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Numerical Analysis of Cavitating
snisnimte | F1OW O Liquid Helium in a
vt L Gonverging-Diverging Nozzle

and System Engineering,

Hirosaki University, The fundamental characteristics of the two-dimensional cavitating flow of liquid helium
3, Bunkyo-cho, through a horizontal converging-diverging nozzle near the lambda point are numerically

~ Hirosaki 036-8561, Japan investigated to realize the further development and high performance of new multiphase
e-mail: ishimoto@cc.hirosaki-u.ac.jp superfluid cooling systems. First, the governing equations of the cavitating flow of liquid

helium based on the unsteady thermal nonequilibrium multifluid model with generalized
curvilinear coordinates system are presented, and several flow characteristics are numeri-

Kenuro Kam'lo cally calculated, taking into account the effect of superfluidity. Based on the numerical
. .PTOf?SSOR results, the two-dimensional structure of the cavitating flow of liquid helium though a
Institute of Fluid Science, horizontal converging-diverging nozzle is shown in detail, and it is also found that the
Tohoku University, generation of superfluid counterflow against normal fluid flow based on the thermome-
Sendai 980-8577, Japan chanical effect is conspicuous in the large gas phase volume fraction region where the

liquid to gas phase change actively occurs. Furthermore, it is clarified that the mechanism
of the He | to He Il phase transition caused by the temperature decrease is due to the
deprivation of latent heat for vaporization from the liquid phase.

[DOI: 10.1115/1.1601253

1 Introduction through a venturi chann€dl9], have been conducted and the spe-

Recently, the importance of the development of hig ggxl/ecgge?ts:r?it:llil glfalrli?iglg helium cavitation near thepoint

performanp_e cooling systems which can be emp'oyed. under >“Numerical study has also partially clarified the He | to He Il
vere conditions, such as low temperature, microgravity, or t

; . . . ase transition and the superfluid counterflow generation at the
environment in space, has markedly increased, and fluid mac

) . . . ; ne of cavitation,[7]. Moreover, since the numerical model as-
ery systems using cryogenic refrigerant are widely used in LN

(liquefied natural gasplants and aerospace technology-3). In med the production method for cavitation based on the flow

eneral. crvogenic fluids are characterized by lardge com ressil$ assing through the orifice, a local increase of the pressure loss
g » Cryoget . ylarg P sulting from the sudden decrease of the passage cross-sectional
ity compared with fluids at room temperature such as water,

well as by a small difference in density between the aas and i ea led to the demerit of decreasing heat transfer efficiency of
y Y 9 qlU\%ole cooling system. Numerical and experimental study to date

phasc_es_, and a small Ia_ltent _heat of vaporjz_ation. Thes_e uni_que C%?{_two-phase flow of liquid helium has yielded only limited in-
aCte”St'CS.Of cryogenic fluids can be utilized o re_ahze high Peformation on the basic multiphase hydrodynamic characteristics
fo(rjmance[‘llrf fluid apparatuses, such as the cavitating operation ok itation in liquid helium[5-9], and results directly related to
INGUCETS,[4]. the development of a superfluid cooling system utilizing the pe-

Among such fluids, liquid he"“”." which is know_n as the_ ulti- liarity of liquid helium multiphase flows have not yet been
mate low-temperature cryogen which possesses high functlona@ tained

of zero viscosity with\ transition, is effectively utilized as a cool- Under the above-mentioned conditions, we contrived a new

;ncg() deesvgr? dfﬁqraf]upoetLCeorng#Citg;%rmag;etﬁcg[&]gminsﬁaﬁ% tek%'ncept of a multiphase superfluid cooling system using liquid
P Y Y 9 app ’ 4 .helium cavitating flow. The system can realize extensive low tem-

helium is employed for cooling, cavitation frequently occurs i : e ~ :
the flow duct, and the flow pattern consists of two phases. Th egzzt# ar;eegot?; ngebrt%tlhzénﬁ g]r?atsvéotrgmi?t?o?}uEzglel:jldo%otjhnete(gggnvr-
investigation of the cavitating flow characteristics of cryogeni nce of cavitation of the normal fluid. without the direct use of
fluids such as liquid helium is very interesting and important n e II. Additionally, it is expected that {he concept of multiphase
only in the basic study of the hydrodynamics of cryogenic ﬂmd%upe.r-ﬂuid coolin;’_:] can be utilized for further development of
(3], b.Ut also _for p_roviding.sol_utions to problems related to N€%vailable microcooling systems, such as MENSicro-electro-
practical engineering applications. echanical systemstechnology using microbubble$10], be-
However, the cryogenic system presently employed generaﬂguse the unique characteristics of zero viscosity of superfluid
usefs a refrlgec;ant fcar thelundezﬁoolllnglconr(]:iltlon, ar_1d |t§”c]ooll? orking refrigerant prevents the frictional dissipation of capillary
ptetr orn:anhce eg)en s or&y ?n e.tsllngl; ep ellsethreglo?. .us,h nnels in microdevices. The direct use of He Il flow entails very
attempts have been made 1o positively apply the exiensive Negg.,; problems because of the ultra low-temperature field in
transfer and fluid acceleration chargcterlstlcs of cryogenic tWQhich it is produced or due to super-leak phenomena in fluid
phase flow to low-temperature coplmg syste@ﬁ]. _In recent transfer systems, etc. Thus, the application of cavitating flow of
research on two-phase flow or cavitating flow with liquid hellum',_Ie | as a refrigerant is a very useful and effective method for

nqmerical analysis of.two-phase .ﬂO\.N of quuid.helium through a[bw-temperature cooling or cryogenic heat exchange systems.

g.r'fécre:nm' .Ogs[%avagr?g c?e]: .f;‘.’gﬁ“g? sf;?wralg dal' cqgvilrégl!n% In order to develop a new type of superfluid cooling system and
IVerging pipe, L8], vitati u Iqui UMty estimate cooling performance numerically, we herein develop a

new method for analyzing cavitating flow based on an advanced

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; ; i
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionmatl’]ematlcaI model, which takes the effect of superfluidity of the

October 7, 2002; revised manuscript received April 1, 2003. Associate Editor: g.aVit‘?ting _cryogenic flow state in the low-temperature field into
Katz. consideration.
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Mormal fluid Cavitation consider the effects of superfluidity in two-phase liquid helium,
flow ey bubbles p namely, superfluid in He Il and normal fluid in He | are treated as

g : ove a perfect fluid and meta-viscous fluid, respectively. In the calcu-
Y lation, we assume that the property of superfluidity appears when

o the fluid temperature becomes less than Xhgoint (temperature
Wormal fuid at normal fluid to superfluid transition, about 2.1Y. Kowever, in
Flarwe the case of temperatures above M@oint, we assume that the
superfluid behaves in the same manner as the normal fluid. Here,
et we consider only the temperature dependence of the superfluid
e [a) Model for analysis “-“_"_- and normal fluid densities; thus, the normal fluid-superfluid tran-
(High pressure) HimesEhens - sition rate based on quantum theory is not strictly considered.
Furthermore, to consider the effects of the rapid evaporation and
condensation of cryogenic fluid, we apply the rapid phase change
model of Yamamoto et a[.13] and Young[14] to the cavitating
flow of liquid helium.
The calculation is carried out using the two-dimensional gener-
alized curvilinear coordinate systef# 7), with ¢ and % denoting
the transverse coordinate and the longitudinal coordinate, respec-
tively. The model for analysis simulates the cavitating flow of
liquid helium passing through the nozzle throat of the duct. In the
(b1 Computaticnal grids numerical modeling under this condition, the following assump-
tions are employed to formulate the governing equations.

bt

" trrygg g per?

prossure

Fig. 1 Schematic of computational system used in numerical A . . .
angalysis P y 1. The cavitating flow is a two-dimensional unsteady duct flow.

2. The vapor gas phase is produced by the phase change of the
normal fluid.
In the present study, the two-dimensional thermal fluid charac-3- The energy exchange between the liquid and gas phases is
teristics of cavitating flow of liquid helium with phase change  t@ken into account.

through the converging-diverging nozzle are numerically investi- For construction of the cavitating flow characteristics in the

gated. First, the governing equations of the cavitating flow Qfresent numerical model, it is assumed that the gas phase is ho-

liquid helium based on the unsteady multifluid model are prenogeneously dispersed in the surrounding liquid phase and that

sented, and then several flow characteristics are numerically @l flow structure will form a bubbly flow.

culated, taking into account the effect of superfluidity. Under the above conditions, the governing equations of the

. cavitating flow, taking into account the effect of superfluidity

2 Numerical Method based on the unsteady two-dimensional multifluid model, are de-
In the present study on the cavitating flow of liquid helium, weived as follows.

developed a new model for analysis, which is based on the un-The mass conservation equation for the gas phase is

steady thermal nonequilibrium multifluid modél,1], in the gen-

eralized curvilinear coordinates system. Furthermore, to consider 4 i

the effects of evaporation and condensation on the vapor bubbles, ﬁ(agpg)Jr Vi(agpgug) =T 1)

we apply the rapid phase change model to the cavitating flow of

liquid helium with superfluidity. The system used in the numericalhe mass conservation equation for the liquid phase is

analysis is schematically depicted in Fig. 1. Applications using

cryogenic fluid generally encounter obstacles, or complex pipe d i

shapes such as those of an orifice or a converging-diverging sec- 7 (ap) +Vi(ad) =T, )

tion. Additionally, the transfer tube for cryogenic fluids generally

has many horizontal passage sections. Thus, the model usedyfpere the relationshipa(y+ e =1) is assumed, and the liquid

analysis simulates the cavitating flow of liquid helium passinphase densityp, , must be comprised of a linear combination of

through a horizontal converging-diverging nozzle. The duct ke two components. The density is expressed by the sum of the

filled with pressurized liquid helium. Flow immediately occurshormal fluid and superfluid components, ands defined as fol-
when the outlet D-C is opened. Liquid helium is continuoushpws:
introduced via the inlet section A-B, the flow is accelerated at the
point of the nozzle throat, and cavitation or liquid-to-vapor phase P1=pinyF PIGs) - ©))
change is induced by a decrease of pressure.

For the two-fluid model, it is assumed that the entire tempera-

2.1 Governing Equations. In the present numerical formu- e gependence of liquid helium densities enters through the

lation of the cavitating flow characteristics of liquid helium, W€ 4 jation of the normal fluid density. It is therefore possible to
extend the old two-fluid mode(3], to a new cryogenic vapor- it

liquid multiphase fluid model for analysis which is based on the
unsteady thermal nonequilibrium multifluid model of Kataoka T
[11] and Harlow and Amsdefl2]. In the numerical model, the Pi(n) (—'
cryogenic cavitating flow state can be approximated to that of a ——=1\Ti
homogeneous bubbly flow because the differences in the physical P 1 for T,>T,,,

properties, such as density, viscosity, and surface tension of the

cryogenic fluid between the gas and liquid phases, are very snmeasl the temperature dependence of the normal fluid der8ity,
compared with those of the fluid at room temperature. The sm@écause of this strong temperature dependence, the He Il consti-
difference in the properties between the gas and liquid phasedutes about 99% of the superfluid component at 1.0 K. The total
unique to cryogenic fluids. Accordingly, it seems reasonable ttensities of the two components, namely, the superfluid and the
assume that the cryogenic cavitating flow pattern is easily formedrmal fluid densities in control volume are conservative in the
in the bubbly two-phase flow. In the process of modeling, weumerical calculation process. Also, the liquid-phase momentum

5.6
) for T\<T,,
“4)

750 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



flux densityJ{(=p|uf) can be written as the sum of each normal 4 3du‘g , ) ) ) ) ,
fluid and superfluid momentum flux density component, defined 3 7PgRg 4 = —Fp+tFy—Fp—Fumw—Fs+Fiu+Fis, (9)

as follows:
i i J. where each additional force term is derived as follows:
Ji=pisUigt PimUign) - ®)
The combined equation of motion for a total gas and normal fluid Flngﬂ'Rgg”Vjpl (10)
is
J . . o . . P 3 .
ﬁ(agpgu'g-i- a1pUj () + Vj(agpguguy+ aipUjnyuf ) Flg_§7TRngglr (11)
=*Q”Vjpﬁa.W()S)S,Q'JVjT,fm%g”Vj(uf(n)fuf(s))z FID=§PICD|UIg_UH(U:_;_U:)WRS (12)
n
, . 1 -~ . . ) 4 d . .3 . dRy
k k
+ 119"V Vil ) + §(MTVijU|(n))9"+a|P|g'r_a|Fi(sn)- FI\/M=CVM'pI§7TRS a(ug—ul)+ R_g(ulg_u:) ac | @3
(6) d .
] ]
The combined equation of motion for a total gas and superfluid is _ 1d_T(“g_ )
; Fi=6R2\mp foﬁdr (14)
7t (@gPgUigt aipiUi(g) + V] (agpgligy+ aipiics Uls) i -
Fim= 7R €7 (Qgj— Q) (Ugi— Uy (15)
. . Py i ) ;
=—g"Vipi+ a;pS9"VT + 2n 9"V (Ul —ul(g)? ,u,|R5

Fl=6.46

+a|p|gr+a|F|(sn)1 (7) |( g |)|V|

where the second terms on the right-hand side of E&jsand(7)
denote the thermomechanical effect of the force based on the
product of the entropy by the temperature gradient, and the third S _
terms denote the effect of the momentum energy gradient bag#eereu;=Ji/p;, Ry is the equivalent bubble diameté; is the

on the two-phase superfluid-normal fluid relative velocity causddrce due to the liquid phase pressure gradiélatis the gravita-

by counterflow of the superfluid against the normal fluid. Theional acceleration forces} is the drag forceF),,, is the virtual
terms mentioned above are peculiar to liquid helium with supegass force considering the expansion of a bubble, Fipds the
fluidity, [3]. The signs of these terms in E@) are opposite those gagset history term which takes into account the effect of the
in Eq. (7); thus, the forces based on the superfluidity of @jact deviation in flow pattern from the steady staEéM is the Magnus

in the direction opposite _those of EqF). In this calculation, be- lift force caused by the rotation of the bubble as reported by Auton
cause the vapor phase is assumed to be produced by the phas

i . y . .
change of the normal fluid, the cavitating flow of the superﬂui8 a :[22]' fFLﬁ |sI_Saffmahns lift fc_)rci[23], cause?f.b_y the velocity
consists of the mixture flow of the vapor phase produced by tkadient of the liquid phas&y, is the drag coefficient anGyy

normal fluid and the superfluid. The te“ﬁil(sn) denotes the two- :jserz\r;gti&/értual mass coefficientd/dt denotes the substantial

phase superfluid-norm_al fluid mutual_ friction _interaction term The equation for the angular velocity of a bubble is derived as
based on the generation of vortex filaments in the superflu%’IIOWS [23];

[7,15-17. Additionally, w1 in Eq. (6) denotes the viscosity of the
two-phase mixture flow that includes small dispersed bubbhies. do) 154,
was evaluated using the following formula by the viscosity of a —9- >

suspension]18,19: dt Ry-pg

1-[ 28

0.68 o )+ i) 72 G (argpyu) + T gl
—(agpq€ (agpg€ul)=—pyg— — Vi(agpgu

Eq. (8) being mainly applicable in the small gas phase volumedt  ° ° © 19797970 A
fraction region. Concerning the viscosity, the present numerical
model assumes that superfluid viscositys)=0 and that the dis-
sipative interaction is due only to the normal fluid. This assump- (29)
tion corresponds to the physical fact that the superfluid experis e enerav equation for the liquid phase is
ences no resistance to flow and therefore no turbulence. T I% gy €q quid p
superfluid can flow through a duct without viscous drag along the

eijk(ng—Q”)(ugk_ulk) (16)

1
Q::Ze”k(Vij—VkUu)x (17)

Q- Qy). (18)

-2 The energy equation for the gas phase is
/le(n): (ag<05)1 (8)

MT=

0020 -V (agal) + ag®, .

. Jda ) )
boundaries. Equatiori§) and(7) above are derived by complying  —-(aip&) + Vi(aipieiu))=—p (9_t| —Vi(aypyu))+T'jh{Y
the equations of momentum for both the gas and liquid phases.
To consider the effects of additional forces that act on the +q"a® -V (e ql) + @, .
bubbles and radial expansion of the bubbles, the equation of mo- !
tion for the gas phase is here replaced with the translational mo- (20)

tion of a single bubble[20]. Therefore, the Eulerian-Lagrangian . 0) (i)
two-way coupling model[21], is applied to predict the two- In the above equationby’ andh;"’ are the enthalpy of the gas

dimensional cavitating flow characteristics. The viscous drdf@Se and the liquid phase at th(?) mten‘ac% respectg@ys the
forces that act on the bubbles in the He Il fluids are partiall§iterfacial area concentratiohghy’ andI'|h;” are the interfacial

neglected because of the superfluidity. energy transfer terms due to the liquid-vapor phase chaq@e.
The equation of motion for the gas phase is and ql(') are the heat transfer terms of mutual interaction between
Journal of Fluids Engineering SEPTEMBER 2003, Vol. 125 / 751
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the vapor and liquid interfacey’ is the contravariant heat flow that the relationship between gas phase prespyreand density,
vector andd is the energy dissipation function, as described by, obeys polytropic change, the following equation by Hirt and
low: Romero[25] results:

qim=—>\m9ijVij, Pg("gfl)eg:[pgfcgm(a;’ag)]as’ (28)

*:

2 ) S A= g @ @
CI)m: - §/Lm(viulm)2+2/1«msgmsgm ’ (21) 9 g g g

. ag<ag.: ag=ag,
S}m=—(Vjuim+Viu{n), whereco_is the first sound velocity in liquid helium at the initial
2 state €o=236.1 m/s) andy,. denotes the threshold of void frac-
; P tion (a4.=0.005). The tables of the thermophysical properties of
where subscriptn denotes the gas phase€ g) or liquid phase - \%gc”
(m=1). In the condition of the He Il state, Gorter-Mellink 1/3/1quid helium by Maynard26], Brooks and Donnelly27], and
power law,[3,6], is considered to formulate the expressionxpr McCarty[28] give the required physical properties of the liquid
pha

i i i hase.
In Eq. (21) by the following equation. The constitutive equation for gas-phase generation deibsjty,
fl(T|))1/3 22) is defined by the following equation:
=\ 7otz
Al [g=Tge— e, (29)

wheref(T,) is the He Il heat conductivity function which exhibits,\hareT
strong temperature dependeng8]. In Egs. (19) and (20), the 455 hhase condensation density, respectively. By introducing con-
mutual friction dissipation term is neg_lec_ted because the ener, tutive equations foF 4, andT"y, we extend the classical nucle-
transfer terms between the gas and liquid phases become doffion theory for water droplets from subcooled vapor to cryogenic
nant to the mutual friction dissipation term. fluid. Namely,I', andT 4. are assumed to be proportional to the

_ Assuming that the mass of each vapor bubble and condenggdree of subcooling and superheat and are expressed by the sum
liquid droplet in each computational cell is constant results in thg he nucleation rate of the evaporated bubble or the condensed
following mass conservation equation for number densify, liquid droplet, [13,14. The classical nucleation theory without

ge andI'y. denote the gas-phase evaporation density and

4 4 . quantum effect can be applied to the present numerical model
3 gwRﬁNkpk +V §wRﬁNkpkuL)=Fk, (23) because the temperature range which has been dealt with this
calculation is abouT;=2.1 to 2.3 K(near the\ point), [29,30.
[k:e: Rk:Rg, Nk:Ng, pk:pg, Ulkzulg, Fk:Fg ) .
) P 2.3 Numerical Conditions and Procedure. To construct
k=c: Re=Ri, Ne=Ni, pe=pi. uwe=u, L=Ti. he numerical conditions for cavitating liquid helium flow, we

where subscripk denotes evaporationk&e) or condensation refer to the previous experimental research on the cryogenic cavi-
(k=c). tating internal flow condition of liquid heliuni8,9]. The compu-
These present governing equations of cavitating flow mektional grid is generated referring to the geometry of a
tioned above are constructed by Eulerian-type equations for t@nverging-diverging flow pipe which was used in a previous vi-
liquid phase and Lagrangian-type equations for the gas phase sualization measuremem8]. The finite difference method is used
to solve the set of governing equations mentioned above. In the

2.2 Constitutive Equations. The drag coefficientCp , and present calculation, the discrete forms of these equations are semi-

the virtual mass coefficienC,,,, are defined as followg23];  Implicitly obtained using a staggered grid. The grid is concen-
trated at the nozzle wall to capture the cavitation inception pre-
24 0.68 0.42 cisely. Then a modified SOLAumerical SOLution Algorithm for
CD:R_B(lJFO-lERB )+ 1+ 42500, ' (24)  transient fluid flow method of Tomiyama et a[:31], which is
superior for the formulation and solution of a gas liquid two-phase
Cym=05 (25) flow problem, is applied for the numerical calculation. The

P Neumann-type boundary condition is considered in the iteration
:P||ug_ uj|D (26) process of the pressure correction equation, and the effect of void
’ fraction is implicitly taken into account in each iteration process,
M PO . i . .
The energy balance condition through the gas and liquid pha%%jl (]:.ugt]g dllﬂiliigpgiszr\g?vigﬁlh,tir?gt; t;?el%coﬁgggnokiﬂﬁg:jeivlﬁich
interface is expresseq by Fhe follt?wmg. equation: was used in the SMAC algorithm by Amsden and Harl@2].
I'gh{+a{’+ 1 h+qgfV =0, (27)  To determine the boundary conditions, nonslip conditions for
rescribed normal fluid velocities and free-slip conditions for pre-
Eribed superfluid velocities are applied to the sidewalls, A-D and

Rg

where the detailed constitutive equations for interfacial transfg
terms in Eq.(27) are given by an empirical formula that is taker\3 C. inEi : 0 :

. -C, g. 1. Also, a fully developed velocity profile is applied
from the work of Dobrari24]. It is assumed that .the energy ranst,. normal fluid velocities to the inlet cross-sectional area of the
fer is caused by the heat transfer between the isothermal spherfﬁﬂ, duct, A-B. A convective outflow condition is applied for

bubblg and the sgrrouang Iqu|d._ With an assumptlon_of flormal fluid and superfluid velocities to the exit section of the
spher!cal bubble with eqlluvalent. rad|ﬁ§, the exggessmn of in- duct, D-C. Adiabatic conditions are applied for thermal boundary
terfacial area concentratiopll], is obtained bya™’=3ay/Ry.  conditions at the duct wall surface. The initial stationary condition
Assuming that the vapor gas phase follows an ideal gas law idihe |iquid phase is assumed to be the pressurized He | state.
Also, the initial conditions at the inlet section of the flow duct are
as given in Table 1. For other physical properties used in consti-

Table 1 Conditions for numerical analysis tutive equationsy, andS; are given as functions of temperature,
[26—28. The constitutive equation for the two-phase heat transfer
'(’)‘L?Iteergrsssusrgre FF)’I(in) 8-%81 ',‘\"/l';g coefficient is given as a function of temperature based on the
Internal energy e'l(iix)) 6.021 kilkg Previous experimental results in Ré6. _ _ '
Inlet width of duct 5 10.0 mm The interval of each time-step is automatically adjusted during

the computation to satisfy the CFL condition. We actually calcu-
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lated solutions on three different grid densities: <820, 60 Flow
X 150, and 11& 220 nodes. Figure 2 shows the convergence his >

tories for three sets of computational grids. For all cases, the ma
nitude of the residuals decrease by at least two orders of magi
tude within 4000 iterations. For a finer grid, convergences slo\
down, as expected. For all three grids, the iteration errors ar
uncertainties are assumed to be negligible in comparison with tt t=0.169 s
grid errors. Since iterative errors are negligible, correction of sc
lutions for iterative error is not required. As a result, we found tha
numerical results for all three grids show the same profiles, ar
the grid independence of the numerical results was confirme
Thus, as a compromise between computer memory and accura
we chose to use the 60150 grid in the¢ and 7-directions for the f=0363s
calculations. The calculation is executed until an almost steac
state of the cavitating flow is attained.

2.4 Results and Discussion. Figure 3 shows the numerical
results of the transient evolution of the void fractiag,j contour,

Fig. 4 shows the instantaneous liquid phase pressyjecontour, t=04295s

and Fig. 5 shows the transient evolution of the liquid phase ten

perature T,) contour. The direction of flow is left to right. As (b) Experimental

shown by Fig. 3, when the exit section is opened instantaneously,

pressurized liquid He | flows into the conversing section of theig. 3 Time evolution of void fraction distributions (direction

duct at high speed and is further accelerated by the decrease ofahtow is left to right ). (a) Present numerical results,  (b) visu-
cross-sectional area, ampg locally decreases in the nozzle throaglization measurement results  (Initial measurement conditions:
section. It is clear that the phase change effectively occurs in tRgm=0-289 MPa, Ty, =4.50 K, pje=0.130 MPa).

downstream of nozzle throat section and that a cloud cavity which

consists of concentrated small bubbles is formed in the wall sur-

face vicinity of the throat section. In addition, it is found that thegyas phase velocity resulting from the sudden change of both lon-
cloud cavity is especially formed and grows on the upper watdfitudinal and transverse pressure gradients. As a result, it is found
surface of the diverging throat section due to the influence of thigat a homogeneous profile af; is formed over the downstream
buoyancy which acts on the bubbles and the shear force whidbct.

simultaneously acts on the bubbles in contact with the wall. Be- As shown by Figs. 3 and 4, the void fractiar, has a large
cause the buoyancy acts on the bubbles, there is a tendency fonthleie in the region where it is close to the cavity center, because
bubbles to migrate and aggregate on the upper wall surface. Thilg pressure gradient in the cloud cavity has a distribution which
the void fraction profiles become asymmetric. As timelapses, becomes negative from the contour of the cavity toward the cen-
cavitation inception effectively occurs and the cloud cavity growr, and because the ratio where the bubbles accumulate increases
alongside the passage wall surface. When the magnitude of teethe position approaches the cavity center. Additionally, the ex-
cavity is above a certain size, the cavity is detached from tipansion effect of bubbles becomes larger. Furthermore, in the re-
cloud, and it remains in the high volume fraction region as the gg®on of the high volume fraction of the gas phase, the pressure
phase moves downstream. Furthermore, with the elapse of tindestribution changes markedly because of the normal fluid-
the cloud cavity accompanying evaporation and condensation extperfluid transition due to the momentum terms in Efsand
hibits convective and dissipative behavior downstream of the di7) that include the thermomechanical effect term, the momentum
verging nozzle throat, and the gas phase spreads throughoutehergy gradient term based on relative superfluid-normal fluid ve-
inner flow duct because of the decrease in the slip ratio and tloeity, and the superfluid-normal fluid mutual friction interaction
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Fig. 4 Instantaneous liquid phase pressure contours (direc- . . ) . .
tion of flow is left to right ) Fig. 6 Fluctuations of bubble radius as a function of time

term. In this numerical calculation, it is assumed that the existent@ly found that cavitation inception occurs on the upper wall sur-
of the |arge gas_phase volume fraction region indicates that t@e of throat. It is also found that the numer]cal r.'eSU.ItS of the
small size bubbles shown in Fig. 6 constitute a closely aggrega®@fachment and development of the cloud cavity, diffusion of the
region and that the downstream flow state maintains a very clos#®f phase, and the time-dependent profiles of void fraction show
bubb|y flow in the |arge void fraction region_ The bubbles argualltanve agreement with the results of the visualization
concentrated toward the center of the vortex due to the negatiasurement. _ o .
pressure gradient in the vortex. Focusing on Figs. 3 and 5, in the largg region in the vicinity
Next, to confirm the validity of the numerical results, theof the wall surface from the position of the cloud cavity contour
present results on the void fraction profile are compared with tif@wnstream of the throat where the vapor phase change actively
previous visualization measurement of cavitating flow of liqui@ccurs, it is found that the phase transition from He | to He Il is
He in a converging-diverging pipe which has the same geomeg@gnerated( transition) and that it conspicuously exhibits the
as that of the present computational nozzle shifleThe initial characteristics of superfluidity. The effect of superfluidity with He
conditions for this experiment are generally similar to the presehto He Il phase transition is mainly caused by the decrease in
numerical condition. However, because the experiment is coffjuid phase temperature or internal energy due to the deprivation
ducted making use of only vacuum insulation, initial temperatuff latent heat for vaporization from the liquid phase and to the
of the working fluid is considered to be higher than theoint, ~change of the specific heat of the liquid phase with the change of
and quantitative comparison with the present result is difficuleressure gradient. From Fig. 5, it is especially found that the tem-

According to these results, it is both numerically and experimeRerature around the interface between the large gas-phase volume
fraction region and the liquid-phase region decreases with the in-

crease in the phase change. The liquid-phase temperature decrease
due to the latent heat or the energy exchange between liquid and
vapor phase in the vaporization process is characterized by the
interfacial energy transfer terms with the phase change in Egs.
(19) and(20). With time, the profile of the liquid phase tempera-
ture T, gradually becomes homogeneous due to the effect of tem-
1=0.249 5 y perature diffusion and gas phase condensation. The tendencies of
those numerical results for temperature decrease with the He | to
- He Il phase transition show qualitative agreement with the experi-
= mental datum on the He | cavitation in the saturated condition by
Ishii and Murakami9].
Figure 6 shows the fluctuation of bubble radiRs,, as a func-
tion of the time at position Eas depicted in Fig. )ljust down-
stream of the nozzle throat, where the cavitation actively occurs.
e From Figs. 3—6, it is clarified that the decreaseppinduces an
— increase ofay and that the expansion or contraction of bubble
z radiusRy corresponds to the changemf. However, the displace-
ment magnitude oRy has a small value. Thus, it is also clarified
that the generated cavitation bubbles maintain a small size in the
vaporization process and in the initial cavitating flow state.
: Figures 7 and 8 show profiles of the liquid-phase normal fluid
velocity component;,, and the superfluid velocity component
u:(s) around the nozzle throat, respectively. The flow separation

Fig. 5 Time evolution of liquid phase temperature profiles (di- and backward flow oﬁ:(n) locally occur in the vicinity of the wall
rection of flow is left to right ) of the throat section upstream of the cavitation inception point.

2.3

t=0318s5 -

2,15

I=0.506 s
AL
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Fig. 7 Instantaneous normal fluid velocity vector (direction of Fig. 8 Instantaneous superfluid velocity vector (direction of
flow is left to right ) flow is left to right )

counterflow against the normal fluid flow is conspicuously foungdas phase behavior in superfluid is not only due to the several
in the large \_/c_nd frac_tlon region where the vaporization with He | dditional forces based on E@®), but also to the thermomechani-
phase transition actively occurs, especially in the region close dg) effect and other forces that act on the bubbles due to the
the center of the cloud cavity. The magnitudewf, anduj)  superfluid generation based on the momentum terms in @ys.
locally increases in the region where the cavitation is activefnd(7). According to the numerical results on gas-phase behavior,
generated because of the increase in momentum exchange ipgs clarified that the precise control of bubble motion and the
tween the gas and liquid phases. With elapse of imertices of  syperfluid multiphase flow state is possible by effective use of the
normal fluid and superfluid are formed and advected downstreaaracteristic effect of superfluidity such as the thermomechanical
of the throat. Due to slight viscosity of normal fluid, the vorticegffect.
are slightly different in shape. The superfluid counterflow against
normal fluid is mainly caused by the momentum terms in Egjs. 3 Conclusion
and(7), i.e., the temperature gradient tefthermomechanical ef- i ) o o
fect), and the momentum energy gradient term for Superﬂuid_ The two-dimensional characteristics of the cavitating flow of
normal fluid relative velocity. liquid helium in a converging-diverging nozzle near thgoint
Figure 9 shows the local velocity fluctuations of normal fluigvere numerically investigated to realize the further development
and superfluid as a function of the time at position E. Although tHd high performance of a superfluid cooling system or new cryo-
superfluid component is not generated in the initial flow conditio€nic engineering applications. First, the governing equations of
with the elapse of time, the superfluid counterflow whose diref2€ cavitating flow of liquid helium based on the unsteady multi-
tion of flow is opposite that of normal fluid is generated at th8uid model were presented and several flow characteristics were
time of A transition. When the flow state approaches the stea#lyimerically calculated, taking into account the effect of superflu-
state, the magnitude of the superfluid velocity componeiftity. The main results obtained can be summarized as follows.

dec.reases due to the suppression of the unsteady generation ﬁf. When the cavitation of He | is generated, the characteristics
cavity. _ . of superfluidity with \ transition are conspicuously found sur-
Figure 10 shows the instantaneous gas phase veldigiyound  rqunding the cloud cavity and in the large gas-phase volume frac-
the nozzle throat. In the initial flow state, it is found that thgion region where the unsteady cavitation actively occurs. Also,
backward flow ofuy is generated upstream of the throat due to the effect of superfluidity with He | to He Il phase transition is
effect of the separation wake of normal fluid in the vicinity of thenainly due to the decrease in liquid-phase temperature or internal
throat wall. In addition to the formation of the cavity vortex anctenergy due to the deprivation of latent heat for vaporization from
its growth, advection of the cavity cloud is found in the downthe liquid phase.
stream region of the throat. With time, the gas-phase motion ex-2. The generation of the superfluid counterflow against normal
hibits diffusing behavior, and tha'g profile takes on a different fluid caused by the momentum terms based on superfluidity was

From comparison of Figs. 7 and 8 with Figs. 3 and 5, S”perﬂuégpect from the liquid phase velocity profiles. The characteristic
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conspicuously found when the vaporization with He | to He Il t =
phase transition occurs. Furthermore, it was found that the gas- | =
phase diffusion behavior with time was dominated not only by,i i =

several additional forces in the gas-phase momentum equation, —
but also by the thermomechanical effect and the other forces that
act on the bubbles due to the generation of superfluid.
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Nomenclature

= inlet width of duct
= specific internal energy
= permutation symbol

contravariant vector of gravitational acceleration

= fundamental metric tensor

specific enthalpy

momentum flux density

number density

absolute pressure

radius

specific entropy

absolute temperature

time

velocity component in thé-direction
contravariant velocity

velocity component in they-direction
volume fraction

phase generation density
longitudinal coordinate

ratio of specific heat

thermal conductivity

dynamic viscosity

kinematic viscosity

transverse coordinate

density

contravariant angular velocity vector
covariant differential
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o A cavity wake model based on the flow interaction between the viscous wake behind the
Osaka University, cavity and external inviscid cavity flow is proposed. The conditions of interaction between
Engineering Science, viscous and inviscid flows make it possible to obtain a unique solution of the problem. The
1-3 Machikaneyama, viscous wake model is formulated within the theory of boundary layers. The problem for
Toyonaka 5608581, Osaka, Japan the external inviscid flow is considered in both nonlinear and linear formulation. The
developed cavity wake model provides reasonable agreement with experimental data for
cavitation performance and cavitation compliance over a wide range of cavitation num-
bers from cavitation inception to the super cavity flow. The cavity model is applied to
predict nonsymmetric flows in inducers with two and more blades. The regions of non-
symmetric cavity flow are compared with those in experiments. It is found that the local
head decrease of an inducer might be caused by the nonsymmetric cavity patterns. The
predicted regions of a steady nonsymmetric cavity flow correlate with the region of cavi-
tation instability observed in experimen{®OIl: 10.1115/1.1598990

1 Introduction and inducer head. It is clear that the pressure balance between the

. e . inducer inlet and outlet should be satisfied for a nhonsymmetric
It is well known that alternate blade cavitation in which thecavity flow. In order to predict the flow parameters at the outlet of

ﬁi\rlr']tg;reg?tglgézzsl]algéggﬁ:y Ctﬂins ?chrggzg\ﬂfaigs m:\g g\é?{he cascade, it is important to take the real properties of the fluid
o Ys YP into consideration. In this connection, the present work focuses on

served by Bernardi et dl2] and Yoshida et a[.3] for four-bladed : .y . -
inducers. With further decrease of the inlet pressure the altern% ?tf::g\(lii}[/yelf?gvl\?sgiﬁ %%thge\r’\éake model and studying nonsymmetri

blade cavitation becomes unstallg-5], and rotating cavitation The concept of viscous/inviscid interaction proposed by Crocco

appears. For three-bladed inducers, rotating cavitation first Ahd Leeq17] for separated turbulent flows is extended for cavi-

pears followed by nonsyrnmetric steady cavitatipn pattern Ca”?gting flows. According to this concept, the flow region is divided
uneven attached cavitation[4]. Almost all analytical studies of into two subregions: the viscous two-phase wake region and the

cavity ﬂOW.S in inducers are aiming at the prediction of the SYMeyternal inviscid flow region. These subregions are connected to
metric cavity patterns a_nd based on the th?ory Of_ the Potentidhch other by interaction conditions which provide a unique solu-
flow. Recently, Horiguchi et a[6] succeeded in predicting alter-yjs, of the problem. Such idealization for high Reynolds number
nate blade cayitgtion using a closed gavity model but the UnNevEBlvs allows one to distinguish each specific region and use ap-
attached cavitation cannot be predicted by the closed cavy,hriate methods for solving the problems of inviscid and vis-
model. _ _ cous flows, instead of solving the complete Navier-Stokes equa-

The theory of free streamline flows has a cavity closure prolj, s | the wake subregion the problem is formulated within the
Ie_m which requires various assumptions in the cavity closure "Bieory of boundary layers. To solve the problem of the external
gion,[7-13. Some of the cavity closure schemes, such as opengdiscid flow we can use well-developed methods of the free
cavity models, can simulate approximately a wake behind the careamiine theory.
ity. Stripling and Acostd14] have applied the Joukowsky-Roshko |5 order to identify the features of the flow behind the cavity, a
scheme in which the cavity is closed on the flat plate which igonjinear formulation of the external problem is employed for
parallel to the blade. Devis et 4ll5] have assumed that the cav-symmetric inducer flows. The external problem of the nonsym-
ity is closed on the flat plate inclined with the angle 2.8 deg to th@etric cavity flow is solved within the linear theory using the
blade. For developed cavity flows W3] proposed a scheme in method of singular integral equatior48].
which the cavity contours are connected to a wake with two par- Owing to the complexity of the two-phase flow behind the cav-
allel curves. In these wake models, the viscous properties of ¢ it is necessary to make a series of substantial assumptions and
fluid and the influences on the flow characteristics have not begfroduce several empirical coefficients characterizing the turbu-
taken into consideration. lence and density of the two-phase flow. The model developed is

The flow viscosity manifests itself in the two-phase turbulerdpplied to analyze various experimental data on cavitating induc-
cavity wake behind the cavitj/16], and influences the energy lossers using a unique set of values for the empirical factors, to show

the validity of the present model.

0n leave from the Institute of Technical Mechanics of the NAS and NSA of In real inducers the flow is three-dimensional with tip leakage

Ukraine, 15 Leshko-Popel’ St., Dniepropetrovsk, 49005, Ukraine. cavitation and backflow cavitation. These effects cannot be taken

Contributed by the Fluids Engineering Division for publication in tiiyBNAL : ; : _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionmt0 account in the two dimensional approaCh and we cannot ex

May 21, 2002; revised manuscript received March 15, 2003. Associate Editor: s.Rect quantitative agreem?nt with experiments. So, Fhe UIt_imf'ite
Ceccio. goal of the present study is to analyze the asymmetric cavitation
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such as alternate blade cavitation and attached uneven cavitatio/~ ~ )
within the framework of two-dimensional flow analysis. Solving the inviscid flow | _ k=k+1 Cf’“““&?““{f‘!“*
The blade cavitation in inducers is accompanied by tip clear-|  problem, ¥ iteration velocity distribution,
ance cavitation and radial flow$7]. The two-dimensional ap- y vs(4)
proach used in the present study fails to predict three-dimensiona ! T
phenomena but provides prediction of such phenomena as alte - ~
nate blade cavitation, attached uneven cavitation, and various Calculation of the : )
itation i iliti boundaries of interaction, ,| Solving the viscous flow
types of cavitation instabilities. , > problem, #” iteration
FE® and yy (0 L )

2 Cavity Wake Model and Outer Inviscid Flow

The flow region shown in Fig.(4) is divided into the subregion Fig. 2 Procedure of coupling the viscous and inviscid flow
OKFF'TGH of the internal turbulent flow and the subregion of
the external inviscid flow outside the free boundar@bB and
TD'. The tangential velocity of the inviscid flow on the boundaries of interactio©OD andTD’. The viscous flow in the wake is
ariesOD. and TD' should be equal to the velocity on the outekplved with the given boundar@D, yUP(x), and TF’, y'¥(x),
boundaries of the viscous flo®KF and TF', respectively. The determined from the inviscid flow analysis.
shape of boundarie®KF andTF' is determined from the calcu-
lation of the external inviscid flow.

Although the cavity wake is unsteady in its nature, we use
time-averaged flow to predict the steady performance of an i
ducer. The wake is treated by using integral relations for bound
layers,[17,19.

As shown in Fig. 1, the shape of the pressure side of the profi
yp(X), the blade thicknesg(x), the cascade spacirtgand the
staggerm/2— B*, the inflow velocityv, and the angle of attack
are specified. The shape of the boundaries of interadd@n

2.1 External Inviscid Flow. The expressions of the com-
gj{ex conjugate velocity and the derivative of complex potential
pan be found by using Chaplygin’s singular points method de-

ribed by Gurevicti20] and its extension for curvelinear bodies,

1]. The correspondence between specific points in the physical
@anez and those in the parameter domdiis shown in Fig. 1b)
with the same symbols. The final expressions for the complex
conjugate velocitydW/dz, and the derivative of the complex
potential,dW/ds have the following form:

y4P(x), TD’, y'¥'(x) and the tangential velocity on them(x), dw s—a 1 (tdy [é-s
are determined by using the iteration process of coupling the vis- dz _ Volsra ex;{; Ld_gln ts dé
cous and inviscid flows as sketched in Fig. 2. Fer0<C the )
lower boundaryy'¥'(x) is given byyY¥(x)=y,(x)+ 6(x). 1 (=dB [é—s _
Based on the boundary layer assumptions the pressure gradient + p f d—gm(&—g dé+ivyol, 1)
across the wake is assumed to be zero. From Bernoulli's equation, t
it follows that the tangential velocity on the boundafp’ is dw s(s2—a?)
equal to the tangential velocity on the bound@® at the same ds (gz—gf)(gz—?f)(gz— 1 (2)

coordinatex in the wake region.
The inviscid flow is solved with the given tangential velocityHere, v, is the velocity on the cavity surfach| is a scale factor,
v 5(X) determined from the viscous flow analysis along the boungh(¢) is the slope of the blad@(x)=dy,/dx represented as a
function of the coordinat& in the parameter domainy(¢) is the
slope of the upper and lower free boundaries of the inviscid flow

OD and TD', ¥(§)=yulx(§)], for 0<é<1 and ¥(¢)
Y 4 =yl X(&)], for 1sés<t; yo=1y(0), '}’up(x):dygp/d)(, Yiw(X)
©) s - . =dyldx. .
% outer boundary of 7 i The condition for the velocity at the upstream infinitye ™',
hs viscous wake ¥ boundary of and the cascade periodiciﬂyeiﬁ* are used to determine the val-
4 4 DOUNGATy-0L 22 ues of parameters;, a, andN. These conditions are represented
. _mvxsc1d flow by
3 IF e (ql—a 1 ‘dyl E—s, q
_‘D vie '“=—vy g1+aex p- 0d§n§+gl 13
------- - Dl
"""" i 1 (*dB [&é-s
F 1 .
+— | —In|——|d&é+i , 3
(a) ,n_jt df §+§1 § Yo ( )
E g in - dz N (s?—a?)explia)
4 @ hef* = 35 —dg=wi—%. (4)
t B (1) s=s, 08 vy (s3=sp)(s1—1)
i

The slope of the blad@(x) is given in the physical plane. The
function B(¢) in the parameter plane should be determined from

dp  dpdx
S — dE ~ dx dE ©
0 DD’ T A E Since dx/d¢ =Re@Zds|,_), dz/ds = dW/ds1/dW/dz, dW/dz
anddW/ds are given by Egs(l) and (2) that include @g/d¢),
(b) Eq. (5) gives an integro-differential equation in terms dfd/d¢).

The boundaries of the external inviscid flgf(x) andy'¥(x)
Fig. 1 (a) Model of the cavity flow with viscous wake; (b) pa- are calculated by integrating the expressitwids along the real
rameter domain axis of the parameter domain.
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Equation(1) leads to the following integral equation in terms ofmixing K compensates for the effect of the function completely.
the functiony(¢), if the velocity on the boundarig®D andTD’,  For the velocity profile of Eq(7), the displacement thicknes®

v x(&)]=|dWdzZ,_;, is specified. and momentum thicknes$*™ are given by
J pou rm
tdy |&—¢& vIX(€)](é+a &= 1- —|dy=H*(m,ry) 6= 1—r0+7 S,
—In| H— d¢’ = 7 In| =———=| =— o\~ pUs
odé" &'+ ¢ Vo £—a
o** —Jap—ou(l—i)dy—H**(m r )(5—ﬂ 1—§)m)5
,f d_[i"m fffdg,' 0=é=t. 0 PUs T vy To 2 35
¢ A&7 e +E (8)

(6) wherery,=pq/p is nondimensional density.

2.2.1 Mixing Region. The convective terms in the
We should note that the expressid@/ds has a logarithmic sin- X-component of momentum equation are ignored due to the low
gularity at the downstream infinit) (s=1). The change of the velocity in the recirculation region compared to the main flow
variable ¢ with the spatial variable in the physical plaree velocity. It gives
=—K’ In|¢-1], whereK' is a coefficient, makes it possible to d or
calculate the integrals in E¢l) near the poinD. The boundaries ap_ —, = PoXU§ (9)
OD and TD' are assumed to be parallel far downstream of dx dy
the cascade. Thus, in the interval—&xp(—S,/K')<&é<1 where the stressis calculated from the first Prandtl’s model and
+exp(—sna/K') the function (&) has a constant value, wherex is an empirical coefficient that characterizes the turbulence in
Smax IS the length of the streamline measured from the leadirige mixing region. Due to the two-phase flow in the mixing re-
edge. gion, the tangential stress reaches its maximum vakde,,,, at

i . some thickness\ which is proportional to the spacing of the
2.2 Time-Averaged Wake Flow. Formation of a re-entrant -55cade:

jet in the region of cavity closure has been observed in many 5
experimental studies and described, in particular, by Furness and ﬁ_T _ Tmax_ XPoUs
Hutton[22]. The numerical analysis of a re-entrant jet flow past a ay A h

hydrofoil including two-dimensional and three-dimensional calcys o qrati ; i ;
S . X ; grating Eq.(9) with Eqg. (10) along the mixing region and
lation is given by Dang and Kuipeli23]. The intensity of the uging Bernoulli's equation applied on the outer boundary of the

re-entrant jet depends primarily on the shape of the hydrofoil and; tain the followi ion for th locitv at th
the angle of attack. For slender bodies with a small angle of %?%Ieornt’x\),\zjic?gr;lgf thee %igmg?ez)i(gr??ssmn or the velocity at the

tack, the re-entrant jet begins to interact with the free boundary o
the main flow immediately after its formation and it cannot reach _ Xlo

the point of cavity detachmenf16]. This process causes large vg(x)—voex;{— T(X_IC)}’ le<x<lm, (11)
vorFices in the rear portior) of the cavity, resglting in the ﬂov\(/vherevo is the velocity on the cavity surface.

recirculation and cloud cavitation. In the_expenmental _study CoN- The length of the mixing regiot,, is determined from the
ducted by‘Wade anq Acosfa4], no intensive re-entrant jets Were o dition of the flow attachment

observed in the cavity flow past a cascade.

Based on the these experimental observations, the beginning of & (L) = Y51 ) = Y5 (). (12)
the wake region is modeled by a time-averaged boundty The thickness of the mixing layefis determined from the rela-
upon which the density changes in a stepwise fashion from thgnship for free jet boundary layers
vapor densityp, to a certain valug,. Following the workg17]
and[19] we use the terms “mixing region” and “near wake” for 6=b(x—lo), (13)
the regionsOHGK and KFF'G, respectively. Due to the flow Whereb=bgr, andbg is a coefficient determining the increase of
recirculation in the mixing region, the density changes slowly. Féhe width of the free mixing layer for cavitation-free floWg6].
simplicity, it is assumed that the densjiy in the mixing regionis ~ The density in the mixing region is determined from the inter-
constant ang, < py<p. A self-similar velocity profile is assumed polation between the following two limiting cases. When the cav-
between lower and upper boundaries of the mixing la9&K. ity length approaches zerd (~0), the nondimensional density
The flow attaches to the blade surface at the p@n(Fig. 1). should approach oner{~1). When the cavity length reaches
Downstream of the cross secti@K the density increases rapidly Some value corresponding to the throat of the blade channel
due to higher pressurg@(p,) and the absence of reversed flows(! c max=h), the choke effect causes transition from partial cavita-
For simplicity, the density in the near wake is assumed to be eqii@n to supercavitation and consequently the density should ap-
to the liquid density. proach zero (—0), [14,24. From the linear interpolation be-

Following the theory of separated flow$19,25, a one- tween the above two limiting cases, it is assumed
parameter family of velocity profile is assumed in the “mixing fo=polp=1—1lc/1¢ max- (14)

region” and “near wake,”
2.2.2 Near Wake. Two functionsp 5(x), andm(x), describe
the velocity field in the near wake region. In this region von

(10)

izl_mf(y), (7) Karman's momentum integral equation is applied and it is as-
Us sumed that the coefficient of turbulent mixing, is constant.
. . i ds** dinvy
wherem= (v s— Ug)/v 5 is @ form parameter of the velocity profile, +(28** + %) =0, (15)
y=ylé is the nondimensional coordinate across the wakep s dx dx
are the velocities on the lower and upper boundaries of the vis- 1 d (9 0
cous wake, respectively, arfdy)=2y®—3y?+1 is the universal K= P pudy=—-. (16)

velocity defect function for the turbulent free mixing lay€es9].
Various dependencdgy) were investigated but it was found that Integrating the continuity equation across the wake we have the
the choice of the functiorf(y) has only a small effect on the condition of interaction between viscous and inviscid flows in the
results. A small change of the empirical coefficient of turbulerform proposed by Crocco and Legk7]
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3.5
3|
2.5

dys®  dyy'
dx dx °
The value ofK =b/2 corresponds to the self-similar boundary

layer developing far from the wall and this value has been used
throughout the present study. By using Ef), we can reduce g 2
—

17

Egs. (15—(17) to the following system of ordinary differential = s
equations: §1~5
A aP_ B 18 :
dx (18) 0.5
whereP={p;}={m,v5,6*}, A=|ajl, B={b}, ij=1,3. The el- 0
ements of the matriA and the vectoB are presented in Appen- 0 0.1 0.2 0.3
dix A. The system of Eqg18) is nonlinear due to the dependence G

of the coefﬂuenla,] on the variablep; . The initial values of the

variables in the wake are assumed to be the same as those afi#ie3 Effect of choice of the coefficient  x on the cavity length,
end of mixing regionx=1, length of separated region, and static head coefficient for

the flow parameters: blade angle B=10 deg, angle of attack
2.3 Computational Adaptation. The solution algorithm of a=5 deg, solidity of the cascade 7=3

the integro-differential Eq(5) and the integral Eq6) is based on

the linear interpolation of the function®¢) and y(¢) on the seg-

ment|§;_4,§;] of the real axis in the parameter domain, where The nonlinear system of ordinary differential equations, Eg.
0<¢j<t, j=1,M; andt<¢{;<¢&*, j=1, M, are fixed points¢*  (18), is integrated using standard fourth-order Runge-Kutta’'s
isa Iarge value, correspondlng to the leading edge in the physica¢thod. The iteration was repeated until the velocity distribution,
plane. The value$/,;=80, M,=40 provide sufficient accuracy. v 4x), and the shape of the boundary of interactipif(x), sat-

For each segmeig;_4,&;] it is assumed that

d
s = B =const,

d§ J:lv MZ!

=yj=const, j=1, M;.
19)
In view of Eq. (19) the functionspB(£) and y(¢) have the form
i—1

ﬁ(§)=§1: BIAE+B(E— & 1)+ B,

dy
dé

i—-1

y<§>=§ YIAE+ Y[ (E—&-1)+ 70, (20)

wherei is the index of the segment in whichis located, and
& 1<&<§, Bi=pB(C) is the slope of the pressure side of th
profile at the trailing edg&. The angley, is determined from the
condition y(t)=,8(t)=22"171’A§,-+ Yo, Wheret is the value of¢
corresponding to the trailing edde. In view of Eq. (19), the
integrals appearing in Eq§3) and (6) can be represented as

o=
7 ), de M e

o £
I=1Mz; Jo 5'(

é+s

where the coefficients;(s) = 1/ f?
]

tegrated analytically.
The integro-differential equation of E(p) is solved by using a
method of consecutive approximation using the relation

= B[X(fj J_ BIX(&-1)]
) gj 1

X(§)= Re( f

The integral Eq(6) in view of Eq.(21) is reduced to a system
of linear equations

dé=pB{a;(s),

)d§ Yigi(s), i=1M; (21)

. In(é—s/é+s)dé can be in-

, Where

(22)

) jzl,Mz.

qij¥{ =9, i,j=1My. (23)

The termg;;=

side of the Eq(6) at the ponntg, 0.5(§_1+¢&).

Journal of Fluids Engineering

isfied |01 (x)/vo—v(x) vl <e, y3P*1(x;)/h—y§PK(x;)/h|
<&, where k is the number of iterationj=1, M;, and ¢
=10* for the present study.

2.4 Examination of the Cavity Wake Model for Symmetric
Flow. In this section we discuss the choice of the values of
empirical factors and the validity of the model is examined by
applying it to symmetrical cavitation. The wake model includes
empirical coefficientdg, x, . max- The coefficientoy represents
the rate of increase of the free mixing layer width. riGa’s
theory described by Schlichting26] predictsby=0.098 at the
boundaries of mixing layer withu/v 5)2=0.1 and (/v 5)?>=0.9,
and this value was used by Devis et H5] for modeling the
cavity flows in inducers. We use this value for the present calcu-
lations. The coefficient of turbulent viscosigyin the mixing re-

eglon is chosen to provide good agreement between calculated and

experimental cavitation performances of the inducers. It will be
shown later that the valueg=0.4 andl ,,=h provide good
results for inducers. The effect of the predicted cavity length and
the head coefficient on the value gfis shown in Fig. 3. The
cavity length and the head coefficient decrease with the decrease
of the coefficienty, but the total length of the cavity and mixing
region,l,,, is not sensitive to the value ¢f. Within the frame-
work of the model of an ideal fluid the cavity length approaches
zero (.—0) with c—oo for the case with a sharp leading edge.
The present model predicts a finite valag at which cavity
length becomes zerar{~0.18 aty=0.2 is shown in Fig. 8 The
value of oy depends on the values of parametess x, | ¢ max- It
increases almost linearly with the increase of the empirical coef-
ficient . For the chosen valug=0.4, 0y~ 0.4 was obtained. It is
expected thatry corresponds to the inception cavitation number.
Although the valuery=0.4 is quite reasonable for inducers, fur-
ther experimental and theoretical study is needed to correigte
with inception.

The static head coefficient, is calculated as a part of the total
head coefficient]7],

gHst
Yst= —z
wherec,,(r) is the merldlonal velocityQ is the volumetric flow
rate, andp,; andp, are the static pressure at the inlet and outlet,
respectively. The following approximate relation can be obtained

fepy(r

—f&rrcm(r)dr (24)

q;(&). 9i(&) is determined from the right-hand from Eq.(24) if we apply Bernoulli's equation to the inviscid flow

and assume that,(r) andv s (r)/v.(r) are constants
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Fig. 4 Suction performance of the inducers compared with

experiment Fig. 5 Boundaries of the inviscid flow at the tip, middle and
hub radius for the inducer No. 1

: (25)

r*? ( - v5(r*)
complianceC = — 3V, /oy, with experimental data. The cavity

~——(1+¢*?
Vo 2 (1679 1= o _ experimen
wherev s, is the velocity of the inviscid flow at the outlet of thexgggp?r;it?oe;k.:ulated as the radial integration of the area of the

cascade,¢* is the flow coefficient at mean square radius N (f | |
=V(rpt+ry)/2. S fc X,r)dx+(1—r fm x,r)dx|dr

In Fig. 4 the cavitation performances predicted by the model ¢ Vigt rm\Jo yelx.r) ( o) Ie yex.r) ’
are compared with experimental data for inducer No. 1 and No. 2 (26)
described in Table 1. The comparison is made in terms of th

— 2 2.2y
relative cavitation number—o* where the choke cavitation W%'I?rzg\g;fpefi;é;(trafl V;iﬁe': :2?i:wedfﬁcr:i?cNeovollug;ellDiIipenko ot al
* 3 * * H * * . .
numbero™ is seto™ = o, for predicted data and™ = o, for [27] were determined from a test under cavitation surge. The data

experimental data. The difference betweely. andog,,is caused o Saturn boosters engines J2 and [28], are also shown. The

by the leading edge thickness of the blad&s, For all predicted presented model provides reasonable agreement with experimen-
data shown in Fig. 4 the valug=0.4 has been used. It can beg| gata.

seen that this value provides good agreement between predicted
and experimental head coefficients for various inducers over a
wide range of cavitation number and flow coefficient including
the region of the head breakdown.

Figure 5 shows the predicted cavity and wake shapes for the
cascade at the tip, mid radius, and hub for inducer No. 1 under the
conditions of uniform inlet pressure and axial velocity. The gray 20 |
level corresponds to the level of density in the mixing region
determined by Eq(13). As can be seen, the cavity length de-
creases quite rapidly as we move from tip to hub although the J2-F
angle of attack increases. Thus, the cavitation starts at the tip an 15 |
then extends to the hub with decreasing inlet pressure. This is ir 3
agreement with various experimental observations. S

Figure 6 compares the predicted nondimensional cavitation g

<1

25

B experiment,¢=0.065
® experiment,$=0.075
—o— calculated, ¢=0.065
—8— calculated, ¢=0.075

Table 1 Geometry of the inducers tested

5
Inducer No.1 No.2 No.3 No.4 No.5
Tip diameter, mm 120 156 127 149.8 149.8
Inlet hub diameter, mm 63 76 37 375 37.5 0
Outlet hub diameter, mm 63 76 65 79.4 76.4
Number of blades 2 3 3 3 4 0 0.02 0.04 0.06 0.08 0.1
Solidity at tip 3 25 25 1.9 297 Gi
Inlet blade angle, deg. 8.25 11 10 75 75 P
Outlet blade angle, deg. 8.25 11 12 9.0 9.0 o ) e .
Blade thickness at tip, mm 2 3 25 2 2 Fig. 6 Cavitation compliance prediction compared with ex-
Blade thickness at hub, mm 4 5 35 5 5 perimental data for Inducer No. 1, [27], and experimental range
Ref. to the experiment data [27] [27] [30] [4] [3] of cavitation compliance for Saturn boosters engines J2 and
F1, [28]
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Real inducer flow is three-dimensional with tip clearance leak-  0.35

age and inlet backflow,7]. These effects are not taken into ac- ogs R B=10°
count explicitly in the present model. Howevegr=0.4 is deter- 0.3 | 006~
mined so that the predicted suction performance agrees witt 0:07 B
experiments, suggesting that the three-dimensional effects are im 4 55 | .08
plicitly taken into account in the choice of the value pf Al- 0.00 P10 A _f oo
though it is interesting to note that a unique set of values of 0z | 0.10°
empirical factors can nicely predict the suction performance of ., 01
several inducers, there should be a certain limit for the quantita-> 0.12{
tive prediction of inducer performance by the present two- 0.15 + 913~
dimensional model. 0.14
0.1 ¢=0.133

3 Nonsymmetric Cavity Flows in Cascades 005 | & shortercaviy 0083

Most of the studies on the steady cavitation in inducers consider : gﬂ%ﬂgi‘,‘{:&, ¢=0.12
equal cavitation for all of the blades. For attached uneven cavita- 0 : : :
tion, [4], and alternate blade cavitatiofl,], cavity length differs 0 0.2 0.4 0.6
from blade to blade. For such cases each blade should be consic ) L

ered independently. Horiguchi et ] have shown that alternate

ble_lde cav_ltatlon can be predlcted by a closed cavity model _Wg. 7 Head dependences of the cascade versus cavity length
using a singularity method. In this section the effects of cavityr various flow rates in the case of symmetric cavity flow
wake on asymmetric cavitation are examined. The nonlinear magolid lines ) and alternate blade cavitation ~ (closed squares for
ping method becomes too complicated if we consider each bladeger cavities and closed triangles for shorter cavities ): blade
independently. Here, the singularity method is used for the anaBprgle 10 deg, solidity 2.5

sis of asymmetric cavitation combined with the cavity wake

model.

3.1 Some Features of Using the Singularity Method With 3.2 Pressure Balance for Alternate Blade Cavitation. For
the Wake Model. The complex potential of the flow can bealternate blade cavitation, the pressure increase in blade channels
represented as the superposition of the complex potentials of thith a larger cavity should agree with that in the blade channels
main flow Ue™'*z and the complex potentialities of disturbancewith a shorter cavity. This pressure balance is discussed here. The
W, , head in a particular blade channel depends on the flow rate and the
N degree of cavitation development in that channel. Usually, the
e inducer head and cavity length are considered to be functions of
W(z)=Ue"! Z+Zl Wn(2), @7) the cavitation number and flow rate, i.a4y= 5o, @), |
=l.(o,¢). Itis also possible to represent the head as a function
whereN is number of the cascade bladeg, shows the distur- of the cavity length and flow coefficientq= t/s((l,#). This
bance ofnth blade-cavity-wake and is represented by sources apgpresentation makes it possible to consider the head in different
vortices distributed along the blades. Details of the method asgade channels independently. The decrease of the head in one
described ir{6,18]. Here, we describe only the differences causeglade channel might be caused by the increase of the flow rate or
by the application of the cavity wake model. by the choke of the flow due to cavitation. A combination of these
The sources are distributed along the whole length of the blagRenomena can provide the equality of the pressure at the outlet
to represent cavity and wake. On the boundary of interaction taethe blade channels.
tangential velocity is given from linearized Bernoulli's equation Figure 7 shows the head versus cavity length for various flow

and the cavity wake analysis, coefficients for the equal cavity flow predicted by the present
oU model. The static head coefficient is evaluated by &) with
U+ —, 0=x=lg, r*=r,. We consider an arbitrary operational poitl.,¢) for
vn(X)= 2 : (28)  the equal cavity flow. Under alternate blade cavitation this point
up(x), len=x<C moves toA’ for one blade and té\" for the next blade as shown

in Fig. 7. If the alternate blade cavitation occurs, the flow rate in
one channel will increase and that in the next will decrease. For
the channel with increased/decreased flow rate, the cavity will be
shorter/longer, and the developed head should be balanced. If the
flow coefficient in one channel is increased, the cavity length and
the head in the channel will be decreased: the pAimhoves to
g,(C)=0, n=1N. (29) the pointA’(I.—dl¢1, ¢+ d¢). Since the total flow rate is kept
constant, the flow coefficient in the second blade channel will be

This condition is used instead of the cavity closure condition |<rz))_5?¢-S Although the head coefficient near the pofincreases

th?l.ﬁleoiggpﬁﬁ]\gtgrrgggdelgg' of the viscous and inviscid flows is th\gith the decrease of the flow coefficient, it can decrease due to the
vitation development, at positioR” for example. Thus, the

same as shown in Fig. 2. Although the solution of the externGf e blaced b biades oh s
inviscid flow is linear, the solution of the total problem is nonlinPféssure can be balanced between blades channels:

wherel ., is the cavity length, the functions,(x) is the tangential
velocity at the outer boundary of the viscous flow for thin
blade.

Since there are no sources for C the source strength should
approach zero at=C:

ear due to the nonlinearity of the model of the viscous wak®), C— Sl ESh) =]+ Sl _s 30
The valuesy=0.4 andl ,=0.7h were used in the calculations. Yalle™ dler, ¢+ 6¢)=de(lct Oleo, 6= 04). (30)
A small change of the coefficient ., is needed I ,2,=0.7h Several results of alternate blade cavitation predicted by the

instead ofl . ,»,=h) due to the difference in linear and nonlineapresent model are shown in Fig. 7 for the valje=0.12 with
external inviscid flow solutions. Although an infinite number otlosed squares for the longer cavities and with closed triangles for
blades of the cascade is considered, the periodicity of the fldhe shorter one. We observe that the head is balanced in the each
over two or three blades is assumed for alternate blade cavitatmase. The operating points for each blade channel are approxi-
and attached uneven cavitation. mately on the curves of equal cavity flow corresponding to the
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0.4; is also shown. The comparison is made in relative cavitation num-
G 0.095 bero—o™. In the experiment, the alternate blade cavitation was
S observed in the region shown in the figure. A small effect on the
. head coefficient can be seen ir0.06 but not for¢p=0.08. The
2 present model fails to predict the head quantitatively in the case of
< 0.2} bl the nonsymmetric flow. However, Fig. 9 shows that the predicted
= . region of the alternate blade cavitation at the tip is in reasonable
0.1t . agreement with the experiment. The closed cavity model predicts
L much larger value ofr for alternate blade cavitatiof]. In Fig. 9
0 é______ the region of rotating cavitation is also shown. Rotating cavitation
starts at a smaller cavitation number than does alternate blade
0.4y cavitation.

o 0.145 Il 3.2.2 Attached Uneven CavitationIn three-bladed inducers
0.3 . 2" blade the steady nonsymmetrical flow was observefdinand is named
' . attached uneven cavitatioffFig. 11(a), the region marked3)).
0.2+ s B This cavitation pattern occurs at a smaller cavitation number than
L e rotating cavitation. No steady flow pattern corresponding to at-
01l A7 1* blade tached uneven cavitation can be predicted by a closed cavity
- model,[6].
P v In Fig. 10 are shown the predicted lengths of cavitigs,total
0 ' lengths of the cavity and mixing regidp, and the flow rate in the
0 1 2 3 4 blade channels versus cavitation number for a three-bladed in-
- ducer. We set the blade numbering as shown in Fig. 10. In the
h direction of blade numbering, the cavity size changes smallest,
) i ) ) largest, and then middle. This agrees with the experimental obser-
Fig. 8 Asymmetric cavity flow in the two-_bllade cascade: _bla_de vation by Azuma et al[29]. We have smaller flow rate for the
ﬁﬂﬂﬁelrg g%%;;?éeooi ﬁ.fta‘:k 5 deg, solidity 2.5 for cavitation blade channel with larger cavity. Thus, only one blade channel is
: : choked with the largest cavity and smallest flow rate. With the
decrease of the cavitation number the difference of the flow be-
tween channels also decreases and disappears at some small cavi-
actual flow rate in the blade channel. The pressure balance caniation number near the head breakdown at which the mixing re-
be examined with a closed cavity modd], since the pressure is gion extends to the trailing edge of the blade.
always balanced for the closed cavity model. In Fig. 11(a) are shown the experimental suction performances
o . and the map showing the occurrence regions of various types
.3'2'1 Alternate Blade Cavitation.Figure 8 shows thg Pre- cavitation for inducer No. 4. The region 3 corresponds to attached
dicted cavity and wake shapes of alternate blade cavitation qli’ﬁeven cavitation. In this region the flow is stable and a small
0=0.095 ando=0.145. The gray level corresponds to the levelo 4 gecrease can be observed. The region 4 corresponds to ro-

g_fffden5|t|¥ n t?el m\ll)\(/”t]r? region. As can be_tset_en, the %av'tt{]Sh(?Eﬁing cavitation. There is no head decrease in this region. The
Iers afternatély. With an increasing cavitation number th€ Ciky,ched uneven cavitation occurs at slightly smaller cavitation

fere.nce of the flow parameters on differept .blades increases. numbers than for rotating cavitation.

Figure 9 compares the predicted cavitation performance with|, ry 1 11) are shown the suction performances predicted at
experlmental results for inducer No. See Appgndlx B The the mean square radius, for inducer No. 4. The region of attached
calculations are made at the mean square radius to compare [hg o, cavitation predicted at the tip is also shown. The compari-
head. The region of alternate blade cavitation predicted at the fig~ ¢ Figs. 1ta) and 11b) shows that the region of attached

uneven cavitation agrees with that predicted at the mean square
radius and the region of rotating cavitation agrees with the region

v/h

0.2 R.C., experiment A.B.C. at tip, calculated
................... 2.5 3 g 3
0.16 3
$=0.06 o
.......... : PTI PY
0.12 1.5 1% blade
3 ’ 2
> q i §
0.08 | L 5 * ™N¢=0.08 fs QW
. . 0.5 1.5 S
A.B.C. at tip, experiment i. .
0
0= — AB.C. calculated at mean 05 i o 1
- -~ symmetric flow J square radius e | 3 B=
0 + = experiment 1 : 9=0.113 05
-0.02 0.02 0.06 0.1 0 0.05 0.1 0.15 0.2
Otip-O o
Fig. 9 Predicted head coefficient compared with experiment, Fig. 10 Predicted cavity length, length of the mixing region
plotted versus the relative to the choked cavitation number o*, and flow rate in the blade channels versus cavitation number
for inducer No. 5; A.B.C. alternate blade cavitation; R.C. rotat- for the three-blade cascade: blade angle 10 deg, flow coeffi-
ing cavitation cient 0.113, solidity 2.5
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B8 A.B.C,, calculated
A.U.C., calculated

experiment, inducer No.5

o
=
T

Y1110/ 700 7900,

experiment, inducer No.4 ~

075 1 125 1.5 1.75 2 225 2.5 2.75 3
E T

Static pressure coefficient, Yy

1 Fig. 12 Comparison of the regions of nonsymmetric flow past

two and three-blades cascade in the plane of the cascade so-

3 - lidity and the parameter oy, /(2a): the blade angle B=8 deg,

flow coefficient ¢=0.084; A.B.C. alternate blade cavitation,
bt G two (four )-bladed inducers; A.U.C. attached uneven cavitation,

0 0.05 0.10 three-bladed inducers

Cavntauon number, Gy
G)]

0.2 Reg(%n of uneven attached cavitation: ers is larger than that for three-bladed inducers. The cavity wake
at mean square radius model provides much better agreement with experiment than the
@ at tip closed cavity modeJ6], for the region of alternate blade cavita-
tion in terms ofo/(2a).

Conclusions

A cavity wake model was presented for the prediction of steady
cavitation performance of inducers. The model is based on the
physics of the viscous flow in the wake and the interaction with
outer inviscid cavity flow is taken into account. The wake model
contains several empirical factors and it was applied to several
inducers using a set of values for the empirical factors. It was
shown that the model can predict the suction performance and
cavitation compliance reasonably for a wide range of flow coeffi-
cients and cavitation numbers.

0 I N S U S S S S S The model was applied to alternate blade cavitation for induc-
ers with an even number of blades, to examine the pressure bal-

0 0.05 0.10 ance between the blade channels with larger and smaller cavities.

Gip It was clarified that the blade channel with a Iargey cavity has a
(b) smaller flow rate and the increase of Euler’'s head is balanced by
head decrease due to cavitation. The model was further applied to
Fig. 11 (a) Experimental suction performances and map an attached uneven .cavitation for inducer.s with three blades
showing the occurrence regions of various oscillating cavita- which cannot be predicted by a closed cavity model. The wake
tion types for inducer No. 4  (see Appendix B ); (b) predicted ~ Model can predict the attached uneven cavitation and the relations
suction performances and map of regions of the nonsymmetric cavity size and the flow rate in each channel was examined. It was
flow for inducer No. 4 (see Appendix B ) shown that the onset range af(2«) for alternate blade cavita-
tion and attached uneven cavitation can be predicted more reason-
ably than the closed cavity model. The model can predict the
“dips” in the suction performance curves associated with the al-
attached cavitation first appears at the tip and then extends to rnate blade cavitation and attached uneven cavitation. However,

hub with further decrease of inlet pressure. The significant inflgl-8 agreement of the predicted head with experimental results was

ence of the backflows at the inlet fgi— 0.06, which is not taken ot as good as in the cases of the first several inducers No. 1-No.

into account. mav cause the disaareement between the predi specially at lower flow rates. This shows the limitation of the
Int, may cause 9 P ? ent model for the quantitative prediction of the cavitation per-
and experimental cavitation performance.

Figure 12 compares the predicted region of alternate blade Caf\%[mance of real three-dimensional inducers.

tation for twdfour)-bladed inducers with the region of attached
uneven cavitation for three-bladed inducers in the plane of the
cascade solidity- and the parameter;,/(2«). The experimental
points for inducer No. 4 and No. 5 as well as the results predictépknowledgments

by the closed cavity model are shown. It can be seen that theThis study was supported by the JSPS. The authors would like
region of nonsymmetric cavitation for the t{four)-bladed induc- to thank the reviewers for their valuable comments.

predicted at the tip. Calculations at various radii show that t
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Nomenclature

C.ay = Quasi-steady cavitation compliance
by = coefficient of free mixing layer increase
C = chord length
h = cascade spacing
i = imaginary unit in space?=—1
K = coefficient of turbulent mixing
I, = cavity length
I, = total length of the cavity and mixing region
N = number of inducer blades
m = velocity profile form parameter
p, p, = pressure and vapor pressure
ro = nondimensional densitypy/p
S = inducer pitch
u = x-component velocity in the wake
v = tangential velocity
V. = cavity volume
W = complex potential
ys = inviscid flow boundary
a = angle of attack

k J—

B(x)=dyp/dx

blade angle
slope of the blade

x = coefficient of turbulent viscosity
6 = viscous layer thickness
6* = displacement thickness
8** = momentum thickness of the viscous layer
¢ = flow coefficient
vo = angle of cavity closure
0 = blade thickness
p = liquid density
po = density in the mixing region
o = cavitation number
o* = cavitation number for choked cavity flow
7 = tangential stress
¢ = static head coefficient
{ = parameter regioaé+in
Subscripts
1 = parameters at inlet
2 = parameters at outlet
n = blade index
h = parameters at hub
t = parameters at tip
8 = parameters at outer boundary of viscous layer

Appendix A
Coefficients of the matribA and vectorB of Eq. (18):
IH** dlnH*
a;= —H* —,
am Jm
2H** +H* H*
A= AT b,=0,
JInH* S*(1—H*)
an=— “om azzzv—6,
boH*
ap=1-H", by=——,
0 8 (1—H*)
a3 =0, axp= H*—v,;'
d up d lw
ag=1, by=—2 o
dx dx
Appendix B

For inducers of varied pitch, in order to take into account in-

,Beq(x) =B(X)—AB(X),

whereA B(x) =Arc tan@/2mr*rZ—r2(o)/r2—r[z(x)]) - B1.

z is coordinate in axial direction anfl;, B, are the inducer
pitch and blade angle at the inlet. Usually, inducers are designed
such matter thaBeq(X)~ ;.
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Experimental and Numerical

Study of Unsteady Flow in a

nongwang | Diffuser Pump at Off-Design
Post-Doctoral Research Fellow c 0 n d iti 0 ns

Hiroshi Tsukamoto

Professor An experimental and numerical study was developed for the unsteady phenomena at

off-design conditions of a diffuser pump. Unsteady pressure measurements were made
downstream of the impeller, and the pressure fluctuations were analyzed using the en-
semble averaging technique as well as the statistical and chaotic time series analysis. The
unsteady flow was classified into five ranges as a result of the statistical and chaotic time
series analysis. And a two-dimensional vortex method was employed to investigate the
unsteady flow structure due to the interaction between impeller and diffuser vanes in a
diffuser pump at various off-design conditions. The numerical results of unsteady flow at
a partial discharge range (approximately 83% of the rated flow rate) show an asymmetri-
cal separation bubble near the pressure surface of the impeller vane. The intermittence of
the separation bubble may be the main factor to cause the unstable characteristics of the
test diffuser pump. The calculated unsteady flow at the lower partial discharge range
(50% of the rated flow rate) presents a rotating stall in the impeller passage as well as in
the diffuser passage, which can be main cause of unstable characteristics there.
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Introduction ments, Sinha et a[.13] studied the occurrence of stall in a cen-
In diffuser pumps, the centrifugal impeller interferes with thd"fugal pump with a vaned diffuser that has a gap of 20% of the

diffuser vanes and produces pressure fluctuations downstreani"gpeller radius and 15.4% of the diffuser chord length. They dem-
the impeller. These pressure fluctuations may become as largeBgtrated that the separation of the high-speed leakage flow in the
the total pressure rise across the pump in the case of a small raé#p from the exit side to the beginning of volute causes the onset
gap between the impeller and diffuser vanes. These fluctuatigisthe rotating stall with 6.2% of the impeller speed.

not only generate noise and vibration that cause unacceptable levHowever, it seems difficult to understand the unsteady phenom-
els of stress and reduce component life due to fatigue, but aksea only from experimental studies because of the complicated
introduce unfavorable characteristics of pump performance evdow structures in pumps, especially at off-design conditions. Sun
at or near the design point. Considerable experiments have beg@d Tsukamotd14] calculated the off-design performance in a
.CondUCted in Stud)_/ing the interactions b.etWeen the flow Wlthln thﬁﬁuser pump using a three_dimensionaL unsteady RANS code
impeller and the diffuser vanes of centrifugal turbomachine at th@ih standardk—e turbulence models. Sano et &15] reported

rated flow rate since the 196(4,-8|. As discussed on axial tur- \he nymerical study of rotating stall in a pump vaned diffuser, in
bines by Dring et al[9], the interactions can be divided into po-

i X which the flow instabilities were observed in a range with nega-
tential and wake effects. The former affects both the impeller angd slope of the pressure performance curve of the diffuser

the diffuser, and decreases with the increasing distance betweepn spite of considerable efforts devoted to the study of rotatin
blade rows. The latter impacts the flow downstream and should P y 9

persist over larger distances. Recently Shi and Tsukaridh stall in pumps, the mechanism_of the ph?UOm‘?“OF‘ has not_ yet
and Wang and Tsukamofd1] analyzed the potential and wakePeen well understood. There exist some dlff_lcultles in em_ploylng
effects in a diffuser pump by comparing the calculated unsteatf}e unsteady RANS solvefl) mesh generation problem in the
pressures with the measured ones. gap between the impeller and diffus€?) turbulence model prob-
Unsteady phenomena in diffuser pumps become more comgém in the complicated unsteady flow, af8) convergence prob-
cated at off-design operating conditions. At reduced flow rates, then in grid and iteration number per time step. On the other hand,
flow rate and pressure of a pump become increasingly unstalilge vortex method can be applied easily to flows around complex
When substantial flow fluctuations are propagating at a low frgeometry because it is grid-free. And the physical variables like
quency along the circumference, but are limited to a part of theyticity, velocity, and pressure can be obtained directly without
components(e.g., rotor, diffuser, or volule the phenomenon is jteration process at every time step in the vortex methods, and
typically referred to as rotating stall. Yoshida et 2] investi- /< there is no convergence problem for the vortex method.

