characterized by the maximymTable 9. All required derivatives of the dimensionless Helm-
and root-mean-square (RMS) inconsistencies regarding the prepitz free energy are explicitly given in Table 10.
ertiesy, h, c,, s, g, andw; these values are listed in Table®e  Equation (25) covers region 3 of IAPWS-IF97 defined by the
maximum inconsistencies are clearly smaller than the consistergljowing range of temperature and pressure, see Fig. 2:
requirements at the single-phase region boundaries corresponding
to the so-called Prague values [10], which are given in Section 4.3.623.15 K= T = T(pP)eqay  P(Tequo = P = 100 MPa.

Table 7 The residual part " of the dimensionless Gibbs free energy, Eg. Table 8 Inconsistencies between Egs. (19) and (23) along the saturated
(24), and its derivatives vapor line given as maximum and root-mean square (RMS) values

i3

I J-1 . Prague value Maximum RMS
Y= Zn, gliz -05)% ¥y = Y maid(r-05)" Inconsistency [10] value? value
i=1 i=1
5 " Av, % 0.05 0014 0.006
7h =Y r kA @05 Yo =Y mmhgg - 1)z 05y A KT kg™ 02 0.043 0.020
i=1 i=1 Acp, B i 0.78 0.357
13 13 , - As, Tkg 'K! 02 0.082 0.044
Vie= ¥ m {1 =) (- 05)" Yoo = 3 om I 2 -05)" Ag, K kel 02 0023 0.009
=l = Aw, % 1 0051 0.025
) o () () (&) L [P
aa :[ = | S5 A= e = S| = | 2 2 Absolute value
Ir ) Za g ot ) ondr

Y The permitted inconsistency value for w is not included in the Praguc values
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Table 9 Relations of thermodynamic properties to the dimensionless
Helmholtz free energy ¢ and its derivatives when using Eq. (25) 2

Property

Relation

Pressure

pl8.7)

whered = plp*, 7 = T*/T with p* = p., T* = T, andT, and
p. given by Egs. (4) and (6). The incorporation of thedltterm
(which looks similar to an ideal gas term but is not) proved so
effective that it was used in spite of its clearly slower computation

p=p0f19p), oRT 90 speed; this is, however, not so bad because for region 3 the
Specific internal cnergy d,7) requirements regarding the computing time were clearly weaker
u=f~T(9f1T) Twr % than for regions 1, 2, and 4 (see Section 4.4).
fff(f;fjg‘;;w S(if)=f¢,_¢ Equation (25), obtained from Eq. (26) by the method of Setz-
_ ’ mann and Wagner [5] for optimizing the functional structure of the
PN Plos10), h(‘s‘T’)=r¢r+6¢,; final ¢ equation, was fitted to values of the properiied, c,, s,
Specmcimmphempamy o and the two partial derivativesip/dp); and @p/aT),. These
e = (2uldT),, R0 values were calculated from IAPWS-95 [7, 8] for given values of
Specific isobaric heat capacity ,(6,7) ) ((5%_‘51% )Z p and.T distributed _aS Sel_eCte_d gl’ld pOIntS over region 3 The
ep = (Gh/IT), B wwm inclusion of the partial derivatives gf with respect top and T
Speed of sound o) (5055002 made it unnecessary to fit the equations to the corresponding
w=[omap)]" e :26¢5+62¢M——‘5—T%—"’ values ofc, andw which Wo_ul_d ha_ve led to a nonlinear system of
Phase-equilibrum condition , ' . normal equations when minimizing the sum of squares. Such a
(Maxwell criterion) wry =000 = 8TesdnT) nonlinear fitting process could not have been combined with the

structure-optimization procedure [5] because this procedure can
only cope with sums of squares which are linear in the coefficients
n; and n;, respectively. Moreover, fitting Eqg. (25) just to the
properties mentioned above ensures that Eq. (25) yields reasonable
values for any property based on the first and second derivatives of
¢, see also the general statement at the beginning of Section 5.5.
In addition to the properties calculated from IAPWS-95 within
region 3 the equations were also fitted to the corresponding prop-
erties calculated from thg equation of region 1, Eq. (15), along

e boundary between regions 1 and 3 and frongtkeguation for

jion 2, Eq. (19), along the boundary between regions 2 and 3. In

way, Eqg. (25) was fitted with good numerical consistency with
g equations of regions 1 and 2.

’ Moreover, for temperatures from 623.15 KTg = 647.096 K
see Eq. (4)) the equations were fitted to the phase-equilibrium

5.5.3.1 Development of Eg. (25)In contrast to the funda- conditiong’(T, p) = g"(T, p) in form of the Maxwell criterion
mental equation of the Gibbs free energythe fundamental (see Table 9). Simultaneously to this fitting process, the equations
equation of the Helmholtz free enerdychosen for region 3 of were also constrained to the conditions at the critical point, see the
IAPWS-IF97 is suitable for the critical and supercritical regiogorresponding statement on Eq. (25). Details of this entire fitting
covered by region 3. The independent variables of sucH arprocess are given by Kruse and Wagner [18].
equation are the densigyand the temperaturé. When estab- )
lishing an equation of state in the form of the fundamental equation®-5-3.2  Accuracy of Eq. (25).Equation (25) meets clearly the
of the Helmholtz free energy, the expression is usually separafgFuracy requirements listed in Section 4.2. The quality of repre-
into a part for the ideal gas and a residual part [8, 16, 1%?”“”9 the IAPWS-95 values [7, 8] by Eq. (25) is illustrated in

() 4P -(2) (20 422
%_(a(s],‘ %‘5‘(&52]{’ =5 5 = 52 s 950 =\ 25ar

2 A general procedure how to obtain the relation of any property and any differential quoticnt to @ and
its derivatives when using Eq. (25) can be found in [19a]

In addition to the properties in the stable single-phase regi
defined above, Eq. (25) also yields reasonable values in the me
stable regions (superheated liquid and subcooled steam) clos
the saturated liquid and saturated vapor line, see Section 5.5.

To assist the user in computer-program verification of Eq. (2
Table A10 contains test values of the most relevant properties.(

However, such a separation is not necessary for the special appi@s- 14€) to 17 for the relevant properties h, c,, andw. The
cation only to the critical and supercritical region. Comprehensiviures show the deviations of the values calculated from Eq. (25)
test calculations yielded that there was no need to use the shiftfiggn the corresponding IAPWS-95 values along five isotherms
parameterd andd as given in Eq. (14) for the general functiona@nd along the boundary between regions 2 and 3 described by the
form of theg(p, T) equations but to use the critical parameters B23-equation corresponding to Eq. (10). Since the 623.15 K iso-
andT, as reducing parametess and T*. Moreover, in addition to therm is included in these isotherms, the behavior of Eq. (25) along
the pure polynomial ird and r the incorporation of (Ir5)r' terms the boundaries to the two adjacent regions 1 and 2 is recognizable.
proved favorable. As a result of all these considerations and tdtese six lines are considered to be characteristic examples for the
calculations the following general functional expression of 3e6@ehavior of Eq. (25) in the entire region 3. Where necessary,

terms was used for the subsequent optimization process [18]: SPecial deviation diagrams for the behavior of Eq. (25) in the
critical region are given.  Figure 14 illustrates how well Eq.

(25) represents the specific volumes from IAPWS-95. For the
largest part of region 3 including the “difficult” range along the
boundary to region 2, the deviations from the IAPWS-95 values
remain within=0.03 percent whereas the IST-85 tolerances [9] are
mostly between+0.1 percent and+0.2 percent. Even in the
critical and enlarged critical region the deviations were kept within

10 12 26
b= E n;(In 8)7 + E E n;8'r, (26)
j=0

i=0 j=0

Table 10 The dimensionless Helmholtz free energy ¢, Eqg. (25), and its

derivatives the tolerances, see Fig. bJ( As a matter of course, the largest
deviations from IAPWS-95 occur in the immediate vicinity of the
¢ =,,],n,,+§n‘_ sh o o :fm St g, 5! critical point, but Fig. 14) shows that even fof = 648.15 K
= = (T. = 647.096 K) ataboutp = 22.3 MPa p. = 22.064MPa)
b B & B the deviation from IAPWS-95 only increases up to about 3 percent.
g5 =md™+ 3 ;80 Gee = Y1 8 a2 . - -
= il Figure 146) also shows that over the entire region IFC-67 does not
W W meet the present requirements.
Os5 =m0 Yo (L) T g =Y T s As can be seen from Fig. 15 there is practically no difference

=2

i
©

between the specific enthalpies from Eg. (25) and from IAPWS-
95. With very few exceptions along the critical isochore, Eq. (25)
represents the IAPWS-95 values to withirn0.25 kJ kg™; the

() 4 [ ,(riﬁ] (o
%'(ﬂﬁ)r' %7[3&2]7. b5 )y |52 )
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of this region by more thant2 percent from the IAPWS-95
values. When approaching the critical point the valuescpf
increase drastically and directly at the critical pagtis infinite.
Thus, it is not surprising, but one should be aware, that in the
critical rangec, values calculated from different equations of state
deviate considerably from each other. This fact is illustrated in Fig.
16(b) where the systematic deviations in this region are shown in
more detail. For 648.15 KT, = 647.096 K) it can beseen that

in a small pressure range slightly above the critical presgure=(
22.064 MPa) thec, values from Eq. (25) deviate considerably
from the IAPWS-95 values, where the maximum deviation reaches
up to —53 percent. The diagram also shows that the pressure range
in which such significant deviations from IAPWS-95 occur is
much wider for IFC-67 than for Eq. (25); the maximum deviation
of the IFC-67 values amounts te-62 percent. For all these
considerations it should not be forgotten that the uncertainty of
IAPWS-95 inc, in the immediate vicinity of the critical point is
also relatively large. The lower diagram of Fig. hpghows that at
the border of the critical region, e.g., at 673.15 K, thevalues
from Eq. (25) deviate from the IAPWS-95 values by at most 1.7
percent.

In order to check whether these extraordinarily large deviations
of ¢, from Eq. (25) from those from IAPWS-95 in the near-critical
region have consequences for practical calculations, isobaric en-
thalpy differences according to a temperature difference of 10 K
were calculated from Eq. (25) and from IAPWS-95 in this region.
These investigations covered a pressure range from 22.1 MPa to 24
MPa, where the isobaric enthalpy differences were calculated for
the temperature difference between 652 K and 642 K for pressures
up to 23 MPa and between 662 K and 652 K for 23.5 MPa and 24
MPa. For 22.1 MPa, 22.2 MPa, 22.3 MPa, 22.5 MPa, and 24 MPa

Figures 164) and 16b) summarize the behavior of Eq. (25)the differences between th¢h values from IAPWS-95 and from
with regard to the representation of the isobaric heat capacitieq. (25) remained below 0.1 percent whereas for 22.7 MPa, 23
which gave the most problems in region 3. Except for the criticAPa, and 23.5 MPa the correspondii¢Ah) values increased to
region, Eq. (25) represents the values from IAPWS-95 to withid.23 percent, 0.85 percent, and 1.62 percent, respectively. These
+0.5 percent, in wide ranges even to withir0.1 percent. In test calculations show that the very largg deviations hardly
contrast to this, the, values from IFC-67 deviate over large partsaffect Ah values over temperature intervals of 10 K.
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Fig. 15 Absolute deviations of the specific enthalpies h calculated from Eq. (25) and IFC-67, respectively, from values hiapws-o5
calculated from IAPWS-95 [7, 8]
From Fig. 17 it can be seen that the quality of Eq. (25) in T, Ny
representing the speeds of soumétom IAPWS-95 is very similar U=t (TJT) = g (27)
S

to that ofc, discussed above. Apart from the critical region, the
deviations of thev values from Eq. (25) from those of IAPWS-95with p* = 1 MPa andl* = 1 K; for the coefficients, to n,, see
remain within 0.3 percent whereas in the critical region thélable A11.

deviations increase, as expected, to values greaterthagrercent. The explicit form of the saturation-pressure equation (basic
It can also be seen that IFC-67 is not able to meet the presequation) is obtained from the solution of Eq. (27) with respect to
requirements oft1 percent regarding the representation of thp, as follows™
speed of sound.

pe [ 2C 8)

4
Metastable States. Figure 18 illustrates the behavior of Eq. p* | B+ (BZ— 4AC)°'5} '
(25) within the two-phase region along representative isotherms
for the temperature range 623.15KT =< 647.096 K= T, and Wherep* = 1 MPa and
in addition along the 648.15 K isotherm in the single-phase region. A=92+nmd+n
All isotherms in the two-phase region have only one minimum and : 2
one maximum which are points of the spinodals meeting in the
critical point. There are no further extrema and the two inflection
points (instead of one) on the lower isotherms do not have any )
physical or practical meaning because they are within the unstable C=ngd"+ N9 + ng
region. Thus, Eq. (25) predlcts reasonable values in the metastab|
vapor and liquid region of region 3.

B =ng92+ n,0 + ng

ﬁ\ ¥ according to Eq. (23). The coefficients; of Eq. (28) are
listed in Table Al11.

5.5.4 The Saturation-Pressure Equation for Region 4For Equations (27) and (28) reproduce exactly ph€ values at the
several reasons (see section 5.5.4.1) instead of a saturatigiple point according to Egs. (7) and (8), at the normal boiling
pressure equation, an implicit equation was developed describipgint according to Eq. (9) and at the critical point according to Egs.
the saturation curve. This equation can be solved directly for eith@) and (5). Due to the special fitting process of Eq. (27) with

saturation pressurgs or saturation temperaturg,. respect to Eq. (25), the specific volumes of the saturated liquid and
The equation for describing the saturation curve is an implicitapor,»’ andv”, can be simply calculated directly up to the critical
bi-quadratic equation which reads point from the intersection of the saturation pressure from Eq. (28)

> a2 ) ) ) with the pressure from the Helmholtz free energy equation, Eq.
BT+ nBY + o7+ nyBI” + NI (25), for the temperature considered. Therefore, it is not necessary

+nsB + g2+ n,d +ng=0, (27) to calculatev’ and»” by solving Eq. (25) using the Maxwell
criterion which is a complex iteration process.

where
B = (ps/p*) 0.25 (27a) 1 This solution is not quite simple, for details see [22]. The saturation-temperature
equation (backward equation) which follows from Eq. (27) by solving it with respect
and to T, is given in Section 5.6.4.
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Fig. 16(a) Percentage deviations of the specific isobaric heat capacities ¢, calculated from Eq. (25) and IFC-67, respectively, from

values c¢p apws-os calculated from IAPWS-95 [7, 8]

648.15 K

15 5.5.4.1 Development of Eq. (27)In the course of the devel-

opment of the basic and backward equation for the saturation curve
--------------- - three alternatives were pursued, namely a “fast” polynomial equa-
0= 17 tion pair with integer exponents, a pair of so-called short polyno-
e mial equations with fractional exponents, and implicit equations
i \l= which are directly solvable with regard to bgt(T) and T(p),
2 22 * 23 24 for details of these developments see Kretzschmar et al. [22]. After
checking these equations and considering carefully their pros and
cons, an implicit saturation equation, which provides complete
5 numerical consistency between thg(T) form and T (p) form,
A ~., was finally chosen as saturation equation for region 4 of IAPWS-
e 7 IF97; this equation corresponds to Eq. (27).
0 fr—a N VN . Equation (27) was fitted tp, values calculated from IAPWS-95

I

]

N
T

(Cp = Cpinpws.os) / Cpr %o

X [7, 8] and was constrained to theT values at the triple point,
A\ J normal boiling point and critical point given by Egs. (7) to (9), (4),
L i and (5). In addition, Eq. (27) was also fitted to thevalues from
22.5 25 27.5 30 32.5 the Helmholtz free energy equation of region 3, Eq. (25), so that
Pressure p, MPa Eq. (28) yields vapor pressures which are, even very close to the
critical temperature, between the pressures of the vapor and liquid
—a—a— |APWS-IF97 mevmve=  |FC-67 spinodals of Eq. (25); the reasoning of this special fitting process
is given by the corresponding statement in connection with Eqg.
(28). The entire fitting procedure is based on the approximation
algorithm developed by Willkommen et al. [23] which includes the

— — — Region boundary

Fig. 16(b) Percentage deviations of the specific isobaric heat capacities

¢, calculated from Eq. (25) and IFC-67, respectively, from values simultaneous steady approximation of Zschunke et al. [24].
c o5 calculated from IAPWS-95 [7, 8]; spread pressure scale for the .
enlarged critical region. [7. 8] spread p 5.5.4.2 Accuracy of Eq. (28).Figure 19 shows that the

saturation-pressure equation, Eq. (28), represents the saturation
pressures calculated from IAPWS-95 for the entire range from the
Equation (28) is valid along the entire vapor-liquid saturatiof{iple-point temperatur@, to the critical temperaturé, to within
curve from the triple-point temperatuf to the critical tempera the IST-85 tolerances [9]. Even for temperatures below the tem-
ture T, and can be simply extrapolated to 273.15 K so that it coveP€raturel, of the normal boiling point, thp, values from Eq. (28)

the temperature range remain within the IST-85 tolerances which are, in this region,
clearly smaller than the permissible deviationstdi.025 percent
273.15 K= T=647.096 K. (see Section 4.2). It can also be seen that Eq. (28) meets,the

values at the triple point according to Egs. (7) and (8), at the
To assist the user in computer-program verification of Eq. (2&prmal boiling point according to Eq. (9), and at the critical point
Table A12 contains corresponding test values. according to Egs. (4) and (5). For comparison, the figure also
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Fig. 17 Percentage deviations of the speeds of sound w calculated from Eq. (25) and IFC-67, respectively, from values WiaPws-95

calculated from IAPWS-95 [7, 8]

contains the correspondingyp, line generated from IFC-67; the equation for the specific Gibbs free eneigyn its dimensionless
maximum deviation of the IFC-67 values amounts to 0.12 percefdrm, y = g/(RT), which is again separated into an ideal-gas part
v° and a residual pary’, so that

T
SPD — ym 1) = v D + ¥ ),

5.5.5 The Gibbs Free Energy Equation for Region 5The
basic equation for this high-temperature region is a fundamental
(29)

wheresw = p/p* and T = T*/T with R given by Eq. (1).
The equation for the ideal-gas payf of the dimensionless

22 P Gibbs free energy reads

7 \

640.15 K ¥
7 N

!
/ \

635.15 K

(30)

6
y°=Inm+ z ner?,
20 i=1

wherenr = p/p* and = T*/T with p* = 1 MPa andl'* = 1000
K. The coefficients1; andn; were adjusted in such a way that for

Pressure p, MPa

7

T-I:.ﬁ"TTTTTTFTTTTTTTTTT‘TT T 'I’T‘TTT-.-

X 1
Q‘z 0 ~ bl ‘,\1
<4 7 '\_ a
r fopndwdy by, L J;I-T
—0.04 1 “ l/Tbl 1 1 1 1 llC
o ' 300 400 500 600
[
Ty P v L o Temperature T, K
100 200 300 400 500 600
Density p, kgm™ —s—1— IAPWS-IF97  -w-- IFC-67
I IST-85 tolerance

— —— Phase boundary

Fig. 19 Percentage deviations of the saturation pressure
from Eq. (28) and IFC-67, respectively, from values
from IAPWS-95 [7, 8]

ps calculated

Fig. 18 Behavior of Eq. (25) in the vapor-liquid two-phase region of Psiapws-os calculated

region 3
Journal of Engineering for Gas Turbines and Power JANUARY 2000, Vol. 122 / 167

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



T = 1073.15 K thevalues for the specific internal energy and 0.01
specific entropy, calculated from Eq. (29), relate to the correspond-
ing values calculated from Eqg. (19). Table A13 contains the R ]
coefficientsn? and exponentd? of Eq. (30). o e —
The form of the residual pant” of the dimensionless Gibbs free 4 .
energy is as follows: i Tre— . |
—0.01 1 L 1 1 L 1 L e il i
5
v =2 nalr, @y o3
o I e T T
. < B e -
wherem = p/p* andt = T*/ T with p* = 1 MPa andr* = 1000 - 0 k== e
K. The coefficients; and exponents andJ; of Eq. (31) are listed *‘r LT T T e
in Table A14. < L
All thermodynamic properties can be derived from Eq. (29) by < 03 P S S T S S SR
using the appropriate combinations of the ideal-gas parteq. '
(30), and the residual payt, Eq. (31), of the dimensionless Gibbs 0.2
free energy and their derivatives. Relations between the relevant |
thermodynamic properties and andvy" and their derivatives are X e T
summarized in Table 4. All required derivatives of the ideal-gas &  ofF~ S
part and of the residual part of the dimensionless Gibbs free energy & T ee—
are explicitly given in Table 11 and Table 12, respectively. i TTr—
Equation (29) covers region 5 of IAPWS-IF97 defined by the 0.2 )
following temperature and pressure range, see Fig. 2: 0.03
1073.15 K= T=2273.15 K 0<p =10 MPa. S g
N . —~
In this range Eq. (29) is only valid for pure undissociated water, NS 0 Emme=—=———=——======= Rt Tk
dissociation has not been considered. 3 e T s N =T — e — s —_
To assist the user in computer-program verification of Eq. (29), L
Table A15 contains test values of the most relevant properties. ~0.03 h L 12 L ‘-1 L é L ;3 1 m

Development and Accuracy of Eq. (29)For high-temperature
applications of the thermodynamic properties of steam such as in
gas turbines it was requested to have a simple equation of state for
temperatures above 1073.15 K and pressures up to 10 MPa. —— 107315 K --—-- 1673.15 K
According to this demand a fundamental equation for the specific —en 227345 K
GleS free energy 'n_ Its absc_’lme _form _was de\_/eloped by Marg@ 20 Percentage deviations of the values of v, ¢,, and w and absolute
and Sfner [25]. Equation (29) is a simplified version (shortened iReviations of h values calculated from Eg. (29) from the corresponding
residual part) of this equation. values calculated from IAPWS-95 [7, 8]:  Av = (V — Vispws.es)/V; Ac, = (Cp

The coefficients3 to ng of Eq. (30) were fitted to values of the ~ Ceupwsss)/Coi AN = h = Rinpws.os; AW = (W = Winpws.os)/W.
dimensionless isobaric heat capacity in the ideal-gas st)(
calculated from the ideal-gas pa#t of IAPWS-95 [7, 8]. Since )
this ¢° equation of IAPWS-95 is based on the2{R) equation of 130 K to 2000 K, the calculation ot{/R) values from IAPWS-95

Cooper [26] which was fitted to data in the temperature range frol@F temperatures from 1073.15 K to 2273.15 K corresponds only to
a marginal extrapolation. The values of the coefficigritandn;

of Eq. (30) were determined as described in connection with Eq.
(30). The coefficients; of Eq. (31) were determined by fitting Eq.
(29) to values of the specific volumecalculated from IAPWS-95

[7, 8] for given values op andT at selected grid points distributed

Pressure p, MPa

Table 11 The ideal-gas part ° of the dimensionless Gibbs free energy,
Eq. (30), and its derivatives

s s over region 5 for 1073.15 K T = 2273.15 K androm Eq. (19)
7’ :‘"”*g"f“’!' r :Z;"‘p"‘ofj'»' for T = 1073.15 K. ForT > 1273.15 K thecorresponding
- . IAPWS-95 values were obtained by extrapolating this formulation.
ye =x Ve = Y B8 1) Figure 20 illustrates for three characteristic isotherms that Eq.
= (29) represents the values of the propertieé, c,, andw from
Vop =7 2 72 =0 IAPWS-95 to within very small deviations. In the entire region, the
T3 o () e () e [P . (Y maximum deviations occur at 10 MPa and amount to 0.009 percent
7”‘[9”1' ’”"[Wl' ”[Tr]”’ "’[aﬂ ]ﬂ' ”"[am] in v at about 1073.15 K, 0.34 kJ k§in h near 1373 K, 0.14

percent inc, at 1073.15 K, and 0.023 percentwinear 1173 K.

Table 12 The residual part " of the dimensionless Gibbs free energy,

Eq. (31), and its derivatives 5.5.6 Consistency at Region BoundariesFor any calcula-
tion of thermodynamic properties of water and steam across the
o :im 2l " =in_ r— region boundaries of IAPWS-IF97, the basic equations have to be
P S sufficiently consistent at the corresponding boundary, see Section 4.3.
s s For the properties considered in this respect, this section presents the
Ve =2l Vi = 2 A=) achieved consistencies in comparison with the permitted inconsisten-

cies according to the so-called Prague values [10].