ﬁﬁ‘t%?lgpaitrﬁt;‘%g%esttagf'g%‘j‘gg'g ITnhS;SI\I/err]c_)bl:d;et?oﬁesntggéigi oreover, Lagrangian representation of the evolving vorticity
P Y y propag P jeld in vortex methods is well suited to a moving boundary. In the

the diffuser was less than 10% of the impeller speed, and it w: dv. theref h ded
most evident when the clearance between impeller and diffudFSent study, therefore, the vortex methidd), was extended to

vanes was large. Using PIV and pressure fluctuation measulfé® case of changing operating points at the off-design condition

of pump. The pressure fluctuations due to the rotor-stator interac-
Contributed by the Fluids Engineering Division for publication in tewanaL 110N and the rotating stall in a diffuser pump were calculated using

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionthe vortex method, and the calculated pressures were compared
November 20, 2002, revised manuscript received April 22, 2003. Associate Editor:\th the experimental data
Tsujimoto. ’
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Fig. 1 Test rig and instrumentation system

Experimental Setup and Procedures Flow Model. The continuous vorticity field is represented by
: : : : the bound vortex elementg, adjoining the solid boundary, and
thg 'g;;irilmsehrﬁwiggeetf; érﬁ earl]rt‘di Sthceorl]r:jsut::l:g:je?r:agocnloss)gséeg cf e vorticesy,, emanating from the trailing edge and boundary
which consists of a reservoir open to air, a suction valve, a te % Iet;n-l(;%j;t;/s% m B?égg)rita::rgczl(;tsicllﬁ Z%t?ggrga;ﬂtﬁf sk
pump, a discharge pipe, and a discharge valve. The flow "buted just under the boundary surface as shown in Fifl&],

ﬁgwrﬁg%rb% sttgﬁ eccjilsirf Qﬁ;ggi Sjﬁ\éf ('ES riniaﬁ_l;}rs? o?z;/tictrr]\ill gltf:g e wake and separated flow, which carry concentrations of vor-
g€ pipe. P ticity, are traced by a Lagrangian scheme.

the pump is detected by the pulse sign&8 pulses a revolution
In order to avoid cavitation, water is supplied into the suction port Unsteady Velocity. As an extension of the Biot-Savart law,
from a large reservoir with a water level of 1.6 m higher than thigg 7], to two-dimensional unsteady viscous flow, the velodity)
pump center through a short inlet pipe. The large reservoir is opgna domainS bounded by boundarly can be written as the sum
to air, and thus there will not appear a marked low frequenaf the velocity induced by all vortex elements in the dom&jn
oscillation in the present system, which usually happens in amd that induced by the absolute motion of the boundarghat is
airtight system due to the compressible air if existing.

The test pump is a centrifugal pump with a closed impeller 1 (rg) X (rg—r)
illustrated in Fig. 2a), and corresponds to one stage of a multi- BV(r)=— o des
stage centrifugal pump. Its principal specifications are summa- S
rized in Table 1. Figure ®) illustrates the unsteady pressure mea- {V(rg)-not(ro—r)
surement stations on the shroud casing of the diffuser in the test + f WdL
pump. The measurement stations were arranged on the intersec- L 0
tion of six radial and five streamwise grid lines in a blade-to-blade _
diffuser : H {V(rO)X nO}X (rO r)

passage. Measurement stations were also arranged in — 5 (1)

other passages in order to measure the propagation of the pressure L ro—r|

fluctuations toward the peripheral direction. The instantaneous »
suction and discharge pressure, as well as the unsteady pressuféekg:fo equals the position of the vortex elements or boundary
the diffuser passage are measured by semiconductor-type pres§tggentsy equals the one where the velocity is being evaluated,
transducers, which are installed directly on the pressure tapsdd 8=1 and 0.5 forr are in domainS and on boundary,
order to prevent the decrease of natural frequency in the pressigepectively.
measurement systems. The. instantaneous rotational speed and Ui known Vorticity.  The main problems in the present vortex
steady pressure are transmitted to an A/D convector and recordgginod are how to represent the vorticity field and how to deter-
on the data file in the computer. mine its position and strength to satisfy the boundary conditions.
. . A Petrov-Galerkin boundary methof18], was applied to deter-
Numerical Analysis mine the vorticity in the thin layer adjoining the solid boundary to
The two-dimensional unsteady viscous flow was calculated featisfy the boundary conditions. As derived directly from the
the flow field around the impeller and vaned diffuser shown iNavier-Stokes equations by the present authdrs,19, the vor-
Fig. 3 using the vortex method developed by the authid]. ticity shedding from a stationary solid surface and a solid bound-
The outline of the procedure will be described in this paper. ary rotating with angular velocity) can be determined by
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Fig. 2 Schematic configurations of test diffuser pump; (a)

cross-sectional view of test pump,  (b) impeller and diffuser, (c)
leading edge of impeller vane

t Livg

AFi:f f [oV,lot+oBloL]dLdt (29)
to1J L

and

4 Lit1
Ari=fj f [oW, /at+aB'[dL+ (9 gt Xr)-]dLdt
G J L

(2v)
respectively, wher®'=B—U-V.

Journal of Fluids Engineering

Table 1 Specifications of test pump

Rating: Impeller:

Qo 4.4 ¥/ min R, 165 mm
Ho 33.7m b, 28 mm
No 1500 miri * B2 24.3 deg
Ns 232 (n¥/min,m,mir 1) Z; 6
Diffuser: Return Channel:

R3 170 mm Rs 240 mm
b3, by 30 mm bs, bg 34 mm
R, 240 mm Rg 120.5 mm
Zy 11 Z, 11

R3 /R, 1.03 Re/Rs 0.5

Unsteady Pressure. After the vorticity and velocity field are
determined, the unsteady pressure can be calculated directly in the
present two-dimensional flow calculation. The boundary element
method was used to obtain the Bernoulli functi®n[20]. In this
study, an inner boundary surfate was set between the rotor and
stator as shown in Fig. 3, and by employing the Gaussian diver-
gence theorem and the flow continuum equation, the following
equation can be derivefil1]:

,BlB/(r)+,BZB(r)—J B’(rO)VGndL—J B(ro)VG-ndL
L L

i d
B (m
= y ero

N,
-nGdL—-Q
'ndL—VJ (VGXw)~ndL+f VG- (WX w)dS
Li+Ly Sy

78 GdL- JL (V-U)VG
2 2

+J VG- (VX w)dS 3)
S

where the values g8, and3, at P(xp,yp) are shown in Table 2.

Instantaneous Flow Rate. The instantaneous pump operation
is calculated by considering the change in the pump operating
point. In the present calculation, the effects of pipe system was
simplified by a equivalent pipe lengtf21], and it was assumed
that the pump delivers no elevation head, so the instantaneous
flow rate Q;(t) can be calculated by

H(t) = (leq/gA) dQ/dt+ kHoQ Q3 4)
where Hy, and Qq are the rated total head and flow ratds;

:wDé/4 is the nominal flow ared, is equivalent pipe length
referred to ared\y; and « is the resistance coefficient. At every

Diffuser vane

Fig. 3 Mathematical model for calculation
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Fig. 4 Panel around solid boundary and nascent vortex elements

calculation step, the pump operating point is determined in tfigne calculated flow rate and total pressure rise shown in this
process of resolving iteratively the instantaneous flow rate afigure are time-averaged during the period\dffrom 6 to 16. The
total head rise in Eq¥3) and (4). performance curve calculated by vortex method agrees qualita-

Calculation Condition and Numerical Uncertainty. In the
present calculation, the thickness of the vortex panels adjoining

the solid boundary is assumed to & ,=2.0//Re. The instan-
taneous rotational speed of puniyt), is assumed to be

N(t)=N¢(1—e Tna)

whereT,,=T, was assumed in the present study.

Although the present vortex method is grid-free and determin-
istic, the numerical results may be affected by the number of
panels on the boundary surface as well as the free vortices in the
flow field. Thus the uncertainty analysis was conducted in detail in
our previous study[11], in which it was proven that accurate
computations could be obtained from 240 time steps per revolu-
tion, 45 panels per blade, approximately 25,000 vortex elements
for the rated operating condition, and whereas there are 30,000
vortex elements for the off-design operational condition. The
present calculations were done for 198 time steps per revolution,
60 panels per blade, and approximately 30,000 vortex elements
for the entire flow field. The time incremenaAt is 2.02
X 10" seconds for 198 time steps per revolution under the rota-
tional speedN,= 1500 min *. The computation was done during
30 revolutions, that is, 5920 time steps in 1.2 seconds. Therefore,
the unsteady components can be captured in the frequency range
from 1.67 Hz to 2475 Hz. The CPU time is about 330 hdtms
weeksg on a Workstation VT-Alpha 666666 MHz Alpha proces-
sor, 1GB RAM.

©)

Results and Discussion

Performances and Steady Pressure.The performance test
of the diffuser pump has been conducted before going into the .

detailed unsteady pressure measurements. FigajesBows the © \\ /" YA .
measured and calculated performance curves of the test pump 0.02 | S~ .- 4 1“" ‘,l‘ a -
\N_ 7/
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Table 2 Values of B; and B, in Eq. (6) 0 ] 1 1 ] 1
Locations ofP B B2 0 002 004 006,008 01 012
inS; 1 0 ¢
onL; 0.5 0 ®)
onl, 0.5 0.5
in S, 0 1 Fig. 5 Pump characteristics curve; (a) total pressure rise
only 0 0.5 coefficient and pump efficiency and  (b) standard deviation of

*[{B-V2GdS=—(B,B’ + 3,B)

770 / Vol. 125, SEPTEMBER 2003

total pressure rise, the experimental uncertainties
$=%x1.6%, and np=*2.5%

Y=+1.0%,
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Fig. 6 Variation in steady pressure versus flow rate at the in-
let, mid, and exit of diffuser passage; the experimental uncer-
tainties Q==*1.5%, and C,==*0.9%
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0.1
S
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-0.2 |
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t*
(a)
0.2
Vortex Method
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-1.5 -1 -0.5 0 0.5 1
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(b)
Fig. 7 Comparison of unsteady pressure in the time domain,
(@ (ry,cq); (b) (ry,c3), the experimental uncertainties C,

==+0.9%

i x1073
NZ

A 0.5
§‘ . -
g NZ 3Nz,
n 4NZ; SNZ; :

0 ) 1 I L ‘ |6N.Zl

0 200 400 600 800 1000
f (H2)

Fig. 8 Measured pressure fluctuations at station (ry,cy) inthe
frequency domain for the rated condition, the experimental un-

certainties S,,==*1.8%

tively with the measured one. However, the calculated absolt
value is 10% bigger than the measured one because the hydraulic
losses in the bend and return chanfssle Fig. 2 are ignored in Fig. 9 Calculated flow pattern at
the present two-dimensional calculation. The performance curvertex pattern (b) velocity contour
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(b)

Nt=131/9 for Q/ Qu=0.86; (a)
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Fig. 10 Calculated flow pattern at  Nt=93/9 for Q/ Qy=20.83; (&) vortex pattern,
(b) velocity contour in area

shows that there exists an evident positive slope below the 50%oid, and §¢,c3) at the outlet of the diffuser passage. This figure
the rated flow rate designated by II, and a slightly positive slope #ilso shows thgC,(rg,c3) —Cp(ry,c3)} which reflects the dif-

a very small range at approximately 80 percent of the rated fldwser performances. Ap/Q,~0.8 and 0.4 Q/Q,< 0.6 the slope

rate designated by I. As is well known, the diffuser pump becomes C (r, ,cs) is positive, which shows the unique impeller perfor-
unstable when operating in these ranges with positive slope ffince. On the other hand, there exists positive slope of the unique
characteristic curve. Figure(th shows the standard deviation ofgjffyuser performance a/Q,<0.4 and 0.5Q/Q,<0.7. Based

the measured total pressure risg,. There exists marked increasegp, the positive slope of these characteristic curves, the entire op-
in o, in these two ranges designated byQ/Q,~0.8) and Il grating range can be classified into five ranges from A to E as

(Q/Qy<0.5). shown in Fig. 6
Figure 6 presents the time-averaged pressure coeffiCigion wn in Fig. ©.

the representative pressure taps,€3) at the inlet, ¢3,c3) at the Pressure Fluctuations at Rated Flow Rate. The spectrum
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Fig. 12 Time histories of relative velocity at station @

Fig. 11 Velocity contour at Nt=93/9 in area (D) for Q/Q, the vane is defined to be positive. Therefore there exists a sepa-

~0.80 rating flow when the relative velocity shown in the figure is posi-
tive. Otherwise no separating flow appears near the pressure sur-
face of the impeller vane. The separating bubble is found to be

analysis was done for unsteady pressure data recorded with I{P{ rmittent forQ/Q0~0_.83 as can_be seen in Fig. 12. The inter-_
sampling frequency of 2000 Hz in 50 seconds to capture the IOV\{E} tence of the separating bubble is thought to be one of the main
frequency components of the pressure fluctuations. Figui@s —factors to cgu;]e thte (;J?lstablet characteristic of the test diffuser
and éb) show the Clomlpar(ijsct))ns of the timﬁ gisto_riﬁshof the urpur?guﬁéoi;l preseﬁsethe%vavléﬁlgfed resultQ &R,=0.50. Figure
steady pressure calculated by vortex methods with the measuy . A : < o -

: : a) shows the time histories of the circulation around diffuser
data at measurement stations ;) and (;,Cs) (see Fig. ). v, e)s D1 to D11. Figures @3, (c), and(d) present the velocity
The measured l_msteady pressures shoyvn in these flg_ures ntour in the diffuser pump ét thé instadt=6, 11 and 16 after
phasq-averaged in 100 revolutions of the impeller. Numerical a 8e pump start, respectively. As can be seenl in these figures, the
expc_arlmental pressures s_how the peak ano_l valley_due (0 the fuser vane D’7 D3, and Dé are stalled completely at the inst’ant
tential and wake effects in the rotor-stator interaction, as can —6. 11 and 1'6 ! tively. F Fi (@BP ) yth )
seen in Fi%. Ta). ATjd the amplitude '?f rtlhe calculatgd unstehads)(%ﬂén ,sho,w ?]nin Fi,g relsgscislvf;):ﬁ drtoombelgg.reatgr th;in izliri)un-
pressure show good agreements with the measured one. Thu ) : . - I . .
present numerical results are acceptable, although they do ihg stalled diffuser. Thus, the time histories of the circulation

always coincide with the experimental data as shown in Rig. 7 &round diffuser vane show the propagation of stall among the
ffuser passages.

Figure 8 presents the power spectral density function of pre%i h gl h ¢ fthe i I
sure measured at the pressure tap¢,) for the rated condition. | "€ Separating flow on the pressure surface of the impeller vane

The unsteady pressure in the diffuser passage fluctuates with Yilk P& explained by considering the difference of the separating
impeller blade passing frequenyz; and its higher harmonics as oW around a stationary blade from the one around a rotating
shown in this figure. This characteristic agrees well with the préade in a rotating coordinates. In the relative velocity field ex-
vious analysis[11], and therefore the present measured data a&essed by

available to analyze the lower frequency components in the lower VXW=w—-2Q (6)

flow rates. There seems to exist no abnormal flow in the diffuser

pump at the rated condition, in which lower frequency compdhe flow relative to the rotating blade has a “relative eddy,” that is
nents are not dominant. a distributed vorticity of magnitude(2 throughout the flow do-

main. Recently, Lewi$22] reported that the influence of the dis-
Unsteady Flow at Unstable Range. The unstable character- tributed vorticity 2) could be so dominant, notably for reduced
istics of the pump will be discussed by considering unsteady floiisw rates, that a standing eddy was found on the driving surface
at the operating points\| Ig and k in unstable range | shown in of the blades in a centrifugal compressor. This standing eddy
Fig. 5. causes the separating flow on the pressure side of the impeller
Figure 9 shows the calculated vortex pattern and velocity copane. In addition to that, the impeller vane inlet is removed at the
tour at the normalized instant &ft=131/9, forQ/Q,~0.86(the suction side and the inlet blade angle is only 3 deg relative to the
operating point/ in Fig. 5). In Fig. 9b), the vector in the impel- circumference to avoid the cavitation as shown in Fig).2This
ler passage stands for the relative velocity, whereas the onesifall inlet angle is thought to be one of the reasons why the
other passage represents the absolute velocity. separating flow appears first not on the suction side of the impeller
Figure 10 shows the calculated vortex pattern and velocity conane but on the pressure side, even at the very reduced flow rates
tour at the normalized time dft=93/9, for Q/Q,~0.83 (the in the present test diffuser pump.
operating point 4 in Fig. 5. The comparison of the vortex pat- )
terns in Figs. 9 and 10 show that vortex layer on the pressuréUnsteady Pressures at Unstable Range.Figure 14 presents
surface of the impeller vane is thicker in the latter case than in tHeé Power spectrum of pressure fluctuations at the lower fre-
former case. Figure 1P) shows the velocity contour in the local dueéncy domain on the pressure tap,€s). In order to make the
area(s) shown in Fig. 1Ca). In Fig. 1Qb), there exists a separat- comparisons of the cqntrlbutlons of the lower frequency pressure
ing bubble near the pressure surface of the impeller vane. fluctuations in the various flow rates, the power spectrum are nor-
Figure 11 shows the velocity contour @ Q,~0.80 (the oper- Malized by the maximum value d,RS,= S_xxlmax(SkX). In
ating point |, in Fig. 5) in the same local are@) and at the same the range A Q/Qy<0.4), there appear no dominant low frequen-
instantNt=93/9 as Fig. 1(b). There exists a separating bubblecies less than the impeller rotating frequency as presented in Fig.
near the pressure side of the impeller vane. 14(a). A dominant frequency of unsteady pressure appears at 0.3
Figure 12 shows the time histories of relative velocity at thez in the range B (0.4 Q/Q,<0.6) as can be seen in Fig. (b4
location(E) (see Figs. 10 and Jlwhich is near the midst of the There exists a dominant frequency of unsteady pressure at 0.24
pressure surface of the impeller vane and distafiom the pres- Hz in the range D (0.75Q/Qy<0.85) as shown in Fig. 14).
sure surface. The relative velocity with an anti-clockwise arourdo dominant low frequencies are found in the ranges C (0.6
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Fig. 13 Calculated flow pattern at low discharge range (O Q,=0.50); (a) circulation change around each diffuser
Nt=86, (c) velocity contour at Nt=11, (d) velocity contour at Nt=16

vane, (b) velocity contour at

<Q/Q,<0.75) and E (0.85Q/Q,<1.20) as shown in Fig. exists no abnormal flow in the diffuser passage @Q,~0.8,
14(d). These spectra of unsteady pressure showed that the dogsid thus the waveform of the power spectra at lower frequency

nant frequencies are the impeller blade passing frequency andhias no evident change; whereas there exists complex separating
higher harmonics, and thus the pump is assumed to be stabldlanw or stall in the diffuser passage fQ/Qy~0.45, and thus the
waveform of the power spectra at lower frequency shows evident

Figures 16a) and (b) present the cross spectra of the unsteady

these two ranges.
RS,=S,,/max(S,) of the unsteady pressures at the measuremeag described later.

station (5,c3) for Q/Qy~0.8 andQ/Qy~0.45, respectively. The

power spectra at the diffuser inlet measurement staftipcg) are pressure at the measurement station ¢;) between the diffuser
shown in these figures for the comparisons. The magnitudes of fi&ssage P and O, shown in Fig. 2b) for Q/Qy~0.8 and
dominant lower frequency pressure components decrease from@1€),~0.45, respectively. The cross spectra are normalized by the

Figures 1%a) and (b) show the normalized power spectrachange. These phenomena are verified in our numerical analysis
diffuser inlet to the midst. The waveform of the power spectra ataximum valueS,,, RS, =|S,/|/max(S,)). The lower fre-

the midst is similar to the one at the inlet fQf Qy~0.8, whereas quency pressure component is dominant at 0.24 Hz{6Q,
~0.8, whereas the pressure component is dominant at 0.3 Hz and

the power spectra are different each other@Q,~0.45. There
Transactions of the ASME
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Fig. 14 Unsteady pressure at station  (ry,¢3) in the frequency (b)

domain; (a) Q/Q,=0.35, 0.30, 0.25, 0.20, 0.10, 0.05, (b) Q/Qq
=0.60, 0.55, 0.50, 0.45, 0.40, (c) Q/Q,=0.85, 0.83, 0.80, 0.78, Fig. 16 Cross spectra at station  (ry,c3) in Dg and D, passage

0.75, and (d) Q/ Qu=1.20, 1.10, 1.00, 0.90, 0.70, 0.65; the experi- (see Fig. 2(b)); (a) Q/Qy=0.80 and (b) Q/Qy,=0.45; the experi-
mental uncertainties Q==*1.5%, C,==*0.9% mental uncertainties Q=x*1.5% C,==*0.9%
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Table 3 Cross spectra information at the dominant frequency 3
of the unsteady pressure between passage D ¢ and D
_ | n
Q/Qo 0.80 0.45 2 b el ,_'_274 ______ I_____
f (Hz) 0.24 =1N52 0.30 0.60 =h52? s .’"' YVevy v ‘:‘ {,"/:
RSy 0.89 1.0 0.45 0.51 1.0 L A N
Coherence 0.98 0.99 0.99 0.99 0.99 M -~
Phase 57 deg 64 deg 50 deg 86 deg 50deg | TttemeeeeT
w(f)IQ 0.0018 1.09 0.0025 0.0029 0.85 0 ) . N
0 0.2 0.4 0.6 038 i 1.2
0/00
1.2
1.0 Fig. 19 The Liapunov dimension of unsteady pressure at
station (rqy,c3)
0.8 "ij
0.6 0/0,=0.50
S
0.8 W
0.6 — _ 0.6 Hz for Q/Qy~0.45. Table 3 presents the coherence, phase,
1.0 0/0, =083 Q/Qy=1. and the propagation speed of the dominant lower frequency be-
0.8 fath % ot salistren ) LW % A tween the passagegDand O,. The dominant lower frequency
0.6 Wﬂﬁﬁ‘ﬁr@‘"fm"{?ﬂﬁw mﬁtw W’g — pressure component is found to propagate with 0.2% of the revo-
8 9 10 1 lution speed, and maybe attributed by a rotating stall.
Nt Figures 17a) and(b) depict the calculated pressure fluctuations
(a) on the representative pressure tap,€;) (see Fig. 2)) at 50, 81,
and 100% of the rated flow rate at the time and frequency do-
ZN mains, respectively. The present simulations demonstrate that, at
i the rated condition, the unsteady pressure in the diffuser passage
fluctuates with the impeller blade passing frequehNZ and its
X107 higher harmonics. On the other hand, a dominant frequency of
i unsteady pressure appears at 2.4 Hz@Q,=0.50, which is
thought to be the effect of the rotating stall in the diffuser passage,
ZN but that does not coincide with the measured frequency. The low-
2 24 ZN est frequency to be captured is 1.67 Hz in calculations, since the
oF L k L 4ZN 5ZN present result was obtained for 1.239 revolutions of the impel-
e b a050 len as described previously. In the experiment a dominant fre-
T / | l i / quency appears at 0.3 Hz as presented in Figb)l4vhile the
7 T Ty b 4o 828 frequency component of 0.3 Hz could not be captured in the cal-
0 i . [ [ /0, culation because of the limit of the computational time. The four
T T T e 1.0 diffuser blades have experienced stall for 1.2 s as shown in Fig.
0 100 200 300 400 500 600 700 800 13, and then it takes about 3.3 s for all 11 diffuser blades to
f (Ho) experience the stall. The frequency of the stall propagation may,

(b)

Fig. 17 Calculated unsteady pressure at station
time domain and (b) in frequency domain

(ry,c3); (@) in

10
-------- *-—
5 'I’:v" ';\\ - l _______
(\ v,'ll "/V-Z
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Fig. 18 The Liapunov exponents of unsteady pressure at

station (rqy,C3)
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therefore, be supposed to be 0.3 Hz, which coincides to the mea-
sured value. It is also necessary to develop more comprehensive
tools to analyze the rotating stall in the future research work, since
the rotating stall is affected by many factors so that it appears in
various ways at various flow rates and instafits15|

Chaotic Time-Series Analysis. The time histories of the un-
steady pressure fluctuations become irregularly random in the
lower capacity ranges due to the effects of the complicated flows
such as separating flow, rotating stall, and reverse flow in pumps
as can be see in Fig. (@. In additions to the traditional signal
processing technique like fast Fourier transformation, the chaotic
time-series analysis is adopted to explore and extract the informa-
tion hidden in the pressure fluctuatiof23—-25. If the pressure
signal has resulted from a low-dimensional chaotic system, a tech-
nique of the chaotic time series can be employed to obtain some
valuable information hidden in this apparently random signal,
[23].

Figure 18 shows the first two Liapunov exponents of unsteady
pressure at statiorr {,c3). The first Liapunov exponents; are
found to be positive in the two flow range®/Q,=<0.5 (range A
and B andQ/Qy~0.8(range D, and therefore the unsteady pres-
sures are chaotic and unstable in these two ranges. Figure 19
shows the Liapunov dimension calculated from the same data as
Fig. 18. The Liapunov dimension, one of the chaotic dimensions,
is calculated by
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start= [HN(t)dt
PS = pressure surface

where S >0, S™41\;<0, \; are arranged in a descending P = static pressure _

order ancK is the number that the firét Liapunov exponents are ~ Ps = Stalic pressure at suction port
all positive. The Liapunov dimension is in the interyal 2), and Q = flow rate

thus, the unsteady pressures in these two ranges are resulted froro = rated flow rate

0
; : : R = radius
a low-dimensional chaotic system.
4 Re = Reynolds number D,V /v

Conclusion r,0 = cyli_ndrical_ coordinates _
S = entire region of concerned domain
An experimental and numerical study was conducted on the SS = suction surface
unsteady phenomena at the off-design conditions of a diffusers,, = power spectra
pump. As the result of the statistical and chaotic time series analy- T, = time required for one revolution of impeller

m Nt = number of impeller revolutions after its
D =m+ Zlhi/|)\|<+1|
&

sis of the measured and calculated unsteady pressures, the foIIow-Ti = time required for one pitch of impeller blade
ing conclusions are derived: Tna = nNominal acceleration time
t = time

1. The impeller blade passing frequency and its higher harmon-
ics are always dominant in the pressures downstream of the im- . .
peller for the whole flow range because of the rotor-stator inter- = peripheral velocity
action. . = perlpheral spe_ed of |mpe_IIer

2. There exist some lower dominant frequencies in the pres- Yo = meridian velocity at suction port
sures downstream of the impeller for unstable range because of V= absqlute veloplty
the effects of the complicated flows such as separating flow, ro- W = relative velocity
tating stall and reverse flow in pumps. These lower dominant fre- = number of vanes
quencies are dependent on the flow rate and the unsteady pres- ¢ = flow rate coefficient Q/(27Ryb,Us)
sures are chaotic in these unstable ranges. The unsteady flow was * ~ circulation (counter clockwise is positive

classified into five ranges based on the flow structures: y = vorticity in thin layer of fluid adjoining solid
boundaryL

pump efficiency

resistance coefficient of pumping system
= Liapunov exponent

kinematic viscosity

t* = nondimensional timet/T;

a. range A afQ/Qy=0.40, where the pump is unstable because
of the separating flow and stall mainly in the diffuser.

b. range B at 0.4 Q/Q,=<0.60, where the pump is unstable
due to the separating flow and stall in both impeller and

EO0gv v >»x 3
I

diffuser, which are verified in the numerical calculations. density

c. range C at 0.68Q/Qy=<0.75, where the pump is stable. = source

d. range D at 0.75Q/Qy=0.85, where the pump is unstable = angular velocity
because of the separating flow and stall in impeller, and = vorticity

where the numerical results of unsteady flow show the inter- ¢ = total pressure rise coefficien2g H/U%
mittent asymmetrical separation bubble near the pressure )
surface of the impeller vane, which may be one of the mafaubscripts
factors to cause the unstable characteristics of the test dif- g = diffuser
fuser pump. i = impeller
e. range E at 0.85Q/Qy< 1.2, where the pump is stable.

r = return channel
1, 2 = impeller inlet and outlet
Acknowledgment 3, 4 = diffuser inlet and outlet
5,6 = return channel inlet and outlet
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The Inlet Flow Structure of a
Centrifugal Compressor Stage
Abraham Engeda
wiaekim | @Nd ItS Influence on the
Turbomachinery Laboratory, compressor Performance

Mechanical Engineering Department,
Michigan State University,

East Lansing, MI 48824 The performance of centrifugal compressors can be seriously degraded by inlet flow

distortions that result from an unsatisfactory inlet configuration. In this present work, the
flow is numerically simulated and the flow details are analyzed and discussed in order to

Ronald Aungier understand the performance behavior of the compressor exposed to different inlet con-
figurations. In a previous work, complementary to this present work, experimental tests
GI‘EQOI‘V Direnzi were carried out for the comparison of a centrifugal compressor stage performance with

two different inlet configurations: one of which was a straight pipe with constant cross-
sectional area and the other a 90-deg curved pipe with nozzle shape. The comparative test
results indicated significant compressor stage performance difference between the two
different inlet configurations. Steady-state compressor stage simulation including the im-
peller and diffuser with three different inlets has been carried out to investigate the
influence of each inlet type on the compressor performance. The three different inlet
systems included a proposed and improved inlet model. The flow from the bend inlet is not
axisymmetric in the circumferential and radial distortion, thus the diffuser and the impel-
ler are modeled with fully 360-deg passage®Ol: 10.1115/1.1601255

Product Development,
Elliott Company,
Jeannette, PA

Introduction compressors requires consideration of many design parameters.
(%g?st of the design requirements lie in one of two areas: stress

Some of the most under-analyzed components in a centrifu €nsiderations and aerodynamic performance. The allowable

compressor are the stationary inlet duct, volutes, and collecto

This has been primarily due to complex geometry, the high tot3) . .
cost of analysis and ﬁncertain gaiﬁs ingperformyance T%e tofgfely pre_d|ct blade and rotor s_teady-stgte and vibratory stress for
analysis cost inéludes ' complex impeller shapes at high rotational speeds. The aerody-

namic requirement is to efficiently accomplish large air deflec-

ress is limited by material properties and the capability to accu-

e geometry setup time tions and diffusion at high flow so as to achieve high pressure

 analysis time, and ratios. Minimizing passage flow areas is often an imposed con-

« time iterating on geometry and analysis until an acceptabétraint. Component matching is an essential aspect of design even
design is achieved. with optimized individual components since it is the efficiency of

. . ... the whole stage that ultimately matters. Thus, it is often required
As a result, the most widely practiced method of designing inlgh e gesign one or more components of the compressor due to
_duc_ts'and volutes_has been_to use very S'mp'ei’ one-dlmen_5|q?]¢£roper matching and sometimes the efficiency of a component
inviscid flow techniques. While this is a convenient and stralghfg s

: it > acrificed in order to achieve good matching.
forward design methodology, the flow within these ducts is by N0 a4 tyrhine compressors are especially demanding because of
means one-dimensional.

erformance goals and mechanical demands. The requirements for

. Itf's currently _behevfedﬁt_h_at |nleé ducts and volute_losls accg;uﬁt'ese machines include medium to high pressure ratio, high effi-
or four to six points of efiiciency aecrement in a typical centriiue; ncy at diverse speeds, restricted overall diameters, low impeller

gal compressor stage. Tr_]ere is therefore strong in_te_rest to coupy tia, extended life, and the need to match the coupled gas tur-
CFD analysis and experimental data and to use it in the desi e. However, range demands are usually not as great as for the

process for providing insights on minimizing losses in these COMBther applications

ponents by isolating the mechanisms that contributes to entropypr,cess compressors cover an exceedingly wide range of appli-
generation. The result wil hop_efully be more folClent Centrlfugaéations and also must operate with different gases. The molecular
product for customers at higher profitability levels for thgyejgnt and distribution of component gases may vary significantly

macnufa(.:fturelr. iabl d robust: grduring the lifetime of a given compressor. It is not uncommon to
entrifugal compressors are reliable, compact, and robust; theyy anjications that require 30 or 40% stable operating range to
have favorable resistance to foreign object damage; and are | t changes in operating conditions
affected by performance degradation due to fouling. They are| .

found i I bi ; boch d refri he refrigeration compressors are quite similar to the process
ound in small gas turbine engines, turbochargers, and refrigefas, ,ressors except that their stage pressure ratio and flow condi-

tors and are used exterjsively in the petrqchemica} and ProCeshs are defined by a unique thermodynamic cycle. Due to the
mdugtryz Since the cent.nfugal compressor finds a wide variety ermodynamic properties of refrigerants, these compressors fre-
appllc?m)ns, each apph;:_ﬂt}on EIaces Its ?v(\j/n den:jands on :hf ently operate close to the top of the vapor dome and thus design
sign ot the compressor. This wide range ot demands on centriiugale, ations must be done using real gas properties. Perhaps the
most distinguishing feature of the refrigeration compressor is the
Contributed by the Fluids Engineering Division for publication in ticeJBNAL requirement for operation during very wide climatic conditions
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division

July 30, 2001; revised manuscript received Apr. 26, 2003. Associate Editor: E. yarough summer and Winter, thus requiring loads anywhere from
Graf. 10 to 110% of the design load.
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Turbochargers by contrast require an extremely robust desigre Hub distortion: axisymmetric obstacles at a center portion of
and frequently employ cast materials. They are exposed to very an inlet, such as a tachometer pick up, a hub cover, etc., or
harsh operating environments and require moderately thick lead- axisymmetric boundary layers of a return channel of multi-
ing edges in order to resist foreign object damage and in order to stage compressor.
have high first bending mode natural frequencies to tolerate vibra- Tip distortion: axisymmetric boundary layers of an inlet duct
tory stresses better. In many cases, a very high flow coefficient or or a return channel or axisymmetric obstacles such as an ori-
high specific speed design is required both from fundamental ther- fice plate.
modynamics and to reduce the overall size and inertia. An exceeds Circumferential distortion: nonaxisymmetric obstacles such
ingly wide range is required for automotive turbocharger applica- as struts or a bending duct.
tions and for four-stroke diesel engine trucks, while large
locomotive engines generally have a more restricted operating
range.

Necessity of 360 Model With Whole Passages

Inlet Flow Structure and Its Effect on the Compressor As has been shown and discussed in previous works, such as
Performance Kim et al.[7], an inlet that includes a bend as an inlet generates

secondary flows consisting of twin vortices, which can result in

A full summary of inlet distortion and its effect on a turboseverely distorted flow. These secondary flow effects only mix
compressor performance, with an extensive reference list, is givelowly in both the radial and circumferential directiofsee Fig.
by Williams [1]. The distortion can be in static pressure or stagt). When an inlet system is used before a compressor stage, the
nation temperature, but the most common distortion is stagnatiefficiency and head are degradéd].
pressure. Such distortions often occur naturally because of theSince the distorted flow caused by the bend inlet system is not
unsatisfactory nature of the inlet or because of operational effeaticumferentially uniform, it is necessary to model the complete
Very often the distortion is transient and it is generally recognizegbmpressor impeller. This does greatly increase complexity and
that the distortion will have little or no effect unless it persists forun time.
at least one revolution of the rotor. If it persists for longer than this
it is normally treated as quasi-steady, i.e., the process is long in
relation to the time between passage of rotor blades. The distor-
tion pattern is normally nonuniform in the circumferential and the
radial sense. Circumferential distortion seems to be the most
serious. outer wall

Reid[2], showed the effect of circumferential distortion on the
performance of a nine-stage compressor. The most significant| .7
change is the loss in surge margin, with surge occurring at very outer wall
much lower pressure ratios for all speeds. Distortions with a large
circumferential extent have a more pronounced effect on compres-
sor performance.

Ariga [3] investigated experimentally the influence of inlet dis-
tortion on the performance of a low-speed centrifugal compressor
with vaneless diffuser, mainly in the impeller with artificially cre-
ated radiakhub and tip and circumferential distortion generators
by locating multiple layers of honeycomb at upstream of impeller
and compared the result with the case of no distortion. According @
to his results, the distorted inlet profile degrades the impeller ef-
ficiency significantly by changing the incidence angle, especially
in case of tip distortion. He observed the tendency that the perfor-
mance degenerating effect due to the distortion grows as the rota
tional speed and the flow rate increases. The highest pressure an
the lowest stable flow are achieved with inlets that have no dis-
tortion. Circumferential distortions create the largest loss of pres-
sure ratio and flow range; radial distortions produce somewhat
less deleterious effects, with tip distortions creating more degra-
dation than hub distortions. His experimental results support the
cause of the stage efficiency degradation for the present study tha
can be described as the combination of circumferential and tip
distortion as well as the nonuniformity of the flow properties.

Using numerical simulation, Roberge et [g], Cain et al.[5],
and Cheng et al.6] among others have reported the importance
of the flow structure and flow mechanism upstream of an impeller
and its influence on the performance of the impeller and the stage
as a whole.

As stated above, centrifugal compressors are increasingly uti-
lized for various purposes, and the spatial restrictions become
inherent with growing width of applications. As a consequence, a
nonuniform flow is frequently generated at the impeller inlet. Inlet
distortion is divided mainly into radial distortion and circumfer-
ential distortion. The former is further subdivided into tip distor-
tion and hub distortion corresponding to the regions where the
total pressure defect exists near a hub or a shroud side. These may
actually occur in the following cases: Fig. 1 Secondary flow structure in a bend inlet

inner wall

inner wall
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CFD Model Description Verification of the Calculation. Griding used in this study
] ~was based on our extensive experience with similar geometry and

The Code. TASCflow is a general purpose, commerciallthe same flow solver. Special attention was paid to the grid clus-
available CFD code, widely used in the turbomachinery industigring. Based on our previous experience with CFX TASCflow,
For the present study, TASCflow is used for the steady-state o3, for each grid block, the adjacent cell volume ratio is less than
pressor stage numerical simulation. TASCflow solves the threg2. For the grid interface, the cells on each side are of similar
dimensional Reynolds stress-averaged Navier-Stokes equatigp@; the volume ratio is less than 1:1. To reduce the interpolation
for the mass-averaged velocity and the time-averaged density afbr, one-to-one grid interfadghe cell surfaces on each side of
pressure and energy. The mean form of the governing equatiofie grid interface are of the same shape and same size, and are of
expressed in a finite volume formulation that is fully conservativeame coordinatess employed to the maximum possibility. Upon

is given below as follows: the simulations converge, the" values are checked. On about
1. Conservation of mass 70% of the solid surfa'cejf value are in the range of 35150,
which is valid for logarithmic wall functions. Since the purpose of
dp 0 this paper is also to focus on the overall compressor performance,
ot + K(Pui)zo- (1) such grid size is acceptable as shown by[&}1who ran simula-
! tions on both fine meshes and coarse meshes to remove the de-
Conservation of momentum pendence of the solution on the grid density. He used a fine grid

size 121X27x25=81,675 for one passage of the impeller and
@ ﬂ 231,710 for the volute. He also used a coarse grid size 187
ax; O Sui X 13=18,096 points for one passage of the impeller and 145,535
(2) for the volute. Also the validation of the code used in this paper

. . for similar grid size to assess the overall performance of centrifu-
where peg=p+u - Syi is the momentum source term for the im-

/ : b | compressors can be found in the work of Flathers d84l0].
peller in the rotating frame of reference. The effect of coriolis an%ﬁe dependence of the solution on turbulence models has not been
centripetal forces are modeled in the code by including

conducted in this study, but a comprehensive assessment has been

J

d . a ap
— u: B uu,)=— —+ —
at (pui) 6’)(]* (p i D) ax; é’Xj Meeff

S,i= —20XU— QX (QXr). (3) made by Lakshminarayarjd1] on the computation of turboma-
chinery flows usingc«—e turbulence model. This is also supported
Energy equation by the results of Flathers et dl8], whose result satisfactorily
p P agreed with the experiment using this turbulence model for a simi-
- 4 lar compressor as used in this paper.
—+ .
P~ 5 o, (pujH)
[ dT g oh Grid Generation and Boundary Condition
- ox;\ " ax, PRoaxj)  F The present compressor stage simulations used the “flow gen-
erator” concept. Thus all include 17 impeller blade passages and
L2 U v duj| 2 ﬂ& @) 16 diffuser vane passages were modeled. Attached was one of
ax [ 1 axj X 3 ax; three different inlet models: spquibp, bp0, and bp2, which are

. ) developed and used for the numerical simulation in Kim ef7al.
where the total enthalpy is defined bi~=h+ 1/2Uigi+2k- Inthe  The model, sgequibp, is used for the baseline of the compressor
rotating frame of reference, the rothalpy-H—»“R%/2 is ad- aerodynamic performance comparison without the secondary flow
vected in the energy equation in place of the total enthalpy.  and the distortion effect, and bp0 is the original bend inlet. Since

A sliding interface is used between a stationérg., inlet and  the actual compressor system includes an inlet casing as a part of
downstream diffusgrand a rotating(i.e., impelley component. the volute casing between the inlet and the impeller, the grid of
Two models are available: one is the “frozen rotor model” and thgach inlet is generated with the inlet casing as a whole block. An
other is the “stage model.” The stage model circumferentiallyyjet casing is essentially a nozzle, and the purpose of having the
averages the fluxes at the interface before the interpolation of fhgst casing is to make the boundary layer blockage thinner for the
flow variables across the different frame of reference although thgw pefore the impeller and to improve the velocity profile at the
pressure distortion caused by any perturbation, for example fgpeller shroud. However, in the case of the compressor with the
impeller and the diffuser leading edge, is still allowed. For axiend inlet system, the further acceleration of the flow in the inlet
symmetric inlet flow condition, the stage model can be used wilysing after the distortion of the bend aggravates the flow distor-
only one passage utilizing a periodic boundary condition for théyn and causes higher incidence at the impeller leading edge.
neighboring blade passages. This is an economic method of comm order to properly model the proposed new inlet, bp2 devel-
puting average stage performance. oped in Kim et al[7], the compressor stage simulation with bpO
_ The frozen rotor model achieves a frame change across {§ecarried out first and the static pressures at the bottom and the
interface without a relative position change as well as without amyp wall of bp0 inlet model are evaluated to find the radial loca-

interface averaging of flow variables. Flathers and Bd@@ised tjon of the vanes to be inserted in the bend passage using the
this model to predict the radial force of an impeller. The frozegeneralized formuldEg. (5)), [7].

rotor model is an exact representation of the case when the Strou-

hal number is zero, in which case either the sound speed is infinite _

or the impeller rotating speed is zero. When the Strouhal number ~ Pn—k+27 Pn+27 nr1 (Pne2=P)
is small enough, such as in the compressor stage simulations pre-

sented heréSt is approximately 0.14 for all of the inlet modgls Pns2
the predicted result is a good approximation of the real situation. = 1_A2
In the case of the frozen rotor model, all of the passages have to

be modeled and this model is adequate to investigate the influemdeere, k=1 (the first vang and 2(the second vandor bp2 inlet

of the distorted flow caused by the bend inlet along the compresodelA=r,/r,. 5, [I=p;/pns2 (r4 andr, are the radial loca-
sor stage flow passages since local flow features are allowedtitms of the top and the bottom waih4 andpl are the static
transport across the interface. Thus, the nonuniformities of flogressures at the top and the bottom dbee Fig. 2.

variables among the passages can be predicted, which results ifihe grid of the three inlet models is shown in Fig. 3. For the
different flow conditions at the compressor stage exit. inlet model, bp2, two vanes are modeled with zero thickness, a

i

2
(1—A2H)—( ) (1—H)} ®)

Mh—k+2
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&— Fmz, Pz OUter wall

’ Tavi, Pt 15t vane (k=1)

P

i r;, p: last vane (k=n)
“— n, p: inner wall 4

vaned
diffuser

shroud

@ ra

Fig. 2 Vane spacing for the location of each vane to be in-
serted in bp2 model; (a) bp0 (original bend inlet ), (b) bp2 (two
vane inserted model ), (c) sp_equi_bp

% hub
//////// °

no-slip condition is applied to where the center of a zero thicknes_ _L L A_ - _3
splitter would be to avoid disturbance on the flow regime. Fo
each of the three inlet models, an inlet casing is attached at the
end as a whole block. The convention of the stations used for thig. 4 Convention of the stations on compressor cross
compressor stage performance calculation is indicated in Fig. Sgction
Station 1 and 2 are the impeller leading and trailing edge, and
station 3 and 4 are the diffuser leading and trailing edge, respec-
tively. Station 0 is the upstream of each inlet model as a comprésces between the stationary and the rotating frame of reference:
sor stage inlet. one at the interface between each of inlet model and the impeller,

Table 1 summarizes the grid sizes for each component and @fe other between the impeller and the diffuser. This allows the
tire stage. The node indicek,J, andK for the impeller and the inlet distortion influence to be propagated across the different
diffuser are along the meridianal, circumferentjaitchwise, and  frames of reference as well as any pressure distortion caused by
radial (spanwisg direction. The grid of the full impeller and dif- the impeller blade or the diffuser vane leading edge as described
fuser passages at mid span is shown in Fig. 5. in the next section.

The second-order discretization scheme is used for the simula-
tion and standarc—e model is adopted as a turbulence model
combined with wall function approach that eliminates the neces- _ .
sity of discretely resolving the large gradients in the thin, neaf@2le 1 Grid size of each component and entire stage for nu-

. e .~ “merical simulation
wall region. The convergence criterion was set to the maximum

residual of 104 for u, v, w, andp. The inflow boundary condition Inlet Model IXJXK  One Passage IXJXK Z Entire
includes uniformly distributed total temperature and total predvith Inlet Casing Model Stage
sure, which are adopted from the average values of experlmeréﬁéqui_bp 26<34x60 _impeller  4KX17x15 17 670245
study,[7]. The inflow is assumed to be normal to the inlet surfac@pg 28<18x80  diffuser  4718x15 16 688665
and the mass flow boundary condition is imposed at the diffusiep2 25x18x96 658681

exit surface. The wall is modeled as hydraulically smooth with an
adiabatic condition. Frozen rotor models are adopted at the inter-

e,

=,

N
S

==

s
e

Vanes based on the formula

===
=

20e
N

==

Inlet casing

(a) bp0 (original bend inlet) (b) bp2 ( two vane inserted model)

S

S
. =
S =

e

N

S

(c) sp_equi_bp

Fig. 3 Grid of inlet models used for compressor stage
simulation Fig. 5 Grid of 360-deg impeller and diffuser
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Impeller-Diffuser Interaction 12

The interaction between an impeller and a vaned diffuser
essentially an unsteady phenomenon. 1.0 1

Fisher and Inoug12] investigated the impeller-diffuser interac-
tion experimentally with a low speed centrifugal compressor fc ;
four different diffusers. They observed large pitchwise variatio ;
among the passages at the impeller exit and concluded that
interaction between the impeller and the vaned diffuser is depes 0.6
dent on the leading edge of the diffuser vanes. > }

Dawes[13] carried out a numerical study to capture the un ——SP (EXP w/ volute)
steady interaction between a splittered centrifugal impeller and ™ | —s-gpg (EXP wi volute) !
vaned diffuser and observed very large periodic variations of v !
locity and flow angle in the entry zone to the diffuser. From th¢ 0.2
comparison between the unsteady time-averaged flow and 1
steady-state flow, the principal cause of the rather high loss leve
observed in the diffuser is due to the strong spanwise distortion
swirl angle at the inlet, which initiates a strong hub corner sta
rather than the unsteady effects.

Shum et al.[14] conducted a study of unsteady effects on
impeller-diffuser interaction using numerical simulation for three
different radial locations of the diffuser vane leading edge. They
identified the consequent changes at the impeller exit with in-

—+—SP_EQUI_BP (CFD) |

[
~=—BP0 (CFD) |
-=-BP2 (CFD) |

0.0

05 06 07 08 098 10 11 12 13 14 15
deet

Fig. 6 Head coefficient comparison

creasing interaction for smaller radial gap between the impeller Q
exit and the diffuser vane leading edge. They concluded that the = = ™
interaction can be mainly characterized as reduced slip, reduced ZD%UZ

blockage, and increased loss with the smaller radial gap. When the
diffuser vane leading edge is closer to the impeller than the opéind the isentropic head coefficient between stage inlet and diffuser
mum gap, the increased loss overcame the benefits of the reduggid is given by

slip and blockage. Although the changes in loss, blockage, and

slip are due largely to unsteadiness, the consequent impacts on CT E 7 1/«/_1

performance are mainly one-dimensional and the influence of flow PIOL| Py

unsteadiness on diffuser performance is found to be less important bis 0-4= 1 - (8)
than the upstream effect. > ug

Fatsis et al.[15] suggested the use of the acoustic Strouhal
number in the case of compressible flow to quantify the relativehe stage efficiency calculation is based on
effects of the rotation and pressure wave propagation. The acous-

tic Strouhal number is defined as E)(Y l/y)_l
Pio
fL Ms 0-a=— ©
St= < (6) U
Two

Here, L is defined as the average length of an impeller bladeggures 6 and 7 compare the head coefficient and the stage effi-
passage and is the number of rotations per second times theiency from the numerical simulation for three inlet models with
number of perturbation waves around the circumference. the experimental test results reportgd],. As it indicates, the bp2
After the compressor stage simulations, the Strouhal numbemiwdel with two vanes inserted, based on the generalized formula,
evaluated with the sound speed based on the average static tenproved the efficiency by 3.11% at the higher flow rate, 2.88% at
perature in the impeller passage and is shown to be approximatig design flow rate, and 2.17% at lower flow rate.
0.14 for all depending on the inlet models at the design flow rate The reason for more efficiency improvement at higher flow rate
(with f replaced by rotation frequencyThis indicates that the is due to the fact that the flow distortion caused by the secondary
pressure wave propagation is much faster than the rotation of fl@v in the case of the original bend inlet becomes more severe for
impeller. Therefore, the frozen rotor model can be used for the
compressor stage simulation presented here to include the pres-
sure distortion and the impeller-diffuser interaction influence o~ .2 ‘
the calculation of flow variables. | : !

1.0

Simulation Results and Discussions 08 “

The compressor stage simulation results are presented base(2 o6 i ,

circumferentially mass flow rate weighted averaging of flow vari® 5P X wivonte)
ables at four stations for three different flow rates. The influence 44 BP0 (EXP i volute)
of each inlet model on the stage efficiency, the head coefficient : \
well as on the axial distortion between the impeller exit and th ,, - SP_EQULBP (CFD)

diffuser inlet are quantitatively compared. In addition, total pres —*-BRO(CFD) A
sure loss coefficient and pressure recovery coefficient for the d  , | _~==BP2(CFD) J
fuser are evaluated from the simulation results for each of inl 05 06 07 08 09 10 11 12 13 14 15
models. o
Stage performance is compared for each inlet model based on
three different flow coefficients that are defined as Fig. 7 Stage efficiency comparison
Journal of Fluids Engineering SEPTEMBER 2003, Vol. 125 / 783
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Fig. 11 Mach number comparison

where more total pressure loss occurs, especially at the off-design

higher mass flow rate and by inserting two vanes in the beR@int. since the volute was not modeled in the numerical simula-
curvature, the secondary flow effect has been significantly réon of this work.

duced,[7], which results in relatively more efficiency improve-

In order to investigate the diffuser performance influenced by

ment. The volute of the compressor stage is not modeled for ¢ inlet distortion, total pressure loss coefficient and diffuser
numerical simulation presented here. The discrepancies of ff&ssure recovery coefficient between stations 3 and 4 are calcu-

stage efficiency and the head coefficient between the experime

hded and presented in Figs. 8 and 9. Total pressure loss coefficient

and the numerical simulation results are due to the volute effePgsed on the diffuser inlet dynamic pressure is given by

0.70
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]
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Fig. 9 Diffuser pressure recovery coefficient comparison
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Fig. 10 Flow angle comparison at design point (DP)
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1.0

Pi3— Py
Y3—4—m (10)
and the diffuser pressure recovery coefficient is defined as
P4_ P3
Cps,rm. (11)

The total pressure loss comparison of figures shows improve-
ment for the bp2 inlet model as compared to the bp0. The im-
provements are made relatively more at higher flow rate, due to
the reduced secondary flow effect and thus, smaller incidence at
the diffuser leading edges. This tendency also appears in the com-
parison of diffuser pressure recovery coefficient as shown in
Fig. 9.

As shown in Fig. 10, the diffuser inlet is much lower in the case
of bpO inlet. This implies severe incidence especially at the hub
region of the impeller. Clearly, the bp2 model improved this effect
considerably and improved the flow angle in terms of the magni-
tude as well as the uniformity at both hub and shroud region.

Mach number comparison at design flow is shown in Fig. 11.
The discrepancy of Mach number between bpO and bp2 model
implies that total pressure loss is smaller in the impeller in the
case of bp2 model. The higher Mach number near the shroud
region is caused by locally low static temperature upon relatively
high radial velocity.

Conclusions

The goal of the present work reported here was to evaluate the
proposed inlet model, bp2 developed in Kim et[al] with the
stage simulation including 360-deg models of the impeller and the
diffuser as well as the three inlet models. The nonperiodic passage
alignment due to the different number of blades and vanes for the
impeller and the diffuser as well as the impeller-diffuser interac-
tion resulted in the nonuniform flow distribution among the pas-
sages. The efficiencies and the head coefficients are calculated
based on circumferentially mass flow weighted averaging of flow
variables for the case of each inlet model and are compared with
the experimental result carried out in Kim et g]. The perfor-
mance comparison clearly showed that the proposed inlet model,
bp2 improved the stage efficiency about 3% compared with the
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original inlet model, bp0. The discrepancies between the nume8ebscripts
cal and the experimental results are caused by the volute compo- 0 = station at pipe inlet
nent that is not modeled for the numerical simulation presented | _ ¢iotion at pipe exit or impeller inlet

here. _

The diffuser performance influenced by inlet distortion was cal- g _ :EZ::SE ZE I(;?ﬁpuﬂfrrlggging edge
culated and compared in terms of the pressure recovery coefficient , _ ¢i-tion at diffuser trailing edge
and the total pressure loss coefficient. Both of the comparisons 5 = station at volute inlet
showed the improvement to be relatively greater at the higher flow 6 = station at compressor discharge
rate for the bp2 model compared with the bpO model. This is due h = hub
to improved secondary flow effect especially at higher flow rate ;o _ isentropic
resulting from the two inserted vanes which result in smaller in- n = number of vanes
cidence at the diffuser leading edge. ref = reference

Flow angle and Mach number between the impeller exit and the s = shroud
diffuser leading edge at design point are compared for the three t = total
inlet models and bp2 model indicated the improvement in terms of
the magnitude and the uniformity at both the hub and shroud.

Although the present work did not include the volute of thgeaferences

compressor stage, the bp2 model showed the advantages over the

original bend inlet, bp0 and it can be expected that the total be

n[l] Williams, D. D., 1986, “Review of Current Knowledge on Engine Response to

Distorted Inlet Flow Conditions,” AGARD Conference, MunichGARD CP-

efit of bp2 model for the entire stage will be even better provided 4gq
that the inlet distortion and the secondary flow effect in the case of2] Reid, C., 1969, “The Response of Axial Flow Compressors to Intake Flow

the original bend inlet influenced the performance of the volute.

Nomenclature

b = passage width from hub to shroud

¢ = speed of sound
Cp = pressure recovery coefficient
= specific heat at constant pressure
= design point
= impeller rotating frequency
= static enthalpy
= total enthalpy
turbulent kinetic energy
= vane position
= mean flow passage length
Mach number
= pressure
= volume flow rate
= radial location of fluid particles in rotating frame
= radial location of vanes or stations
Strouhal number
temperature
= blade peripheral speed at impeller tip
= total pressure loss coefficient

s o
- DOV xxI >0
Il I

-
I

®
@D

C
2 <~

flow coefficient

specific heat ratio

= efficiency

dynamic viscosity

impeller rotating spee¢rad/9
head coefficient

CETRIRS
Il

Journal of Fluids Engineering

Distortions,” ASME Paper No. 69-GT-29

[3] Ariga, I, Kasai, N., Masuda, S., Watanabe, Y., and Watanabe, I., 1982, “The
Effect of Inlet Distortion on the Performance Characteristics of a Centrifugal
Compressor,’ASME Paper No. 82-GT-92

[4] Roberge, J. A., and Mathisen, P. P., 1999, “Sensitivity Analyses to Assess the
Use of CFD to Predict the Occurrence of Vortices Near Pump Intakes,”
ASME/JSME Joint Fluids Engineering Conferendgaper No. FEDSM99-
7224

[5] Cain, S. A., and Padmanabhan, M., 1999, “Numerical Simulation of Flow
Distribution and Swirl Due to a Combined Pipe Bend,” ASME/JSME Joint
Fluids Engineering ConferencBaper No. FEDSM99-7217

[6] Cheng, K. C., Lin, R. C., and Ou, J. W,, 1975, “Fully Developed Laminar
Flow in Curved Rectangular ChannelASME Paper No. 75-FE:4

[7] Kim, Y., Engeda, A., Aungier, R., and Direnzi, G., 2001, “The Influence of
Inlet Flow Distortion on the Performance of a Centrifugal Compressor and the
Development of Improved Inlet Using Numerical Simulations,” IMechE Part
A, Journal of Power and Energ215 pp. 1-16.

[8] Flathers, M., and Bache, G. E., 1999, “Aerodynamically Induced Radial
Forces in a Centrifugal Gas Compressor: Part 2—Computational Investiga-
tion,” ASME J. Eng. Gas Turbines Powek21, pp. 725-734.

[9] Gu, F, Engeda, A., Cave, M., and Di Liberti, J.-L., 2001, “A Numerical
Investigation on the Volute/Diffuser Interaction Due to the Axial Distortion at
the Impeller Exit,” ASME J. Fluids Eng.123 pp. 475-483.

[10] Flathers, M., Bache, G. E., and Rainsberger, R., 1994, “An Experimental and
Computational Investigation of Flow in a Radial Inlet of an Industrial Pipeline
Centrifugal CompressorASME Paper No. 94-GT-134

[11] Lakshminarayana, B., 1991, “An Assessment of Computational Fluid Dynam-
ics Techniques in the Analysis and Design of Turbomachinery,” ASME J.
Fluids Eng.,113 pp. 315-325.

[12] Fisher, E., and Inoue, M., 1981, “A Study of Diffuser/Rotor Interaction in a
Centrifugal Compressor,” J. Mech. Eng. S@3, pp. 149-156.

[13] Dawes, W., 1995, “A Simulation of the Unsteady Interaction of a Centrifugal
Impeller With Its Vaned Diffuser: Flow Analysis,” ASME J. Turbomachl,7,
pp. 213-222.

[14] Shum, Y., Tan, C., and Cumpsty, N., 2000, “Impeller-Diffuser Interaction in a
Centrifugal Compressor,” ASME J. Turbomacti22, pp. 777-786.

[15] Fatsis, A., Pierret, S., and Van den Braembussche, R., 1995, “3-D Unsteady
Flow and Forces in Centrifugal Impellers With Circumferential Distortion of
the Outlet Static PressureASME Paper No. 95-GT-33

SEPTEMBER 2003, Vol. 125 / 785

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Yoshiki Yoshida®

Associate Professor

Yoshinobu Tsujimoto

Professor

Goh Morimoto
Graduate Student

Hiroki Nishida

Undergraduate Student

Graduate School of Engineering Science,
Osaka University,

1-3 Machikaneyama, Toyonaka,

Osaka 560-8531, Japan

Effects of Seal Geometry on
Dynamic Impeller Fluid Forces
and Moments

This paper reports an experimental investigation of the rotordynamic fluid force and
moment on a centrifugal impeller with three types of wear-ring seals; i.e., a face seal and
two types of toothed seals. The impeller is equipped with a vaneless diffuser. Rotordy-
namic fluid forces and moments on the impeller in whirling motion were measured directly
by using four-axis force sensor. Unsteady pressures were measured at several locations in

the diffuser. It was found that, (1) at low flow rate, the fluid force and fluid force moment
become maximum at a certain whirling speed caused by a coupling between the whirl
motion and vaneless diffuser rotating stall and (2) the seal geometry with axial seal

Shigeki Morii

Deputy Manager affects the direction of the coupled fluid force relative to the direction of eccentricity
Mitsubishi Heavy Industries, Ltd., through the change in the unsteady leakage flow due to the whirl.
Yokohama R&D Center, [DO|Z 10.1115/1.1598988

12 Nishikimachi, Nakaku,
Yokohama, Kanagawa 231-8715, Japan

impeller rotating stall. However, to date the effect of the

Introduction , , ) ;
For whirling motion, many experimental and analytical datrcl)éc;rrclj)}/nam|c-hydr0dynamlc coupling has not been recognized

have been obtained on the rotordynamic fluid forces on impellers.this paper presents the results of an investigation of the rotor-
It is now widely recognized that the fluid forces on the impellegynamic fluid forces and moments on an impeller with three types
become destabilizing for the forward whirl at whirl speed ratief wear-ring seals; i.e., a face seal, and two types of toothed seals.
(0/Q) less than 0.5Jery et al[1], Bolleter et al[2], and Ohashi For the whirling motion, the variation of the seal clearance con-
et al.[3]). tributes to the rotordynamic fluid force through the unsteady flow
The reasons of the destabilizing forces are as follows. First, thethe impeller leakage pattBolleter et al.[13]). Discussions on
destabilizing forces are caused by the unsteady interaction e interaction between the whirl and the flow instability in the
tween an impeller and a volute casiigdkins et al.[4] and vaneless diffuser are also r_nade from the measurement results of
Tsujimoto et al{5]), or a vaned diffusefTsujimoto et al[6]). In Unsteady pressure in the diffuser.
addition, it was pointed out that the unsteady flow in the impeller
shroud leakage path, i.e., the side clearance between the impéﬁ

shroud and casing, plays an important role to generate the destapescription of Test Facility. Figure 1 shows the sketch of the
bilizing forces on the shrou(Childs[7], Guinzburg et al[8], and mechanism used to generate the whirling motion. The inner sleeve
Uy et al. [9]). These are classified into the destabilizing fluidupports the main shaft through two inner bearings eccentrically
forces caused by the interaction between the impeller and tbet to produce a whirling motion. The radius of the whirl orbit
stationary part. (eccentricity was sete=1.05 mm in the present test. The main
Secondly, the interaction of hydrodynamic instability, i.e., roshaft is driven by an AC motor with the rotational sped)
tating stall with whirling motion may cause rotordynamic instathrough a universal joint, and the outer sleeve is driven by a DC
bilities. Ohashi et al[10] reported that the tangential fluid forceMotor controlled to run at a prescribed speed. The whirling
on a whirling impeller with a vaned diffuser increased suddenly g{]gulfir velocny,og, is defined as positive when itis in the same
low flow rate for the whirl speed ratio a$/Q=0.05. They attrib- 2'"€ction as the impeller rotatios). The main shaft speed was
uted this destabilizing force to the rotating stall in the vaned di aintained at 408 1 rpm, and the whirling speed ratia/(2) was

. aried in the range from-1.2 to +1.2. Uncertainty in the whirl-
fuser. Recent experiment by Bently et 1] has shown that the ing speed ratiow/Q), is +0.002. Water was used as the working

fluid-induced direct stiffness drops dramatically under the rotating,iq to facilitate the measurement of the fluid forces.
stall condition from the perturbation test of a centrifugal compres- Figure 2 shows the details around the impeller. Test impeller is
sor. Yoshida et al12] also reported about a peak of destabilizings simple two-dimensional centrifugal impeller with logarithmic
fluid force near the whirling speed ratio/Q2=0.8 at low flow spiral blades, blade angle 60 deg from tangential. The number of
rate. This peak is caused by the strong interaction between thlades is ten, innerr¢) and outer radii (,) are 75 and 148 mm,
whirl and rotating flow instability at impeller inlet, similar to the and width @) is constant 24 mm. The thickness of both front and
back shrouds is 6 mm. The front and back shrouds of the impeller
ICurrently Senior Staff Researcher at the National Aerospace Laboratory, Kaduke® perpendicular to the rotor. In the present expe”mentsr_ there_'
Space Propulsion Laboratory, 1 Koganezawa, Kimigaya, Kakuda, Miyagi 981-1548re, unsteady pressure on the shroud generates no radial fluid
Japcan-te-bm?iz Igry?ﬁhigk%kutéa-splab-gajg_ o | biication in oA force. It generates, however, the fluid force bending moment
ontributed by the Fluids Engineering Division for publication in NAL ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionaround the Impe“er cente_r. We used the mechanical seal for the
December 18, 2001; revised manuscript received April 9, 2003. Associate Editor:l%aCk seal, therefore there is no Ieakage flow through the ?le?rance
Schiavello. between the back shroud and housing. The leakage flow is limited

¥periment Facility
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Fig. 1 Mechanism to produce the impeller whirling motion (units in mm)

Fig. 3 Configuration of test seals, Seal A, B, and C

in the clearance between the front shroud and housing. The axial

gap in the front cavity is 14 mm, radially constant. The impeller is

equipped with a vaneless diffuser with inlet/outlet radius ratio |n the present experiments, the measurements of the fluid forces
r4/r3=1.5, and widthb;=24.5 mm. A symmetrical collector sur- on the impeller were conducted with three types of wear-ring
rounds the vaneless diffuser. The test impeller has a wide radéglals. The configurations of the test seals are shown in Fig. 3. Seal
Gap-A(= 12 mm) intentionally to minimize the fluid force on the A has a rotor tooth inside a stator tooth. The seal clearance in the
impeller side plate. angular direction becomes nonuniform due to the impeller whirl.
For Seal A, the clearance becomes narrower in the direction of
eccentricity,e. To the contrary, Seal B has the rotor tooth outside
the stator tooth. The clearance of Seal B becomes wider in the
direction of eccentricitys. On the other hand, Seal C is a plain

face seal, so that the clearance in the axial direction keeps con-
| =240 / stant(1 mm) independently of the eccentricity. For both Seal A
= r;=160 and Seal B, there is no overlap between the rotor and stator tooth
r,=148 to minimize the fluid force on the seal itself. Under the condition
-« : without a shaft eccentricitys(=0 mm), the nominal radial clear-
PO P4 P3 | Gap-A=12 ;
< 0 ance of the seal is consta@t =1.5 mm. In the present tests, the

4-axis force sensor

eccentricitye = 1.05 mm was used for the whirling motion. In this

°y condition, the seal radial clearan¢®eal A and B varies in the

< A range of S=0.45 mm~2.55 mm due to the impeller whirl. It
i L Vaneless diffuser iy Impefler could be inferred that the amount of leakage flow with Seal A is
Axisym‘;e,,ic ok = the same as that with Seal B. The amount of leakage flow with
collector Seal Seal C is less than that with Seal A and B. The variation of leak-
age flow with Seal A and B caused by the whirl motion is un-
r, =75 steady, however, that with Seal C is almost steady. A series of
P1,P2 R experiments was carried out to determine the effect of the seal

geometry on the rotordynamic fluid forces. The configurations of
test facility were kept the same except the wear-ring seal, which
were only changed from Seal A to C.

7222222222
% Instrumentation and Data Acquisition System. The impel-
l_ ler is supported by the main shaft through a rotating force balance
(units in mm) with a four-axis force sensor, as shown in Fig. 4. The force sensor
is composed of two couples of parallel plates and four strain
gauges per plate to measure the four-axis fofbes forces and
two force moments The output signals of the strain gauges are
J transferred to a data acquisition system through a slip ring, in
which the four signal vectofV} are converted to four component
vector of two force and two momerEM} using a four-by-four
Fig. 2 Cross section of the test facility ~ (impeller, vaneless dif-  transfer matrix[A] (i.e., {FM}=[A]{V}). A preliminary set of
fuser, and collector ) dynamic calibration tests were conducted to obtain the transfer

e —,———— e s
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Fig. 5 Pressure performance of the test impeller (=0, w/Q
=0). Pressure coefficient ¢ at the collector, i at the diffuser
inlet, and pressure fluctuation A C,, at the diffuser inlet, versus

matrix [A]. The pure forces and/or moments on the impeller centw coefficient ¢ (uncertainty in g, #,+0.01, in ¢+0.01).

“O” were applied to the four-axis sensor under rotating and whirl-

ing by using a rig of bearings, pulleys, cables, and weights. From

the resylts of dynamic calibration test, the transfer maikwas Resuylts and Discussions

determined.

Output signals are ensemble-averaged over 64 whirl orbitsPressure Performance and Rotating Flow Instability. Fig-
based on a triggering signal that indicates the instant when batte 5 shows the static pressure coefficigrat the collector, and
the directions of the eccentricity and the impeller rotation come 6 at the diffuser inlet plotted against the flow coefficieftwith
a prescribed orientation. The fluid force and force moment ageal A, B, and C and without the shaft eccentricigy=0). The
measured twice, that is, in air and in water at the same rotatidasign flow coefficient ighq=0.210, and nondimensional specific

and whirling speed. The former measurement provides the inersipeed is 0.98. These performance curves have no positive slope all
force of the impeller itself due to the whirling motion. The fluid-over the flow range. The differences between Seal A, B, and C are
induced force and force moment can be obtained by subtractiognsiderably small. From these results, it could be conclude that
the former from the latter. the seal geometries in the present test have almost no effect on the
Figure 4 shows the coordinate system. Thexis is set in the pressure performance. For the measurements of fluid force, the

direction of eccentricitye, and thet-axis is directed 90 deg from flow rate was varied widely frongp=0.058 to¢p=0.236.

ther-axis in the direction of the impeller rotation. The fluid force Figure 6 shows the spectral analyses of the pressure fluctuations
F is applied to the center of the impeller “O” on the whirl orbit. at the diffuser inlet P1 for Seal A measured with decreasing flow

The fluid forceF is represented in radiaF() and tangential,) rate. The amplitude&zero-to-peak of pressure fluctuations with
components to the whirl orbit, which are useful for the rotor vidimensionless frequendy =0.22~0.30 in Fig. 6 are also plotted

bration analysis. Measured fluid forces are normalizedfasf{) in Fig. 5. The amplitude increases suddenly as the flow rate de-

=(F, ,F)/(M,eQ?), whereM0=p7Tr§b2 is the mass of the fluid creases less thap=0.10. Phase difference of this frequency be-
in the impeller. Uncertainty in the dimensionless fluid fordes tween P1 and PPocated with the separation angle 45 yieas

andf, is =0.3 (dimensionless valyeThe fluid force momenM  —40~—50 degrees. The same phenomena of these pressure fluc-

applied on the impeller center “O” is represented with radialuations were observed for all se@&eal A, B, and ¢ From these
(M,) and tangential ;) components as shown in Fig. 4. Mea-
sured fluid force moments are normalized asn, (m,)
=(M,,M)/(M, r,eQ?). Uncertainty in the dimensionless fluid
force momentsn, andm, is 0.3 (dimensionless valyelt should
be noted here that the tangential fluid fortg, is destabilizing for
the whirl whenf, X («/Q)>0; i.e., f; and w/Q) are both positive
or both negative.

PO, and P* P4 in Fig. 2 show the locations of pressure taps t
measure the steady and unsteady pressure. PO at the collector \
and P1 at the diffuser inlet were used to measure the steady p! - 0.02
sure performance fog, and s with a manometer. In addition to LC)L omli
this, taps P P4 were used to measure the unsteady pressi< g go el
using flush mounted pressure transdudégowa Electronic In- 00 05 10 15 20 25
struments Corp. PS-2KB, strain-gauge type, resonance freque
is 24 kH2 to observe a rotating stall in the vaneless diffuser. P1
and P2 at the diffuser inlet are located at different circumferencigly. 6 Spectral analyses of pressure fluctuations at the dif-
positions (separation angle 45 dego determine the number of fuser inlet P1 in case of Seal A, for £=0 and «/Q=0 (uncer-
cells and the propagation speed of diffuser rotating stall. tainty in  ¢=0.01)

Dimensionless frequency f*
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(b) Dimensionless fluid force momentm, , m,

Fig. 7 Dimensionless fluid force £, (O) and f,, (®) and fluid force moment m, (O) and

m, (@) on the impeller with Seal A versus whirling speed ratio w/Q for various flow
coefficients ¢ (¢=1.05mm) (uncertainty in f,, f;=0.3, m,, m;*0.3, in w/Q*+0.002, in
¢$=*0.01)

results, it was found that a rotating flow instability with one celforce promotes the whirl instability. On the contrary, with Seal C,
propagates in the same direction as impeller rotation. The detailié peak force and moment are considerably small, and the range
description of this flow instability will be presented later. of w/Q) where the tangential fluid force is positive, is small. So
that, Seal C has beneficial effects on the shaft vibration for part
flow operation as compared with Seal A and B.

In Fig. 9a), calculation results of radiaf, , and tangentialf, ,

Fluid Forces and Fluid Force Moments on Impeller Mea-
sured With Force Balance. Figures 7, 8, and 9 show the di-

mensionless radiaf, , tangentialf,, fluid forces, and radiahn, , . > .
tangential,m;, fluid force moments on the impeller measure(ﬁIUId forces by Shoji's two-dimensional vortex methdddl, are

directly by the force sensor, plotted against the whirling spe@dso shown for comparison. This cal_culatlon was assu_med inviscid
ratio, »/Q, for various flow rates with Seal A, B, and C, respeciloW, applied only to the impeller without vaneless diffuser, and
tively. At higher flow rate thars=0.162, the fluid forces and fluid Ot included the effect of the seal leakage flow. All over the flow
force moments are considerably small, and vary smoothly with tfange, the calculated tangential forfeés almost negative in posi-
whirling speed. Moreover, seal geometry has almost no effect e wWhirl, and positive in negative whirl. Thus the fluid force has
the amount and the tendency of the fluid forces. However, in cagélamping effect on the whirling motion. The experimental results
of Seal A and B the forces and force moments change dramatith Seal C agree well with the calculations qualitatively and
cally at flow rate smaller thash=0.121, and “peak” appears near quantitatively except for the region/{)=0.2~0.3 at low flow
w/Q=0.2~0.3. With Seal A and B, the tangential fluid forces aregate. From these results, it could be concluded that the fluid forces
positive in a wide range of positive/(). In this region, the fluid on the whirling impeller have a stabilizing effect on the whirl, as
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(b) Dimensionless fluid force momentm,, m,

Fig. 8 Dimensionless fluid force  f, (O) and f,, (®) and fluid force moment m, (O) and

m, (@) on the impeller with Seal B versus whirling speed ratio w/Q for various flow
coefficients ¢ (¢=1.05 mm) (uncertainty in f,, f;=0.3, m,, m;=0.3, in w/Q*0.002, in
$+0.01)

reported by Shoji and OhasHi5], if there is no variation of seal of a rotating stall in an impeller, or a diffuser. In addition,
leakage flow associated with the whirling motion, like Seal Asujimoto et al[17] calculated the critical flow angle and propa-
and B. gation speed of the rotating stall in vaneless diffusers with simple

I(—j|owever, it S'}%"_C’Obg “gtg‘?' hc‘;'_][fe that ]Eheé:hapge O(‘;fg"qr;]or%undary conditions at the diffuser inlet and outlet. From this
and moment ak/{2=0.2~0.3 Is different for Seal A and B. The alculation, a rotating stall onset at flow rate=0.062, and

peak off, is negative in Seal A, although that is positive in Seal . e . . -
B. The same tendency can be observed in the fluid force momedpioPagation speea’/€)=0.2 can be obtained in the condition of

From these results, it was found that the seal geometry affect®§ Present experimental diffusej/r;=1.5. This propagation

the direction of the peak fluid force and force moment through tis@eed is near t@/() = 0.2~ 0.3 where the fluid forces have a peak

variation of the leakage flow due to the impeller whirl, and also tat low flow rate in the present experiment.

the actual radial clearance in the direction of the eccentriSgal The combined effect of the whirl and rotating stall is investi-

A: reduced clearance, Seal B: enlarged clearance gated based on this prediction. Figure 10 presents the spectral
Combined Effect of Whirling Motion and Rotating Stall. analyses of pressure fluctuations at the diffuser inlet P1 and the

Tsujimoto et al[16] calculated the fluid forces on a whirling im- Output signal of the force sensor at various flow rates. The whirl-
peller in a vaneless diffuser using two-dimensional vortical floWd speed with eccentricity=1.05 mm is decreased continuously
analysis. They reported that, the tangential fluid force becomiem w/Qd=+1.2 to —1.2, while the flow rate is maintained
destabilizing at the whirling speed close to the propagation speszhstant.
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(b) Dimensionless fluid force momentm,_, m,

Fig. 9 Dimensionless fluid force £, (O) and f,, (®) and fluid force moment m, (O) and

m, (@) on the impeller with Seal C versus whirling speed ratio w/Q for various flow
coefficients ¢ (¢=1.05mm) (uncertainty in f,, f;=0.3, m,, m;*0.3, in w/Q*+0.002, in
¢$=*0.01)

1. At high flow rate¢p=0.236, the dominant frequency of thetribution at the diffuser inlet. The induced rotating stall is coupled
pressure fluctuations i&" = |w/Q| due to the whirl. On the other with the whirling motion when the whirling speed is close to the
hand, in the force sensor signal measured on the rotating shafppagation speed of the rotating stall.
there are the two components) f* =|1.0— w/Q| caused by the 3. At lower flow rate¢=0.100, the strong rotating stall with
fluid force due to the whirkThe reason of1.0—w/Q| for the {*~0.26 (i.e., the propagation speed rati®' /()~0.26) occurs
force sensor signal is that the force sensor is installed in the retdover the range of/Q) =+ 1.2~ —1.2. As a result, the compo-
tive rotating frame and the pressure sensor exists in the absolgégt with f* =|1.0— w'/Q|~0.74 of the force sensor signal ap-
frame; i.e., stationary casihgand(b) f* =1.0 due to the electrical pears clearly caused by the rotating stall. In addition, the compo-
noise of the slip ring. nent with f* =|1.0— w/Q| due to the whirl can be observed. The

2. At flow rate ¢=0.121, the pressure fluctuations wiffi  amplitude of the component with* =|1.0- w/Q| increases at
=0.2~0.3 due to the weak rotating stall appearsed2=0.2 /0 ~0.26.

~0.3. This pressure fluctuation does not appear at the same flow

rate under the condition af=0 andw/Q =0 as shown in Fig. 6.  In order to examine the combined effects of the whirl and the
At w/Q=0.2~0.3, the amplitude of force sensor signal with rotating stall, two fluid forces were compared as follows. One is
=|1.0- w/Q|=0.7~0.8 increases too. From these results, it ihe fluid force,frs, caused by the rotating stall. The other is the
plausible that the rotating stall is induced and excited by thetordynamic fluid force)‘:(fr2+f12)1’2. The fluid forcefggwas
whirling motion which causes unsteady asymmetric pressure déeparated from the fluid fordebased on the frequency using the
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(b) Signal of force sensor

Fig. 10 Spectral analyses of the pressure fluctuations at the diffuser inlet P1 and the signal of force sensor for various flow rates
in Seal A (¢=1.05 mm) (uncertainty in  w/Q*0.002, in ¢=*=0.01)

phase-averaged conditioning; i.efrs has the frequencyf*  (b) a rotating stall occurs for any whirling speed at lower flow rate
=]1.0— »'/Q|~0.74 on the force sensor signal. Figure 11 showand is strongly enhanced when the whirling speed and the stall
the comparison of two force$gzs andf. At $=0.236 above de- propagation speed become close each other.

sign flow, there is no presence bfs caused by the rotating stall

I~ _ Effect of the Seal Geometry. Figure 12 presents typical un-
f hirl .App=0.121,f ) - .
fS; ?r?g ;Aelglirolr?g /?E)ieod_zjg_s_oHowé\f;rd?r?es Poﬁésjs,%z?;igxfﬁ%tsteady pressure patterns of the rotating stall in the vaneless dif-

force f develops atw/Q~0.26 caused by the induced rotating!Ser for Seal Aand B ab/€1=0.26, for¢=0.100. This pressure
stall. At ¢=0.100, frs is almost constanfrs~3.0 except for pattern was obtained from the measurements of the pressure sen-

w/Q~0.26. Clearly,f increases dramatically larger thaipg SO P1, P3, and P4 located at one angular position. Pressure fluc-
~3.0 atw/Q~0.26. Moreover, at lower flow rat¢=0.058,frs tuations were phase conditional ensemble-averaged based on the
increasesfrs>5.0 at any whirling speed caused by the strongigger signal that indicates the instant when both the directions of
rotating stall, and alsbincreases remarkably at/Q)~0.26. the impeller whirl and the rotation of the rotating stall come to a

From these results, it could be concluded thaj: a rotating prescribed orientation. The pressure pattern propagates in the di-
stall is induced at higher flow ratstill below design flow by the rection of the impeller rotation coupled with the whirling motion.
whirling motion and coupled with the whirl, when the whirlingThe patterns are similar to the experimental and theoretical results
speed becomes close to the propagation speed of the rotating spaflviously publishedTsujimoto et al[17]). In this figure,r andt
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Fig. 11 Comparison of the dimensionless fluid force f (O) due to the whirl with
the dimensionless fluid force frs (X) due to the rotating stall for various flow
rates, in Seal A (¢=1.05mm) (uncertainty in f*0.3, fgs*0.3, in »/Q*0.002, in
$*0.01)

axes are shown on the whirling coordinate of the impeller. It
might be of interest to note that the pressure pattern of Seal A is
almost contrary to that of Seal B with respect to the direction of
shaft eccentricity, although both patterns are similar with respect
to the seal clearance nonuniformity. From these observations, it
was found that the variation of seal clearance in relation to the
eccentricity is more important than the seal geometry for the cou-
r pling of rotating stall with the whirling motion.

The unsteady fluid forces on the impeller are calculated using
the unsteady pressure measurements at the diffuser inlet, P1, to
obtain a better understanding of the peak fluid force. The pressure
fluid forces,f,, andf,, are estimated by integrating the unsteady
pressure on the impeller outlet including the impeller side plate. In
this estimation, the unsteady forces resulted from the momentum
transfer at the impeller inlet and outlet, and the rate of change of

Seal A Seal B fluid momentum in the impeller are neglected. Figure 13 shows
Fig. 12 Unsteady pressure pattern in the vaneless diffuser the' comparison of directly measured fluid forcésand f; with
due to the rotating stall coupled with the whirl at /@ =0.26 for ~ €Stimated onest, and f, at ¢=0.100, for Seal A, B, and C.

¢$=0.100 in Seal A and B (£=1.05mm) (uncertainty in «/Q They agree well concerning the whirling speed ratio where the
+0.002, in ¢=0.01) peak fluid force appears, and the difference of the direction of the

Seal clearance

+ Higher pressure
t — Lower pressure t

fFof,

ft'ftp

1.0 0.0 1.0 -1.0 0.0 1.0 1.0 0.0 1.0
w/Q w/Q w/Q
Seal A Seal B Seal C
Fig. 13 Comparison of the dimensionless fluid force f, and f, (O) directly measured
by the force sensor with the dimensionless pressure force frp and fy, (X) estimated by
the unsteady pressure at the impeller outlet, versus whirling speed ratio w/Q for ¢

=0.100, in Seal A, B, and C (&£=1.05mm) (uncertainty in f,, f;*+0.3, f,,, f;,+0.5, in
®/Q*0.002, in ¢=0.01).
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fluid force for Seal A and B, although the amount of estimatef},,f;, = dimensionless fluid force due to unsteady pressure

pressure force is smaller than that of directly measured force. around the impeller, radiak§, and tangentia(t) to
From these results, it was inferred that some fraction of the peak the whirl orbit, normalized byM ,eQ?

fluid force atw/)=0.2~0.3 is generated by the pressure non- f,g = dimensionless fluid force caused by the rotating stall
uniformity around the impeller due to the rotating stall. in vaneless diffuser, normalized By eQ?

the leakage path between the impeller shroud and housingdap-A = radial clearance between impeller shroud edge and
whirling motion by using a bulk-flow model. In this calculation, casing(see Fig. 2

he reported that the unsteady flow in the leakage flow path has a \ = fluid force moment around the impeller center
‘resonance” at a certain whirling speed. From this prediction, it M, = fluid force moment, radialr(), and tangentialt)

might be estimated that the leakage flow instability also plays an componentsee Fig. 4

important role to couple the rotating stall with the whirling motion \j = reference valuémass of fluid in impeller

by means of the unsteady leakage flow through the Gap-A at the — par2b,
diffuser inlet. o _m, ,m, = dimensionless fluid force moment on impeller, radial
Unfortunately, full confirmation of the unsteady leakage flow in (r) and tangentia(t) components, normalized by
the shroud leakage path has not been obtained in the present ex- M 102 '
o'2

periments. In order to explain all the effects of seal geometry, an.
extension of the experiment is underway with focus on the leak-
age flow, which will add to our understanding of the rotordynamic

= center of impeller on the whirl orbitsee Fig. 4
p = pressure
p1 = total pressure at impeller inlet

(whirl)-hydrodynamic(rotating stall, leakage floycoupling. Ap = unsteady pressurigero-to-peak
r = radius
Conclusions (rt) = radial and tangential axisee Fig. 4

From the experimental results and discussions, the following = !mpeller inlet radlqs(see F'g' 2
conclusions can be drawn: , = impeller outlet radiugsee Fig. 2

r; = diffuser inlet radiugsee Fig. 2
1. the fluid forces on the whirling impeller have a stabilizing r, = diffuser outlet radiugsee Fig. 2
effect on the whirl basically at high flow rate. S = seal radial clearanceSt =nominal radial clearance
2. at the whirling speed ratie@/2~0.26, the fluid force has a with e=0)
destabilizing peak at low flow rate in the present experiment. {V} = four-component force sensor vector
3. the peak of fluid force is caused by the coupling between the & = radius of circular whirl orbit(eccentricity
whirl and the rotating stall in the vaneless diffuser. p = fluid density
4. the change of seal geometry with axial s€zal A and B ¢ = flow coefficient= flow rate/(zﬂgbzg)
affects the direction of the peak fluid force, and force mo- ¢, = design flow coefficient
ment through the unsteady leakage flow caused by the varia- = pressure coefficient
tion of the seal clearance due to the whirl. (at collector PO¥ (p-py)/p(r,€2)2
5. the face sedlSeal Q that is characterized by no variation of ¥ = static pressure coefficient
seal clearance with whirling and so Iess _contrlbutlve to un- (at diffuser inlet PL (p-pry)/ p(r Q)2
steady leakage flow, shows less sensitivity to the whirling- | — whirling angular velocity
rotating stall coupling effect. ro_ ; ;
6. it could be estimated that the unsteady leakage flow in the wQ _ anular veloc!ty of fotating stall
; = angular velocity of impeller
shroud Ieakage.path plays.an essential role f(.)r. the oceur- 0 = whirl speed ratio
;?,chfhgffaf,%lffslg%irf?ffgragts;gnbgeg;fn the whirling motion, /o - propagation speed ratio of rotating stall
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Supersonic Through-Flow Fan
Blade Cascade Studies

hri her J. Chesnak An investigation has been performed of the flow in a supersonic through-flow fan blade
c stop er J. Chesnakas cascade. The blade shapes are those of the baseline supersonic through-flow fan (STF).
Wing F. Ng Measurements were made at an inlet Mach number of 2.36 over a 15 deg range of

incidence. Flowfield wave patterns were recorded using spark shadowgraph photography
and steady-state instrumentation was used to measure blade surface pressure distributions

Mechanical Enginesring Department, and downstream flowfield. From these measurements, the integrated loss coefficients are
Virginia Tech, presented as a function of incidence angle along with analysis indicating the source of

MC 0238, losses in the STF cascade. The results are compared with calculations made using a
Blacksburg, VA 24061 two-dimensional, cell-centered, finite-volume, Navier-Stokes code with upwind options.

Good general agreement is found at design conditions, with lesser agreement at off-design
conditions. Analysis of the leading edge shock shows that the leading edge radius is a
major source of losses in STF blades. Losses from the leading edge bluntness are con-
vected downstream into the blade wake, and are difficult to distinguish from viscous
losses. Shock losses are estimated to account for 70% to 80% of the losses in the STF
cascade. © 2003 American Institute of Physid®OI: 10.1115/1.1601257

Introduction formance advantage over a turbojet engine for a Mach 2.7
The rapid growth in air traffic across the Pacific has sparket nshpgré. Champagrlél] suggested that a STF engine equipped
X . : .3 transport would have a 14% increase in range compared
renewed interest in supersonic passenger transports. The cur fr . S o
%%a conventional turbofan due to the 9% reduction in specific fuel

gsngrrggrc:ir(‘: ?:fruaiusrgralfrt] %rr'gg;etsd rr?ﬁ(iviﬁciosﬂozfgfw?én:r;il o gsumption and 31% reduction in installed engine weight. Fran-
P ) P PAus and Maldonad®] found that for a Mach 3.2 transport with

economically viable, supersonic cruise engines must be improvg 000 mile range, a STF engined aircraft would have a takeoff

n gcr)]? (\:’(\;?T']gkgnz?]? ()effftlﬁleegﬁyérsonic cruise enaine which could B9SS weight 13% less than an aircraft equipped with an advanced
P p 9 grbine bypass engine.

improved substantially in both of these areas is the inlet. A super- : : )
sonic inlet for a typical gas turbine engine must be capable ngnfortunately, all these studies suffer from a lack of experimen

decelerating the supersonic inflow to subsonic speeds at the aAFi(:ﬁéit;?g?Sgi]igg t})hz a?gsrl: ;]/ Zdeiaa%?neégow eanc;f. o(r)r:gact:\(/av%fe;%-
gine face. This deceleration of the flow is not easily managed, a P

shock and boundary layer losses are inevitable. In order to mi I_rsonic axial blading. Savage etalf] examined the
ylay : gerformance of a transonic rotor operating above design speed in

:)nrlnzeetrt;(iass?\elgzztsees{rya 'll'ohnugs a;rc]i i?ﬁ:}[\% ;na!(att)/gggllz)aggr\s/grr:ii bgu'geﬁ/lach 1.5 flow and obtained limited performapce data. Breugel-
engine is both heavy and inefficient. ans[7] tested a rotor designed for Mach 1.5 inlet flow, but was

As far back as 1958, Ferfil] pointed out that a fan capable ofunable to obtain substantial data due to early rotor blade failure. In

accepting supersonic axial flow would allow for the use of a IighEOth cases, the rotor operated with a normal shock in the rotor,

) ! o0 . . nd therefore, the exit velocity was axially subsonic.

S'mP'.e inlet with high pressure recovery at SUPETSONIC CTUISE. AS\ o der to better quantify th)é performar%lce potential of the STF
enV|S|o_ned by Ferr{1], the fan would operate with a normalt e NASA Lewis Research Center undertook a program to design,
shock in the rotor passage, and the outlet flow would be subsorjic., ™ - -\ o proof-of-concept supersonic through-flow fan

The efficiency of such rotors, however, is not high, due to .th§ ge. The fan stage was designed for a total pressure ratio of 2.45
large Iqsses fr_om the passage_normal .ShOCk' A more promisi a fan face Mach number of 2.0. The design of the fan stage and
way of increasing the compression systénfet plus compressor the details of the blading are described by Schmidt €ft&l.

efficiency is to employ a fan in which the flow is axially super- . g : .
sonic throughout. First proposed by Advanced Technology Lab&-As a part of this program, two-dimensional cascade studies of

- ean blade sections were undertaken in the Virginia Tech super-
ratory, Inc. and studied under NASA contrd@tucco, [2], flow ' - .
in this engine would still need to be diffused to subsonic velocit onic cascade wind tunnel. These cascade studies were undertaken

. o : der to obtain an understanding of the flow physics and loss
but the losses in such a diffusion process would be confined poor . . . .
only the fraction of air which goes through the core, and thy echanisms in the supersonic through-flow fan, and to establish a

overall losses would be reduced. The weight of the supersoni tabase on supersonic through-flow fan performance.

trough-fow an(STH cqupped crgine would be recuced relac TS PaBer i deal e fesuls of e exoernents cascade
tive to a conventional turbofan engine since, not only would Y 9 )

ghter nlet be needed, bt fewer stages would be required {2, 15 STIC S0, 2 ETERTRL e CE N TR TS P,
?JeFe(?%?]% capable of much higher pressure ratios than IOWéaodes can be assessed for the problem of STF design. The results

. . f the testing and the computational predictions of the flow will be
Several studies have been conducted to estimate the perfor- - .
mance potential of the STF equipped engine. TavaBssug- aﬁalyzed in light of a shock loss model in order to better under-

gested that a STF efficiency of 68% is required to provide a pesrt-and the loss mechanisms in the STF cascade.

Contributed by the Fluids Engineering Division for publication in tawanaL  Experimental Apparatus

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . L
March 12, 2002; revised manuscript received March 27, 2003. Associate Editor: W.AII measurements were conducted in the Virginia Tech super-

W. Copenhaver. sonic cascade wind tunnel. This blow-down facility was equipped
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the thickening endwall boundary layer can influence flow even in
the center of the passage, and the AVDR is typically greater than
1. Oil streaks on the blade surfaces and downstream Pitot mea-
surements verified the two-dimensionality of the STF cascade
flow at midspan. Blade-to-blade periodicity and measurement re-
peatability, as documented in Chesnak@d.0], were both quite
good.

It should be noted that there are some features of supersonic-
axial blading that makes the operation of this cascade quite dif-
ferent from that of cascades in which the blading is supersonic
relative to the blades but subsonic in the axial direction. The first
of these is that, since the flow is supersonic in the axial direction
at the inlet of the cascade, shocks coming off of the leading edge
will be contained within the blade passage. Since no waves propa-
gate in front of the blades, no “unique incidence” condition exists
for supersonic axial blading. Also, since the flow is supersonic
axial at the exit of the cascade, the static pressure at the exit of the
cascade is prescribed by the inlet conditions, and back pressure is
not an independent parameter.

j ! The supersonic through-flow fan blade cascade was examined
\ using four different sets of instrumentation. The first of these was
a spark shadowgraph system. Since the blades were mounted in a
~  plexiglas window, the shadowgraphs revealed the flow structure
throughout the entire blade passage.

Blade surface pressures were obtained with a set of instru-
mented blades. Sixteen pressure taps were placed on each surface
in one blade passage, franhc=0.038 tox/c=0.962. These pres-

with a two-dimensional Mach 2.36 nozzle and a 2622.9cm sures are reported here normalized by the settling chamber total
(6x9inch) test section. The cascade wind tunnel was typicalptessure. The total uncertainty in the pressure measurements is
operated at a total pressure of 400 kPa and a total temperature-af 206—approximately the size of the symbols on the plots that
285 K, for a Reynolds number of approximately 4.4)0w.

X 10° per cm. The air was dried and filtered to reduce the level of pitot and static pressures in the region downstream of the
particulates in the flow. Upstream of the nozzle, the settling chamlades were measured with a unique Pitot/static probe fully de-
ber was equipped with flow straighteners and screens to reduggibed in Chesnakd®,10]. The probe, in brief, is a horizontal

large scale turbulence. The freestream turbulence intensity is apre consisting of a center-mounted Pitot tube, with a static pres-

. 0 ; g
proximately 1%, and the flow Mach number is uniform@.05. sure tap on a vertical, sharp-edged plate on either side of the Pitot

Characteristics of the tunnel flow are more fully documented - : - :
Chesnaka$§9,10]. flibe. Since the static and Pitot taps are horizontally separated, the

Placed into the test section of this tunnel was the cascade illiOP€ is only suitable for flows which are invariant in the hori-
trated in Fig. 1. The cascade consisted of six blades mounted ofatal direction (two-dimensional The probe was traversed
circular back-plate that could be rotated to obtain any desiré@wnstream of the cascade in fwelirection(along a line parallel
inflow angle. “Design incidence,}=0°, is defined as the condi- 0 the cascade From these Pitot and static measurements, the
tion at which the flow is parallel to the blade suction surface &fach number, total pressure, and mass flux could be calculated.
the leading edge. Measurements were made at inflow angle§inally, velocities in the cascade were measured with a two-
i=—10°, —5°, 0°, and+5°. All measurements downstream ofcomponent laser Doppler velocimetdrDV). When combined
the cascade are referred toany—z coordinate system in which With @ simultaneous measurement of the flow total temperature,
the z-direction is along the blade span, thalirection is parallel these measurements could also be used to find the Mach number
to a line connecting the blade trailing edges, andxttwmordinate Of the flow. The system, in brief, was a two-color, two-component,
is in the axial direction. The origin of the coordinate system is &tual-beam system utilizing the blud88 nm and green(514.5
midspan of the trailing edge of the third blade from the bottom dfm lines of an etalon equipped argon-ion laser. The fringe spac-
the cascade as shown in Fig. 1. In order to obtain the shadod for each component was approximatelym. The system was
graphs of the blade passage, the blades were mounted in a pl&gf-to measure velocity components at plus and minus 45 deg to
glas window. For LDV measurements, a second set of doors wi§ mean flow. One of each of the blue and green beams was
used with a 90-mm-diameter Schlieren quality glass windoftequency shifted by 40 MHz, so that the fringes would move in
mounted to provide access to the blade trailing edge region. the direction of the flow, and angular bias would be minimized.

The cascade blade shapes were derived from the NASA Lewight was collected in direct forward scatter, and counters with 1
baseline STF rotor at midspan. The cascade consisted of six fulls resolution clocks were used to measure the time for eight fringe
scale blades with chord length, of 100.3 mm, spacings, of crossings. At each measurement position, 1024 data points were
30.2 mm, and span of 152 mm. The solidityy,of the blades was taken, and the mean velocity of the flow was taken as the arith-
3.32 and the maximum blade thickness was 5.8 mm. Details of tietic mean of the 1024 measurements. The LDV system could be
blade shape can be found in Chesng€asQ]. positioned to an accuracy of 0.05 mm. Turbulence information

No endwall suction is applied in the test section. Due to th&as also acquired with the LDV, but the results of that were pre-
high supersonic axial Mach number in the cascade, the flow dgnted in a separate pap&kndrew[11]).
hyperbolic, and the characteristics are fairly shallow. Any distur- Seeding particles for the LDV system consisted of o6 poly-
bance caused by thickening of the endwall boundary layer catyrene latex spheréBSL), which were suspended in ethanol and
only propagate a limited distance toward the center of the blaigected directly into the tunnel approximate8 m upstream of
passage. As a consequence, the axial-velocity density ratfie nozzle throat. The 0.6m PSL was chosen to maximize scat-
(AVDR), (pu),/(pu);, is 1, and the flow at the center of thetered light while minimizing particle lag. The 06&m particles
passage is two-dimensional. This is in contrast to lower speéalow the flow closely through most of the blade passage, and
cascades which are elliptical in nature. In subsonic-axial cascadesly lag the flow significantly in very small regions behind the

Rotate to \
Change Incidence

Fig. 1 Cascade test section
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Table 1 Uncertainty analysis, summary

Freestream Wake
Probe LDV Probe LDV Mass Averaged
M +3.7% +2.6% +2.0% +1.7% -
Pt +7.4% +5.4% +2.3% +2.4% +7.1%
Vv - +1.2% - +1.3%
i - +0.9° - +0.9°
® +0.068

cascade shock&hesnaka$9,10]). Comparison of the data rate All calculations were performed with an infow Mach number
when injecting pure ethanol into the flow relative to the case of raf 2.36. Four incidence angles were analyzed in order that the
ethanol injection confirmed complete evaporation of the ethaneffect of entrance flow angle could be evaluated. All calculations
carrier. Electron microscopy revealed excellent particle size unirere within 1 deg of the nominal measured incidence angles of
formity and very little agglomeration of the seeder output Chesne=—10 deg—5 deg, 0 deg, and 5 deg, and will be referred to in
kas[9,10]. Pitot/static probe measurements upstream of the cdbis paper by these nominal values.
cade showed the seeder to have no measurable effect on thérid independence of the results was confirmed. Adequate clus-
cascade inflow. tering was verified to resolve the viscous layers and the shock
The measurement uncertainty for the Pitot/static probe and tlager sufficiently. Cluster of the grid was based on experimental
LDV system is detailed in Chesnaki@10], and is summarized in results. Further details on the CFD simulation can be found in
Table 1. Uncertainties listed include both bias and precision ethesnaka$9,10].
rors. Bias errors, in general, predominate.

Computational Analysis Results

A computational simulation of the flow through the supersonic Design Incidence. A shadowgraph of the cascade operating at
through-flow fan blade cascade was performed in order to aid @&sign incidence is shown in Fig. 2. In this shadowgraph, the flow
the interpretation of the experimental data and to gain an undé-coming in from the left in the direction of the blade suction
standing of the capabilities and limitations of computational fluilurface(uppej leading edge. The shocks coming off the leading
dynamics(CFD) to predict the flow in a STF. The CFD code useddge can be seen to be contained within the blade passage. This
in this researcltalgorithm for the Navier-Stokes equations using éndicates that the component of velocity in the axial direction
Riemann solver, ANSERSwas based on the algorithm of Taylor(perpendicular to the cascadis supersonic. The leading edge
[12]. This code is the two-dimensional version of the threeshock from the suction side of the leading edge intersects the
dimensional coddCFL-3D) by Thomas and Waltergl3]. This pressure surfacdower) at approximately 12% chord, and gener-
time-marching method solves the compressible, complete Nages a reflected shock. There is no indication of boundary-layer
equations in generalized coordinates. The governing equations $@paration at this shock/boundary-layer interface either in the
solved in integral conservation law form using a cell-centere@hadowgraph or in the surface oil flow visualizations of Andrew
finite-volume formulation. The inviscid flux terms were evaluatetil4]. The leading edge shock from the pressure side intersects the
using van Leer’s flux vector splitting method. In this paper, spatiguction surface at approximately 55% chord and reflects weakly.
discretization for the inviscid flux terms is third-order accuratélthough not evident in the shadowgraph, the surface oil flow
upwind-biased. Viscous fluxes are differenced using second-ordéisualizations of Andrevj14] indicate that there is a mild separa-
accurate central differences. Only limited study on grid resolutidion at this point, with the flow quickly reattaching. Originating
was performed in this research. Results presented in the paper @81 the trailing edge are a pair of “fishtail” shocks. These shocks
based on a 68210 grid. Additional calculations were performedexist to equilibrate the flows from the suction and pressure sur-
on a grid twice as dense. Solutions were grid independencefages, which arrive at the trailing edge at slightly different pres-
most part of the flowfield, except at location of shock/boundargures and slightly different flow angles. The blade wake is only
layer interaction. A unique grid was used for each inflow angle.
Turbulence was modeled using the Baldwin-Lomax eddy viscos-
ity model, assuming turbulent flow from the leading edge of th~
blade. This model was chosen for its computational simplicity.

In general, separated regions within the STF flowfield caus
the solutions to be oscillating in nature, which necessitated .
excessively large number of iterations for convergence. The nu
ber of required iterations was typically 12,000, and were carri¢ 4
out at a CFL number of 6. The applied convergence iteration w/
the consistency of the skin friction over an interval of 1500 ite
tions; the completed pressure distributions converged mc
quickly. /4

Supersonic flow at the upstream, inflow boundary dictate th™ ==
four boundary conditions be specified there in an explicit mann
These are density, two components of velocity, and pressure. |
the outflow boundary, supersonic exit flow requires that fot
boundary conditions are extrapolated from the computational d
main. Density, two components of velocity, and pressure we
extrapolated to the outflow boundary for this purpose. The r
maining two outer boundary segments are specified as perio
over the cascade pitch. Two types of boundary conditions are
appropriate at the inner boundary: a no-slip, adiabatic conditionm@g. 2 Cascade shadowgraph, design incidence, B, =37 deg.
the wall, and periodicity along the wake centerline. The pressure probe is visible on the lower right hand corner.
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the leading edge shocks agree quite well in both of these figures,
as do the positions of the reflected shocks in the blade passage.

weakly visible in the shadowgraph, and little about its extent d&¢omparison of Fig. 4 with Fig. 2 also shows that the positions of
structure can be inferred. Visible in the bottom right of the shadhe fishtail shocks are predicted accurately. The measured and
owgraph is one of the pressure probes used downstream of tladculated blade static pressures are shown in Fig. 3. It can be
cascade. seen that the agreement between the calculated and measured

The fact that this cascade operates with almost no boundabjade static pressure is generally good, with the following caveats.
layer separation would be considered unusual if this were a cofle calculated static pressure over the last part of the blade is low.
ventional, subsonic-axial cascade, but should not be too surprisihigo, the calculated static pressure does not show the pressure
for supersonic-axial flow. If the cascade blade shapes are exgmeak measured at about 32% chord on the pressure surface of the
ined, it can be seen that, with these blades the flow is turnbthde. It is surmised that the grid is not sufficiently refined in the
toward the axial direction as it passes through the cascade, andeggion where the compression waves from the suction surface
the passage area increases. Since there is supersonic inflow,cthedesce to adequately resolve this pressure rise.
increase in passage area dictates that the Mach number increadéne conditions downstream of the cascade at design incidence
and the static pressure drop through the blade passage. This facan be seen in Figs. 5 and 6. In these plots, the Mach number and
able pressure gradient is a unique feature of supersonic throutgtal pressure at/c=0.37 from both the Pitot/static probe and the
flow blading that limits boundary-layer growth and helps to prd-DV measurements, and from the CFD calculations are presented.
vent massive boundary-layer separation. (LDV total pressure results are obtained by combining the LDV

The existence of this overall favorable pressure gradient in thelocity measurements, a total temperature measurement, and the
cascade is confirmed with the blade surface pressure measiitet pressure as explained in Chesngléas0]). In these figures,
ments. The blade static pressure distribution for the case of design
incidence are shown in Fig. 3. It can be seen that the pressure on
the suction surface initially rises slightly as the flow is compresse 28
through the slight concavity of the suction surface at the leadir i
edge. After this initial rise, the static pressure decreases monoto 26
cally until approximately 55% chord, where the pressure sic ’
leading edge shock intersects the suction surface. After the pre = 4 4
sure rise from this shock—and two other mild shocks, visible i
Fig. 2, which closely follows—the pressure over the last 30% ¢ 92
the suction surface is nearly constant, rising slightly toward tk‘g

trailing edge. 20
Measurements of the pressure surface static pressure at dez !
incidence can be similarly matched to flow features revealed 18 F
the shadowgraph. These measurements show the pressure incrg
ing slowly over the first 10% of the blade, and then increasin 1§
sharply around 15% chord where a shock from the leading ed
intersects the pressure surface. After the sharp rise in press 1.4
from this shock, the surface pressure drops and then rises ag
from the convergence of compression waves originating from tt 1.2
concave portion of the leading edge suction surface into a “re
compression” type shock. Past this second wave, the pressi 1.0
drops steadily from 35% chord to the trailing edge. At the trailin 02 00 02 04 06 08 10 12 14
edge, the pressure side and suction side pressures are nearly el yis
Comparison of the measured cascade flowfield to the calculatea
flowfield yields generally good agreement. Figure 4 shows a COfy. 5 Downstream Mach number, /=0 deg, x/c=0.37, mea-
tour plot of the calculated static pressure at design incidencgired and calculated. (Note the presence of the fishtail shock
Comparison of this plot with Fig. 2 illustrates that the positions ddt y/s=0.75.)
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Fig. 7 Cascade shadowgraph, —10° incidence, B,=27°

0.0
02 00 02 04 06 08 10 12 14 however, small separations on the suction surface at 43%, 55%
yis and 74% chord due to shock impingement. Again, the fishtail
shocks are clearly visible downstream of the blades, but the wake
Fig. 6 Downstream total pressure, [=0°, x/c=0.37, measured is only faintly visible.
and calculated. (Note the presence of fishtail shock at Figure 8 shows a contour plot of the calculated static pressure
yls=0.75.) at —10 deg incidence. Comparison of this plot of the calculated
flowfield with the shadowgraph in Fig. 7 shows lesser agreement
than for the design case. The source of the poorer performance of
o ) the calculation is the strong shock/boundary-layer interaction. The
the wakes are quite distinct from the passage flow. The Pitot/stafi¢:p calculation shows a separation bubble at the shock impinge-
probe measurements also clearly show the location of the fishigiknt point, but the measured upstream influence of the separation
shocks—which at this axial location are coincident—with a spikggne " as revealed by the blade surface pressure, and the down-
in the profiles at mid passage. This spike in the profiles occUgeam reattachment point of the boundary layer, as revealed in the
when the shock disrupts the flow about the probe and alters #gsadowgraph, are not correctly predicted. Further, the imprecise
responseand thus the “LDV” total pressure as welINotable in modeling of the separation zone on the pressure side of the blade
these figures is the good agreement between the LDV and Pite}s a marked influence on the downstream conditions. As can be
static probe measurements, particularly in the wake. All measugsen in Fig. 9—a plot of the measured and calculated downstream
ments agree within the experimental uncertainty. In the center Pkch number profiles at 10 deg incidence, the Pitot/static mea-
the passage, total pressure losses are small, and the regior @kments show the wake to be thicker on the pressure side than
measured total pressure greater than 1 is within the uncertaigly the suction side. This behavior is not predicted by the code,
band. ) which shows the wake to be roughly symmetric. Thus, the code
It should also be noted that there is generally good agreemey only fails to describe the extent of the separation region, it
between the calculated profiles and the experimental data. 4§y fails to describe the separation region’s influence on the rest
calculated Mach number and total pressure agree quite well in {€the flowfield. The narrow wake region in the calculated profile
blade passage and the locations of the wakes are accurately gigjgests that the code does not correctly predict the magnitude of
dicted. The shortcoming of the calculated profiles is in the wakgsses generated by the boundary-layer separation.
region, where the minimum Mach number and total pressure is
overestimated—perhaps due to the difficulty of applying the Integrated Loss Coefficients. The measurements presented
Baldwin-Lomax model in a free shear layer. above show a great deal about the detailed structure of the cascade

—10 Degree Incidence. Figure 7 shows the flow through the
cascade at-10 deg incidence. At this incidence, the shock com-
ing off the suction side of the leading edge is much stronger th:
in the design case. The shock structure revealed in the shadt
graph clearly indicates a strong shock/boundary-layer interacti
where this shock impinges on the pressure surface, approximat
17% chord. In the photograph, compression waves can be seel
originate from the pressure surface just upstream of the impingi
shock as the flow is deflected by the separation zone. These c¢
pression waves then coalesce to form a “separation shock.” Ji
downstream of the shock impingement point, the shadowgra
shows another shock emanating from the pressure surface. 1|
shock exists due to the flow reattaching after turning around
separation bubble. This is in agreement with Andreygl], sur- |
face oil flow visualizations. Further evidence of flow reattachmei|
is visible on the pressure surface at approximately 73% chol
where a wave approaching the pressure surface can be see
impinge. If the flow at this point had been separated, the flow ne
the blade would have been subsonic. All waves impinging on tl
suction surface can be seen to reflect weakly, without causing
large separations of the suction surface boundary layer. The sgi. 8 Contour plot of static pressure at —10° incidence,
face oil flow visualization of Andrew}14] indicate that there are, calculated
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Fig. 10 Integrated loss coefficients, measured and calculated

flowfield, but, in the form presented, say little about the perfor- ) o ]

mance of the cascade. In order to obtain a global assessmentl§f Mixed-out loss coefficients are 30% higher than the mass-
the cascade performance, the detailed measurements of the doi§raged loss coefficients. The losses rise sharply at positive in-
stream flowfield described above must be integrated. This is ddrigence, but c_JnIy slightly at negative mqldence.

in two ways. In the first of these, the average downstream totalThe analysis of the downstream profiles can also be used not
pressurep;,, is found by integrating the mass flux WeightecP”_W to determine the average losses for the blades, but to deter-
value ofp,, along a line parallel to the cascade across one blaftine the source of the losses as well. Schrefithéf reasoned that
passage. That is for supersonic blading, viscous losses are generated only in the

boundary layers, and appear downstream only in the wake region.

N d Shocks, however, extend all the way across the blade passage, and
o (pu)2prody so the shock losses account for all the losses in the core flow, and
Po=— (1) some of the losses in the wake. By assuming that at the edge of
f (pu),dy the w_ake all losses are due to shqcks, and that the shock losses
o vary linearly across the wake, the viscous and shock losses can be

o . approximated. This is illustrated in Fig. 11. In Table 2, the losses
?”d then the mass-averaged loss coefficierny, is calculated gre gpjit in this fashion. The losses listed in Table 2, however, are
rom

zl_EZIDtl
1-pi/pu’

The second way of calculating an average downstream value is
postulate a station far downstream of the cascade, Station 3,
which all quantities are mixed out and uniform across the blac
passage. The mixed-out loss coefficient will always be larger th.
the mass-averaged loss coefficient since the mixing out proct
generates entropy.

The loss coefficients calculated from the Pitot/static probe de
and the CFD calculations are plotted in Fig. 10. In analyzing the
results, it must be understood that the high Mach numbers in t
cascade make an accurate total pressure measurement diffic3
Keeping this in mind, some trends in the loss plots can be see

There is generally good agreement between the calculated ¢
measured loss coefficients, with the exception 66 deg
incidence—where the calculated losses seem to be low. This ¢
crepancy is presumably from the difficulty in modeling the stron
shock/boundary-layer interaction at this incidence. The compa
son of the measured and calculated integrated loss profiles is
haps more favorable than the comparison of the measured ¢
calculated downstream profiles, since the integration process te
to hide the discrepancies which exist between the two profiles.

The loss bucket for the STF cascade is shown in Fig. 10. T
measurements suggest that the minimum loss angle is somewt
between design incidence aivd —5 deg, and the minimum loss
coefficient is 0.11 mass averaged or 0.16 mixed-out. In general, Fig. 11 Approximation of viscous and shock losses

@)

W)
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Table 2 Measured passage and wake losses

Measured Calculated
i w5 w3 W, g W, w3 Lo Tpg
—10deg 0.139 0.182 0.077 0.062 0.151 0.196 0.058 0.093
—5deg 0.112 0.159 0.072 0.040 0.108 0.161 0.070 0.038
Odeg 0.114 0.170 0.076 0.038 0.110 0.165 0.072 0.038
5deg 0.216 0.260 0.064 0.152 0.170 0.230 0.076 0.094

referred to as passage losseg,y, and wake lossesp,,, rather assumptions on the shock wave and sonic line shapes to solve for
than shock and viscous losses, since this method for determinthg location of the shock sonic point, S, and thus the form and
the source of the cascade losses was developed for useloication of the detached shock wave, by solving the conservation
subsonic-axial, supersonic-relative blading, and not for supersonitmass in the region bounded by the detached shock, the sonic
through-flow blading(Note that the flow reacts in a uniform wayline, the body, and the stagnation streamline. With this analysis, he
to obstructions it encounters. The notion of shock and viscouss able to calculate the location of point S as a function of the
losses was beneficial only to allow easier estimation of the bladeoming Mach numberM, and the height of the body at the
losses with lower-order modelsThe analysis in the next sectionsonic point,ysy,.

will show that adjustments to this method are required in order to To model the leading edge shocks of the STF cascade, Moeck-
properly differentiate the shock and viscous losses in a supersoels, [16], model was applied with the following modifications.
through-flow cascade. If one were to use this method witholihe stagnation streamline was assumed to intersect the blade at
modifications, one would come to mistaken conclusions about ttiee furthest point forward on the leading edge. If a blade surface

sources of the losses in supersonic through-flow blading. was at a positive incidencé, to the flow, the solution found using
Moeckel's,[16], method was patched to an oblique shock with
Shock Loss Model turning & at the point on Moeckel'd,16], shock profile where the

o . flow would be turned by. The shock wave off the suction surface

The losses arising from shocks at the leading edge of the cofyq the shock wave off the pressure surface were then computed
pressor blades were modeled with an empirical shock loss moﬂfdependently. With the shape of the waves known, the total pres-
to examine the effects of the shock losses in isolation from vigyre |oss across each shock could be found. To obtain the total
cous effects. The basis for the modeling of the leading edg@essure ratio across both shocks, the total pressure ratios across
shocks is the detached shock wave model of Moefké] This  each shock were multiplied. The interaction between the two
model is designed to predict the location and form of shockgocks and the reflections of the shocks were considered of sec-
standing off of an |solated. body in a supersonic flow. Th.e ST&ndary importance, and so ignored.
blades are, of course, not isolated bodies, but the model is easilyrhg pitchwise distribution of shock losses calculated with this
extended to model the leading edge shocks from these bladesmodel at design incidence are plotted in Fig. 13. As a reference,

Moeckel[16] used as the starting point for his model the ashe distribution of loss from all sources, as calculated using
sumption that the shape of any shock wave standing off a plan@(SeRS just past the trailing edge, are also plotted in Fig. 13.
body would be a hyperbola. He further made the assumption thRjote that the local minimum in the calculated profile in the wake
the upper and lower asymptotes of the hyperbola would be ledtqye to the low mass flux just behind the bladkhe interesting
and right running Mach waves. In this way, the shock strengiing to note from these profiles is that the shock loss model has
would go to zero far from the body. The sonic point on the shoc%enerated loss profiles with wakes. The peaks in the total loss

that is the point on the shock behind which the flow is at Mach Eyofiles calculated from the shock model are, of course, not wakes
is known if the incoming Mach number and the form of the shoc

wave is known. Moeckd]16] assumed that the sonic line, that is
the locus of points in the flow at which the flow is sonic, isa 44

straight line as shown in Fig. 12. Moeckdl6] then used these : v :
09 - ——
1 -~ |-CFD
o8¢ - - - |-.Shock Model}
08 F
3 s . .
04 4
03 |
02 F o : - e
0.1:4 FEN . Bt
R et e g et st dha i
0.0 PPV TS PN W N i P P AP
- 10 08 06 04 02 00 02 04 05 08 10
y/s
Fig. 12 Graphical representation of Moeckel’'s shock model Fig. 13 Mass flux weighted loss profiles at design incidence
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Table 3 Losses from leading edge bluntness and calculated 0.30

total losses
i (oS w5 az
—10deg 0.032 0.151 [
—5deg 0.036 0.108 3
0deg 0.036 0.110 ; i
+Edeg 0.035 0.170 % 0.2
3]
Mo 5
"g 015 -

in the conventional sense, since the model is an inviscid or© i
What these results show is that the leading edge shocks gene &’ 010 F -
an “inviscid wake” due to the fact that the shock waves ar O [
strongly curved near the leading edge. The shocks are stronc i ,
just in front of the leading edge, where they are normal to tr 005 t+ ¢
flow. Due to the high freestream Mach number, these losses ¢ !
fuse very little from the near blade region as the flow move [
downstream. The maximum shock losses then appear in the s¢ 0.00

region downstream of the blades as the viscous losses and 12 -0 8 6 4 2 0 2 4 8 8
impossible to distinguish. Pl : ;

The losses from the leading edge shocks can be determir Deviation From Desagn Incidence
from the inviscid profiles in Fig. 13 by first integrating the quan (degrees)

tity pi2(pu), across the blade passage to obtain the mass-averaged o ) )

total pressure, and then using H@) to find the mass-averaged F9- 14 Loss generation in the STF cascade, from Pitot  /static

loss coefficient. The loss coefficient for sharp blade#h no data

standoff shockscan be similarly determined, using the value Ogu sonic axial supersonic cascadesoamal shock exists in the

P2/ pi1 at the center of the passage to calculate the mass-avera edie passage, and the shock losses range between 20% and 40%
loss coefficient. The loss cqntribution from the leading edge blu * the total. In ti1e STF cascade, all shocksabque and yet the
ness,wy, is then determined by subtracting losses for Sharsﬂwock losses are about 70% to 80% of the total. This seemingly
blades from the losses generated by the blunt blades. The losg radictory result is the consequence of three effects. The first
calculated using this method are listed in Table 3, with the to o relate to the behavior of shocks in the STE and the last one
calculated losses also listed for comparison. The losses from tie..o<to the behavior of the boundary layer. First, at the high
leading edge bluntness vary little Wit.h incidence ?‘”9'6 a_nd ranfifhch numbers in the STF blade passages, significént losses can
from_0.032 t0 0.036. As can be seen in Table 3, this is a5|gn|f|c generated even by oblique shocks. Thus, the expectation that
fraction of the total losses. The bluntness losses range from 23444\ rma shock in conventional supersonic blading will generate
t0 33% of the total losses; this from a leading edge radius of 0 her losses than the oblique shock in these blades is not valid.
0.18 mm. Perhaps just as important as the magnitude of the Ie&%ond, at the Mach numbers in the STF, small departures from a
ing edge _bluntness .IOSS is the fact tha@ the |O§S ShOWS up In rp leading edge can cause large shock losses. The losses due to
wake reg(l)on—a region nc_)rmally associated with viscous IOSS‘? e leading edge bluntness in subsonic axial blading are small by
A.bOUt 50% of the losses in the wake, losses that appeared to ?‘nparison. Finally, with the generally favorable pressure gradi-
viscous losses, are actually shock losses. The source of thERe i, the blade passage, viscous losses are kept under control.
losses was not apparent in either the experimental or CFD dat, /hen weak shocks intersect the boundary layer, the boundary

It is evident that the loss accounting methods used for IOWE[ o qoes not separate. When stronger shocks do cause separa-

speed supersonic cascades—described in the last section—are. ot ; : . )
valid in the supersonic through-flow fan cascade. Using thoeua/ﬂ, the boundary layer quickly reattaches. In subsonic axial blad

g , the pressure gradient is adverse, and the boundary layer fully
methods, it is calculated that the shock losses are 40% to 50%S arates in the vicinity of the passage shock. Thus, the compari-

the total losses. If the accounting is adjusted to reflect the substggh of STF blading to low Mach number supersonic blading can
tial inviscid loss in the wake region, the loss distribution chang% misleading

considerably. . ]
As shown in Table 4 and Fig. 14, it is now apparent that shodRiscussion
losses are the major source of losses in the STF cascade. Shogkomparisons of the measured cascade data to numerical predic-
losses account for 70% to 80% of the total losses in the cascaggns made with a two-dimensional, finite-volume CFD code show
The modeling of the leading edge shocks has shown that the leggt the flow is predicted well at the design condition, but that
ing edge radius has a major effect on the losses in the STF, affljesign predictions are less satisfying. The downfall of the nu-
that ignoring the leading edge bluntness will cause any undegearical predictions of the STF cascade flow is the inability to
standing of the loss generation mechanisms to be grossly in eri@fequately model the flow in regions of strong shock/boundary-
_When compared to conventional supersonic blading, the magyer interaction. At the design condition, shocks within the blade
nitude of the shock losses in the STF is, at first, surprising. In passage are relatively weak, and large regions of separated flow
do not occur. When the blades are at large angles of attack, the
shocks generated at the leading edge of the blades are much stron-

Table 4 Loss sources in the STF cascade ger, and separation bubbles occur where these shocks impinge

upon the boundary layer. The code does predict the presence of

Measured Calculated separated regions, but comparison of the computed flow to the

i w5 @, ws w5, @, . cascade data shows that neither the extent of the upstream influ-

ence nor the location of the downstream reattachment point of the
_fgggg gifg 8:8;4’2 8:8%‘ 8:%8% 8:8%2 g:égﬁgparated regions are correctly calculated..The errors in the mpd-
0deg 0.114 0.040 0.074 0.110 0.036 0.07£ling of the strong shock/boundary-layer interaction cause dis-
5deg 0.216 0.029 0.187 0.170 0.041 0.12%repancies with the cascade data not just in the immediate vicinity
of the separation bubble, but also far downstream in the wake.

Journal of Fluids Engineering SEPTEMBER 2003, Vol. 125 / 803

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



The heart of the problem in calculating the strong shockionceptsupersonic through-flow fan. These blades were not de-
boundary-layer interactions at off design lies in the modeling aigned with high performance as a goal, but rather were designed
the turbulence in separated flows. The modeling of the turbulensemewhat conservatively. The primary objectives were to design a
in high speed separated flows is difficult, and is the subject ofoderate performance fan that would demonstrate the possibili-
much ongoing research. ties of supersonic through-flow blading, and would lead to a better

This discussion of the shortfalls of modeling the flow in a STEnderstanding of the flow physics of supersonic through-flow
with computational fluid dynamics should not be interpreted dans. The cascade studies of these blades have shown that through
indicating that the codes are not useful tools. On the contrary, thistter control of the shock losses, substantial improvements in the
code actually does a very good job of predicting the flow at desidan performance should be possible. These cascade studies have
and —5 deg incidence, and the10 deg and+5 deg calculations also shown that computational fluid dynamic codes are capable of
are not badly inaccurate. The losses predicted by the code germaeurately modeling the flow through well behaved blades. Thus,
ally agree well with the measured losses. The above discussiorthis direction is clear and the tools are available to proceed with
merely intended to point out the limitations of these numeric&ligher performance supersonic through-flow fan designs.
tools when used to predict the flow through supersonic through-
flow blading so that the analyst can better interpret the results. ixinowledgments
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Comparisons of the measured cascade data to numerical predic- ¢ = chord
tions made with a two-dimensional, finite volume CFD code show | incidence angle relative to design
that the flow is predicted well at the design condition, but that at N = Mach number
off design, some discrepancies exist between the measured and p = pressure
calculated flow. The numerical solutions of the STF cascade flow g = plade spacing
deviate from the measured flow due to the inability to adequately y = velocity component in the-direction
model the flow in regions of strong shock/boundary-layer interac- v = total velocity
tion. The discrepancies, however, are not large enough to greatly x = distance in the axial direction
affect the integrated loss coefficients for the cascade. y = distance in the direction of the cascade line

A simple model was developed to predict the losses from the 7 = distance in the spanwise direction
lead edge shocks based on the detached shock model of Moeckel , = density
[16]. When the results of this model were combined with the & = solidity, ¢/s
experimental and computational data, it became clear that shock , = |oss coefficient
losses were the major source of losses in the STF cascade. The § = shock turning angle
model shows that a small but finite leading edge radius can gen- .
erate substantial losses in supersonic through-flow blading. In t?#gbscrlpts
cascade, the blades have a leading edge radius of only 0.18 mm 1 upstream of the cascade
and this leading edge bluntness accounts for up to 34% of the total 2 = downstream of the cascade
losses. Because these losses are generated very close to the blade3 = far downstream of the cascadimixed oul
surface, they appear downstream in the wake region. In both the b = bluntness
experimental and CFD data, the source of these losses is not ap-pg = passage
parent. Downstream of the blades, the leading edge bluntness s = shock
losses are hidden by the viscous losses. t = total

Using the loss accounting techniques developed for lower speed v viscous
supersonic blading, nearly all the losses in the wake region are w = wake
attributed to viscous effects. Using those methods, one would
come to the conclusion that shocks account for 35% to 55% of tRgferences
total losses, depending .On the incidence angle. The model deve 1% Ferri, A., 1956, “Problems Related to Matching Turbojet Engine Requirements
oped here for the leading edge shock losses demonstrates that (o njet Performance as Function of Flight Mach Number and Angle of At-
about 50% of the wake losses are actually due to inviscid effects. tack,” Air Intake Problems in Supersonic Propulsjah Fabri, ed., AGAR-
Using this information, it then becomes apparent that the shocks Dograph No. 27, AGARD, France. ) . ] )
account for 70% to 80% of the total losses. The loss accountin 2] Trucco, H., 1975, “Study of Variable Cycle Engines Equipped with Supersonic

X . . X . Fans, Final Report,” NASA CR-134777.
techniques for subsonic axial, supersonic blading are clearly nofz) Tavares, T. s., 1985, “A Supersonic Fan Equipped Variable Cycle Engine for
applicable to supersonic through-flow blading. a Mach 2.7 Supersonic Transport,” NASA CR-177141.

The magnitude of the shock losses found in this cascade hadl ChsmﬁaﬂnehGT- A, 198t& “F’;)'/:Qﬁﬁtfor §1Ar:§;§%nic Thg%ugggow Fan Engines
important |mp||ca't|0ns f_OI’ the designers of future SUpers.omc[S] II?ranlgiscuzl,CL. éin:r?t;)rl\llsaﬁinonatlj%, \(]e.r?]’., 1989, “aslzzrersonic THrough—FIow Fan
through-flow blading. It is clear that control of the shocks in @ gpgine and Aircraft Mission Performance,” AIAA Paper 89-2139.

STF has to be a top priority. The shape of the leading edge i$6] Savage, M., Boxer, E., and Erwin, J. R., 1961, “Resume of Compressor Re-
particularly important in this respect. A sharp, thin leading edge _ search at the NACA Langley Laboratory,” J. Eng. Pov8&r pp. 269-285.
will be needed to keep the shock losses to a minimum. (7] ?Lem”gfé’:;”f AFéGE%é;é’zg"s_g%g“person'c Axial Inlet Component in a
It should be remembered that, although the losses in this Casgg) Schmidt, J. F., Moore, R. D., Wood, J. R., and Steinke, R. J., 1987, “Super-
cade are relatively high, these blade sections are framaf-of- sonic Through-Flow Fan Design,” AIAA Paper 87-1746.
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Unsteady Gust Response of Road
Vehicles

A theoretical model based on an indicial method is proposed to simulate the unsteady
response of a series of road vehicles, including high-speed trains, sports utility vehicles,

sports cars, caravans, and pick-up trucks. The response is described in the frequency
domain by the aerodynamic admittance for both side force and yawing moment. The

properties of the admittance function are discussed for basic two-dimensional geometries,
and the existence of critical damping is shown for a number of cases. The vehicles are
undergoing aerodynamic forcing in the form of a gust. Systems with one degree-of-

freedom were considered. The results show that the main parameters affecting the vehi-
cle’s aerodynamic response are the mean vehicle length compared to the wave length of
the gust, and the inclination of the nod&®0I: 10.1115/1.1603304

Antonio Filippone
Department of Mechanical, Aerospace and
Manufacturing Engineering,

UMIST,

Manchester M60 1QD, UK

1 Introduction subject to impulsive change in the angle of attackssher[6]

The aerodynamics of road vehicles is generally unsteady modeled the response of an airfoil to a sharp-edged fixed gust.

S . 4 om these basic formulations, extensions were made possible by
cause of the proximity of other vehicles, wind shear, and natur, i ’ . oo
gusts, e.g., cross wind effects, particularly around exposed ar number of authors. One case that is necessary to mention is the

X . . 2 S %’ory of Drischler and Diederidl] which is the starting point of
Simulations c.’f transients and gust conditions are difficult to pe he theoretical formulation of the present study. Drischler and
form, and reliable experimental data are scarce.

Unsteadiness in the form of lateral gusts is known to affect t e|eder|ch proved that the speed of the travelling sharp-edged gust

nanding of Some veicle. Cross windson high-speel rains . <10 efecl o e 1 and moment esponee, The aysen
become increasingly important, because the speeds have ni?gtion, at a rate depending on the inertial masses involved

greecizzgéjgsé Tfa(tjrilr? lrgefr:;?el vaﬁZZ?SS ohna\t/r?edv(\e/icr:g\?vzerg.sisdtreonv%hi §8me of these cases were calculated by Drischler and Diederich
9 ! r a number of wings This lateral acceleration was not part of

compromises the train’s stability at high speeds. A train that e e present study.

counters a gust at the exit of a tunnel is another critical scenariopy paper focusses on two aspedts: on the formulation of

(Schetz[1]). . . <7 e
Performing laboratory experiments to simulate impulsive siose:&?%emt:)anqzﬁrigﬂ?}gtlggaugzc;hgolr:qﬁé?r']dgéogcnetr?enc;p‘:)'ltizg'_ng/

winds requires pla_cmg the vehlcle_ ina V.de tunnel with syste_len of the theory to road vehicles of arbitrary configurati@m

capable of producing aerodynamic forcing of known characten%ﬁe {x,2}-pland undergoing gusts of any frequency. No yawed

tics in the transverse directiotirequency, wave length, shape, S - . - .
Specra. A dscussion of methods fo canying o hese experfSrCons i be consideed jeasons expaned in e thec
mﬁlrllgsrl’(e?/n[g] theirlimitations, was published by Bearman e force and yawing moment response, and the time lag of the

Problems .characterized by reduced frequendis defined re§l%onse \(ijtlh respe(t:t(tjo_ tht?]_forcmg functlon.bl_ hed i detailed
later) k>0.2 must be considered highly unsteady. The study of tf;&m ienrgﬁ eearﬁ(raerssetgdey llzﬂipp;gn%a}g?qru\g]s leézréSor?ly ;?]eagoi_a' €
unsteady flow occurring at relatively large frequencies can be pur- . . : - :

L ) . rning equations are given, along with the reference systems and

sued through the use of the indicial functions. This approach w; % basic definitions of the main quantities
devised to describe the system’s response in the time domain by )
using an appropriate sequence of step changes in the aerodynamic
forcing, and by deriving the corresponding transfer function® Theoretical Model
Some of these methods are now quite well established, and appli
cations range from airfoil theory to the fixed and rotary win
(Leishman[3]). Their usefulness is particularly exciting when th
indicial functions can be expressed in analytical form. In fac;
using the Duhamel superposition, solutions can be obtained
straightforward methods, either directly or by numerical integra-
tion. More complex forcing functions can be studied using Fourier PSOk)~2H2(k), Q)
transforms.

The study of these flows is best performed in the frequen

domain, because the power spectra den§iI§D) are easily found

from the admittance values. The flow model is a two-dimensional incompressible potential

baZEetoﬁrtite nig?c;esme_}_t;]céacl) dgnrrsn%‘l%aggrrwi\s/egf e')rzg'rggsliggt?gﬁhg?low subject to sufficiently small perturbations. The direction of
aerodynamic forces on an oscillating airfoil or airfoil-flap combiIhe normal to the plane flow is affected by no separation in the

. i . case of lifting surfaces. For the vehicles that were considered for
nation with three independent degrees-of-freedom; Wadrete- . : . -
. U : = . - . .this study, there is a bluff body separation problem. There is a
rived indicial functions for the time-dependent lift of an a|n‘0|lStrong limitation only for cases of large yaw angles, as shown

later.
Contributed by the Fluids Engineering Division for publication in ticeJBNAL : ; :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division Consider the reference system of Fig. 1 in the plbne} of the

November 11, 2002; revised manuscript received April 21, 2003. Associate Edit&lr(:)wr _and a downstream travelling gust normal to this plane char-
J. Katz. acterized by ayust speed parameter

The admittancéd is the ratio between aerodynamic logddile
Yorce and yawing momehtin unsteady state and the loads created
y a forcing of the same amplitude and infinitely large wave
ength(e.g., quasi-steady loadsThe relationship between the ad-
ttance and the power spectra density,

is relatively simple, since it does not require the Fourier transform
the system’s response in the time domain. A suitable form of
the transfer functiod (k) is the subject of this theory.
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z b(z)

G r(z)= e (8)
N B f(2) 9
f(z) (P(Z)— T ( )
h
2b(z) These definitions can be replaced in Ef). For the reduced fre-
) / quency one uses the average body lenbthor the streamwise
reference lengthl, .
- Gust Equation(3) shows thatat a given frequency the admittance
(e.g., the side force and side force coefficient) is inversely propor-
Fig. 1 Reference system tional to the profile width (or height)
Some general properties of the admittance function are easily
found. From Eq(4) one finds that the limit
- vt @ lim Hy(k)=1 (10)
V+V,  1+V4/V k=0

In Eg. (2) V is the speed of the system aW{ is the speed of the for all the values of the gust speed rakioThis result is coherent
gust. The gust speed parameter is singulay gtv=—1. If the with the definition of admittance as a limit of quasi-steady forcing
gust is convected by the free stream, thgp=0, and the gust is response.

said to be “stationary.” ForA=1, logH| has an asymptote ir (1/2)logk for k tending
In this reference system the aerodynamic admittance of an @-infinity. For A#1, logH,| is an oscillating function bounded by
bitrary two-dimensional body is found from two asymptotes whose slope 1s1/2. Fora<1, H, has a maxi-
1 mum at the frequenclg~ 1/\. Its magnitude and bandwidth vary
H(k)= HJ r(2)H,[r(2)k]e”*@kdz A3) approximately with I{. For A<<1 there is no maximum.
DZ

2.1 Reduced Frequency. Some definitions are needed to
where establish the relationship between the reduced frequieacyl the
1 frequencyf (in Hz), and the relationship between a characteristic
H)\_ei}\k[[JO()\k)_iJl()\k)]C(k)+ Zi3,00k) 4) length and the wave Iength of the aeroo_lynamic forcing.
A The gust wave length is related to its frequencf and the

is the admittance for the infinite swept lifting surfa@eg., a body aPsolute propagation speed by

of constant length and infinite widthThe factorC(k) in Eq. (4) V4V v
is the Theodorsen functiof4], o= E T (11)
C(k)=F(k)+iG(k) (5)
with If L, is the reference length of the vehicle, then
L ref L ref Liet k
F (k)= J1(J1+ Y1) +Y1(Y1—Jo) N, VIV, ViVy2m 27 (12)
(J1+Y0)?+(Y1=Jp)?
Therefore the ratio between gust wave length and vehicle’s refer-
Y.1Yo+J1Jg ence length is inversely proportional to the reduced frequency; the
G(k)= 3 5" (6)  reduced frequency is proportional to the number of gust wave
(J1+Yo)+(Y1—=Jo)

lengths contained in the reference length:
The quantitiesly, J1, Yy, Y, are Bessel functions of the first and
second kind in the argumeht The expression of these functions Ng 2w Ly 13
is found in many handbooks of mathematifsr example, Press Lref_ K TN (13)
et al. [9]). The Theodorsen function can be plotted in several
ways; a particu|ar|y useful one is the p|ot of the phasﬁg) of For an airfoil, the characteristic Iength is the chord. In this case
the airfoil lift against the reduced frequenflyeishman[10]). there are at least three ways to define the reduced frequency: one
Equation(4) is the basic transfer function for the infinite lifting iS to use the mean body length, one is to use the maximum length,
surface. Equatioi3) is an integral form oH, (k) obtained from and finally the body heightl. As to the reference speed, it seems
the concept of “strip theory” applied to a finite bodkf, (k) must appropriate to use the absolute velodity-V, althoughV alone
be calculated only once, and can be used for an arbitrary bo@guld be used. The use dfe=bma does not account for the
The strip theory is based on the assumptioow widely ac- actual shape of the vehicle, and in this case one could choose the
cepted that the downwash velocity at one spanwise location do&€ight d instead. When comparing with reference data, the re-
not affect the downwash at a nearby position. Note Hngtk) is duced frequency must be defined coherently. Similar incongru-
a complex function, fully defined by the magnitude of the reence is sometimes found in the definition of the admittance func-
sponse and its time lag with respect to the forcing, just as thién (some examples are given below
Theodorsen’s function.
The frequencyw of the forcing function(in a oscillatory flow
is related to the reduced frequency by

wb(2z) @ f(2)

g

2.2 Admittance for the Moment. The admittance for the
yawing moment around the axésof a two-dimensional body of
lengthL,,=2b and infinite width is found from

wf(z) .
t= + = +—k 7 1 [
@ Y, [ Y, b S b ) HM(k)=|a+ > [Jo(Nk)=id1(Nk)]C(k)— X()\+2a)\]1()\k)
wheres is the reduced times=Vt/b; b(z) is the local length of
the body;f(z) is the local position of the leading edge line, Fig. 1. _ 1-A J,(NK) (14)
Two functions, appearing in E¢3) and Eq.(7), are 2N V2
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whereJ, is an integer Bessel function of order 2. Equatidd) H(k)

can be simplified in at least two casesal: —1/2, then 18
W A1 _ 16
Hy (k)= T[Jz()\k)—”l()\k)]- (15)

14

If N\=1, then
12

M 1

Hy-1(k)= a+§ Hy-1(k), (16) 1

e.g., the admittance for the yawing moment is proportional to the 9.8
admittance for the side force, and the two functions are in phase at

all frequencies. Normalization of E¢L6) is done witha+ 1/2, so 06
as to have a unit response in the limit of quasi-steady flow. This,

LI L O A LA LA N SLECELIL SIS AL

again, is coherent with the assumption that a very long wave 04
length gust does not affect the steady-state loads. 02

2.3 Effect of Vehicle Length. The effect of the vehicle : il
length on the aerodynamic admittance can be found in closed 0Y—————" =" o° BT
form if one considers a rectangle of heigtitand lengthL Reduced Frequency, k

=ARd, whereAR is the aspect rati¢a factor greater than zero
From Eq.(3) r(z) =1, f(z) = constant,p(z) = constant. Therefore Fig. 2 Computed aerodynamic admittance  (side force ) for a
rectangular body for different gust speed ratios (as indicated )

1
H(k)=ﬁe"“’ka HA(rk)dz=%HA(k) 17)

7R
2

that can be further simplified by taking appropriate coordinate __
systems. The functioH, given by Eq.(4) is not dependent on the b=
geometrical parameter thereforefor given height the admittance
of a rectangle is independent of the aspect ratib d

The leading edge line is invariant to yawing or stretching, 4 codp|
therefore it is not possible to simulate yawed conditions. The same r(z)=
conclusion can be reached by looking at the transfer function:
This is not dependent on the length of the vehicle. Therefore, the - _ . .
transfer function is invariant to the yaw. This is clearly a drawWith 8=sin"*(y/R). These parameters introduced in the admit-

back, though an obvious one: yawed flaws of bluff bodies featut@nce equationsEq. (3) and Eq.(4)) yield an expression that
large areas of flow separation and unsteadiness. cannot be solved in closed form, because it involves trigonometric

functions in implicit form.

2.4 Critical Damping. The critical damping is the opposite  The numerical results, Fig. 4, show that the circle has a number
of the resonantor propej frequency, at which the system’s re-of frequencies with critical damping, the smallest one bdipg
sponse would be infinite. In a critical damping situation the un<5.13 athA=1. Different critical damping frequencies are found
steady forcing creates virtually no loads. The existence of criticRJr different gust speed ratios: with=0.5 the smallest critical
damping in this theory arises from the presence of the Bes$giquency isk.~10.38; no critical frequencies are found with a
functions. The way these operate depends on the integral of Eeationary gust.
(3).

The admittance for a generic rectangular shape is shown in Fig.
2 for different gust speed ratios. Critical damping occurs at a
number of frequenciegenerally higher than most practical ap- H_(K) )
plicationg for positive values of the gust speed ratio>0. For o 10
\=0, the unsteady forces may be amplified at some frequencies.
Figure 3 shows the magnitude and the phase ladpfk) for the
same body. A more interesting analysis would be the phase dia-
gram RedlH, (k)], ImadH, (k)] (not shown here for brevily 15 ‘

Similar critical damping can be found from other simple geom- B S
etries, such as a triangular shape or a parallelogram of arbitrary
inclination. A parallelogram is defined by the geometric parameter
p=Db/L tana, wherea is the angle with the vertical.

2(1—cos
(1) =R(L-cosp), pl2)= b,

w

1.75

In this caseb(z)=L/2,r(z)=1, f(z)=ztana. Sinceb(z) is a ! : -0
constant, a closed-form expression for the admittance is found: - 5
075 -
i SINPKV) : !
H(k)=H\(k)e 'pk“p—k)\- (18) 0s5F -0
Critical damping is found ak.=nm/p\, with n=1,23. ... 025k | "P":ag:;"l‘.g;“““ --25
The inclinationa of the system is the main geometrical parameter i ]
with respect to the aerodynamic response to transverse gusts. The ob——wvvvend 1l lilogp
larger the parametes, the lower the frequency from where the 10 R1eoduced F,equeng;}, Kk 10

unsteady response is weak.

For a circle of radiug centered i{R,0} the relevant quantities Fig. 3 Magnitude and phase lag of the yawing moment admit-
in Eq. (3) are tance for a rectangular body, A=1, a=1/4
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H(k) H(k)
18
g 16+ — ‘ﬁg /
“r E | - e0 s
- el i =20 4 :
O8F - A=5.0 S
- 12F ,/ .
0.7 :_ ....... 3 . P :
- 1 : = o X
0.6 } .......... - 1
- 08 : =t L
0.5 :_ .......................... - ‘\‘ \‘
= 0.5: LS SO : s
04k -
- 04 ey
0.3 s e A - ) i
- 02 i\ ) R “7\
- O T
01 T Reduced Frequency, k
qo- e 1l-1 b '“1'00 Fig. 6 Computed aerodynamic admittance for the model of

Reduced Frequency, k Fig. 5 for different gust speed ratios  (as indicated )
’

Fig. 4 Admittance for a circle, A=1, critical frequency k=5.13

3.1 Calculation of Side Force and Yawing Moment. In

Ref. [8] Filippone and Siquier proved that the mean square side

3 Simulation Method force C% is related to the mean square gust angl€ = (w/V)? at

The basic step for the simulation of generic shape from tikreference frequends, by

governing equations of the present theory to the actual integration, = |H(K)[2f (K, ko) W\

requires the knowledge of the body lenditz) at a given height C2= 47%p J' 0 4k (7)2 (19)

and the functionp, as defined by Eq9). s %o ¢(0) \

The areaA of the arbitrary body is found by a Montecarlo ) )

method, which is also straightforward with complex geometriewhere [H(K)| is the magnitude of the complex numbki(k);

The body’s mean length is=A/h. The body is divided numeri- Pg=Lref2D is the gust parametef(k,k,) is the function defined

cally into a numbemn of horizontal strips. The strip length Is by

=A;/dz . The functionf(z) is found from the position of the o .

leading edge. An example of integration for the SUV is shown in f(k,ko)—{S|nc2[pg(k0—k)]+smc2[pg(ko+k)]

Fig. 5. Figure 6 shows the admittance for the side force at five —c0g 2pg4ko)sind py(ko+ k) Isind py(ko—k) 1}

gust speed ratios. The result is that the aerodynamic forcing drops

at frequencies decreasing with the increasing gust speed ratio. (20)
In the latter equation sirix) =sin(x)/x denotes the sine circular
function; f(k,k,) assumes maximum value ktk,, and its os-
cillations are damped on either side of this frequency, at a rate

depending on the gust parameggy. Finally,

1 1 /si o) s
$(7)= 57 (T=7)codwor) ~ 5= el 7))~ Sif(wo7)

2(1)0
(21)

is the gust auto-correlation function evaluated-a0d. In Eq.(21)

T is the time needed by the gust to travel the reference length with
the speedv, e.g.,T=L,/V; o, is the frequency associated to
Ko

The integral term in Eq(19) depends on the admittance over
the whole spectrum of frequencies and on the reference frequency

k,. Hence \C2 varies linearly with the root mean square gust

angle Ja?. This linear dependence is also valid for the yawing
moment coefficientCy . This coefficient is callea, for the side
= = force andc, for the yawing moment.

: Integration of Eq.(19) is carried out as follows:

= IfﬂH(k)Zf(k.ko) 1

n

> [H(k)[?(k; ko) Ak

dk

o ¢(0) U=
. o . . (22)
Fig. 5 Side view of SUV and computational model without
wheels with
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10 Reduced frequency, k=nL/V

Fig. 7 Comparison with Howell and Everitt's data [11] in
double logarithmic scale
1 1sin(2w,T)
PO~ 373 2wt 23)

Fig. 8 Vehicles BAO, BA20, BA40 considered by Bearman and
Mullarkey [2]

little or no variation over the 0 to 5° yaw conditions at both
frequencies, while the admittance for the yawing moment is
slightly decreasing over the same range of yaw angles. The
present calculations #=0, as compared to the experimental data
are as follows:H=0.89 atk=0.54 (wind tunnel: H=0.87); H
=0.66 atk=0.99 (wind tunnel:H=0.67). The yawing moment
was largely underestimated at both frequencies. No explanation
could be found, except perhaps that the reference point for the
yawing moment1/4 of the mean length) was not the same as in
the experimental case.

The fact that values of the forces and yawing moments are
constant over a narrow range of yaw angle$<3<+5°) sug-
gests that the three-dimensional effects and the effects of bluff
body separation can be safely neglected under these conditions.

These authors also show the aerodynamic admittance of side
force and yawing moment for the geometry BAO up to frequencies
k=1.8 in zero mean yaw anglg=0. The wind tunnel values are
well below unity fork<1, suggesting that the normalization was
not done as it was assumed in the present thémrylefinition, for
k—1 the loads tend to the quasi-steady case, and therefore the

that is a simplification of Eq(21), and is easily calculated using admittance must have a unit vaju&nless we assume that there

the sine circular function. In practice, the integral of Eg2)
converges rapidly.

3.2 Comparison With Howell-Everitt's Results. Howell

is an inversion of the data at valu&s<0.2, the results of the
present theory must be scaled down to compare with the general
trend of the admittancésuch an inversion would not be predicted
by the theory. The results are shown in Fig. 9, as obtained for a

and Everitt[11] performed experiments on a 1:25 scale traigtationary gustA=0 (because the gusts are convected down-
model mounted on a track in a wind tunnel. This model experstream with the free stream velogityThe dip atk~1 could not

enced lateral squared gusts created by centrifugal blowéys explained(No log scale was used in this case, as in the refer-
mounted side by side. The model had two degrees-of-freg@fom ence data.

pitch and yaw. Lift and side force admittance were measured.

The calculated coefficients in the mean square side f@e

Using the same two-dimensional shape from a side view, g ss mean square gust an(e|. (19)) and mean square yawing

admittance function for the side force was computed and co

pared to the wind tunnel data.

Moment vs mean square gust angle are summarized in Table 1.

The admittance against the reduced frequency used by these

authorsk=nd/V=n/2g was plotted in Fig. 7n is the gust fre-
quency (cycles/second 2g is the gust wavelength, and the
model width. Also the admittance of a rectangular body whose

length isb is drawn in Fig. 7, to show that the vehicle nose has an
important role in the determination of its lateral resporiae
double log scale was used, as in the reference) datevas con-
cluded that the side force has a strong attenuation for a gust wave

length about twice the vehicle lengthee Eq(13)).

The correlation between wind tunnel and predicted data is sat- 0.8
isfactory, although the reference data are not matched exactly.
However, the wind tunnel experiments were conducted on models
with two degrees-of-freedom, were affected by the ground prox- 0.6
imity (that can be corrected empiricallyand were run at a Rey-

nolds number Re1.7-10° (based on the vehicle’s widthwhich

is probably around the critical range where the viscous cross-flow

effects become substantial.

3.3 Comparison With Bearman-Mullarkey’'s Results.

Three of the shapes considered by Bearman and Mullarkey are 01
shown in Fig. 8. These are a family of simplified road vehicles
characterized by a back angle “BA" variable between 0 and 40°.

H(k)

1.1

0.9

0.7

0.5
0.4
0.3 fmrmmmerm e O ExpSeries1
0.2 A Exp Series 2

O Exp Series 3
Theory

LN L LA BRLE LA AN U N DL D N )

| IR
1.5

o

0.5 1
Reduced Frequency, K

These authors published side force and yawing moment admit-

tance measurements for their BA40 vehicle at yaw anglap to

Fig. 9 Admittance for the side force of vehicle BAO, set at B

10° and reduced frequenci&s=0.54 andk=0.99 for root mean —q with a stationary gust, A=0, compared with the experimen-
square gust angle afa?=2.5°. The data for the side force showtal data of [2]
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Table 1 Calculated side force and yawing moment coefficients

Table 2 Calculated admittance values different road vehicles

BAO BA20 BA40
Cy 0.0392 0.0321 0.0308
C, 0.0067 0.0059 0.0053

Vehicle E“_ref H(k=m) k(H=0.5)
Caravan 0.844 0.466 1.321
SuUvV 0.758 0.356 1.213
Sports car 0.690 0.332 1.057
Light pickup 0.619 0.145 0.900

Using the coefficients in Table 1 for the vehicle BA20, the

predicted values o€g and Cy have been compared in Fig. 10

with the data of Bearman and Mullarkey.

4 Results for Road Vehicles

at this frequencyas well as lower frequencigghe caravan is the
road vehicle subject to the largest unsteady forcing; the light
pick-up truck is relatively unaffected by the same aerodynamic
forcing, and therefore more stable.

Different road vehicles were calculated. Figure 11 shows a|f one defines the cutoff frequency as the reduced frequency at
comparison of the functioki (k) for four different vehicles in the \hich the system's response decays to a fraction of the quasi
range of reduced frequencies most likely to occur in practice. Ateady responséor example, 0.5 then Table 2 shows thatl)

frequency k=1 it was found H~0.698 for the caravanH

~0.643 for the sports utility vehicld{ ~0.549 for the sports car,
andH~0.396 for the light pick-up truck. Therefore it appears th

RMS C, RMS C,
0.20 0.050
; a] C,, Bearman-Mullarkey _:
018 & C:, Bearman-Mullarkey o 0.045
[ C,, present model
L c:, present model V —10.040
0.14 - —0.035
0.12} o . 0030
B O]
= Y —0.025
0.10 I ) <> 7
= O 0.020
0.08 I 6"_ & I
0.06 |- e 0.015
0.04 ‘g""lé —0.010
- Ly 1
002~ o —0.005
b 4 : ‘| ' TR O N ST N N WA AN S N T A |—
0.00 0 1 2 3 4 s 0.000
RMS of Gust Angle (degs)
Fig. 10 RMS of side force and yawing moment for & com-

pared with the experimental data [2]
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Fig. 11 Admittance for four different vehicles, for the gust
speed ratio A=1

Journal of Fluids Engineering

cutoff frequencies increase with increasing rdiid. ¢ (e.g., the
ratio of the mean length over the reference lehgthd (2) for a

agﬁiven gust whose wave length is twice the reference lefgth,

k=, from Eq. (12)) the system’s response increases with the

increasingb/L ¢ -

No experimental data are available to validate the results shown
in Fig. 11. One must rely on the comparison with Howell and
Everitt’s results for the high speed train, to conclude that the re-
sults are physically reasonable, and that the most important point
is the cutoff length of the vehicle for a given gust wavelength.

5 Conclusions

The theoretical model for the aerodynamic admittance of side
force and yawing moment has been developed from an extension
of the theory of Drischler and Diederich, based on the assumption
of two dimensional and small perturbation flow. The theory can be
applied to the study in the frequency domain of the unsteady
response of a three dimensional body at small yaw angles.

The analysis has shown that for simple two-dimensional shapes
there is a large number of frequencies yielding critical damping.
This is associated to the oscillatory behavior of the Bessel func-
tions in the transfer function.

The response to sinusoidal forcing of arbitrary frequency by
gusts in a wide range of speeds has been calculated for a number
of road vehicles. It is shown that the forcing generally decreases
with the increasing frequency, with a rate depending essentially on
the mean vehicle’s length. Similar results have been obtained for a
high-speed train, in the simplifying assumption of one degree-of-
freedom. Comparison with the experimental results available were
good, even with all the approximations of the case. The model can
be further extended as to include two degrees-of-freedom, arbi-
trary gusts, and load and stability effects on the vehicle.

However, reliable experimental data in the frequency domain
would be needed for a complete validation of the model.

Nomenclature

a = position of the rotation axis
b = half-length of the body

mean value ob(z) overD,
c1, C, = coefficients for the mean side force/mean yawing
moment
C(k) = Theodorsen’s function, Eg5)
Cs = side force coefficient
Cy = yawing moment coefficient
d = model width
D, = profile’s extent inzdirection|D,|=h
f = gust frequency
F(k) = indicial lift force in Theodorsen’s function
f(k,ko) = function defined by Eq(20)
G(k) = indicial phase lag in lift respong@heodorsehn
i = imaginary unit

=2
Il
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H,(k) = aerodynamic admittance of airfoil with sharp-edged SubscriptgSuperscripts
traveling gust )q = gust
HQ"(k) = yawing moment admittance of airfoil with sharp- )f gust speed ratid as a parameter

edged traveling gust , ) ()? = mean square value over full oscillation
H(k) = aerodynamic admittance of a two-dimensional body (). = critical value
J,(k) = Bessel function of orden, first kind
k = reduced frequency, Eq7) References
L’Ef = reference length [1] Schetz, J. A., 2001, “Aerodynamics of High-Speed Trains,” Annu. Rev. Fluid
n = number of strips, or gust frequency Mech., 33, pp. 371-414.
Py = gust parametepg= L ef2b [2] Bearman, P. W., and Mullarkey, S. P., 1994, “Aerodynamic Forces on Road

_ . Vehicles due to Steady Side Winds and GusRdgad Vehicle Aerodynamics
r(z) = defined b}’ Eq(8) . . . Royal Aeronautical Society Conference, Loughborough University, UK, pp.
s = reduced time; dimensionless distance in average body 4.1-4.12.

|engths [3] Leishman, J. G., 1997, “Unsteady Aerodynamics of Airfoils Encountering
t = time Traveling Gusts and Vortices,” J. Airci34(6), pp. 719-729.
_ . . [4] Theodorsen, T., 1935, “General Theory of Aerodynamic Instability and the
T= refe_rence t|me_|n E(:(.Zl) Mechanism of Flutter,” NACA Report 496.
V = vehicle’s velocity [5] Wagner, H., 1925, “Wer die Entstahung des dynamischen Auftriebes von

V, = gust convecting velocity in the coordinate system of Tragfligeln,” Z. Angew. Math. Mech.5(1), pp. 17-35. .
the atmosphere [6] Kussner, H. G., 1936, “Zusammenfassender beridigruden instationan
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— i i Aerospace Series, Cambridge University Press, New York.
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¢(2) = de 'ne_ y Ea(9) . Model,” Aerodynamics of Transportatioil. Morel and J. Miller, eds., ASME,
w = pulsatlon in a harmonic movement New York, 7, pp. 81-89.
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g-mail: agrawaa@me.udel.edu Integral methods are used to derive similarity solutions for several quantities of interest
including the cross-stream velocity, Reynolds stress, the dominant turbulent kinetic energy
Ajay K. Prasad production term, and eddy diffusivities of momentum and heat for axisymmetric and
g-mail: prasad@me.udel.edu planar turbulent jets, plumes, and wakes. A universal constant is evaluated for axisym-
metric and planar plumes. The cross-stream velocity profiles show that jets and axisym-
Department of Mechanical Engineering, metric plumes experience an outflow near the axis and an inflow far away from it. The
University of Delaware, outflow is attributed to the decay of the centerline velocity with downstream distance, and
Newark, DE 19716 the extent and magnitude of outflow correlates with the streamwise decay of the centerline
velocity. It is also shown that the entrainment velocity should not in general be equated to
the product of the entrainment coefficient and the centerline velocity. It is found that, due
to similar governing equations, profiles for jets and plumes are qualitatively similar. Our
results show that the derived quantities are strong functions of streamwise and cross-
stream positions, in contrast to previous approaches that assumed constant (in the cross-
stream direction) eddy viscosity and thermal diffusivity. The turbulent Prandtl number is
approximately equal to unity which matches the value quoted in the literature.
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Introduction plumes, respectively, one can obtain the streamwise variation of

Wi(iith, centerline velocity and temperatufé]. Because the num-

Jets, plumes, and wakes are examples of free shear flows. Aﬂgr of unknowns exceeds the number of equations by one, the

is produced when fluid exits a nozzle with some initial momenénalysis fails to provide the cross-stream variation of these quan-

tum_. _On the other hand, plumes are driven purely by buoyanﬁres_ Of key interest is the functional form of the streamwise
addition at the source. Jets and plumes spread laterally by engy Tocity in the cross-stream direction

ing .(e”“a'“'F‘g ambient fluid. The momentum contamgd within One approach to close the system 6f equations is to assume that
mg Jﬁgﬁgﬁ'&‘; C&ﬁﬁﬂ;?&%st{ﬁgm\mﬁ]eeCirnocsrszseecé'Or?]b:']v:tirtﬁéseddy viscosity 1) is constant in the cross-stream direction,

. . ) Pl A —10]. The equations are then solved to obtain the required func-
cally with the streamwise coordinate while maintaining a constaI al form. With this approach, one obtaibU = secR(Ag) for
buoyancy. The width of jets and plumes increases at the cost &nlane 'e.t whereA*(F))gOG a’nd (¥ Bg?) 2 Cfor 2 round iet
¥eI00|ty. Wakez are _;)rodur(]:ed blehlnd_ ar;] O?JeCt pflaced |m- F()ere B:]O 661, 7] THe in’tent of this paper is to foIIothhe
reestream, and manifest themselves in the form of a veloci . oo L .
deficit profile positeapproach, i.e., we select a functional form for the stream-

Jets, plumés, and wakes exhibit self-similarity beyond a certa‘ﬁqse velocity_ profile based on experime_ntal data to_close the sys-
downstream distance such that a characteristic length and velod folf equa:_l?ns! aTdd§ubsequeEFthderlve r(]expressmns fotr several
can be used to scale all distances and velocities in the flow. Anal éﬁz;ioiuggplelﬁgiqug lénlr:geyzhgivcelcof fﬁg on(é\t,:loﬁa(I:rf(;)srsm-s ream
ses and measurements have traditionally focused on the seff: . ) .
simil_ar rgg_ion be_cause_ fewer independent variaples are involv, d\fvtsmr:z\r/(c)eut?esﬁpuerﬂjmeiggnat;]dvgtjiomuesnC?(iuStg(ijr:etieonagteaf)Zteig
making it is easier to interpret thg results._ qu jets, plumes a q se studies measufer compﬁte o st?eam?/vise veIcFJ)city. e
wakes, the t|me-§v_eraged _centerlm_e velocity is generally chos e, and fit a simple mathematical expression to the data. The
as the characteristic velocity, the time-averaged centerline tem=' P p )

perature differentialwith respect to the ambients used as the lterature reveal_s that many r_esearcheﬁﬂsTS,ll—l_@ prefer t_he
GRussian function to approximate the streamwise velocity and

characteristic temperature scale, whereas the cross-stream " ; <
tances are scaled with the local width. Although more analysis§mperature profiles. Our own measurements of axisymmetric jets

available for planar cases, it is somewhat easier to setup expe(_ii ?—to riveal that overall the Gaussian profile is a superior fit to t_he
ata. As an example, we plot in Fig. 1 the normalized streamwise

v%ocity data for an axisymmetric jet of water issuing from a
2-mm orifice into a large tank; data were acquired using two-

In the self-similar region of the flows under consideration, th imensional PIV at 11@2/.d$175 (see[17] for exp_erimental de- .
traditional approach is to first perform an order of magnitud ils). The computed profile for Reynolds stress is compared with

analysis of the Navier-Stokes equations. A boundary layer a&;_(perirr_lental measurements made by the authors later in the paper
proximation is usually applied, allowing a substantial reduction it Provide addlmo_nal vafl_lldatlon f%r the choice of the (?;aussmrr]]

the number of terms. The resulting terms are then scaled using g2 Wise velocity profile. For these reasons, we preferred the
appropriate length, velocity, and temperature scales. Further aussian profile to the other choices as the input functional form

; . . . our analysis. Some previous researchers have employed an
invoking conservation of momentum and buoyancy for jets an proach similar to ours to verify certain difficult

Commibuted by the Fluids Endineering Division f biication in oA measurements—for example, Wygnanski and Figdieand Gut-
ontributed by the Fluids Engineering Division for publication in NAL o ; _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionrnark and \Nygn.anSk[]'B] verified their measuremems Of Rey
July 22, 2002; revised manuscript received May 6, 2003. Associate Editor: J. @Qlds stress against values computed from their streamwise veloc-

Marshall. ity profile using an intergal approach.

mentally an axisymmetric jet, plume, or wake, compared to th
planar counterparts. Consequently, more experimental data
available for the axisymmetric cadd,—5|.
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U=Ude

r,x=b nx,V

Fig. 2 Coordinate system for planar (x,z) and axisymmetric
(r,z) jets, plumes, and wake. For wakes, U represents the ve-
locity defect.