5.5.6.1 Consistency at Boundaries Between Single-Phase Re-
- — - - . gions. For the boundaries between single-phase regions the con-
_|or v _[2% |27 r (97 r _[9 ; ; At ; ;
rn—[,;—,,l» nm—[ 7 ] 71-(7]”’ m—[ o2 ]”, m—[ﬁ] sistency investigations were performed for the following basic
equations and region boundaries; see Fig. 2:
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Table 13 Inconsistencies between basic equations for single-phase the structure of these equations. The consistenay i similarly

roo't mea;tg e o S;jlvalues. boundaries gi i d g . - wing consistency statements
q along this boundary can be made: fgrthe requirement was
Prague Regions 13 Regions 2/3 Regions 2/5 completely met, foc, it was not met at all (see above) and for the
Inconsistency  valoe B4 (I9VOD 0 Bas 49708 - Bas (19)/09) other properties considered the inconsistencies are slightly outside
fo value® _ value value®  value value  value the permitted values in a few p|aces_
Av, % 0.05 0.004 0.002 0.018 0.007 0.002 0.001
Ah kg™t 02 0031 0014 0134 0073 0020 0012 5.5.6.2 Consistency at the Saturation Curv&he vapor-
Ac,,,% 1 0.195 0.058 0.353 0.169 0.081 0.048 | d t t f th b d b t th f ” -
Ao 1 kK 02 002 002 o111 009 0042 005 iquid saturation curve forms the boundary between the following
g K kg) 02 0005 0005 0005 0003 0026 0021 regions of IAPWS-IF97, see Fig. 2: For 273.15KT = 623.15
Aw, % 1b 0299 0087 0403 0073 0021 0009 K it is the boundary between region 4 and regions 1 and 2,
* Abcolute valne respectively, and for 623.15 Kk T = T, between region 3 and
b The permitted inconsistency value for w is not included in the Prague values region 4. Thus, the calculations concern the basic equations and

ranges of the saturation curve listed below. According to the
Prague values the consistency investigations at the saturation curve

) . re performed for the propertigs, T, andg; the way of calcu
e Equations (15) and (25) along the 623.15 K isotherm for pressu . . . o .
from 16.53 MPa . from Eq. (28) for 623.15 K) to 100 MPa Eﬁg\?\li;h? inconsistenciedp., AT, and Ag is given in the
corresponding to the boundary between regions 1 and 3. 9
e Equations (19) and (25) with respect to the boundary betwegn Equations (15), (19) and (28) on the saturation curve for

regions 2 and 3 defined by the B23-equation, Eq. (10), for )
temperatures between 623.15 K and 863.15 K. temperatures from 273.15 K to 623.15 K:

e Equations (19) and (29) with respect to the 1073.15 K isotherm Aps = Pseqas) Eqa9 ~ Pseqes (32a)
for p = 10 MPa corresponding to the boundary between ATs = Tseqas.£q.09 ™ Tseass (320)
regions 2 and 5. Ag = Geqas — Jeqa9 (32)

The results of the consistency investigations for these three The calculation ofs and of T, from Egs. (15) and (19) was
region boundaries are summarized in Table 13. In addition to the made via the Maxwell criterion (phase-equilibrium condi-
permitted inconsistencies corresponding to the Prague values [10],tion) for given values off or p. Theg values are determined
the actual inconsistencies characterized by their maximum and for given T values and corresponding, values from Eq.
root-mean-square values at the three boundaries are given for the(28).
propertieso, h, c,, s, g, andw. It can be seen that the inconsise Equations (25) and (28) on the saturation curve for tempera-
tencies between the basic equations at the corresponding regioriures from 623.15 K tdl. = 647.096 K:
boundaries are very small and the consistency requirements given Aps = Pseqes — Pseqes (333)
in Section 4.3 are clearly exceeded. . . o ATs = Tseqes — Tseass (33p)

Figure 21 presents the results of these consistency investigations Ag = gt — g (3%)
in form of percentage deviations fat c,, andw and in form of Ea(25).Eq(28) — 5 Ea(29).Eq(28
absolute deviations fag, h, andg for IAPWS-IF97 and for IFC-67 The calculation op; andT, from Eg. (25) was made via the
as well; for the permitted inconsistencies according to the Prague Maxwell criterion for given temperatures or pressures, re-
values [10] see Table 13. spectively. The inconsistenayg corresponds to the differ-

The diagrams on the left-hand side of Fig. 21 show the results enceg’(p’, T) — g"(p”, T) which was calculated from Eq.
for the 623.15 K isotherm that is the boundary between regions 1 (25) afterp’ andp” had been determined from Eq. (25) by
and 3 of IAPWS-IF97 and between regions 1 and 4 of IFC-67, see iteration for givenT values and corresponding, values
Figs. 1 and 2. For IAPWS-IF97 the deviations correspond to the from Eq. (28).
inconsistencies between Eq. (15) and Eq. (25), and for IFC-87 Equations (15), (19) and (25) on the saturation curve at 623.15
between its corresponding andf equation. The diagrams show K. This is the only point on the saturation curve where the
how small the inconsistencies between the basic equations ofvalidity ranges of the fundamental equations of regions 1 to 3
IAPWS-IF97 are along this region boundary. When comparing meet each other:
these inconsistencies with the permitted values it can be seen that AP = Pseqas) eqie — Pseqs) (34a)
the consistency requirement regarding this boundary was exceeded AT = Torqus cano — Tscars (34b)
by a large margin. In contrast to this, the corresponding IFC-67 Aa=a i (340)
inconsistencies are clearly larger. With regarde,, ands there 9= Oean19.E0119 ~ Geaczy
are ranges where IFC-67 is slightly outside the permitted incon- All three propertiesp,, T, andg were calculated via the
sistencies; with respect tg IFC-67 is outside the permitted in-  Maxwell criterion from the corresponding equations.
consistency valueXg = 0.2 kJ kg') along the entire boundary.

The diagrams on the right-hand side of Fig. 21 present the resulfThe results of these consistency investigations along the satu-
for the boundary between regions 2 and 3 defined by the B2&tion curve are summarized in Table 14. In addition to the
equation for IAPWS-IF97 and by the so-called L-function fopermitted inconsistencies corresponding to the Prague values [10],
IFC-67, see Figs. 1 and 2. For IAPWS-IF97 the deviations corrtie actual inconsistencies characterized by their maximum and
spond to the inconsistencies between Egs. (19) and (25) and ifoot-mean-square values are given for the two sections of the
IFC-67 between its correspondiggandf equation. In comparison saturation curve and for the special point at 623.15 K. It can be
with the diagrams on the left of Fig. 21, here the inconsistencissen that the inconsistencies between the basic equations for the
are on average larger which is a sign of the problems along thlisrresponding single-phase regions and the saturation-pressure
boundary. Particularly, for, h, ands there are greater inconsis-equation are very small; except for th@, values forT = 623 K
tencies which are, however, still well within the Prague values. tlhey are less than one tenth of the permitted value. This statement
is very positive that the inconsistenciesdpremain within 0.35 also holds for the fundamental equations in relation to each other
percent along the entire boundary whereas the correspondargl not just in relation to the saturation-pressure equation, Eq.
IFC-67 inconsistencies increase up-té percent. The fulfillment (28), see Egs. (3 to (34c) and the last column in Table 14.
of the consistency requirements regardiog along the B23-  Along the entire saturation curve, Fig. 22 shows the inconsis-
equation was one of the decisive points during the developmentteficies with regard to the saturation pressutevhich is the most
the basic equations for regions 2 and 3 and influenced substanti@hyportant and most sensitive property in this respect. The maxi-
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Boundary region 1/3

T=62315K
(IFC-67: boundary regions 1/4)

Boundary region 2/3
B23-equation
(IFC-67: L-function)
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Fig. 21 Inconsistencies Av, Ah, Ac,, Aw, As, and Ag along the boundary between regions 1 and 3 (left column) and the boundary
between regions 2 and 3 (right column) when calculating the properties without an index from the corresponding g equation (Eq.
(15) for region 1 and Eq. (19) for region 2) and the properties with the index f from the f equation for region 3, Eq. (25). For the
calculations with IFC-67 its corresponding g and fequations were used, see text: Av = (v — vylv; Acp, = (Cp — Cp)/Cp; AS =5 — 55

Ah = h— hg Aw = (W — wylw; Ag = g — g+

mum differenceAp, when p; is calculated once from the basic

equations for regions 1 to 3 and the other time from the saturatiorable 14 Inconsistencies between the basic equations valid at the sat-
pressure equation remains less than 0.007 percent and the {i#flon curve given as maximum and root-mean square (RMS) values

avoidable) step at 623.15 K when switching from thequations

Ty<T<623.15K 623.15K<T<T,

to thef equation amounts only to 0.005 percent. For IFC-67 the  ..onisency "Vr:i“: Eqs. (15)(19)/(28)  Eqs. 25)/28) T=62315K
corresponding inconsistency im, is on average more than one poy  Mexmam RMS - Maxdmon RMS - Pas (9.A9/05)
order of magnitude larger; the maximum inconsistency amounts to —;— 005 00085 0003 00026 00015 00081
0.12 percent and the step at 623.15 K when switching tof the AT, % 002 00006 00003 00003  0.0002 0.0006
equations for regions 3 and 4 of IFC-67 (see Fig. 1) is even 0.22 _ 4 Wk 02 0012 0006 0002 0.0l 0.005
percent. 2 Absolute value
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0.01 5.6.1 The Backward Equations for Region 1.According to

the considerations in section 5.1 (itema, &) the two backward
3 [ PRt equationsT(p, h) andT(p, s) have to be numerically consistent
5 0 A - et with the basic equation of this region, Eq. (15), witliii = +25
<Q} | \,\ ‘,‘ \ M mK for the samep-h values andp-s values, respectively.
ek 5.6.1.1 The Backward Equation T(p, h)The backward equa-
-0.01 300 400 500 600 tion T(p, h) for region 1 has the following dimensionless form:
Temperature T, K
i e _ o(m, m) = § na'(n + 1) (37)
----- Egs.(15) and (19) -*-*- Eq.(25) T 1 = e '
Fig. 22 Inconsistencies Aps along region 4 (saturation curve) when wheref = T/T* o = p/p* andn = h/h* with T* = 1 K p*
calculating the saturation pressures as  ps values from Eq. (15) together — 1 MP dlh* - ! k 7{(,1 Th fici ! d
with Eq. (19) and from Eg. (25), respectively, and as values PsEq.28) - a, an = 2500 kJ g . _e coefficientsn; an
directly from the saturation-pressure equation, Eq. (28): Aps = (ps — exponentd; andJ; of Eq. (37) are listed in Table A16.
Pskas)Ps: Equation (37) covers the same range of validity as the basic

equation, Eq. (15), except for the metastable superheated-liquid
region, where Eqg. (37) is not valid. For the actual numerical

In addition to the inconsistencies ikp, shown in Fig. 22, it inconsistencies between Egs. (37) and (15) see below.

might be helpful for practical calculations to have an idea of thfag?ea:igtctgﬁt;iiir t'r?ecggfeustegﬁé?ngratrensfsgf:f:;m of Eq. (37),
differences inv, h, s, c,, andw along the saturated vapor and P 9 )

saturated liquid line when, for given temperatures, these valuesDevelopment of Eq. (37). Based on test calculations with Eq.
were calculated one time directly from the correspondirendf  (35) for the maximum ranges of the exponeniandJ;, the values
equations by applying the phase-equilibrium condition and th# the reducing parameters*, p*, and h* and the shifting
other time from the basic equations afferhad been calculated parameter$ andd, the following dimensionless comprehensive
from Eq. (28). The second method for these calculations is cleadypression of 233 terms (bank of terms) was used as starting point
easier to carry out but the results would not be in full consistengyr the development of the backward equatibip, h) for region

with the results from the fundamental equations. Figure 23 illug-

trates the corresponding inconsistencies along the saturated vapor

line for »”, s, andc’,. It can be seen that the inconsistencdas,

As’, andAc’, are very small (smaller than the Prague values for 0=
the region boundaries between single-phases) and increase only i
when approaching the critical point; however, for temperatures up )
to (T. — 2 K) the inconsistencies remain within the correspondingheref = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*
Prague values [10] listed in Table 13. Compared with these thrgel MPa, andh* = 2500 kJ kg'.

properties the corresponding inconsistencie8”inw”, v’, h', s’,

c,, andw’ are clearly smaller and thus negligible except for the 0.01

Mo

32
> nymi(n + 1), (38)
0 j=0

range 1 K to 2 KbelowT.. When approaching the critical point it i
is not surprising that the inconsistencydpandc’, increases to 60 L - RN E
percent and to 75 percent, respectively, at 1 mK béelgwsee also .- 0 A /./ : i — :‘
the discussion of Fig. 16) in Section 5.5.3.2 regarding the, > \ . ~ 43
behavior in region 3. < r \_,/ \\ |§
5.6 The Backward Equations for Regions 1, 2, and 4. In 001 b——t—
order to meet the computation-speed requirement for IAPWS-IF97
“three times faster than IFC-67" (see Section 4.4) the concept of ¢ 0.1 %
so-called backward equatioigp, h) andT(p, s) for regions 1 - L 1
and 2 andT(p) for region 4 has been developed, see Section 5.1 ‘o —~ PRSI N §
and Fig. 2. < 0 - — T e
Proceeding from Eq. (13) wita= T/T*, x = p,a = p*, y = - . = Ll
h, andc = h* or y = sandc = s* the following general form 0 ‘ \ "%.
of a combined polynomial for th&(p, h) and T(p, s) equations < 041 t ! ! ! : *
is obtained [18, 29]:
o , 0.005 T : T
T(p, h) p ‘ ‘ Pl
mreSalge) (fra) @ s _~ RS
| - I N / Vol
I 3 < L .S -
B L ) ) I T RS
T . p S —0.005 | 1 1 1 1 1 1 1 1
' 300 400 500 600 T
whereT*, p*, h*, ands* are again reducing parameters. These Temperature T, K
two equations form the basis of the backward equations for regions
land2. e Eqs.(15) and (19) ==+~ Eq.(25)

In the following sections first the final form of the corresponding
backward equation is given including all numerical information foFig. 23 Inconsistencies Av”, As”, and Ac’ caused by two different ways
its use, then details of its development are summarized and finadfydetermining the needed saturation pressures  ps. For v'q ), Stq(s),