Turbulent Jets

Axisymmetric Jets. The continuity equation for the time-
averaged velocities in cylindrical coordinatesee Fig. 2 for the
Fig. 1 Streamwise velocity profiles for jets ~ (—— axisymmetric coordinate system used in this paypisr
jet from Gaussian profile, -- axisymmetric jet from polynomial
profile, [7], dots from experiment, [7] 1arv oU

——+—=0. 1)
roor Jz
_ _ In the self-similar region, the simplified streamwise momentum

Perhaps because the primary aim of these researchers waedgaation can be obtained using an order of magnitude analysis as,
verify measurements, they did not exploit integral theories to ifg],
full extent, nor did they discuss the properties of the expressions _
that they derived. In fact, explicit expressions for even basic quan- U U 1ruv

tities are not readily available in the literature. The aim of VWJ“UEJFF or =0 @)

this paper is to extract a complete set of results from the integraiI i "

method. We derive a host of useful expressions and expldfé!ere the overbar denotes time-averaged quantities.

their properties in physical terms. As we show, several interestingFOr the self-similar axisymmetric je). varies az ", while b
features of the flow can be obtained, and some probafereases linearly wittz, [6]. By approximating the streamwise
misconceptions can be corrected in this manner. Further, upg#locity at any downstream location by a Gaussjam1-13,17,

contrasting appropriate solutioffer example jets versus plumes, (S€€ also Fig. J1

axisymmetric versus planarour approach yields some new in- U(r,2)=U.(z)exp — r¥/b3(2))
sights.
The basic approach adopted here comprises the following three =Uq(z)exp —r?/c?z?)
steps. First, we assume an analytical expression for the mean _ 5
streamwise velocity) (and temperatuje Second, the expression =Uc(z)exp(— &%), 3)

for U is substituted into the continuity equation along with théne can solve foW by substituting Eqs(3) into (1):
assumption of the centerline velocity variation, and integrated to Vv c
determine the mean cross-stream velocity profile. Third, the ex- _ 1 2 2 2

; - ; S ' —=_—(—1l+exp—§&)+2& exp — . 4
pressions fotJ andV are substituted into the simplified momen- U. 25( A=) +28 exp(— &%) “)
tum (and energyequatlons_, and integrated to deter_mlne the Re)(i(g)/u is plotted in Fig. 3 and reveals that, contrary to the
nolds stress (and velocity-temperature correlationsThese )+ %o "oc o inflow implied by the term “entrainment,” the
expressions can then be employed to derive a number of use P(Pss-stream flow in the vicinity of the centerline is actually out-
quantities. Integral methods are shown here to be successfu rd, i.e.,V(£)/U=0 for 0<é=1.12. (/(£)/U.=0 at the cen-
reproducing experimental results for standard jets, plumes R Iiné -re”aches acmaximum of O.bléfato.54 acnd declines back
wakes (axisymmetric and planamwhich are commonly used as,, o, 41221 12) The reason for such an outflow is that the
model flows in a variety of situations. Our results should serve S ierlin I' it decr s and not b f th
a useful reference for such studies. However, it should be remei- eriine vte ocity dec e?se_f as ,ﬂa 0 Ft,j_causz/auo<0 e
bered that integral methods may have restricted application (dausslan ?jr?amw;slel\ée 00|yhpr0|e assump mg?f()) 02‘:2 t
more complex turbulent flow$13], where it is difficult to assign 'f'z‘ O'g";ﬁ:j asormgtotés té) E)eaa;ossltghgndlr;ngzmointed out t%at
profile shapes, and relate entrainment rates to local influencesjn 0 h y pl v thaty. i : thouah thp tral reai
complex environments. V=0 much more slowly that, i.e., although the central region

The relevant governing equations for jets and wakes are tlzgdomlnated by the axial component of velocity, the cross-stream

continuity and the streamwise momentum equation. The two agP Predominates far away from it. - .
ditional r)r/mmentum equations, cross stream c:lzmd azimuthal, relatéb\ccordmg to[11], the entrainment coefficient can be defined
pressure with the fluctuating components of velocity, and the flugsng the incremental volume flux as

tuating components of velocity with themselves, respectively; in du

this paper, we are not interested in exploring these relationships. E=2WbUca, (5)
For plumes, an additional equation for temperature is required. By

symmetry considerations, both the cross-stream velocity and thbereu for axisymmetric jets is given by

Reynolds stress are zero at the centerline. We have used this con- w

dition throughout this paper to evaluate the constant of integra- M:j 27rU(r)dr.

tion. 0
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Fig. 3 Cross-stream velocity profiles for jets (— axisymmet- ’ ’ 13

ric jet, -- planar jet )
Fig. 4 Reynolds stress profiles for jets ~ (—— axisymmetric jet
from Gaussian profile, -- axisymmetric jet from polynomial pro-
file, [7], -.. planar jet, dots from experiment )

It is readily seen thatiu/dz is the incremental volume flux en-

tering the jet through a circular control surface at largee.,

du

Gy = lim =2V, Gaussian profile and the one derived using the- BE?) 2 pro-
r—o file, [7], whereB=0.661. We see that the latter result does not
From Eq.(4), V/U, for large ¢ can be approximated asc/2¢. match as v_veII, Just_n‘ymg the selectlo_n of the Gaussian profile for
; our analysis. Additionally, our analytical result matches very well
Our result gives -
with the Reynolds stress data [d&f,18].
d c c
d—’;=27rr 2—§UC=2wac§. (6) Planar Jets. It is worthwhile to compare the results for an

axisymmetric jet against a planar jet. For planar jets the continuity
By equating Eqs(5) and(6), we geta=c/2=0.0535, which is the and momentum equations are, respectividy,
same value as obtained py1]. From Fig. 3, it is seen that Turn-

er's[11] statement: “the inflow velocity at the ‘edge’ of the flow ﬂJr ﬂz ®)
is some fractiorw of the maximum mean upward velocity,” is not X Iz '

strictly correct, becausé/U. never reaches 0.0535 for any value o

of & However, it is easily shown19], that theinward extension JUu dU  Juv

of the curvec/2¢ (the asymptotic curve foW/U, at larged) in- =0. 9)
tersects the jet edg&=1) with a value ofc/2.

Equation (4) can also be derived using a control volume.ike axisymmetric jets, plane jets have a linear spread rate and are
approach—by equating the difference of volume flux at two sugvell approximated by a Gaussian velocity profl&3,15, (given
cessive downstream stations to the incoming fluid volume. Asgain by Eq.(3) where¢ is nowx/b(z)), but now the centerline
seen in Fig. 3 the maximum value ¥9fis just 2% ofU., making velocity decays ag 2 [6]. Integrating Eq.(8) using (3) we
it rather difficult to measure precisely, and therefore it is lessbtain
frequently presented in the literatufd,5].

TheV profile can be used to directly determine the spread rate, V ¢ )

c. Researchers in the past have determiady curve fitting ex- 0.~ z(4gexp—&9) - Jmerf(£)). (10)
perimental data folJ. However, determining from the experi-

mental profile forV may be advantageous since the location anthis expression has also been obtained[by]. Similar to the
height of the extrema can be unambiguously determined. Hoaxisymmetric case, we find an outflow near the jet axis, and an
ever, as stated above, the experimental uncertainty tan be inflow far away from it. The maximum outflow occurs around
substantial.(A comparison of the derived cross-stream velocitg=0.5 (which is very close to the axisymmetric casad the flow
profile with the experimental data is provided[20].) turns inward foré=0.99- this value is slightly smaller than for

One can insert the time-averaged profiles@bandV into Eq. axisymmetric jetgFig. 3).

(2), to obtain the time-averaged profile for Reynolds stiassas Similar to the axisymmetric case we can define the coefficient
— of entrainment following Turnef11]:
u ¢

— = 5z (exp(— &%) —exp(—2£%)). )

uz 2¢ %ZZO‘UC' (11)

_— 4+
[ v Jz axX

The maximum for Reynolds stress lies&t0.58 (Fig. 4). Wyg-

nanski and Fiedlef5] provide a plot for Reynolds stress by inte-where u is now given by

grating their streamwise velocity profile. However, they do not

provide an explicit expression for it. _ f“ Udx
Figure 4 also shows our experimentally measured Reynolds K - ’

stress for awatey jet at Re=3000 using PIV. The experimental

data can be compared with the analytical result based on timserting Eq.(3) and differentiating with respect g we obtain
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Fig. 5 Dominant kinetic energy production term profiles for Fig. 6 Cross-stream variation of eddy viscosity for jets —
jets (—— axisymmetric jet, -- planar jet ) axisymmetric jet, -- planar jet )

The complete turbulent kinetic energy equation can be found in
d_:“_ EU c (12) the literature(e.g., for axisymmetric jets s€&]). The dominant
dz 2 ~¢” kinetic energy production term isv dU/d¢&. Using Egs.(3), (7),
and (13) we can write
Equating Eqs(11) and(12), we geta= arc/4=0.041(from Fig. —
5 of Gutmark and WygnansKil8], we estimatec=0.092). It Lljv oy

=c(exp(—2£&%)—exp(—3¢&%)) (axisymmetric jets

should be pointed out that the cross-stream velocity does becomg 3 9¢

equal toaU, for large & Turner's[11] statement that the inflow ¢ o

velocity at the edge of the jet equadd), is thus seen to apply uv U \/;c

strictly in the case of planar free-shear flows. —t 0—5 = Téexp(—Zfz)erf(g) (planar jets.
Ramaprian and Chandrasekhpt&] measuredr for planar jets Ue

asa=Ve/U;=0.045. The slight discrepancy might be due to thghe production term has a maximum arouf¥0.6 (close to the
fact that their measuremen{g,5], were made rather close to themaximum of theuw term) and reduces to zero for large(Fig. 5).
nozzle (5<z/d<60) and therefore, the jet might not have Again, the maxima of the production terms for axisymmetric
achieved complete self-similarity. _ ~and planar jets lie at almost the saieThe magnitude of the
As before, the momentum E¢9) along with the expressions yrpulent kinetic energy term for axisymmetric jets is slightly
for U andV can be used to solve for the Reynolds stress as  |arger than planar jets. The similarity of these terms is due to the
fact that bothuy and 9U/9¢ resemble each other closely for the

uv \/;c ) two cases considered here.
024 exp(—&%)erf(£). (13)  One can derive corresponding expressionsifprfor the axi-
¢ symmetric and planar jets using
The plot looks similar to that of axisymmetric jets with a maxi- — oU
mum até=0.62 and 0 foré¢=0 and large¢ (Fig. 4). In fact, the Uv=—-vr—-, (16)

maxima lie at almost the sangeand are of nearly the same mag-
nitude. AlthoughU profiles for the two cases considered above a®s
similar, theirV and the governing Eq$2) and (9) are very dif- )
ferent. Thus it is not expected thad would look so similar. This _¢ 1-exp(—¢9)
similarity is due to the fact thdt) 9U/dz is the dominating term, Ub 4 2

and behaves similarly for the two cases.

vt

axisym.

The dilution rates can be computed from and
1du ¢ Vo VTC eN(£)
; 49z b (axisymmetric jets (14) Ucb 8 15
Becausev:~U.b (product of the integral velocity and length
1du ¢ _ scale$, we can expechaxiSym~z° (b~z, andU_.~z"? for axi-
wdz 2b (planar jets. (15)  symmetric jets and, VT a2 (0~2, andU~2"*for planar

jets), i.e., not only isvt a function of radius, it can also be a
Because the spread rates for the two cases are virtually identi¢ahction of z. Lessen[21] predicted identicak-dependences for
it is obvious that axisymmetric jets dilute twice as rapidly as theif; based on the principle of marginal instability. While the
planar counterpartéaxisymmetric jets entrain circumferentially, streamwise variation of is well known, v+ is generally assumed
while planar jets entrain from the two sides onlreater mixing to be independent &, [6—10]. The results presented next indicate
in the axisymmetric jets is consistent with the faster decay of thahat this need not be true.
centerline velocity with down-stream distance. It should be The eddy viscosityv; for the axisymmetric and planar cases
pointed out that, since~z, 1/u(du/dz)~z 1, i.e., the dilution are plotted in Fig. 6v is @ maximum at the center of the jet and
rate keeps decreasing with downstream distance. decays to O for largg€. For the axisymmetric case we find that

816 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



v(£=0) is 2.3 times greater than (= \2). (é&=v2 represents 0.02 , - ' ' T
the e~ 2 point of the GaussianFor the planar case, this ratio is
about 1.7. TownsenfB] also observes that; should diminish as
the jet edge is approached because the measured velocity profi
approach zero more rapidly than the profiles calculated on th

basis of constant;. Pope[9] states thabt is within 15% of the -0.02
value 0.028 over bulk of théaxisymmetri¢ jet, and therefore/;
can be assumed constant, independer# of e
2 -004
>
Turbulent Plumes -0.08r
Axisymmetric Plumes. The continuity equation remains the 008k R i
same as Eq(1) for axisymmetric plumes, whereas a buoyancy \\\
term appears in the simplified momentum E2), [13,14: Sl
U U 1 arup -5 05 1 15 2 25 3
— = . 3
ar U dz r or 9po (7
Fig. 7 Cross-stream velocity profiles for plumes (— axisym-

The gB6 term in Eq.(17) differentiates the plume from the jet.

- . - metric plume, -- planar plume
The temperature equation can be obtained starting from P P P )

V—+U— + —= —_— +——+
ar U Y (9r2 r or 0z

+—+— imi i ic j i
72 o 72 ; Similar to axisymmetric jets, for largé we can approximate

V/U. as —5c/6¢. The incremental volume flux entrained by the
using scaling argumentssimilar to jets, to finally arrive at PlUme is again given by Ed5), while our result gives

90 960 oo oud ve ((929 146 020)

([13,14) du 5¢ 5¢c
_ —=Ilim—-2#7rV=27#r —U.=27bU.—.
90 90 1arve’ dz .. 6¢ 6
V—+U—+=-——=0. (18) _ _
ar az r or From this, we getw=5¢/6=0.0833(usingc=0.100,[11]). The

me value ofr was obtained by11].

A Gaussian profile is commonly used in the literature to arﬁalntegrating the momentum Eq17) using Eqs.(3) and (20)

proximate the distributions for velocity and temperature in.
plumes, [1,2,11,13,14,1p From similarity considerations, the Y'
centerline velocity and temperature for axisymmetric plumes vary, w c¢/5 1
respectively, ag~*® andz % while the width increases linearly, — =] zexp— &)~ S exp —2¢%)
[6]. Therefore, the streamwise velocity is given by E3), while u; €16 2

the temperature in the plume can be written as

gBbéo, K
6(r,z)= 6.(z)exp —r?/c3z?) = O, (z)exp( —H?£?),  (19) T i

2H2U2¢ ¢
where cr#c, i.e., temperature and velocity need not spread gh oo is a constant of integration. Using the condition that
identical rates. In fact/cy=H is 1.2 for axisymmetric plumes,

[11] is bounded at=0, we obtainK = —c¢/3+gBb6./2H?U2, which

Again, from the continuity Eq(1) and using the decay rate ofIeaOIS to
the centerline velocity, one can derive

exp(—H2&%) +

w c5 2 Lo o L
V ¢ 5 5 Uz_é: Gexp( &%) 2eXF( £9) 3
U, E —6+6exp(—§2)+§2exp(—§2) : (20) ¢
Cc
gBbeo
The plot of V/U, closely resembles axisymmetric jets—plumes + 2—26(1—6XF(—H2§2))- (21)
experience outflow near the centerline, and an inflow far away 2H7UcE

from it. However, the maximum positivé is now just 0.4% ol - The condition of self-similarity forceg b6, /U2 to be a con-

(for £=0.33, while the maximum negative value of 3.8% lies akiany 6], but its value is not directly reported in the literature.
¢=1.87 (Fig. 7). The cross-stream velocity changes sign glqever, it can be determined by fitting experimental data. For
£=0.595- much earlier than for jets. This is due to the Presencgample, using Beuther etal’§24] data we estimate

of buoyancy. In fact, the presence of buoyancy in the plume cre. b6./2H2U2=0.034. Dai et al.'{1] data similarly indicates a
ates contrasting effects near the center and far away from it w UQCOf 0 02‘37 U.sing. the Iatter.value*v<0 for £1.5, whereas
comp_ared to the axisymmetric jet. Buoyancy causes the centerl g former' vallje giveso >0 for all £ A negative Re;I/n’oIds stress
velocity to decay less slowly than the jet. Consequently, the m i plumes is unphysicathis is also éupported by the datalaf).

nitude of the outflow near the centerline is smaller for the plu erefore. we use the former value of 0.034 hereafter. Thus
resulting in a smaller positive/. Secondly, because buoyancy is ' : : '

continuously increasing the momentum of the plume, there is a 9Bbo,
larger volume influx from its lateral surface. Hence, larger inflow
velocities are seen far away from the centerline. This larger inflow 2H2U§
is responsible for greater mixing in plumes. Sreenivas and Pra RP?) . - 2_ ; _ }
[22] have proposed a model based on vortex dynamics to expﬁ' Iylnlg thzit K=0, andgfbf,/U;=0.096. Setlingk =0 re
the greater entrainment in the plumes. It is again found that tl gees al21) to
inflow velocity neverequalsaU, for axisymmetric plumes. The U

C
=0.034=0.34~ 3

c
expression folv/U, for axisymmetric plumes can also be found — = 6—(5 exp — £2)— 3 expd —2£%) — 2 exg — H?£?)).
in [1] and the plot in1,23]. uz 6¢
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Fig. 8 Reynolds stress profiles for plumes ~ (—— axisymmetric ~ Fig. 10 Dominant kinetic energy production term profiles for
plume, -- planar plume ) plumes (—— axisymmetric plume, -- planar plume )

The behavior ofuv shown in Fig. 8 looks similar taiv of axi-  matches that of axisymmetric jets quite closely with maxima at
symmetric jets. In fact the maxima lie at almost the saine gimost the samé. As expected the production term for the plumes

(=0.6). As can be intuitively expected, Reynolds stress for plumegs |arger than jets for al.

is larger than jets. Interestingly, this similarity v for axisym- The dilution rate can be calculated from

metric jets and plumes can be inferred by noting that the above

expression reduces to E) for H=1 (althoughH = 1.2 for axi- 1dup _5¢

symmetric plumes wdz 3b° (23)

From the temperature E@18) and using Eqs(3), (19), and _ _ _

(20) one can obtain Comparing Egs(14) and (23), we find that entrainment, and
o hence dilution rate for axisymmetric plumes is about 1.6 times
ve'  5cC ) 5.2 greater than for axisymmetric jets.

U0, 6—§(1*9XI0(*§ ))exp(—HE%). (22) The normalized eddy viscosity can be obtained using(E6).
as

From the plot in Fig. 9 the cross-stream velocity-temperature cor-

relation remains positive for al with a maximum value of 0.026 VT c ) ) )

at £&=0.51. EZE(5*39XH*§)*29XH*(H —1)&9)).

The production term is obtained as ¢
—aul o Here again the variation witl§ is large. In fact, the ratio of
Yol _¢ Py N a2 v1(£=0) to vr(£=y2)>2 (Fig. 11). In addition, vy~ z?".
Ug €l 3 (5 exp(=2¢%) — 3 exp(— 3¢9 For plumes, a further assumption of constéintcross-stream

) ) direction eddy thermal diffusivity,yr has been made by the re-
—2exp—(H+1)¢£9)). searchers in the past to obtain the functional forms of the similar-

This has a maximum of 0.020 arouie-0.6 (Fig. 10. This plot Iy functions where

0.04 T T T 0.05 T T

0.045

0.04

0.035

0.03

v/ Ucb

0.025

0.02

0.015

0.01

0.005 : ! >
§

Fig. 9 Velocity-temperature correlation for plumes (— axi- Fig. 11 Cross-stream variation of eddy viscosity for plumes
symmetric plume, -- planar plume ) (— axisymmetric plume, -- planar plume )
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Fig. 12 Cross-stream variation of eddy thermal diffusivity for
plumes (—— axisymmetric plume, -- planar plume )
08 =~y 24
v = — YT ar ( )

Our approach provides the radial variationyin (using Eqs(19)

and(22)) as

yr 5S¢
Uch 10422

Figure 12 reveals thag;/(U:b) has a value of 0.029 at the cen-
terline while it drops to 0.012 fog=v?2, i.e., the radial variation in
yt IS substantial. Moreovery; is a function of downstream dis-
tance, i.e.,yr~z?°. Knowing the distribution of both/; and y;
we can obtain the turbulent Prandtl number; 8 a function o

as

yr 5

1

1-exp— &)

(1—exp(— &)

Pr-|—=— =

VT H25-3exp— &) -2 exp—(H2-1)&)
It is interesting to note that unlike; and y7, Pr is independent Note that the constant of integration is zero in E2jr), and for
of the spread rate arel Moreover, Py is not such a strong func- similarity to existgﬁbeclug should be a universal constap®,.
tion of radial position as'r and y1. Py varies from 0.9 at the The experimental data of Ramaprian and ChandrasekHdia
centerline to 0.8 at=v2 (Fig. 13. Physical arguments can beindicatesH=1.2 (identical to axisymmetric plumgsWe estimate
used to show that Pr=1, [25], and our result is in good agree-the value of,7gBb6./2HU? (denoting this byC) as 0.069 which

ment.

0.95

0.7 : :
0

Fig. 13 Cross-stream variation of turbulent Prandtl number for
plumes (—— axisymmetric plume, -- planar plume )

Journal of Fluids Engineering

Planar Plumes. The continuity equation for planar plumes is
the same as for planar jetEqg. (8)), while the momentum equa-
tion can be derived by adding the buoyancy term to the planar jet
momentum equatiori6],

VaU—&-U(?U-‘raE 0 25
ax Yoz T o T 9B (25)

The temperature equation in the self-similar regime is given by

(6D

v L9 o
ox 9z ax

(26)

Here the centerline temperature variesza$, while it is inter-
esting to note that the centerline velocity does not change down-
stream,[6], i.e., presence of buoyancy prevents the decay of the
centerline velocity. This has an interesting consequence for the
cross-stream velocity, expressed mathematically as

VvV oc
7= z(2gexp(—§2)fﬁerf(§))-

Unlike axisymmetric plumes, we find that planar plumes do not
experience an outflow near the centerling,U. is small for
£<0.54 (less than 10% of its asymptotic value of 0.0%fd re-
mains negative throughout, i.e., the flow is always towards the
axis (Fig. 7). Qualitatively the plot is similar to planar jets. Buoy-
ancy causes planar plumes to entrain more than planar jets like
their axisymmetric counterparts.

Similar to planar jets, we can obtain the coefficient of entrain-
ment as

_ e
-7

Usingc=0.11,[16], we obtaina=0.0975.
The Reynolds stress is given by

uv c erf(y2 JmgBbe,
U—l;=\/—TTr erf(¢)exp(— £2)— (\/\/_2_5) + Zﬂiz erf(H¢).

)

a

givesﬁmaX/U§=0.036 até=0.63. (The maximum value is very
close to the value of 0.035 predicted by Malin and Spald&j).
For Ramaprian and Chandrasekharpl$] data we obtainC
=0.062, but we find thativ becomes negative fagf>1.6. As in
the case of axisymmetric plumesy should remain positive for
all ¢ (this is also supported by the data[df]). Hence, we will
useC=0.069 to obtain

JmgBbé, Jmc e 1
—0.069-071—~ Y
2HU? 2 2 2

and g,BbGC/U§=O.093 which is very close to the value for axi-
symmetric plumes. Equatiof27) can then be simplified tésee
Fig. 8

uw mc o erf20) erf(Hg)
D2 7| e = =,

C

While it is known thatH = 1.2, an interesting result is obtained by
substitutingH = {2 in the above expression. Then, it is seen that
uv for planar plumes is twice that of planar jeétg. 13.

The velocity-temperature correlation for planar plumes is given

by
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06w 0.25 : T y y
PR _g2¢2
U0, 2 erf(§)exp(—HE%).
As for axisymmetric plumes, the velocity-temperature correlatiol o0.2r / \\\ ]
is also positive with a maximum of 0.035 &:0.53(Fig. 9). Note o / .
that for both axisymmetric and planar plumes, the maximum valugo /,’ v
of v’ is to the left of the maximum fouv. 5 015f / K 1
We can obtain the production term as g K \
! 1 \\
uv dU cerf(\2¢)exp — £2) S ol \ ]
— ——| = mc| gerf(&)exp—2£%) - S o N
ud 9¢ ( J2 3 p .
. ferf(Haexp(gZ)) o0st / -
\/E . /ll \\\‘\
As for jets and axisymmetric plumes, this term has a maximur 0 : . : — =
value around:=0.6 (Fig. 10. In fact, the maximum lies at almost 0 0.5 1 : 15 2

the same location as the maximum of Reynolds stresses. It shouia
be pomt_ed out that unllke_ for jets, the productlon term for plaanig. 14 Cross-stream velocity and Reynolds stress profiles for
plumes is larger than their axisymmetric counterparts. wakes (—— axisymmetric wake, -- planar wake )
The dilution rate for planar plumes can be obtained as
ldu c

pdz b’ . . _ S
In the self-similar regioiJ ;. decreases as <, while b increases
As expected, the dilution rate of planar plumes is higher thags z3, [6]. Keeping these in mind, we can obtaih from the
planar jetscompare Eqs(15) with (28)). Interestingly, it is equal continuity Eq.(1) as
to the dilution rate of axisymmetric jet&qgs. (14) and(298)).

(28)
23

Once again, we can derive expressionsifpr vy, and Py and \% b¢ )
question the validity of assigning constant cross-stream values to [V 3, A9 (31)
them.
As for planar plumes, inflow occurs for alwith a maximum at
T —\/;C erf(&)exp(— £2)— erf(2¢) + erf(H¢) 520-71? i ?
Ub  4gexp—&?) 2 V2 ) Reynolds stress can be obtained using E29). and (30) as
YT \/;C uv
—_—= erf(&), —=—— | 1—exp—2&%) +2&% exp(— 2&2
V2 erfié)exp(— &) 4U,

1 2 2 )
=— . — expl— . 32

H? 2 erfl&)exp — £) —erf(V2£) + erf(H¢) g, & R 2
Turbulent eddy viscosity and thermal diffusivity are plotted int should be mentioned that in this case the integration constant is
Figs. 11 and 12, respectively. Botl andyr~z. Pr has a maxi- nonzero(actually K =b/12z¢£). It is not possible to plot Eq.32)
mum value of 0.82at the centerlinewhile it drops to 0.74 for without knowingU,/U.. However, sinceJ/U,= (1), one can
&=v2 (Fig. 13. It is again reassuring to note that;Rrl as pre- simplify the momentum equation by replacinddU/dz by
dicted by physical argumentg25]. UydU/dz, [6], to obtain:

y au 1arﬁ_o a3
Turbulent Wakes ooz T T (33)

Axisymmetric Wakes. Unlike jets and plumes, wakes have aOn comparing Eqg1) and(33), we can see that they are identical
nonlinear spread rate. The continuity equation for axisymmetr{gy /U, replacesV). Hence it is not surprising to see
wakes remains the same as En, while the momentum equation

can be derived as for axisymmetric jets. However, herdJ . is m b¢ ,

of order unity, i.e., the velocity fluctuations are of the order of the UuU. - 3,88, (34)

velocity defect,[6]. This simplifies the momentum equation fur- 0¥e

ther: which is exactly the same expression as ¥0iU.. It should,
JU  1dra however, be noted thatv has been normalized witb U, and
54- FT=0, (29) notUﬁ. uv/UgU. andV/U, are plotted in Fig. 14.

We will use the expression farv given by Eq.(32) to obtain

It is interesting to note tha¥ does not appear in the streamwisdhe production term and the radial variation in turbulent eddy
momentum equation. This is because in the momentum equatldgcosity as

VoUlar=0(UZ/L), while UdUlaz=0O(UyU./L); since

U./Ug=0(b/L), the former can be discarded. u AU b 2 2 2
Using a Gaussian profile for the velocity defect, the streamwise usd 9&| 6z 1—exp(—2£7) +2¢% exp(—2¢%)
velocity is given by ¢
4U
U(r,2)=Uy— U (2)exp —r2/b%) =Uy—U(2)exp(— £2). — %2 exg— &) lexp(— &2),
(30) Uc
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vT ( 2 2 2 Ugb”
= | 1-exp(—28%) + 2% expl( — 28) VT =
Ucb  24z¢% exp— £?) pl 4z
U Since Uy, is invariant withz, we obtainvy -~ z~ 3 while
T 2 eXIO(—§2))- VT ke Z°, in agreement with Lessen’s predictiofg]]. Re-
Cc

markably, the dependence of on ¢ disappears for wakes.
Planar Wakes. The continuity equation for planar wakes is

given by Eq.(8) while the momentum equation 5], Conclusions
— A comprehensive analysis has been conducted for six standard
JU  Juv ! . .
— + W =0. (35) casegaxisymmetric and planar jets, plumes, and wakEgpres-

sions for cross-stream velocity, Reynolds stress, and turbulent ki-
U, varies asz Y2 while b increases ag!? for planar wakes, Netic energy production terms are derived for these cases assum-
[6C21]. Integrating’the continuity Eq8) gives ' ing a Gaussian streamwise velocity distribution. The plots are

compared amongst themselves and provide several insights.

1:_ gexp(_g). (36) 1 Expressions for cross-stream velocity indicate outflow for

Uc jets and axisymmetric plumes near the axis, while inflow occurs in
Comparing Eqs(31) and (36), we see that the inward velocity the far field. P_Ianar plumes c_io not experience any such outflow.
is very similar. However, the decay withis slightly different for g)utflow of fluid near the axis is a natural consequence of the

the two cases. ecay of the centerline velocity with downstream distafeed
Reynolds stress can be obtained from the momentur{E5y. not because of the assumed Gaussian velocity profilee decay
using Eq.(30): rates of axisymmetric jets, planar jets, and axisymmetric plumes

o are, respectivelyz t, z72 z713 while the radial extents of

uv ) outflow arer/b=<1.12, 0.99, 0.59. Moreover, the decay rate for

Uz 16z —4gexp(—2¢%) +2merf(\m¢) planar plumes varies & and these do not experience any out-
¢ flow. Thus, a higher decay rate correlates with a larger radial

8U, extent of outflow. See Agrawal et 4R0] for more discussion on
- U—gexp( - 52)) . the coupling between the decay of the centerline velocity and the
¢ radial extent of the outflow.
The production term is 2 Expressions for the entrainment coefficients of planar jets

and plumes are developed along the lines of their axisymmetric
counterparts. It is found that for planar jets and plumés
=aU.; this is, however, not true for axisymmetric cases. Hence,
contrary to conventional belief, the entrainment veloatould

uv U
ud 9

=§(f4§exp(f2§2>+ﬂerf<ﬁg>

8U, ) ) not be equated taU. for axisymmetric jets and plumes.
T, gexp— &) |exp—£°). 3 The value of the universal constagbd,/U? is estimated
) as 0.096 and 0.093 for axisymmetric and planar plumes, respec-
vy can be obtained as tively.
” 4 Reynolds stress and the dominant turbulent kinetic energy
T ; . oo

= | —afexp—2&)+ 2merf( 7 production term for jets and plumes are qualitatively the same

Ub  32z¢exp—&?) ( ¢exp(—28) (vmé) with a maximum around=0.6. Magnitudes for jets and axisym-

metric plumes are nearly the same. These are much smaller than
8Uo Eexp— 52)) for planar plumes.
Uc ' 5 Unlike plumes and jets, the normalized cross-stream velocity
L . . ) nd Reynolds stresses for wakes are functions of downstream dis-
m;m%{g&gg tgﬁ dmuc;rirr]:;nittutr(;]oet?tgﬁ;“?hneas?n?;iﬁiggrge\;vétglgglsst);fasnce' In addmon, the turbulent kinetic energy production term for .
' Xisymmetric and planar wakes has the same cross-stream distri-
uv bé¢ bution.
=— —exp — &), (37) 6 Cross-stream variations for, v, and P¢ are shown to be
UoUe 2z significant, therefore, the use of constant valuegpfind y; in
which, as expected, is the same expression a¥for, for planar the cross-stream direction is unjustifieds Rs found to lie be-
wakes(Fig. 14). tween 0.9 and 0.7 for axisymmetric and planar plumes.
It is not possible to compare the production terms for the axi- 7 Our analysis reveals that the eddy viscosity is independent of
symmetric and planar wakes becalkgis unknown. However, if the cross-stream coordinate for axisymmetric and planar wakes.
we use the simplified expressions for the Reynolds stEss.

(34) and(37)), we can write the productions terms as Acknowledgments
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OuiiE 3z (axisymmetric wakes der grant NSF-ATM-9714810. We thank Prof. Pablo Hug of the
0~c
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b oU ) be? expl — 262) ing us to undertake this study and helpful discussions.

(planar wakep

UgU2 9€ z Nomenclature
These two terms differ just by a constant. b = width (defined as(b)/U,=e"* for jets and plumes,
The simplified expressions far; (using Egs.(16), (30), (34), and U,—U(b))/U.=e ! for wakes

and(37)) are spread ratedb/dz

cr = spread rate for temperature

2
” __ Ugb d = diameter of the nozzle
Taxisym. 6z ’ g = acceleration due to gravity
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H = clcy
K = constant of integration
L = downstream distance scale
p = time-averaged pressure
Pr; = turbulent Prandtl number
r = cross-stream coordinate used for axisymmetric case
T = temperature
T’ = fluctuating temperature
T, = ambient fluid temperatur@assumed constant
T. = time-averaged centerline temperature
u, v = fluctuating components of velocity
u’ = fluctuating velocity scale
U = time-averaged streamwise velocity
Uy = free stream velocity
U. = time-averaged centerline velocitfor wakes—
velocity defect at the centerlipe
V = time-averaged cross-stream velocity
V. = time-averaged entrainment velocity
X = cross-stream coordinate used for planar case
z = coordinate along the axis
a = coefficient of entrainment
B = coefficient of thermal expansion
y = thermal diffusivity
vt = turbulent thermal diffusivity
0 =T-T,
o =T -T,
O = Tc—To
wu = volume flux
vt = eddy viscosity
¢ = nondimensional cross-stream coordinater (b for
axisymmetric cases=x/b for planar case. See Fig) 2
p = density
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Resolving Turbulent Wakes

Resolving the turbulent statistics of bluff-body wakes is a challenging task. Frequently, the
streamwise grid point spacing approaching the vortex exit boundary is sacrificed to gain
near full resolution of the turbulent scales neighboring the body surface. This choice
favors the solution strategies of direct numerical and large-eddy simulations (DNS and
LES) that house spectral-like resolving characteristics with inherent dissipation. Herein,

Stephen A. Jordan two differencing stencils are tested for approximating four forms of the convective deriva-
Naval Undersea Warfare Center, tive in the DNS and LES formulations for incompressible flows. The wake spectral char-
Code 74, acteristics and conventional parameters are computed for Reynolds numbef20Re
Newport, RI 02841 (laminar wake) and Re3900. These tests demonstrated reliable stability and spectral-
e-mail: jordansa@npt.nuwc.navy.mil like accuracy of compact fifth-order upwinding for the advective derivative and

fourth-order cell-centered Padg@with fourth-order upwinding interpolation) for the Ar-
akawa form of the convective derivative. Specifically, observations of the DNS
computations suggest that best results of the wake properties are acquired when the
inertial subrange of the spectral energy is fully resolved at the grid-scale level. The LES
solutions degraded dramatically only when the fifth-order upwind stencil resolved the
spanwise periodic turbulence. Although the dynamic subgrid-scale model showed strong
participation on the instantaneous level, its spectral contributions were negligible regard-
less of the chosen grid-scale scherfi2Ol: 10.1115/1.1603302

Introduction When resolving the smallest scales of turbulence one must be
concerned about controlling the aliasing error. This error can

Before the past decade, constructive gains in our physical uorr]{'i_ginate from the discrete approximations of the nonlinear term

derstanding of turbulent wakes came esgentially from over a Cell- recognized by Platzmag] where kinetic energy aliases
tury of laboratory measurements. Collectively, flow past a circul %Fk 0 the respective lower scales of the spectrum. DNS compu-
cylinder has become the canonical test problem. The experimeq . LT . R ;

. P, : : ations without an intrinsic mechanism for minimizing this error
evidence at SUbC”.tlcal Reynold_s numbdesninar §epargnc)rr_e- will become unstable as these spurious grid-scale gf/vaves grow.
veals a wake that is enriched with turbulent physics quite differe h accuracy schemes of even ordésurth, sixth, eto. fall ’
than say the streaks and bursts observed for wall bounded flo X ; Y - R ’ .

within this category because the leading term in the truncation

For example, the notable work of Cantwell and Cdé$ pre- L ; .
rror is dispersive. These schemes commonly require a separate

sented detailed measurements of the vortex formation kinematics o L ;
that lead to the discovery of the evolution of saddle points b grm of artificial dissipation added to the DNS computation. As-

tween successive vortices in the immediate near wake. They ¢ FoSIng the resultant impact "a priori” on the resolved turbulence

cluded that a substantial part of the turbulence produced coincid%sd”chCUIt and generally gives turbulent energy spectra that are

with these fine-scale regions. Further upstream, Wei and S@iith unihaturally damped at the high wave number range. Alternatively,

observed the creation of high-frequency small-scale turbulent vGhe can require the scheme to be energy conserving to control the

tices as the final stage of the transition process held within t
separated shear layers. Spanwise, these Kelvin-Heln{Kelz)
vortices distort to periodic cellular structures that align themselv In most LES computations. the orime criticism of the numerical
in the streamwise direction. These two works clearly illustrate that P ' P

. : g proximations is the assurance that the truncation errors of the
the underlying mechanics of the turbulent wake are small-scale . . -
events nonlinear terms do not mask the essential contributions from the

Until the advent of supercomputers, computational efforts asybgrid model. This concem s raised not only for upwind
P p ’ P & hemes, but includes low-order central stencils as well. Under

complished little beyond the experimental measurements towar Sirse gridding we know that explicit upwind differencing for the

Improving our key knowledge about the cylinder turbulent Wak(?10nlinear terms assures stability, but certain restrictions arise be-

S_ome a.ttempt.ed to r.esolve the small-scale physics using only tV%%’use the dissipation error interferes with the model stress contri-
dimensional simulations. But as concluded by Cantwell and Col

: . ; ; tions and damp&r even dumpsthe finest resolved turbulent

[1], thPT production of turbulenge IS a t_hree-d|men5|onal vorteé% rgy. Developers circumvent these drawbacks by devising rou-
:trg(t;p";? %heel}orwgr;; att,;thgnIntf;:tegﬁéfesggéesth? t?qze%:o. ﬁES with low-order central differencing or high-order compact

ﬁ s'cl; s. rfasceg less tﬁgn ; dsécade a00 bs emplo 'nu the )rll &]emes coupled with explicit spatial filtering to attenuate the
physi u ; € ago by employing . persed unresolved energy. However, this latter approach can be
tively new advances in the cqmputa}nonal methodologies of dwe& ectively no better than the former in terms of its net resolving
numeylcal and large-eddy smulaﬂonﬁ@_NS anq LES. These efficiency. In this case, their difference rests essentially on the
techniques are slowly expanding our insight into the turbule

ake physics; particularly its three-dimensional nature at low s tded CPU cost.
w physics, particutarly | ! ! u W SUD"The present work draws attention to the needed resolving

critical Reynolds numbergRe). But the resolving power of the wer within a DNS or LES approach for capturing small-scale

respective solution schemes is typically designed below the IOt%ibulent wake events. We seek useful discretization schemes that

small-scale events of turbulence production and the shear-layer. : . - ; i
K-H vortices at Re in the moderate category. ¥) sses a high level of resolving efficiency by appearing spectral

like while maintaining a long-term stable computation. We will

Comibuted by the Fluids Endineering bivision for bublication in e specifically examine the resolving power of compact differencing
ontributed by the Fluids Engineering Division for publication in tl NAL H _

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionas applied to tl‘.”bmem bluff b(.)dy wakes. Lé@ alreqdy gave us .

July 11, 2002, revised manuscript received April 21, 2003. Associate Editor: F. &, comprehensive understanding about their benefits over explicit

Grinstein. differencing, but herein we will reach somewhat beyond that view

ﬁgasing error. However, we have yet to see a stable spectral-like
energy-conserving scheme for the general class of turbulent wakes
g%at is applicable to complex discretized domains.
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when dealing with the present application. Incompressible flo _,V'VT/) Ve|ocity Components; Specifica”wik: UKE—U_kU,)

past the circular cylinder at subcritical Re will serve as a suitabighe contravariant velocity components are evaluated in terms of

canonical test case. Choosing the cylinder topology for computing .. k_ [=kTr L
wake turbulence by the DNS and LES methodologies is appeali%sig;;elr resolved counterparts tty Jégx,u, - In these definitions,

for several reasons. From the resolution perspective, one can dd8-Overbar denotes the filter operation, and the tilde symbolizes
ily redistribute the upstream grid spacing for fulfilling the fineimplicit filtering of the metric Coefficientsgij) and Jacobian\(g)
requirement downstream. With this improved spacing one can pfirough their numerical approximatiofg]. In the present appli-
tentially resolve higher Re wakes simply by simulating a broadeations, the above LES equation systéas well as its DNS
wavenumber spectrum. Outside of pure spectral methods, tBismplementwas solved in the computational space by the pro-

single perception ignores an important ingredient intrinsic in thgedure described in Jordan and Raf@h
DNS and LES solutions. Low-order-accurate schemes can locate

turbulent fluctuations up to the wave, but their resolving power ~Modeled Field. = A vital aspect of the LES computation seeks
is far less than optimum for capturing the respective smaller-scdfe Show reasonable participation by the SGS model in the total
events. Detecting these physics requires an even finer resolutioRgdicted statistics of the turbulent wake. Although one would
compensate for their low resolving efficiency. Realistically, thXPect this prospect to be a sufficient condition for the LES com-
higher Re computationtear critical for exampledemand both Putation, previous authors claim little success using the popular
fine grid spacing as well as spectral-like characteristics of tiigrbulent eddy-viscosity scaling lay7,8], regardless of the for-
grid-scale numerics. mal order of the resolved field solution. Apparently, this SGS
For the present wake computations, the governing formulatiof¥odel suitably stabilizes the computation by dissipating the for-
are cast into a curvilinear coordinate framework so that they ag@rd scatter of kinetic energy across the cutoff wave number, but
not stalled by irregular or nonorthogonal grid topologies. Under¥delds only minor contributions in the overall turbulent statistics.
typical fixed-grid computation, the flow predictions proceed ovef0 focus our attention strictly on this model, we will assume that
a decaying downstream spatial resolution. Thus, preserving & filter width of the resolved field equatiof&q. (1)) is synony-
accurate and stable DNS or LES computation at the respective /R8US with the grid spacing. Under this premise, we will not con-
demands a compact scheme that houses both a strong resol¥id§" mixed-model formulations that include the Leonard and
and dissipating nature near the finest resolved scales. We expe@&5S terms. Furthermore, complex domains generally lead to cut-
sufficiently resolve the small-scale events of the turbulent walif of the resolved wavenumbers that vary locally due to the non-
when given adequate spatial resolution while concurrently dissiDiformity of the physical domain spatial discretization. Herein,
pating the under-resolved energy over poor grid spacing furth&g carefully generate the grid spacitgiven “a priori” knowl-
downstream. One can fulfill these requirements by carefully sedge of the wake’s spectral contett ensure that the cutoff wave
lecting the appropriate upwind and central compact differencifymber lies within the equilibrium range of the local energy spec-
schemes. Before discussing the specifics regarding this solutfig This requirement is an essential prerequisite for the eddy-
strategy, we will briefly present the derivations of the governingfcos'ty relationship before anticipating realistic contributions to

DNS and LES equations in conservative form for complethe overall stress fields. . ) ) )
domains. The following version of the dynamic eddy-viscosity relation-

ship for the SGS stress field is derived for the transformed space

according to the spatial order-of-operations described by Jordan
Resolved and Dynamic Modeled Field Equations [9]. This model is equally capable of capturing backscatter of
urbulent energy as transferred from the modeled scales to the
fhest resolved ones across the cutoff wave number. In its contra-

. . . . t
The impetus of the present work is the spatial resolution of th
Bariant form
witl

turbulent circular cylinder wake at subcritical Re using stab
spectral-like compact differencing schemes. These schemes
be applied to both the DNS and LES system of equations. The P R =2CK2|§|§< @)
LES governing equations are derived by spatially filtering the cor- R

responding DNS system where all turbulent scales removed by fjgere the variabl€ is considered as the dynamic coefficient. The
filter process are classified as the subgrid-sceB€sS. As noted fjtareq metric terns® transforms the trace of the Cartesian stress
earlier, both the DNS and LES equations will be transformed to a o . .
curvilinear coordinate systerfé, », ¢ in the streamwise, trans- ©€NSOr @), which is coupled with the transformed pressure vari-
verse, and spanwise directions, respectiveljthough this trans- Pl€ in the computation. The turbulent eddy-viscosity)(is ex-
formation is straightforward for the DNS system, the LES derivapressed asr=CA?|S| where|S|=y2S;S; _is the magnitude of
tion formally involves two spatial operations. the resolvable strain-rate tensog;) and A is the local filter

Resolved Field. The order of spatial operations is importan%N'dth' Like the velocity components, the contravariant of the

. . . _k_ K~ .
to ensure that the filter is not ill-definefs]. By performing the Strain-rate tensorg) is defined asS‘= VO£ S where S; is
transformation operation first, one guarantees that the filter kereeimputed along the curvilinear lines in the physical domain.
is directed along the curvilinear lines. Starting with the conserva-

tive Cartesian form of the Navier-Stokes equations along Wit(_E] Eg;??é%rgoﬁggf:téf Eqir%”‘g('joer; gg:ﬁ%?éﬂ?it:ﬁgrsvsimogxf%r&
continuity, the governing LES system appears as y p P

itly filtering the grid-scale LES equations a second time by a test

o d filter (caret symbal Its width (A,) is set at twice the local grid
Continuity: ——=0 (1a) - I . . .
P spacingA;=2A;. Test filtering along the curvilinear lines is eas-
ily achieved in either the physical domain or computational space
. — . P I '
(NEUi FISLTT a‘fgsngp 3o_ik because aII_ reqwred_expllcn fllte_rlng_ occur after thg coordlna;fe
Momentum: + - L transformation operation. When filtering in the nonuniform physi
at ok A& A& cal domain, one can avoid the associated second-order error by

_ numerically evaluating each contributing first-order term prior to
Kool I the explicit filter operation. We must also be careful to insure
99 &_§| rotational invariance o€ in both the physical domain and trans-

formed space. The proper procedure requires writing the
The transformation operation redefines the real SGS ste€$sr(  error function in the physical domain, then minimizing its

terms of the resolved Cartesiaru,¢,w) and contravariant square to give

19

+
Redg&k

. (1)
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LK. MK group the kinetic energy terrfthird term of this form as an
= (3) ingredient in the resolved pressure gradient. Mansour ¢t.a].
2A2MK - MK proved that the rotational form conserves both momentum and
for the model coefficient. Notice that this expression operates GREMY In the theoretical sense. Howev_er, standard d_|scret|zat|on
the inner product of the Cartesian tensor components®aind schemes that employ staggered or semi-staggered grld_ molecules,
K . ! to offset the pressure and velocity nodes for preserving strong
M in the computational space. Those tensors are defined oy pling, violate the energy-conservation principle. Moreover,

Lik:-rik,;rik (42) the leading error of the rotational form close to wall boundaries
o is on the order of Rfe(based on the shear velocity,), which
T— 35K T,=2CA29 S (4b) is 1 to 1C° times larger than alternate forms of the convective
e derivative,[14].
MK=a?|S S —|S|S¢ (4c) Finally, the fourth form derives its roots from the numerical

L i i o . stability improvements accomplished by Arakaji®]. Arakawa
with filter width ratio a=2. Specific information about the dy-¢,used on correcting the “noodling” problem near wave number
namic eddy-viscosity model that discusses its proper implemenigioft (observed erroneous flow structures due to aliasing and
tion and “a priori” response within the turbulent wake was rey oy resolved waveshat leads to uncontrolled growth of tur-
cently described in detail by Jord). bulent energy distributed over the upper 1/3 of computed wave
numbers. The Arakawa form conserves momentum and energy in
Compact Differencing the discrete sens@inder symmetric stencilsand gives superior

In the following DNS and LES wake computations, we Wi”grid-scalle solutions over the rotationgl form near solid wall
treat several forms of the convective derivative with spectral-likkoundaries[15,16. Kravchenko and Moir17] advocate the Ar-
resolution. Inasmuch as the truncation error will be several ordét§2wa form for minimizing aliasing errors and promoting numeri-
higher than the second-order-accurate SGS model, we should &-Stability in LES computations.
pect do_minant pockets of contributing eddy viscosity th.roughout Treatment of the Convective Derivative. The “noodling”
the entire turbulent wake. An attempt to implement high-ordejyoplem coined by Arakawa is a prime threat of numerical insta-
compact schemes for all the remaining terms is a difficult angjiyy, without a natural dissipative element in the compact
expensive task, es_pemally when dealing with complex t°p°|°9"“s%heme(to augment the SGS modethe flow solutions may ul-
Besides the diffusive and pressure terms, we must approximgi@arely diverge. Alternatively, one can control these waves
the SGS model and the metric coefficients with high-order diffefy.o,gh intermittent explicit high-order adaptive filtering. But for
encing to guarantee accuracy beyond second-order throughout {8 niex irregular domains this choice introduces a third spatial
domain. Moreover, all explicit filtering must be performed in the,,aration when deriving the final form of the LES equations and
computational space when the LES system of equations is plagedeopling with the convective derivative differencing does not
in a curvilinear coordinate framework. Thus, in view of the adz,mmyte, lowers the resolving efficiency and is difficult to imple-
vanced techniques for adaptive gridding the simpler choice mgysny' simyitaneously in three dimensions. These latter facts were
be to locally adjust the grid spacing in response to the respectiygnonsrated by Ladeinde et §18] who computed the kinetic
demands placed on the spatial resolution. energy spectra of decaying isotropic turbulence using both fourth-

Forms of the Convective Derivative. We will resolve the order and sixth-order compact schemes that were coupled with
transformed convective derivative by compact differences in o@rious orders of filtering. Over a relatively broadband range of
of four forms. finest resolves scalés-1/2 decadg Ladeinde et al. were able to

— reproduce the damped-energy effect of a low-order explicit up-
UKy, wind scheme or the excess-energy tailing of unresolved scales
P (53) simply by varying the coefficients associated with the specific

compact filter kernel. More recently, Visbal and Rizzefti®)]
_ auku  — gu _auk — du; were able to duplicate the correct energy spectral distribution for
Advective (A) ” :Uk_k+ui_k:Uk_k (5b) the same test case as Ladeinde et al. using high-order compact
2 2 12 23 filter kernels throughout the solution domain.
— — Inasmuch as the turbulent wake houses strong convective pock-
_Ukﬂ_ f‘kgﬁ ets of concentrated energy production near the exit bounfddry,
Xi Jagk intermittent dissipation is necessary to insure sufficient damping
of the under-resolved energy. We cannot expect enough help from
a%@tﬁ,ﬁj the SGS model if one resorts to a dynamic eddy-viscosity formu-
+ (5c) lation. This conclusion become apparent “a priori” in view of the
9E model performance studies by Jordg@] and the experimental
evidence of Cantwell and Col¢$] for the circular cylinder wake.
While the latter measurements unveiled strong correlation be-
tween the regions of peak turbulent energy production and peak
(5d) Reynolds shear stress, the former evaluations noted the complete
inability of the dynamic eddy-viscosity model to capture the real
Shear stress. Thus in the vain of a “true” LES computation, one
can argue that a user can rely on the inherent dissipative element
of a high-resolution upwind approximation for the resolved scales
tS inhibit spurious oscillations near cutoff. To address this issue,

Divergent (D)

. Uk — au;
Rotational (R) U = ”
23 123 123

gUku,  1foUku — au; _ gUk
Arakawa (K) =5 U S U
oE 2| p¢ 9€ 9&

The first form is the divergent form, which easily conserve
turbulent momentum and energ@yith continuity satisfiedl using
the proper symmetric differencing stencif40]. Conversely, the

is well suited for high-order upwinding when designing DN wo possibilities that hold reasonably high resolving efficiency

. 9 X nd natural stability characteristics.
strategies for solving incompressible wake flows because of the

expected absence of any discontinuities. As illustrated by Ten-Compact Upwind Differencing. Compact upwind differenc-
nekes and Lumley12], decomposing the divergent form can deing offers strong stability where specific stencils can be derived
rive a rotational form of the convective derivative. Herein, wé¢hat house good resolving qualities while suppressing spurious

the solutions fully satisfy continuity10,11]. This particular form %
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Fig. 1 Dispersive (a) and dissipative (b) errors of the present compact upwind differences compared

to three explicit schemes; O (2) explicit second-order central differences, O  (3) explicit third-order up-
wind, O (5) explicit fifth-order upwind, O (5c) compact fifth-order upwind, and O (3cb) one-sided com-
pact third-order upwind

instabilities. Adams and Sharif20] demonstrated these characpected poor resolution especially near vortex exit. We found that
teristics by testing both low and high dissipative hybrid schemepwind interpolation §) of the node velocity variables to com-
for shock-turbulence interaction problems over uniform gridgute the cell fluxes dampened the spurious oscillations that were
They noted that their compact upwind biased scheme preservesean when using the respective Padencil. The contravariant
good dispersive nature while adequately extinguishing poorly reelocity components served to orient the stencil direction. For
solved turbulence. Herein, a compact upwind scheme that hofdsirth-order accuracy, the backward schert0) appears as
strong resolving power for the non-conservative forms of the con- - L

vective derivative is tested for resolving the turbulent wake. In afi+1t B0+ ydi-1=a0i+ 12T bG 1ot Chz2  (7)

particular, the stencil is three-point implicit and four-point explici(,\,herewﬂ’ y,a,b,c)=(1,10,5,5,10 1). Regardless of the flow

whose spatial accuracy is fifth-order. For the general velocity vagirection, this stencil cannot be applied any closer to nonperiodic

ableq, its derivative 1) in the curvilinear coordinate framework houndaries than the second internal cell face. Tests showed that a

(unit spacing is evaluated at grid poirtf) by one-sided third-order interpolation for the first cell face is incon-

/ / . _ ! _ sistent with the adjacent field sten@lingularities arisg To avoid

aGistBO T Y1 =aG 1 TG eg - Tda 2 (63) il complication we evaluated the flux vector on first cell face off

where(«, 8,7,a,b,c,d)=(3,18,9,10,9; 18,— 1) for U*>1. Nor-  all nonperiodic boundaries explicitly to the second-order.

mal to no-slip boundaries, this compact scheme can approximateStaying with fourth-order field accuracy, the conservative con-

the convective derivative no closer than the second internal poingctive flux (f') is now evaluated at each node point given the

Adjacent to walls, most developers commonly treat the conveistterpolated flux(f) according to
tive derivative with low-order one-sided differences or explicit , , ,
filtering. These approaches always lead to poor resolution quali- afi i +afi_=a(fi o) (8a)

ties near the wall that degrades the adjacent field accuracy. Qg (a,a)=(22,24. Like the fifth-order scheme, we can use
can compensate this loss with finer grid spacing, but we know ”I%mpact third-order accuracy near the boundaries
this simple fix dramatically raises the computational requirement
and taxes stability. Herein, we choose to apply one-sided compact fi+afl =rf_ptsfiiypttfiiag (8b)
third-order upwind differences to the first field point that closelzv. - _
matches the resolution efficiendpr slightly bettey of the field With the coefficientsa,r,s,t)=(-1,1,2-1).
solution. This stencil appears as Resolving Power. Differencing the DNS and LES convective
, e _ _ derivatives introduces a low-pass filter that lowers the accuracy of
Gi NG 1 =Gt SGHTG B0)  resolved wave numbele< Kmax; Kmax iS the cutoff wave number
where (\,r,s,t)=(2,2.5-2,—0.5 when U*>0. An important defined by the respective grid spacirk,g=/Ay). This reduc-
consequence of combining Eq$a) and (6b) is that the implicit tion varies according to the resolving power of the numerical ap-
tridiagonal entries are automatic for the field points with only aroximation that is selected for the convective terms. We can
simple Dirichlet contribution from the boundary. quantity this power by performing a Fourier analysis of the above
stencils and then examine the resultant modified wave numbers

Upwind Interpolation and Cell-Centered Differencing. An - . . . .
alternate choice to a compact upwind stencil is cell-centered-Padly)- Each upwind scheme will produce both real and imaginary

type differencing for evaluating the conservative convective déxpressions fok that reveal its dispersivek() and dissipative
rivative. However, we found that coupled high-order Ragee (k;) nature, respectively. Conversely, the Pagjge stencils are
differencing for the interpolation and differencing phases genestrictly dispersive.

ally lead to divergent solutions starting in the wake regions of The resolving power of the compact upwind sten¢iss. (6))
coarse gridding. Specifically, “wiggles” appeared early in thés compared in Fig. 1 to an explicit second, third, and fifth-order
pressure contours that were largely attributed to the redistributiapproximation. One can see that both upwind schemes share simi-
of poorly resolved small-scale energy. Numerical stability wasar resolution properties that excel well beyond the explicit evalu-
strongly enhanced by switching to compact upwinding for conations. This simple fact is a distinct advantage over many similar
puting the cell velocity fluxes. This idea tackles regions of exapproximations by guaranteeing consistent resolution efficiency
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Table 1 Modified cutoff wave numbers  k, and k; (scaled by  energy with only a 10% loss of resolving pow@able 2 if stan-

kmax=m1A) where all resolved waves are at least 90% resolved dard compact interpolation ¢4) is introduced rather than explicit
(see Fig. 1 for notation ) filtering.

- But the coupling of fourth-order Padehemes for the interpo-
Stencil 2 O3 o5 O(5¢ O(3ch - . - . o
- a2 ® © (59 (3ch lation and differencing phases of the convective derivative ap-
kAl 0.25 0.59 0.45 0.53 0.72  proximation is still well below reasonable resolving efficiency.
KAl e 0.37 0.53 0.66 0.47 Our resolving efficiency is strong for only about one-half

(A~0.53m) of the resolved wave numbers. Alternatively, we can
gain substantial resolution power and control stability if the inter-
polation phase incorporates the fourth-order upwind stencil in Eq.
throughout the entire field; especially near the boundaries. Théf. We will not lose the option of evaluating the conservative
spectral-like character is further given in Table 1, which lists thigrm of the convective derivative by Padifferencing the cell
scaled cutoff wave numbei & k/kmax) where the resolving effi- fluxes. The respltant modlfled_ wave nur_nbers are much like that of
- the compact fifth-order upwind stencil. Moreover, nearly 3/4s
\~0.727) of the waves are well resolved. This gain is attributed
e substantial improvement in the transfer function of compact
§owind interpolation. Only a 3% loss of wave amplitude is real-
Ld ath~0.72r (90% resolving efficiencyfor the upwind inter-
y - olation phase versus a 32% reduction using a fourth-order Pade
The dissipative error of the proposed compact upwinding

compared to explicit third-order and fifth-order upwind differ- theme. Controlling the high wave number aliasing and under-
A L resolved energy is handled by the dissipative error introduced dur-

ences in Fig. (b). Both compact approximations soften attenuai-ng the upwind interpolation phase. As shown in Figo)2 this

tion of the oscillations until much higher wave numbers. For in-rror is scattered over the upper 1/‘3 of the resolved waves

stance, the fifth-order scheme lowers the dissipation error for ’

kA_<O.807r and_ kA_<O.857r co_mpared to the (_ex_plicit fifth _and Wake Simulations
third-order upwinding, respectively. This benefit is emphasized in ) )
Table 1 where the dissipation error of this compact scheme isThe turbulent wake of the circular cylinder holds a wealth of
reduced by 25% compare to its explicit counterpart for waves thgRmplex flow behavior. The historical evidence unveils three well-
are 90% resolved. An unfortunate consequence of using compk@wn regimes that constitute distinct physics. In the immediate
third-order upwinding is that its dissipative error will severelyvake, the formation region is relatively quiescent in view of its
damp most of the fine-scale fluctuations near the walls given tR€amwise coherency. In addition to the streamwise and trans-
same spacing as the field. Moreover, contributions from the SESrse grld.resollutlon, accurate prediction of the turbulgnt statistics
model will most likely be negligible near the walls. To minimizein this regime is equally dependent on the flow domain spanwise
these adverse effects, we must cluster the grid lines near the wigngth and respective point spacing. Adjoining the vortex forma-
This practice is not uncommon because the flow gradients &i@n regime is an upper and lower free-shear layer that house the
highest there. But according to Fig(bl, the first point spacing defining physics of transition to turbulence. Properly resolving
should be at least 20% finer than the immediate adjacent fidl@nsition in these layers requires concentrated streamwise and
spacing to circumvent overdamping of the fluctuating flow conftansverse gridding much finer than the adjacent outside inviscid
ponents near the wall. and inside formation regions. Beyond these two domains lies the
When interpolatior(or explicit filtering) is executed prior to the Karman vortex street. )
differencing approximation, the respective wave numbers areResolving the structural content of these three regimes at all
modified twice. We can quantify the resultant values by includingcales is well beyond the scope of our intent. The impetus herein
the transfer function that is associated with the interpolatmn IS achieving accurate and stable solutions of the wake statistics by
pre-filtering phase. In terms of the present grid molecule invohmplementing spectral-like differencing stencils in the conserva-
ing interpolation, this function measures the fraction of the wavetlye and non-conservative forms of the convective derivative.
amplitude that is transmitted from the node points to the cell ii=hanging either the derivative form or the differencing stencil can
terfaces. In our ana|ysi3, it does not matter whether we pre Qﬁntrol Stablllty of the Computatlon,_ but the resolution CharaCte_r of
post-interpolate if the boundary conditions are assumed to be e latter largely governs the solution accuracy. Through previous
riodic. Pre-interpolating evaluates the convective fluxes as ~ experimental measurements and computational results, Kolmor-
~ gorov scaling is provided at specific points within the three re-
Gog=Aq (9) gimes of the near wake. Herein, this information permits careful
where the transfer function() of any wave is synonymous with comparisons of the spectral content of the computed wake statis-

the matrixG~!A. The Padeifferencing stencil operates on thelicS relative to wave number cutoff.

ciency (g) drops to about 90%; i.es, =k, (\7)/\, [4]. By ac-
cepting this cutoff as a reasonable benchmark, the table show;
50% gain in resolving power of the fifth-order compact upwin
differences over its explicit counterpart and at least a 200% bet
efficiency than explicit second-order central differences.

interpolated quantities as Spatial Resolution. To resolve the turbulent statistics of this
H§ =BG (10a) canonical flow by DNS computation at R8900 (Re=UD/v), a
fixed symmetric O-type grid was generated with 32U1x64
or points in the streamwis€ lines), transversd  lines) and span-
' =(GA)(H 1B)q. (100) wise directiongz or ¢ lines), respectively. Jordafb,9] discussed

the specific spatial resolution characteristics of this structured grid

Fourier analysis of a singl@’ wave leads to the modified wavethat justify its use for a DNS computation at R8900. For the
numbers shown in Fig. 2 for the various stencils studied hereioresent O-type grid, the circular boundaries emanate 12 diameters
This figure also shows the resultant wave numbers of expliéiom the cylinder center and a transformed set of Euler equations
sixth-order and compact eighth-order filtering acting before comere found satisfactory to exit the shed vortices with no pressure
pact fourth-order differencing. Clearly, the net resolving efficiencseflections directed upstream. A branch cut was inserted upstream
of the compact fourth-order approximation could drop belowf the cylinder to circumvent additional numerical complexities
simple explicit second-order differencing at the higher wave numeeded to resolve the wake turbulence across the cut.
bers KA>3/4) if the stencil operates on sixth-order explicitly Spacing along the circumferentigtlines is uniform, but these
filtered quantities. This fact easily explains why one would gailines were clustered toward the cylinder surface to avert biasing
an enhanced stability in the corresponding DNS and LES compesolution of the dissipation ratgs,9]. The 64 points in the span-
tations. As an alternative, we can control the high wave numbeise direction are uniformly distributed ovetD length with pe-
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Fig. 2 Differencing, interpolation and filtering stencils; notation O—indicates order; 2, 3, 4, 5 and
6—order number; c—compact differencing; cf—compact filtering; i—explicit point interpolation;

f—explicit filtering; ci—compact interpolation; cui—compact upwind interpolation. Example,

O(4c4cui) denotes fourth-order compact differencing of fourth-order compact upwind interpolated
quantities.

riodic end conditions. According to the empirical expressioacale numerics and the SGS model are expected to stabilize the
\,/D~20Re ' by Mansy et al[21] and Williamson[22], this computations by sufficiently dissolving the energy scales over the
spacing resolves each spanwise wavelength ¢f the large-scale latter 40% of the near wake grid.
streamwise eddies by a minimum of seven points of fourth-orderinasmuch as the instantaneous flow constitutes three elements
accuracy. We note that the scaled inertial subrange of the wakfobal mean, periodic mean, and randothe random field sta-
turbulence is fully resolved up to nearly five diameters downstics are acquired by phase averaging. Below, the computed tur-
stream. ) , , o ___ bulent energy spectra depict averaging of three datasets. Each
e LES 10 houses wice the 10 spacing 1 all Yoot hase sccoring 1o e measurea Sounal rumber
1/2 the number of cémputational po,ints generated for case 2 {~0.21,[24], St=fU/D wheref is the shedding frequency of the
shed Karman vortices. Averaging three datagsth a 50% over-

Kravchenko and Moir{23] who solved this flow by a B-spline . SN .
technique. The resolved scales of the present LES grid includd®g) reduced the predicted dissipation rate error in the DNS com-

portion of the inertial subrange up to seven diameters dowRUtations to within 2% of the experimental measurements. This
stream. Spanwise, cutoff lies near the lower end of the inertigfocedure produced over 300 spanwise realizations for determin-

subrange. Thus, the combined dissipative mechanism of the griildd the energy spectra from the DNS results where each compu-
tational point is treated as a separate event.

- Low-Re Simulations: Re=200. Before attempting to resolve

Table 2 Modified cutoff wave numbers k, (scaled by the turbulent wake ohvsi desire t f | limi
Kmax=71A) where all resolved waves are at least 90% resolved € turbulent wake p_ ysICS, we desire to per orm several prelimi-
(see Fig. 2 for notation ) nary tests to essentially assess the solution accuracy of the pro-
- posed stencils as applied to the various forms of the convective
Stencil  Q2) O(4c) O(4c6f) O(4cdc) O(4cdcu)  O(5c)  derivative. Three-dimensional simulations at=Rz00 will serve
kAl 025 0.59 0.45 0.53 0.72 0.79 our intention where the near wake is laminar, but unsteady. The
streamwise and transverse grid resoluti®&1<99) are identical
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Table 3 Parameters from simulations of the cylinder wake at Re =200 (see Fig. 2 for notation ); C, : lift coefficient, Cp: drag
coefficient, St: Strouhal number, /. : formation length, C,g: base pressure coefficient, and 6, : separation angle
Computations
Parameters Experiments 81X85X%3 [25] D(4c4ci) D(4c4cui) A(5¢) R(4c4cui) K(4c4cui)
C; +0.65 +0.51 +0.18 +0.38 +0.52 +0.34
Cp 1.3 1.31+x0.04 1.39%0.025 1.29+0.005 1.35+0.05 1.44+0.08 1.31+0.03
Wwille [31]
St 0.182+0.03 0.20 0.201 0.195 0.195 0.195 0.195
Norberg [32]
1, 1.4 1.44 1.35 1.35 1.47 1.45
Gerrard [33]
—Cpp 0.86 1.09 1.05 1.13 1.36 1.09
Norberg [32]
0 115°*1° 112 113 113 113 113
D&H [34]

References cited in Table ajfg1-34.

to the grid spacing tested by Jordan and Rd@abTo capture the Knowing that wavenumber cutoff is beyond the inertial subrange

spanwise fluctuations, we added 32 points equally distributed othroughout the formation region of the DNS grid at=R#900, we

7D length in thez-direction. would not expect notable improvements in the energy spectra pre-
Table 3 lists several mean characteristitse-averaged over dictions by increasing the spatial accuracy of the advective deriva-

seven shedding cyclgthat are commonly compared when testingive (¢,7-directions from the explicit third-order to the compact

the accuracy of proposed solution methodologies for the cylindgfth-order scheme. This deduction is clearly evident in the com-

low-Re wake. Experimental measurements from various sourgggrisons to the experimental data along the circumferential line

are included in the table as well as the computations by Rosenfejgh = 3.0 as illustrated in Fig. ). Cutoff at this radius ik7gy

et al. [25] who used a second-order-accurate technique over—a) 125 which extends into the dissipation range of the energy

slightly coarser grid81x85x3). Apart from the rotational form, spectra. Although a minor improvement is indicated, sufficient

the predicted mean properties of each simulation closely agrgeatial resolution is provided to alleviate overdamping of the fin-
with the experimental evidence. The inaccuracies given by the; resolved scales by either scheme.

rotational form are directly attributed to the large truncation error g iher downstream at'D = 7.0 (Fig. 3(b)), where cutoffk 7
emanating normal from the cylinder surface. The largest error isj 47 jies near the upper bound of the inertial subrange, the

evident in the predicted mean base pressure coeffici€pg)(

which is also depended on the neighboring streamwise and sp
wise resolutions. However, at this Re this parameter is on
weakly depended on the spanwise fluctuations since they w

typically less than 10% of the mean streamwise velocity inside t

formation region.

Padedifferencing in the spanwise direction; notatior{5&4cj.
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Fig. 3 DNS results of the explicit third-order and compact fifth-order differencing
tive) of the streamwise energy spectra
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superior resolving power of the compact fifth-order upwind stencil

comes apparent over the explicit third-order scheme. The dissi-

raetive error of the third-order stencil shows distinct signs of ex-

Ssive damping over nearly 1/2 of the grid-scales. At cutoff, the

issipation rate in Kolmorgorov units of the third-order scheme is
only 1/3 of that resolved by the compact ster&ilg. 4a)). The

DNS and LES Results. In the DNS computations, the fifth- truncation error of the former stencil clearly governs dissipation
order compact stencil was combined with standard fourth-ordef the energy forward scatter when cutoff lies within the inertial
subrange. The effects on turbulence production are equally dam-
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Fig. 4 DNS results of the explicit third-order and compact fifth-order differencing (advective deriva-
tive) of the streamwise dissipation rate and turbulence production (both in Kolmorgorov units ) com-

pared to the experimental measurements,  [24,26]

aging. As shown in Fig. @), the energy produced in the neara finer spatial resolutiori144x136x48 grid. The present LES
wake at this downstream location is only 1/2 of the experimentplofile atr/D=5.0 shows a slight degradation of the predicted
data. Conversely, the truncation error of the compact fifth-ordepectral energy that is largely attributed to the cutoff wave number
stencil shows no marked degradation on the resolved productiging inside the lower bound of the inertial subrangknf
and dissipation of turbulence even when the cutoff wave number0.041). Specifically, the spectral energy is under-predicted at
extends into the inertial subrange of the corresponding energytoff by about 50%. The figure also shows the phased-averaged
spectra. energy spectra of the corresponding SGS field. Encouraging signs
In the following LES results, upwind interpolation was necesare indicated at the lower wave numbers where the model contri-
sary in the spanwise direction to maintain converging solutionButions improve with decreasing spatial resolution. Unfortunately,
notation A5c4cu). Phased-averages of the streamwise total enpposite contributing characteristics are evident at the resolved
ergy spectraresolved plus modglare compared to the experi-moderate to high wave numbers. Overall, the model contributions
mental measurementf24,26], in Fig. 5a) at downstream radii to the total energy field are essentially negligible.
r/D=1.0 (formation region and r/D=5.0 (vortex street This A striking degradation of resolved energy only became apparent
figure includes the energy profile of explicit fifth-order upwindvhen the advective derivative in the spanwise direction was
differencing for the convective derivative at locatiefD =5.0 as switched from the Adcui) scheme to the compact fifth-order sten-
reported by Beaudan and Moj@7]. Their computations as well cil A(5¢). The harmful effects that were originally discovered by
as the experimental measurements were converted from the Beaudan and Moif27] are clearly reproduced in the energy spec-
quency spectrum to the wave number spectrum using Taylotta, which are shown in Fig.(b). We can observe discernible
hypothesis[24]. Interestingly, their explicit upwinding still se- damping of the transverse spectid,f) even when the inertial
verely damped the finest resolved wavenumbers compared to subrange is fully resolved at the grid-scale levieh(=0.142 at
present compact fifth-order stencil even though they implementetD = 1.0). Notably, the SGS model spectra are equally affected
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Fig. 5 Phase-averaged LES computations using the compact stencil A (5c4cui); (a) compari-
sons of the streamwise energy spectra to the experimental measurements, [24,26] and LES
results of Beaudan and Moin [27], (b) switch from fourth-order Pade ~ to compact fifth-order
stencil in spanwise direction A (5c5c)
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108 7 eddy-viscosity model responds to aliasing by over-contributing
] Cut-off ;  ; Cut-off broadband SGS energy for this same range of resolved wave num-
104 4 wWp=5 1 ;D=1 bers. We can further observe that the SGS model performance is
3 P counter-productive, meaning that contributions degrade with
10° | < downstream distance over all resolved scales.
Q The instantaneous spanwise structure of the turbulent wake is
2 i an excellent indicator of the expected energy spectra. Evidence of
‘é 102 5 - —— o this fact is displayed in Fig. 7 for the three stencils just discussed
= . where the pressure contours resembl2 &anwise-streamwise
R 101 5 O-,WS%% cuts taken along the downstream symmetry plad®&0.5). We
E first note that each stencil resolves the largest scales equally as
1 000 Re=23900 ° I e : L
10° 4 44 Re=4230 u indicated by their similar maxima and minima. However, the left
E ° figure, which denotes compact fifth-order differences in all direc-
1 Field 1/D=1.0 r/D=5.0 ® tions, clearly lacks the intermediate and fine turbulent scales that
107 2 Total --- — ‘ constitute the resolved inertial subrange within the formation re-
18GS wwr oo gion. Conversely, the &cui) scheme results as shown in the cen-
102 L B e B A AL AL ter figure are plagued by aliasing in the vortex street due in an
10+ 103 102 101 100 10! insufficient grid resolution and under-achieving SGS model. The
kng turbulent physics of the wake are best resolved by the present
grid-spacing using the compact fifth-order stencil in the wake di-
Fig. 6 Comparisons of the streamwise energy spectra to the rections coupled with the fourth-order cell-centered Pscieeme

experimental measurements  [24,26] along radii r/D=1.0 and  (with upwind interpolationfor differencing the spanwise convec-
r/D=5.0; scheme K (4cui) tive derivative; notation A6c4dcu). These results suggest that
given permanent restrictions on generating sufficient spatial reso-
lution throughout the turbulent wake, a suitable differencing strat-
by the stencil change. This result is expected because the S&y is a spectral-like upwind scheme for the convective derivative
model contributions are determined through explicit filtering than the direction of degrading spatial resolution with momen-

finest scales of the resolved field. tum and energy conservation satisfied in the spanwise periodic
The streamwise energy spectra as predicted by tticu) direction.
scheme is compared to the experimental measuren{@#6, We can further explore the resolution efficiency of the

in Fig. 6. The notation Kdcui) denotes cell-centered fourth-orderA(5c4cuj scheme by comparing the total Reynolds stresses and
Padedifferences with fourth-order upwind interpolation as appliethean streamwise velocitiFig. 8) transverse to the wake center-

to the Arakawa form of the convective derivative in all directiondine to the hot wire measuremenf&8], and previous LES results,
Similar to the previous fifth-order stencil for the advective derivd27,29,3Q. Apart from the peak values, the present normal stress
tive (Fig. 5@)), the K(4cui scheme gives the correct spectrallistributions within the formation region closely agree with the
magnitudes and distribution of the resolved energy-bearing scafee-grid second-order LES results. However, the peak experimen-
of both the fine-grid formation region and coarse-grid wake. Howtal values are replicated to within 5% by thé5&4cu) scheme.
ever, this conservative scheme also generated an excessive en€élgymean velocity profiles indicate a U-shape that differs from the
buildup over the upper 25% of resolved wave numbers/Bt experimentally measured V-shape. Recently, this difference has
=1.0 that comprise the inertial subrandey=0.142). While the received much attention and is argued to be attributed to the span-
stencil is apparently stable enough to insure convergent solutiomise resolution. Kravchenko and Moif23] achieved the
over coarse grid-spacing, the SGS model coupled with the inhé&f-shaped profile by using 48 points equally distributed owEr

ent dissipative element of upwind interpolation does not suffiength. Their LES computations were second-order accurate and
ciently control aliasing of the finest grid scales. Moreover, théivergence-free with fine O-type gridding. But as illustrated in the

(a) (b) (©

Fig. 7 Spanwise-streamwise instantaneous pressure contours; stencil A (5¢5c¢), max.
0.41, min. —1.5, incr. 0.065; (b) stencil K (4cui), max. 0.15, min. —1.5, incr. 0.055; (c¢)
stencil A (5c4cui), max. 0.30, min. —1.5, incr. 0.06
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Fig. 8 Comparisons of the time-averaged streamwise (u'u') and transverse (v'v’) total
Reynolds stress using the A (5c4cui) scheme to the experimental measurements,  [37], and
previous LES results, [32,33]

figure, these same profiles can be predicted with 32 p¢88% order stencil for differencing the conservative Arakawa term.
reduction if one substitutes the fifth-order compact stencil foHowever, either choice must be coupled with a conservative sten-
discretizing the advective form of the convective derivative. Well in the spanwise periodic direction.
note that the LES computations shown in the figure over-predict
the mean streamwise velocity within the free-shear layers. This
result is a direct consequence of the O-type grid where concen-
trating sufficient resolution locally within the shear layers is inal Remarks
difficult task. Today, fluid dynamists who are attempting to resolve the turbu-
Apart from the observed disparity in the energy spectra ameint wake structure and statistics of bluff-bodies have essentially
turbulent structure, we can still pose a final argument favoring titwo core options of control when implementing a DNS or LES
two upwind strategies of differencing and interpolation. The panethodology. Over the past decade, we have learned much about
rameters list in Table 4 best gauge the accuracy of the numerihs requirements of one option for improving our predictive accu-
and the adequacy of the wake’s grid resolution. Each LES comacy; namely, the grid resolution. Most notably, accurate predic-
putation listed in the table implemented a spanwise lenigih ¢f tion of the near wake’s streamwise pressure field when using dis-
7 diameters. Both upwinding strategies generated comparabtetization techniques demands sufficient length and spacing
mean values for these cylinder wake parameters within the expewidth in the spanwise direction to resolve the turbulent content of
mental uncertainties. In view of the three analogous computatiotise local contributing structures. Moreover, the far-field vortex
this evidence indicates that one can attain equivalent accurayt boundary should be placed sufficiently downstre@mleast
with less spatial resolution by substituting as the convective elen diameters beyond the formation regide permit use of
ment either compact fifth-order upwinding for approximating theoarse grid spacing and approximating flow boundary conditions
nonconservative advective derivative or the cell-center fourtlbutside the field of interest.

Table 4 Mean parameters from simulations of the cylinder wake at Re =3900 (see Table 3 for parameter notation ); 1: Ref. [27], 2:
Ref. [29], 3: Ref. [30], 4: advective form (Stencil 5 c4cui), 5: Arakawa form (Stencil 4 c4cui), 6: advective form (Stencil 5c5c¢ )

LES Computations (L,=7D)

Parameter Experiment 144X 136 X481 | 165X165%x322 | 9X10° cells® | 161X 121x32* | 161x121x32° | 161x121x329
Ch 0.98+0.05 1.00 1.07 131 1.04 1.01 1.18
Norberg [35]
St 0.215%0.005 0.203 ‘e 0.216 0214 0.195 0.195
Cardell [36]
Cps —0.90%0.05 —0.95 —-1.01 .o —0.97 —0.94 -1.23
Norberg [35]
I, 133202 1.36 1.20 1.00 1.28 132 141
Cardell [36]
c’ 0.08 (Re=5,000) .o .o .o 0.067 0.061 0.179
Pmax Norberg [32]
u 021 0.18 0.23 0.25 0.40

Lourenco&Shih [28]

A 85+2 86 88 s 854 854 85.4
Son et al. [37]

References cited in Table aj28], [32], [35-37].
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The second option of choice that strongly influences the soltially independent of the tested convective derivative or stencil.
tion accuracy certainly deserves more attention than the preced®aonversely, a close look at the instantaneous turbulent eddy vis-
one. This option was the focus of the present development. Poesity revealed levels increasing with degrading spatial resolution
viously, we learned that explicit upwinding for discretizing theand exceeding the molecular viscosity by a order-of-magnitude
convective derivative is suitable only under fine gridding of DNSvhen the inertial subrange was largely unresolved. This observa-
quality. This fact is confirmed under the present DNS predictiorion suggests that the dynamic eddy-viscosity form of the SGS
of the turbulent wake where explicit third-order upwinding andnodel can respond to stabilize the LES computation in the coarse
compact fifth-order upwinding attained equal results of turbulegtid regions of the turbulent wake when one improves the resolv-
spectral energy only when the respective inertial subrange wiag power of the differencing approximations for the convective
fully resolved at the grid-scale level. These stencils approximatéerivative at the grid-scale level.
the advective form of the convective derivative for solving the
incompressible wake flow of the circular cylinder at the subcrithCknowledgments
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DNS computation by properly resolving the wake spectral physics ~ cylinders,” J. Fluid Mech. 169, pp. 513-533.
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Mixing and Entrainment
Characteristics of Circular and
Ghanshyam Singh § Nloncircular Confined Jets

.1 The present work deals with the experimental investigation of entrainment characteristics
T. Sundararalan of confined/semiconfined circular and noncircular jets. The jet fluid, after issuing out of a

)  Professor nozzle of circular or noncircular cross section, enters a circular mixing tube of larger
e-mail: tsundar@pallava.iitm.emet.in area, and during this process it entrains some ambient fluid into the mixing tube. The flow

is incompressible and isothermal at a jet Reynolds number of 7200. The experimental
results obtained in the study are first validated with the approximate theoretical analysis

K. A. Bhaskaran of Pritchard et al. (1997) and also with the similarity solution proposed by Becker et al.
Professor (1963) for circular nozzles. It is observed that the similarity solution is applicable for
. o circular as well as noncircular jets in the region close to the jet axis and away from the
Department of Mechanical Enginegring, nozzle exit plane. The entrainment ratio increases to a maximum value as the jet location
Indian Institute of Technonogy Madras, is shifted away from the tube inlet; for the configurations studied, enhancement up to 30%
Chennai 36, India has been observed in the entrainment ratio with shift in jet location. For a smaller mixing

tube diameter and jet located at the inlet of the mixing tube, the circular jet entrains more
than noncircular jets. For a larger mixing tube or shifted jet locations, the noncircular
jets entrain more of ambient fluid, in general. Among the different noncircular geometries
considered, the jet having the cross section of an isosceles triangle causes maximum
entrainment.[DOI: 10.1115/1.1595676

Introduction ments(Singh et al[5], Miller et al.[6], and Dahm and Dimotakis
Confined turbulent jets are encountered in several applicatio[r@' In order to enhance entralnment_and mixing, various tech-
nigues have been developed which include active and passive

\S/lfr%]L/aSSTgtL g::g:g; ;#edcféiss’ecsl:nblrj:griz’n tgg\iiséegu?nmtigt%r;flgw control. In active flow control, mixing can be enhanced either
y bp : B forcing the jet at a frequency close to one of its natural fre-

of _c_ombustlon appllances such as atmospheric ae_rated b_urn ﬁsencies with the help of acoustic or electromagnetic deVices
efficient combustion depends on the amount of primary air efi-

. NS - an and Hussaif8,9] and Husain et all10]) or by adding sec-
trained by the jet issuing from a nozzle or orifice. The shape of t ?ldary flow with E;Sr vglithout swirl upstre[am])of theynozil\ﬂ%rtin
t

nozzle cross section can play an important role in enhancing d Meiburd 11]). However, passive flow control is much simpler

level of air entrainment and the extent of mixing between the fl%d economical, and can be achieved in several ways: placement
Jet and primary air within the mixing tube. T_he present study de an obstruction-like body in the near field of the jet, introduction

_tabs or notches at the nozzle exfong and Warhaf{12],

ing into a circular tube. For the sake of simplicity, the jet fluid haﬁ]

- the nozzle cross section from circular to noncircular shape
also been taken as air. ﬁiK

rothapalli et al.[15], Vandersburger and Dinffl6], and Tam
17]).
Un the past 15 years, considerable understanding has been

Flow structure of a confined jet differs fundamentally from th
of a free jet because of the facts that the flow momentum is n

conserved and adverse pressure gradient caused by confinerggifed on flow control using noncircular jet§utmark and Grin-
considerably alters the entrainment ratio and mixing. But it h&}ein [18]). In shear flow control methods, the basic idea is to
t_)een observed that tht_a initial region still bears some of the eSS@stroy the symmetry present in circular jets, by manipulating the
tial features of a free jet. As pointed out by Rajaratridf the na¢raj development of the small as well as large-scale structures.
assumption of self-preservation of velocity profile for circulanpg 4 result, the flow becomes fully three-dimensional and gives
confined jets is also valid in the region downstream of the potefse to greater entrainment and mixing.
tial core. In the pioneering work by Craya and Cuf@f the flow  \1ost of the studies mentioned above deal with noncircular free
field for confined co-flow jets has been described and predictgds only a few studies are available on the flow characteristics of
with the help of a nondimensional parameter called the Crayats which mix with atmospheric air entrained due to ejector ac-
Curtet number C,). The experimental studies of Becker et[&] tjon, in a mixing tube(Kolluri et al. [19]). Typically, this situation
have shown that the flow and mixing characteristics of an isothefrises in a Bunsen burner with air vent open, or in an atmospheric
mal confined jet are unique functions G%. For confined jets, zerated burner. At present, available comparative studies on the
where the velocity of the co-flowing stream is unknown, Pritcharghulent mixing characteristics of circular and noncircular jets of
et al.[4] have proposed an analytical expression for the entraiparious shapes under similar experimental conditions are rather
ment ratio based on simple momentum and energy balance. |imited (Mi et al. [20]). Also, a complete understanding of the
In recent years, efforts haye be_en me}de to charac_terlze the_dSﬁfined noncircular turbulent jet flow is yet to evolve. In particu-
flow field, using both numerical simulation and detailed experjyy, effects of parameters such as the diameter ratio between the jet
and mixing tube, jet location with respect to the tube inlet, etc.,
E:Tgn\tﬂr/_fgoT;g(gfe;]réogfegge;m#éi rbrf agdr_gzsr?(fiér blcation i foRANAL need to be clarified. Therefore, the main objective of the present
oF FLUIDISUENGINyEERINGUII\/IaHUS%Iript r«lacgeiv«la\éI llay the Iflﬂidts E:wginleering DivisionStug1y Is to ex_perlme_ntally investigate the entrainment behavior of
Apr. 25, 2002; revised manuscript received Mar. 3, 2003. Associate Editor:tid. O Varous noncircular jets and compare the features with those of a
gen. circular jet of the same flow area.
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3-D TRAVERSING APPARATUS
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All dimensions are in mm 6_3——l

ENLARGED VIEW OF TEST SECTION

Fig. 1 Schematic diagram of the experimental setup

Experimental Procedure eter ©;= 4A; 7). A traversing apparatus with a least count of
] ) ) 0.1 mm has been used to locate the Pitot tube, while measuring
Experimental Setup. Figure 1 shows the schematic of ex-the flow velocity.
perimental setup used for the measurement of entrainment. Arota pressure and static pressure probes were used for measur-

sharp-edged orifice of 2 mm diameter with standard taps cofy the mean axial velocity. Differential pressure was measured
nected to a water-filled manometer has been designed to mea fig a digital micro-manometer with a least count of 0.01 mm

the jet flow rate. It was calibrated using a positive displacemer%—

type flow meter, which can measure flow rate with an accuracy 8fater column. In order to study the effect of mixing tube diameter
1.667< 10 °m¥/s. Eight different nozzles were used in the n entrainment, three acrylic tubes of 39 mm, 65 mm, and 90 mm

cgisameter were taken. During the initial experimental studies, the

present study, and the relevant dimensions of the noncircular j S . .
in terms of equivalent circular jet radius, are shown in Fig. 2. Tﬁgr\gth of the mixing tube was kept same, while the diameter was

dimensions are so chosen that the flow cross-sectional Agas( varigd. This resulted_in the jet not expanding up to the full cross

equal for every jet considered. In order to fabricate noncircul§ECtion of the tube in the case of larger diameter tube; conse-
jets, a through-hole was first made using a CNC wire-cutting mguently, flow visualization using smoke revealed reverse flow

chine in a copper plate of 17 mm thickndsge enlarged view in close to the exit of the mixing tube. Therefore, in order to keep the

Fig. 1. This hole was later enlarged to the required noncircul&@ystem of jet and mixing tube hydrodynamically consistent, the

orifice shape of 3 mm equivalent diameter, using a wire of 0.dgngth-to-diameter ratio of all the tubes was kept the sainee,

mm diameter in the CNC machine. As length-to-diameter ratio gt2) and this length of the tube was just adequate for the jet to

the nozzle is 5.67, the boundary layer thickness at the nozzle exipand up to the full cross section of the tube. Care has been
is expected to be only a small fraction of the equivalent jet diantaken to ensure concentricity, by aligning the jet and mixing tube
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Fig. 3 Measurement stencil, showing radial interval for different planes. (The
corresponding axial locations are indicated below each stencil. )

Entrainment ratio for circular jet.
28 T

Experiment : e
26 | Pritchard’s relation(%l =0.2) =——

axes mechanically as well as hydrodynamically. Mechanic 24
alignment between the mixing tube and jet nozzle was ensur  ,,
with the help of suitable adapter-like devices and the alignme «- . /
was subsequently verified by the hydrodynamic method using= 20

Pitot tube traverse. /

-Q

18

Experimental Conditions. Experiments were performed for €
constant density flow at atmospheric temperature. Compressed /
was used for the nozzle stream, with a constant air flow rate 14 v
2.92<10 " kg/s (Q=2.4x10"*m®/s), maintained using a flow /
regulator. The corresponding Reynolds number;Rased on o
equivalent jet diametelD; and average inlet velocity; is 7200. 10 . .
The average jet inlet velocity here is definedlys= Q/A, . 15 20 - - 3
As indicated in earlier studig&hanshyam Singh et efB]), the /D
entrainment ratio varies if the jet location is shifted away from theig. 4 Comparison between experiments and Pritchard’s rela-
mixing tube inlet. In order to quantify the variation in the entraintion
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Table 1 Scatter in maximum entrainment ratio

Tube Diameter CJ EJ1 EJ2 EJ3 SJ RJ ETJ ITJ
39 mm 12.810.10 12.3%0.10 12.29-0.15 12.210.19 12.56¢:0.04 12.180.16 12.54-0.22 12.54:0.17
90 mm 30.770.49 29.36:0.50 32.6%0.50 29.0%0.17 28.910.50 31.280.30 30.16:0.47 31.7%0.56
Circular jet (J; = 0.0) Equilateral triangle jet (J; = 0.0)
' i Becker et al. (‘]963) ' ' " Becker et al. (‘1963_’)
1 X-Y Plane ¢ 4 1 Minor axis o g
X-ZPlane = Major axis =
08 | 4 08 [ 1
WU, = exp| - 0.693(R,) 2 ] WU, = exp[ - 0.693(R)* ]
o 06 o 06
E E
04 04 F
02| 02 -
0 . 0 . . .
0 0.5 1 15 2 25 [ 0.5 1 1.5 2 25
(a) ¥os (e) ¥¥os
Elliptic jet (AR =2.5,J;=0.0) Isosceles triangle jet (AR = 2.0, I; = 0.0)
' ' " Becker et al. (1963) . s ‘ " Becker et al. (1963)
1 Minor axis  © 4 1 . Minor axis &
Major axis  ® Major axis  ®
08 . 1 08 ]
WU, = exp| - 0.693(Ry)" ] WU, = expl - 0.693R Y * ]
o 06 s 06
= =
04 04
02 f 02+
o 0 . .
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
(b) Y05 (f) ¥os
Square jet (J, = 0.0)
‘ ' " Becker et al. (1963)
1 Minoraxis @ 4
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08 J
. =expl - 0.693(RY 5]
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o . . . .
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() ¥¥os
Rectangular jet (AR =2.0, J;=0.0)
. ‘ " Becker et al. (1963)
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Fig. 5 Velocity profile on major and minor axis for various jets
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ment ratio for different relative positions of the jet with respect to Variation in normalized center line velocity.
the mixing tube inlet, jet locationJ() was varied in steps of five 8 ' v ' ' T
equivalent jet diameterd) up to 25D; . ] —

For the case with a 39 mm tube diameter and jet located at th 7
base planeJ;=0), detailed in-plane measurements were also car
ried out at the axial locations of 5, 7.5, 10, 15, 25, 40, and 55 je  ®[
diameters within the mixing tube. On each plane, 25 points witt
radial intervals as indicated in the measurement stefraj. 3), 3
were taken. For all other jet locations, measurements were (:arrie:ﬁ”4 |
out only at the top most plane. Here, the primary objective was
quantify the variation in entrainment ratio. The entrainment ratic |
has been estimated as

st

" Re=7200,J,= 0.0

Qi—Q; ar i
R: _
5 o , , . |
0 10 20 30 40 50 60
whereQ,= fju2mrdr. x/D,
Also, Q; andQ; are the volume flow rates within the jet and
mixing tube, respectively, andis the axial velocity. The selection Fig. 6 Centerline velocity decay

of a suitable plane to evalua, is very important because of the
presence of recirculation zone inside the mixing tube in many
cases. In the present study, entrainment estimation based on the
exit plane was found to give the most reliable and physically The present experimental observations shown in K@. &re in
realistic results. Gaussian quadrature was used to integrate ¢hgplete agreement with the equation proposed by Becker et al.
velocity data over the flow cross section, to obtain the entrainmdii in the core region of circular jet. For the zone close to the wall
ratio. Measurements were repeated at least three times in e@tyos>1), however, the similar profile does not apply due to the
case. The repeatability of the measured data for entrainment ragfowth of boundary layer along the wall of the mixing tube and
is illustrated in Table 1 using the scatter observed between diffée recirculatory zone which may exist at the enterance of the
ent experimental runs for identical flow conditions. It is evidenmixing tube. For noncircular jets also, similar profile appears to be
that the scatter is less than 1.8% for the entire range of conditiotgproximately valid in the jet core region; however, a consider-
employed for the circular and noncircular jets. able scatter is also observed in the data as compared to the equa-
tion proposed by Becker et dl3]. For noncircular jets of unit
. . aspect ratigfor the shapes of square and equilateral trianghe
Results and Discussion scatter is observed to be relatively less. For jets with aspect ratio
In order to confirm the consistency of the experimental procéifferent from one(cross-sectional shapes of ellipse, rectangle,
dure, entrainment ratio for a circular jet was measured for thr@ad isosceles trianglescatter is more in the initial regiory(yo s
different mixing tube diameters having aspect rafilp {D;) 13.0, <1) close to the nozzle exit whet#U =1 and the zone close to
21.67, and 30.0, at a fixed jet velocity. In this measurement, thiee wall of mixing tube y/y,s>1). The large scatter in the initial
nozzle exit was aligned exactly with the mixing tube inlg{ ( region can be attributed to the occurrence of three-dimensional
=0). Based on a simple mass and momentum balance, PritchBi@gv phenomena such as axis switching; the large scatter near the
et al.[4] proposed an expression for the entrainment ratio in thwall could be due to the growth of wall boundary layer, the pres-

form ence of recirculatory zone, and the three-dimentionality of the
flow.
_—(1+o0) N oAy 5 . . .
= > A(1+C) (2) Jet Decay. In Fig. 6, the reciprocal of the normalized center-

line velocity (U;/u) is plotted as a function of the normalized
whereo is the density ratiog; /p..), C, is the loss coefficient and axial distance, X/D;) for different jets. Experimental data shows
A; and A; are the mixing tube and jet areas, respectively. Theat the rectangular jet decays faster by about 10% than the circu-
present results are compared in Fig. 4 with the predictions olar jet. Also, the decays for all the other noncircular jets fall be-
tained from Eq.(2), for an assumed loss coefficient valGg of tween these two. The decay of isosceles triangular jet also comes
0.2. The entrainment ratio is expected to vary linearly with mixingery close to that of the rectangular jet. A higher rate of decay is
tube diameter as per E(R) and for the three aspect ratio valuesan indication of better mixing and earlier studies have found that
considered in the present study, the experimental data are reagba-asymmetry present in the noncircular jets promotes mixing.

ably close to the corresponding theoretical value. . .
y P 9 Jet Spread. Figures Ta—c) show a comparison of the stream-

Mean Velocity Field. Figures %a-f) show the radial profiles wise variations of jet half-widthénormalized byD;) for different
of mean axial velocity for circular and noncircular jets at differeniet configurations. In order to avoid clutter, the jet-half widths on
normalized axial positions. In these figures, the mean axial velamajor and minor axis planesS{ andS,, respectively have been
ity u(x,y) is normalized with the respective value at the centeplotted separately for the elliptic jets, rectangular jets, and trian-
line, i.e.,u(x,0) and the radial distance is scaled by the jet halfyular jets (Figs. da-b)). Figure 7c) shows the variation in
width (yo.9. It should be possible to reduce many radial profilesquivalent jet half-width, defined & 4= (S,S,)** following Hu-
into a single curve by such normalized representation, if the veain and Hussaif21]. Comparisons of the spread rates along the
locity profile exhibits self-similarity. The jet half-width is definedtwo planes have also been shown in Figa-&), for some typical
as the transverse distance from the jet axis to the location whetgses. In earlier studigglusain and Hussaifi21] and Ho and
the mean axial velocityi(x,y) is half of the centerline value Gutmark[22]), it has been observed that before the first axis-
u(x,0). Figure %a) shows that the velocity profiles for circular jetswitch, jets spread at a much higher rate in the minor plane than in
at different sections on th¥-Y and X-Z planes(please refer to the major plane; after this the slope of the half width in major
Figs. 4a) and b)) almost completely reduce to a single curveplane is slightly higher than that in the minor plane. The crossover
Becker et al[3] proposed a similarity solution of the form/U.  point between the spread rates along the two planes can be iden-
=exd —0.693R,)*??, where R,=y/yy5 for constant density tified as the location of axis-switching. Similar features have been
jets. observed in the figures shown. It can be noticed from Fig) 7
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Variation in jet half width along minor axis. Variation in jet half width for Elliptic Jet(AR = 1.5).

5 : . . . . . 5 ,
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Variation in jet half width along major axis. Variation in jet half width for Elliptic Jet(AR = 2.0).
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Variation in jet half width for Triangular Jet(AR = 1.0).
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Fig. 8 Comparisons of spread rates along two planes. 39 mm.

Fig. 7 Jet half-width variation for mixing tube diameter 39 mm

(D,/D;=13)
increases because of exposure of the jet to the free atmosphere.
However, as the jet location is shifted further away, the jet ex-

that the noncircular jets spread faster than the circular jet with th nds almost up to the size of the mixing tube and any further

maximum spread rate for rectangular and isosceles triangular j&3ift gat_:_shes sfpillage; .h(:nce,f.the ﬂtQW ratz thro.”ght trg)e tdu.be ist re-
These observations are in agreement with the earlier findings $tc€d- 'nus, tqr alnly Jet_con |]9;Jhra lon aln m_l[mpg uh'eh [[arl]me er,
Miller et al. [6] that jets with elongation and corners spread fastér ere 1S an optimal focation of the nozzle exit, for which the en-

due to the presence of large-scale structures and thr&@inment attains a peak value. o
dimensionalitch))f flow. 9 The magnitude of the peak and the corresponding distance of

shift (J;) for different jets depend upon the location of the axis
Entrainment. Figures %a—d) show the variation of experi- switching, the strength of the recirculation zone formed at the
mentally measured entrainment ratio as a function of jet locationixing tube inlet and the diameter of the mixing tube. For a
for two different mixing tubes of diameter 39 m®&(a), 9(b)) and smaller mixing tube, noncircularity of the jet does not seem to be
90 mm(9(c), 9(d)). It is seen from the figures that as the positiowery effective in promoting entrainment due to strong interaction
of the jet shifts away from the mixing tube inlet, entrainment ratibetween the jet and the boundary layer near the tube wall. Hence
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Fig. 9 Entrainment variation with jet location

the circular jet exhibits maximum level of entrainment for thidation along with the four empirically determined constants is
case. For a larger mixing tube, however, noncircular jets achieskown in Eq.(3). The number of corner varies from three for
higher level of entrainment since axis-switching and other threriangular jet toe for circular and elliptic jets.

dimensional flow phenomena play a greater role. Enhancement up

to 20% was seen in the entrainment ratio for the smaller mixing )

tube and it increased up to 30% for the larger mixing tube. Rnc=Re[ X+ BX+1]

[(BX+1)(yIN+7A)]

©)

_ne
Pe
Correlation for Entrainment Ratio. In order to predict the
variation in entrainment ratio for different noncircular jets, basel
on the experimental data obtained in the present study, a correla
tion has been developed. The existing Pritchard’s relation for cof®
fined circular jet has been modified to incorporate the effect of jg’f’
location and distinct features of noncircular jets such as the num-
ber of corners and elongation. In order to incorporate the effect of

jet location, a second-order polynomial has been fitted for eagthnclusions

jet, as seen from the curves shown in Figa-9d). Also, the

present investigations and earlier studies on three-dimensional jets The experimental study shows that noncircular jets provide
show that elongation and corners help in promoting the level of greater entrainment and mixing with ambient fluid than cir-
entrainment. Entrainment is expected to increase with the inverse cular jets, in general. However, the entrainment ratio depends
of the number of corners and with the jet aspect ratio. In order to on the mixing tube diameter.

highlight the effects of such geometrical parameters, the number It is noticed that for a smaller mixing tube, circular jet has
of corners(N) and the jet aspect ratitd) have been taken as more entrainment than noncircular jgigith the maximum
exponents of th@erimeter ratiobetween the noncircular and cir- difference of 20% when the nozzle exit location coincides
cular jets P,./P.), in the correlation expression. In the present  with that of the tube inlet. For a larger mixing tube, and jet
study, it has been observed that as the location of the jets shifts locations coinciding with the tube inletl{=0.0), isosceles
away, the slope of the entrainment ratio curve for noncircular jets triangular jets provide largest entrainment which is nearly
increases as compared to that of the circular jet. This has been 10% more than that of the circular jet. When the location of

here «=-0.0009,3=0.021, y=0.15, and»=0.018.

In Fig. 10, results using Eq3) are compared with the actual
perimental data. It is noticed that the maximum deviation be-
een the correlation and the data is withib%.

incorporated in the correlation by including the location, déin jet is shifted away from the mixing tube inlet, entrainment
the exponent to theerimeter ratio The final form of the corre- ratio for all the noncircular jets is found to be more as com-
Journal of Fluids Engineering SEPTEMBER 2003, Vol. 125 / 841
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Comparison of experimental results with modified Pritchard’s relation.
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Greek Symbols
o = density ratio
p = density
v = Viscosity

Abbreviations

CJ = circular jet
ETJ1 = elliptic jet (A=1.5
ETJ2 = elliptic jet (A=2.0)
ETJ3 = elliptic jet (A=2.5)
SJ = square jet
RJ = rectangular jet
ETJ = equilateral triangular jet
ITJ = isosceles triangular jet
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Behavior of Radial
Incompressible Flow in
¢.Roy | Pneumatic Dimensional Control
D. Vo-Ngoc Svstems

The application of pneumatic metrology to control dimensional accuracy on machined
parts is based on the measurement of gas flow resistance through a restricted section
formed by a jet orifice placed at a small distance away from a machined surface. The
backpressure, which is sensed and indicated by a pressure gauge, is calibrated to measure
dimensional variations. It has been found that in some typical industrial applications, the
nozzles are subject to fouling, e.g., dirt and oil deposits accumulate on their frontal areas,
thus requiring more frequent calibration of the apparatus for reliable service. In this
paper, a numerical and experimental analysis of the flow behavior in the region between
an injection nozzle and a flat surface is presented. The analysis is based on the steady-
P. Florent state axisymmetric flow of an inppmpressible fluid. The governing equations., coupled with

. the appropriate boundary conditions, are solved using the SIMPLER algorithm. Results
have shown that for the standard nozzle geometry used in industrial applications, an
annular low-pressure separated flow area was found to exist near the frontal surface of
the nozzle. The existence of this area is believed to be the cause of the nozzle fouling
problem. A study of various alternate nozzle geometries has shown that this low-pressure
recirculation area can be eliminated quite readily. Well-designed chamfered, rounded, and
reduced frontal area nozzles have all reduced or eliminated the separated recirculation
flow area. It has been noted, however, that rounded nozzles may adversely cause a reduc-
tion in apparatus sensitivity.DOI: 10.1115/1.1598991
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1 Introduction also mainly experimental6]. This range is actually of interest in
industrial metrology applications. However, the nozzles used in

S - . i
Wh_en air exits a gyllndrlca! nozzle_ and impinges a fiat plate, th[ﬁe work are thin walled and therefore do not consider the effects
resulting flow is axisymmetric and is commonly referred to as

“radial flow.” When the nozzle is very close to the plane and it§.n

frontal surface is relatively significant in size with respect to th 5/D<0.5) with an interest in the effects of confinement. In the
jet, then the flow becomes a radial flow between two coaxial d'sgﬁrticular case of pneumatic metrology applications, one can note
with axial approach flow. The pressure upstream of the jet is Vefyat hecause of the small distancé’ between the nozzle and the
sensitive to changes in the distance between the nozzle and e plate (100um= 5<200um compared to a nozzle external
plane. This characteristic is used to advantage in industrial metrglameter of 4 mm the only practically measurable quantity is the
ogy. The study of radial flow, either as flow between disks qgall pressure distribution on the surface of the flat plate. Informa-
between a nozzle and a flat plate, has been the subject of nunigi on the entire radial flow field between the nozzle and the plate
ous research projects over the past half cenfdry3], etc. How- can therefore be more easily obtained by numerical simulation,
ever, research work of such flows for applications in dimensionghich is presented in this paper. This paper follows the work by
pneumatic control is limited. The radial flow between a nozzle ar@rnojevic et al[5]. The results presented by these authors on the
aflat plate for specific applications in pneumatic metrology has, iefluence of the regulator orifice diameter and injection nozzle
our knowledge, only been recently considered by a group of rgeometry on the flow structure in pneumatic dimensional control
searchers at the Universite Valenciennes in Frande,5]. These systems were mainly experimental, although some insight into
studies have been mainly experimental in nature. Pressure distiiimerical results were presented. The bulk of this numerical work
butions on a flat plate were measured and seemed to indicate ithpresented here.

presence of a low-pressure separation area for cases using the

standard nozzle. Various nozzle geometries were studied andpin pneymatic Dimensional Control Basics

some cases, the low pressure area was eliminated. No experimen- . . . .
tal flow visualization techniques were uséor velocity fields Pneumatic controliers are quite popular today in industrial ap-

measured—mainly due to the very limited space between the ﬁ;%lcatlons. .They can be U.SEd in high precision applicatignder

plate and the nozzleand therefore no information on the entire” a few microng, no phyS|ca|_ contact is made betwee_n the nozzle
flow field was found. Furthermore, cases studying impinging jef’é1d the surface of the;]machlned part, parthlelaralng is done as trlle
for very small distances separating the nozzle and the flat plzﬁreocesslls orllw-gomg, they can measure lmq tiple dimensions s_llmu -
(6/D<0.5, whered is the distance separating the nozzle and the €ousty, they are robust, and internal dimensions can easily be

. . . measuredi.e. holes/bores In industrial applications today, one
flat plate andD is the nozzle diametgrare quite sparse and a'€can find a few different variations of the basic pneumatic dimen-

sional control apparatus. Most of these are now based on the

Contributed by the Fluids Engineering Division for publication in ticeJBNAL : . s r .
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiondemctlcm of a pressure differential inside the appar@mg]. This

June 14, 2002; revised manuscript received Apr. 1, 2003. Associate Editor: E. Rf€SSure differential is highly dependent on th_e distangebte-
Graf. tween the nozzle and the surface of the machined(paritrolled
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Reference branch of “Rg,” is separated from the flat plate by a distance af™

IKe 1o Typical industrial configurations have a clearance spdcewith
—| <« the main body of the nozzigenerally~2 to 3R;) which extends
P to a radius oRy of approximately &R; . Typical industrial dimen-
p sions areR;=1 mm, R,=2 mm, andé=0.15 mm.
PR] @ : 5 3.2 Governing Equations. For the purposes of this initial
e P P study, the laminar axisymmetric flow of a viscous incompressible
4l and isothermal fluid between a nozzle and a flat plate is consid-
Pressure regulator A B ered. The fluid properties are assumed constant and all external
L p=£(3) forces are considered negligible. Under these assumptions, the
| dimensionless governing equations for this type of flow can be
e — written in cylindrical coordinates as followd0]:
& AJ Conservation of momentum in the radial direction
<« _ _ —
_8u+_au_ ap+1a _3U+(9U u 1
5 bt wtraa e e @
Controlled surface / Conservation of momentum in the axial direction
_ _ _ o
Fig. 1 Basic pneumatic controller Uﬂ +Wﬂ __ ‘9_E+ ii(r—ﬂ) i ‘9?\’}” @)
ar Jz dz x gr\ or Jz
. ) . Continuity equation
surface. Quite a large variety of operating pressures can be foundo v ed
with these various methodss low as 1.5 kPa or as high as 400 a(ru) a(rw)
kPa. A typical differential apparatus is illustrated in Fig. 1. In this ar * gz 3)

type of apparatus, air under constant pressure flows through two i N o ) )
orifices A and B placed in series. The static pressysei the ~Where, in these equationsy™ and “Z” are the dimensionless
chamber between the two orifices is a function of the ratio of theigdial and axial coordinatesu™ and “w" are the dimensionless
two areas. For a desired setting, the area of orifice A is fixed afRflial and axial velocity components; ang™is the dimension-
therefore the pressure in the chamber is a function of the distarl@gs Pressure. For the derivation of the Ed$—(3), the quantities

“ & separating the nozzle B from the machined p4#. For a Ri, »/Ri, andp(»/R;)? were adopted as reference length, veloc-
given supply pressure, the distanéean therefore be measuredity, and pressureR;, », andp are, respectively, the internal radius
with proper calibration. In the differential apparatus, two branché& the nozzle, the kinematic viscosity, and density of the fluid.
are used, one is used as a reference and the other as the meashf@i§} this normalization, several characteristic variables defining
branch. This arrangement is preferredAgs readings in this case the geometry of the problem, as well as the flow Reynolds num-
are practically insensitive to supply pressurpy* fluctuations. ber, are foundB=R./R;, »=46/R;, N\=h/R;, B4=R4/R;, and
Although industrial pneumatic controllers are a well-establishdde=2Q/mR;, whereQ is the volumetric flow rate at the inlet of
and credible way of performing dimensional control in industridhe nozzle.

environments, as in any other type of controller some minor prob-

lems are found to exist. Nozzle fouling is one of them. Annula‘:i‘s]iS study to solve the governing equations is the SIMPLER algo-

regions of dirt and oil deposits are often found on the front _
surfaces of the injection nozzles, Fig. 2. The resulting foulin%:lm developed by S.v. Patankgirl]. The standard second-order

3.3 Numerical Approach. The numerical method used in

. . entral difference formulation was used throughout the computa-
requires that the controllers be cleaned and calibrated at sho hal domain. In the past, this method has been successfully used
than desired intervals. In this present paper, we are specific . |

d with the behavior of the flow b | similar cases involving fluid flow and heat transfer simulations.
concerned with the behavior of the flow between a nozzle andagyq g the region of interest is limited in the space between the
flat plate with particular considerations for the influence of th

co b h ) . fiozzle and the plate, the calculation domain is extended over a
injection nozzle geometry on the resulting flow field. It is ex

‘large space adjacent to the nozzle, up#08y, in order to obtain

pected that a simple change in nozzle geometry may help allevigig, resuits in the area of interest, Fig. 4. The calculation domain
nozzle fouling. The effects of any changes in nozzle geometry a0 givided into several regions with different grid generations in

apparatus sensitivity must also be verified, as this is of great ifiacrgance to geometry and flow conditions of each region. The
portance in industrial applications.

3 Modeling and Simulation

3.1 Problem Configuration. The problem configuration is i Q
illustrated in Fig. 3. The nozzle and flat plate are stationary and a
flow rate Q is axially injected into the domain of interest. The _I -
nozzle, which has an interior radius oR;” and an exterior radius I h
Annular fouling region Yy _— - — . 4 —— 3
on nozzle frontal surface T
Inspected surface\ | | l R ‘
W = vy e
—>
R,
Fig. 2 Nozzle fouling (not to scale ) Fig. 3 Problem configuration
844 | Vol. 125, SEPTEMBER 2003 Transactions of the ASME
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Region 2 ‘in

Region 3
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Fig. 4 Considered domain for calculations

TIhEEEEES =

Fig. 6 Experimental setup

nonuniform exponential grid generation scheme used was pro-

posed by Patankdill] and also used, for example, by Prakash

et al.[3]. This scheme allows for a highly packed grid generatiopig. 5a), the radial velocity profils for two radial stations (
near solid walls where important gradients are found and a moe1.0 and 1.5 are presented while in Fig.(8), the wall pressure
relaxed generation where conditions are less critical. Grid sendistributions are illustrated. As can be seen, results for the
tivity testing was conducted. Figure 5 illustrates result compar&0 (axial)x 100 (radial) and 32 (axiaf 100 (radial) grids are es-

sons for a few of the considered grids in regiofs2e Fig. 4. In

0.15 ‘
=1.0
Z b
0.10 F-Fop s 2ns i : C’d ......
n=0.15,3=2.0 |
SN |
0.05F = 25x70 @) 1
----- 15x40 (Df:
0.00L— U T S
-1 01 2 3 45
u/w,
(a)
f)/ P, Re =1400
_ _ n=0.15, p=2.0
1.0 ........... e 40x100 (a) Pl |
: o — — 3x100 O®
- .. = 25x70 (©)
0.5_ ............................... 15x40 (d) ]

Fig. 5 Grid sensitivity analysis

Journal of Fluids Engineering

sentially the same in all presented plots and, therefore, a grid of
32x100 in the region of interest has been chosen for subsequent
simulations. The chosen overall grid for the entire calculation do-
main was 9% 202 in the axial and radial directions, respectively.
For the selected grid in the region of inter@stgion 2, Fig. 4, the
average aspect ratio of the control volumes is 2 t@adial to

axial directions, respectivelyNear the walls, this ratio increases

to a maximum value of approximately 4 to 1. Although Patankar
[11] states that that no universal rule exists about what maximum
(or minimum ratio adjacent grid intervals should maintain, the
grid used here certainly lies in what is, by others, considered to be
very acceptable values. While the no-slip condition is used on
solid walls, the effects of different chosen velocity profiles which
verify only mass conservation at the inlet and outlet sections of
the domain have been considergé., imposed mass flow rate
Parabolic and constant velocity profiles have been tested at the
inlet section and several other profiles including a combination of
a wall jet and a boundary layer type profile at the exit section were
tested and results compared at various sections in the calculation
domain. Results have shown that the flow structure in the inner
region of particular interegthe space between the nozzle and the
flat plate is not affected by the choice of these boundary condi-
tions, as long as the extent of the calculation domain is large
enough and that the inlet tube is sufficiently lof@gpproximately
L/R;=2.0 andR,/R;=4, respectively. For the particular case of
the above-mentioned combination wall-jet boundary layer profile
for the outlet section, results have shown that good numerical
results can be obtained far beyond the exit section of the nozzle.
The convergence criteria for all computations presented in this
paper were based on the degree of mass conservation obtained
over each control volume in the computational domain. These
errors gradually decreased with the number of iterations and were
generally in the order of 0.01% for all considered cases. This
criterion generally corresponds to a precision of approximately
10 * for all independent variablgselocity components and pres-
sure.

4 Experimental Setup

A test rig was built in order to investigate experimentally the
effects of the nozzle geometry on the flow field between the
nozzle and the flat plate. The results obtained were used to be
compared to/validate those obtained numerically. Also, the effects
of the nozzle geometry on apparatus sensitivity are more practi-
cally verified with the test rig. The installation, shown schemati-
cally in Fig. 6, was basically built on an existing CNC machine

SEPTEMBER 2003, Vol. 125 / 845
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® Fig. 8 Flow behavior for standard nozzle

(©

Fig. 7 Considered nozzle geometries

tire frontal area of the nozzle. Also of interest is the wall pressure
distribution on the flat plate. The radial area at the entrance of the

tool positioning systeniTORCAM), providing accurate displace-

. _ _ 2 . .
ments on three axes. Geometrically similar nozzles to those foupldthe inlet tube Aspace= 2R m6<Awpe= mRY). This is true as
in industrial applications were usedie., Ri=10mm, R, 0ng as Z<R;, which is the case for all results presented here.

space between the nozzle and the flat plate is smaller than the area

=20 mm with 8= 1.5 mm). Air flow was provided by the blower AS @ result, the airflow is accelerated and a corresponding pres-
from an aerodynamic test rifecQuipment AF1D Pressure dis- Sure drop is observed. A negative low-pressure area is also found

tributions on the flat plate were measured by moving the flat pla§@ exist. This can be attributed towena contracteeffect at the

and measuring the static pressure via a pressure tap on the botgsiiance of the space between the nozzle and the flat plate. This
of the plate. Repetitivity and the axisymmetric nature of the wafiorresponds with the results found in the experimental work by

distributions were checked by moving the nozzle back and forfinojevic et al[5]. Clearly, this separated flow area is the prob-
through the entire nozzle diameter with repect to the pressure tap!e cause of fouling in industrial applications.
This is of course done while keeping the distance separating the; 3 Effects of Nozzle Frontal Section. The first considered

nozzle and the flat plate constant. When considering the effectsgQkernal modification is to modify the injection nozzle wall thick-
the distance separating the nozzle and the flat plate, the nozzl

centered on the pressure tap and the pressure is recorded for m

s. Intuitively, a reduction in frontal surface would reduce con-
ment effects and generally reduce the formation of stagnation

tiple distance values. In both cases, sufficient time was allowgda s The effects of the frontal surface are therefore studied, as

for the flow to settle thus giving good steady-state readings. FloWz|| as an expanded surface nozzle. Figur@s-6) show general

meters, manometgrs, and thermocouples were carefully instal Rl patterns for cases wheg=1.25, 1.5, and 3.04=2.0 is the
to record, respectively, the flow rate inside the system, the static

pressure on the flat plate and the temperature in the system. Un-
certainty of the experimental data presented in this paper is less
than 2%. More information on the experimental setup can be o
tained in the Ref[12].

5 Numerical Results and Discussions

5.1 Influence of Nozzle Geometry on Flow Behavior. The @ p=125 ' BT

injection nozzles considered in this present paper are illustrated

Fig. 7. There are six basic nozzle geometries considered: the st B RARASASARS MASS

dard nozzlgFig. 7(a)), a reduced or expanded frontal area nozzl p/p, o [Re=1400

(i.e., narrow to large, Fig.(B)), an internally chamfered nozzle 1.0 | Ll ol | -1 |-

O

(Fig. 7(c)), an internally rounded nozzlé&ig. 7(d)), an externally
chamfered nozzléFig. 7(e)), and an externally chamfered and
truncated nozzl€Fig. 7(f)). The influences of various important
parameters including, B, «, By, , andr ., are considered in this
present paper. Results presented, unless otherwise stated, for 0.0
=1400, »=0.15, andB=2.0. Pl

[N
coLhiv—
wn

s] DIDDISERER]

0.5

[ .
T T

5.2 Standard Nozzle Flow Behavior. The general flow pat- O'50,0 05 1.0 1.5 2.0 25 3.0 35
tern for the standard nozzle is shown in Fig. 8. As clearly seen r=1/R,
these figures, a separated flow area is found on the frontal surfi
of the injection nozzle. For the considered parameters (Re
=1400,8=2.0, »=0.15), the recirculation bubble covers the en- Fig. 9 Influence of nozzle frontal area on flow behavior

(d)
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_1'00.0 015 110 1"5 2.0 2.l5 3.‘0 35 Fig. 11 Flow behavior for internally chamfered nozzle
r=1/R,
) i ) ) lation area on the frontal surface of the injection nozzle seems to
Fig. 10 Effects of confinement in large diameter nozzle (n

have been eliminated. This can most certainly be attributed to the
fact that the change in flow direction is less drastic for cases with
an internal chamfer or rounding when compared to a standard
nozzle. In the case of an internal chamfer, however, even though

standard nozzle shown in Fig).8ne can easily see that for thethe obtained results do not show any separated flow/recirculation

flow conditions studied (Re1400, 7=0.15) and for thicknesses area on the inner inclined surface of the nozzle, it is quite con-
of at least up to8=2.0, the recirculation areas cover the entirGeivable that this type of behavior be present under certain cir-

frontal surfaces of the nozzles. Also, as can be seen in Fity, 9 cumstances, especially for largek™values. Wall pressure distri-

the effects of greater confinement are reflected in the increasePifions for internally chamfered nozzles and for the rounded
the reduction of pressure to the minimum values of the wall pre@0Zzl€s are, respectively, shown in Figs(ditand 11d). When

sure distribution. One can thus easily conclude that a minimg@mMpPared to the standard nozzle, one can see that the sharp de-
wall thickness is preferable in order to keep low-pressure stagrfs€aSes in pressure, as well as the minimum pressure point, are
tion areas from forming. The influence of the frontal area of th@iSPlaced towards the periphery of the nozzle with an increase in
nozzle and flow confinement can further be seen in Fig. 10. In tHe¢ Width of the chamfer or rounding. This is to be expected as the

presented case, the external radius of the injection nozzle is a$iiRn9€ in flow section is more gradual and that the minimum flow

Fig. 9c) (i.e., B=3.0), however, in this particular case, the disSection is also displaced towards the periphery. The reduction of

tance separating the nozzle and the flat plate is slightly increadd§Ssure to the minimum pressure point also decreases with an
to »=0.25. This distance could easily be found in practical sitjicrease in chamfer width. This can be attributed to the fact that

ations, especially considering that the gap between the nozzle ﬁ%ﬂ maximum velocity in the section between the nozzle and the

=0.25)

; ; ; t plate is certainly of lesser importance with an increase in
the flat plate can vary somewhat during a typical operation - . g
P y g P P %_amfer width. Although both internally modified nozzles have

cycle. For the injection Reynolds number used, a second recir i .
e same general effect on flow behavior in the region between the

lation bubble is found downstream on the surface of the flat pla
This type of flow behavior had been noticed previously by
McGinn [13] in his experimental work on flow without swirl be-
tween two parallel discs with central injection. This type of flow
behavior would also be undesirable in industrial applications, th:
reinforcing the importance of having the smallest possible nozz
frontal area. :

(N

5.4 Internal Modifications to Standard Nozzle. With the
intent of finding solutions to the fouling problem, various geo
metrical modifications to the standard nozzle are made. The fi
series of modified nozzles incorporate internal changes in the t p/p
sic standard nozzle geometry. In this present section, we will cc ¢
sider the nozzles illustrated in Figs(cy and 7d). The nozzle

(c) r,=0.5

(a) r,=0.25

Re =1400

—— Standard] |
——- =025

shown in Fig. Tc) incorporates an internal chamfer while the 050 -—- =033 |
second considered geometry, Figd)7 is an internally rounded S D
nozzle. Results for internally chamfered nozzles are presentec 0.0

Fig. 11 while results for the rounded nozzle are presented in F

12. The interest here resides in the influence of the chamfer wic OS5I .

“ k" and of the radius of internal roundingr,,.” For all consid- 0t 44 8 20 &

ered values of k,” the angle of internal chamfer is set to 45°. @ r=1/R
One can see that for the three considered cases for each geometry

(k=0.25, 0.333, and 0.5 for the internally chamfered apg Fig. 12 Flow behavior for rounded nozzle  (Re=1400, 8=2.0,
=0.25, 0.333, and 0.5 for the rounded nozztbe flow recircu- %=0.15)
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_ : © B=15
Fig. 13 Effects of chamfer angle (Re=1400, »=0.15)
15
p/p,
frontal surface of the nozzle and the flat plate, the rounded nozz 1.0
seems to be a more appropriate solution to nozzle fouling prc
lems compared to the internally chamfered nozzle. This is mair 05
due to the possible separated flow areas on the internal surface ’
the nozzle in the case of an internally chamfered nozzle. As v
will later see, internal modifications to an injection nozzle ca 0.0
possibly lead to a reduction in apparatus sensitivity. We will ther
fore consider external modifications to the standard injectic 05 : : : ;
nozzle in the following section. ' 00 05 10 15 20 25
5.5 External Modifications to Standard Nozzle. The last r=1/R.
two considered cases shown in Fig&e)7and 71f) are for external (e) '

modifications to the standard injection nozzle used in industrial
metrology applications. The first of these is the externally charkig. 14 Effects of truncated width  (Re=1400, »=0.15, B=2.0,
fered nozzle(Fig. 7(e)) and the second is a chamfered and trune=45°)

cated nozzle(Fig. 7(f)). Results for the chamfered nozzle are

shown in Fig. 13. Results show that in the case of a chamfered

nozzle, the separated flow area can be eliminated as long as 4hga,3=1.5 in this caspand the chamfered and truncated nozzle
angle of cut is greater than approximately 20°, FigcL3This can  (3,=1.5) have practically the same wall-pressure distribution.
also be noticed on the wall pressure distributions shown in Fihis can be attributed to the fact that they both have the same
13(d). For cut angles greater than 20°, one can notice that R@ntal areas. As previously noticed, the negative low-pressure
negative pressure areas are found at the surface of the flat platea corresponds to the width of the frontal areas of the nozzles
Confinement effects have therefore practically disappeared {pe. == p,=1.5). In the cases of internally modified nozzles,
these cases. In cases whereQ#<20°, illustrated in Figs. 1®)

and 13c), flow patterns are quite particular but very plausible. For
values of up to at least 15°, the flow reattaches to the frontal

surface of the nozzle, thus creating a recirulation bubble. Fo_ , _ 1.5 : : : :

greater angles, the flow does not reattach and fluid is drawn frorp/po : : Re=1400, n=0.15

the area surrounding the nozzle. Results for the chamfered ar : :

truncated nozzle are presented in Figslatd. A chamfer angle 1.0 e SO Standard |
of 45° was used for all considered cases. One can see that as lo ] r — — Narrow

as a nozzle frontal area parallel to the flat plate exists, a separat L — -+ - Int. Chamf.
flow zone is found(Figs. 14b), (c), and(d)). One can see that : A — — - Rounded
these results are comparable to the cases where the influence 05 o NVl L L. Ext Chamf |
nozzle thickness were considered. Thus, the relevance of the r : N . — Chamfered
duction of the frontal area of the nozzle. One general industria : and truncated

consideration that should be accounted for is the fact that a redu 0.0 S E
tion in frontal area of a nozzléeither chamfered or narrgwn- ) : :
creases the risk of nozzle damage in industrial applicafioas if
nozzle inadvertently touches the controlled surfaée alternate : : : :
solution would be to reduce the frontal area of the injection nozzl -1.0 I I I I
as much as possiblgither chamfered and truncated nozzle or a 0.0 0.5 1.0 15 2.0 25
narrow nozzlg but giving it some rigidity by having a somewhat
small frontal area. A general comparison of the wall pressure dis-
tributions of the various considered nozzles is shown in Fig. 1Big. 15 Wall pressure distributions comparisons for different
One point of interest is that the narrow nozzteduced frontal nozzle types (Re=1400, =0.15)
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Fig. 16 Numerical and experimental result comparisons

for k=r.,,=0.5, one can see that the drop in wall pressure
distribution for the internally chamfered nozzle is somewhat
farther out towards the periphery of the nozzle when compared
to the internally rounded nozzle. This can be attributed to the
fact that the internally chamfered nozzle has a more pronouncec
change in flow section when compared to the rounded nozzle.

............. Chamfered

- — — — Standard
. . . H Rounded
5.6 Numerical and Experimental Result Comparison. F

Numerical results presented thus far in this paper have been 3 : : :
for the most part, confirmed by experimental measurements, T e ———————— ————————————
some of which are given in Fig. 16. Results are presented for 0.10 0.15 0.20 0.25 0.30
the standard nozzle compared with a chamfered noe) n
and with a rounded nozzler{,=0.5). One can see that (b)

good agreement exists between numerical and experimental

results. This agreement indicates that the hypothesis on laminar  Fig. 17 Effects of nozzle geometry on sensitivity
incompressible flow used in the mathematical formulation of

the problem was adequate. A more complete model considering

compressibility and turbulence is currently under investigation,gjger extreme cases where the nozzle is very close to the sur-

The obtained numerical results will be compared to experimeni@l.q o pe measured; 0.15), the use of either modified nozzle

results pertaining to actual industrial operational conditions. would improve apparatus sensitivity. Fragility considerations
5.7 Influence of Nozzle Geometry on Sensitivity. As aside, the completely chamfered nozzle will offer the best overall

previously mentioned, the effects of nozzle geometry on therformance.
sensitivity of an apparatus must also be considered. Apparatus
_sensitivity is_ basically a measure of h_ow the pressure chang{gs Conclusion
in a measuring branch with a change in the distance separating

the nozzle from the controlled surface. Figure(ay obtained An investigation of the radial flow between an injection nozzle
from curve-fitting experimental data, illustrates how the pressu@@d a flat plate has been presented in this paper. Results have
at the center of the flat plate varies as a function of the distang@own that a judicious choice of the nozzle geometry can help
5 (or 7). Results are presented for the three principal nozz@iminate the separated flow area found in the case of a standard
types Consideredstandard, rounded, and externa”y Chamfé&redﬂOZZle. This recirculation zone is the probable cause of injeCtion
The data were obtained by gradually increasing the distan@@zzle fouling found in industrial applications. Results have
separating the nozzle and the flat plate. Before every readiﬁ?lown that an internally modified nozzle or an externatigm-

time was given as to allow the manometer to seftke, measure- P etely) chamfered nozzle will eliminate the separated flow area.
ments were made in steady-state condition8s we are However, it was also shown that a rounded nozzle could hinder
more interested in how pressure varies with a variation i@Pparatus sensitivity at larger values;pfThe use of an externally
the distances, the second graph illustrates the gradidpids;. chamfered nozzle could therefore represent an interesting solution
One can see that for the range of interést., 0.16< < 0.30), to the fouling problem.

the nozzle that offers the best sensitivity, represented by

the greater nomal pressure gradient in absolute v d 7|,
is thge chamfered I’FI)OZZ|E. Tr?e negative aspect ofmtﬁe Z'radiéﬁknowledgments

comes from the fact that an increase in distamcbrings on a The authors of this present paper wish to thank the Natural
reduction in pressure. We can also see from Figbflthat the Science and Engineering Research Council of Canada as well as
nozzle that is least sensitive is the rounded nozzle. However, if iree Universitede Moncton for their financial support.
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Nomenclature

chamfer anglédeg

distance separating nozzle and plate
nozzle body clearance space
width of internal chamfer

inlet tube length

fluid absolute viscosity

fluid kinematic viscosity

pressure

pressure at center of plate
supply pressure

ambiant pressure

apparatus pressure differential
volumetric flow rate

radial coordinate

fluid density

internal radius of injection nozzle
radius of calculation domain
external radius of injection nozzle
radius of curvature, rounded nozzle
radius of truncated frontal area
tangential coordinate

radial fluid velocity component
axial fluid velocity component
axial coordinate

Nondimensional quantities

B
Bt
B

n
K

N

Re/R:
R/R:
Ry/R;
SIR;
K/R;
h/R,

850 / Vol. 125, SEPTEMBER 2003

P = p/p(vIR)?
I’_ = r/R|
reo = Rep/Ry
Re = Reynolds number, Re2Q/Rmv
u = u/(vIR)
w = w/(v/R;)
? = Z/Ri
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Measurements of Resistance of
Individual Square-Mesh Screens
Ray Scott Wakeland tO Osclllatlng FIOW at LOW and

g-mail: wakeland@psu.edu

robert . keotian N INtErMediate Reynolds Numbers

The Pennsylvania State University, Measurements are reported of pressure losses across single screens subjected to low-
Graduate Program in Acoustics, frequency oscillating flow for 0.062Re; <400, where Rgis Reynolds number based on
P.0. Box 30, wire diameter and peak approach velocity. Several correlation methods are examined.
State College, PA 16804-0030 Extensive comparisons are made between present oscillating-flow results and previous

reports of the resistance of screens to steady flow. Defining oscillating results in terms of
peak amplitudes, the oscillating and steady-flow resistances are found to be the same,
including behavior in the intermediate Reynolds number region that departs from corre-
lations of the form ARe!+B. The friction factor is also found to depend on Reynolds
number, but not independently on oscillation amplitude, over the range of conditions
measured[DOI: 10.1115/1.1601254

1 Introduction reporting results. Overall, we conclude that steady-flow correla-

This paper reports measurements of the resistance to Osci”at@ﬁl;;;énﬁgvscreens may be applied to screens in low-frequency

flow of individual woven-wire screens. Previous investigators
have measured the hydraulic resistance of individual screens_in L
steady flow, and of packed beds of multiple screénsluding 2 Description of Measurement System
regeneratopsin steady and in oscillating flow. The test section is placed in a measurement apparatus, shown in

Our interest in screens in oscillating flow stems from their usgig. 1, that is vertically symmetrical about the test section except
in thermoacoustic refrigerators and heat engiises, for example, for the shaker at the bottom. The APS Dynamics shaka,
Ref.[1]). Many of the steady-flow studies of single screens wer@oves a metal end-plate that is connected to the stationary parts
motivated by the use of screens in wind tunnels to reduce turlof- the duct via a square polyurethane bellows. Just above the
lence and variations in velocity across the tunnel. Screens d&lows is a heat exchanger, used for other applications, that acts
sometimes used in thermoacoustic devices for similar purposas,a flow straightener in the present experiment. Next is an 18.5-
such as to stop jets from impinging on heat exchangers. We are-long square-sided diffuser section that matches the inside di-
investigating the use of single screens as fin components in vengnsions of the bellows and flow straightener to those of the test
short, oscillating-flow heat exchangers for use in novel thermodsict. Between the diffuser and the test duct are two layers of
coustic devices. window screer(of the same type as screen 16—10 in Tabl¢ol

Our test apparatus operates at low frequen@ek25 to 9 Hx  further reduce the possibility of turbulence from the bellows en-
and large strokegup to 13.9 cmi. At low frequencies, where the tering the test duct. The test duct, made of acrylic, has square 29.2
viscous penetration depth is larger than the openings in the scre@h;<29.2 cm inner cross-sectional dimensions. The half of the test
the pressure drop across a screen is expected to be largely irfiict below the test section is 30.5 cm long, with a flange at the top
pendent of frequency, and this is what we observe. Some of daf mountipg test sections. Above the test section these parts are
measurements, however, are made using screens of very colighgated in reverse order. The top and bottom end-plates are
mesh, for which 9 Hz is a “high” frequency, so that the flowcoupled by rigid connecting rods, so that the end-plates go up and
resistance increases with frequency for fixed Reynolds numbe#@Wn together, driven by the single shaker. The test section, ducts,
For those screens, this paper includes only the lowest frequerfdf diffusers are held fixed relative to the base of the shicet
data, where the frequency effect is smallest. the lah by a large support fram_énot shown. In Fig. 1, the _

The flow resistance of a porous medium is generally charact&2d-plates are at their lowest point, so that the upper bellows is

ized by a region of low Reynolds numb@e), where the pressure cOmpressed and the lower bellows is expanded. ,
dropAp is proportional to Re?, a region of high Reynolds num- Also attached to the shakeut not s_hown n the diagranis a

ments in the low and intermediate Reynolds number regimes, w|
low Mach number(<0.024, for screens oriented normal to the5 Hz while still allowing the full stroke at 0.125 Hz. The ampli-

flow. S i
Much of the paper is devoted to comparisons between our d&'{ge 'd.lmlr)ls.hes. as the frequgncy Is increased aboye 5.HZ due to
and those reported by previous investigators for steady flow or @nphfler limitations. All experiments are conducted in air at am-

multiple screens. This turns out to be a difficult task because et atmospheric pressure and temperature, which are measured

the diversity of approaches that have been used in analyzing E}ﬁe I;ﬁyzegr']rén:(?gega%ic\z s?fsailts; rement run fo determine the air

Commibuted by the Fluids Endineering Division f biication in oA The position of the end-plates is measured with a Schaevitz
ontributed by the Fluids Engineering Division for publication in NAL ; ; ; : ;

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionhnear variable _dlfferentlal tl:anSforme(LVDT)’ (3], blas.ed a.nd

Qct. 25, 2002; revised manuscript received Apr. 21, 2003. Associate Editor: M. ngodulated with a Schaevitz ATA 2001 processor. This Un'F con-
Otiigen. tains a fourth-order low pass filter that causes a phase shift that

Journal of Fluids Engineering Copyright © 2003 by ASME SEPTEMBER 2003, Vol. 125 / 851

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



paring the ATA 2001’s output to the known modulation. This mea-
surement is used to correct the LVDT signal before it is converted
into an end-plate position amplitude.

The gas velocity is inferred from the end-plate position mea-
surement. The bellows has inner dimensions of 25.4 cm and outer
dimensions of 30.5 cm, for an effective inner side length of 27.9
5 connecting cm. The strokdpeak-to-peak displacement amplitiidé the air is

I rods therefore (27.9/29.8)times the 15.2 cm shaker stroke, for a
/ maximum air stroke of 14.0 cm which, at 5 Hz, gives a maximum
air speed of about 2.2 m/s.

The pressure drop across the test section is measured with a
T || Validyne DP103 variable-reluctance differential pressure sensor,
[4], biased at 5 kHz and demodulated with a lock-in amplifier with
minimum filtering. The Validyne sensor was suggested by two

\

(MY TIFTTIEETD - tcst section

DP103 regenerator pressure-drop papéfsél, and was selected because
pressure it has the appropriate sensitivity for this measurement and re-
sensor ~=— test duct sponds down to 0 Hz. It has a replaceable diaphragm, and we use

the thinnest available diaphragi#6) to give the greatest sensitiv-
ity (35 Pa maximum In the course of the experiment it was

anti- discovered that, at least with this diaphragm, the DP103 is far
? T Sérrle’g}fsme from flat in either frequency or phase, even below 10 Hz. There-
’4-' . fore the DP103 is calibrated against an EndevcoO8®-1 pi-
é diffuser ezoresistive pressure seng@895 Pa maximumwhich, while
é flow presumed to be flat from 0 to 10 Hz, is not sufficiently sensitive
straightener for direct use in the experiment. The Endevco is in turn calibrated
at 0 Hz against an Omega PCL9001 pressure calibrigthrthat

bellows was itself recently calibrated by the manufacturer.

The position and pressure sensor signals are digitized with a
computer data acquisition board. Fourier transforms are per-
formed on both signals to obtain their amplitudes at the driving
frequency and their relative phase. All oscillating flow calcula-

«— shaker tio_ns are based on peak qmplitudes of pressure drop and velocity,
written Ap andu, of the driving frequency component.

The two sides of the pressure sensor are connected by tubes to
ports on opposite sides of the test secti@re calibration is done
using the same tubingThe separation of the ports depends on the
thickness of the frame that is used to mount the test section. For
the bare duct, with no test section and the flanges from the top and
bottom portions of the test duct in direct contact, the ports are
grows in magnitude approximately linearly t01.28 deg at 10 separated by 16.36 cm. The longer of the two support frames is
Hz. This phase shiffalong with the less significant amplitude0.95 cm long.
changé¢ was measured directly by modulating the unit's bias sig- In this measurement, the inertial contribution to the pressure is
nal so as to emulate an LVDT signal of known phase, and comuite significant. The part of the total pressure difference peak

end-plate
core rod

LVDT
body

Fig. 1 Schematic of the measurement apparatus

Table 1 Test screen dimensions. The fourth column, “  B—¢ error,” is used to give an estimate
of the uncertainty in 8, ¢, and D, . The uncertainties on A, are 2%, except or the four highest
porosity screens, which have an uncertainty up to 5%.

B¢ d; my d; m;
Screen B 1) Error Dy (mm (1/m) (mm) (2/m) Ay
8-63 0.265 0.589 14% 2.19 1.524 320 1.524 317 204
14-35 0.299 0.608 13% 1.26 0.775 551 0.851 563 160
50-9 0.303 0.665 3.4% 0.45 0.229 1969 0.229 1969 117
4-120 0.306 0.609 13% 4.60 2.972 152 2.921 152 138

40-10 0.360 0.714 0.2% 0.63 0.254 1575 0.254 1575 71.9
16-28 0.399 0.676 8.5% 1.23 0.584 630 0.597 618 69.8
6-63 0.400 0.679 8.2% 3.23 1511 236 1.549 244 72.5
14-28 0.407 0.691 6.8% 1.52 0.660 551 0.699 516 63.0
24-14 0.478 0.731 5.6% 0.88 0.305 948 0.343 957 40.3
20-16 0.483 0.746 3.8% 1.14 0.381 787 0.394 787 36.1
10-32 0.487 0.742 4.6% 2.20 0.762 394 0.775 394 36.1
80-3.7 0.496 0.758 2.9% 0.29 0.094 3150 0.094 3150 34.1
12-28 0.552 0.779 3.6% 1.93 0.546 472 0.551 465 24.4
8-35 0.556 0.796 1.6% 3.07 0.762 317 0.813 329 23.1
4-63 0.578 0.807 1.4% 6.57 1.562 154 1.575 152 20.6
8-28 0.608 0.811 2.7% 3.05 0.686 317 0.737 303 17.4

6-35 0.649 0.844 0.9% 4.66 0.864 229 0.864 221 13.2
3-63 0.671 0.856 0.7% 9.37 1.562 119 1.600 109 12.2
16-10 0.719 0.863 2.0% 4.88 0.241 630 0.241 630 8.6
4-35 0.736 0.886 0.5% 6.88 0.889 163 0.876 158 7.7
16-9 0.753 0.881 2.3% 1.55 0.203 626 0.216 636 5.7

852 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



4-35
4-120
8-28
8-63
16-10
40-10
80-3.7

[e—>] )
TI
+ —T

Fig. 2 Screen dimensions

17.4/Re 41

2
10

amplitudeAp that is due to the resistance of the test section is the
portion that is in phase with the velocity, i.e., in quadrature with !
the position. Ifé is the phase angle between the pressure and the
position (not velocity, then the inertial(reactive and resistive
components of the pressure are given, respectively, by

%
Q 0000
APineria=Apcosd  and Apge=—Apsing. (1) 0 ® 3
For each data collection run, the maximum Reynolds number at -1 2 3
5 Hz is determined, and a set of test Reynolds numbers below the 10 10 10 10 10 10 10
maximum is selected. For each frequency, all of the available Red
Reynolds numbers within the stroke limit are tested. The com-
puter attempts to adjust the shaker stroke to match each selected Fig. 3 Seven example data sets
Reynolds number, which it does to within a percent in most cases.
Vvoid
3 Test Screens b=y - (3)
total

All of the test screens are made of round steel wire, except for . Lo .
P 1EFNS quantity is easy to measure accurately for materials such as

one piece of aluminum window screen. All are nominally squar reengstacked or individual where th isolated hol
plane weave with a single wire size. However, many of thei& Cked or Individugj where there are no Isolated noles

screens are “not of precision manufacture,” to borrow a phra U.Ch as can occur in a foz?rand where _the_ densitysoiq of_the
from Ref. [8]. Several previous investigator§9—11], have solid material is known, simply by weighing the material and

pointed out that small errors in the dimensions of a screen resulto||¥'d'ng by the screen volume to obtain its densifrous medium

large errors in various calculated parameters that are used in data

reduction. Therefore, the dimensions of each screen are measured. ¢ (4)

The screen dimensions are defined in Fig. 2. Average wire-to-wire

distance Ih (m for “mesh,” also called “pitch”) is measured by The values in Table 1 were determined in this way weigh)

counting wires over a distance of at least 25 cm. Wire dianterrather than calculating from mesh and wire dimensions. The vol-

is measured with a digital vernier caliper by sampling many wiresme of each screen was determined by measuring its (apa

and judging a best typical diameter. In each direction, the variproximately 0.930 chin each caseand multiplying by d;

tion in wire diameter is very small, but some screens have signif-d,. In this study, the screen thickness is always taken to be

cantly different diameters in the two directions. In many of thd;+d,, the thickness of an ideal plane screen, even in the cases

screens, the measured diameter is less than the nominal size. Médahe heaviest screens, which sometimes depart from ideality in

sured values are used in all calculations, except that the wil&t the wires in one direction appear to bend more than wires in

diameter of the screen with the smallest wisereen 80—3)7has the other direction.

wire too small to measure accurately by caliper, and the nominalScreens are selected to cover as large a range of porosity as

value is used. We refer to each screen by its nominal size possible in readily available sizes, covering 0.2@5<0.753 and

English units, so that the screen called 16—28 has approximatél$89<#=0.886. Some of the screens have the largest available

16 wires per inch with wire diameters of about 0.028 inchesvire size (up to 2.95 mm), to get the largest possible Reynolds

Measured screen dimensions are found in Table 1. number based on wire diameter. One screen has wire smaller than
Many of the correlations discussed in Section 6 make use otlds by a factor of 30, and hydraulic diameters cover a range

screen “porosity” based on “free flow area,” i.e., the ratio of theequally large. Some screens are chosen to have similar porosities

orthogonally projected open area of the screen to the total crobst very different wire sizes. Toward the low porosity end, for

sectional area, so this calculated value is included in the tabéxample, the screen with 2.95 mm mean wire diaméiereen

Referring to Fig. 2, this orthogonal porosig/is 4-120 has nearly the sam@as screen 50-9, which has wire less

than a tenth as large.

_ Pporous medium

Psolid

B=(1—dimy)(1—-d,my), 2
4 Results

or simply 8=(1—md)? for truly square screens whetg=d,  Figure 3 shows seven representative data sets. In the figure the
=d andm; =m,=m. In other calculations where wire diameter isdata are plotted in terms of Reynolds number based on wire di-
called for, we use the mean valwk,=(d;+d,)/2. ameter,

Also appearing in the table is a volumetric porosfiydefined
simply as the ratio of connected void volunw,y to the total Redz% (5)
volume of the sampl®/ g, v’
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and the simple loss factdt, " (@ ‘ (b)
10 T 10 1
[ 0.5 Hz | 9Hz
K= quuad. (6) 103 103 |
pu?/2 K | |
2 2
10 | 10 I
In Egs. (5) and (6), u is the “superficial,” “freestream,” or “ap- I
proach” velocity, i.e., the velocity of the gas when it is in the test 10t ] 100 1
duct, not the higher velocity when it is within the pores of the -2 0 2 -2 0 2
screen. Note that the Reynolds numbers and loss factors that w 10 10 10 10 10 1o
are examining for oscillating flow areot instantaneous values Re 4 Re d

throughout the cycle. Rather, Reynolds numbers are based on the
peak velocity amplitudes, and loss factors are based on the p&ak 4 Measurements do not show an expected change in loss
amplitude of the resistive component of the oscillating pressurdactor near the amplitude where the gas stroke equals the wire

The finest mesh screen, 80—-3.7, has high flow resistance, &ffneter, shown by the vertical dashed line for data at 0.5 Hz
therefore gives very clean data to the lowest Reynolds number(Bf't (&) and 9 Hz (part (b)). The solid diagonal line in each plot
any screen, but the wires are so small that the highest Reyndfi& =204 Re; ™.
numbers are below the “knee” seen in the curves of other screens.
Screens 4—120 and 8-63 both have large enough pressure drops o o ]
to give good measurements at low Reynolds number, but thesé® surprising feature of these oscillating flow measurements is
two screens also have large enough wire diameters that the shiijg Wwithin the range of our experimental conditions, the func-

Both 4—120 and 8-63 also have small enough openismgsll Pe independent of oscillation amplitude. In particular, there is no
I=m~1—d in Fig. 2 that the results are independent of fred€tectible transition near where the oscillation peak-to-peak am-
quency. The 8-63 data shown in Fig. 3 includes frequenci@gtUde is equgl to the screen thlckness. Becgyse velocity depepds
0.125,0.25, 0.5, 1, 3, 5, 7, and 9 Hz, but all the points fall so clo§& both amplitude and frequency, this condition occurs at a dif-
to a single curve that the data for most Reynolds numbers mef§&ent Reynolds number for each frequency, so amplitude effects
into a single dot. In other plots in this paper, frequencies above>gould be easily distinguished from Reynolds number effects.
Hz are not included. Data are presented for most screens at 0.5/ifvever, for each screen, our data fall along a single curvé of

and 5 Hz, giving the largest possible range of Reynolds numb&Sus Rg. Consider the data from screen 8—63 shown in Fig. 4.
with this apparatus. For this screen, the data span the;2d,, condition for each

As the frequency increases, the viscous penetration deﬁﬁquency. At 0.5 Hz the.stroke-e.quals-thlckness cpndltlon occurs
decreases, and eventually the hydraulic resistance begins to €N R@=0.23, shown in the Fig. (@) by the vertical dashed
crease with frequency. In this investigation we are interested 1H€- The 0.5 Hz data cover a range from 0<12x, /d,,<<87. At 9
only the low frequency results. For screens where the hole sizé 1§ (Fig- 4b)), 2x;=dp, when Rg=4.2, with data covering
larger than the viscous penetration depth @ 7o=1.0mm at 0-029<2x,/d,<19. We would have expected some sort of
w=27 (5 Hz), the 5 Hz data do not fall on the same curve as thghange(probably an increase in the productdR} if not exactly
lower frequencies. Screen 8-28 has a large enough openfi{g*1=dm, then atleasat some poinin the measured range, but
(I,=2.56 mm) to see this effect in Fig. 3: The data points fof/¢ observe none.

0.5 Hz and 5 Hz do not lie exactly on top of each other in th _—

region of overlapping Reynolds number. The difference is small Uncertainties

enough for this screen, however, that the 5 Hz points are retained )y certainties in Screen Parameters. The volumetric
since they contain the information about the curve above the kn e

Screen 4-35, in contrast, has such large openings that only [3€qions alone, or from screen thickness and the independent

I0\_Nest frequencie0.125, 0.25, and 0.5 Hzare presented. For measurement of mass. The agreement between these two methods
this reason, the shape of the knee of the curve cannot be diﬁz

TOSity ¢ can be determined from measurements of screen di-

. . . i ‘es an indication of the uncertainty @f 8, andD,,. The col-
mined for this screen. Furthermore, this screen has so little resigs  |apeled 8¢ error” in Table 1 shows the discrepancy be-

tance that the scatter in the data becomes large at low Reyn gen¢ calculated using mass an#l calculated using only the
number. Thus, data are _presented over a somewhat limited range < urements of thes andds that are used to calculaand
of Reynolds number.. !t IS enough Qata, howevgr, to make a f%rh. The errors are less than 4% for most screens and less than
estimate of the coefficier, of a fit line Ao /Rey, discussed later g 5oy for a1 except the three screens that have a combination of
in this section. . large wires and tight mesh, where the error shoots up to 14%.
Screen 16-10 has about the same porosity as 4-35, and fi8e |arge errors are systematic in that theandds always
curves for_these two screens lie close together. Since 16-10 B?F?dict a¢ that is larger than that determined from weighing.
h]gher resistance, however, the data are good to lowgr Red rom visual inspection it is evident that in the low-porosity
since the openings are much smaller, the 5 Hz data can be usecgcsr%ens, the wires in one direction bend back and forth more than
that the fes‘.*'ts go to higher Ras well. he wires that run in the other direction. That is, the discrepancy is
At even higher Reynolds numbers, the pressure drop curves iﬂBre one ofgeometrythan of measurement. Thus, we take the

porous media approach a constant value. Unfortunately, with q_ll‘r'icertainty in bothB and ¢, which are calculated from our dis-

apparatus in its current configuration we are unable to measyig e measurements, to be less than 8% for all screens, whereas
this feature. Our data cover the range 0.08F8,<380. ' . y

F h o] lots Kfy R fit at low R the uncertainty irDy,, which is a combination of both scale and
_For each screen, log-log plots Kiversus Rgare fit at low Rg geometry, grows to 14% for the low-porosity screens. The uncer-
with a line Aq/Rey. In Fig. 3, the line 17.4/Rgis shown fitting tainty in d,, would then be 8%/24%

the data for screen 8-28. The value of the fit paramatgis m '

tabulated for each screen in Table 1. In cases such as screen 8—28,2 Uncertainties in Velocity and Pressure. The measure-

where there is some discrepancy between the 5 Hz data and lowemt of pressure magnitude is the most accurate in the experi-
frequency data, we have favored the low frequency data in makent, with an uncertainty less than 1.5%. The Endevco standard
ing the fit. has been calibrated repeatedly using a variety of independent
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means, and the comparison calibration of the Validyne sensor use (a)
in the experiment makes use many cycles of oscillation and is 10 T
very repeatable, with only 0.6% variation over a period of three
months.

The measurement of the shaker stroke by means of LVDT hasg*
by itself, an uncertainty less than 1%. Unfortunately, gas ve- = o
locity at the test section depends on the effective area of the bel 5 0
lows, the uncertainty of which is difficult to determine directly. E
Therefore, we check the gas velocity by measuring the oscillatior g
pressure in the empty duct, as described in the next section. ; : ' ' ' > Snall stoke

The most difficult part of the measurement is the phase of the : : : : : : + Large stroke
pressure. We wish to measure the flow resistance of the screens.  _yg : M ; M P— :
an oscillating flow, however, the pressure has botreactive 0 1 2 3 4 5 6 7 8 9 10
inertial component and a resistive component. The inertial com-
ponent is the pressure required simply to oscillate the mass of th ®)
gas back and forth in the duct in the absence of shear forces fror 1
the walls or screen. This component is in phase with the displace
ment. The resistive portion is in phase with the velocity, and thus : : : : : : : :
in quadrature with the displacement. To extract the quadrature 0 - - - - - - - 2
component of the pressure, we need to know the phase. In th— 05 . L R T
comparison calibration, the phase of the Endevco is taken to beg ™ : : ' X X
zero. While we believe this to be accurate, we do not have a direc’ —Lr- - i - -t de Do D g
method of calibrating the phase at these extremely low frequen : : : ' ' ' : : :

Oo- .
Qooo;ooo
AT ]

T

-15t o  Small stroke | |

cies. To study the uncertainty in phase of our overall measuremer
system, measurements were made of two known cases, describi -2} 4 IT‘h“eier;“ke ]
next.