. . ; . . : : Cheq(2s the ps values were directly calculated from Eq. (28) and for
its numerical consistency with the corresponding basic equatlorf‘/[gs,,’ and ¢ the p, values were determined from Egs. (15) and (19) and

discussed; all table numbers starting with an “A” are listed in theym £q. (19), respectively, via the phase-equilibrium condition: AV =
appendix. (ViEq@s — VIV", AS" = Stqps) — S", ACYH = (Clheqs — Ch)ICh.
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Fig. 24 Absolute deviations of temperatures
from values Tgqs5) calculated from Eq. (15) for given values of

Pressure p, MPa

— — — Region boundary, p

Teq37) Calculated from Eq. (37)
pand h

25 273.15 K To assist the user in computer-program verification of Eq. (39),
C [t i Table A19 contains the corresponding test values.
u 7 Development of Eq. (39). Based on test calculations with Eq.
or -~ (36) for the maximum ranges of the exponeintandJ;, the values
e of the reducing parameters*, p*, and s* and the shifting
) S S S S S — parameterd andd, the following dimensionless comprehensive
37315 K expression of 165 terms (bank of terms) was used as starting point
25 : for the development of the backward equatifip, s) for region
v o 1 [18]:
& N ,
—~ 0 ‘~ R4 32
S 7 0=> > nymi(o+2), (40)
,ﬁ -25 S i=0 j=0
I o5 523.15 K where = T/T*, = = p/p*, and o = s/s* with T* = 1 K, p*
o F | T~ = 1 MPa, ands* = 1 kJ kg*' K™
%_ - | R ~.o . The structure of the final(p, s) equation, Eq. (39), was found
[SCEN —* = from Eq. (40) with the structure-optimization method of Setzmann
el At and Wagner [5]. When using this method alone it can happen (as
o5 Ce for all procedures based on the least square method) that in
relatively small ranges the deviations from the input data are
25 623.15 K significantly larger than in the rest of the fitting range. Thus, in
C /-’"‘\‘ PO order to reduce these larger deviations in small ranges at the
of ; Nt N expense of smaller deviations over larger ranges, a special fitting
O ; I e procedure was tandem-arranged to the application of the structure-
- v optimization method [5]. This special fitting procedure [18, 28]
PP . . . ) , . A performs a recursive fitting process in which an amplification
0 20 40 60 80 100 function increases the weighting factors of such data having the

largest deviations in the preceding fitting step. When applying
these two methods Eq. (39) was fittedltg-s values, wheres had
been calculated from the basic equation for region 1, Eq. (15), for
given values ofp and T distributed as selected grid points over
region 1. Details of this entire fitting process are given by Kruse
and Wagner [18].

Numerical Consistency Between Eqs. (39) and (19jigure 25
illustrates the numerical consistency achieved betweef thes)

The structure of the final(p, h) equation, Eq. (37), was found equation for region 1, Eq. (39), and the corresponding basic

from Eq. (38) by using the approximation algorithm of Willkom-equation, Eqg. (15), along four isotherms considered to be charac-
men et al. [23, 27] which combines a special modification of th€ristic for the behavior of Eq. (39). Over the entire region the
structure-optimization method of Wagner [19] with the elemenfdumerical inconsistency between Egs. (39) and (15) has a maxi-
automatic data weighting and data-grid condensation. In this entfféim of 21.8 mK and a root-mean-square average of 5.8 mK. It can
optimization process Eq. (37) was fittedTep-h values, wheréa be seen that the maximum inconsistencies occur only in a small
had been calculated from the basic equation for region 1, Eq. (1Bt of region 1, namely at higher temperatures around 600 K.
for given values op andT distributed as selected grid points over ; ; ;

region 1; the final coefficients were determined with the simultqf;'s'2 The Backward Equations for Region 2.According to

8

A . e considerations in Section 5.1 (itera,B the two backward
neous s_teady approximation of Zschl_mke et al. [24]. Details uationsT(p, h) andT(p, s) have to be numerically consistent
such fitting processes are given by Willkommen [27]. with the basic equation of this region, Eq. (19), witif = +25

- - - mK for s = 5.85 kJ kg* K" and withinAT = =10 mK fors >
Numerical Consistency Between Eqs. (37) and (19jigure 24 5.85 kJ kg K, for the samep-h values andp-s values,

illustrates the numerical consistency achieved betweem(theh) ;
ﬁspectlvely.

equation for region 1, Eq. (37), and the corresponding bad 4 . . . .
equation, Eq. (15), along four isotherms considered to be char Cpue to this very high consistency demand region 2 is covered by

teristic for the behavior of Eq. (37). Over the entire region th&'e€T(P. h) and threeT(p, s) equations. Figure 26 shows how

o . ion 2 is divided into the three subregions for the backward
numerical inconsistency between Egs. (37) and (15) has a maxjJ'on . X
) _ equations. The boundary between subregioa$ &6d 2p) is the
mum of 23.6 mK and a root-mean-square average of 13.4 mK.Isobarp —'4 MPa; the boundary between subregiorts) 2d 2€)
e 1 -1
5.6.1.2 The Backward Equation T(p, s)The backward equa- corresponds to the entropy lise= 5.85 kJ kg~ K.

tion T(p, s) for region 1 has the following dimensionless form: _ In order to know whether th&(p, h) equation for subregion
2(b) or for subregion 2f) has to be used for given valuespfnd

20 h, a special correlation equation for the boundary between subre-
_ _ _|, 3 gions 2p) and 2€) (which approximates = 5.85 kJ kg' K ™)
6(m, o) E ni (o +2)%, (39) is needed, see Fig. 26. This boundary equation, called B2bc-
=t equation, is a simple quadratic pressure-enthalpy relation which
reads

T(p, s)
T*

wheref = T/T*, = = p/p*, and o = s/s* with T* = 1 K, p*
= 1 MPa, ands* = 1 kJ kg*' K™*. The coefficientsn; and (41)
exponentd; andJ; of Eqg. (39) are listed in Table A18.

Equation (39) covers the same range of validity as the basiheres = p/p* and o = h/h* with p* = 1 MPa andh* = 1
equation, Eq. (15), except for the metastable superheated-ligkittkg *. The coefficients, to n; of Eq. (41) are listed in Table
region, where Eg. (39) is not valid. A20. Based on its simple form, Eq. (41) does not describe exactly

T =N+ nm + nNyn?
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Fig. 25 Absolute deviations of temperatures Teq.39) Calculated from
Eq. (39) from values Tgq 5 calculated from Eq. (15) for given values of
pand s

the isentropic lines = 5.85 kJ kg' K™*; the entropy values
corresponding to thip-h relation are betweea = 5.81 kJ kg*
K ands = 5.85 kJ kg' K. The enthalpy-explicit form of Eq.
(41) is as follows:

m=ng+ [(7 — ns)/ng]°® (42)

p, MPa
s<5.85
100 . kd kg™ K™
1
! 1s=585
2 L1 kgt K
1
T)
7 | s>5.85
1 kkg'k™
50 - ,
T(p.h)
T(p.s)
_______ 4 MPa
0 — T,
273.15 623.15 1073.15
=t ' L t,°C
0 350 800

Fig. 26 Division of region 2 of IAPWS-IF97 into the three subregions
2(a), 2(b), and 2(c) for the backward equations  T(p, h) and T{(p, S)

Journal of Engineering for Gas Turbines and Power

with n and 7 according to Eq. (41) and the coefficiemtsto ng
listed in Table A20. Equations (41) and (42) define the boundary
line between subregionstd(and 2€) from the saturation state at
ps = 6.546 669 967 8 MPé&orresponding to abolt = 554.5
K) up top = 100 MPa (corresponding to abolit= 1019.3 K).

For the backward equation®(p, s) the boundary between
subregions ) and 2€) corresponds directly to the isentropic line
s = 5.85 kJ kg* K" and is therefore automatically defined for
given values op ands.

5.6.2.1 The Backward Equations T(p, h) for Subregions 2(a),
2(b), and 2(c). The backward equatiofi(p, h) for subregion
2(a) in its dimensionless form reads

34

= Op0(m, m) = >, nm(n — 2.1)%,

i=1

T2a(p, h)
ik (43)
where® = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*
1 MPa, andh* = 2000 kJ kg*. The coefficientsn; and
exponentd; andJ; of Eq. (43) are listed in Table A21.

The backward equatiofi(p, h) for subregion 2§) in its dimen-
sionless form reads

38
= O(m, m) = >, n(m—2)"(n—2.6)7 (44)

i=1

TZb(pr h)
T*

wheref = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*
1 MPa, andh* = 2000 kJ kg'. The coefficientsn; and
exponentd; andJ; of Eq. (44) are listed in Table A22.

The backward equatiof(p, h) for subregion 2) in its dimen-
sionless form reads

23

= Oy (m, ) = >, ni(m+25"(n— 1.8)%, (45)

i=1

TZC(pl h)
T*

where6 = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*
= 1 MPa, andh* = 2000 kJ kg'. The coefficientsn; and
exponentd; andJ; of Eq. (45) are listed in Table A23.

Equations (43), (44), and (45) are only valid in the respective
subregion 24), 2(b), and 2¢) that do not include the metastable-
vapor region. The boundaries between these subregions are defined
at the beginning of Section 5.6.2; the lowest pressure for which Eq.
(43) is valid amounts to 611.153 Pa corresponding to the subli-
mation pressure [20] at 273.15 K.

To assist the user in computer-program verification of Egs. (43)
to (45), Table A24 contains the corresponding test values.

Development of Egs. (43) to (45).Based on test calculations
with Eq. (35) for the maximum ranges of the expondntsndJ;,
the values of the reducing parametdrs p*, and h* and the
shifting parameterb andd, the following dimensionless compre-
hensive expressions (bank of terfisyere formulated as starting
points for the development of the backward equatidfys, h) for
subregions &), 2(b), and 2¢):

10 20

00 = >, > Nym'(m —2.1)" (46)
i=1 j=1
with 1,=0...(1)...09,
J=0...(1)...6,8...(2)...20,24...(4)...44,

where® = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*
= 1 MPa, anch* = 2000 kJ kg*,

12 The figures given in brackets in the series of the exporigrasdJ; in Egs. (46)
to (48) correspond to the step size.
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523.15 K

25

T T 1T

————— Eq.(43),
subreg. 2a

Fig. 27 Absolute deviations of temperatures
for subregion 2( c) from values Tgq a9 calculated from Eq. (19) for given values of

10 30

Pressure p, MPa

02 = E E N (m—2)""(n — 2.6)”

i=1 j=1

J=0...(1)...17,18..(2) ...

wheref = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*
2000 kJ kg*,

= 1 MPa, andh* =

15 20

O = E 2 g (m

i=1 j=1

3=0...(1)...6,8...(2) ...

where6 = T/T*, = = p/p*, andn = h/h* with T* = 1 K, p*

2000 kJ kg™.
Equations (43), (44), and (45) were determined from the respec-

tive Egs. (46), (47), and (48) by using the approximation algorithm

= 1 MPa, andh* =

-7 ..

(1) ...09,

+25)'(n — 1.8)%

D). 7,
32,

40,

— -t — Eq(44)‘
subreg. 2b

(47)

(48)

T calculated from Eq. (43) for subregion 2(

of Willkommen et al. [23, 27] in which a modified form of the

structure-optimization method of Wagner [19] is incorporated. In _ * — ik — ofak with T+ — "
addition, the algorithm of Tioenbach [29] for setting up equationsV:Vhereo /T, m = plp*, ando = s/s* with T 1K p
optimized regarding their computing-time consumption was use&

In this entire optimization process Egs. (43) to (45) were fitted {0

25 823.15 K
[ | AR
3 B AT
0 e e
I T | i
_25 C 1 1 I i1 1 1 11 1 1 II 111 l 1
25 923.15 K
i | b,
: L‘. - - N . J "'
O_—'—‘"_‘_'l _____ = ‘\‘_/ “"‘l_’.'
- 'I ot P
A25 C 1 1 l L1 1111 1 1 L1 III 11
25 1073.15 K
r |
r 1 el = -
0 BV Creaprys 7
_____ PR,
- e
___25 L 1 1 l 1 1 111 1 1 1 1 11 1)
1 10 100
Pressure p, MPa
-------- Eq.(45), — — — Subregion boundary
subreg. 2c

a), Eq. (44) for subregion 2( b), and Eq. (45)
pand h

sidered to be characteristic for the behavior of these backward
equations. In the diagrams the smaller tolerated inconsistency of
+10 mK for subregions &) and 2pf) is marked whereas the
tolerated inconsistency value af25 mK for subregion i) cor-
responds to the maximum value of the deviation scale.

It can be seen that thAT values between the two backward
equations of adjacent subregions are smaller than the tolekdted
values between the backward and basic equation. At the bound-
aries between subregionsa2(@and 2f) and between subregions
2(b) and 2€) the maximum temperature differences between the
corresponding backward equations amount to 8.7 mK and 21.6
mK, respectively. The tolerated and actual numerical inconsisten-
cies between Egs. (43) to (45) and Eq. (19), given as maximum and
root-mean-square (RMS) temperature differences over the entire
region 2, are listed in Table 15.