-2.5

5.3 Validation With Known Cases. The measurement sys- o 1 2 3 4 5 6 7 & 9 10

tem is validated by measuring two cases for which there are gooc. frequency [Hz]
theoretical predictions, the empty test duct, and a set of parallel )
plates. Fig. 5 Results from the empty duct, used to estimate uncer-

The behavior of gas oscillating in a duct depends on the ratio tgfnt'es In the gas velocity and the phase of the pressure

duct size to viscous penetration depth. When our test duct is left

empty, it is “very large” even at 0.5 Hz, where the viscous pen-

etration depth is 3 mm. Except for the small boundary layer near

the walls, the gas oscillates essentially as a uniform g, ) ) ) )

and the peak pressure difference between the sensors is neligyier frequencies. The high-amplitude results have an error of

Ap=pLwu, whereL is the distance between the sensors ans  about 0.25°. Recall that most of the measurements reported in this

the circular frequency of oscillation. Figuréas shows the error Paper are made at 5 Hzand 0.5 Hz.

between the measuretlp and the expectedp for very small  'he theoretical value of phase shown in Figh)Ss calculated

velocities(0.029 m/s, shown by) and very large velocitiegl.08 ©n the assumption of laminar oscillating flow. Turbulent flow

m/s, shown by+) at frequencies between 0.25 and 10 Heis would_ res_ult in larger(but not wel_l-knowr) phases._ The agree-

not possible fo obtain the highest velocities at low frequenci@dent in Fig. b) supports our belief that the flow in the duct is

because of stroke limitations or at high frequencies because &§€ntially laminar slug flow. The flow quality was also checked

amplifier limitations) Most points lie within 2.5% of the expected dualitatively by injecting smoke into the duct and watching it

value. Frequencies below 0.25 Hz have such a low pressure dﬁﬁglllate(or_ viewing it before and_after oscn!athn in the case of

in the empty duct that the signal is lost in the noise. arge amplitude and frequencyWith no oscillation, of course,
Earlier measurements had pressure values that were systeniﬁgﬁfe is a slow rate of change of shape of the smoke filaments.

cally low. Repeated measurements of the empty duct with varioli§'S rate was not noticeably increased by oscillation, even for

pressure sensor spacings, as well as measurements on paﬁ,{mgke near the walls. We are, unfortunately, not equipped to make

plates, led us to conclude that the effective bellows area was t%léazgttzté\r/ec;s]ze:‘zl;rv?/mgrr\]t%g:euijsrb;lseor;ifjetme(t)?gti?::(l:tr'e sultis a set
large by 3%, and a correction of this value has been incorporate . =
ge by 7o P @fA_aralleI plates[1], with the restriction that the stroke must be

into all subsequent measurements. In this sense, the more a h smaller than the lenath of the plates. A test fion w
rately known pressure magnitude measurements have been us Ygn smater tha e lengih of the piates. A lest section was

: . : : tructed of 45 thif0.635 mm brass plates, 5.08 cm in the
calibrate the volume displacement to achieve the 2.5% uncertai structe: .
shown in Fig. a). 'ﬁg{/]v direction, and spaced 0.635 cm apart. Figure 6 shows mea-

While the resistance of the empty duct is very small, it is nosturements for S".‘a” stroke<4 mmy, with the. theoretical result .
too small for us to detect in the form of the small phase shiﬁhown by the solid curve. As the frequency increases, the inertial
between pressure and displacement, as shown in Fiy. The component of the pressure increases as frequency squared, and the
heavy solid curve is the theoretical vallldjé]. The Iow-am[;Iitude phase between pressure and displacement becomes small, so even

- he very small error in phase seen in Figh)Heads to significant
results are extremel low 6 Hz ickl ; A X
esults are extremely good below 6 but go bad quickly ‘%e ror in the loss factor, as plotted in Figdf At 5 Hz the error is
e wansition from lami iy to turbul ) lating flow i i about 2%, and at 0.5 Hz it is 5%.

e transition from laminarity to turbulence in oscillating flow is more compli- fati ;

cated than that for steady flow, depending both on peak Reynolds number and on t ;I'he .reSI.StI.VG pressure drop and phase shift due to thes.e paraIIeI
ratio of the duct cross-sectional size to the viscous penétration depth. Four fIBMAES IS S|m||a!' to that for our test screens. The phase Shlﬁ_ for the
regimes have been identified: laminar, weakly turbulent, conditionally turbulent, afxarallel plates is 26° at 0.5 Hz and 3.4° at 5 Hz. For two-thirds of
fully turbulent. The present empty duct flows are all “weakly turbulent,” characterthe screens, the phase shifts are greater than this even at the low-

ized by very small turbulent perturbations of the laminar flow n the core flow, and At amplitudes so the uncertainty should be less than the 2 to 5%
unperturbed boundary layer. For our duct dimensions and frequencies, the velocity is !

essentially uniform across the duct except for the small boundary layer, regardles$ @ the parallel plates. For the seven screens with the largest val-
the turbulence regime. ues of B, the phases do fall below the parallel plate value for the
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Fig. 6 Experimental and theoretical results from parallel

plates at low amplitude, used to study the overall uncertainty

in K

smallest amplitudes. We estimate that the error in some of tHSe
individual pressure measurements for the least resistive scree

(3—63 might be as large as 30%.

obtained by fittingk versus Rgcurves by eye. In most cases this

is extremely easy, with an uncertainty of less than 2% for all but a

couple of the highest porosity screens, where the scatter in the
data leads to an uncertainty of possibly as much as 5%, as judged
by repeating the fitting process after an interval of several weeks,

and then again many weeks later.

6 Comparison to Measurements and Correlations
of Previous Investigators

Definitions of Reynolds number and friction factor, and meth-
ods of reducing the data to simple correlations, have proliferated.
Thirty-five years ago, Pinker and Herbgt3] observed “a rather
bewildering number of permutations available for attempting a
correlation of incompressible data.”

Two general approaches have been most common. Researchers
measuring the resistance of single screens in steady flow have
tended to use the paramet@gsnd Rg (Egs.(2) and(5)). That is,
they have favored orthogonal porosity and wire diameter in mak-
ing correlations. Researchers measuring packed beds of multiple
screens have naturally tended away from “free flow area,” which
is a fuzzy concept for a randomly oriented stack of screens, and
meaningless for most porous media. They tend to use volumetric
porosity to characterize the openness of the screen. Many of these
same researchers base Reynolds number on hydraulic diameter
Dy, usually defined as four times the ratio of the void volume
Vyoig t0 the wetted surface ardg,,

4V i
A, (7)
Models of packed screens have assumed that all of the surface
area of all of the wire is wetted, in which case the hydraulic
diameter is related to the wire diametgy, by

¢

®

Some correlations make use of a Reynolds number based on the
“pore diameter,” the geometric mean of the sides of the screen

opening,
Im=l1l2, 9)

or some related parameter, and some even Bnig, D,,, andl.

Using any of these definitions, the friction factor is inversely
proportional to Re in the low Reynolds number region and inde-
pendent of Re in the high Reynolds number region, with some
intermediate region between. Very few investigatGrecluding
the present authordhiave managed to make measurements in all
three regions. Often, however, measurements in one region have
n used to draw conclusions about results over the entire range.
he reader is reminded at this point that when we compare
oscillating flow data to steady flow data, we are always using peak
velocity amplitude and peak resistive pressure amplitude to calcu-

5.4 Uncertainties in Reynolds Number. The uncertainty in late the various loss factors and Reynolds numbers described in
Reynolds numbers is dominated by the uncertainty in charactertise following.

tic dimension; 4% fod,, and 8 to 14% foD, . Even though the

temperature was only measured once at the start of each measuré-1 Correlations for Single Screens Based on Wire Diam-
ment run, the uncertainty in is less than 1%. Even for the mosteter and Open Area. Steady flow correlations based on wire
dissipative screen, the heating due to flow through the screetismeter ang3 have generally taken the form

averages less than 10 mW over the course of a run. Even if this /
heating were confined to the heat capacity of the air in the test
duct, the temperature rise would be yil K during the course of

K=G(B) ; (10)

A
Rey

a run. Changes in ambient temperature in the room are a MQyRereG is a function ofg only, andA andB are constants. Pinker

likely source of variation, and these are never observed to be 8%y Herbert identified several commonly uggéunctions such as
much as 2 K over the course of a measurement run, and this

would still changev by only 1.2%.

5.5 Uncertainties in Ag.

856 / Vol. 125, SEPTEMBER 2003

The values ofA, in Table 1 are

1-B
182

1 ’ (11)
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Fig. 7 Correlation of data from all 21 test screens using the function G,
1- B2 Another useful way to represent the low-Reynolds number data
Go=—3—, (12) s to plotA, for each screen. In Fig.(8), A2 is plotted versus
B B. The various screens are well correlated ustgto the extent
that the points in Fig. @) fall along a straight line passing
(1-B)? through the point8=1, A;82=0). The magnitude of the slope of
3= - (13) this line is the parametek; in Eq. (14). A least-squares fit sug-
B gestsA;=17.4 (with a correlation coefficient of 0.935but this

seems to us to weight too heavily the points of IBywwhere the
Though intuitively appealingG; has not been found to yield scatter is largest. Taking, /G, for each screen and averaging the
simple correlations and has not appeared in recent papers. Tésults suggestd,=16.8. We judge the best fit to b&;=17.0,
constantsA andB are different depending on whidhis used. We which gives the solid fit line plotted in Fig(8). This result is the
use subscripts 1 and 2 so that coefficient 17.0 in the fit curve 17.0 R&+0.55 that is plotted in
Fig. 7.

There areN=_837 points with Rg<1.5. The relative standard
deviation of these points from the lint€/G,=17.0/Rg is 11%.
Because the relativigpercen} deviation is approximately constant,
and because we wish to weight all of the points equally, we cal-
culate this relative standard deviationaccording to

A A
K:Gl(é-erl and K=Gz(é+82). (14)

We useA, to refer to fits to uncorrelated dat&GGg=1) from
individual screens at low Reynolds numbKr=A,/Re;.

Our data are best correlated usify, as shown in Fig. 7. , 1 5 [Ki1Gy—K[YGy, ?
Figure 7 presents the data from all 21 of our test screens, a total of 9N <\ Kiyg, | (15)
1535 data points. This correlation method is particularly good at L
reducing the data spread in the low Reynolds number region _
(Re;<1.5). whereK"/G,;=A, R}, with A;=17.0. The values of,/G;
Journal of Fluids Engineering SEPTEMBER 2003, Vol. 125 / 857
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Fig. 8 Plots of Aq for (a) our data, and (b) Ehrhart's data, [16]

range from a minimum of 13.1 to a maximum of 20.3, so thecreens over a range 6:Re;=300, and his plots show this same
largest deviations in the data are about 21%, twice the standgattern. Annand’s fit to Ref48,9,14 is also clearly less curved
(root-mean-squajedeviation. (i.e., has a smaller second derivajiie the intermediate Reynolds

6.1.1 mber region than is a functioh Rg}l+B that fits at high and

Intermediate Re Some early investigators presente u g )
raw data of measurements at intermediate Reynolds numbers. Reynolds numbersiAnnand's fit is presented only graphi-
y in his paper, and is not reproduced hgrferundrett[11]

inset in Fig. 7 shows data points taken from tables in Taylor arfd ) ;
Davies[9] and Simmons and Cowdrdyt4], and from curves of developed a correlatlon_ using data from these anfi othe_r sgurces,
the lowest velocity data from Schubauer, Spangenberg, and Kfd he concluded that it was necessary to add a “blending” term
banoff[8]. The steady-flow data from these three references ové-order to match the data in this region. Finally, Wieghddd]
lie our oscillating-flow data, indicating that the oscillating an@o'related the data from these same sources with a straight line
steady-flow resistance are the same in the intermediate ReynoM#) slope—1/3. _ _
number region. Wieghardt believed that it should be possible to compare a
Further support for this conclusion comes from comparison &reen to a collection of cylinders, with a velocity equal to the
the data of Groth and Johanss(dr5], shown in Fig. 8a). Groth Ppeak velocityu/g inside a screen pore, so he uséd in his
and Johansson presented results for seven screens, coverif@reglation and a Reynolds number equal tq /e His final cor-
larger range of Reynolds number than the earlier investigatorsjation wask =6.5G,;[Re,/8] *3. This is equivalent to use of
penetrating slightly into both the high and low Reegions. We Re, with a correlating function equal t6,8%%. Annand decided
obtained their data by xerographically enlarging their plot anthat G, gave a better correlation for this data. In the intermediate
measuring the positions of the points with a vernier caliper, whidReynolds number range, our data correlate about equally well
method was used on other graphical sources as well. Groth argingG, or G,. For our low Reynolds number data, howev@s,
Johansson'’s results are shown in Figa)orrelated withG, and  does not provide as good a correlationGs, as discussed in the
in Fig. Ab) usingG,. They used th&, correlation, buG; works  next section.
at least as well in reducing the spread of their data. )
The four parts of Fig. 9 are all plots of our complete dataiiset ~ 6-1.2 Low Rg.  Our low Re data correlate best using;,
gray), but each with a different correlation. Figuréis a plot of With a standard deviation of 11% from the line defined Ay
K/G; versus Rg; that is, it is the same as Fig. 7, but on the samg 17.0. UsingG,, shown in Fig. %), the standard deviatiofue-
scale as Figs. (®)—(c), to aid visual comparison of the differentfined similarly to Eq.(15)) has a minimum value of 19% when
correlations, with each plot having six cycles on the abscissa afid=12.0. The value oA,=11.5 plotted in the figure is closer to
4 1/2 cycles on the ordinate. Figuré®is a plot ofK/G, versus being centered between the minimum and maximum data point
Re,. The correlations in Figs.(6) and (d) are discussed in later values.
sections. Published data for comparison at low Reynolds numbers are
Comparison of our oscillating-flow data to the steady-flow datcarce. EhrhardtL7] reported in tabular form results equivalent to
from Refs.[8,9,14 (inset of Fig. 7 and from Ref[15] (Figs. 9a) our A, from careful measurements of the flow resistance of 60
and (b)) indicates that the steady flow and oscillating flow resultscreens at low and intermediate Reynolds numbers. Unfortunately,
are the same in the intermediate Reynolds number region. Nghrhardt did not report similarly careful measurements of the
only do the results match in magnitude, they match in functionatreens’ dimensions. Instead, it seems that he reports only nomi-
shape. The functional forrA Re;*+B is the simplest that might nal, manufacturer values. The consequence is that the scatter in
represent pressure drops through porous media, and it seeméhedata is too large to be of use in determining a correlation
work well for many “packed columns,” such as beds of granulafunction usingB. A plot of Ehrhardt’s results is given in Fig(i8.
materials]16]. For single screens in steady flow, however, suchividence that the large scatter in FigbBis the product of inac-
fit underpredicts the resistance in the intermediate Reynolds nuewate screen dimensions comes from Ehrhardt's measurements of
ber regime. Log-log plots of measurements from individudhe resistances of nine pairs of nominally identical screens from
screengFig. 3 show a straight line below Re3, a knee cover- different manufacturers. Ehrhardt8y’s for these supposedly
ing 3=Re;=30, and an almost straight line for Rieom 30 to at identical pairs of screens differ from each other by as much as
least 300. EhrhardtL7] measured the flow resistance of individuaB4%, with an average discrepancy of 16%.

858 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1 (a) 4 (b)
10 T T 10 g T T T
[ o Groth & Johansson | M [ e Groth & Johansson |
Fit curve: 17.0 Re_d1 +0.55 ".\ Dotted fit curve: 11.5 Re;l +0.4
3 3 >
10 10 ¥ " Dashed curve: 7.125 Re_dl + o.t.
K/G K/G L
1 2 P '\
2 2 N
10 10 < E
‘A
N
S
1 1 -
10 10} - 3
N
0 0
10 10 E
-2 0 2 -2 0 2
10 10 10 10 10 10
Re Re
d d
4 (©) (d)
10 = T T T W T .
< [ ® Ammour & Cannon | N\ [ o Coppage & London |
Solid fit curve: 5.8 Re. +0.5 3 N\ Fit curve: 32 Re ! +0.3
. AKC 100 X A
10 ¢ :. Dotted curve: 8.61 Re:&C +0.25 E N\ Dashed curve: 40 Rfs;l1 +03
§ f
Tisc F N
102 \
2 3 -
10 \
N\
\§
1 \S
1 10 F E
10
0
0 10 :
10
-2 0 2 -2 0 2
10 10 10 10 10 10
Re Re
A&C A

Fig. 9 Various correlation methods

Ehrhardt based his fit on the work of Wieghardt, using/8e of the A for each line we get the equivaleAg values 17.1, 19.0,
for Reynolds number an&, for the correlation. Ehrhardt’s fit 17.5, 17.8, 17.2, and 16.9, for an averdgeof 17.6. This is 3.5%
[K/G;=49(Re/B) 1+0.72] appears in Fig. ®) as 491—p)B, larger than our value of 17.0.
the dash-dot curve. All that can really be concluded from Chhabra and Richards¢@0] measured flow resistance at very
Ehrhardt'sA, data is that a fit curve should pass near the poitew Reynolds numbers (410 8<Re<7x10 %) using solu-
(8=0.35,A,B%2=11), which ourG, fit (17.01—)) does. TheG, tions of glucose and water for the single orthogonal porosity
fit to our data (115(1—[32), dashed curvealso passes near the=0.34. Their result i\, =17.0, which is the same as our result,
center of Ehrhardt’s cluster of points. and right in the center of Ehrhardt’s cluster.

Cornell [19] developed a correlation for data from pre-1958 Brundrett[11] collected data from various sources to develop a
sources(some of which we have been unable to obtatmt is correlation using3, that is claimed to apply to Rérom 10 “ to
presented as a family of curves on a log-log ploKdfs, versus 10*. Brundrett’s only source of data below Re2 comes from
Re,y/B, with separate straight lines fg@=0.2, 0.3, 0.4, 0.5, 0.6, Munson[21], who measured pressure drops across screens when
and 0.7 at low Rg The plot is small and difficult to measurethe approaching flow was a fully developed laminar duct flow.
accurately, but multiplying the appropriggeby our best estimate That is, Munson’s approaching flow was parabolic in profile.
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Brundrett converted Munson'’s results into uniform flow results bgf the rectangular opening. Armour and Cannon’s correlation is
“assuming that the pressure drop across each screen was notutegue in using bottDy, andl, as parameters. It is interesting to
pendent upon radial position, and hence, was constant at each aoe that, for dutch weaves, even Armour and Cannon do not have
every point of the screen.” This conversion ga¥e=7.125, an expression fob; they used “the screen particle retention rat-
which is 38% lower than our fit of th&, correlation of our data. ing as specified by the screen manufacturer.”

We believe that the comparison of our data to the data ofUsing this correlation on our data gives a fit dfiec
Chhabra and Richardson, the correlation of Cornell, and the cet5.8 Rgggc-fo,s, with a standard deviation of 15% at low Rey-
lective result of Ehrhardt's data, supports the conclusion that thelds numbergusing a Rgec=0.7 as approximately equivalent
steady-flow and oscillating-flow resistances are the same f@r the Rg=1.5 that is used for th&,; and G, correlations to
single screens at low Reynolds numbers, just as they are in #fine “low” Reg). This is almost as good as ti@&, correlation,
intermediate regime. That Brundrett’s low-Reynolds-number fibut without the use of3, as desired. Also plotted in Fig(® are
shown as the dotted line in Fig.(8, passes below all of our Armour and Cannon’s data points for four screens with plane
points, and belovall of Ehrhardt’s points, even with their consid-square weaves. These points are taken from their plot, which does
erable scatter, makes us doubt the validity of the assumptions that indicate which of the points are from which screen. The agree-
Brundrett used to convert Munson's data. ment between their data and ours is quite good. Their fit to their

Both Chhabra Qnd Rlchajgson’s. and Munson'’s data suggest thafa isfrec=8.6 Re4.+0.5, shown in Fig. @) as the dotted
the low Re relationK=Re ™~ continues down to at least Re cyrve. This curve falls above all of our data, but it also falls above
=10"°. most of their data foplane square weavd heir curve does pass
though the middle of their complete data set, which includes
points from screens with four other types of weave. This suggests

us that their “shape factorQ does not fully account for the

Ifferences between screen types.

6.1.3 High Rg. Our data do not reach high enough Re
make an accurate determination of the coeffict a fit. To the
extent that a given correlation does reduce the data to a sin
curve, an upper limit orB is set by the points with the highest
Reynolds numbers. In our case, the data from screen 4—120 set ) ) )
upper limits of abou;=0.55 andB,=0.45. Curiously, this is 6.3 Comparison to Studies Using Stacks of Screen.
consistent with data of Groth and Johansson and Pinker and Hetacks of screens are important in the areas of thermoacoustics
bert when the data are correlated W@, but not withG; . and Stirling-cycle devices because they are used as regenerators.

Pinker and Herbeft13] did careful studies at high velocities to The literature of stacked screens is fairly extensive, and includes
separate the effects of Reynolds number and Mach number. THgeillating flow data. We cannot examine all of it in this paper, but
data(from four screensled them to prefer &, correlation, with Wwe feel that it is important to compare our single-screen oscillat-
B,=0.5. They also plotted their data usi®,, with B;=0.8, ing flow data to at least some stacked screen measurements.
which is too large to be consistent with our oscillating-flow data. The relationship between the hydraulic resistance of a single
Cornell [19] plotted data of his own and of others at high Reyscreen and that of a packed stack of screens is unclear. Coppage
nolds number using3;, and it also clusters arounB,~0.8. ~and London[23] reported that the resistance of a stack of 40
Comparing Figs. @) and (b) we see that Groth and Johansson’§creens is twice at big as that for a stack of 20 screens, but we
highest Rg points lie above ours irfa) but not in (b). Clearly, know of no studies that compare, say, the resistance of 1, 2, 3, and
high Reynolds number single-screen oscillating flow data afescreens in contact. Coppage and London did compare stacks of
needed. close-packed screens to stacks with some space between the

Most researchers have used eitmror G2 for the entire range screens, using a friction factor in which the overall regenerator
of Re;. We know of no reason, however, to believe that the logngthL was replaced by the screen thickness times the number of
and h|gh Reyno|ds number resistance depend on porosity in gfgeens. They found that “the effects of screen separation on flow

same way. It could be, for example, that a better correlation woufidction are quite marked” at low Reynolds numbers, with a de-
take the formK = G,A; Re; 1+ G,B,. crease in pressure drop of up to 25% when the space between the

screens was twice the screen thickness. This indicates that single-
6.2 The Correlation of Armour and Cannon. Armour and screen friction factors should be lower than those for packed

Cannon[22] measured pressure drops through single layers ofseacks of screen.
variety of types of screen and correlated their data with a uniqueA packed stack of screens is clearly an example of a porous
method using the volumetric porosit. They considered the medium. Porous media are often characterized in terms of a Rey-
avoidance of the use of fractional open area to be “a great agblds number Rgand Fanning friction factofr based on hydrau-
vance” because certain types of weay&tutch” weaves that are  lic diameter and volumetric porosity,
useful for filtration haveno open area projected on a plane normal

to the flow direction. We have had limited success with most (u/$)Dy,
correlation methods involvingp, but this method is an exception, Rg=——— (18)
giving the excellent results shown in Figic® v
Armour and Cannon defined a friction factor and
Ap D/2
fagc=—""—>—-, 16 _ Ap Dn
M 0.50(ul)? QL te P O Bp(uig? AL 4o
and a Reynolds number that can be written as The length of the regenerator in the flow directionLis Many
papers also use a friction factor that is four times as large as the
(ulgp) Dy2 Fanning friction factor. We convert all quoted results ififa
Rengc= . (17)
v 164D 6.3.1 Steady-Flow Data for Stacked Screer®ur data are

plotted in terms off - versus Rgin Fig. 9Ad), in gray, along with
The lengthL is the screen thickness, which is jusd 2 for ideal our fit curve, fr=32 quj1+0.3. The fr—Rg, system does not
plane screens. The parame@gis a “shape factor” that is one for work particularly well for the purposes of reducing our data to a
plane weaves. The parameteris the “effective channel diam- single curve; the standard deviation below,RB.5 (which is
eter.” For plane screen§) =I,,, the geometric mean of the sidesroughly equivalent to Rg=1.5) is 24%. Our motivation for plot-
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ting the data in this way is that this system is used in manyp)/g° the data collapse to a single curve to within a standard
publications includingCompact Heat Exchangetsy Kays and deviation of about 11%. A correlation of the form
London [24], which is cited often in the thermoacoustics and

Stirling literature as a source of steady-flow stacked-screen data. Ap 1-p(17.0

The screen data presented by Kays and London comes from the pu2/2_ B2 @Jro's‘r’

work of Coppage and Londof25].2 Their data for six sizes of

screen in steady flow are plotted in black in Figd)9 Also ap-
pearing in the plot as a dashed line is Organ’s[fif], to Kays

d London’ ot fth d otf5] " =<200. A log-log plot of the data in this intermediate Reynolds
anaton 9?5 presentation ot these and o » MEASUreMents, 1, mper region is fairly straight, so a Wieghardt-style correlation
fe=40Rg, ~+0.3. The center of our data is about 20% lower tha|

, > dbOLE Quch ask=4.6G, Re; % works well for 2<Re;=400. This be-
Ei':)en Ctﬁgte;gjvci)opiﬂ?l%%l?;ﬂ Lgnggg %e-[vr\]/leselr? fy:rglrlasr(;ce)etgg redul%wior in the intermediate Reynolds number region has also been
y y 9sp ) observed by previous investigators who studied steady-flow

6.3.2 Oscillating-Flow Data for Stacked Screendanaka, through single screens, and also by Hsu et al. for stacks of
Yamashita, and Chisak@7] used thef—Reg, system to report SCreens.
measurements of pressure drops through regenerators in oscillatf & correlation using volumetric porosity is desired, we recom-
ing flow. They fit their screen-regenerator data wifit ~mend the method developed by Armour and Cannon. .
=43.8 Rg 1+0.40, 10% higher than Organ’s fit to Kays and Lon- Keeping in mind our use of peak velocity and pressure ampli-
don’s steady-flow graphs and 33% higher than our single-scre@idles to calculate Reynolds numbers and loss factors for oscillat-
oscillating-flow results at low Re Hsu, Fu, and Chenfg] on the 1Ng flow, comparison of the present low-frequency oscillating-
other hand, recently measured stacked-screen regenerators inflg4L data to previous studies of steady flow through single screens
cillating flow over an exceptionally large range of Rend came Suggests that the flow resistances are the same for these two cases,
up with f¢=27.3 Re 1+0.25. Disturbingly, this is 38% lower than provided that the size of the holes in the screen are smaller than a

Tanaka's measurement of exactly the same physical situatigfpcous penetration depth. qu Tesu'ts are about 20% lower than
Their introduction implies that the discrepancy may be due ﬁ)tacked-screen stt_eady-flow_frlctlon factors reported by Coppage
Tanaka's and others’ inference of gas velocity from piston posff‘-nd Lonqlon. Rrev]ous studies of pressure drops though stapked
tion, rather than direct measurement, or that previous investigatgFeeens in oscillating flow fall both significantly above and sig-
did not measure over a large enough range in Reynolds numbeP 6cantly below the present results, making comparison difficult.
accurately determine the coefficients. When considering this ques-
tion, it should be taken into account that Hsu et al. used a Vapﬁ!_scknowledgments

dyne DP103 for pressure measurements, and they state that “foil his work was supported by the Office of Naval Research, with
the low-frequency application of this experiment, a static calibrg&upplementary support from the Pennsylvania Space Grant Con-
tion is adequate.” Our experience is different, using the sansertium.

DP103 transducer housing but using a thinner diaphragm. Their

measurements were carried out at 4 Hz. Our DP103 is 7.3% less

sensitive at 4 Hz than at 0.125 Hz. On the other hand, our sendd@menclature

also exhibits a Iargg phase shift at 4 Hz., whereas thgir plots .show A, = wetted aream?)

pressure and velocity in phase, so their less sensitive version of 5 _

= coefficient in correlation

the sensor may not have the same frequency response as ours.g — cgefficient in correlation

However, we must recommend caution to future investigators who D, = hydraulic diametefm)
might consider using this sensor for measurement of unsteady g — correlating funcion
pressures. _

Hsu et al. and Zhao and Cheffg] quoted previous researchers AK _ gi:ﬂ:g E;ergézzpa
who found that pressure drops though screen regenerators weregg — Reynolds numbér
higher in oscillating flow than what was predicted from steadyg «c = Reynolds number from Ref22]
flow correlations. When Hsu et al. measured pressure dropSpe — Re based on wire diameter
through their regenerators with both steady and oscillating flow, Re, = Re based on hydraulic diameter
however, they concluded that “the correlation between pressure- \;, _ volume (m®)
drop and velocity for oscillating flows is the same as the steady 4 = ire diameter(m)
flow correlation.” They also concluded that an additional term f = Fanning friction factor
was necessary in the correlation function to match the data in the = friction factor from Ref[22]
intermediate Reynolds number region. That is, the intermediate”*] _ ¢ reen gagm)

Reynolds number pressure drop deviates frarRe *+B for m = screen meskm™ 1)

packed screens as well as for single screens. u = approach velocity (m/9)

(20)

works very well below Rg=2, but underestimate$ for 2<Rey

Greek Letters

B = orthogonal porosity
7 Conclusions v = kinematic viscosity(m?/s)
We report measurements of pressure drops across individual @ = Volumetric porosity
woven-wire screens subjected to low-frequency oscillating flow in -~ # ~ density (kg/m)
the region 0.002 Re;<400. The flow resistance depends on Rey- ¢ = Phase angle - _
o = angular frequency of oscillatiofradians/g

nolds number, but we do not observe any separate dependence
upon the ratio of oscillation amplitude to wire diameter, as w8ubscripts

would have expected. With the correlating functi@y=(1 1,2 = screen coordinate directicion d, I, m)

_ ) _ ) m = mean of value in directions 1 and 2
2We transcribe the data_ Qf Rd23] from [25], Whl(_:h contains the same data in 0,1, 2 = correlation numbe(on A, B, G)
larger graphs than the original paper. We transcribe only the screen data, which
covers the low Reynolds numbers. Kays and London’s higher Reynolds number data—
come from measurements on matrices of crossed rods, together with converting thes&For oscillating flow cases), Ap, K, and all Reynolds numbers referpgeak not
into results equivalent to those from woven screens. instantaneous, quantities.
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Turbulent Boundary Layers Over
Surfaces Smoothed by Sanding

Flat-plate turbulent boundary layer measurements have been made on painted surfaces,
smoothed by sanding. The measurements were conducted in a closed return water tunnel,
. over a momentum thickness Reynolds numBeg,) range of 3000 to 16,000, using a
United States Na.Vﬁ' Academy, two-component laser Doppler velocimeter (LDV). The mean velocity and Reynolds stress
Annapolis, MD 21402 profiles are compared with those for smooth and sandgrain rough walls. The results
Karen A. Flack indicate an increa'_se in the boundary layer thickne§saphd the integral_length scales for _

. the unsanded, painted surface compared to a smooth wall. More significant increases in
these parameters, as well as the skin-friction coefficiélt) were observed for the
sandgrain surfaces. The sanded surfaces behave similarly to the smooth wall for these
boundary layer parameters. The roughness functighs) *) for the sanded surfaces
measured in this study agree within their uncertainty with previous results obtained using
towing tank tests and similarity law analysis. The present results indicate that the mean
profiles for all of the surfaces collapse well in velocity defect form. The Reynolds stresses
also show good collapse in the overlap and outer regions of the boundary layer when
normalized with the wall shear stresDOI: 10.1115/1.1598992

Michael P. Schultz

Naval Architecture & Ocean Engineering
Department,

Mechanical Engineering Department,
United States Naval Academy,
Annapolis, MD 21402

Introduction Clauser[1] argued that the primary effect of surface roughness

The importance of rough wall, turbulent boundary layers is WeYnKae;r:OvZ%ucsite a r%%ﬁ”‘;;?r?h;hg%lﬁggre I?e?egrlthlgnolrc ;g_géglrlldgf “the
established. In a large number of engineering applications, from y D y ‘ayer.

pipe flow to flow over a ship’s hull, boundary layers develop oveyPe rough walls, the dowr_1w+ard shifU", called the rough-
surfaces that are rough to an appreciable degree. For this reasdi$s function, correlates with”, the roughness Reynolds num-
significant body of research has focused on quantifying the effat¢" defined as the ratio of the roughness length séalt the

of surface roughness on boundary layer structure. Numerous ¥C0Us length scale;/u,.. The mean velocity profile in a rough
perimental investigations of rough wall, turbulent boundary layet¥all boundary layer is, therefore, given as

have been conducted including the studies of ClalsgrHama 1

[2], Ligrani and Moffat[3], Krogstad and Antonid4—6], and Ut==In((y+e)")+B—AU+2w((y+e)/)Il/k. (2)
others. Raupach et 4l7] provides an excellent review of much of K

this work. The majority of these investigations have centered ®fama[2] showed that by evaluating Egél) and (2) at y=y
flows over simple, well-defined roughness patterns such as transe = §, the roughness function is found by subtracting the rough
verse bars, mesh screen, sandgrains, and circular rods. While wa# log-law intercept from the smooth wall intercej®, at the

of simple roughness geometry is attractive since it is easily deame value of Rg . The roughness function can be expressed as
fined and can be parametrically altered, it is not representative of

most roughness of engineering interest. A notable exception was AU* = /3 B /i 3
the study of Acharya et al8] that documented the effect of sur- o C; [ ©)
face roughness caused by machining, such as that observed on S R

turbine blades. It should be noted that Ed3) is only valid provided the mean

In many cases, turbulent flows evolve over painted surfaces tivglocity profiles collapse in velocity defect form, given g,
have been smoothed by sandifegg., sailing hulls and wind and U.—U
water tunnel modejs In a previous study using a towing tank, € :f(X)_ (4)
Schultz[9] documented the effect of sanding on surface roughness u- o

and frictional resistance of flat plates; however, no measuremegigjjapse of the mean defect profiles for rough and smooth walls is
of the mean and turbulent velocity profiles were made. The pyfyngistent with the turbulence similarity hypotheses of Townsend
pose of the present investigation is to document the mean velo%)o and Perry and Lj11] that state that turbulence outside of the
and Reynolds stress proflles_ over these surfaces and com [éghness sublayéie., the layer of fluid immediately adjacent to
them to smooth and sandgrain rough walls., sandpaper Cov- i roughnessis independent of the surface condition at suffi-
ered surfaces This should provide a framework from which 10 jengy high Reynolds number. A majority of the experimental
address the similarities and d_lfferences observed in turbuleé];idence seems to support the universality of the defect law. Some
boundary layers on sanded, painted surfaces to those develoRifigant research, however, indicates that surface roughness alters
over smooth and sandgrain surfaces. _ the velocity defect profile[4,8], leads to a higher degree of iso-
The mean velocity profile in the overlap and outer region for flopy of the Reynolds normal stresséé,~6], and changes the
smooth wall, turbulent boundary layer can be expressed as  Reynolds shear stress profiles in the outer region of the boundary
layer,[4—6]. Another outstanding issue is the ability to character-
1 ize the roughness functiorAU ™) for a generic surface by a
U'==In(y")+B+2w(y/5)I1/k. (1) physical measurement of the surface roughriksalone.
« The goal of the present experimental investigation is to docu-
ment the mean velocity and Reynolds stress profiles on painted

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; ; !
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionsurfaees smoothed by Sandlng' These are Compared with pI’OfI|ES

August 19, 2002; revised manuscript received March 23, 2003. Associate Editor: V€ Smooth and sandgrain rough walls. An attempt to identify a
V. Otiigen. suitable roughness scaling parameter for the roughness function
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Table 1 Description and roughness statistics of the test surfaces

Ra Rq Ry R,
Specimen (pm) (pem) (em) (em) Description
Smooth NA NA NA NA Cast acrylic surface
60-grit 126+5 160=7 983+89 921+ 82 60-grit commercial wet/dry sandpaper
sandpaper
220-grit 302 38+2 27517 251+14 220-grit commercial wet/dry sandpaper
sandpaper
Unsanded g1 12+1 76+8 717 Unsanded, sprayed polyamide epoxy
60-grit 5+1 4+1 364 32+3 Sprayed polyamide epoxy
sanded sanded with 60-grit wet/dry sandpaper
120-grit 4+1 31 26+2 23+2 Sprayed polyamide epoxy
sanded sanded with 120-grit wet/dry sandpaper

Uncertainties represent the 95% confidence precision bounds

for this particular class of surfaces is made. These results aplied with a spray gun. One surface was tested in the unsanded
compared with the roughness function measured indirectly foondition. One was wet sanded with 60-grit sandpaper. The final
these surfaces by Schul@] using frictional resistance measuretest surface was wet sanded with 120-grit sandpaper. All the sand-
ments on towed flat plates. ing in the present experiment was carried out by hand with the aid
. of a sanding block using small circular motions. The surfaces
Experimental Facilities and Method were carefully cleaned with water and a soft cloth to remove grit
The present experiments were carried out in the closed circaitd detritus left behind by the sanding process. Further detail of
water tunnel facility at the United States Naval Academy Hydrahe surface preparation is given in Schi. The surface rough-
mechanics Laboratory. The test section is 40 cm by 40 cm in crassss profiles of the test plates were measured using a Cyber Op-
section and is 1.8 m in length, with a tunnel velocity range afcs laser diode point range sengorodel #PRS 4plaser profilo-
0-6.0 m/s. In the present investigation, the freestream velocCi{yeter system mounted to a Parker Daedal two-axis traverse with a
was varied between~1.0 m/s—3.5m/s (Re-1.4x10°-4.9 resolution of 5um. The resolution of the sensor isgm with a
X 10°). Flow management devices include turning vanes placggser spot diameter of 19m. Data were taken over a sampling
in th_e tunnel corners and a honeycomb flow straightener in th@hgth of 50 mm and were digitized at a sampling interval of 25
settling chamber. The honeycomb has 19 mm cells that are 15@y Ten linear profiles were taken on each of the test surfaces. No
mm in length. The area ratio between the settling chamber and Hring of the profiles was conducted except to remove any linear
test section is 20:1, and the resulting freestream turbulence INGXnd in the trace. A description of the test surfaces along with the

sity in the test section is-0.5%. surface roughness statistics is given in Table 1. It should be noted

The test Specimens were inserted into a fl_at-plat_e test f'XtLH?at an error in the calibration used 8] led to a systematic
mounted horizontally in the tunnel. The test fixture is similar to

that used by SchultzL2]. The fixture is 0.40 m in width, 1.68 m undere_stimate of the roughness height parameters._ This has been
in length, and 25 mm thick. It is constructed of a high densit med'ed. .and the roughness helght parameters given here have
foam core covered with carbon fiber reinforced plastic skins atfen Verified using a second profilometer.

was mounted horizontally in the tunnel's test section along its Velocity measurements were made using a TSI IFASS50 two-
centerline. The leading edge of the test fixture is ellipticallfomponent fiber-optic LDV system. The LDV used a four beam
shaped with an 8:1 ratio of the major and minor axes. The forwafdrangement and was operated in backscatter mode. The probe
most 200 mm of the plate is covered with 36-grit sandpaper to trfplume diameter was-90 um, and its length was-1.3 mm. The

the developing boundary layer. The use of a strip of roughnediscous length ¢/u,) varied from a minimum of fum for 60-grit

was shown by Klebanoff and Dieljll3] to provide effective sandpaper at the highest Reynolds number tou24 for the
boundary layer thickening and a fairly rapid return to selfsmooth wall at the lowest Reynolds number. The diameter of the
similarity. The test specimen mounts flush into the test fixture aqulobe volume, therefore, ranged from 3.8 to 18 viscous lengths in
its forward edge is located immediately downstream of the trighe present study. The LDV probe was mounted on a Velmex
The removable test specimens are fabricated from 12-mm thigtkee-axis traverse unit. The traverse allowed the position of the
cast acrylic sheet 350 mm in width and 1.32 m in length. Thgrobe to be maintained t&:10 um in all directions. In order to
boundary layer profiles presented here were taken 1.35 m dowgilitate two-component near-wall measurements, the probe was
stream of the leading edge of the test fixture. Profiles taken frofeq downwards at an angle of 4 deg to the horizontal and was
0.75 m to the measurement location confirmed that the flow hggisieq 45 deg about its axis. Velocity measurements were con-

reached self-similarity. The trailing 150 mm of the flat plate fixy,teq in coincidence mode with 20,000 random samples per lo-
tureis a movable tail flap. Th's. was set with the trailing edge up Bliion, Doppler bursts for the two channels were required to fall
~5 deg in the present experiments to prevent separation at |

; . fhin a 50 us coincidence window or the sample was rejected.
leading edge of the plate. The physical growth of the boundaryln this stl/jdy the skin-friction coefficienC+ For the smlooth

layer and the inclined tail flap created a mildly favorable pressure ) .
gradient at the measurement location. The acceleration param?férltace was found using the Clauser chart methbfwith log-

(K) varied from 7.4<10°8 at the lowest freestream velocity to aw ponstan_ts<=0.41 andB=5.0. For the rough_ ‘.Na”SCf was
2.0x10 8 at the highest freestream velocity. The pressure gra(ﬂptamed using a procedure based on the qu'f'eq Clauser chart
ent did not vary significantly between the test specimens. method given by Perry and lLil_l]. To a_ccomph_sh th.'s’ the wall

Six test surfaces were tested in the present sti@ple 1. da@um offset was _flrst determined using an iterative _proc_edure.
Three served as controls. One was a smooth cast acrylic surfagd$ involved plottingU/U. versus lii(y+e)U./v] for points in
The other two were sandgrain rough surfaces; one covered wiftg 10g-law region(points betweeny(+¢)"=60 and §+¢)/6
60-grit wet/dry sandpaper and the other with 220-grit wet/dry0.2) based on an initial guess af obtained using the total
sandpaper. The remaining three test surfaces consisted of acrgifess method detailed below. The wall datum offset was initially
plates initially painted with several coats of marine polyamidtaken to be zero and was increased until the goodness of fit of
epoxy paint manufactured by International Paint. The paint wéisear regression through the points was maximized. This was
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Table 2 Boundary layer parameters for the test cases

C¢x10°
Test U, C;x10°  Total 5 5 6
Specimen Case (ms ) Re, Clauser Stress (mm) (mm) (mm) H AUT
Smooth 1 0.94 2950 3.44 3.32 28 3.8 2.9 1.30 —
2 2.60 7020 2.99 3.04 26 3.2 2.5 1.27 —
3 2.99 8080 2.92 2.82 27 3.2 2.5 1.26 —
4 3.58 9680 2.82 2.77 26 3.2 2.5 126 —
60-grit 1 0.93 3720 4.82 4.55 33 5.1 3.7 1.38 4.5
sandpaper 2 2.53 10600 5.04 5.29 33 55 3.9 1.42 7.4
3 3.12 13800 4.87 5.09 33 5.9 4.1 1.44 8.0
4 3.58 16400 4.84 5.13 34 6.1 4.3 1.43 8.3
220-grit 1 0.95 3420 3.52 3.66 33 4.7 3.5 1.36 1.3
sandpaper 2 2.60 8930 3.79 3.90 29 4.3 3.2 1.34 3.9
3 3.07 11000 3.89 3.77 30 4.5 3.3 1.36 4.8
4 3.63 12900 3.85 3.69 30 4.6 3.4 1.36 5.2
Unsanded 1 0.93 3170 3.40 3.31 31 4.1 3.2 1.30 0.3
2 2.50 8080 3.05 3.14 31 3.8 2.9 1.29 0.9
3 3.11 10500 2.94 2.98 31 4.0 3.1 1.29 1.3
4 3.59 11900 2.95 2.87 31 4.0 3.1 1.29 1.6
60-grit 1 0.95 2830 3.50 3.46 27 3.8 2.9 1.31 0.2
sanded 2 2.53 6720 3.07 2.93 27 3.2 2.5 1.27 0.2
3 3.09 8200 2.98 2.78 28 3.2 2.5 1.27 0.4
4 3.52 9260 2.94 2.87 27 3.2 2.5 1.26 0.5
120-grit 1 1.00 2920 3.46 3.43 28 3.9 3.0 1.32 0.0
sanded 2 2.50 7070 3.06 2.93 26 3.2 25 1.26 0.2
3 3.01 9700 2.81 2.65 28 3.8 3.0 1.27 0.2
4 3.69 11400 2.83 2.68 28 3.6 2.9 1.25 0.3

considered the proper wall datum offset. The following formulaveighted to correct for velocity bias, as given by Buchhave et al.
was then used to determir@® based on the slope of the regres{18]. Velocity gradient bias is due to variation in velocity across
sion line,[14]: the measurement volume. The correction scheme of Durst et al.
d(U/U,) 2 [19] was used to correat’. The _c_orrections to the mean velocity

© . (5) and the other turbulence quantities were quite small and therefore
d(In[(y+e)Ue/v]) neglected. An additional bias error in thé measurements of

For all the test surfaces, the total stress method was also used-#% was caused by introduction of tive’ component due to
verify C;. It assumes a constant stress region equal to the wiielination of the LDV probe.
shear stress exists in the inner layer of the boundary layer. If theThese bias estimates were combined with the precision uncer-
viscous and turbulent stress contributions are added together,t@ifties to calculate the overall uncertainties for the measured
expression foC; may be calculated as the following evaluated sfuantities. The resulting overall uncertainty in the mean velocity
the total stress plateau in the inner layer: is +1%. For the turbulence quantitieg?, v'2, andu’v’, the
2 JU overgl! uncertainti.es. ant.Z%, +4%, and*=7%, res.pectively..The
=—|lv——u'v'|. (6) Precision uncertainties iC; were calculated using a series of
Ugl ay repeatability tests, in a manner similar to that carried out for ve-
locities. These were combined with bias estimates to calculate the
Uncertainty Estimates overall uncertainty inC;. The uncertainty inC; for the smooth

Precision uncertainty estimates for the velocity measuremetjf@lls using the Clauser chart methodig%, and the uncertainty
were made through repeatability tests using the procedure giv8rot for the rough walls using the modified Clauser chart method
by Moffat [15]. Ten replicate velocity profiles were taken on botH{/aS =7%. The increased uncertainty for the rough walls resulted
a smooth and a rough plate. The standard error for each of fR&nly from th?r extra two degrees-of-freedom in fitting the log
measurement quantities was then calculated for both samples!ay (¢ and AU™). The uncertainty inC; using the total stress
order to estimate the 95% confidence limits for a statistic calcethod is=8% for both the smooth and rough walls. The uncer-
lated from a single profile, the standard deviation was multiplid@inties iné, 5*, and ¢ are £7%, +4%, and+5%, respectively.
by the two-tailedt value ¢=2.262) for nine degrees-of-freedom
and «=0.05, as given by Coleman and Steél@]. LDV mea- paciits and Discussion
surements are also susceptible to a variety of bias errors including
angle bias, validation bias, velocity bias, and velocity gradient The experimental conditions for each of the test cases are pre-
bias, as detailed by Edwardi$7]. Angle or fringe bias is due to sented in Table 2. Significant increases in the physical growth of
the fact that scattering particles passing through the measureniggt boundary layer were noted on the unsanded and sandgrain
volume at large angles may not be measured since several frifigegh surfaces compared to the smooth wall. The average in-
crossings are needed to validate a measurement. In this expefgases irs, 6*, andé for the unsanded surface were 16%, 19%,
ment, the fringe bias was considered insignificant, as the beagawd 17%, respectively. The 60-grit sandpaper showed increases of
were shifted above a burst frequency representative of twice th4%, 70%, and 50%, while the 240-grit sandpaper had increases
freestream velocity,17]. Validation bias results from filtering too of 14%, 36%, and 27% i, 5*, and 6, respectively. The increase
close to the signal frequency and any processor biases. In generehsured in these quantities compared to the smooth wall for both
these are difficult to estimate and vary from system to system. b the sanded surfaces was within the experimental uncertainty.
corrections were made to account for validation bias. Velocity bidhe skin-friction coefficient determined using the Clauser chart
results from the greater likelihood of high velocity particles movand the total stress methods showed good agreement in this inves-
ing through the measurement volume during a given samplitigation, as the two fell within the uncertainty for all of the test
period. The present measurements were burst transit ticases. The values @f; andu, used in the results that follow were

Ci=2«?

Cs
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00054 * . .
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0.002 10 - e U =10ms
a U,=25mis
0.001 ~ ® Smooth v 120Grit Sanded 5 A U =30ms
O  Unsanded @ 220-Grit Sandpaper o U, =35ms
0.000 A §0-Grit Sanded + 60-Grit Sandpaper = smooth wall log-law
X T T T . . : T 0 . -
4000 6000 8000 10000 12000 14000 16000 18000 ®) 60-Grit Sanded Surface
Re, 25 |
Fig. 1 Skin-friction coefficient versus momentum thickness ®
Reynolds number. (Overall uncertainty in C;: smooth wall, 20 1
*+4%; rough wall, *7%.)
5 15

determined using the Clauser chart method. This method was se- 49 {
lected due to its lower overall uncertainty. Figure 1 pres€hts

versus Rg for all the test surfaces. The smooth wall results of 5 ]
Coles[20] and DeGraaff and Eatdi21] are shown for compari-
son. The present smooth wall; values were systematically
higher than the results of Coles and DeGraaff and Eator 8% ©
and ~4%, respectively. This may have been due to the elevated 120-Grit Sanded Surface
freestream turbulence intensity in the test facility and a slightly
favorable pressure gradient, both of which would tend to increase
C;. It should be noted, however, that the present results agree
with those of the previous investigations within the combined un-
certainties of the measurements. Tevalues for the sanded and
unsanded surfaces are observed to rise slightly above the smoott
wall curve as Rg increases, however, the increases were still
within the uncertainty of the measurements. The sandgrain rough
surfaces both exhibited a significant increas€jrover the entire
range of Rg. At the highest Reynolds numbe@; was 87%
higher than the smooth curve for the 60-grit sandpaper and was
43% higher for the 220-grit sandpaper.

0 Y T

Figure 2 shows the mean velocity profiles in wall variables for 10 100 (y+g) 1000
all of the test surfaces at the highest freestream velocity. The loci files i I di ¢ h
smooth profile follows the smooth wall log-law well in the over-'9: 3 Mean velocity profiles in wall coordinates for (&) the

lap region. The rough surfaces also display a linear log region t
is shifted byAU* below the smooth profile. As expected, a tren
of increasingAU* with increasing roughness height is observed.

Sanded surfaces smoother than 120-grit sanded were not tested, ) . ) ] )
because, as illustrated in Fig. 2, the velocity profiles were virtually

collapsed with the smooth profile at this surface finish. However,

ua?;anded surface, (b) the 60-grit sanded surface, and (c) the
E -grit sanded surface. (Overall uncertainty in U, £7%.)

30 in a previous studySchultz[9]), small but significant differences
All Surfaces —— smooth wall log-law in the overall frictional resistance of towed plates were observed
25 : on smoother surfaces. This implies that a roughness function may
exist for surfaces sanded with finer grit sandpaper, however, they
are difficult to measure using velocity profile methods. The mean
20 1 velocity profiles for the sanded surfaces in wall coordinates are
. shown in Fig. 3. Figure &) shows the profiles for the unsanded
D 151 surface. An increase is seen XU* with increasing unit Rey-
nolds number, as expected. In Figgb)3and 3c), a similar trend
10 4 is observed, but the changes &A™ with increasing unit Rey-
nolds number are very small.
5 e Smooth v 120-Grit Sanded Figure 4 presents the roughness functioht)(* versusk™) for
o g;;?f;:" soa ¥ gg‘j‘;‘{;:g:g‘p:' all of the rough test surfaces. The Colebrook_-t){aé’,], roughness
° . . function for naturally occurring roughness given by Grig$28|
10 100 1000 and the Nikuradse-typ&24], roughness function for uniform sand
(v+&)"* given by Schlichtind25] are shown for comparison. The painted
surfaces show good agreemeRPE 0.9) with a Colebrook-type
Fig. 2 Mean velocity profiles in wall coordinates for all sur- roughness function usink=0.39R, . Usingk based on the other
faces at the highest freestream velocity.  (Overall uncertainty in roughness height parameters shown in Table 1 gave similar agree-
U*: smooth wall, +4%; rough wall, *7%.) ment with a Colebrook-type roughness function for these surfaces.
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Fig. 4 Roughness functions (AU* versus k%) for the rough Fig. 6 Velocity defect profiles for all surfaces at the highest
specimens. (Overall uncertainty in -~ AUY, £10% or +0.2 which-  freestream velocity. (Overall uncertainty in (Us—Ulu,:
ever is greater. ) smooth wall, *5%; rough wall, *7%.)

The sandgrain rough surfaces agree well with a Nikuradse-typelocity defect profile for rough and smooth walls as first pro-
roughness function witk=0.75R;. This indicates that for these posed by Clausdr] and also lends support to the boundary layer
relatively simple roughness geometries a single roughness heigimilarity hypotheses of TownseidO] and Perry and Lj11] that
parameter is a sufficient scaling parameter to characterize tate that turbulence outside of the roughness sublayer is indepen-
physical nature of the surface. Acharya et[8]. have shown that dent of the surface condition at sufficiently high Reynolds num-
for surfaces representative of those on gas turbine blades, a tegr. Acharya et al[8] also noted good collapse to a universal
ture parameter such as the root mean square deviation in the siafect profile for mesh and machined surface roughness but ob-
face slope angle may be required to serve as an additional scakegved significant scatter for sand-cast surfaces.

parameter. It should be noted that the effect of changing theThe normalized, axial Reynolds normal stregﬁ(uf or

c_hoice Of.k on the roughness funct?on for a _give_n surface is_ tgquivalentlpr/TW) profiles for all test surfaces at the highest
_5|mply sh|ft.the curve along+ the horlzon'_[al axis without Chgng'nﬂeestream velocity are presented in Fig. 7. Also shown for com-
its shape, since/u, andAU ™ are determined by the flow. Figure ,4/ison are the results of the smooth wall direct numerical simu-
5 shows the present roughness functions for the painted surfaggg), (DNS) by Spalart[27] at Re,=1410 and the smooth and
along with the results from similar surfaces determined by Schu%ugh wall experimental results of Perry and [i1] at Re,

[9] using towing tank measurements and boundary layer similarity . —= 5 .
law analysis. Overall, there is good agreement between the dgt%tygsg/sg?n?g;% tﬁ:%?/(;trll\fplyérﬁjogStg(r)lrlggis(.)ifvgfftﬁgoglc)eusn dary
sets  and the Colebrook-type roughness funct|on_ using Earyer. This is in agreement with the findings of Perry and11]

=0.39R,. These data indicate that the roughness functions det S
mined indirectly using overall skin-friction resistance measur@-nd Krogstad and Antonigl 6] who also observed no significant

ments and similarity law analysis can provide results that agrggference in the axial Reynolds normal stress profiles for smooth

with those determined directly using the mean velocity profile zfg]d_ rough yvallzs outside of the inner region when they were nor-
was argued by GranvillE26]. malized usingu?. It should be noted that the present results also

The mean velocity profiles in defect for&g. (4)) for all test show good quantitative agreement with those of Perry andd]i

surfaces at the highest freestream velocity are presented in FigI'se mixed scaling'?/u,U.) recently proposed by DeGraaff and
The velocity defect profiles exhibit good collapse in the overlabaton[21] based on a smooth wall study was also tried on the
and outer regions of the boundary layer. This supports a universal

Al Surfaces ® Smooth
O  Unsanded

A 80-Grit Sanded

¢ 120-Grit Sanded

¢ 220-Grit Sandpaper

+  60-Grit Sandpaper
~—— DNS, Spalart [27]

O Smooth, Perry & Li [11]
@ Rough, Perry & Li [11])

2.0

B Unsanded Open Symbols from Towing Tank Tests [9] 7
A 80-Grit Sanded
v 120-Grit Sanded

1 In{1+k") [23) ™

0.0 0.2 0.4 0.8 0.8 1.0 1.2
0.01 0.1 1 (y+a)/5

Fig. 7 Normalized axial Reynolds normal stress profiles for all
Fig. 5 Roughness functions (AU* versus k%) for the painted surfaces at the highest freestream velocity. (Overall uncertainty
surfaces. (Overall uncertainty in -~ AU, £0.2.) in u’zluf: smooth wall, *5%; rough wall, *7%.)
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Fig. 9 Normalized wall-normal Reynolds normal stress pro-
files for all surfaces at the highest freestream velocity. (Overall

uncertainty in Flui: smooth wall, *6%; rough wall, *8%.)

uu?

overlap and outer regions of the boundary layer. This is in agree-
ment with the findings of Perry and [11] who also observed no
significant difference in the wall-normal Reynolds normal stress
profiles for smooth and rough walls outside of the near wall re-
gion when they were normalized using. Krogstad and Antonia

[4—6] noted a large increase irf 2/u® well into the outer region
of the boundary layer for mesh and circular rod roughness. They
attributed this to an increase in the inclination angle of the large-
scale structures, which tended to make the turbulence in the outer
region more isotropic. Schultzl2] also observed this on flows
over filamentous algae roughness but showed sandgrain roughness
results collapsed well with smooth wall profiles. Further research
is needed to show what surface properties are necessary to pro-
duce these changes in the boundary layer structure. It should be
stated that the present results in Fig. 9 agree within their experi-
i &0 mental uncertainty with those of Perry and[lil]. The normal-
06 0.8 1.0 1.2 ized, wall-normal Reynolds normal stress {/u?) profiles for the
(y+e)/s unsanded, 60-grit sanded, and 120-grit sanded surfaces are pre-
sented in Fig. 10. The profiles at the three highest Reynolds for all
Fig. 8 Normalized axial Reynolds norr_nal stress profiles for (@  of these surface numbers show good collapse. The lowest Rey-
the unsanded surface, (b) the 60-grit sanded surface, and _ (g) nolds number profiles are slightly below the other profiles in all
the 120-grit sanded surface. ~(Overall uncertainty in  u'*/u?,  cases and show better agreement with the low Reynolds number
*7%.) DNS of Spalarf27].
The normalized, Reynolds shear stressu(v’/ui or equiva-
lently —pu’v’/7,) profiles for all surfaces at the highest
present results. While it provided good collapse of the smootfeestream velocity are presented in Fig. 11. The results of the
wall results, it did not collapse the profiles from the differensmooth wall DNS by Spalaf27], the smooth wall experimental
rough walls as effectively alsi. The normalized, axial Reynolds results of DeGraaff and Eatd21] at Re,=13,000, and the rough
normal stressy’?/u?) profiles for the unsanded, 60-grit sandedwall experimental results of Ligrani and Moffd8] at Re
and 120-grit sanded surfaces are presented in Fig. 8. The profifes8700 are shown for comparison. Reasonably good collapse of
at the three highest Reynolds numbers for all of these surfadbs —u’v’/u? profiles is observed in both the overlap and outer
numbers show good collapse. The lowest Reynolds number pregions of the boundary layer. This is in agreement with the mea-
files are slightly below the other profiles in all cases. This is prolsurements of Ligrani and Moff48] who also observed no signifi-
ably due to the fact that the momentum thickness Reynolds nuoant difference between the Reynolds shear stress profiles for
ber was relatively low (Rg<3200). Coled20] gives Rg>6000 smooth and rough walls outside of the near wall region when they
to achieve a fully developed, equilibrium turbulent boundarywere normalized usingf. Krogstad and Antonig4—6] noted a
layer. Again, the agreement of the present results with the smofnficant increase in-u’v'/u2 well into the outer region of the
and rough wall results of Perry and [11] is within the experi- qndary layer for mesh and circular rod roughness. Schid
mental uncertainty. __, also observed this on flows over filamentous algae roughness but
The normalized, wall-normal Reynolds normal stres$*(u?  showed sandgrain roughness collapsed well with smooth wall pro-
or equivalentlypv'?/7,)) profiles for all test surfaces at the high-files. The present results in Fig. 11 agree within experimental
est freestream velocity are presented in Fig. 9. Again, the resultscertainty with those of DeGraaff and Eatf?il] and Ligrani
of the smooth wall DNS by Spaldi27] and the smooth and rough and Moffat[3]. On the roughest surface, the 60-grit sandpaper, a
wall experimental results of Perry and [Li1] are given for com- |ocal increase in-u’v’'/u® was observed in the inner region of
parison. Good collapse af'?/u? profiles is noted in both the the boundary layer. This increase persisted out to a distance of

{c)

120-Grit Sanded Surface

0.0 0.2 0.4
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Fig. 10 Normalized wall-normal Reynolds normal stress for (a)
the unsanded surface, (b) the 60-grit sanded surface, and (c)

the 120-grit sanded surface. (Overall uncertainty in F/uf,
+8%.)

~4k from the wall. Outside of this distance, the profile collapsed

well with the others. The normalized, Reynolds shear stress o0
(—u’v’/uf) profiles for the unsanded, 60-grit sanded, and 120- (g
grit sanded surfaces for all freestream velocities are presented ir 1.0
Fig. 12. Again, agreement within the experimental uncertainty

was observed between the present results and those of the previ 5 If

ous experimental studies.

Conclusion

Comparisons of turbulent boundary layers developing over ¢4
painted surfaces, smoothed by sanding with smooth and sandgrait
walls have been made. An increase in the physical growth of the o,
boundary layer was measured for the unsanded and the sandgrai
roughness. A significant increase@ was also observed for the e
sandgrain surfaces. The change in these parameters for the sande 0.0 0.2 04 0.6 08 1.0 1.2
surfaces was within the experimental uncertainty. The roughness

1.2
All Surfaces ® Smooth
O Unsanded
1.0 A 60-Grit Sanded
v 120-Grit Sanded
& 220-Grit Sandpaper
08 + 60-Grit Sandpaper
—— DNS, Spalart [27)
“‘:-» O Smooth, DeGraaff & Eaton [21]
Sos ’v ® Rough, Ligrani & Moffat [3]
| S
[
0.4
0.2
0.0 < =
0.0 0.2 04 0.6 0.8 1.0 1.2
(y+&/s

Fig. 11 Normalized Reynolds shear stress profiles for all sur-
faces at the highest freestream velocity.  (Overall uncertainty in

—u’v’/uf: smooth wall, *8%; rough wall, *10%.)

U, =1.0m's
U, =25m's
U, =3.0nvs
u,=3.5m's
~— DNS, Spalart [27]
O Smooth, DeGraaff & Eaton [21)
@ Rough, Ligrani & Moffat [3}

(@)

oOrpDe

(b)

0.6

120-Grit Sanded Surface

(y+e)/s

functions AU ™) for the sanded surfaces measured in this study

agree within their uncertainty with previous results obtained usirigg. 12 Normalized Reynolds shear stress profiles for
towing tank tests and similarity law analysis. The present resulissanded surface,
show that the mean profiles for all of the surfaces collapse well ir20-grit sanded surface.

(a) the
(b) the 60-grit sanded surface, and (c) the
(Overall uncertainty in  —u’v'/u?,

velocity defect form. Furthermore, the profiles of the normalizegt10%.)
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Reynolds stressesi(?/u?, v'?/u?, and—u’v'/u?) for both the Subscripts

smooth and rough surfaces show agreement within experimentainin minimum value
uncertainty in the overlap and outer regions of the boundary layermax = maximum value
These results lend support to the boundary layer similarity hy- R = rough surface
potheses of TownseridO] and Perry and L[11]. S = smooth surface
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1 Introduction flow and increase the pressure drop over the microchannel. The

. L L . d i k ter fi trolling the liquid fl
A lab-on-a-chip device is a miniaturized laboratory on a chi rresj;r:ether?gblschaip:y parameter for controfling the fiquid flow

consisting of a network of microchannels. Precise manipulation OfGeneraIIy, flows in most microfluidic systems, whether pressure
biological liquids is key to the performance of the biochip deor electrokinetically driven, are limited to the low Reynolds num-
vices. Fundamental understanding of liquid flow through the mber regime (i.e., Re<1). For conventional external flows at high
crochannels is therefore important to the design and operationRéynolds numbers, for example, flow crossing banks of tUdgs,
the biochip devices. In addition to the interfacial electrokinetithe states of the flow within the bank are dominated by boundary
properties, the surface roughness of the microchannels playsl@yer separation effects and by wake interactions, both of which
important role in determining the flow characteristics. Generall{fjay cause complicated, asymmetrical flow patterns. However,

the microchannel surface has certain degrees of roughness gecqn-svi\g”epeoé ?]Ce‘;gr for the flow in low Reynolds number regime as
ated by the manufacturing techniques or by adhesion of biologica In this study we consider pressure-driven flow in a slit micro-

particles from the liquids. Liquid flows through the microchanneléhanne| formed by two parallel surfaces with rough elements, as
are influenced by the presence of the rough elements on the fiiistrated in Fig. 2. For the two arrangements of rough elements
crochannel surface. as shown in Fig. 1, the influence of the rough element size, height,
In the literature there are a few studies of microchannel flodensity and the channel sizes on the flow in microchannels will be
related to surface roughness. These are experimental investiggamined. In order to compare the results with that of smooth
tions of flow and heat transfer in microtubd4], of diameters microchannels, we use the microchannels’ height as the character-
ranging from 50 to 254um and in trapezoidal microchannels,istic length in the model. To our knowledge, this is the first theo-
[2,3], of hydraulic diameters ranging from 51 to 1Gn. The retical study to investigate micro roughness effect on liquid flow
observed increase in flow friction and the decrease in heat transt*grough microchannels.
were attributed to surface roughness effefts;3].
The purpose of this study is to examine the influence of micro® Theoretical Model
sized rough elements on pressure-driven flow in microchannels b31n a number of recent studies, computational fluid dynamics
three-dimensional numerical simulations. We consider the rougfyqeling has proven to be an excellent tool for analyzing flow in
microchannel wall as a homogeneous surface with uniformly digsicrofluidic systems and deviceg,6]. In this section, we will
tributed rough elements. Furthermore, to simplify the modelingresent the relevant equations, primary assumptions, simulation
and numerical simulation, we consider the rough elements to benditions, and the numerical method.

cylinders with a square cross section. Two types of the roughnesi1 Modeling Assumptions and Basic Equations. Liquid

elemen_t arr_angement on the microchannel wall are conS|deredﬂ8§, through a slit microchannel with rough elements on the sur-
shown in Figs. {a) and (b). These roughness elements block thgyces is illustrated in Fig. 2. Further analysis and simplification are
required for developing a proper model and using computational
*To whom correspondence should be addressed. fluid dynamics method to solve the problem. In this paper, the

Contributed by the Fluids Engineering Division for publication in tiee/BNAL ; f ; _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionReyﬂOlds number is given by R@UOH/'U” whereH is a charac

Sept. 12, 2002; revised manuscript received Apr. 22, 2003. Associate Editor: T. t@.riSti.C length taken as the channel heigh@, is th? 9haraCteriStiC
Gatski. velocity taken as the average velocity of the minimum cross sec-
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(a) ()

Fig. 1 The roughness arrangements on the homogeneous microchannel wall: (a)
symmetrical arrangement and  (b) asymmetrical arrangement, and the correspond-
ing computational domains from the top view

tion of the channelp is the fluid's density, angk is the fluid’'s the same, while the absolute pressure will continuously decrease
dynamic viscosity. In order to evaluate the influence of the roughiong the flow. Therefore, to reduce the amount of computation,
ness on the flow through such a microchannel, one must know thie will consider a unit of the channel surface area as shown in
flow in a smooth microchannel. The steady-state flow in smookigs. Xa) and(b) as the computational domain. The results from
channels is called the Poiseuille flgw]. The pressure gradient of this domain will provide all details of the flow patterns and the
the Poiseuille flow in a slit channel is related to the average vpressure drop for each roughness element, and can be extended to
locity and the channel height by the whole flow field in the microchannel.
) Furthermore, the channel width is considered much larger than
Ap _12-Renu 1z the channel height so that the channel sidewall effect can be ne-
AX p-H3 (12) glected. Finally, water is chosen as the liquid and the flow is
] ) considered at a constant temperature of 20°C. The property of the
whereAp is the pressure drop between the inlet and the outlgiguid is constant, i.e., the densigyis 1000 kg/ni, and the kine-
Nondimensionalizing the pressure gradient By-p/(uUo/H)  matic viscosityv is 1.006x 1078 m2/s.

andX=x/H, the above equation can be rewritten as Introducing the following nondimensional parametets
AP =u/Uy, V=v/Uy, W=w/Uy, X=x/H, Y=y/H, Z=2z/H, P
ﬁzlz (Ib) =p/(nUy/H) and using the definition of the Reynolds number,

the nondimensional form of the Navier-Stokes equations, and the
This equation will also be used to verify the numerical methodontinuity equation for the system concerned here can be written
and the computer programs we have developed. in the following form:

In this study, the flow is limited to a low Reynolds regime
(0.001<Re<10), turbulence and the wake region between two
rough elements can be neglected. Therefore, at the tail region of
each roughness element, the flow between the two elements |s
symmetrical with respect to the central line aloadirection. We
consider the flow as a steady-state fully developed flow in the
whole channel. Sparrow et di8] and Jubran et al.9], in their Re-(U ﬂJrVﬂHNﬂ)
forced convection channel flow experiments, both showed that th¢ X oY iz
flow reached a fully developed state after five rows of three- > 2 >
dimensional roughness elements. This implies that the flow- Re.(UM+VﬂV+WM):_£+M+ ﬂv+ﬂv
developing region is very short. In the fully developed region, the{ X Y 9z 9z gx%2  gY? 572
flow pattern and the pressure drop for every roughness element is 2)

R (Uau +Vau au) 8P+82U+(92U+a2U
e — —_— — — —
IX gx2  gY?  9z?

x Vv Wz
P AV AV PV

-—+ + +—
I gx?  gY?  9z2

X
z
Fig. 2 [lllustration of flow through a slit microchannel with rectangular
prism rough elements on the surfaces
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Fig. 3 lllustration of three-dimensional computational grids for the cases (a) symmetri-

cal arrangement and (b) asymmetrical arrangement with a=1.0 um, b=2.0um, H
=5 pum, and h=0.5 um

U oV oW the two planes are fully developed afig flow is periodical, i.e.,
X + N + 7" 0. (3) all the flow characteristics are periodical according to the geomet-
ric period. This kind of flow is called periodic, fully developed

The above-described liquid flow through a slit microchannel witflow, first introduced by Patankar and Sparrow in 192D0]. As-
rough surfaces is governed by E¢@) and(3). It should be noted sume thats is the length of one geometric period. For the case
that the above equations are nonlinear and coupled with eathdied heres is the length of the computational domain in
other. They can only be solved numerically. However, finding xdirection. When the flow is in a fully developed state, we have
numerical solution to these equations is not a trivial task. Savitige following periodic boundary conditions:
computational memory and time is very important in developing a

practical numerical method to solve these equations. u(x,y,z) =u(x+s,y,z)
2.2 Solution Domain, Boundary Conditions, and Numeri- v(X,y,2)=v(X+s,y,2)

cal Method. The solution domain and the grid arrangement are

shown in Figs. 8) and(b). In thex-z—plane, we take one period W(X,y,2) =W(X+Ss,y,2).

as the computational domain. The height of the co_mputatlonaIDue to the periodical characteristic, the investigation for one
domain is chosen as the half of the microchannel height because.

of the symmetry. Grid will be refined at the bottom region in ord fé;oednf ar; rgpr?ﬁ:nr:];?ﬁozo;gtrlosnof,];nthethv:;h]%ﬁ flg‘\;vvglec:dé(ljnﬂt&g
to obtain sufficiently accurate numerical solutions around t Paper, 9 y p

: > . ow is as follows: using the periodical boundary condition to set
small roughness elements. The grid system is 32<32 in thex, . . . !
y, z-directions, respectively. the inlet flow velocity equal to the latest iteration result of the

Three boundary planes, the top and two side planes of the CO;;QH'UM flow velocity after each iteration. More specifically, first,
|_

: : h : he calculation is done based on an assumed initial velocity dis-
putational domain are subject to the symmetric boundary con ribution and on the fully developed outlet boundary condition.

gﬁgﬁ' gr;?ttr'fé’ ngr O\éﬁloggﬁqcgrrpeegnneor:tmgflirtills]l etogﬁi ?s!azneer,o-tf pen, set the inlet boundary condition to be the calculated outlet
9 y P P ' houndary condition. The calculation repeats until the calculated

velocity component normal to the plane, the velocity COMPONEIat and outlet velocity satisfy the periodical condition. This

Esi_”(fa)ziz%) T;rf da/g]metrlc boundary conditions are shown tethod for solving fully developed periodical flow cases can also
as- ’ ’ be found elsewher¢11].

au Y For the initial values:
at Z=0 ﬁ=0, ﬁ=0, W=0 (4a
at X=0 U=1, V=0, W=0 (4e)
7]V Vv
at Z=c/H a_Z:O’ a_Z:O' W=0 (4b) at X=b/H U=1, V=0, W=0. (4f)
os JU " yeo IW . “© For later iterations:
al =0. —=0, =0, —=0.
Y Y at X=0 U|x=0=Ulx=p1, VIx=0=Vlx=bm’
The bottom plane of the computational domain is subject to the W]y —0=W)|x_p/m (49)
no-slip boundary conditions:
oy
at Y=0 U=0, V=0, W=0. (4d) at X=b/H R:0’ Vyx_o0=Vlx_pm
The inlet and outlet boundaries of the computational domain
are treated to satisfy the following conditioris) flow profiles at W]x—o=W|x—p/m - (4h)
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Table 1 Comparison of the analytical and the numerical solu- largely dependent on the methods and the processes of the fabri-
tions for flow in a smooth microchannel cation and the materials. The reported surface roughness ranges
Ap/Ax (Paim) from 0.1 um to 2 um, [1-3]. _ o

To examine our computer programs we first calculated liquid
Re Analytical Numerical Difference %  flow in a smooth microchannel. The same computational domain,
same boundary conditions and the same numerical methods were

0.001 9.6E-04 9.590076H-04 0.1 ; . X

0.01 9.6E-05 9.590240E-05 0.1 applied to the smooth microchannel. The comparison between the
0.1 9.6E+06 9.590000E-06 0.1 numerical results and the results from the analytical solufem

1.0 9.6E+07 9.590040E-07 0.1 i
Y 9.65-08 9 B89441H 08 01 (1)) are shown in Table 1. As clearly seen from Table 1, the

excellent agreement indicates the reliability and the accuracy of
the developed computer programs.

3.1 Flow Patterns and Pressure Field. The side views of

Equations(2) and(3) were solved over the computational domairihe streamline profile of the symmetrical and the asymmetrical
by using the finite volume approacfl,2], and SIMPLEC algo- arrangements are shown in Figgajand (b). Also in Fig. 4, the
rithm. As part of the computational domain, the virtual flow in thgray level (from dark to white represents the nondimensional
roughness is also solved using the extension of computationalocity value(from 0 to a maximum Comparing the flow pat-
region approach,12], which considers the roughness element astarns of the two arrangements, we can see that in both cases, the
kind of fluid with extremely high viscosity. flow velocity behind the roughness elements and close to the up-
per surface of the elements is very small. This indicates that the
; ; roughness exerts a significant effect on the flow field. Note that
3 Resul_ts and Discussion ] ~ Fig. 4 shows the flow fields at the symmetrical plaze=(Q), the
By solving Egs.(2) and (3) over the computational domain closed streamlines in Fig(@ represent a dead zone, the size of
described above, the structure of the flow patterns_ and the |nﬂ:He dead zone depends on the roughness dimension and the spac-
ence of roughness on the pressure drop were obtained for the {9 between the rough elements. The streamlines from the top
types of roughness arrangements. A series of geometric parafigw are shown in Figs.(®) and (b) for the two roughness ele-
eters used in the calculations are listed below. For both symmet#ent arrangements. It can be seen that, along the flow direction,
cal and asymmetrical arrangements, the liquid expands in the wider space between two elements and
then compresses in the narrower path periodically. During such a
periodical expansion-compression flow, there is more surface fric-
tion effect than in the case of parallel flow through a smooth
channel.
Three-dimensional streamlines are shown in Figa) &nd (b)
for the two types of roughness element arrangement. These figures
give an overall view of the fluid flow over these elements. We can
o also see that the curvature of the streamline in the asymmetrical
case is bigger than that of the symmetrical case. From this we
expect that the roughness influence of the asymmetrical case is
The above parameters are chosen to reflect the conditions in prigigger than that of the symmetrical case.
tical microfluidic devices. The size of the microchannels for most Figures Ta) and (b) show the top view of the pressure fields
lab-on-a-chip devices ranges from 10 to 106. Some devices and Figs. Tc) and(d) show the side view of the pressure fields for
designed for the sizing and sorting of DNA have the channgie two types of roughness element arrangement, respectively.
depth only 3um, [13]. The surface roughness dimensions ar&€he gray scale from light to dark represents the relative pressure

1. the roughness heigfit): 0.1 um, 0.5um, 1.0 um, 2.0 um;

2. the roughness siz@): 0.1 um, 0.5 um, 1.0 um, 1.5 um;

3. the roughness spacirig or ¢): 2.0 um, 5 um, 10 um, 15
pm, 30 um, 50 um; whereb is the distance between the
center of the rough elements xadirection, c is the distance
between the center of the rough elementszidirection.
Here we consider onlp=c situations; and

4. the channel heighH): 5.0 um, 7 xm, 10 um, 15 um, 3
pm, 50 um.

05 .
% r 7 08
; oy : L 0.4
_l X, : ‘_:I_ X 3 [
L 03
! =
=
02

0.1

0 0.1 02 03 0 0.1 0.2 03
*H *H
(a) (b)

Fig. 4 The side view of the flow field: (a) streamlines of the symmetrical ar-
rangement with a=1.0 um, b=2.0 um, H=5 um, h=0.5 um, Re=0.1, and (b)
streamlines of the asymmetrical arrangement with a=1.0pum, b=20pum, H
=5 pum, h=0.5 um
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Fig. 5 The top view of the streamlines of  (a) the symmetrical arrangement with  a
=1.0um, b=2.0um, H=5 um, h=0.5 um, and (b) the asymmetrical arrangement with
a=1.0pum, b=2.0 um, H=5 pm, h=0.5 um

from the maximum to the minimum. The top view shows th&he pressure field also shows that the distance between compres-
pressure fields on the horizontal plane at the middle of the rougtien and expansion or between two acceleration zones in the chan-
ness elements. For the channel with symmetrically arrangedl with asymmetrical roughness arrangement is much smaller
roughness, as shown in FigdJ, the dark regions occur at the tailthan in the channel with symmetrical roughness arrangement.
region of the rough elements and at the downstream subchanneThe typical side view of the pressure field is taken at the verti-
(i.e., flow path between two rough elemenfhe contour patterns cally symmetrical plane. As shown in Figs(cY and (d), expan-

of the pressure field imply that the flow in the subchannels parallibns and compressions occur in both the horizontal and vertical
to the main flow direction is similar to the flow in a smoothdirections. Above approximately one time of the rough element
channel, and these subchannels are the main zones of accelerdieght from the top of the rough element, the pressure patterns are
(dp/dx<0) close to the roughness. However, in the subchannassentially the same as that in smooth channels. This indicates the
perpendicular to the main flow direction the flow retardation oarertical dimension of the flow region disturbed by the presence of
curs (i.e., dp/dx>0). In the center zones surrounded by fouthe surface rough elements. These figures also show that the mini-
roughness elements the expansion and then the compression taken pressure zones occur at the top tail region and the maximum
place. For the channels with asymmetrically arranged roughnegegssure zones happen at the top front side of the rough elements,
as shown in Fig. (b), the retardation zones occur at the tail ond the acceleration takes place at the top surface and around the
rough element. The acceleration region for this type of arrang®p corners of the rough element, resulting in flow recirculation
ment is a leaned band between the two rough elements, and lleéween the roughness elements.

acceleration direction is not parallel to the bulk flow direction. In all the results, the calculated non-dimensional pressure gra-

(@) (b)

——
0.5 4 N
0.4s\\~:_':__‘_
——
03 4 N
T e
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N
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e}
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__,_.._-—\.\
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Fig. 6 The three-dimensional streamlines of (a) the symmetrical arrangement with a
=1.0um, b=2.0 um, H=5 um, h=0.5 um, and (b) the asymmetrical arrangement with
a=1.0pm, b=2.0 um, H=5 pm, h=0.5 um
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(c) (C)

Fig. 7 The pressure fields: (a) the top view of the symmetrical arrangement, plane
Y=0.045; (b) the top view of the asymmetrical arrangement, plane Y=0.045; (¢)
the side view of the symmetrical arrangement, plane Z=0; and (d) the side view of
the asymmetrical arrangement, plane  Z=0. All figures have the same parameters
setas a=1.0 um, b=2.0 um, H=5 um, h=0.5 pm.

dient AP/AX is essentially a constant in the range of Re
=0.001~10. This is because a fully developed laminar flow was
considered, and the entrance effect was ignored. For these low
Reynolds number flows, the diffusion terms in Eg) are the
dominant terms to determine the non-dimensional pressure field
even under the roughness disturbances.

3.2 Influence of the Roughness Element Height. The in- 250
fluence of the rough element height for the two types of arrange:
ments is shown in Fig. 8, where the other parameters were chose 5 |
asH=5um, a=1 um, andb=2 um. From Fig. 8, one sees that
the existence of the roughness greatly increases the pressure dr ——Sym.
in comparison with that of the smooth channel. As the roughnesye 150
height increases, the pressure gradient increases significantly. Thg
may be understood as that the extent of the stagnant liquid in< ;44 |
creases proportionally to the increase of the roughness heigh
Comparing the results of the symmetric and asymmetric arrange
ments, we see that the flow resistance in the asymmetrical case 50 1
higher than that in the symmetrical case, and as the roughnes
height increases the difference between these two cases becon 0
larger.

—0— Asym.

T T T T T T T T T 1

-0.1 01 03 05 07 09 11 13 15 1.7 19 21

3.3 Influence of the Roughness Element Size.The influ- h (um)
ence of the rough element size on the pressure drop per unit length
is shown in Fig. 9, where the other parameters were chosenrag 8 Nondimensional pressure gradient versus the rough-
H=5um, h=1.0um, andb=2 um. As seen from these two ness height with a=1.0 um, b=2.0 um, and H=5 um
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Fig. 9 Nondimensional pressure gradient versus the rough-
ness size with h=1.0 um, b=2 um, and H=5 um

figures, the pressure gradient increases as the rough element
increases, although the effect is not as strong as the effect of
roughness element height. These results can be easily underst3o
As the roughness size increases, the distortion of the streamlift
induced by the roughness elements is larger, producing a greiaﬁ?.

surface friction.

It should be noted that, in Fig. 9, the nondimensional press
gradient curve sharply increases when the roughness height
creases from 0 to about Oum. This reflects a qualitative change
from flow through smooth channel to flow experiencing an em
nent roughness blockage effect. When the roughness size is in
range of about 0.1um~0.5 um, the nondimensional pressure
gradient increases slowly. In this range of the roughness size3.5

4

354

30 A —o— Sym.

—0— Asym.

25 A

20 -

15 -

10 -

0 T T T T T
0 10 20 30 40 50

H (um)

Fig. 11 Nondimensional pressure gradient versus the rough
microchannel height with h=1.0pum, a=10pmm, and b
=2.0pum

{ﬂﬁgrent separation distance values. Figure 10 shows that as the
Baration distance between the rough elements increases, the
Ssure drop per unit length is decreasing rapidly. When the sepa-
jon distance is beyond about 30n, under the specified con-
Itions, the pressure drops of both the two arrangement cases are
%)se to that of a smooth microchannel. This can be understood
ma_lt as the roughness spacing increases, the density of the rough-
ness elements decreases; in most time the liquid flows between the
foughness elements and the streamline distortion can be recov-
rrw%d. Therefore, for per unit length of the flow field the pressure
rop decreases.

Influence of the Channel Height. Figure 11 shows the

compression, and expansion is the main factor influence the presituence of the channel height on the pressure drop for the two
sure gradient. When the roughness size is in the range of about @&ghness element arrangements, where the parameters of the
mm~1.5 um, the recirculation or stagnation in the roughness taibughness areh=1 um, a=1 um, b=2 um. According to the
region is the major cause of the pressure drop. Because the flggfinition of the nondimensional pressure gradient in this paper,

compression-expansion and the flow recirculationstagnatioh

the nondimensional pressure gradient in smooth channels is con-

have different degrees o_f influenqe to the pressure drop, the slepent and independent of the channel height. However, for the
of the AP/AX~a curve is lower in the range 0.Am~0.5 um  microchannels with rough elements, the nondimensional pressure
than in the range 0.xm~1.5 um under the specified condition. gradient depends on the channel height. Figure 11 clearly show

3.4 Influence of the Roughness Spacing.Figure 10 shows
the influence of the separation distance between the roughn
elements on the pressure drop for the two arrangements. The
stant parameters used in Fig. 10 de=5um, h=1um, a

at as the channel height increase the effect of roughness ele-
that as the ch | height i the effect of h I

ments on the flow is reduced, and hence the pressure drop in a
rough channel decreases, approaching to that of the smooth

i

channel.

=1 um. The pressure drop per unit length is examined under six3 g Difference Between the Symmetrical and Asymmetri-

35 4

30 - —o— Sym.

25 —o— Asym.

20 A

AP/AX

15 A

10 -

0 . : ; ‘ .
0 10 20 30 40 50
b (um)

Fig. 10 Nondimensional pressure gradient versus the rough-
ness spacing with  a=1 pm, h=1 um, and H=5 um

Journal of Fluids Engineering

cal Arrangements. It is not surprising that in most figures we
see the pressure drop for asymmetrical arrangement is greater than
that of the symmetrical case. However, as show in Fig. 9, for the
same roughness spacifig=2 um, when the roughness size is
less than 1.Qum, the pressure drop of the symmetrical case is
greater than that of the asymmetrical case. When the roughness
size is greater than 1.am, the situation changes to its normal
state. The reason is that when the roughness size is smaller than a
certain value the effect of expansions and compressions does not
act as the most important factor upon pressure drop under the
same Reynolds number, and the pressure drop is mainly deter-
mined by the obstructions of the roughness elements. For one
period of flow, there are only three roughness elements in the
asymmetrical case, so that the obstruction to the flow is less than
that in the symmetrical case, which has four roughness elements
in one period. While for bigger roughness sizes, the effect of
expansions and compressions acts as the most important factor
under a certain Reynolds number. For the asymmetrical arrange-
ment, the periodical expansion and compression is more sudden
than that of the symmetrical case, and hence create more kinetic
energy losses.

SEPTEMBER 2003, Vol. 125 / 877
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3.7 Relative Channel Height Reduction. In comparison obstructing the flow directly. For different roughness size, the
with the flow in a smooth channel at given flow rate, a highaelative contributions of the two effects are different. When rough-
pressure drop occurs for the flow in a rough microchannel of timess size is smaller than a certain value, the obstruction plays a
same channel height. Such a higher pressure drop would occubigger role, so that the symmetrical arrangement produces more
an equivalent smooth channel of a smaller channel height. Theesergy losses due to more obstruction in one period. When rough-
fore, it is more informative to express the roughness effect mess size is larger than a certain value, the periodical expansions
terms of the relative channel height reduction. We define the relaad compressions become a major factor, so that the asymmetrical
tive channel height reduction as=1—Hg/H, whereHy is the arrangement produces more energy losses due to more sudden
apparent channel height calculated from EQ. By using a Tay- expansions and compressions. These effects are summarized by a
lor series expansion of as function of the roughness size, theelationship between the relative channel height reduction and the
roughness spacing, the roughness height and rough charcteracteristic parameters of the roughness elements and the chan-
height, at a point &,=1.0um, bg=2 um, hy=1.0um, Hy nel height.
=5 um), and performing curve fitting to the simulation results,
the following equations were obtained for the symmetrical and the
asymmetrical arrangements of the roughness elements:
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& psym=0.1992+ 0.1246— 0.050% + 0.00187+ 0.314%

—0.06184+0.00H?2. 5b
(50) Nomenclature
H = the channel’'s heightm)
It should be noted that Ed5) is valid under the following con- P = nondimensional pressurB,= p/(uUgy/H)
ditions: the fluid is watera, b, h, H are measured in microns, and Re = Reynolds number, RepUgH/u
0.lum<a<l1l.5um, 0.lum<h<2.0um, 2um<b<20um, U,V,W= nondimensional velocity)=u/Ugy, V=0v/Ugy, W

5 um<H<20um, 0.00kRe<10. When 2Qum<b<50um or =w/Uq

20 um<H<50um, we can approximately use=20um or H Uy = average velocity at the minimum cross section of the
=20um to estimate the relative channel height reduction. With channel(m/s)

these expressions of the relative channel height reduction, we ¢&rY,Z = nondimensional coordinate variable&=x/H, Y

use the roughness geometry parameters to estimate the relative =y/H, Z=2/H

channel height reduction, and hence the pressure drop for a given a = the size of the rough element's square-shaped base
flow rate can be obtained by using the equation of classical Poi- (m)

seuille flow with the calculated effective channel height. b = the distance between the center of the rough elements

in x-direction (m)
¢ = the distance between the center of the rough elements

4 Summary and Conclusions in z-direction (m) _

For low Reynolds number pressure-driven flow through micro- B _ :)hrzsr;)ljjrgdhpg)lement heiglttn)
channels, the pressure drop over the microchannels is greatly H]b w = velocity components ix, y and z-direction, respec-
creased by the existence of the three-dimensional surface rough-’ tively (m/s ’ ’

ness elements. The three-dimensional numerical simulations sh , =

the significant effects of the roughness height, size, spacing, and”

the microchannel height on the pressure drop per unit lengfareek Symbols

Nondimensional pressure gradient is found to be identical in the |, = density(kg/m?)

range of 0.00¥'Re<10, however, the values depend on the ge- ~ ,, — dynamic viscosity(kg/ms

ometry parameters of the rough channels. The results show that ', — Kinematic viscositym?s)

the pressure drop per unit length increases with the roughness . — relative channel height reduction

height. The increasing protrusion of the roughness elements pro-

duces more stagnant liquid and hence the higher pressure drop per

unit length. The pressure drop per unit length decreases as the

channel height increases, but is still higher than the smooth chan-

nel with the same channel height. Keeping the spacing betwe@gferences

the rough elements unchanged, the degree of the flow expansidm] Mala, G. M., and Li, D., 1999, “Flow Characteristics of Water in Microtubes,”

and the flow compression grows larger when the rough elements _Int. J. Heat Fluid Flow20, pp. 142-148. ] _

size is increased. Therefore, the pressure drop per unit length irt?! u W, Mala, G. M., and Li, D., 2000, “Pressure Driven Water Flows in

. ! . rapezoidal Silicon Microchannels,” Int. J. Heat Mass Transd&,pp. 353—

creases as the roughness size increases. When the spacing be-gu.

tween the rough elements increases the pressure drop per um# Qu, W.,, Mala, G. M., and Li, D., 2000, “Heat Transfer for Water Flow in

length decreases. This is mainly due to the decrease of the rough Trapezoidal Silicon Microchannels,” Int. J. Heat Mass Transf&r,pp. 3925—

element denSIty and the decrease of the flow expansion and t gl Incrobera, F. P., and DeWitt, D. P., 1996froduction to Heat TransferJohn

flow compression by enlarging the space between the rough” wiey and Sons, New York.

elements. [5] Arulanandam, S., and Li, D., 2000, “Liquid Transport in Rectangular Micro-
A significant part of the pressure drop is used to provide a. shannfés byflfctBOOig‘;JgC“ZU"}Dihgl”fcg"oitdskswtf;,YEG% DID- 89¥hlol2_; .

driving force for flow over the rough elements in the microchan- €/ i :gtang;h - Micro’cha'r‘]ﬁg’é"f gono’fgs'osd’r‘ﬁ ';‘3 g;ss‘;g_;s_'q“'

nel. The roughness elements act on the flow in at least two Way§z currie, I. G., 1993 Fundamental Mechanics of Fluid$icGraw-Hill, New

causing the expansions and compressions of the streamlines, and York.

coordinate variablegm)
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Frictional Performance of U-Type
Ing Youn Chen Wa"v Tu bes

Yee Kang Lai Measurements of the pressure drops for water flowing in small diameter tubes having

U-type wavy configuration are presented. The inner diameters of the test copper tubes (D)

Mechanical Engineering Department, are 3.43, 5.07, and 8.29 mm, whereas the curvature ratios (2R/D) and spacer length (L/D)

National Yunlin University of Science and span from 3.75 to 7.87 and 1.93 to 7.0, respectively. The test range of the Reynolds
Technology, number for water is about 260Re<18000. The measured pressure loss in U-type wavy

Yunlin, Taiwan 640 tube includes the loss in U-bends and the loss caused by the distorted flow in the down-

stream straight tube. Thus, an equivalent friction facfgr, is then defined. For both
laminar and turbulent flow the bend friction factor increases with the decrease of dimen-

Chi-Chuan Wang sionless curvature ratio and spacer length. The test results indicate that the recent re-

Energy & Resources Laboratories, ported correlations by Popiel and Wojkowiak (2000) and Wojkowiak (2000) do not accu-
Industrial Technology Research Institute, rately predict the data. A simple friction factor equation is developed based on the
Hsinchu, Taiwan 310 experimental data with characterizing parameters like curvature ratio and spacer length,

new Dean number, and the Reynolds number. A good agreement with a mean standard
deviation of 5.6% is observed between the proposed correlation and the existing data,

which includes the test results of this study and those from Popiel and Wojtkowiak

(2000).[DOI: 10.1115/1.1601259

Introduction probably the most informative. Their friction factor data for
single-phase flow in U-type wavy tube$g) are observed to be

Flow in curved channels has been utilized in many heat eX- . ;
> . ch higher than those of straight tubk). For turbulent flow
changers and flow transmitting devices. The curved channels ﬁﬁ ratiogoffB/fS is about 2 to 2.% but for)(laminar flow the ratio

be in the forms of helical or spiral coils, and U-type return bends, n be as high as 6 at curvature rati/D =6.62.

In curved pipes, the centrifugal force drives the more rapid fluich . L s
toward the concave part of the curve channel while the fluid in t eRecentIy, in the application of HVACE&R, small-diameter tubes

convex part is slowing down causing a secondary flow at rig pve become very populdd 0], because of lesser refrigerant in-

angle in the main flow[1-3]. The magnitude of the secondary\éfrgoé¥ébe;t;r ﬁtll(rélsldgrﬁgabf{an:ftxa%erf&r&a;n?ne,a?rrjgosérgzllirezltr-
flow increases with a decreasing bend radius and increasing fIwg 9 y. yp Y

velocity. The distorted flow condition by the induced seconda@éghfggoe{Ztﬂfﬁaklgngzvﬁ_ﬁ;g?gg I?#g"ﬁ?t‘gggnom'ﬁigosﬁscﬂ's to
flow persists at a downstream distance of more thaD 56r . ! purp Y

h investigate the influences of the ratio of curvature radiuR/(®)
single-phase flowj4], and of more than 7D for two-phase flow, . .
[3]. AS expected, the curved channel willcause a much highitl G0 1800 B e SAcE SR (LS TER SERTLD
friction loss than that of the corresponding straight tube for Iamb_t e wawv tubes having small diameter tubes
nar flow,[5], and turbulent flow{4]. Recently, Cho and Tg&é,7] yp VY 9 :
investigated the effects of oil on the condensation and evaporation |
heat transfer coefficients for R-22 and R-407C inside a microffaXperimental Method
tube with a U-bend. Their results indicate that the local heat trans-. o . . .
< . Test Facility. A schematic of the test rig and the details of the
fer coefficients of R-22 and R-407C for the condensation aqg . - .
- . . st section are seen in Fig. 1. The water flow loop consists of a
g\rlgpl)g:ggfrt]hztntTﬁozzw(?fsggztrpeggalsgt?;iZﬁf“soencstig]sa?)?/ 33%)% va iable speed gear pump, flow meters, test section, pressure
. : ransducers, and a water tank reservoir to collect water flow. The
21%, respec_tlvely, because of the d]sturbance, caused by th(_e ag(er at the upstream of the test section is designed to provide
ondary flow in the U-bend, carried into the downstream straig

section after the U-bend. In this regard, the increase of the fricti [%tter uniformity of the flow stream. The inlet water temperature

. - . . s of 25°C. For the measurement of water flow, three very ac-
resistance associated with the induced turbulence should be cates magnetic flow metet¥ OKOGAWA AE110MG) with dif-
fully considered in the design.

; S . I . ferent applicable ranges are installed at the downstream of the
For typical HVAC&R application(heating, ventilation, air con- . . o
ditioning, and refrigeration exploitation of the consecutive ?::r epgfmtﬁeTQS;;%?%%@%;; gfbéﬁ é%ffgg'ogh.er;:s'[
U-type wavy tubeghairping is very common. The higher pres- 9 y g

sure drop in the consecutive U-type wavy tubes may significan gst tubes were made of copper having inner diamef@}sof

affect the refrigerant distribution in the refrigerant circuitry. As %ﬁr:fk’\:r.Orlz‘ls\?:n?'gzggonr:gir'io:etsoﬁ(lgrglcjniﬁstugfe fhaerergtifg fl:? érj%;stmg.

consequence, the frictional performance of a U-type wavy tul%«EI . .
- : " - . rvature ratio (R/D), and spacer lengt are tabulated in
with consecutive 180° return bends is very important for the de: le 1. Each t((ast sgction hag nine cor?sg_c)utive U-bends. During

sign of air-cooled heat exchanger. There are some i_nvestigatiq manufacturing of the return bend, special care was taken to
relevant to this subject, but most of the Erewous studies are as Pevent significant distortion. Only those return bends having a
ciated with helical coils and a single 180° return bend. For sing| istortion ratio, evaluated a9 - Duinal/0-5 (D maxe+ Dmino)
phase flow inside U-type undulated wavy pipes, the investigatio y maxp _—minol ~-= A= maxp = =mino

. . . : . . 00%, less than 7% were used for the experiments. According
by Popiel and Wojtkowiaks] and Wojtkowiak and PopidP] are to the study of Geary11], the 7% distortion is a well accepted

Commibuted by the Fluids Endineering Division f biication in oA value for typical HVAC return bend. As seen in Fig. 1, a straight
ontributed by the Fluids Engineering Division for publication in NAL ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionemrance Iength of 1@ is located at the upper stream of the

Apr. 2, 2002; revised manuscript received Apr. 30, 2003. Associate Editor: M. \gtraight test SeCtion to halve a fully developed ﬂOW condition for
Plesniak. measurement. A differential pressure transducer is used to mea-
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Fig. 1 Schematic of the test rig and the test section of wavy tube

sure the pressure drop\Pg) across the upstream straight test Data Reductions. The single-phase pressure drop of the
section Ls=100D) to serve as a reference for the comparison afavy tube is calculated by subtracting the equivalent straight tube
the pressure gradient between the bend and the straight tube. Afgsessure drop having the lengthg=L,+L +Lp, from the

a straight length of 13D is directly connected to the bend outletmeasured total pressured drapR+). This leads to the definition
for the flow recovery. The other differential pressure transducerads$ the equivalent friction factorfgz, in the U-type section of the
used to measure the total pressure didp{), which includes the wavy tube. Thus,

loss of the wavy section and the loss from the straight portions of

the upstreaml(,=160D) and downstreamL(;=130D) straight 4(Lgy) pUﬁ1

tubes. Therefore, the total pressure loss due to the bending from AP:— Tfs 2

the wavy tube can be calculated asPg=AP:—(APg/Lg)(Ly fg= 5 (1)
+L,+Lp), whereL, =8L is the total spacer length in the wavy ALc pUn

tube andL is the single spacer length. Notice that the pressure D 2

drops were measured by YOKOGAWA EJ110 differential pres-

sure transducers having an adjustable span of 1300 to 13,000 WaereL .=97R is the total axial length of the nine U-bend®is

The holes of the pressure taps were drilled vertically to the te$ie radius of center line of the U-bend,, is the mean axial

tubes with a hole diameter of 0.5 mm. Resolution of this pressuvelocity in the tubeyp is the fluid density, and the friction factor

differential transducer is=0.5% of the measurements. for the straight tubefg, is obtained from the measured data.
The water temperatures were measured by resistance tempéhacertainties in the reported value of the friction fact@re es-

ture device(Pt10Q)) having a calibrated accuracy of 0.1(Kali- timated by the method suggested by Moffa@]. The range of

brated by Hewlett-Packard quartz thermometer probe with quarttacertainties is from 1.3% to 6.4% with 95% confidence level.

thermometer, model 18,111A and 2804®ther relevant descrip- The highest uncertainties are associated with the lowest Reynolds

tions of the test apparatus can be found in a previous sfa@y, number.

Table 1 Geometric parameters of the test sections and the test points

D (mm) 3.43-0.1 5.070.1 8.290.1

R (mm) 6.5-0.2 10.5-0.2 13.5:0.2 10+0.2 13+0.2 17.5-0.2 20+0.2 25:0.2 30+0.2

L (mm) 24+0.5 30£0.5 2405 2205 18:0.5 16-0.5 24+0.5
2R/D 3.79 6.12 7.87 3.94 5.13 6.90 4.83 6.03 7.24
L/D 7.00 5.92 4.73 4.34 2.17 1.93 2.90
Data points 28 38 38 20 20 20 22 22 22

Notice that all the test sections have nine consecutive U-bends as shown in Fig. 1.
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Fig. 2 Friction factor for straight tube and U-type wavy tubes
Results and Discussion relatively smooth for wavy tubes in Fig. 2. The results may imply

The test results ofg and fs are plotted in Fig. 2 presenting the strength of vortical motions caused by the secondary flow

friction factor versus the Reynolds number. The base lines are W@"?h may elongate and exceed the relevant transition between
Fanning friction factor for laminar tube flowf {&=16/Re) and the 'aminar flow and turbulent flow. Analogous results were also
well-known Blasius equation for turbulent tube flowfg( reported for flow in wavy tubed8,9], and for flow in helical
=0.0791Re%%9). As it is seen, the straight tube experimentai!Pes[13]. _ _

data,fs, agree favorably with the base lines. The good agreement! € comparisons of the ratio 6% /fs for the nine wavy tubes
shown for straight tube data in Fig. 2 illustrates the accuracy 8f€¢ shown in Figs. 3, 4, and 5 for the tube diameters of 3.43, 5.07,
the instrumentation and the experimental apparatus. The effect£8fl 8.29 mm, respectively. The ratio &f/fs considerably in-
curvature ratio (®/D) and dimensionless spacer lengthD) on creases with the decrease in curvature ratio BfL2. This in-

the data offz are also shown in Fig. 2. An abrupt change is seegrease is mostly caused by the secondary flow, which increases the
in the slope off 5 at the interception of laminar flow and turbulentdisturbance in flow in the curved tubes. For turbulent flow, the
flow for a straight tube. However, the relation Bf and Re is ratio of fg/fg is rising from about 3 to a value that is slightly
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Fig. 3 The ratio of fg/fsfor D=3.43 mm
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Fig. 4 The ratio of fg/fsfor D=5.07 mm
greater than 1.0 at higher Re; for laminar flow the ratidff 5 is Popiel and WojtkowiaK 8] investigated the pressure losses in

up to 5 at the measured transition region to turbulent flow in tHg-type undulated pipe flow with/D=0. The results of the fric-
straight tubes. As shown in Fig. 3, at values of>R&®,000, the tion factor were presented for a wide range of curvature ratio
fg/fs values are approximately equal one for the dataDof (2R/D=6.62~27.85) and of Reynolds number(Re
=3.43mm,L/D=7.0, 2R/D=6.12 and 7.87. It shows that tfig =500~20000. A Darcy friction factor equation was proposed to
data are very near the line of Blasius equation. A similar resudbrrelate their data by introducing a new Dean number (Dn
was obtained and explained by Popiel and Wojtkowigkas the =Re/(R/D), i.e.,

superimposed effects of the secondary vortex flow and the devel-

oped turbulent mixing. An explanation of this result may be at- In(fp Re/64 =a+b(In(Dn))? 2
tributed to the larger spacer length/D=7) for D=3.43mm. A

larger spacer length may relax the strength of the vortical motievhere a=0.021796,b=0.0413356. Figure 6 compares all the

of the swirled flow passing the return bend. present data and the data [&f] with the predictions of Eq(2).
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Fig. 5 The ratio of fg/fsfor D=8.29 mm
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Fig. 8 Modified friction factor versus new Dean number

Fig. 6 Comparison of the experimental data and the predic-
tions by Popiel and Wojtkowiak’s correlation, [8]

factor correlation for adiabatic flow in U-type wavy tubes was

recently corrected by Popi€l4] and is given as
Their correlation gives a mean standard deviation of 5% for their
data, 23.2% for the present data, and 16.35% for all the data fo=a+bIn(Dn)+c/Dn ®)
combined. The higher deviation of the present data occurs becausere  a=0.121433-0.00182313(/D), b=-0.010311
Eg.(2) does not include the influence of the spacer length betweer0.0001936(/D), c=16.68855-0.16757(/D). A comparison
the consecutive U-bends for the present tested wavy tubes. of the predictions by Eq(3) against the present data, as well as

Wojtkowiak and Popie[9] also conducted tests of measuringhe data of Wojtkowiak and Popifd], is shown in Fig. 7. In order

the pressure drop in two U-type wavy tubes having a fixed curves compare the g data obtained in the present study, the friction
ture ratio (R/D=6.62) and two dimensionless spacer lengthactor values calculated from the correlations [I8y9] were all
(L/D=0 and 39.7. For L/D=39.7, their data clearly indicate divided by 4 as shown in Figs. 6 and 7. A very good agreement of
that the equivalent friction factor approaches that of a straight tub€1% mean standard deviation with the data of Wojtkowiak and
at larger Reynolds numbers. This is expected because the strerRaipiel[9] is shown. However, the mean standard deviation for the
of the swirled flow is reduced at large/D. A Darcy friction present data is 36%. It is obviously shown in Fig. 7 that &.
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Fig. 7 Comparison of the experimental data and the predic- Fig. 9 Comparison between the predictions of the proposed
tions by Wojtkowiak and Popiel's correlation, [9] correlation and the experimental data
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underpredicts most of the present data, except the data sBts oéffect of the dimensionless spacer length. At the fixed values of
=3.43mm,L/D=7.0, 2R/D=6.12 and 7.87 at higher values ofRe and R/D, the friction factor decreases whé&mnD increases
Re. The deviation occurs because the definition of their Dargj¢cause the vortical strength of the disturbed flow in the recovery
friction factor for a U-type wavy tube, wherefp region (region after the return bepdiecreases wheh/D in-
=AP/(0.5.1pU}/D), is not the same as the definitionGf in  creases. Therefore, whdrD increases, the overall flow in the
Eq. (1). In addition, their data did not fully include the effectrecovery region becomes more uniform leading to a lower friction

induced by the secondary flow to the downstream because thgikior in the system. A recent article by Chen et[45], who

pressure taps were located at the distance®fb&fore entering . L
the first bend and at the distance aboub2fter the last bend performed a flow visualization of the two-phase flow pattern of
! fle air-water across the return bend, clearly identified this phe-

As depicted in Figs. 3—7, the Reynolds number, curvature rafl
and spacer length are very significant in the frictional performanf@menon. o )
of the U-type wavy tubes. Therefore, it would be more rational to FOr correlating all the data in Fig. 8, the relevant influence of
develop a correlation by introducing the dimensionless parametéfgiensionless parametersRD, Re,L/D, Dn) and their inter-
of Re, R/D, andL/D to reflect their influences to the friction actions are examined. A selection of the appropriate form is car-
loss. In Fig. 8, the data of the present studgr L/D=1.93 ried out based on the minimum mean deviation criterion. The
~7.0) and the data of Popiel and Wojtkowif&] (for L/D=0) proposed correlation is based on the correlation form by Popiel
are presented in a form dg X (Re/16/(1+29x e~ 2R'P) versus and Wojtkowiak[8] with an appropriate correction form to in-
Dn. The data sets do not fall into one line perfectly, because of thlide the influence of spacer length, i.e.,

fo= }]_\;_2[ 1420~ 2R/D)]e{0.07+ 0.04 In(Dn)2+ (L/D)[0.36-0.035 I(Re)*-— 0.0145L/D) %5+ 0.005 L/D)3]}_ ()

Figure 9 represents the comparison between the predictionsNddmenclature
Eq. (4) with the present data and the data of Popiel and Wojtkow-
iak [8]. Generally, this proposed correlation gives a very good

= internal diameter of tubém)

agreement with all the experimental data with a mean standard Dr]l B Eew I_Deafn_ntL_mefert(Re/BZD))
deviation of 5.6%. A slight underprediction of the correlation is — ranning inction tactor
fp = Darcy friction factor

seen for data possessing a larger value BI2 and a higher

Reynolds number because the increase Rf2 makes the influ- spacer lengtiim)

ence of the return bend less pronounced. The applicable range ofbc = total axial length of the nine U-bends¢=9aR (m)
the proposed correlation is as follows: Lp = length of the downstream straight section of the
Re: 300—20000. tested wavy tUbELD: 130D (m)
Dn: 2—3000. L, = total spacer Iengtl(m_)
2R/D: 3—28. Ls = straight tube length in the upstream for pressure drop
L/D: 1.93-7.0. measurement, s= 100D (m)
Lgr = total straight tube length in the test sectign)
L = total axial length of the tested wavy tulfm)
Concluding Remarks Ly, = length of the upstream straight section of the tested
Measured pressure drops for water flow in small diameter _ wavy tube,Ly =16 (m) .
. s = pressure drop across the test straight tube se¢fan
r?q?r/irz)ZdW:gy tubes are presented. Results of this study are sumg P, = Egtgl pressure drop across the test wavy tube section
1. the nearly smooth transition of the friction factigy curves R = radius of center line of ben@n)
from laminar to turbulent region indicates that the effect of Re = Reynolds numbergU,D/u)

secondary flow at this transition is much greater than the Upy
developing turbulent flow in straight tubes.

2. the ratio offg/fg considerably increases with the decrease
in curvature ratio of R/D and the decrease of the spacer
lengthL/D.

mean axial velocitym/s)

Greek Letters

p = density(kg/m’)
wu = viscosity (Ns/n)

3. the correlation of Wojtkowiak and Popifd] can not accu- Subscripts

rately predict the present data because the influence of the

. B = U-bend

spacer length is not fully shown. — downstream
4. an empirical friction factor correlation with the parameters S — straight tube

of curvature ratio and spacer length, new Dean number and _ g

. . U = upstream

Reynolds number is proposed that gives a good agreement

with a mean standard deviation of 5.6% with the present

data, as well as the test results of Popiel and Wojtkoédk
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An Expermentally Validated
Model for Two-Phase Pressure
Drop in the Intermittent Flow
Regime for Noncircular

srinivas Garimella’ | [Vlicrochannels

g-mail: srinivas.garimella@me.gatech.edu

Jesse D. Killion This paper reports the development of an experimentally validated model for pressure
drop during intermittent flow of condensing refrigerant R134a in horizontal, noncircular
John W. Coleman microchannels. Two-phase pressure drops were measured in six noncircular channels
ranging in hydraulic diameter from 0.42 mm to 0.84 mm. The tube shapes included
Gearge W. Woodruff School square, rectangular, triangular, barrel-shaped, and others. For each tube under consid-
of Mechanical Engineering, eration, pressure drop measurements were taken over the entire range of qualities from
Georgia Institue of Technology, vapor to liquid at five different refrigerant mass fluxes between 150 %gand 750
Atlanta, GA 30332-0405 kg/mzs. Results from previous work by the authors were used to select the data that

correspond to the intermittent flow regime; generally, these points had qualities less than
25%. The pressure drop model previously developed by the authorsréoitar micro-
channels was used as the basis for the model presented in this paper. Using the observed
slug/bubble flow pattern for these conditions, the model includes the contributions of the
liquid slug, the vapor bubble, and the transitions between the bubble and slugs. A simple
correlation for nondimensional unit-cell length was used to estimate the slug frequency.
The model successfully predicts the experimentally measured pressure drops for the non-
circular tube shapes under consideration with 90% of the predictions wittfi% of the
measurements (average error 16.5%), which is shown to be much better than the predic-
tions of other models in the literature. The effects of tube shape on condensation pressure
drop are also illustrated in the papefDOI: 10.1115/1.1601258

Introduction draulic diameter range considered here. Garimella €t6alpre-
sented an experimentally validated model for the pressure drop in

Heat transfer coefficients and pressure drop for condensatlglpcuIalr tubes ranging in diameter from 0.5 mm to 4.91 mm for

inside tubes are strongly dependent on the different flow patter; 2 intermittent flow regime. In this paper, this model is further
that are established at different regions of the condenser as ended to several noncir(.:ular tube shabes. The relatively few
fluid undergoes a transition from vapor to liquid along the leng her studies on two-phase flow in small diameter round tubes
of the tube. Accurate heat transfer and pressure drop predicti(%;/e primarily used isothermal air-water mixturés,7—9, or

require an approach that accounts for the flow pattern. Circulghijing refrigerants[10], and have only considered round tubes.
and noncircular microchannel tubes are being used in a varletyi

S . bleman and Garimellg2,3] studied the influence of tube minia-
applications because of the extremely high heat transfer coeffitization on the flow patterns during condensation of refrigerant

cients that these geometries offer. Coleman and Garie#8] R1344 in a 4.91-mm-round tube and four square tubes with hy-
demonstrated in studies of two-phase flow of air-water mixtureg, lic diameters ranging from 1 mm—4 mm but did not report
and refrigerant R134a through small diameter circular and ”O”Cﬁffessure drop or heat transfer coefficients.
cular geometries that flow regime transitions in such geometries|y the present study, the work of Coleman and Garimigl]
are different from those observed in larger diameter circular tubgg Garimella et a[6] was extended to investigate pressure drop
for which flow regime maps such as those of Mandhijeand  quring condensation of refrigerant R134a in small diameter non-
Taitel and Dukler[5] are valid. One significant conclusion wascircular tubes. Two-phase pressure drops in six different noncir-
that as the tube diameter decreases, the range of conditions Hi@ér (square, rectangular, triangular, and other shapeses of
exhibit intermittent flow broadens while the stratified regime iﬁydrau”c diameters ranging from 0.424 mm to 0.839 mm were
suppressed. The differences in the flow regimes are due to #ieasured by the present authors over a range of flow rates that
significant differences in the relative magnitudes of gravity, she@jpvered each of the flow regimes described above. However, the
and surface tension forces as tube diameter is reduced. Thus,fesus of the present work is the measurement and modeling of
trapolation of large round tube correlations to smaller diametefigo-phase pressure drop during condensation inirbermittent
and noncircular geometries could introduce substantial errors iftew regime in these tubes.
pressure drop and heat transfer predictions.

Limited research has been conducted on addressing pressure
drop and heat transfer coefficients during condensation in the Hyxperimental Approach

The test facility used by Coleman and Garimdi?a3] for the
*To whom correspondence should be addressed. R134a phase-change flow visualization studies was also used in

Contributed by the Fluids Engineering Division for publication in tiee/BNAL ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionthe present StUdy' The expenmental approaCh used in the present

April 2, 2002; revised manuscript received April 30, 2003. Associate Editor: M. wptudy to determine the frictional pressure drop for condensing
Plesniak. R134a flow was described in detailed by Garimella e{@l]. A
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Fig. 1 Test facility schematic

detailed description of the facility and the experimental techniques maintained low condensation rates and small changes in qual-
used was also provided in those papers. A brief summary of thg in the test section, which in turn enabled the measurement of
experimental approach is presented here. A schematic of the thst pressure drop variation as a function of quality with high
loop is shown in Fig. 1. Subcooled liquid refrigerant flowsesolution. This small quality change across the test section also
through a coriolis mass flowmeter and is then pumped throughranimized the likelihood of flow regime transitions within the test
tube-in-tube evaporator to boil and superheat the refrigerant. Téection for any data point. For all test sections, the outer tubes
superheated state is ensured by a combination of a sight glassyrying the coolant had 16 rectangular channels of 0.986-mm
temperature, and pressure measurements. The superheated Jamimaulic diameter. Using multiple parallel channels ensured that
enters one of two pre-condensers to partially condense the vapbe refrigerant flow rates used were large enough to be adequately
The measured conditions at the superheated state, the heat dutyootrolled and measured, with accurate heat balances around the
the pre-condenser, and the measured pressure at the pre-condéesefoop. The accuracy of the instrumentation and the resulting
outlet determine the thermodynamic state at the inlet to the testcertainty in the test results were described by Garimella et al.
section. The outlet state of the test section was calculated in [&). For each of the test sections investigated in this study, single-
analogous, but independent, manner starting from the measupbdse tests were first conducted to calculate the single-phase fric-
subcooled state at the post-condenser outlet and using the heat
duty required to completely condense and subcool the refrigerant.
The measured pressure drop in the test section is characteristic of
the average quality and mass flux in the test section. S30: 17 channels, Dn = 0.762 mm

The noncircular geometries tested in this study are shown in |DDDDDDDDDDDDDDDDD|
Fig. 2. The test sections were fabricated as flat tubes with multiple . =
exgtruded parallel channels with the exception of the W29 tubgs, B32: 14 channels, Dh = 9.799 mm

which were formed by brazing a W-shaped insert inside a flat- | 000000000000 00 |

tened tube. The designations for each tube are based on the shape  T33: 19 channels, Dn = 0.839 mm

of the extruded channel and its nominal hydraulic diameter; for

instance S30 has square channels with a hydraulic diameter of @vﬂvﬂvﬂvﬂvﬂvﬂvﬂvﬂv@
0.030 in. Similarly, B32 is “barrel-shaped,” N21 is “N-shaped,” RK15: 20 channels, Dh = 0.424 mm

RK15 is rectangular, T33 is triangular, and W29 has a “W- [ooooooooooooooooooq)
shaped” insert which forms roughly triangular channels. Note that

twopdif'ferent W29 tubes were tgst)(/ed; th(gse are labeled W29a and W29: 19 channels, Dn = 0.732 mm
W29b, respectively. Three tubes were brazed together, as shown ((\\//\\//\\//\\//\\//\\//\\//\\//\\//D
in Fig. 3, with refrigerant flowing through the center tube, and
coolant flowing in counterflow through the top and bottom tubes. N21: 19 channels, Dn = 0.536 mm

It should be noted that while water was used as the coolant for the  (QRRPNARNPNIRNNRNNNRNND
pre- and post-condensers, air was used as the coolant in the test

section. The low thermal capacity and heat transfer coefficients oFig. 2 Noncircular tubes investigated in the present study
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Fig. 3 Test section schematic

tion factors; the details of this procedure are giver{6h Both included for this pressure drop model. The transition criteria de-
single-phase liquid and single-phase vapor data were takenvidoped by Coleman and Garimell&] from flow visualization
span a wide range of conditions in the laminar, transition, argfudies and further described by Garimella ef@].were used to
turbulent flow regimes. Contraction and expansion losses at tidentify the data points with conditions that would lead to inter-
inlet and outlet were subtracted from the total measured pressuaritent flow patterns. Intermittent flow occurs at low vapor quali-
drop using the appropriate loss coefficients. The residual friction#s, with this flow regime persisting at higher qualities as the
component of the pressure drop was compared with the valueass flux decreases,6]. A total of 96 pressure drop data points
predicted by the Churchill11] correlation. The roughness valuesrom the six noncircular tubes tested were identified as belonging
needed to match the ChurcHill1] correlation values were within to the intermittent regime for model validation using these criteria.
the range of roughnesses for such tubes, which validates the Hhould be noted that experimental observations of the flow pat-

proach used in this study. terns, which form the basis for these transition criteria, were made
on circular, square, and rectangular channels. In the absence of
Data Analysis other valid transition criteria for phase-change flow in small hy-

draulic diameter noncircular channels, these criteria were also as-

Quality and Pressure Drop Calculation. The method of de- suymed to apply for the different shapes of the tubes considered
termining the average quality within the test section was describggre, at equivalent hydraulic diameters.

in [6]. Representative uncertainties for the range of mass flux and
qualities studied are as follows: Model Development. A model that predicts the pressure drop
G =150 kg/nt-s: of two-phase flow in the intermittent flow regime through circular
tubes from 0.5 to 4.91-mm diameter was presented in Garimella
Xavg=0.13£0.032  X4,4=0.50=0.027 X,,4=0.91+0.021 et al.[6]. The model was developed based on the flow patterns
G =450 kg/ni-s: observed in these tubes when condensing R134a experienced in-
termittent (slug/bubblg flow; photographs of the plug/slug flow
Xayg=0.12+0.045 X,,4=0.48+0.014 X,,4—=0.88+0.026 were previously presented in Garimella et[&]. These showed
G=750 kg/nt-s: that solitary bubbles travel as long, nearly cylindrical shapes be-
: tween slugs of liquid with virtually no vapor entrainment, espe-
Xayg=0.11£0.039  X=0.51+0.022 X,4=0.74+0.035 cially in the 1-mm tube. Figure 4 shows a schematic of the as-

d fl tt hich | d by S d Griffith
The average saturation pressure for all the tests was 1396 ng]an;e OW PaLLemn WIEh Was &S0 proposed by Sup and tsrith
p

(202.5 psj which corresponded to a saturation temperature
52.3°C(126.1°Q; the saturation temperature was withir8°C of
this for all the data points. For each data point, the measur
pressure drop data can be represented by

nd Fukano et a[9]. Essentially, a long, cylindrical bubble of

or with a uniform annular film of liquid surrounding it is as-
sumed. The literature suggests that the cylindrical bubbles flow
&Bproximately 20% faster than the liquid slugs which bound it on
either end[7,9]; the annular film flows very slowly compared to

AP easured A Piictionat A Pexpansion contractiori™ A Pdeceleration both the bubble and the slug. Thus liquid is continually shed into

where the expansion and contraction losses are due to the headers
at both ends of the test section, and the pressure change due t~

deceleration is a result of the changing vapor fraction as conde 'II:'IrIan;—s?tl:f)% Liquid Vapor
sation takes place. The portion of the total pressure ¢(tbange Region

attributable to deceleration/acceleration of the fluid was estimat,

from void fraction and momentum change analyses; contracticd L L L/ [ [ [ [ [/ N\/ [V /[ /[ /[L /7

expansion losses at the inlet and outlet of the test section wi <~— Unn \ —
estimated using two-phase “minor loss” models available in th 4 T \ (

literature. This process is described in detail by Garimella et ¢ U

[6]. These estimates were validated using pressure drop meas D, | Douobie < bubble > Usiug Y

ments on a “near-zero” length test section and tests conduct
with and without condensation in the test section as described \ l )

[6]. Excellent agreement was obtained between these data and ;
models. A

<— Usim
[/ 7777777777777V 77

Flow Regime Determination. Experiments on the noncircu-
lar tubes under consideration were conducted over a nomit
quality range of 5% to 95% for each of the mass fluxes of interest.

However, the focus of the present study is the intermittent flowig. 4 Cross section of assumed flow pattern for model unit
regime; therefore, only data points belonging to this regime wecell

[ leug_’

Lbubble
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the film from the posterior of the slug and picked up from the filnshear at the film/bubble interface. The velocity profile for com-
at the anterior of the slug. The liquid slugs are assumed to cont&imed Couette-Poiseuille flow through an annulus where the inner
no entrained vapor, and the bubbles are assumed to be unif@unface moves at the interface velocltyefaces iS represented by
and constant throughout the test section. The total pressure dtlop superposition of the pressure-driven and the shear-driven com-
due to this flow mechanism is the sum of the frictional pressupmnents[12,13. By applying a shear stress balance at the inter-
drop in the slug and film/bubble regions and the losses associatade, the following relationships can be derived:

with the flow between the film and the slug.

The equations for pressure drop in the slug and film/bubble U _ —(dP/dX)¢ R2 _R? 11
regions were presented in the previous paj@r,and remain the interface™ A, (Ruube™ Rouppid (11)
same for the case of noncircular tubes also. To address the non-
circular shapes, the concept of hydraulic diamedgy=4A/P, is Uim = Uinterfacd 2- (12)

employed. For noncircular tubes with intermittent flow, this anal- ) ] ] o
ogy is not ideal because the bubble is likely to deviate from a The pressure drop per unit length in the bubble/film region is
circular shape, and the film may not be uniform in thickness. 2
Nevertheless, similar challenges of nonuniform thickness, shear (_P) ~f(Re, /D )Pv(Ububme*UimerfacQ (13)
stress, and velocity profiles exist in single-phase flow where the dx/ . ubble: 1 =h 4Rpubple

hydraulic diameter concept has proven to be very effective. Using

the hydraulic diameter allowed for uniformity and consistencyhere the friction factorf, is again calculated from the Churchill
between the models for circular and noncircular tubes. Enhan@stuation[11]. From continuity over a control volumghe volu-
ments were made to the model to improve its simplicity and eageetric flow rate through any plane must be constant over a small
of solution, without significantly affecting the results. These inlength.

clude the use of the Churchill equation for friction factor instead ) 5

of the Blasius equatiotwhich does not account for surface rough- Uoo=U e( Rbubbe FUa |1 Rbubble (14)
ness and is not smooth in the transition regigdso, a control slug™ ~'bubblg "5 film Rube | |

volume analysis was used to remove the need for the slug-length )

correlation by Fukano et d9]. The model can be summarized by _ It should be no_ted that the use of this control volume does not
the following equation set, where the hydraulic diameterra- violate conservation of mass in any way; however, mathematical

diug), local two-phase quality, temperature, pressure, and tofgfftements of the conservation of mass do not lead as directly to
mass flux are the required inputs: useful relationships between the variables of interest here since

the mass flow rate through any cross section depends on the void

. (1-xG fraction at that location which is not a single constant for this
= L @ intermittent flow pattern. The above equations can be solved si-
multaneously given the model inputs to generate predictions of
. XG the contribution of the slug and bubble/film regions to the total
JV—E ®) pressure drop. For the conditions of interest here, these calcula-
tions yield 0.8% Ry ppie/ Rube=0.91; thus the predicted bubble
Usug=IvtiL (4)  diameter is about 90% of the tube diameter.
UsugD Instead of using the measurements of Fukano di9&lto pre-
Reslugzw (5) dict the relative slug length as presented in Garimella ditdl.a
Mo control volume analysis was again employed. The difference be-

dp U2 tween the two methods was remarkably small, so the control vol-
_f(R D PLY siug g) Ume method is preferable for consistency. Since the bubble de-

( Siug € h) . (6) ! X . .
dx slug 2D fines the location of the unit cell, and the bubble is assumed to

- . . . carry the total volumetric flow rate of the vaporfr, :
The friction factor,f, in Eq. (6) is calculated using the more y porry

comprehensive Churchill equatiofil1], which is a function of Gx wD2 D2 bt Lbubol
Reynolds number, Re, and relative roughnes®),,, instead of vfrvz—T:Ububme%eL;e (15)
the Blasius equation used by Garimella et[&l. The Churchill pv unitcell
equation[11], is as follows: or
12 1 16 )
f(Reg/Dy)=81|=| +||2457I L pupbi GxDy
( W Re r((7/Re)°-9+0.27s/Dh == = (16)

; 2
Lunit cell  Upyobid buppiedv

37530, 16 -1.5) (1/12)
+( (j ) (7) which is simply a function of inputs to, or values calculated in, the
Re model. By definition,

From the work of Fukano et a[9], Suo and Griffith[7], and Lo el L (17)
Dukler and Hubbard8] the ratio between bubble and slug veloc- unit cell”™ =bubble ™ =slug-

ity is approximately 1.2: Thus the pressure drop due to frictional losses is known:

UUb”bb'e:LQ ) APfiction only _ (d_P) ( L bubble e)
slug L dx/ .\ Lsiugt Loubbl
PLUim(Dh— Dpyppid
R&m= im m u (9) N d_P) 1o L bubble e) a8
A%/ g~ Lsugt Loubn

U ~U; D
R&yupbie= Py(Uountie Yimeriacd oupble. (10)  For the conditions tested, this value is typically about 65% of the
Kv total measured pressure drop. Figure 5 illustrates how the calcu-
The film flow was assumed to be laminar and driven by thiated values 0ofA Pyigion oniy from both the slug and bubble/film
combination of the pressure gradient in the film/bubble region amelgions compare with the total measured pressure drop.
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The remaining contribution to the total pressure drop is the loss 6 C ) ¢ total predicted drop based
associated with the flow of liquid between the film and the slu%g' omparison of fotal predic’ea pressure drop based on

‘equency model of Tronconi  [17] with measured data

This transition loss was taken from the expression proposed by
Dukler and Hubbard8]:
AP i j_ [19.75 1.2
one transition w:OOZZ% gJI; { U S|ug ) (23)
B Roubblel 2| (U siug= Ysim) (U bubbie= Usim) ) hi*slg _
=p|1- Rue 2 - (19)  and it can also be expressed as a function of the Froude number.

Figure 6 through Fig. 8 show a comparison of the predicted total
The total pressure loss from these transitions can be expressegrassure drop versus the measured pressure drop for all the test
conditions and tubes considered harel the circular tubes con-
APfimysiug transitions™ Nuc* APone wransition (20)  sidered by Garimella et aJ6] using the slug frequency models
from Tronconi[17], Gregory and Scoftl5], and Garimella et al.

The number of unit cells in a particular length of ubkc, must &l (Eq. (21)), respectively. It should be noted that for the trian-

be determined for the evaluation of this expression. Knowing t

length or frequency of the unit cells would be sufficient to detelgular tupes only, the.frequency model of Garimella e{@) does .
mine Ny for any test section. Most of the work on predictingnot provide a good fit. These tubes seem to follow a trend that is

slug frequency in intermittent flow has been performed with |arg§§gnificantly different than that of the other tube shapes including

tubes(20—50-mm diametgrusing mixtures of air or another gasC|rcular tubes. Therefore, for the triangular tuti€83 and W29,

and water[8,14—16. Many of these works are reviewed by Tronthe following correlation for the number of unit cells was devel-

coni [17]. Garimella et al[6] proposed a correlation of the form oped:
Dhe) ( Dp h
D D e = =
Nuc(l_—hé) = L—h =a(Rey) = w U (21) NUC( L b Luc aexp(b Reyug =« Uubble (24)
tub uc bubble

with the following coefficientsa=2436.9,b=—0.5601 for cir-
cular tubes with 0.5D,,<4.91 mm.w is the slug frequenci{Hz). 100 —— ——g
In addition to this model, the slug frequency models developed by Total Average Error: 57.7% /ﬁ/
Tronconi[17] and Gregory and Scoffl5] were also considered. —_ Circular Tubes: 83.7%
The model by Tronconj17] was developed from the measure- & Non-Circular Tubes: 36.9% o0/
ments of several other researchers using different test configura- & /
tions and frequency measurement techniques. The model itself is & ol 4
based on the Lockhart-Martinellj,18], parameterX. Since this 5 10 oolr /
work is based on larger tubes, the assumed flow pattern in the ¢ 7
bubble/film region is stratified where the liquid film rests at the 5 /
bottom of the tube beneath the vapor. The two phases assume % d
complementary shapes with the interface defined by a horizontal £ J/
line through the tube at a height characteristic of the flow condi- % Do SD /
tions. Using the definition of the paramet#t,the dimensionless 9 1 1% / 7/
vapor heightHy , and velocity,UY, , can be calculated from im- g VZ /
plicit relationships as shown by Taitel and Duk|&f and Govier S o Y /| ——— 4259
and Aziz[19]. From these parameters, the correlation proposed by ¢§ 2 / o Non-circular Tubes
Tronconi[17] is simply L/ / 0 Circular Tubes

u* D 0.1 Z. B

0=061— =" (22) 0.1 1 10 100
HY pvlv Measured Pressure Drop [kPa]
The model proposed by Gregory and Sddi] is particularly Fig. 7 Comparison of total predicted pressure drop based on

simple: frequency model of Gregory and Scott  [15] with measured data
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Fig. 8 Comparison of total predicted pressure drop based on 0.1 1 10 100
frequency model of Garimella et al.  [6], Eq. (21), and Eq. (24) Measured Pressure Drop [kPa]

with measured data
Fig. 10 Comparison of Lockhart-Martinelli, Chisholm, and
Friedel two-phase pressure drop models, [22], with measured
data

where a=996.5 andb=—8.33x10"*. This correlation, along

with the earlier correlatiorEq. (21)) for other tube shapes, is

shown in Fig. 9. The plot shown in Fig. 8 uses the above corr 0% of the predicted circular and noncircular tube results fall
lation for the triangular tubes and the correlation of GanmellWithin 28% of the measured values.

et al.[6] for all other tube shapes. It is clear from Figs. 6—8 that .
. : : e The widely used two-phase flow pressure-drop models from
the correlation by Garimella et d66] with the above modification L ; .
. ' . Lockhart-Martinelli [18], Chisholm[20], and Friedel[21] were
for the triangular tubes fits the measured pressure drop s'gnlgd'so compared with the measured values. These results can be

cantly better than the models of Troncdii7] and Gregory and I ; .
: S . seen in Fig. 10. Clearly the scatter is much greater with these
Scott[15]. Their models generally predict higher slug frequenc'sxschrrelations, but of the three, the Friedel correlation is closest,

and overpredict the total pressure drop when used with this mo lthaps because it is the only one that attempts to account for

This may be due to the significant differences between the th : h . X
mophysical properties of the air-liquid combinations used in thej rface tension. The average error using the Friedel correlation for

work and those of the pure refrigerant used here. Additionall ttee all the tubegcircular and noncircularis 36%, with a max
range of tube diameterps used ingtheir work lead fo stratified i¥1te fror of 158%(which is still considerably higher than the errors

ng - retsulting from the present modelhe Chisholm correlation gen-
mittent flow whereas the tubes used in the present work do ng

exhibit stratification in this regimg2,3]. Thus Eq.(21) and Eq. erally overpredicts the measured results and has an average error

0, i [/ -
(24) are recommended for the range of parameters conside% nearly 200% and a maximum of over 800%; the Lockhart

here. The average error for the circular tubes using the recomumngligg(gfrgsgfzgﬁfs an average error of 85% with a maxi

X o 0 ;
mended model is 13.5%he value of 13.4% stated if6] was The effect of hydraulic diameter on pressure drop for circular

before the friction factor and slug length calculations WeTE os was predicted using this model in Garimella ef63l. How-
ever, the effect of the noncircular shapes can be both through
changing the effective hydraulic diameter, and the roughness ratio
" (e/D), which was determined experimentally for each tube using
S Needed -----==-=--- Fit single-phase tests as described above. In addition, the triangular
A o Circular Tubes o tubes follow a significantly different trend. Figure 11 shows a
| § : comparison of pressure drops for a representative tube with an
60 @ Non-circular Tubes = L/Dp, nomina= 500 (i.e., 375-mm-long tubefor the tube shapes
considered in this study assuming the free flow area of all the
shapes to be equal to that of a 0.75-mm circular tube. The noncir-
cular shapes were nondimensionalized and scaled to obtain the
appropriate hydraulic diameter for this flow area. The roughness
ratios assumed were the same as those based on single-phase mea-
surementgsee Table L To incorporate the effect of tube rough-
o ness, the Churchill11] equation for friction factor was used in
¢ 8 8 place of the simpler Blassius equation in E6) and Eq.(13) as
A 5 stated above. The combination of hydraulic diameter and relative
0 5000 O 10000 20000 30000 roughness for each shape made the results unique to each tube

hanged as described abpvier the noncircular tubes it is 16.5%.

500 80

400

on A Triangular Tubes A

w
(=]
o

B> > | D>
@p?m!&"+ ”

40 1

Unit Cells/m
N
]

20

100

0

0

Regq shape and different than the corresponding circular tube. The no-
ticeable slope changes in some of the curves are due to the inde-
F|g 9 Number of unit Ce”s per meter derived from measured pendent tl’anSItIOﬂS from |am|nar tO turbulent ﬂOW |n the |IC]UId
data as a function of slug Reynolds number, comparison with slug and the vapor bubblgor the conditions pictured, the film
model: Eq. (21) and Eq. (24) Reynolds number never exceeds BOlhese single-phase transi-
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8 tion, the change in slope is related to the relative roughness, which
is different for each tube; so some transitions appear more drastic
el than others. Figure 11 also shows that the triangular tubes are
predicted to behave significantly differently than the other tubes at
K low mass fluxeglow slug Reynolds numbgrThe reasons for this
X 4r behavior are not fully understood although it can be seen from
% Fig. 9 that the number of unit cells per meter at these low slug
l Reynolds numbers are much higher for the triangular tubes than
for the other circular and noncircular tubes. Moreover, there are
more measured data available for the triangular tubes at these
0 30 conditions than for the other tubésee inset, Fig. @ Certainly the
W-tube is unlike any of the others due to its method of fabrication
128 and may therefore be more likely to have features such as non-
{20 constant passage geometry than the other tyheg also the
= higher relative roughness values for the W-tube in Tablebiit
15X with the extruded triangular tube, this difference does not exist.
kS
1® Conclusions
15 An experimentally validated pressure drop model for intermit-
tent flow of condensing refrigerant R134a in noncircular horizon-
L ¢ tal tubes with hydraulic diameters from 0.42 to 0.84 mm was
60 [- developed based on the observed flow patterns. The model in-
&5 cludes the pressure drop due to the slug, the film/bubble region,
- and the transitions between them. The experimental work pre-
§ 40 sented here in conjunction with prior flow visualization studies of
@ 30 condensing refrigerant flows provided an accurate set of measured
< pressure drop data for intermittent flow that was used for model
20 validation. The model developed by Garimella et[él was en-
10| hanced and extended using the concept of hydraulic diameter. A
simple correlation for nondimensional unit-cell length based on
g.oo 0.05 010 015 0.20 0.25 slug Reynolds number was developed with two sets of coeffi-
Average - . - cients, one for trlangglar tubes and one for all ot.her tubes cpn3|d-
Quality ~O- Circular, D, =0.75 mm, /D = 0.0005 ered. Besides tube dimensions and thermophysical properties, the

—{1}- Square, D, = 0.665 mm, ¢/D = 0.0009
—/\— Triangle, D, = 0.621 mm, &/D = 0.0065
—()— Rectangle, D, = 0.604 mm, £/D = 0.039
—W— W (insert), D, = 0.572 mm, ¢/D = 0.1
—N— N-shape, D, =0.521 mm, ¢/D = 0.003

Fig. 11 Predicted effect of tube shape for nominal flow area

equivalent to 0.75-mm diameter circular tube,

L/Dh,nominal =500

only inputs required for the model are the quality and mass flux of
the refrigerant. The results of this model were withii6.5% of

the measured data on average for all noncircular tubes, with 90%
of the predicted results within=28% of the 96 measured data
points. The results were also compared with predictions using two
slug frequency models from the literature and predictions of gen-
eralized two-phase flow pressure drop correlations. The slug fre-
quency models of Troncofll7] and Gregory and Scaitl5] were
shown to generally overpredict the pressure drop contribution of
the film-to-slug transitions. The more commonly used two-phase

tions generally occur between a Reynolds number of 2000 aREgssure drop models of Lockhart-Martinglig], Chisholm[20],
3000. At the two higher mass fluxes shown, the slope chang@_%d Friede[21] were also not able to predict the measured data
seen in Fig. 11 are the result of the laminar-turbulent transitidMth acceptable errors. It was shown that the model proposed here
within the vapor bubble. For instance, at a mass flux of 45pyedicts the measur_ed results much more accurately than_any of
kg/mPs and a quality of 0.1, the bubble Reynolds number is abotfe other models. Finally, the model was used to characterize the
2700 for the W-tube and there is a visible slope change hefdfect of tube shape, mass flux, and quality on pressure drop in a
similarly at a mass flux of 750 and quality of 0.04, the bubblgYyStématic way.
Reynolds number is about 2900 for the W-tube. At the lowest
mass flux shown, 150 kgis, a more gradual slope change can bAcknowledgments
observed, which is due to the laminar-turbulent transition within his study w rted throuah a r rch arant from Mod
the slug. It should be noted that the transitions for each tube shall eJMZr?uijagturierl]S Sggrao a(; R:gige e\tN;esea ch grant fro od-
do not occur at the same combination of quality and mass flux 9 pany, P
because the hydraulic diameter is different for each tube. In adﬂ-

omenclature

A = cross-sectional are@n?)

Table 1 Hydraulic diameter and relative roughness values ab = vgiriable constants
used in parametric study of effect of tube shape D = dlar_neter(m) (or (mm) as notedl
d = ordinary differential operator

Tube Shape R (mm) Roughness(e/Dy,) AP = pressure drogkPa
Circular 0.750 0.0005 dP/dx = pressure drop per unit lengtkPa/m)
Square 0.665 0.0009 g = gravitational constantm/s’)
Triangle 0.621 0.0065 G = mass flux(kg/n?s)
Rectangle 0.604 0.0390 H = height(mm)
W-insert (triangle 0.572 0.1000 . . .
N-shaped 0521 0.0030 j = superficial velocity(m/s) (see Eq.(2) and Eq.(3))
Note: length of all tubes375 mm L = tube length(m)

Nyc = number of unit cells
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R = radius(m)
Re = Reynolds number
U = velocity (m/9) cross-sectional average
X = vapor quality
X = Lockhart-Martinelli parameter
Greek Symbols
a = void fraction
e = surface roughness
p = mass densitykg/m’)
u = dynamic viscosit;(Ns/mZ)
7 = shear streséN/m°)
o = slug frequencyHz)
Subscripts
avg = average within test section
f/b = film/bubble region
h = hydraulic diameter of tube
L = liquid
UC = unit cell
V = vapor
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Out-of-Plane Motion Effects in
Microscopic Particle Image
Velocimetry

In microscopic particle image velocimetry (microP1V) experiments, the entire volume of a
flowfield is illuminated, resulting in all of the particles in the field of view contributing to
the image. Unlike in light-sheet PIV, where the depth of the measurement volume is simply
the thickness of the laser sheet, in microPIV, the measurement volume depth is a function
of the image forming optics of the microscope. In a flowfield with out-of-plane motion, the
measurement volume (called the depth of correlation) is also a function of the magnitude
of the out-of-plane motion within the measurement volume. Equations are presented de-
scribing the depth of correlation and its dependence on out-of-plane motion. The conse-
quences of this dependence and suggestions for limiting its significance are also pre-
sented. Another result of the out-of-plane motion is that the height of the PIV signal peak
in the correlation plane will decrease. Because the height of the noise peaks will not be
affected by the out-of-plane motion, this could lead to erroneous velocity measurements.

¢-mail: cjbourd@sandia.gov An equation is introduced that describes the effect of the out-of-plane motion on the signal

peak height, and its implications are discussed. Finally, the derived analytical equations
are compared to results calculated using synthetic PIV images, and the agreement be-
tween the two is seen to be excelldiOl: 10.1115/1.1598989

Introduction near the object plane will form small, bright images, and those

The rapid development of microfluidic MEMS devices has r(%?n?gécelgs away from the object plane will form larger, dimmer

sulted in researchers developing experimental techniques to inve
tigate fluid flow within these devices. One recently develope
experimental microfluidic technique is microscopic particle imagé
velocimetry,[1-3].

Particle image velocimetryPIV) is a well-established tech-

Sthe objective of the work presented here is to determine the
ect of out-of-plane particle motion on microPIV interrogation.

ut-of-plane motion may cause the image formed by each seed
particle to vary between the PIV images to be cross-correlated,
and this variation may affect the measurement volume and the

nique used to obtain instantaneous velocity fields, typically iy signal peak. The work presented here seeks to quantify these
wind or water tunnels[4]. In a typical PIV experiment, small ofacts.

tracer particles are illuminated by a double-pulsed sheet of light,

and the images of these particles are recorded by a CCD camera.

Then, instantaneous velocity fields are determined from the im-

ages using a cross-correlation technique. If the depth-of-focusarticle Image Intensity Function
the camera is made larger than the thickness of the laser sheet,
of the illuminated particles will be in focus in the recorded imag
and the depth of the measurement volume will be defined by t
thickness of the laser sheet.

Microscopic PIV (microPIV) is an extension of PIV to study
flows at the microscale. A diagram of a microPIV system is shown
in Fig. 1. The microfluidic device of interest is placed beneath the
objective of an epi-fluorescent microscofw in the case of an
inverted microscope, above the objecjivEhe light beam from a

double-pulsed Nd:YAG laser is expanded before entering the Mz, ation(1) assumes that both the geometric optics term and the
croscope through an aperture in the back of the microscope. AfEﬁ raction term can be approximated as Gaussian. In any micro-

being redirected towards the microfluidic device by a prism, ”Eecopic measurementy>z, and the image diameter grows ds

laser light is focused onto a small region of the sample by ”y?(constﬁrzz)l’z which is a hyperbola. Note that in microscopic
microscopic objective. ;

B £ th Il lenath les involved i icroPIV. it .applications, the numerical aperture is often used in place of the
ecause or the small length scales Involved In MICIoFLY, 1t 1g,ca numper. For large focal numbers and with air as the imaging

not possible to illuminate only a thin slice of the flowfield with amedium. and making a paraxial approximation, the relation be-
laser sheet. Instead, the entire flowfield is illuminated, and t en ﬁumerical aperture and focal numbe? is SimplA

depth over which the particle images are obtained is determine /26%, This approximation can break down for large numerical

by the optical parameters of the mlc.roscope.objectwe., not tl& erture objectives and for immersion lenses. Meinhart and Wer-

thickness of a laser sheet. The intensity and size of an individu Ly[6] have derived a more general relationship betwieand

{)hagtg:t;?esctlm;%(zvg}”tﬁg g?cﬁi';ggn;%T).tggi\?:rt.'rcrlgssed'Sgi?cclgsfr\?er}umerical aperture that is valid for all numerical apertures and
Ject p P 4 ' P iMmersion media, and this can be used in place of the above

) ) S o o relationship in cases where the paraxial approximation breaks
Contributed by the Fluids Engineering Division for publication in ticeJBNAL down

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division ’ . . . .

Apr. 23, 2002; revised manuscript received Apr. 14, 2003. Associate Editor: A. k. Olsen and Adriari5,7] derived the following equation that de-

Prasad. scribes the image formed by a particle in microscopic PIV:

the diameter of an image formed by a particle as a function of
istance from the microscope objective object plane can be esti-

ted as the sum of a geometric optics term and a diffraction
term. Olsen and Adriafb] estimated the diameter as

222D2 1/2
M2d2+5.95 M+ 1)2\ 2724+ —— | 1)

d.=
‘ (so+2)?
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Fig. 1 Diagram of a microscope-based microPIV system

- A —482X?
P( a 2

Jo= ex
* dise+2)? d2

where

Al (Jp/10)D3B?
B A '

Cross-Correlation Analysis

For an interrogation using cross-correlation analysis, two im-

ages are taken of the flowfield at timgsandt,=t;+At. As in

RD(s)zdeJ W1 (X—X1)Ag(X,t1)] 3(X)Jo( X — Mx; Z)dX

X J Wia(X—=X5+ S)Ag(xl‘tzﬂoz(x/)jo
X (X—=Mx+s,z")dx’. 9)

Statistical Formulation

In each pair of PIV images to be cross-correlated, the particle
locations are random, and this randomness causes variations in the
correlation fields(even for two interrogation volumes with iden-
tical velocity fields. It is therefore appropriate to deal with aver-
ages of the correlation estimate. Indeed, this is exactly the inter-
rogation technique that is used in many microscopic PIV
experiments in order to maximize the spatial resolutj@h,Also,
by taking a large ensemble, the conditional averagBggf) ap-
proaches zero, and can thus be neglected. Furthermore, the con-
tribution of Rc(S) is to create a plateau above which the signal
peak rises. All the information necessary to determine velocity can
be derived from the signal peaRy(s). The conditional average
of Rp(s) for a given velocity field is

(RD(S)|u(x)>=f dxfW,l(Xfxl)Im(x)f]O(XfMx;z)dx

X J W,5(X=X,+9)
X(AG(Xt)AG(X 1) U(X) L 0sX')

XjO(X—Mx’+s;z’)dx’. (20)

Keane and Adriai8—10], the two images to be cross-correlatedidrian [11] showed that

can be represented by

11(X)=W,3(X—Xy) f lo1() Jo(X—Mx;2)g(x,t)dx  (3)

|2(X):W|2(X_X2)f |02(X')30(X_ Mx’;z)g(x’,tp)dx’
(4)

where

g, =2, S(x—x(t) ()

(AQ(X,t)AG(X’ o) |u(x))=C(X,t1) 8(X" —Xx— u(x,t)At).(ll)

Substituting Eq(11) into (10) and simplifying results in
<RD(S)|U(X)>:J’ dXJ Wi1(X=X1)11(X) C(x, 1) Io(X — Mx; 2)
XW,o( X=X+ 9) 1 go( X+ AX)

ij(X—Mx—MAx+S;z+Az)dx, (12)

the accuracy of the particle image intensity function and the con-
volution integrals describing microPIV interrogation has been in-
vestigated experimentally,12]. These experiments were per-

indicates the Lagrangian positiog(t) of each particle in the flow formed for microPIV systems with magnifications and numerical
at timet. It is convenient to decomposento mean and fluctuat- gpertures of 11.8 and 0.29 and 238 and 0.38, respectively. For

ing parts, such that

g(x,t)=C(x,t) +Ag(x,t). (6)

all of the cases investigated, the results of these experiments
agreed with the analytical descriptions within 5%.

The local spatial cross-correlation of the two images can be edgt-of-Plane Motion Effects

mated by the convolution integral

R(s):f 11(X)1 (X +s)dX. (7)
R(s) can be decomposed into three components, such that

R(s)=Rc(s) + Re(s) + Rp(s) ®)

The effect of out-of-plane motion on the cross-correlation sig-
nal peak in microscopic PIV can be determined by integrating Eq.
(12). In doing this, it is first assumed that the entire interrogation
volume is illuminated with equal laser intensity, and the intensity
of both of the laser pulses is the same.

One effect of the out-of-plane motion is that the two images
formed by an individual particle may not be the same. If the
particle moves toward the object plane between laser pulses, then

whereR(9) is the convolution of the mean intensities and is #he second image will be brighter and have a smaller diameter,
broad function ofs with a diameter of the order of the interroga-and if the particle moves away from the object plane between
tion spot diameterRg(s) is the fluctuating noise component dudaser pulses, then the second image will be dimmer and have a
to the correlation of mean intensity with the fluctuating imagkarger diameter. The purpose of this analysis is to determine the
intensity, andRp(9) is the displacement component of the correeffect of this variation in particle image intensity and diameter due
lation function.Rp(s) gives the particle image displacement fromto out-of-plane motion on the microPIV measurement.

timet; to t,, and thus contains the information necessary to cal- The distance traversed in tealirection by a particle fron, to
culate the velocity vector for the interrogation volurtie., it is t, can be denoted by\z, where Az=u,(x)At. The particle’s

the PIV signal peak Solving forRp(s) results in diameter at, andt, will then bedq(z) andd(z+AZz), respec-
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tively, and these diameters can be determined usinglEgEqua- Ju(x,t)W(x)dx

tion (2) can then be used to describe the particle image intensity UO—W (16)
function of the particle during both the first and second laser
pulses. Substituting the particle image intensity functions into EgzhereW(x) is the weighting function
(12) with the previously stated assumptions results in
C(X )W 1(MXx—=X)W,o(M (x+ Ax) — X5)
W(x)= (17)

 (So+2)2sg+z+A2)2(dX(2) +d2(z+ A2))?

The weighting function gives the relative contribution to the
1 1 cross-correlation signal peak as a function of particle position. As
X was done in Olsen and AdridB] for the case of microscopic PIV
2 2 42 2
de(2)(so+2)” de(z+A2Z)(Sp+2+A2) in the absence of out-of-plane motion, the weighting function can
—ax? be used to define a boundary on the interrogation volume in the
exp(— z-direction by defining a distance from the object plane beyond
da(2)
—4B%(X+s—MAXx)?
X ex >
ds(z+Az)

(Rp(9)]u(x))=1 gAzf fWll(X_Xl)WIZ(X_XZ)C(X:t)

which particles no longer significantly contribute to the correla-
tion function. The contribution of a particle to the correlation
function can be assumed to be insignificant when the ratio of its
weighting function to the weighting function of a particle at

=0 (i.e., a particle on the object plantalls below some thresh-

old. This threshold can be defined by the parametéf the con-
centration of seed particles is assumed to be constant throughout
the interrogation volume, then to find this distaridesignated by

f f W1 (X — X 1) W, o(X = X5) C(X, 1) Zeor) We first assume thafy>z and then solve the equation
(d3(0)+dZ[(A2)%))?

) dXdx.  (13)

This can be integrated with respectXo yielding

Re(S)| _ wlgA?
(Ro(s)|u(x))= vz

e (18)
X ( % (dg(zcorr) + dé(zcorﬁr AZ))2
de(2)+de(z+42) which results in
! 5.95 M+ 1)2\2f#4\ [ 1—
2 2 Zeon= f#2d2+ 3 ) \/;
(So+2)%(Sp+2+A2) b 2 7
—48%(s—MAx)? 1/4— o,
XN Zor dizran) (14) T2 _\/E (A2)?| +—. (19)
di(2)+di(z+Az) 71 5

Equation(14) describes the size and shape of the cross-correlatibar Az=0, Eq.(19) reduces to the same equation fgg;, that was
signal peak in a microscopic PIV experiment with out-of-planéerived in Olsen and Adriafi7], as one would expect. Equation
particle motion. Examination of this equation reveals that orfd9 can be used to determine thepth of correlationan experi-
effect of out-of-plane motion is to widen the signal peak and t@ental parameter that defines the depth over which particles sig-
reduce the peak height. This can have significant consequenceBifigantly contribute to the measured velocity. The depth of corre-
a microPIV experiment, because if the signal peak height becom@tion defines the depth of the measurement volume in
too low, then it may be difficult to identify the signal peak frommicroscopic PIV and is simply Z ;.
the random noise peaks, resulting in erroneous velocity Equation(19) suggests that the depth of correlation is depen-
measurements. ent on the local out-of-plane velocity component. This has seri-
The measured velocity is defined by the location whereus implications in a microscopic PIV experiment in a three-
9Rp/9s=0. Differentiating Eq.(14), and solving foru,, where dimensional velocity field. The measurement volume is not only

Uo is the measured velocity, results in dependent on particle size and optical parameters, which remain
fixed for a given experiment, but also on the hydrodynamics of the

U(X) C(X, 1)W1 (MX— X)W, o( M (X+AX) = X5) flowfield. In a three-dimensional flowfield with large spatial varia-

uo—f 5 Y > > tions in thez-yelouty, the measurement volgmg WI.|| vary thlrough-

(sot2)“(sp+2z+AZz)%(dg(2) +de(z+Az)) out the flowfield and can lead to difficulties in interpreting the

) ) experimental results.

< ex —4B°(s—MAX) dx ~ Equation(19) shows that the effect of the out-of-plane motion

d2(z)+d(z+Az) is to increase the depth-of-correlation compared to an experiment

without out-of-plane motion. The term outside the square root is
COGDW,1(MX— X)W, (M (X+AX) — X,) due to the uncertainty in determining a particle’gosition due to
J 2 > 2 > > out-of-plane motion, i.e., a particle that beginszat— Az/2 will
(So+2)%(so+2+A2)%(de(2) +de(z+A2)) end atz=Az/2, effectively stretching the depth of correlation by
2 2 -1 distanceAz. The term inside the square root is because out-of-
—4B°(s-MAX) dx (15) plane motion has the effect of making the image of a particle
d(z)+d3(z+Az) larger for one of the laser pulses than for the other. This broaden-
ing of the image, and the consequential diminishing of peak par-
whereAx=u(x)At. Equation(15) is implicit in u(x,t) becausas ticle image intensity, will dilute a particle’s contribution to the
appears in both sides of the equation, and as such, the measweadelation function. This dilution will be greatest for particles
velocity ugy will be a weighted average af throughout the inter- near the object plane, because a small growth in their image di-
rogation volume. However, althougi(x,t) may vary within the ameter due to out-of-plane motion will have a larger relative effect
interrogation volume, so long as the variation is not too great, thémen the effect of out-of-plane motion on particles far from the
S$—MAx=0, and the exponential terms in E@5 will be ap- object plane, which have large image diameters to begin with and
proximately equal to 1. With this approximation, E45) can be are less affected by a change in image diameter due to out-of-
expressed as plane motion.
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Table 1 Depth of correlation as a function of out-of-plane _ 1/2
motion Zood) |, L[4=Ne| .,
1+ 2| —=](28)7 +¢§ (20)
Zeor( 0) 4\ e
OBJECTIVE Az=0um Az=1um Az=2um Az=4um
10%, 38.0um  395um  420um  495um  Where
NA=0.25
dy=1pum 5.95 M+ 1)22f#4\ [ 1— & | |2
20x, NA=0.5 10.5um 13.2um 18.3um 31.1um Zeor(0)=| | #2d2+ ]
d,=1um p M2 \/g
4Bx, NA=0.6 7.7um 10.9um 16.7 um 30.1um
dp=1um The ratio zq{(€)/z.0(0) is a stretching parameter that describes

the change irz.,,, as a function of the out-of-plane velocity com-

ponent. The rati@..{£)/z.,,(0) as a function of is plotted in

Fig. 2.

) ) ) o Great care must be taken in interpreting microscopic PIV data
The depth of correlation for various microscope objectives anf three-dimensional flowfields because of possible variations in

degrees of out-of-plane motion is summarized in Table 1. As thegg: depth of correlation due to out-of-plane motion. To ease data

d_ata_ (_:iemonstrate;, the stretching of the depth of correlation Cf_iniﬁ(%rpretation, Eq(19) can be used to assist in designing experi-

significant even in the case of very small out-of-plane motiomnents such that variations in depth of correlation are insignificant.