5.6.2.2 The Backward Equations T(p, s) for Subregions 2(a),
2(b), and 2(c). The backward equatioff(p, s) for subregion
2(a) in its dimensionless form reads

46

= p(m, 0) = >, niw'(o — 2)7,

i=1

TZa(pv S)

= (49)

1 MPa, ands* = 2 kJ kg' K. The coefficientsn; and
ponentd; andJ; of Eq. (49) are listed in Table A25.

T-p-h values, wheré had been calculated from the basic equation
for region 1, Eq. (19), for given values pfand T distributed as Table 15 Tolerated and actual temperature differences between Egs.

selected grid points over subregiong2@(b), and 2¢). Details of

such fitting processes are given by bembach [29].

(43) to (45) and Eq. (19)

Temperature differences AT, mK

Numerical Consistency Between Egs. (43) to (45) and Eq. (19). e B Tolerated  Maximum RMS
Figure 27 illustrates the achieved numerical consistency between 2% @ 10 93 29
the threeT(p, h) equations for region 2, Egs. (43) to (45), and the % 3‘5* ;g 233 133

corresponding basic equation, Eg. (19), along six isotherms con- il

174 / Vol. 122, JANUARY 2000

Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.119. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



The backward equatiof(p, s) for subregion 2§) in its dimen-
sionless form reads

44

T .S
% = O(m, 0) = >, ' (10— a)?, (50)
i=1
where® = T/T*, = = p/p*, and o = s/s* with T* = 1 K, p*

= 1 MPa, ands* = 0.7853 kJ kg' K™*. The coefficients; and
exponentd; andJ; of Eqg. (50) are listed in Table A26.

The backward equatiofi(p, s) for subregion 2g) in its dimen-
sionless form reads

30

= Oy (m, o) = >, nm"(2 - a)?,

i=1

T2 (p1 S)
°T7* (51)
where® = T/T*, = = p/p*, and o = s/s* with T* = 1 K, p*
= 1 MPa, ands* = 2.9251 kJ kg' K™*. The coefficients); and
exponentd; andJ; of Eq. (51) are listed in Table A27.

sponding subregion, the structure of the fifidb, s) equations
was determined with the structure-optimization procedure of Setz-
mann and Wagner [5] supplemented by the recursive fitting pro-
cedure [18, 28] to distribute the deviations from the input data
more proportionated over the entire region, see the corresponding
description in Section 5.6.1.2. When applying these methods Eqgs.
(49) to (51) were fitted ta-p-s values, wheres had been calcu-
lated from the basic equation for region 2, Eqg. (19), for given
values ofp andT distributed as selected grid points over regions
2(a), 2(b), and 2€). Details of these comprehensive fitting pro-
cesses are given by Kruse and Wagner [18].

Numerical Consistency Between Eqs. (49) to (51) and Eq. (19).
Figure 28 illustrates the achieved numerical consistencies between
the thre€T(p, s) equations for region 2, Egs. (49) to (51), and the
corresponding basic equation, Eq. (19), along six isotherms con-
sidered to be typical for the behavior of these backward equations.
In the diagrams the smaller tolerated inconsistency ®® mK for
subregions Z) and 2p¢) is marked whereas the tolerated incon-
sistency value of-25 mK for subregion i) corresponds to the

Equations (49), (50), and (51) are only valid in the respectivgsximaum value of the deviation scale.

subregion 24), 2(b), and 2€) which do not include the metastable-

It can be seen that th&T values between the two backward

vapor region. The boundaries between these subregions are defigechtions of adjacent subregions are smaller than the tolesdted

at the beginning of Section 5.6.2; the lowest pressure for which

E\Fblues between the backward and basic equation. At the bound-

(49) is valid amounts to 611.153 Pa corresponding to the sublifies petween subregionsap@nd 2p) and between subregions

mation pressure [20] at 273.15 K.

To assist the user in computer-program verification of Egs. (49

to (51), Table A28 contains the corresponding test values.

Development of Egs. (49) to (51).Based on test calculations
with Eq. (36) for the maximum ranges of the expondntndJ;,
the values of the reducing parametérs p*, and s* and the

shifting parameterb andd, comprehensive expressions (bank of

terms) were formulated as starting points for the development
the backward equationB(p, s) for regions 28), 2(b), and 2¢).

For subregion ) this expression in its dimensionless form
consisting of 315 terms [18], was used:

-1 0 6 20
0= >, > nym’o—2)+ > > nyao—2), (52)
i=-6j=-27 i=0 j=0

where® = T/T*, « = p/p*, and ¢ = s/s* with T*
= 1 MPa, ands* = 2 kJ kg K™

1K, p*

Zgb) and 2€) the maximum temperature differences between the

rresponding backward equations amount to 4.1 mK and 9.1 mK,
respectively. The tolerated and actual numerical inconsistencies
between Egs. (49) to (51) and Eg. (19), given as maximum and
root-mean-square (RMS) temperature differences over the entire
region 2, are listed in Table 16.

5.6.3 Typical Effects When Using the Backward Equations
R Regions 1 and 2. As described in section 5.1, IAPWS-IF97

is essentially based on the concept of combining the basic equa-
tionsg(p, T) of regions 1 and 2 with the two types of backward
equationsT(p, h) and T(p, s). With these three types of equa-
tions, properties as function op( h) and (p, s) can be calculated
without any iteration and for properties as function bf §) it is

only necessary to perform one-dimensional iterations (instead of
two-dimensional iterations when using orgyp, T) equations).
This special concept is the basis for achieving high computation
speeds with IAPWS-IF97 even for rather complex property func-

Except for the saturation equation, Eq. (27), this is the on ions. However, as the most important precondition for a success-

expression which needs noninteger exponents. This fact takes iftbréalization of this concept the basic and backward equations
account that region 2 is, when an equation is considered with1ad to be numerically extremely consistent with each other. Based
entropy and pressure as independent variables, a “difficult” regi@R €St calculations with characteristic power cycles via iterations
because fop — 0 (ideal-gas behavior) the relation betweeiVith IFC-67, the permitted inconsistencies were set by IAPWS to
entropy and pressure is given lsy— s, ~ R In (p/po). This 10 mK a_nd 25 mK, r_espectlvely, depending on the range of state
means that an logarithmic function in pressure would normalfjor details see Section 5.1). ,

have been necessary. However, due to the long computing timeé\though all the backward equation(p, h) and T(p, s)
for such functions, as a compromise a power function with noRresented in Sections 5.6.1 and 5.6.2 clearly meet these numerical
integer exponents and step sizes afas used. consistency requirements, the inconsistencies are, as a matter of

For subregion ) the bank of terms consisted of 156 terms an80Urse, not zero. This fact has several consequences of which the
had the form [18]: user should be aware, for example:

e When calculating a property as function gd,(h) and (p, s),

respectively, two different results can be obtained depending

on using theT(p, h) andT(p, s) equations or calculating the

property directly from they(p, T) equation by iteration.

When calculating a property as function df, (s) three differ-

ent results can be obtained depending on whetheT ¢ipe h)

or theT(p, s) equation is used for a one-dimensional iteration

in combination with the basic equatigfp, T) or whether the

property is determined directly from tlig p, T) equation by a

two-dimensional iteration.

When calculating properties extremely close to the region

boundaries and particularly to the vapor-liquid phase boundary,

wheref = T/T*, = = p/p*, and o = s/s* with T* = 1 K, p* the user should be aware of the small inconsistencies between

= 1 MPa, ands* = 2.9251 kJ kg* K ™. the backward and basic equations. For example, in region 2
Based on the bank of terms, Egs. (52) to (54), for the corre- very close to the saturated vapor linf@ (- T, < 25 mK for

5 12

92b: E E n,J7T'(10— O')J,

i=—6 j=0

(53)

where6 = T/T*, = = p/p*, and o = s/s* with T* = 1 K, p*
= 1 MPa, ands* = 0.7853 kJ kg* K.
For subregion 2i) the bank of 72 terms read [18]:

7 5
Oy = 2 E nij""i(Z* o)),

i=—4 j=0

(54)
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Fig. 28 Absolute deviations of temperatures T calculated from Eq. (49) for subregion 2(  a), Eq. (50) for subregion 2( b), and Eq. (51)
for subregion 2( c) from values Tgq g calculated from Eq. (19) for given values of pand s

region 1 and subregion &(and [T — T, < 10 mK for region 4, the saturation curve, see Section 5.1 and Fig. 2. This
subregions Z) and 2p)), the T(p, h) and theT(p, s) equa- backward equation is the saturation-temperature equation, which
tion, respectively, might yield temperaturéép, h) < T(p) follows directly from the implicit saturation equation, Eq. (27), by
andT(p, s) < T«(p). Such results would indicate a state insolving it with respect to the saturation temperatilige

region 1 instead of the correct region 2. The opposite case carThe saturation-temperature equation reads

occur when the calculations are carried out in region 1 corre-

spondingly close to the saturated liquid line. The user shouldbe ~ Ts  Nig+ D — [(n;g+ D)% — 4(ng + nyoD)]%°

aware of such effects in order to avoid possible problems by T 2 . (59)
taking suitable measures in the program code.

) . ) ) ) ) whereT* = 1 K and
The described inconsistencies are unavoidable when using back-

ward equations and are therefore an agreed upon feature of 2G
IAPWS-IF97. Due to the insignificance of these inconsistencies D= —F — (FZ— 4EG)°®
they do not have any practical relevance for nearly all technical

applications. Thus, because of the great advantage with regardvith

short computing times, the backward equations should be used

whenever possible. For such applications, however, where these E=pB%*+nB+ng
small inconsistencies are indeed not acceptable, the calculations
must be performed with the basic equatiag@@, T) only by F=np*+npB+n,
iterations. Even in this case the inconsistency is not zero, but
depends on the selected convergence criterion of the iteration. The G=n,B%+nsB + ng

convergence criterion has to be less than*1® 10° in AT/T
(depending on region) to achieve a smaller inconsistency than with _ %10.25
the backward equations. and = (p/p*) (552)

5.6.4 The Backward Equation for Region 4.According to withffpf :t 1 “?Féa; E§5 (58) I!Sti%ehtig_alb\llVitxlliq. (2@). The
the concept of IAPWS-IF97 there is also a backward equation f6Pefficientsn; of Eq. (55) are listed in Table A11. .
Equation (55) has the same range of validity as the saturation-
pressure equation, Eq. (28), which means that it covers the vapor-

) liquid saturation curve according to the pressure range
Table 16 Tolerated and actual temperature differences between Egs.
(49) to (51) and Eq. (19) 611.213 Pa< p < 22.064MPa.

Temperature differences AT, mK

Subregion - Equation Tolerated Maximum RMS The value of 611.213 Pa corresponds to the pressure when Eq. (55)
N 2 10 28 2 is extrapolated to 273.15 K. Since the saturation-pressure equation,
26 50 10 65 28 Eq. (28), and the saturation-temperature equation, Eq. (55), have
= & e 29 22 been derived from the same implicit equation, Eq. (27), for de-
176 / Vol. 122, JANUARY 2000 Transactions of the ASME
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Table 17 Results of the computing-time investigations of IAPWS-IF97 in Table 18 Results of the computing-time investigations of IAPWS-IF97 in

relation to IFC-67 for regions 1, 2, and 4 relation to IFC-67 for regions 3 and 5
Frequency of Computing-time ratio Computing-time ratio
Region®  Function use (CTR value) Region® Function (CTR value)
% IFC-67/ IAPWS-IF97 IFC-67/IAPWS-TF97
wp.T) 29 27 P17 38
1 h(p,T) 97 29 3 hv.T) 43
T(p.h) 35 248 (T 29
h(p,s) 12 10.0 s(v,T) 32
b
I region I: 5.6° v(p.T) 8-9b
5 h(p,T) 11.9
v(p,T) 6.1 2.1 o 15,87
Bp,T) 12.1 29 e :
s(p,T) 14 14 A For the definition of the regions see Fig.2
5 I(p,h) 85 124 b Determined for the 1073.15 K isotherm for which IFC-67 was
v(p,h) 3.1 6.4 valid
s(p,h) 1.7 42
T(p,s) 1.7 8.1
hip,s) 4.9 5.6
L region2: 50° made among the power plant companies and related industries, see
?ET; o v also Section 4.4.
4 hf(;') 225 i For the computing-time comparison between IAPWS-IF97 and
Wp) 225 42 IFC-67 for regions 1, 2, and 4, the total CTR value of these three
I regiond: 4.9 regions together was the decisive criterion, where the frequencies
% regions 1,2 and 4: [ 5.1 ] of use have to be taken into account. The total CTR value was
2 For the definition of the regions see Fig. 2 qalculated as follows: As has been desc_ribed before, the computing
® This CTR value is based on the computing times for the siagle functions times for each function were determined for IFC-67 and for
elghted by he frequency-of use values, see ext IAPWS-IF97. Then, these values were weighted by the corre-

sponding frequencies of use and added up for the 16 functions of

the three regions. The total CTR value is obtained from the sum of

Fge weighted computing times for IFC-67 divided by the corre-
onding value for IAPWS-IF97. The total CTR value for regions
2, and 4 amounts to

scribing the saturation curve both Eg. (28) and Eg. (55) a
completely consistent with each other. Thus, the basic and ba
ward equation for region 4 meet the numerical consistency requi
ments, see Section 5.1 (itemcP(

To assist the user in computer-program verification of Eq. (55),

Table A29 contains corresponding test values. This means that for regions 1, 2, and 4 together the property
5.7 Computing Time of IAPWS-IF97 in Relation to IFC- ~ calculations with IAPWS-IF97 are more than five times faster than

67. A very important requirement on IAPWS-IF97 was that itdvith IFC-67. .

computation speed in relation to IFC-67 should be significantly Table 17 also contains total CTR values separately for each of

faster, see Section 4.4. The computation-speed investigationg@gions 1, 2, and 4. In addition, CTR values for each single

IAPWS-IF97 in comparison with IFC-67 were based on a specifdnction are given. When using IAPWS-IF97 the functions de-

procedure agreed within IAPWS. pending orp, h andp, s for regions 1 and 2 and om for region
The computing times were measured with a benchmark progrénvere calculated from the backward equations alone (functions

developed by IAPWS; this program calculates the Correspondiﬁépllcﬂ in T) or from the basic equations in combination with the

functions at a large number of state points well distributed pr&orresponding backward equation.

portionately over each region. The test configuration agreed on

5.7.2 Computing-Time Investigations for Regions 3 and 5.
was a PC Intel 486 DX 33 processor and the MS Fortran 5 .
compiler® The relevant funcﬁions of IAPWS-IF97 were pro- or regions 3 and 5 of IAPWS-IF97 the CTR values only relate to

grammed with regard to short computing times. The calculatio e single functions listed in Table 18 and are given by the quotient

with IFC-67 were carried out with the ASME program packag@' the computing time needed for IFC-67 calculation and the
[30] speeded up by excluding all parts which were not needed fppMPUting time when using IAPWS-IF97; there were no
these special benchmark tests. requency-of-use values for functions relevant to these two re-
The measured computing times were used to calculd®¥"S- . .
computing-time ratios IFC-67/IAPWS-IF97, called CTR values in For region 3 of IAPWS-IF97, cor_respondlr_lg to regions 3and 4
the following. These CTR values, determined in a different w IFC'§7’ 10 percent of the test points were in region 4 of !FC'67'
for regions 1, 2, and 4 and for regions 3 and 5 (see Section 4.4), A région 5 of IAPWS-IF97, the CTR values were determined for
the characteristic quantities for the judgment of how much fastgP /3-15 K, the maximum temperature for which IFC-67 was valid.
the calculations with IAPWS-IF97 are in comparison with IFC-67. able_18 lists the CTR values obta_lned for the relevgnt functions
Metastable states were not included in these investigations, °f régions 3 and 5. Roughly speaking, IAPWS-IF97 is more than
three times faster than IFC-67 for region 3 and more than nine
5.7.1 Computing-Time Investigations for Regions 1, 2, andtimes faster for region 5 measured for the 1073.15 K isotherm
4. The computing-time investigations for regions 1, 2, and 4 afhere region 5 overlaps IFC-67.
IAPWS-IF97, which are particularly relevant to computing time
for industrial calculations, were performed for the functions listed 5.8 Uncertainties of IAPWS-IF97. In this section uncer-
in Table 17. Each function is associated with a frequency-of-utginties are given for the properties specific volume, specific iso-
value. Both the selection of the functions and the values for t@ric heat capacity, speed of sound, and saturation pressure when
corresponding frequency of use are based on a worldwide sunggjculated from the corresponding equations of IAPWS-IF97. Un-
certainties cannot be derived for the specific enthalpy, since there
- is no reasonable basis for their estimation; the values of the
'3 This test configuration was established at the IAPWS meeting in 1992. Ifafastepecific enthalpy depend on the selection of the zero point. For

processor and/or an other compiler than specified above are used for the descr'@ﬁ?nalp differences. and here only these are of interest. one can
benchmark tests, similar results are obtained for the computation-speed comparisons y ! y !

between IAPWS-IF97 and IFC-67; this statement is based on recent test calculati@IClude that the uncertainty Of_ isobaric e_nthalp_y diﬁerences_ is
using more recent processors and compilers. always smaller than the uncertainty of the isobaric heat capacity.

CTRregions,2,4 =5.1. (56)
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gle), the uncertainty is given as percentage uncertainty in pressure, Ap.
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the uncertainty regions are approximate.
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Fig. 31 Uncertainties in speed of sound,  Aw, estimated for the corre-
sponding equations of IAPWS-IF97. For the definition of the triangle
around the critical point, see Fig. 29. The positions of the lines separat-
ing the uncertainty regions are approximate.

the specific isobaric heat capacity and the speed of sound, see Figs.
30 and 31, it should be noted that the uncertainties for these

The estimated uncertainties for the above mentioned propertigsserties increase drastically when approaching the critical point.

result from two contributions:

The statement “no definitive uncertainty estimates possible” for

 Uncertainty of the scientific standard for the thermodynamigmperatures above 1273 K is based on the fact that this range is
properties of water and steam, the IAPWS-95 formulation [-)_qeyond the range of validity of IAPWS-95 and the corresponding
8], from which the values of the properties were calculated fHPUt values for IAPWS-IF97 were extrapolated from IAPWS-95.
fit the equations of the industrial formulation IAPWS-IF97. The estimated uncertainties of_the saturation pressure calculated
The uncertainty of IAPWS-95 is mainly based on the estimatdtP™ the IAPWS-IF97 are given in Fig. 32.
uncertainties of the selected experimental data of the properties
[8], which had been used for the development of the scientife Concluding Remarks

standard.

The decisive factor for the development of a new industrial

e Deviations of IAPWS-IF97 from IAPWS-95 regarding theétomuylation was the explicit desire for a significant increase of

properties considered.

the computation speed in comparison with the previous indus-

The uncertainties of the propertiesc,, andw calculated from trial standard IFC-67. For the technically most important re-
IAPWS-IF97 for the single-phase region are indicated in Figs. 280N of state the calcul_atlons with IAPWS-IF97 are more than
to 31 as tolerance values. As used here “tolerance” means {¥¢ times faster than with IFC-67 and hence the new formula-
range of possible values as judged by IAPWS, and no statisti¢iin clearly exceeds the requirement of a three times faster
significance can be attached to it. With regard to the uncertainty felculation of the thermodynamic properties of water and
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Fig. 30 Uncertainties in specific isobaric heat capacity, Ac,, estimated
for the corresponding equations of IAPWS-IF97. For the definition of the
triangle around the critical point, see Fig. 29. The positions of the lines
separating the uncertainty regions are approximate.
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steam. Moreover, in the meantime, from many test calculations
it has become evident that the enormous improvement of the
consistency along region boundaries is of great advantage par-
ticularly for common use. Concerning accuracy, IAPWS-IF97
is clearly better than IFC-67, namely on average 7.5 times more
accurate in the specific volume, 18 times in the specific en-
thalpy, 12 times in the isobaric heat capacity, 32 times in the
speed of sound, and 8.5 times in the saturation pressure, where
the improvement in both the isobaric heat capacity and the
speed of sound is to be particularly emphasized. A further
important advantage is that IAPWS-IF97 does not only yield
reasonable results for the main propertigd, s, c,, andw but
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Fig. 32 Uncertainties in saturation pressure,
saturation-pressure equation, Eq. (28)

Aps, estimated for the
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for any property which can be calculated from any combination 5 Setzmann, U., and Wagner, W., 1989, “A New Method for Optimizing the
of the first and second derivatives of the fundamental equatioﬁtéucture of Thermodynamic Correlation Equatiorist. J. Thermophysic$/ol. 10,

. . o pp. 1103-1126.
g(p, T) and f(p’ T)v reSpeCtlvely’ with respect to their inde- 6 Preston—-Thomas, H., 1990, “The International Temperature Scale of 1990

pendent variables. All in all it can be concluded that with regarglrs.go),” Metrologia, Vol. 27, pp. 3-10.
to all three items, computation speed, consistency along region7 International Association for the Properties of Water and Steam, 1996,
boundaries, and accuracy, a new quality standard has bel@RWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water

. - . - Substance for General and Scientific USé\PWS ReleaséAPWS Secretariat?
achieved with the IAPWS Industrial Formulation 1997. Wagner, W., and Pruf3, A., 1999, “The IAPWS Formulation 1995 for the

. . . - . 8
The new formulatlon IAPWS-IF97 IS valid for |mmed|§te gen-Thermodynamic Properties of Ordinary Water Substance for General and Scientific
eral use. Thus, there is need to modify the corresponding desigge,” to be submitted to J. Phys. Chem. Ref. Data.
and application codes. 9 International Association for the Properties of Water and Steam, 1994,
eleton Tables 1985 for the Thermodynamic Properties of Ordinary Water

In addition to this comprehensive article, there are also néfg%g
S

stance,”IAPWS ReleaselAPWS Secretariat; also in: White, Jr., H. J.,
steam tables based on IAPWS-IF97, as examples see reference: ers, J. V., Neumann, D. B., and Bellows, J. C., eds., 1995, “Physical

4, 4a). Moreover, computer codes based on IAPWS-IF97 a@hemistry of Aqueous Systems: Meeting the Needs of Industry,” Proceedings of
available from several institutions; information about such softbe 12th International Conference on the Properties of Water and Steam, Begell

; ; ; use, New York, pp. A13-A32.
ware can be obtained from the IAPWS national committees, SB%O International Formulation Committee of ICPS, 1965, “Minutes of the Meeting

the IAPWS Web site http://www.iapws.org. of the International Formulation Committee of ICPS,” Prague.
11 Cohen, E. R., and Taylor, B. N., 1986, “The 1986 Adjustment of the
Fundamental Physical Constant§ODATA BulletinNo. 63, Committee on Data
ACknOWIedgmentS for Science and Technology, Int. Council of Scientific Unions, Pergamon Press,
The authors are indebted to the members of the followirfgxford.

. 2 Audi, G., and Wapstra, A. H., 1993, “The 1993 Atomic Mass Evaluation, (1)
lAPWS“ groups (so .far as we a.re r,],Ot members Ourielves)' .T g{mic Mass Table,Nuclear PhysicsVol. A 565, pp. 1-65.
Group “New Industrial Formulation,” Working Group “Industrial” ;13 " jypac, 1991, “Isotopic Compositions of the Elements 1989,” Commission on
Calculations,” Working Group “Thermophysical Properties of Waatomic Weights and Isotopic Abundances, Subcommittee for Isotopic Abundance
ter and Steam,” and Task Group “New Industrial FormulatiorMeasurements?ure and Appl. ChemVol. 63, pp. 991-1002.

Evaluation.” In particular we are grateful to the chairman and viqe“ International Association for the Properties of Water and Stegim, 1995, “Re-
€ase on The Values of Temperature, Pressure and Density of Ordinary and Heavy
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APPENDIX

This appendix contains Tables Al to A29 in which the coeffi%j
cients, exponents, and test values for computer-program verifiga-

tion are listed.

Table A5 Coefficients and exponents of Eq. (21)

I; Ji n; i L g n;
1 0 0177317424732 13x 1072 23 7 0 —0.590595 64324270 x 10717
I 1 -0.178348 622923 58 x 107! 247 11 -0126218088 991 01 x 1075
I 2 ~0459960 136963 65x 107! 25 7 25 —0.389468 424 35739 x 107!
4 13 -057581250083432x 107! 26 8 8 0112562113604 59x 10710
5 1 6 -—050325278727930x 107 27 8 36 —0.823113408 979 98 x 10!
6 2 1 ~0.330326 416 702 03 x 107* 28 9 13 0.198097 12802088 x 1077
7 2 2 -0.189489 875163 15x 107 29 10 4 0.104 069 652 101 74 x 10718
8 2 4 -039392777243355% 1072 3010 10 —0.102347 470959 29 x 10712
9 2 7 -0.437972956505 73 x 107! 31 10 14 —0.100 18179379511 x 1078
102 36 -0.266745479 14087 x 1074 3216 29 —0.808 829 086 469 85 x 10710
11 3 0  020481737692309x 1077 33 16 50  0.106930318 794 09
7 3 1 0.438 706 672 844 35 x 1076 3418 57 —033662250574171
33 -032277677238570x 1074 35 20 20 0.891 85845355421 x 10724
3 6 -015033924542148x 1072 36 20 35  0.306293 168 76232 x 10712
3 35  —0.406 68253562649 x 107! 37 20 48  -0.420024 676 98208 x 1075
16 4 1 -0.788 473 095 593 67 x 1077 38 21 21 —0.590 560 296 856 39 x 10725
17 4 2 012790717852285x 1077 39 22 53 0378269476 13457 x 1073
18 4 3 048225372718507x10°° 40 23 39 —0.127686 089 346 81 x 10714
19 5 7 022922076337661 x 107 41 24 26 0.730876 105950 61 x 10728
20 6 3 -0.167 14766451061 x 10710 42 24 40 0554147153507 78 x 10719
21 6 16 -021171472321355%x 107% 43 24 S8 -0.94369707241210x 107
22 6 35  -0.238957 419341 04 x 102

Table A6 Thermodynamic property values calculated from Eq. (19) for

selected temperatures and pressures

. N
Table A1 Coefficients of Egs. (10) and (11) oropery T2300K T 700K T-700K
i n i n; p=0.0035 MPa p = 0.0035 MPa p=30MPa
1 0.348 051 856 289 69 x 10° 4 0.572544 598 627 46 x 10 v, m’ kg! 0.394 913 866 x 107 0.923 015 898 x 102 0.542 946 619 x 1072
2 -0.116718 598 79975 x ‘°'2 5 0439188397788 70x 10 h kI kg™ 0.254 991 145 x 10* 0.333 568 375 x 104 0.263 149 474 x 10*
393 X
3 0101929700393 26 x 10 u, kI kg! 0.241 169 160 x 10* 0301 262 819 x 10% 0.246 861 076 x 10*
* For computer-program verification, Egs.(10) and (11) must meet the following 7-p s, kI kg K 0.852 238 967 x 10’ 0.101 749 996 x 102 0.517 540 298 x 10!
point: T=0.623 150 000x 107K, p=0.165 291 643x 10" MPa p K kg™ K7 0.191 300 162 x 10! 0.208 141274 x 10} 0.103 505 092 x 102
w,ms! 0.427 920 172 x 103 0.644 289 068 x 10° 0.480 386 523 x 107
Table A2 Coefficients and exponents of Eq. (15)
Table A7 Coefficients and exponents of Eq. (24)
i 1A Ji n; i I Ji n;
1 0 -2 0.14632971213167 18 2 3 -044141845330846x 107 [ n; i L0 n
2 0 -1 -084548187169114 19 2 17 -0726949 96297594 x 10715 1 1 0 —073362260186506x 10~ 8 3 4 —0.634980376573 13x 10~2
30 0 -037563603672040x 10' 20 3 -4 0316796448450 54 x 10*5‘ 2 1 2 -088223831943146x 10~} 9 3 16 —0.860430 930285 88 x 10!
4 0 1 033855169168385x 10! 20 3 0 -0282707979853 12x 10_9 315 0723345552 13245 x 10-! 0 4 7 0753215815227 70 x 10-2
$ 0 2 -0957919633878 72 23 6 -0852051281201 03x 107 4 1 11 -0408 13178534455 x 1072 11 4 10 -079238375446139x 1072
6 0 3 015772038513228 \ 23 4 -5 -022425281908000x ig; 5 2 1  020097803380207x 10~ 125 9 -022888160778447x1073
7 0 4 —0.16616417199501 x 107 24 4 -2 —065171222895601 x _ 1 B s
8 0 5 0812146299 83568 x 107 25 4 10 -0.143 41729937924 x 10712 3 ; 12 _giz(})ggigzzzg%: ‘lg_z 135 10 -0264 365014828 10x10
9 1 -9  028319080123804x 107 2 5 -8 0405169968601 17x 1078
10 1 -7 -0.60706301565874x 107 27 8 —11 -012734301741641x 1078
111 ~1 —0.189900682 184 19x 107! 28 8 -6 -0.17424871230634x 107 Table A8 Thermodynamic property values calculated from Eq. (23) for
12 1 0 -032529748770505x 107! 29 21 -20 -068762131295531x 1018 selected values of temperature and pressure
131 1 -0218417171754 14 x 107! 30 23 —31  0.14478307828521x 107°
14 1 3 -052838357969930x 107 31 29 -38 0263357816 62795x 10722 T 450K T 440K T 450K
15 2 -3 -047184321073267x 107 32 30 -39 -0.11947622640071 x 1022 Property p=1MPa p=1MPa p=15MPa
16 2 0 -030001780793026x 107 33 31 —40  0.182280945814 04 x 1023 —
17 2 1 0476613939069 87 x 107* 34 32 —41 -0935370872924 58 x 1072 v, kg 0.192 516 540 0.186 212 297 0.121 685 206
7K kgt 0.276 881 115 x 10* 0274015 123 x 10% 0.272 134 539 x 10*
u, kI kg™! 0.257 629 461 x 10* 0.255 393 894 x 10* 0.253 881 758 x 10*
Table A3 Thermodynamic property values calculated from Eq. (15) for s,k kg1 KT 0.656 660 377 x 10! 0.650 218 759 x 10! 0.629 170 440 x 10}
selected temperatures and pressures ¢ Kl kg K 0.276 349 265 x 10! 0.298 166 443 x 10! 0.362 795 578 x 10!
0K - w,ms! 0.498 408 101 x 103 0.489 363 295 x 10° 0.481 941 819 x 10°
=300K T=3 =
Property =300
p=3MPa p=80MPa p=3MPa
v, me kg ! 0.100215 168 x 1072 0.971 180 894 x 1073 0.120 241 800 x 10°2 Table A9 Coefficients and exponents of Eq. (25)
i kI kg 0.115 331273 x 10° 0.184 142 828 x 10° 0.975 542 239 x 10°
u, kI kgl 0.112 324 818 x 103 0.106 448 356 x 10° 0.971 934 985 x 103 P i P i
1 1
5K kg™ K- 0.392 294 792 0.368 563 852 0.258 041 912 x 10! 1 0 0 0.10658070028513x 10 21 3 4 -0.20189915023570x 10 ,
— N . . 2 0 0 -015732845290239x 10% 2 3 16 -0.82147637173963x 10~
e kg K 0.417 301218 x 10 0.401 008 987 x 10 0.465 580 682 x 10 30 1 0209443969 743 07 x 10° 33 26 0475960 357 349 23
w,ms™ 0.150 773 921 x 10* 0.163 469 054 x 104 0.124 071 337 x 10* 40 2 —076867707878716x 10! 24 4 0 0439840744735 00 x 107!
5 0 7  026185947787954x 10! 25 4 2 —0.444764 35428739
6 0 10 -0.28080781148620x 10! 26 4 4 0905720707 197 33
7 0 12 0120533696965 17x 10! 27 4 26  0.705224 500 879 67
Table A4 Coefficients and exponents of Eq. (20) ¢ 8 0 23 -0.845668 128 12502x 1072 28 5 1 0.10770512626332
9 1 2 -0126543154777 14 10! 29 5 3 -032913623258954
i J° n? f J° n? 10 1 6 -0.15244078 06681 x 10 30 5 26 -0.50871062041158
: : : 111 15 0885210439843 18 31 6 0 —022175400873096x 107!
1 0 0969276 865002 17 x 10! 6 -2 0.14240819171444x 10! 121 17 -064207765181607 26 2 094260751665092x% 107!
2?2 1 0.100 866 559 680 18 x 102 7 —1  —0.438395 113194 50 x 10! 13 2 0 0.384 934 601 866 71 33 6 26 0.164 362 784 479 61
3 -5 -0.56087911283020x 1072 8 2 -0.284 086 324 607 72 14 2 2 -0.852147088 24206 34 7 2 -0.13503372241348x 107!
4 -4 0.71452738081455x 107! 9 3 021268463753307 x 107! 15 2 6  048972281541877x 101 35 8 26 -0.14834345352472x |o>;
S -3 0407 104 982 239 28 16 2 7 —0.305026172569 65 10 36 9 2 0579229536280 84 x 10 ;
17 2 22 0394205368791 54 % 107! 37 9 26 0323089047037 11x 10~
2 If Eq.(20) is incorporated into Eq.(23), instead of the values for n‘f and n‘z’ given above, the following 8 2 20 0.125 584 084 243 08 3 10 0 0.809 648 029 962 15 x 107
values for these two coefficients must be used: 19 3 0 —0.279993296987 10 3910 1 —0.165576797 95037 x 1073
20 3 2 0.138997995 694 60 x 10! 40 11 26 —0.449238990618 15x (07

nf= —0.969372683 93049 x 10, n$=0.100872759 70006 x 10>
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Table A10 Thermodynamic property values calculated from Eq. (25) for
selected temperatures and densities

Propert T=650K T=650K T=750K
perty p= 500 kg > p=200 kg m =500 kg m™
p, MPa 0.255 837 018 x 102 0.222 930 643 x 102 0.783 095 639 x 102
bkl kg 0.186 343019 x 10* 0.237 512 401 x 10* 0.225 868 845 x 10*
u, kT kg™! 0.181 226 279 x 10* 0.226 365 868 x 10* 0.210 206 932 x 10*
s, kI kg K1 0.405 427 273 x 10! 0.485 438 792 x 10! 0.446 971 906 x 10!
o, kI kg K 0.138 935 717 x 102 0.446 579 342 x 10? 0.634 165 359 x 10!
w,ms1 0.502 005 554 x 10° 0.383 444 594 x 10 0.760 696 041 x 10°

Table A11 Coefficients of Egs. (27), (28), and (55)

i n; i n;

1 0.116 705214 527 67 x 10% 6 0.149 151 086 13530 x 107
2 —0.724213 167 032 06 x 10° 7 —0.48232657361591 x 10*
3 —0.170 738 469 400 92 x 102 8 0.405 113 405 420 57 x 10°
4 0.120208 247 024 70 x 10° 9 —0.238 555575 678 49

5 —032325550322333 x 107 10 0.650 175348 447 98 x 10°

Table A12 Saturation-pressure values calculated from Eqg. (28) for se-
lected temperatures

T,K pg. MPa
300 0.353 658 941 x 1072
500 0.263 889 776 x 10!
600 0.123 443 146 x 102

Table A13 Coefficients and exponents of Eq. (30)

i g7 n? iy ny

1 0 -0.131799 836 742 01 x 107 4 -2 0369015349 803 33

2 I 0.685408 416 344 34 x 10’ 5 ~1 -031161318213925x 10!
3 -3 —0.24805148933466x 107! 6 2 -0.32961626538917

Table A14 Coefficients and exponents of Eq. (31)

i I J; n; i I; J; n;

1 1 0 -012563183589592x 1073 4 2 9 —0.397248283 59569 x 1070
21 1 0.217 746 787 145 71 x 1072 5 3 3 012919228289784x 1070
31 3 -0459428208999 10x 1072

Table A15 Thermodynamic property values calculated from Eq. (29) for
selected temperatures and pressures

Property T=1500K T=1500K T=2000K
p=0.5MPa p=8MPa p=8MPa

v,m kg! 0.138 455 354 x 10! 0.865 156 616 x 107! 0.115 743 146

bk kg™ 0.521 976332 x 10* 0.520 609 634 x 10% 0.658 380 291 x 10*

u, kI kg! 0.452 748 654 x 104 0451397 105 x 10* 0.565 785 774 x 10%

s,k kgT K 0.965 408 431 x 10! 0.836 546 724 x 10! 0.915 671 044 x 10!

cp kI kg K 0.261 610 228 x 10’ 0.264 453 866 x 10! 0.285 306 750 x 10!

w,ms™ 0.917 071933 x 103 0.919 708 859 x 10° 0.105 435 806 x 10*

Table A16 Coefficients and exponents of Eq. (37)

A n; i L n;
I 0 0 -0.23872489924521x10° 111 4 0659647494236 38 x 10}
20 1 0.40421188637945x 10° 12 1 10  093965400878363x 1072
30 2 0113497468817 18x 10° 13 1 32 0.11573647505340x 1076
4 0 6 -—058457616048039x 10! 14 2 10 -025858641282073x 107*
5 0 22 ~0.15285482413140x 107 15 2 32 —0.406443 63084799 x 1078
6 0 32 -0.108667 07695377 x 107 16 3 10 0.664 561 861 916 35 x 1077
710 —0133917448 726 02 x 102 17 3 32 0.80670734103027x 10710
8 1 1 0432110391 83559 x 10 18 4 32 -093477771213947 x 10712
9 1 2 -0.540 100671 705 06 x 10% 19 5 32 0.58265442020601 x 10714
10 1 3 0305358922039 16 % 102 20 6 32 —~0.150201 859 53503 x 10716

Table A17 Temperature values calculated from Eq. (37) for selected
pressures and enthalpies

p, MPa Bkl kgt T,K
3 500 0.391 798 509 x 107
80 500 0.378 108 626 x 10
80 1500 0.611 041229 x 10

Table A18 Coefficients and exponents of Eq. (39)

i I J; n; i 1; J; n;
1 0 0  0.174 782680583 07 x 10% 111 12 0356721106 073 66 x 107
2 0 1 0.348 069 308 928 73 x 10° 12 1 31 0.173 324 969 948 95 x 10723
30 2 0.652925849 78455 x 10! 13 2 0 0566089006548 37 x 107
4 0 3 033039981775489 4 2 I -0.326354 831397 17 x 1073
5 0 11 -0.19281382923196x107® 1S 2 2 0447782866 90632 x 107
6 0 31 -024909197244573 x 1072 16 2 9 -0513221569 08507 x 107
71 0 ~0261 07636489332 17 2 31 -0.42522657042207 x 10725
8 1 1 0.225 929 659 815 86 18 3 10 0.264004 413 606 89 x 10712
9 1 2 —0.642564 63395226 x 107! 19 3 32 0.781246004 59723 x 10°28
10 1 3 0.788 762 892 705 26 x 102 20 4 32 0307321999036 68 x 10730

Table A19 Temperature values calculated from Eq. (39) for selected
pressures and entropies

Table A21 Coefficients and exponents of the backward equation

s kikgt K1

T.K

0.307 842 258 x 10°
0.309 979 785 x 10°
0.565 899 909 x 10°

p, MPa
3 0.5
80 0.5
80 3
Table A20

i n;

i

Coefficients of Egs. (41) and (42) *@

;

1 0.905 842 785 147 23 x 103
2 —0.679 557 863 992 41
3 0.128 090 027 301 36 x 1073

4
5

0.265 265 719 084 28 x 10*
0.452 575 789 059 48 x 10!

2 For computer-program verification, Bgs.(41) and (42) must meet the following p-h point:
£=0.100000000x 10° MPa , h=0.3516004323 x 10* kJ kg’

for subregion 2( a), Eq. (43)

T(p. h)

i LU n; [ A s

10 0  0.10898952318288x 10* 18 2 7 0116708730771 07 x 10
2 0 1 084951654495535x 10° 19 2 36 0.128 127 984 040 46 x 10°
30 2 -010781748091826x 10° 20 2 38 -0.985549 096 23276 x 10°
4 0 3 0.33153654801263x 102 21 2 40 0.282245469 73002 x 100
5 0 7 -0742320167 90248 x 10! 22 2 42 —0.359489 714 107 03 x 1010
6 0 20  0.117650487243 56 x 10% 23 2 44 0.172273499 13197 x 1010
7 1 0  0.18445749355790x 10 24 3 24 -0.13551334240775 % 10°
8 1 1 —0.417927005496 24 x 10! 25 3 44 0.128487 346 646 50 x 10°
9 1 2 0.62478196935812x 10! 26 4 12 0.13865724283226x 10'
10 1 3 -0.173445631081 14x 10* 27 4 32 0.235988 325 565 14 x 10°
111 7 -0.200581 768 620 96 x 10° 28 4 44 ~0.131 05236545054 x 10°
121 9 0271960654737 96 x 103 29 5 32 0739998 354 747 66 x 10*
13 1 11 -0455113 182858 18 x 10° 30 5 36 -—0.551966 97030060 x 10°
14 1 18 0.309 196 886 047 55 x 10% 315 42 0371540859 96233 x 107
15 1 44 0252266403578 72 x 10° 32 6 34 0.191277292396 60 x 10°
16 2 0 -061707422868339x 1072 33 6 44 —0.415351 648 356 34 x 10°
172 2 -0.310780 46629583 34 7 28 —0.624 59855192507 x 102

Table A22 Coefficients and exponents of the backward equation

for subregion 2( b), Eq. (44)

T(p, h)

i I n i L n;

1 0 0 0148950410795 16 x 10* 200 2 40 0.71280351959551x 107
20 1 0743077983 14034x 10° 210 3 1 0.11032831789999x 1072
30 2 —0977083 18797837 x 10 22 3 2 0.18955248387902x 1077
40 12 0.247424 647056 74 x 10! 233 12 030891541160537x 1072
50 18 —0.63281320016026 24 3 24 0.13555504554949 x 1072
6 0 24 0113859521 296 58 x 10" 25 4 2 028640237477456 x 107°
7 0 28 -0478 118636 48625 26 4 12 —0.107798 573575 12x 107*
8§ 0 40  0.85208123431544x 1072 27 4 18 0764627 124548 14 x 1074
9 1 0 093747147377932 28 4 24 0140523928183 16x 107*
10 1 2 0335931186049 16% 10 20 4 28 -031083814331434x 107%
111 6  033809355601454x10' 30 4 40 -0.10302738212103 x 107
121 12 0.168445396 719 04 31 5 18 0.28217281635040x 1076
13 1 18  0.73875745236695 32 5 24 0.12704902271945x 1075
14 1 24 —047128737436186 33 5 40 0.73803353468292x 1077
15 1 28  0.15020273139707 34 6 28 —0.11030139238909 x 1077
16 1 40 -021764114219750x 1072 35 7 2 -081456365207833x 10713
17 2 2 -0218107553247 61 x 107! 36 7 28 -025180545682962x 10710
18 2 8 -0.108297 84403677 3709 1 —0.175 652339 694 07 x 10717
19 2 18 -046333324635812x 107! 38 9 40  0.869 34156344163 x 10714

Table A23 Coefficients and exponents of the backward equation

for subregion 2( c), Eq. (45)

T(p, h)

iL n [ A "

1 -7 0 -0.32368398555242x 1013 13 1 4 0379660012724 86 x 10!

2 -7 4 073263350902181x 10" 14 1 8 ~—0.108429 848 800 77 x 102

3 -6 0 0358250899454 47 x 10'2 15 2 4 -045364172676660 x 107!
4 -6 2 -0.58340131851590x 10'2 16 6 0 0145591 156 586 98 x 10712
5 -5 0 -0.107830682 174 70 x 10! 17 6 1 0.112 615974 072 30 x 107"}
6 -5 2 0208255445631 71x 10! 18 6 4 —0.178 049 822 406 86 x 10710
7 -2 0 0610747835645 16 x 10° 19 6 10 0.12324579690832x 107°
8 -2 1  0.85977722535580x 10° 20 6 12 —0.116069 211309 84 x 1075
9 -1 0 -0.25745723604170x 10° 21 6 16  0.278463 670885 54 x 107
10 -1 2 0310810884227 14x 10° 22 6 20 —0.592700384 741 76 x 1073
110 0 0120823158659 36x 10* 23 6 22 0129185829918 78 x 1072
120 1 048219755109255x 10°

Table A24 Temperature values calculated from Egs. (43) to (45) for
selected pressures and enthalpies

Equation p,MPa h,kl kg™

T,K

Journal of Engineering for Gas Turbines and Power

0.001 3000  0.534433241x10°

43 3 3000 0.575373370x 107
3 4000 0.101 077 577 x 10%

5 3500 0.801299 102 x 10°

4 5 4000 0.101 531 583 x 10%
25 3500 0.875279 054 x 10°

40 2700 0.743056 411 x 103

45 60 2700 0.791 137 067 x 10°
60 3200 0.882 756 860 x 10°
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Table A25 Coefficients and exponents of the backward equation T(p, s)
for subregion 2( a), Eq. (49)

Table A27 Coefficients and exponents of the backward equation T(p, s)

for subregion 2( c¢), Eq. (51)

iL n; T A A n
1 -15 -24 0392359838619 84 x 10° 24 025 -11 -0.597 806388 727 18 x 10*
2 -15 -23  0.51526573827270 x 10° 25 -025 -6 -0.704014 639268 62 x 10°
3 -15 —19 0404824 43161048 x 10° 26 025 1 0.33836784107553x10°
4 -15 —13 —0.32193790923902x 10 27 025 4 0.208627 866351 87 x 102
5 15 —11 0969614242 18694 x 102 28 025 8 0338341726561 96x 107!
6 -1.5 —10 0228678463717 73 x 102 29 025 11 —0.431244284 14893 x 107
7 —125 —19 —0.449 429 141 243 57 x 10° 30 05 0 0166537913564 12x 10
8 —125 —15 —0.501 183360201 66 x 10* 31 05 1 —0.13986292055898 x 107
9 —125 -6 0356844635600 15 32 05 5 —0.788495479 99872
10 —10 —26 0442353358 481 90 x 10° 33 05 6 0.72132411753872x 107
11 -1.0 -21 -0.136733 888 11708 x 10° 34 05 10 -0.597 548393 98283 x 1072
12 =10 -17 0421632602078 64 x 10° 35 05 14 —0.12141358053904% 107
13 -10 -16 0225169258374 75 x 10° 36 05 16 0.23227096733871x 1076
14 —10 -9  0.474421 448 656 46 x 10° 37 075 0 —0.105 384635661 94 % 107
15 10 -8 —0.149311307 976 47 x 10 38 075 4 0.207 18925496502 x 10!
16 -075 —15 —0.197 811263 204 52 x 106 39 075 9 —0.72193155260427x 107!
17 -075 - 14 —0.235 543994 707 60 x 10° 40 075 17 0207498870811 20x 107®
18 -05 -26 —0.190706 163 020 76 x 10° 41 10 7 -0.183406579 11379 x 107!
19 -05 -13  0.553756 698 831 64 x 10° 42 10 18 0.29036272348696x 107°
20 -05 -9 0382936914373 63x 10 43 125 3 0210375278936 19
21 —05 -7 —0.603 918 605 805 67 x 10° 44 125 15 0256812397299 99 x 1073
22 -025 -27  0.193 631 026 203 31 x 10* 45 15 5 —0.12799002933781x 107!
23 025 -25  0.426 606 436 986 10 x 10° 46 15 18 -0.82198102652018x10°°
Table A26 Coefficients and exponents of the backward equation T(p, s)
for subregion 2( b), Eq. (50)
[ A n i L0 n
1 -6 0 0316876650834 97x 10° 22 0 2 0.417 273 471 596 10 x 102
2 -6 11 0208641758818 58 x 10 24 0 4 0.219 325 494 34532 x 10!
3 -5 0 -0.398593998 03599 x 10° 25 0 5 —0.103200500090 77 x 10!
4 -5 11 0218160585 18877 x 102 2% 0 6 0.358 829 435 167 03
5 -4 0 022369785194242% 10° 27 0 9 0.525 114 537 260 66 x 1072
6 -4 1 -027841703445817x10* 22 1 0 0.128 389 164 507 05 x 102
7 -4 11 0592074360714 80 x 10! 20 1 1 -028642437219381 x 10}
8 -3 0 -075197512299157x10° 3001 2 0.569 126 836 648 55
9 -3 1  029708605951158x10% 31 1 3 —0.999629 54584931 x 107!
10 -3 11 —0.344068 785 485 26 x 10! 32 1 7 -032632037778459% 1072
11 =3 12 0.38815564249115 3 1 8 0.233 209 225767 23 x 1673
12 -2 0 0175112950857 50x 10° 34 2 0 -0.153348098574 50
13 -2 1 —0.142371 128 544 49 x 10* 35 02 1 0.290 722 882399 02 x 107!
14 -2 6  0.10943803364167x 10! 3% 20§ 0.375 347 027 411 67 x 1073
IS -2 10 0.899 716193 084 95 7 3 0 0.172 966 917 024 11 x 1072
16 -1 0 -033759740098958x i0* 38 3 1 —0.385560 508 445 04 x 1073
17 -1 1 047162885818355x10° 39 3 3 —0350177 12292608 x 1074
18 -1 5 —0.19188241993679x 10 4 4 0 —0.14566393631492x 107
19 -1 8 0410785804 92196 4 4 1 0.564 208 572672 69 x 107
20 -1 9 -033465378172097 42 5 0 0.412 861 500 746 05 x 1077
21 0 0 0.13870034777505x 10* 435 1  —020684671118824x 1077
22 0 1 -0.40663326195838x10° 4“4 5 2 0.164 093 936 747 25 x 1078
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0 0.909 685010053 65 x 10
1 0.240 456 670 884 20 x 10*
0 -0.59162326387130x 10°
0 0.541 45404128074 x 10°
1 -0.270983 084 11192 x 10°
2 0979765250979 26 x 10°
3 ~0469 667 729 594 35 x 10°
0 0.143 992746 047 23 x 10%
1 —0.191 042042 304 29 x 102
3 0.532991671 119 71 x 10}
4 —0.212 529 753 759 34 x 10?
0 0311473344 13760

1 0.603 348 408 946 23

2 —0.427 648 397 02509 x 1071
0 0.58185597255259x 1072

T R R R e = 7 NV RV R N S S VRS

1 —0.145970 082 847 53 x 107!
5 0.566 311 756 310 27 x 102
0 —0.761 558 64584577 x 107
i 0.224 403 429 19332 x 1073
4 —0.125610950 134 13 x 107*
0 0.633 231 326 609 34 x 1076
1 —020541989675375x 107
2 0.364 053 703 900 82 x 1077
0 -0.297598 977892 15 x 1078
1 0.101 366 185297 63 x 1077
0 0.599 257 196 923 51 x 10711
1 —0.206778 701 051 64 x 10710
3 -0.208 742781818 86x 10710
4 0.101 621 668 250 89 x 107
5 —0.164 29828281347 x 107

Table A28 Temperature values calculated from Egs. (49) to (51) for

selected pressures and entropies

Equation p. MPa s, kJ kg’lel T.X

0.1 75 0.399 517 097 x 10*

49 0.1 8 0.514 127 081 x 10°
2.5 8 0.103 984 917 x 10*

8 6 0.600 484 040 x 10°

50 8 75 0.106 495 556 x 10*

90 6 0.103 801 126 x 10*

20 575 0.697 992 849 x 10°

51 80 525 0.854 011 484 x 10°

80 5.75 0.949 017 998 x 10°

Table A29 Saturation-temperature values calculated from Eq. (55) for

selected pressures

p, MPa Ts. K
0.1 0.372 755 919 x 10°
1 0.453 035 632 x 10°
10 0.584 149 488 x 10°
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