Out-of-plane motion of only Jum stretches the depth of correla-|f the maximum out-of-plane velocity is known a priori, and if one

tion by over 25% for a 28 objective. The stretching effect be-sets a limit on the maximum tolerable stretching of the depth of
comes more pronounced as the magnitude of the out-of-plane ragrrelation, denoted by, then one can set

tion increases. For very smallz, the term outside of the square
root dominates the stretching af,,, in Eq. (19), but asAz in- Zeor{ AZmad = (1+ ) Zgor( 0) (21)
creases, the term inside the square root grows in prominence until
it is the dominant term in the stretchingnf,,,. It would therefore and then solve foAz,,,, using Eq.(19). FromAz,,,, the experi-
be improper, except in cases of very smalt, to estimate the menter can determine the maximum laser pulse separatidhat
depth of correlation by simply adding the out-of-plane motion toan be used to keep the stretching of the depth of correlation
the depth of correlation determined without out-of-plane motiorwithin the desired limit. Of course, this can lead to other difficul-
The data in Table 1 also show that the stretching of the depthtads, as it may require thakt be so small that particle motion
correlation due to out-of-plane motion becomes more significantifithin the object plane is also very small. Since the error associ-
higher magnification, higher numerical aperture objectives aated with a PIV measurement is inversely proportional to the mag-
used. For these objectives, particle image diameter can vanijude of particle motion within the object plane, selecting too
greatly for even small changes in a particlesposition. small of aAt can result in measurement errors that are undesir-
Thus, even seemingly small out-of-plane motion can affect a pably large. Thus designing a microscopic PIV experiment for a
ticle’s image greatly, in turn significantly affecting the depth oflowfield with out-of-plane motion may require striking a balance
correlation. between data interpretation and experimental uncertainty.
Equation(19) can be expressed in dimensionless form by nor- Another effect of the out-of-plane motion is to reduce the
malizing both sides of the equation kg, for Az=0 and height of the correlation signal peak relative to the PIV noise
expressing.,; as a function off=Az/2z.,,(0) (i.e., as a funct- peaks, which can result in difficulties in identifying the signal
ion of the ratio of Az to depth of correlation fonz=0). This peak. Equatior(14) shows that the contribution of a particle lo-
results in cated atz to the signal peak height is proportional to

=5 <
24 ) _
! i
00 0.2 0.54 0.6 058 1

Fig. 2 Depth of correlation as a function of out-of-plane particle motion
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Fig. 3 Decrease in correlation signal peak height as a function of out-of-
plane motion for 0.5 um seed particles and various microscopic objectives

1 4(M2d2F72+ 595 M +1)°\2f#2) | 12
_— (22) AZyo= .
di(z)+di(z+Az) Mm?

so that asAz increases, the contribution of each individual par-

ticle to the signal peak height will decrease, making the total peak

height smaller. This decrease in signal peak height can be quagtbmputational Methodology and Results
fied by taking the ratio of the contribution to the signal peak
height of a particle with out-of-plane motion to the contribution to
signal peak height in the absence of out-of-plane motion. Letti
y(2) be this ratio, this ratio can be found to be

(25)

In order to verify the accuracy of the analytical findings pre-
nted in the previous section, a series of computational experi-
ents has been performed. Synthetic image sets were generated
with known in- and out-of-plane displacements between the two

2d2(z) images. The initial particle centers were randomly located by a
V)= ————. (23) Monte-Carlo-based scheme within a 300-micron cube. The final
de(2) +dg(z+Az) particle positions were specified by simply adding the in- and

n%ut-of-plane motions to the initial particle position. Approxi-
gnately 24,000 particles were placed in each volume, or approxi-
ately 1 particle per 10-micron cube. Although this number

This represents the ratio of the contributions at only o
z-location. However, the total peak height will result from th

contributions to signal peak height from particles from af”

z-locations. We can estimate the cumulative effect of out-of-plar?@emS prodigious, over 85% of thes_e particles are far enough re-
motion on the total signal peak height by integrating & both moved from the focal plandocated midway through the depth of

with and without out-of-plane motion over and taking the ratio the cube that they are essentially contributing_ only to the back-
of the two integrals. This results in ground glow of the image. Both the cube size and number of
' particles chosen here were arbitrary, and different numbers were

M2d§+5.95(M +1)2\2f#2 12 implemented ga_lrngri_ng identi(_:al results. The intens_ity fiel_d gener-

y= > > . (24) ated from each individual particle was represented in the image by
M2+ 5.95 M + 1)\ 2f#2 M*(Az) the relationship given in Eq(1). Each particle was projected in

pte 442 succession onto a two-dimentional digital image of 1000 by 1000

pixels in size. A sample synthetic and an actual microPIV image at
Equation(24) is an estimate of the ratio of signal peak height witlsimilar magnification and particle size are presented in Fig. 4.
out-of-plane motion to signal peak height in the absence of out-Each synthetic particle image pair was interrogated using a
of-plane motion. The noise peaks will not be affected by out-oftandard PIV cross-correlation algorithm, with a 32-pixel square
plane motion, and thus Ed24) can be used to estimate theinterrogation region. Analysis was also completed with interroga-
change in the signal peak height relative to the random noiten regions of 1&16 pixels and 6464 pixels in size to establish
peaks for various degrees of out-of-plane motion. Equdfdhis that the results were independent of the interrogation region size.
plotted in Fig. 3 for various microscopic objectives for an experiSince there was no background noise level added to the images,
ment using 0.5um seed particles. and all of the ambient light in the frames was directly contributed

Equation(24) can be used to estimate the largest allowalste from individual particles, no pre-processifguch as background

such that the signal peak height will not drop below a certaisubtraction or spatial filteringvas performed on the raw images.
level. For example, if one desires for the signal peak height for &0900-correlation field average was generated from the individual
experiment with out-of-plane motion to be no less thal2 bf the  correlation fields of each separate interrogation region for each
signal peak height of an experiment without out-of-plane motioimage pair and recorded to disk. No post-processing or correlation
then the maximum allowablaz can be estimated to be optimization routines were used in this analysis. The peak height
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Fig. 4 Actual (left) and synthetic (right) microPIV images for the same specified conditions

above the background, normalized by the peak height for no ofunds. Sandia is a multiprogram

laboratory operated by

of-plane motion can then be compared directly with the analytichbckheed-Martin Company, for the United States Department of

solution for the same experimental parameters.
Synthetic images were generated for six out-of-plane displace-

Energy under contract DE-AC04094AL85000.

ments between 0.5 and 5 microns in depth for magnifications Rfomenclature

20, 40, and 60x. The normalized, averaged correlation peak
heights are presented as symbols in Fig. 3. The agreement be- C
tween the analytical solution and the computational results gener- &
ated from the synthetic images is quite good, within 5% for all of Az
the cases examined. de
dP
Da
Summary and Conclusions ¢

Out-of-plane motion can have significant effects in microscopic
PIV experiments, and these effects are discussed here for the first
time. One effect of the out-of-plane motion is that it will increase i
the depth of correlation. Because the out-of-plane velocity may
vary throughout the flowfield, this will result in different measure-
ment volume depths throughout the microscopic PIV velocity vec-
tor field. An equation was derived that described the depth of
correlation as a function of optical parameters and the magnitude M
of the out-of-plane motion. With careful experimental design,
stretching of the depth of correlation can be kept to a minimum,
but such a limitation may also result in an increase in the experi- S
mental uncertainty of the measured velocity vectors. So

Another effect of the out-of-plane motion is to reduce the U
height of the signal peak in the cross-correlation plane. Since the Yo
random noise peaks in the correlation plane will be unaffected by Wii
the out-of-plane motion, this can result in difficulties in identify- X
ing the signal peak from the surrounding noise peaks, leading to
erroneous velocity measurements. An equation was derived that
describes this reduction in signal peak height due to out-of-plane 2
motion. These analytical results were compared directly with syn- Zcorr
thetic experiments, and the agreement was quite good, within 5%

1
10
0
Ip
A

for all of the cases examined. Suggestions for the use of thidZeorr =

equation have been made.

mean concentration of seed particles
Dirac delta function

out-of-plane particle motion

particle image diameter

particle diameter

aperture diameter

maximum tolerable stretching of the depth of correla-
tion

focal number

PIV images for cross-correlation
intensity of illuminating laser beam

particle image intensity function

flux of light from a particle

wavelength of emitted light
magnification

numerical aperture

spatial cross-correlation function
position vector in the correlation plane
distance from lens to object plane
fluid velocity

measured fluid velocity

interrogation window function

position vector of particle

position vector in the image plane
dimensionless out-of-plane motion
distance from object plane

distance from object plane to extent of measurement
volume

depth of correlation
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Modeling of the Onset of Gas
Entrainment Through a
v.anmed” § Finjte-Side Branch

. Hassan?
¢-mail: hassan@me. Concordia.ca A theoretical investigation has been conducted for the prediction of the critical height at
. the onset of gas entrainment during single discharge from a stratified, two-phase region
N. Esmail through a side branch with a finite diameter. Two different models have been developed,
. . a simplified point-sink model and a three-dimensional finite-branch model. The two mod-
Department of Mechanical and Industrial els are based on a new criterion for the onset of gas entrainment. The results of the
Engineering, predicted critical heights at the onset of gas entrainment showed that the finite-branch
Concordia University, model approaches the physical limits at low Froude numbers. However, as the values of
Montreal, Quebec H3G 1M8, Canada the Froude number increased, the predictions of both models eventually converged to the
same value. Based on the results of the models, the critical height corresponding to the
onset of gas entrainment was found to be a function of Froude number and fluid densities.
The results of both models are compared with available experimental data. The compari-
sons illustrate a very good agreement between the measured and predicted values.
[DOI: 10.1115/1.1601256
1 Introduction
. . Roce_ 61 Fp4
The research and development of experimental correlations and d
theoretical models of the onset of gas and liquid entrainments, .o
during discharge from a stratified, two-phase region through
branches of finite diameter have gained great importance in recent vy
literatures due to their relevance in several industrial applications; Fr= ——.
some of which include nuclear reactor safety during postulated Ap
loss-of-coolant accidents and two-phase distribution systems, gdz

where a certain incoming stream is fed into a larger header, as

found in a shell-and-tube heat exchanger. Knowledge of the flddarrott et al{7] also experimentally investigated the onset of gas

phenomena involved, the mass flow rate, as well as the quality®ftrainment during single discharge from a large, stratified two-

all discharging streams is essential for the design and/or perfghase region. Using the least-square method, they developed the

mance prediction of such systems. following correlation between the critical height at the onset of
For the case of single discharge from a large, stratified flodaS entrainment and the corresponding Froude number:

channel, Zubef1] stated that two distinct phenomena may occur,

depending on the location of the gas-liquid interface relative to the HOGE:0_425 Ep529 HOGEg 1.15
branch. If the horizontal interface is located below the branch, d d '
liquid may be entrained in the predominating gas flow through the

branch(onset of liquid-entrainment phenomeno®n the other HOGEZO 508 EP435 HOGE>1 15
hand, if the interface is located above the branch, gas can be d ' d o

entrained by a vortex or vortex-free motion into predominantlﬁ v H Bl further i . d the sinale-side di
liquid flow through the branchonset of gas-entrainment phenom-R€cently, Hassan et 4B] further investigated the single-side dis-

enor). Zuber developed simplified correlations for the onsets ﬁwarge from a large, Strat'f'.ed. two-phase. re'glon through small
these phenomena in terms of pertinent system parameters F‘%pches and developed a similar correlation:

branch orientatior(top, bottom or side Later, detailed experi- Hoce
mental data and correlations were obtained for the onset of gas

and liquid entrainments, as well as the two-phase mass flow rates d

and quality between the two onsets, during single dischavd  The reported theoretical investigations published to date in this
or without main flow through a single branch having differentarea are essentially related to the prediction of the onset of liquid
orientations(e.g., Smoglie and Reimarii2], Schrock et al[3],  entrainment during single or dual discharge from a large, stratified
Yonomoto and Tasaka,5], Micaelli and Mempontei[6], Parrott  region(e.g., Soliman and Sin{40], Hassan et al.11] and Maier
et al.[7], and Hassan et 48,9]). As an example for the predic- et al.[12]). The objective of the present work is to extend these
tion of the critical height at the onset of gas entrainment, for thieoretical investigations to the phenomenon of the onset of gas
case of single discharge from a side branch, Smogile and Reimastitrainment, as the second step towards the theoretical prediction
[2] experimentally developed the following correlation as a funaf the mass flow rate and quality in the two-phase discharge re-
tion of Froude number and branch diameter: gion corresponding tél o ge=H=Hg . Two models will be de-
veloped, a simplified point-sink model and a finite-branch model,
Ipresent address: Mechanical Engineering Department, Assiut University, Egiathich will include a new criterion for the onset of gas entrain-
?To whom correspondence should be addressed. ment. The present analysis applies to any two immiscible fluids,

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; « ; ” :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionv.vIth the term gas entrainment referrlng to the appearance of the

Feb. 1, 2002; revised manuscript received Mar. 27, 2003. Associate Editor: Y. M%the:’] fluid in predominantly heavier-fluid flow through the
sumoto. ranch.
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2 Theoretical Analysis celeration of gravity. Based on this equation, it is clear that if the

) . . . . acceleratiora of the fluid surface is greater than the acceleration
The configuration considered in the present analysis is shown | h ;
Fig. 1, and g(’:onsists of stratified Iayerg of two imn}wliscible fluids> gravity g the fprI surface wou_ld be _u_nstable. !_evﬂlsg] glso
WitH densitieSp and p,, contained in a large reservoir Withlhvestlgated experimentally the instability of various liquids ac-
1 , ’

equilibrium of the interface being controlled by a balance of ineF:_eleratlng vertically downward. The instability criterion observed

tia and gravity. In the present analysis, the surface tension is under a wide variety of experimental conditions has been ana-

|92ed and good agreement between experiment and the theory of
nored and the liquid flow is considered invicid, irrotational, in-= ’ .
compressible, and quasi-steady. Therefore, the problem %%ylor, mentioned above, was found. Furthermore, Zhou and

governed by a single physical parameter: the Froude numb I[aebel[lS] indicated that when the downward acceleration of

. 4 ! . . . the center of the free surface exceeds the gravitational accelera-
%Zalisé}]stteesgzi-g?;e:éﬁsligce)\;ve(ljssatzzl:]rgr?td in the heavier fluid, Wh'ilon, a dip appears in the free surface. Zhou and Graebel reported

that the dip formation was due to the instability of the free sur-
2.1 The Criterion of the Onset of Gas Entrainment. Dur- face, analogous to Rayleigh-Taylor instability.
ing single discharge from a stratified two-phase region through a

h . . 2.2 Equilibrium of the Interface. In order to derive the
z'gi (E,)t:avCiCIIhl'a g ftlgsvilrr:;elriﬁllfi?j lgr\]/s/H )a\rl1v§ l:haeb?n\;grﬁgg eb\:\?ilrllctt]el :‘Ih;[ interfacial equation along each side of the interface, the Bernoulli

As H is lowered and approachésece, a “dimple” begins to equation between point A and point B, shown in Fig. 1, can be

. - it . written as follows:
form in the interface. This dimple depression becomes more PrOE 1 the heavier fluid region:

nounced and cone-like until the bottom of the cone suddenly ex-
tends to the branch; this is the onset of gas entrainrftéassan 1 1
et al.[9]). As H is reduced beloviH o, the branch will be flow- Pat zplvaJr p1gH=pg+ Eplvé-i- p1gh. (1)
ing two-phase mixture. With decreasihig the liquid stream to the

branch becomes thinner until the flow of liquid into the branckincey , is finite, Eq.(1) can be written as

ceases wheil =Hg, g; this is called the onset of liquid entrain-

ment. ForH<Hg.g, the branch will be flowing gas only. The 1,

objective of the present paper is to simulate the onset of gas en- Patp1gH=ps+ 5 p10g+pagh. @)
trainment phenomenon, as shown in Fig. 1. The criterion used in

for the prediction of the onset of gas entrainment is the equalifor the lighter, stagnant fluid region,

between the acceleration of the liquid above the branch and the

acceleration of gravity, at point B. Any further increase of liquid Pat p2gH=ps+pogh. (©)
accele_r_ation at point B ab(_)ve_ the appeleration Qf gravity will caUg§om Eqs(2) and(3), the velocity of the liquid at point B is given
instability to the flow. This instability results in a catastrophi

change in the free surface shape, which quickly extends the

formed dip to the branch exit. This criterion is based on the study ) p

made by Taylof13] to determine the onset of instability of invis- vg=29—[H—h]. (4)
cid liquid surfaces accelerated vertically. Taylor stated that the P1

initial stability of the upper surface of a liquid would pass over 2.3 Point-Sink Analysis. In this analysis, the side branch
into instability if the liquid were given a downward acceleratioshown in Fig. 1 is simulated as a point-sink with strenith
greater than that of gravity. Moreover, Taylor reported in highere the relation between the strenitrand the mass flow rate
analysis that the amplitude of a two-dimensional disturbance aer-is given by

celerated downwards at accelerateis given by .
m=2mpM.

4ms(a— -
1=cosr{ \/ ;a( g)ipl) p2) , The presence of the lighter, stationary fluid is ignored when de-
o P17t P2 veloping the velocity field in the heavier fluid. Therefore, the flow
wheren/ 7, is the ratio of the amplitude of the disturbance at anfield is treated as a semi-infinite medium extending over<x
time to its initial value,\ is the wavelength of the disturbancese, —o=<y=<ow®, and Osz=. The potential function of this
amplitude s is the downward distance of the moving surfagés three-dimensional flow field is given by Schetz and Ft§ as

the downward acceleration of the liquid surface, gnd the ac- follows:

Interface Lighter Fluid
Interface P2 A
y
A
Heavier Fluid
p1
H B By e H
h h
) @I ty
-
Reservoir / Vv,
wall
Side View (at the Wall) - Eront Elevation
Fig. 1 Geometry and the coordinate system
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M ID*

= —oo . 5 —5=0.0 at all values ofy* and z*.
W+y?+ 72 ©) ox*
The criterion of the onset of gas entrainment is given by (iii) At x*— oo, y*— £, ¥ —+oo, O* is finite, where
[a]B:g (6) X*:ri, y*:rl, Z*=r£’
where © © ©
Id]| *°P V*=& V*:ﬁ V*:ﬁ g*:% V@*:E
[a]B:_W (9_y2 , TV Y TV TRV V2’ Vg
BUx=2=0y=h) (7)  The solution of Eq.(14), subjected to the boundary conditions
b M given by (i), (i), and(iii), could be obtained using the method of
Ev == separation of variables as follows:
Ylg=z=0y=ny N By applying the boundary conditiori) and(iii), the following
2D oM equation was obtained:
W " N .
Y I B(x=2=0y=h) O* (x*,y*,z*)= o Jo [A1(N\,B)coq By*)
Substituting Eqs(7) and(8) into (6), we get
oM2\02 +A,(N, B)sin( By* )]cog Ax* e~ Z (W67
h=| — 9
( g ) ©) xXdandg (15)

From Egs.(9) and (4) with vg=d®/dy|—,-oy-n, the critical whereA;(\,B) andA,(\,B) are constants of integration and sat-
height at the onset of gas entrainment could be determined asisfy the boundary condition(i). To calculate the values of
H 1/Ap\02 1 0. A;(\,B) andA,(\,B), we first take the partial derivative of Eq.
OGE _ Fro"{— (_p + _(ﬂ) 8} (10) (15 with respect toz*, while settingz*=0. We then apply the
d 2\ py 8\4Ap boundary conditior(i), and using Fourier cosine and Fourier sine
In the case of the lighter fluid having an infinitesimally Smal'fransformatlons the final values A{(x, 8) andA(), 8) could be

density with respect to the heavier fluid's density, EB0) will defined as
become ) .
AN B)=——F—F= sin(Ay1—(y*?))co *)dy* |,
Hoce 4 1M B) TN B2 fﬁl n( (y*©))cog By*)dy }
§ —0.625 FP4 (11) I )

2.4 Finite-Branch Analysis. In the finite-branch analysis, @nd
the heavier fluid is also considered to be incompressible, homog-

: ’ ; 2 1
enous, and irrotational. Furthermore, the presence of the lightey,(\,g)= — ——— J sinA1—(y*2))si “)dy* |.
stationary fluid is again ignored. As a result, the heavier fluid is 2\ B w2\ \/)\7+ ,87 —1 A v Ay™)dy
considered to be a semi-infinite medium extending over<x a7

<o, —o<y<ow, and 0<z<wx. The flow is caused by the dis-

charge from a side branch, locatedyatx=z=0.0. The continu- Therefore, the final form of the solution can be written as

ity equation, in Cartesian coordinates, can be written in dimen- P wcos{ﬁy*)cos()\x*)e’z* W2+ g2
sionless form as follows: q)*(x*,y*,z*)zzj f
0oJo NN+ B2
Vg vy vy
—+ —-=0.0, (12) 1
ax —dy oz X sin(A V1—y*?)coq By*)dy* [d\d
-1

whereVy , Vi, andV; are the dimensionless velocity compo-

nent in thex*, y*, andz* directions, respectively. Introducing a +2joofwsir(ﬁy*)cos()\x*)ef NP g
0Jo

dimensionless scalar potential functidf such that

21 32
v ID* v ob* 4 vr ID* 13 ) WA A
=, =—+, an = .
*oox* yooy* A X f sin(\ V1—y*2)sin( By* )dy* |d\d.
Therefore, Eq(12) can be written as follows: -t
PO*  PD* JPd* 19
V2d* = + + =0.0, (14) The criterion for the onset of gas entrainment in dimensionless
ax*2  gy*? gz*? form is
with the following boundary conditions: a0* [ 2>
(i) At z*=0.0, [a*]g= —[V ey =g*. (19
Jp* y (x* =z* =0y* =h*)
= —1 —Jl-y*°sx*<+1-y*? The values of the first and second derivatives of the stream
function could be written in this form
—l<sy*<+1 JD* e 20
=0.0 for other values of* and y*. e N 1] (20)
(i) At x*=0.0, and
904 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



rer =1,[h*] (21)
é’y*2 x*=z*=0,y*=h* ?
where
cog gh*)
h*]=-2
lalh"] ff NN B2 + 32
1
X J sin()\\/lfy*?)cos{,By*)dy* d\dg
-1
+2f J' % f sin(Ay1—y*?)
Xsin(By*)dy* |d\ndB (22)
cog Bh*)
AN ]-—2} jo TN B
1
X f sin()\\/l—y*z)cos(ﬁy*)dy*}d)\d,B
-1
sin(Bh*) J —
f f ) Sy
X sin(By*)dy* |dndg. (23)
Substituting Eqs(20) and (21) into Eq. (19) will give
1\ p1
1[h*]|2[h*]_,( )(ZAP (24)

Then the critical height at the onset of gas entrainment can
written as

To calculate the critical height corresponding to the onset of gas
entrainment, knowing the value bf, the Froude number is first
calculated by solving Eq24). The values of ;[ h*] andl,[h*]
are calculated using numerical integration techniques as indicated
by Stround17] and Gradshteyn and Ryzhii8]. Then, based on
the values oh* and Fr, the critical height is determined using Eg.

(25).

3 Results and Discussion

In the present section, comparisons between the predicted criti-
cal heights, using the point-sink and finite-branch analyses, at the
onset of gas entrainment during single discharge from a stratified
two-phase region were made for different values of Fr. The objec-
tive of this comparison is to determine at which range of Fr num-
ber the values oHgge/d are not influenced by the point-sink
assumption. Also, to better comprehend and provide a validation
for the present analysis, comparisons between the experimental
determinations oHge/d, the available models in the literature,
and the present computed results using the point-sink and finite-
branch analyses will be provided in the following section. The
experimental data used for these comparisons were found by Has-
san et al[9], Parrott et al[7], and Smoglie and Reimar2].

Figure 2 shows the behavior ¢foge/d as a function of Fr
number for both the finite-branch analysis and the point-sink
analysis. The deviation present between the finite-branch and
point-sink analyses is considerable wher<Er only to decrease
in importance as the Fr number approaches 10, where it may be
considered negligible beyond this point, and the prediction of the
two models are identical. It is clear from Fig. 2 that the results of
the finite-branch analysis converge to the physically appropriate
limit of Hoge/d=0.5 when F#=0. Figure 3 shows the deviation
of the point-sink analysisPSA) from the finite-branch analysis
(FBA), whereHpga refers to the value ofHpoge/d) calculated
from Eq. (10), andHgga refers to the value ofH oge/d) calcu-
lated from Eq.25). The magnitude of this deviation is about 80%
BeFr=0.01, 15% at 1.0 and 3% at F=10.0. When Froude
number approaches zero the deviation is 100%, skhgegs ap-
proaches zero, based on Efj0), andH g, approaches the physi-
cal limits of d/2. Beyond F#=10, which corresponds tbl gge/d
=1.5, the error in using the point-sink analysis is negligible.

—= — {1, [h*]}2. 25
¥ S-{hh* ]} (25)
100
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2
g 10 |
I
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Fig. 3 Percentage deviation from the finite-branch analysis

Figure 4 shows the behavior of the ratitH 5gg and its corre- experimental data in Fig. 5 obtained by Parrott e{ 2l.and Has-
sponding Fr number. As illustrated, the results of the finite-bransan et al[9] with the present analyses. At larger Froude numbers
analysis approach the physically appropriate limit Hyge (>10), the deviation between the values of the critical height at
=1.0 as the Froude number approaches zero. With increasthg onset of gas entrainment found using the point-sink and finite-
Froude number, the value 6fHoge converges to approximately branch analyses, and the data given by Parrott di7alis less
0.83, which also is very close to the constant value predicted byan 2.5%. The finite-branch analysis predicts the data trend of
the point-sink analysi$=0.80). Parrott et al[7] very well over the whole range of Froude num-

A comparison between the present theoretical results, fouhdrs. The experimental values found by Hassan ef%l.are
using the point-sink and finite-branch analyses, and the expesiown to be underpredicted by the two analyses by approximately
mental data found by Parrott et 4lf] and Hassan et a[9] is 10%. It should be mentioned here that Parrott efdladded the
shown in Fig. 5. The experimental data here were generated doneniscus heightestimated to be 3.3 mnto their values of the
ing single discharge through a 6.35 mm inner-diameter brancthitical heights, while Hassan et 4B] did not.
located on the sidewall of a large reservoir under stratifad Figure 7 also demonstrates another comparison between the
waten conditions and different pressures ranging from 316 to 5I3tesent theoretical results, found using the finite-branch and point-
kPa. Despite the need for experimental data at lower Froude nusimk analyses, and the experimental results found by Smoglie and
bers(Fr<1), good agreement may be observed between the @keimann[2], for single discharge from a stratified region through
perimental data given and the point-sink and finite-branch analg-circular branch. Smoglie and Reimann performed their experi-
ses atF>1. Figure 6 quantifies the comparison between thments using stratified air-water at 200 to 500 kPa in a horizontal

1.0
Finite-Branch Analysis
09 r
8
I
=
08 P ———————— /— ————————————————————————————
Point-Sink Analysis
07 A n A Lol A A1 a1l L L RN | T S S N W I | L T A AN ]
0.01 0.10 1.00 10.00 100.00 1000.00
Fr
Fig. 4 Variations of h/Hggg with Fr
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Fig. 5 Comparison between the present analysis and experimental data by Hassan
et al. [9] and Parrott et al. [7]

pipe (20.6 cm in diametgrwith different branch sizesd=6, 8, fairly well, particularly at low values of @/w+/gd®. The models
12, and 20 mm The branch was simulated by pipe st@955 m  of Lubin and Springef19], Zhou and Graebdl15], Miloh and
in length with sharp-edged entrances and the flow through thgyvand[20] and Xue and Yug21], as well as the present point-
branch was controlled by a throttle valve. The onsets on entraink analysis give a constant value of*Fand fail to predict the
ment were detected by the noise in the differential pressure signgétrect trend of the data at low values oQ#4r/gd®. In all of
across the branch. Once again, as shown in Fig. 7, the presgpise models, the branch was simulated as a point sink and the
analyses are proven to be in good agreement with the experimggential flow theory was used, with different numerical and ana-
tal data provided by Smoglie and Reimair2]. _lytical techniques. Xue and Yug21] used the mixed-Eulerian-
The ability of the finite-branch model and the other availablgagrangian boundary integral equation scheme in modeling the
models in predicting the experimental datatdbge is shown in  three-dimensional flow field of a sidewall submerged point-sink;
Fig. 8. The vertical axis of Fig. 8 is the critical Froude numbegne critical Froude number obtained out of this analysis is 0.193.
Fr* (= Q/4m\/gH®), whereQ is the volumetric flow rate, and the This value is almost in agreement with the value obtained by the
horizontal axis is ®/m/gd®. These coordinates were used hergresent point-sink analysis, which is about 0.202. Miloh and Ty-
to facilitate the comparisons with the available models, whichand[20] found that the critical Froude number*Fis 0.258 using
give their results as functions of FrAs shown in the figure, the small time perturbation analysis and a bottom-oriented point-sink
present finite-branch model was able to predict the data tregdometry. Lubin and Spring¢d9] first studied the problem ex-

14
13 A Hassan et al. (1998)
O Parrott et al. (1991)
12 T Finite-Branch
Analysis —>
11 +
o

Hoge/Hoce, psa
-

09 Point-Sink Analysis C aa NS
08 |
0.7
0.6 T T
0.1 1.0 10.0 100.0 1000.0
Fr

Fig. 6 Percent deviation from the point-sink model
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Fig. 7 Comparison between the present analysis and experimental data by
Smoglie and Reimann [2]

perimentally using also a bottom-oriented point-sink, based eowmber the inertia forces are dominant and the effect of viscous
their observations, performed a simple analysis using the Béorce and surface tension may be neglected. Future experimental
noulli equation, which enabled them to find the critical Froudemeasurements of the critical heights at low values of Froude num-
number Ff corresponding to the onset of gas entrainment, whidbers would greatly help model validations.

was 0.202. Once again the present finite-branch model, where the

finite branch size was accounted, proves to be more accurate in )

predicting the experimental data over the whole range & Conclusions

4Q/w+Jgd® number. The onset of gas entrainment during single discharge from a

It should be noted here that the experimental data is restrictemlatified two-phase region through a side branch was theoretically
in the sense that only data at higher Froude numblers1) is investigated. A new criterion for the onset of gas entrainment was
available. Thus, it is difficult to deduce the effect of neglecting théeveloped based on the onset of instability of vertically acceler-
viscous force and surface tension in the present analyses. Siated fluids. Based on this criterion a simplified point-sink analysis
these forces are expected to have an influence on the resultawd a three-dimensional finite-branch analysis were developed in
Hoge/d at low values of Fr numbédFr<1); at higher values of Fr order to predict the critical heights at the onset of gas entrainment.

05 T T T TTTT LB N R T T 1T LI N S RS T |‘YIV(H_
I O Parrott et al. (1991) ]
- ® Hassan et al. (1998) T
04 i ©  Smoglie and Reimann (1986) |
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Fig. 8 Comparison between measured and predicted values of different models
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The results of the predicted critical height at the onset of gas Ap = density difference between two fluidsy(—p-),
entrainment demonstrated that the finite-branch model is to be (kg/m®)

recommended at lower Froude numb&Fs<10), as the model A\, B = constants

approaches the physical limits in this range. At higher Froude ® potential function(m®/s)

numbers, no noticeable deviation occurred to the predicted critical ®* = dimensionless potential functionP(Vyr2)

heights of both models. The critical heights were found to be a

function of the Froude number and the density ratio of interfacing

fluids, provided that the assumption of negligible viscous and siyeferences

face tension forces are valid at low values of Fr number1). . ) . )
Finally, the following modeling efforts are to be considered, the "l R0° N 7950 ‘Proners In Nocirg 07 Small Break LOCA.” Nuclear
model may include the effect of wall inclination, to simulate dif- [2] smoglie, C., and Reimann, J., 1986, “Two-Phase Flow Through Small
ferent geometriesi.e., side, inclined, and bottom brancheAs Branches in a Horizontal Pipe With Stratified Flow,” Int. J. Multiphase Flow,
well as, experimental measurements of critical heights at low val-_ 12 pp. 609-625.

. . [3] Schrock, V. E., Revankar, S. T., Mannheimer, R., Wang, C. H., and Jia, D.,
ues of Froude numbers would greatly help model validations. 1986, “Steam-Water Critical Flow Through Small Pipes From Stratified Up-

stream Regions,’Proc. 8th Int. Heat Transfer ConfSan Francisco, CA,

Nomenclature

Hemisphere, Washington, DG, pp. 2307-2311.
[4] Yonomoto, T., and Tasaka, K., 1988, “New Theoretical Model for Two-Phase

a = downward acceleration of fluid surface, Flow Discharged From Stratified Two-Phase Region Through Small Break,” J.
(m/sz) Nucl. Sci. Technol.25, pp. 441—455.
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Circular plunging jets were studied by both void fraction and acoustic techniques. There
were two aims: to measure the structure of the jet flow and its regimes as a function of jet
speed and free-jet length; and to develop and validate the acoustic measurement tech-
nigue in the developing flow. Void fractions and bubble count rates were measured in the
R. Manasseh d(_aveloping '_shear layer of a Igrge-_size_ plunging@{:ZS mm). The da_ta comparec_i well _
with a solution of an advective diffusion equation and showed an increased air entrain-
ment rate with increasing free-jet length foy /d,<12. The acoustic data were processed

by a novel technique to extract both bubble count and bubble size data. Three plunging jet
flow regimes were noted. Near inception, acoustic pulses are isolated and indicate indi-
vidual bubble entrainment as observable visually. Above a characteristic jet velocity, the
number of the bubble pulses increases sharply although bubbles are still produced inter-
mittently. At higher velocities, bubble production becomes quasi-continuous. The study
suggests that an acoustic technique calibrated through detailed laboratory measurements
can provide useful, absolute data in high-void fraction flows. The robust acoustic sensor
can then be used in hostile industrial or environmental flows where more delicate instru-
ments are impractical[DOI: 10.1115/1.15956722
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Introduction are high or bubbles form a fine cloufll5]. The present work

Plunging jet entrainment is a highly efficient mechanism fc)takes furt_hgr steps towards an acoustic signature technique for
; S . oo ; haracterizing the performance of a bubbly flow system with large

pr_oducmg large gas-llqwd_ interfacial areas. Applications inclu oid fractions in which both acoustics and intrusive properties of

minerals-processing flotation cells, waste-water treatment, Oxé('bubbly shear flow are accurately documented.

genation of mammalian-cell bioreactors, riverine re-oxygenation

weirs and the understanding of plunging ocean breakérs3|.

While detailed air-water flow measurements were conducted in a

two-dimensional plunging jef4—6], most studies of air entrain- Experimental Apparatus and Methods

ment processes at circular plunging jets have been qualitativ

(Table 1,[2.7.8). It is understood that plunging jet entrainmen ®rhe experimental apparat(Big. 1) consisted of a fresh water

tak | hen the iet i  velocit d itical vel ircular jet issuing from a 0.025 m diameter nozzle. The receiving
aKes place when the jet impact velocity exceeds a cnitical VEIotr,nne was 0.3 m wide and 1.8 m deep with glass side walls 10

ity, [9.'10].' For Ia_rger i‘?‘ velocities, thg develpping region oty m thick. The nozzle was made of aluminum with a 1/2.16 con-

plunging jet flow is subjected to strong interactions between the, ion ratio designed with an elliptical profile. Upstream of the

entrained air bubbles and the momentum transfer mechanls,qazﬂe’ water was supplied by a straight circular pipe&54 m

[11]. o ) o internal diameter, 3.5 m longThe jet and pipe were vertical to
While intrusive probe measuremetiésg., conductivity and op- ithin +0.5 deg. The water suppljrisbane tap watgmwas pro-

tical probes that pierce the bubblgive local flow properties in- vided by a constant-head tank with a water level about 12.9 m

cluding void fraction and bubble count rate, the acoustic technigggove the nozzle. The apparatus provided nozzle velocities be-

may provide useful information on the bubble size distributionween 0.3 and 7 m/s. Further information were presented by Ma-

the onset of bubble entrainment and the entrainment regimgsseh and Chans$h6].

Bubbles generate sounds upon formation and deformation, ) . ) .

[12,13, that are responsible for most of the noise created by alnstrumentation. The discharge was measured with an ori-

plunging jet. Most underwater acoustic sensors are made frdig€ meter (British Standards desigrealibrated on-site with a

robust piezoelectric crystals and a key advantage is their robuglume-per-time technique. The error on the discharge measure-

ness for use in the field and in hostile environments. ment was less than 1%. o
This study is based upon a comparison of conductivity probeA” measurements were taken on the jet diameter through the

and acoustic measurements in the developing flow region ofcgnterline. The displacement of the probes in the flow direction
large plunging jet system. Although the present acoustic techni %d in the direction normal to the jet centerline was controlled by

- : : o e adjustment travelling mechanisms and measured with two

was originally calibrated against precision laboratory photograp g .
of Tapdy produad bbbigadl compasons i nswe s Scheevtz Mehares Flus MRUGL2 and R 3o e
measurement techniques are limited. Furthermore, there are SEHE P > POS . o :
n the free-falling jet, clear water jet velocities and turbulent

ous questions in interpreting acoustic signals when void fractlo\r}alocity fluctuations were measured using a Prandtl-Pitot tdbe

Commibuted by the Fluids Endineering Division f biication in oA ameter 3.3 mrand a conical hot-film probe system. The Prandtl-
ontributed by the Fluids Engineering Division for publication in NAL ; ;

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionPItOt tube was connecteq _tO a Va“d.yne pressure transducer
Oct. 16, 2001; revised manuscript received Mar. 10, 2003. Associate Editor: 8¢anned at 500 Hz. The miniature hot-film praBantec 55R42,

Mondy. 0.3 mm sizé was scanned at 40 kHz. It was initially calibrated
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Table 1 Experimental flow conditions of circular vertical plunging jets. X4 : longitudinal distance between the nozzle and the
free-surface pool; Tuy: jet turbulence intensity at impact; Tu, : turbulent intensity measured at jet nozzle; (—): information not
available; N /a: not applicable.

X1 Vi dy
Ref. Run m m/s m Tu, Comments
(€N @ () 4 ® (6 @)
Lin and 0.020 0.8 t0 2.04 0.002 to — Liquids: water, ail, glycol
Donelly [40] 0.008
Ervine et al.[9] upto5 0.8t0 9 — — d,=0.006 to 0.025 mTu,=0.3 to 8%
McKeogh and — 251033 0.009 — Fig. 6 (Tu,=5%), Fig. 8 Tu,=1%) &
Ervine [29] Fig. 9 (Tu,=1%)
Van de Donk 0.20 4.47 to 10.2 0.0057 — Fig. 3.22 and 3.23
[41]
Detsch and — lto7 — — d,=0.0015 to 0.002 m. Liquids; water,
Sharmd 28] salt water, ethanol, ethylene glycol
solutions
Bonetto and 0.01 53t07.9 0.0051 — Figs. 11, 13, and 16
Lahey[27] and
0.03
Elhammoumi 0.29 3.1and 3.7 0.0073 — Tu,=0.0001 to 0.0028%
[21] & 0.012
Present study d,=0.025 m. Tap watetc=0.055 N/n).
BMO013 0.005 0.52 0.0224 0.012 Onset of air bubble entrainment
BMO08 0.023 0.87 0.0200 0.0098 Onset of air bubble entrainment
BMO09a 0.10 1.58 0.0171 0.0047 Onset of air bubble entrainment
BMO09b 0.20 2.10 0.0145 0.004 Onset of air bubble entrainment
BMO3 0.02 1.27 t0 5.85 N/a N/a Observations of bubble penetration depth
BMO1 0.1 1.68 to 5.01 N/a N/a Observations of bubble penetration depth
BM04 0.2 2.24 t0 5.85 N/a N/a Observations of bubble penetration depth
RM3 0.005 0.94t0 5.0 N/a N/a Acoustic measurements. Hydrophone
location:r/d;=0.5 & 1.5,x—x;,=0.02 &
0.05 m.
RM1 0.02 5.0 — 0.0035 Acoustic measurements. Hydrophone
location:r/d;=0.5 & 1.5,x—x;=0.02 &
0.05 m.
RM12 0.1 1.69 to 4.32 N/a N/a Acoustic measurements. Hydrophone
location:r/d;=0.5,x—x;=0.02 m.
RM20 0.3 4.57 to 4.75 N/a N/a Acoustic measurements. Hydrophone
location:r/d;=0.5,x—x;=0.02 m.
BM31.1 0.005 3.1 0.0249 0.0034 Resistivity probe measurements
BM4 1 0.005 3.9 0.0250 0.0034
BM44 1 0.005 4.4 0.0250 0.0031
BM5_1 0.005 4.96 0.0250 0.0032
BM5 2 0.02 4.99 0.0249 0.0035
BM35_1 0.1 35 0.0239 0.0039
BM4 2 0.1 4.1 0.0242 0.0046
BM44 2 0.1 4.4 0.0243 0.0095
JV5 0.1 5 0.02455 0.0095
JVe 0.1 6 0.0247 —
BM5_3 0.2 4.986323 0.0240 0.0079

with the Pitot tube data and the velocity distribution was checkddP35670A dynamic signal analyzer. Fast Fourier transforms

with the measured flow ratevithin 2%) for jet velocities ranging (FFT9 were taken. Each experimental dataset was subsampled

from 1 to 5 m/s. into 500 sets 15.6 ms long to give a frequency span of 0—-25.6
A single-tip resistivity probe(inner electrode 0.35 mm and kHz. The data were also processed by a bubble-acoustic software

outer electrode 1.42 mnwas used to measure void fraction andstreamTone[17].

bubble count rates in the plunging jet flow. The probe was excited ) ) )

by an air bubble detectdrRef_ A82524@ with a response time EXperlmental Errors. The error on the void fractio€ was

less than 1Qus. Measurements were recorded with a scan rate @$timated asAC/C~3% for C=5% andAC/C~0.5%/C for

5 kHz for 180 s. C=<5%. The minimum detectable bubble chord length is about
Underwater acoustics were measured with a hydropkBrieel 0.3 mm with the resistivity probe and also with the acoustic analy-

and Kjeer type 8108connected to a charge amplifiériel and sis. The accuracy of clear-water velocity was aboutAV/V

Kjeer type 2635 The hydrophone was located |@d;=0.5 and =1%. For the acoustic data, 95% confidence limits were calcu-

Xx—X;=0.02 m for most experimentJable 1, column ¥, wherer lated for the averaged spectrum for each run. At low spe¥(ds (

is the radial distance measured from the jet centertings the jet <2.5m/s whereV; is the jet velocity at impagt the acoustic

diameter at impactx is the longitudinal distance, and is the signal was very intermittent. Although the representativity of

free jet length(Fig. 1(a)). A digital audio tape(DAT) recorder these runs could not be checked, their averaged spectrum ap-

(Sony TCD-D7 digitized the signal at 44.1 kHz, implying an aliaspeared statistically stationary within 500 samples. At higher

frequency of about 22 kHz. The range of jet conditions Causecgﬁeeds, statistical stationarity was easily obtained within 500

difference in acoustic signal power of up to 20 @Bfactor of 10 samples, while the StreamTone software gave an error in repeat-

in amplitudg between experiments. Since all data recorded Qfhjjity of less than 1% on bubble size, which was less than the
tape should have similar magnitudes to avoid distortion or l0ss g6, statistical confidence interval on the mean.

dynamic range, the charge amplification was set for each experi-
ment to deliver optimal recorded quality and corrected for during Experimental Flow Conditions. The flow conditions are
the signal processing. DAT recordings were processed withsammarized in Table 1, showing the flow ragg,, the free-jet
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Fig. 1 Vertical circular plunging jet apparatus. (a) Sketch of the apparatus, (b) high-speed photograph
for V;=3.3m/s, x;=0.1m.

length x,, the impact flow velocityV;, and diameted,. For mended the use of model scales ranging from 10/1 to 1/10 to
each test, the water jet was extremely smooth and transparent.avoid significant scale effect$2]. Conversely experimental re-
air entrainment was visible upstream of the impingement poirgults obtained in a large size facility cannot be down-scaled. In the
Velocity and velocity fluctuation distributions, performed 5 mntontext of this study, a large-size plunging jet facility,(
downstream of the jet nozzle, were uniform for nozzle velocities 25 mm, pool depth: 1.8 jnwas used to minimize scale effects
ranging from 0.5 to 5 m/s. In the present study, the free-jet lengttden the results are upscaled to larger industrial facilities.
ranged from 0.005 up to 0.3 m, and the impingement velocities
were between 0.5 and 6 m/s. Air Bubble Entrainment Regimes

The turbulence intensity of the water jet core was measured on I . . .
the centerline at the impingement point. The data suggest that thd" @ Plunging jet, air bubbles start to be entrained when the jet

turbulence level decreased with increasing jet speed for a given [BPact speed/, exceeds a critical value. McKeogB0] showed
length (Table 1, column B For a constant plunge velocity, the at thg inception s.peed. decreases with increasing jet turbulence
! ' for a given jet configuration.

t;;blullglnéglncreased gradually with the free-jet length for 0. In the present study, inception of bubble entrainment is defined
as the threshold at which one bubble is entrained during a
Physical Modeling and Scale Effects. In a physical model, 3-minute period. Results are presented in Tables 1 and 2. Air
the flow conditions are said to be similar to those in the prototygmibble entrainment was detected visually and photographically
if the model displays similarity of form, similarity of motion, andfor V; between 0.55 and 2.1 m/s while acoustic measurements
similarity of forces. Dynamic similarity of plunging jet flows is, were made up to 5.0 m/s. The data show that the inception veloc-
however, complex because of a variety of factors such as flaty increases with increasing free-jet heightwhich corresponds
aeration, interactions between entrained bubbles and developiaoga decrease in jet turbulence intensifyable 1. The result is
mixing layer, and others. In a geometrically similar model, trueonsistent with previous observatio,10,21, although it does
dynamic similarity is achieved only and only if each dimensionaot follow a conceptual model of increased free-jet surface rough-
less parametdor I1-termg has the same value in both model andhess,[22,23.
prototype. For example, for small facilities, bubble entrainment is For V;>0.7 m/s, visual and photographic observations suggest
strongly dependent on the scale of the experimgh1,8,19. For three entrainment regimes, summarized in Table 2. In Regime |
civil and environmental engineering applications, the latter recorti-e., for impact speeds slightly greater than the inception 9peed
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Table 2 Characteristic jet impact velocity V; (m/s) for the tran- With an impact speed of about 1.0 m/s for=5 mm, an un-

sitions between three entrainment regimes stable air cavity starts to develop at one point along the impinge-
V, (ms) ment perimetefRegime I). The air cavity position changes with
X4 (M) Inception RI-RII RII-RIII time in an apparently random manner. Larger air packets are en-
@ @ ) © trained below the air cavity with the stretching and breakup of the
0.005 0.52 1.0 3.5-5 cavity tip.
0.023 0.87

— - At larger speeds(above aboutV,;=3.5 to 5 m/s forx;
8:%8 %:?g 1_7 2_'5 =5 mm), the air cavity develops all around the perimeter and
most air is entrained by elongation, stretching and breakup of the
ventilated cavity(Regime Il). Bonetto and Lahey27], Cum-
mings and Chansof¥], and Chanson and Brattbefgl] elabo-
fine individual bubbles are irregularly entrapped. The time intervgéted on this regime. Visually most entrained air bubbles/packets

btetween sucgesslive gntrapr(r;ebnt gvents may r%agm up torffew "&Md to follow a somewhat helicoidal trajectory. The rotation di-
utes, as previously observed by L.ummings an afis@yfor rection fluctuates irregularly at a low frequenégss than 0.5 Hz

a plane jet. The entrapment process is distinctly audible using the . ) . . L
hydrophone. Although some bubble trajectories are vertical, m ilar bubble trajectory rotation fluctuations were studied in de-

entrained bubbles tend to follow a slightly helicoidal trajectoryidil by Yoshida et al[25]. Furthermore, the direction seems re-
consistent with previous studid®4—26. Note that void fraction lated to the rotation sense of the free-surface vortex. Detsch and
measurements were inaccurate in Regime | because the void frfabarma[28] reported a similar effect. Regime Il is common in

tion was less than 0.1%. industrial processes.
It
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025 ~ C,Fry/V, Run BM5_2, V;=5.0m/s, x,=0.020 m, d,=0.025 m, Tu,=0.0035

Fig. 2 Dimensionless distributions of void-fraction and bubble count. Dashed

line is solution of Eq.  (1). Tu, is turbulence intensity based on longitudinal veloc-

ity fluctuations at jet impact.  (a) Jet height, x;=20 mm, jet velocity V;=5.0 m/s,
Tu;=0.35%. (b) Jet height x;=100 mm, jet velocity V;=3.5m/s, Tu;=0.39%.
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Fig. 2  (continued )

Spatial Distributions of Void Fraction and Bubble that the data were best fitted by assumiig2 (r + 6r)/d; where
Count Rate or>0 increases with increasing distanctor a given experiment.

. . . . . For very low entrainments ratgg.g., Fig. 6a)), void fraction
Void-fraction measurements show the advective dispersion & y de.g 9. 6a)

X . . . i . tributions exhibited some dissymmetry which might be attrib-
the entrained air bubbles in the developing flow region. Void fra%'ted to a feedback mechanism between the probe and developing
tion and bubble count rate data are presented in Fig. 2, for tw

impact flow velocities ¥, =5.0 and 3.5 msand free-jet lengths VBrtices. It is hypothesized that the probe support interfered with
(x;=0.02 and 0.1 m, respectivelyResults for other velocities the. develo_plng shear region, preventing the development of heli-
anld free-jet lengths show similar curves and can be found in M&Qidal vortical structures. In turn air entrapment was affected and
nasseh and Chans$né]. ound to be lesser on one side or another.

The distributions of void fraction are consistent with the earlier, Bubble count rates were also measured at each point. Typical
studies by McKeogh and Ervirj@9] and Bonetto and Lahej27] distributions are shown in Fig. 2. For a given void fraction and
with 9 mm and 5.1 mm circular jets, respectively. The data con¥locity, the bubble count rate is inversely proportional to the
pare favorably with a simple analytical solution of the advectivBubble diameter and proportional to the specific interfacial area,

diffusion solution, [30,31. It provides additional information on the bubbly flow
structure.
Qar 1 R2+1 R In the developing flow region, the void fraction distribution
C= Q30" A " apix | °\ ap"x )’ (1) exhibits a peak C=C a) atr=rc__atagiven cross sectiolx

. . . . . constant The distributions of bubble count rate also show a
whereQ,;; is the quantity of entrained aiQ,, is the water jet flow o :mum E=F..) in the developing flow region, but at

rate,D*=2D,/(V,d;), D, is the advective diffusion coefficient, =re_, whererc__andrg__are significantly different. Forx

X=(x—xy)/d;, R=2r/d;, x is the distance along the flow di- .
rection measured from the jet nozztes the radial distance from .Xl)/d1<8 and a!l l?’t lengths, the _bubble_count pe.ak_ was con-
tSistently on the inside of the void-fraction peak: i.es

the jet centerline, anl, is the modified Bessel function of the firs ) _ _ _
kind of order zero[2]. For each run, the values @J,,/Q,, and <fc, . The resultis consistent with the observations of Brattberg
D* were determined from the best fit of the data to Eg. Note and Chansofi6] for a plane jet.
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Fig. 4 Acoustic spectra, jet height  x;=5 mm after [16]
* A
02+ .
Acoustic Analysis of Entrainment Regimes
1 . . .
ol Acoustic Spectrum and Bubble Size Measurements.The
° ° ¢ acoustic data were analyzed following principles detailed else-
0 L , o 0 , : . where,[13,17]. Two techniques were used: a continuous, spectral
0 0.5 1 L5 2 - 3 35 4 45 analysis following Pandit et al.34], and a discrete, pulse-wise
(), analysis following the “first-period” method of Manasseh et al.
(b) [17]. The spectral analysis utilizes all bands of the signal, offering

Fig. 3 Effect of the free jet length on the maximum void-
fraction and bubble count.  (a) Maximum void fraction, (b) maxi-
mum dimensionless bubble count.

an overall “signature” of the system. However, the conversion to

bubble-size spectra relies on a questionable assumption: that
bubbles of different sizes are perturbed to the same proportional
extent. The pulse-wise analysis can give greater accuracy on the
true bubble frequencies, and offers the benefit of bubble count-
rates, giving the Sauter-mean diameter of practical interest. How-
ever, in correcting the pulse-wise distributions to account for the

greater amplitude of large bubbles, exactly the same questionable

Figure 3 illustrates the effect of the free-jet length on the
maximum void fraction and bubble count. The data were recorded
for an identical impact velocity/, at several vertical depths. The
results show that the air entrainment rate increases with increas
jet length. It is proposed that short jet lengtlesy.,x; /d,;<0.2 to
0.8 prohibit the development of large vortical structures witt
scale comparable to the jet diameter, hence preventing the de
opment of free-jet turbulence favorable to bubble entrainment
the plunge point. For long free-jets, Van de Sande and Si8&h
suggested that interfacial aeration of the free-jet may contribt
significantly to an increase in air entrapment. During the prese
study, the free-jet was visually transparent xqgrd,;<<40 and all
investigated jet velocities.

Although the maximum void fraction and count rate becom
small for (x—x;)/d;>5 to 7 (Fig. 3), individual bubbles were
seen at much greater depttfg. 1(b)). Millimetric bubbles were
seen at depths ofx(-x;)/d;=30 to 75 for free-jet lengthx,
increasing from 5 to 200 mm, respectively. For the longest ji
length, the observation was close to the results of Clanet a
Lashera$33]. However, fine bubblesizes less than 0.5 to 1 mm
were consistently observed at deeper depths for impact velocit
greater than the onset velocity. Visual observations showed ti
tiny bubbles could be trapped in large vortical structures for se
eral minutes, before being ejected to another vortical structure
toward the free surface. Some bubbles could stay near the flume
bottom more than five minutes.

Number of bubbles (arbitrary units)
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Fig. 6 Void-fraction, bubble count, and detailed bubble size spectrum, jet
height x;=5 mm, speed V;=3.9 m/s. Dashed line in (a) is solution of Eq. (1).
Tu, is turbulence intensity based on longitudinal velocity fluctuations; (b)
after [16].

assumption on bubble excitation must be made. Both techniquesn Fig. 4, the ordinate is a logarithmic scale and fine lines
also assume the bubble do not interact acoustically. Aspects of tiracketing the central lines indicate the bounds of 95% statistical
techniques relevant to the present study are detailed in the Appeanfidence intervals. High-velocity experiments exhibit higher
dix. acoustic energy, illustrating a louder underwater noise. Each spec-
Typical acoustic spectra are shown in Fig. 4 for the same getodm shows a minimum in energy at roughly 400 Hz, indicating
metric conditions X;=0.005m, x—x;=0.020m, d;=0.025m) that low-frequency noise probably due to background turbulence
as in Fig. &a), and for several jet velocities. Each spectrum was below 400 Hz. In Regime lle.g.,V;=2.32 m/s), individual
normalized to its integral. Since different amplifications were usdilibble signals were very clear to the éar other words, a time
for some experiments, the normalized spectra were shifted in theries of the sound would show a series of clearly separated
vertical to account for the amplification used during each expepulses; and a broad peak was centered arofirdB.6 kHz. Such
ment, ensuring that comparisons between experiments with diffarfrequency corresponds to bubbles around 1.8 mm in diameter
ent amplifications were valid. (Appendix Eq.(4)). With increasing jet speed, the frequency peak
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shifted to lower frequencies. For the highest jet speed in Reging
i, (.e., Vi=4.4m/s, Fig. 4, the peak was at abouf 3
=1.7kHz, corresponding to bubbles about 3.8 mm in diameteg
Since all peak frequencies were greater than the low-frequenz L
noise found below 400 Hz, no high-pass filtering was required. 180 -

The bubble-size spectra may be derived from the acoustic spe I
tra. Figure 5 presents the bubble-size spectra for the acoustic d
shown in Fig. 4.(Figure Gb) shows one of the curves of Fig. 5,
for V,=3.9m/s, in better detajlA major difference is the large 120
number of bubbles in Regime [IM;=4.4 m/s). For all acoustic
experiments, the bubble-size spectra show a distinctive peak in 1
production of bubbles around 1 mm in diameter. Chord-lengt
data for related two-dimensional flows showed also a peak arou 80
1 mm, [5]. The aliasing frequency of the equipment of 22 kHz L
implies a cutoff to bubbles below 0.3 mm in diameter. Since th -
peaks in Fig. 4 fall off well before 0.3 mm, it is believed that they r
are genuine peaks subject only to the uncertainties of the assur
tions in the analysis.

In Fig. 5, there is a second peak around 2.0 mm diameter for tl
larger-velocity datdi.e., V1=4.4 and 3.9 mjs while there is a 0 Y S NP SRR PR
smaller but significant third peak at about 1.6 mm in e 0.00 1.00 2.00 3.00 4.00 5.00 6.00
=4.4m/s data. The corresponding ratio 2.0/1.6 is about the cu Diameter (mm)
root of two. It could be inferred that, in Regime lll, pairs of 1.6
mm bubbles are coalescing to form 2._0 mm bubbles, or alterqqg. 7 Bubble-size distribution, jet height X,=5 mm, speed
tively that 2.0 mm bubbles are breaking UA0,35. However v, =39m/s (acoustic data after [16])

Cummings and ChansdB5] never observed bubble coalescence

for x—x;<0.2m in a planar plunging jet. Both video and still

photographs highlighted breakage only. Figure 6 shows acoustic

and void-fraction data for one experiment: that \§,=3.9 m/s
(Regime ll). The resistivity probe data are shown in Figag
while acoustic data are shown with 95% statistical confiden%@
; i Ubbles[10,35.

intervals in Fig. 6b). h it f bubbl t ted bubbl

The spectral method of measuring bubble size has a number of '€ Varations of bubble count rakg mean corrected bubble
disadvantage$17]. Among these is the absence of data on bubb zeD,, and Sauter mean diametr;, are shown in Fig. 8 as

count, escly providet by the resitviy probe. A quanify oC1on of 1 et uelcly a mpact Sach acousic dls part s
practical interest to chemical engineers is the Sauter mean digm: oy - : h : .
eter: ars represent 95% statistical confidence intervals on the acoustic

measurement. The bubble count rate data highlight the transition
from Regime Il to Regime llI, with a sudden increase in bubble

20— T T T

bl

40

P I

these sizes is close to the cube root of two, there may be a ten-
ncy for the 1.04 mm bubbles to split into two equal daughter

sn p3 production(i.e., bubble count rajeat aroundv;=2.5m/s. This is
D32:i ) heard as a change from individual “plinking” sounds to a “rush-
=" D2 ing” sound. The bubble count rate appears to be maximum around

V,=3 m/s(Fig. 8).

whereD; is the diameter of a bubble amdis the total number of
bubbles detected. In industiy s, has traditionally been calculated

by sampling individual bubbles and measuring them optically. . ggq ——t 77— 1.6 £
technique based on measurements of individual bubbles, raths i 1 £
. . . . I

than overall spectra, would be compatible with industrial expery 70 b 41140

ence, since it would enable the Sauter-mean diameter to be cal ' |

lated and compared with optical measurements where those 112

available. Manasseh et dl17] proposed an alternative “first- 60 '

period” method providing the distribution of bubble sizes base |

on the identification of individual bubble pulses. The datacant 50 [ 710

used to infer bubble count rates and the Sauter mean diametel - 1

well as a size distributiofAppendix. 40 | - 0.8
The acoustic bubble count rate was calibrated based upon - L

count rates measured by the resistivity probe for identical flo s0 - 406

conditions. The similar cutoff bubble size of 0.3 mm may help t ’

match the two techniques. A typical distribution is shown in Fig o4

7; its features are reproducible in multiple samples of data fror  2¢ . ’

the same settings. The trigger levels were scaled by the ampl vD,

cation used during each experiment. The location of the peaks 1.0 [ ®Dg, | 702

the corrected distributionge.g., Fig. 7 are consistent with the - oF

frequency spectrge.g., Fig. 6. (The distribution cuts off below 0.0 T — 1

0.5 mm and above 3.3 mm owing to the windowing process k 1.00 2.00 3.00 4.00 5.00

which the pulses were processe#ligure 7, however, provides V,(ms)

more details which may stem from the greater accuracy of the

first-period method[14]. The peak around 1 mm is in fact aFig. 8 Bubble count rates and diameters as a function of jet

double peak with subpeaks at 0.80 and 1.04 mm. Since the raticspéed V,, jet height x;=5 mm (acoustic data )
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Fig. 11 Bubble count rates and diameters as a function of jet

Fig. 9 Acoustic spectra, jet height  x;=100 mm speed Vy, jet height x,=100 mm

be aliased high-frequency energy in the data. It may be that, with
the higher jet height of 100 mm, the bubble-size distribution be-
comes fixed(“saturated”) at a lower jet velocity. If this is the
case, the effect of increasing the jet height is to decrease the
importance of variations in the jet spe¥d, at least as far as the
bubble-size distribution is concernéglig. 10. The bubble count
rateF, mean corrected bubble sifl and Sauter-mean diameter

Effect of Jet Height on Acoustic Data. The above results
were focused on experiments with a constant jet heighFigure
9 presents data for a larger jet heightxef=0.1 m. The data show
that Regime Il occurs at a lower jet velocityy compared to the
experiments withx, = 0.005 m(Table 2. The spectrum in Regime
Il has significantly less power than the spectra in Regiméell.,

V;=3.9 m/s_,) simply reflecting the fact that bubbles are not prcb32 show a similar lessening of the importance\of (Fig. 11):
duced continually. .-The sudden jumps in the curves at the low jet height no longer

Although the boundary between Regime Il and Regime Il i : “ ; ;
detectable by ear between 2.0 and 2.4 m/s, there is little signific%grukgdsgtcfh;hﬁig’ha?est't;%?gf;l?m one regime to the next is not so

difference in the spectra fof;>2 m/s. This is a marked contrast

to the spectra fox,~0.005m, when increasiny, above the The software measuring the bubble count rate based upon

. . - : . acoustic data can process up to 20 bubbles per second. It is un-
inception condition continues to increase the total sound POWlely that the maximum around six counts per second represents
produced. The spectra also decay relatively monotonically. a saturation of the measurement system. An identical analysis pro-
In Fig. 9, there is some hlgh-freqyen.cy noise in the SySt.eﬂ}col was used for each impact velocky, with the straightfor-
above about 14 kHz, the source of which is unknown. There MIGrd correction for different amplifications during recording be-

ing the only variation. Since increasing the jet speed at a given
height demands greater pumping costs, these results suggest that
D s S s L ) e B L as long as the jet height exceeds a threshold, the jet speed could be
r 1 fixed at a low level for the same aeration benefit.

Conclusions

Measurements in a large circular plunging jet flow show that
there are three distinct regimes of air entrainment. These regimes
are visually observable and boundaries between the second and
third regimes are easily detectable acoustically. In the developing
flow region, the spatial distributions of void fraction compares
well with a solution of the advective diffusion equati®) for all
investigated flow conditions. Bubble count rate distributions ex-
hibit a somehow different shapéig. 2 and there is a spatial
offset in the peak of void fraction and bubble count, as with other
two-dimensional plunging jet flows. The effects of the free-jet
length were studied. The results showed an increased entrainment
rate and increased dimensionless bubble count rate with increas-
ing jet length forx,/d;<12.

Acoustic data reveal a bubble size population with a maximum
probability around 1 mm in diameter, consistent with resistivity
probe data. Since the acoustic bubble size measurements are mea-

0.00 100 200 300 400 500 600 7.00 800 9.00 1000  gyrements of true bubble volume, their distributions can be used
Bubble diameter (mm) to infer the presence of bubble breakup or coalescence. The results

also suggest that, if the jet height is raised, the air bubble entrain-

Fig. 10 Bubble-size spectra, jet height  x;=100 mm ment becomes insensitive to jet speed. The practical implication is

Number of bubbles (arbitrary units)

918 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



that in industrial systems, there is a threshold jet height above V; = mean flow velocity(m/s) at jet impact

which pumping harder does not improve the aeration.

X = dimensionless longitudinal distancé= (x—x;)/d;

The acoustic technique can be accurately calibrated for a rap- x = distance along the flow directioim) measured from
idly formed stream of bubbles precisely produced under labora- the jet nozzle

tory conditions[14]. The assessment of its accuracy is difficultin X,
complex, high void-fraction flows, where the inherent bias to-
wards large bubbles and acoustic interactions of bubble clouds can vy

distance(m) between the jet nozzle and the impact
flow conditions
ratio of specific heats for the gas

make interpretation of the signals in terms of fundamental theorys, ' = radial angular coordinate
problematic. Development of the acoustic technique as a semi- p = liquid density(kg/m°)
empirical signature method requires making comparative mea- J = diameter(m)
surements using an alternative technique. The acoustic tecmi@i‘ﬁ)scripts

has so far yielded usefuklative bubble size data, for example ; )

spatial differences in bubble size in a complex, high void-fraction air = air flow

flow. The present results suggest that an acoustic technique cali- W = water flow N
brated through detailed laboratory measurements can also yield 0 = nozzle flow conditions
useful, absolutedata in high-void fraction flows. Moreover the | = impact flow conditions
robust acoustic sensor can then be used to make absolute measure-

ments in hostile industrial or environmental flows where more

delicate instruments are impractical. Appendix
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Nomenclature

Derivation of Bubble Sizes From Acoustic Data

. . i ) wheref is the frequency in HzP., is the absolute liquid pressure,
C = air concentration defined as the volume of air per js the ratio of specific heats for the gasis the liquid density,
unit volume of air and water; it is also called void  and D, is the equilibrium(spherical bubble diameter{12]. For

fract_ion _ o ) these experiments, E@3) becomes
Cmax = maximum void fraction in a cross section 6.58

D = bubble size(m) f @)
D, = corrected mean bubble sizm) D,
D3, = Sauter mean diametém)
D, = equilibrium (spherical bubble diametefm)
D, = turbulent diffusivity (m?s)
D* = dimensionless turbulent diffusivityp*= D, /(V,r;)
for circular jet
d = jet diameter(m) measured perpendicular to the flow

It is important to note that the acoustic frequency emitted by
bubbles is essentially a function of tleebe root of bubble vol-
ume Severe distortions to the shape of the buliblg., into a 4:1
ellipsoid) alter the frequency predicted by E@) by only 8%,
[36]. Moreover bubbles tend to emit sounds when at their most
spherical state,14].

direction . . . .
o . . - An acoustic spectrum of frequenciesay be inverted to give a
dy = j(;eft”c(iqlﬁirgeter(m) at the impact with the receiving pool spectrum of bubble sizd3,. However, it is not correct to simply

plot the sound power spectrum against the reciprocal of frequency,
as Eq.(4) would suggest. Larger bubbles are louder and contribute
more to the sound power. A spectral analysis would be biased
unless a correction is introduced. Assumptions are required in
comparing the relative excitation of bubbles. Pandit ef a4
proposed a simple treatment. The instantaneous sound pressure
produced by a single bubblp(t), is given by

F = bubble count ratéHz) defined as the number of de-
tected bubbles per second
Fmax = mMaximum bubble count rat@Hz) in a cross section
f = acoustic frequencyHz)
g = gravity constantg=9.80 m/¢ in Brisbane, Australia
= modified Bessel function of the first kind of order

zero
P = sound pressuréPg 1 3yP3
P.. = absolute liquid pressuréa p(t)=— —————=Y(1)? (5)

2 4mp(y(y—1)r)?

wherer is the distance from the bubble and the time-dependent
factor Y(t) is given by

el 5l
YO=1377/l50m *3 D(t)) ©)
for adiabatic compression of the bubble, whBr@) is the instan-
r, = jet radius(m) at impact taneous bubble diameter. This analysis does not, of course, con-
Tu = turbulence intensity defined as: Fw'/V sider the damping of the bubble, which gives rise to a broadening
Tu, = turbulence intensity on the jet centerline measured abf the spectrum produced by any individual bubble. However,
jet impact since time constants for the decay of a bubble pulse are signifi-
Tu, = turbulence intensity measured at jet nozzle cantly longer than the acoustic period, typically by a factor of
u = dimensionless variable 10-20(e.qg., typical pulses in Manasseh4,37), the effect is not
u’ = root mean square of longitudinal component of turbusignificant. For the simultaneous oscillations af identical
lent velocity (m/s) bubbles, the resultant summed sound presBurghich would be
V = velocity (m/s) measured by a hydrophone, is given by

p = instantaneous sound pressuRa)
Qg = air discharggm®/s)
Q,, = water dischargém?®/s)
R = dimensionless radial distance=2r/d;
r = radial distancém) from the jet centerline

l'c,.x = radial distancegm) whereC=C, .,
IF. = radial distancgm) whereF =F .
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Capturing the Pinch-Off of Liquid Jets occur. The Reynolds number range corresponding to each flow

mode depends significantly on the other system parameters, in-
by the Level Set Method cluding the fluid properties. From the viewpoint of practical ap-
plication, the break up of a continuous jet into discrete droplets is
closely related to the liquid fuel injection/spray, which provides

Y. Pan the fine atomization needed for rapid mixing of liquid and gas
phases during combustion processes. People are interested in the

K. Suga1 behavior of liquid jets and the mechanism of jet breakup at the

e-mail: k-suga@maosk.tytlabs.co.jp very initial stage right after the injector exit, i.e., dense spray

region. In such a region, a liquid jet undergoes topological transi-
Toyota Central R&D Labs, Inc., Nagakute, gpr}s associated with very small Iength and'time scales, which_ are
O ifficult to observe and characterize, particularly in flows with
Aichi, 480-1192, Japan significant inertia such as a liquid jet into air. It challenges the
continuum-based numerical simulations by posing singularities
caused by small length and time scales accompanying transitions.
Full three-dimensional dynamic simulations of forced liquid jetén one of the most recent experimental studies on the pinchoff of
flowing into and pinching off in ambient of another liquid werdiquid/liquid jet, Longmire et al[4] employed a PIV technique to
performed by using the level set method for tracking the interfaceeasure the full two-dimensional instantaneous velocity and vor-
between the immiscible materials. The simulations were pdieity field on both sides of a liquid/liquid interface. Their results
formed for jets with viscosity ratios between the inner and outéhus provide realistic yet geometrically simple flow cases that can
fluids of 0.17 and 1.7. The jets were forced at Strouhal number loé used to assess numerical models.
4.0. The Reynolds, Froud, and Bond numbers based on the conh the present paper, we performed full three-dimensional dy-
ditions at the nozzle exit were 385, 0.2, and 6.1, for both cases.namic simulations of a round liquid jets flowing into a second
The numerical results are compared with the data from the expenmmiscible liquid of the same fluid properties and flow parameters
ment made by Longmire et al. (2001). The comparisons wede used by Longmire et dl4]. In order to simulate directly the
made for (1) flow images of one complete pinch-off cycle and @)ws with material interface, one has to track the interface with
the axial and radial profiles of the instantaneous velocities aroun@asonable accuracy. As is well known, there are several methods
the region of jet disintegration. The feasibility and accuracy ofor expressing the moving interface between two fluids, such as
using the level set method in multiphase problems involving intefe VOF method, the level-set method, and the front-tracking
face breakup/coalescence is explored and accessed by simulatifgthod. The VOF and level-set methods are categorized as a front
such relatively low speed, low density-ratio two-phase flows. Adapturing method, which tracks the movement of volume and
though the level set method is quite promising, due to the surfaggds the interface in an indirect way. One of the advantages of the
tension model, it requires very fine grid resolution (the Webgfont capturing methods is that topological transitions, i.e., colli-
number based on the grid spacing is smaller than“J0even for - sion and break up of interfaces, are easily treated. In this study, we
capturing the laminar surface phenomena. have been using the level set meth@hang et al[5]) as the
[DOI: 10.1115/1.1598986 interface tracking methodology. This method has been used by
other investigators successfully for solving many multiphase
problems, which contain interfaces between immiscible materials
Introduction of different physical properties. Most of these studies deal with
low speed, low density-ratio between the materials and had been
Round liquid jets flowing into a second immiscible liquid havaimited to two-dimensional problem®sher and Fedki6]). Re-
been investigated by many research@shen et al[1], Wilkes cently several efforts have been made to apply the level set
et al.[2], and Zhang et a[3]) due to their fundamental simplicity method to engineering problems. Son et{]. carried out a nu-
as well as their importance in a number of industrial systems. Theerical simulation of bubble generation and merger process on a
experiments demonstrated that for low flow ratesd Reynolds single nucleation by the level set method. They included the phase
numbey, droplets form at and detach from the jet outlet. As thehange at the interface and incorporated the heat flux from the
flow rate is increased, the injected fluid forms a jet that develoggin liquid film that forms underneath a growing bubble attached
axis-symmetric instabilities and pinches off at a finite lengthg the wall. Their simulations were two-dimensional and the com-
Above a Reynolds number associated with the maximum leng{urisons with experiments were qualitative. The level set method
three-dimensional instabilities and eventually direct atomizatiqg 5150 used by Chunig] to simulate the compressible flow with
moving solid boundary for the problem of two trains passing by
E:Tgn\thr/_fgorpe gtﬂfetshpeor;?egceshquld be agdr_ejsse(fi- blcation it each other in a tunnel. Despite wide application of the level set
OF FLUIDISUENGINyEERINGUIMznur;%Ir?gterrtlar::geivé\gslla?/nthzrIgﬂidfaEhogr;nlgering I;‘i/\klli_sionmemOd In various ph.ySICal and !ndgstr[al problems' d?ta”ed a?'
gessment by comparison, quantitative in particular, with experi-

Aug. 21, 2002; revised manuscript received Mar. 28, 2003. Associate Editor: g alls ¢
Balachandar. mental data is lacking in the literature.
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For the present simulations, we incorporate the numericble 1 Nondimensional flow parameters based on the nozzle
scheme of the level set method by Sussman g9dland Chang exit diameter and velocity
et al. [5] into a finite-volume package, CFDLIB, developed byParameters

Los Alamos National LaboratorgKashiwa and RauenzahioO] Case | Case Il

and Kashiwa et al.11]). The surface tension force is treated as Re=pUD/y; 34 35.2

body force by adopting the continuum surface fof€SPH model Fr=Ue(p; /gDAp)"? 0.2 0.21

by Brackbill et al.[12]. Detailed comparisons are made, botfBo=gD?*Ap/o 6.1 6.1

qualitatively and quantitatively, to serve the purpose of asseé’$l’3° (1)'%3 %%g

ment and validation of the level set method. Notice that sucgt:’lfi’)/ue 4 39

assessment is necessary for applying this method in various twe.

phase problems of practical interests.

Numerical Methods P(X)=pit(po=pi)H(0(X)) (6)
We consider the fluid motion of a liquid injected into a space, pe(X) = pi+ (o~ pi) He(6()). ™

which is initially filled with another liquid of different density and In our computations, we use=Ax. We denotee as the pre-
viscosity. Two liquids are immiscible to each other. The interfacscribed “thickness” of the interface.

between the two liquids remains throughout the motion and aThe nature of the level set method being a signed normal dis-
surface tension exists at the interface. The flow motion is gotance function from the interface has essentially to be kept all the

erned by the Navier-Stokes equation, time throughout the simulation. A procedure of re-initialization
ou and re-normalizatioriSussman et al.9]) is therefore performed
pl —+u- Vu) =—Vp+V-(2uS) +ok()V () + pg. at every time step during the simulation to pertain such a property.
at This is achieved by solving the following equation to a steady
(1) state:
No turbulence model is included since the flow is laminar. The 96
third term on the right-hand side of the above equation represents it =sgn6y)(1—|V4|) (8)

a model, called the continuum surface for€&SH model pro-

posed by Brackbill et al12], for approximating the surface ten-with an initial condition

sion forces. In this model, the effect of surface tension can be

expressed in terms of a singular source function which is defined 6(x,0)= 0o(X) ©

by an indicative function, here the level set functien, where 6,(x) is the level function before the re-normalization. By
The level set methodChang et al[5]) is used to capture the the above procedure we build a distance function whose zero

interface between two fluids of different densities and viscositieget is the same a%(X).

Alevel set function, sayg, is a distance function about the inter- |y CFDLIB [10,11], the time-step\t is adjusted at every cycle

face. It has positive values outside the interface and negative §-the numerical integration. The criterion for the selection of the

side the interface. At the interfadekeeps a value of zero. The time-step is a multidimensional generalization of the well-known

magnitude of the level set function at any location represents th@yrant-Friedrichs-Levy(CFL) condition. For one-dimensional,
distance from this location to the interface. The level set functiogyplicit, Eulerian hydrodynamics, the CFL condition is

like any passive scalar variables, moves with the fluid, and it

follows that ma (ul+e)at <1 (10)
AX
a7 +u-Vo=0, (2)  wherecis the sound speed. The maximum is taken over the entire

) ) problem domain. In simple terms the CFL condition represents the
which moves the zero level of exactly as the actual interface.restriction that a signal carried by the largest characteristic speed

The density and viscosity are calculated through out the compgy-the problem cannot travel more than a single grid in a single
tational domain depending on the value éfoy time-step.

Pi /Li 0<O
p=1(pitpo)2 and u=19 (mi+ w2 for =0,

Results and Discussions
The cases examined represent a parameter set where the fluid

Po Mo 6>0 properties as well as inertia, gravity, and surface tension are all
(3) significant. The flow conditions can be characterized by a set of
The Direac functions is regularized by dimensionless parameters. The values of these parameters for the

two cases are given in Table 1. Under the chosen flow conditions,
£(1+cos(w6/s))/s it |6]<s gravitational effects cause the jet to accelerate and contract imme-
5.(0)= 2 ! () diately after exiting the nozzle. In the absence of forcing, the
above conditions yield a smooth jet column that travels all the
way to the downstream fluid interface without developing any
and the corresponding regularized Heaviside functignis de- significant waves or instabilities. When the flow is forced with a
fined as sinusoidal velocity perturbation, however, instabilities are en-
) hanced, and pinchoff occurs within the layer of surrounding fluid.
0 if 0<-—e, Figure 1 shows typical instantaneous shapes of jets and droplets in
H.(0)=1 (0+&)l(2e)+sin(mwble)l(27) if |0]<e, the computational domain. The effect of the viscosity ratio on the
. evolving jet flow and droplet shapes can be clearly observed. The
1 if 6>e. less gravitational acceleration within the jet fluid, yielded by
®) higher viscosity ambient, results in a broader cone shape upstream
Using the regularized Heaviside functiéh, , we can define the and more rounded drops downstream of the pinchoff zone, with
corresponding regularized density functiprand the regularized weak oscillations in shape, as shown by Figa)10On the other
viscosity u as hand, a narrower cone shape, flatter drops and strong oscillations

0 otherwise,
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$=320 =0 =40 $=80 =120 $=160 =200 $=240 $=280

(a) Experiment (reprinted from [4], Copyright(2001),
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(a) Case I (Li/o=0.17, Re=34) (b) Case II (W/1o=1.72, Re=35.2)

Fig. 1 The iso-surface of liquid density from instantaneous
flow field by numerical simulations. Mesh: Ax/ID=AylID
=A2z/D=3.125X10"2; domain: 52 AxX52AyX400Az. The jet di-
ameter D is resolved by 32 grid points. (a) Case | (m;/p,
=0.17, Re=34) (b) Case Il (n;/p,=1.72, Re=35.2).

(c) Computation; Ax/D=Ay/D=Az/D=3.125x10"

including inverted curvature with the droplets are observed in tigég-_24 O_If_‘ﬁ cycle of jet ﬂiﬁnfegfaﬁot? for Case | . (MS{MTG:O-_U,
case of lower viscosity ambient, i.e. Fig(bL Notice that the r‘fo?f ()f= 0‘)3 tilénfhgtig:?)n detivxeggcth es':rizges_rﬁe im/a 9 os frgng'”'
instantaneous flow fields for building Fig. 1 are arbitrarily takefj . 9

) . . - . ; omputation show the iso-surface  (three-dimensional ) of zero
from the simulations. Some unsteadiness still exists in the flo,q| set function  #=0. (a) Experiment (reprinted from [4], copy-

particularly for the case of low viscosity ratio. The location ofight (2001), with permission from Elsevier Science ). (b) Com-

pinchoff can be controlled by adjusting the forcing amplitude suchytation: Ax/D=Ay/D=Az/D=6.667X10"2. (c) Computation:

that increasing the amplitude moves the pinchoff location Upcx/p=Ay/D=Az/D=3.125x10"2.

stream. For the experimental cases, the flow was forced at the

laser pulsing frequency of 10 Hz yielding a Strouhal number, St,

of about 4. Under the chosen conditions, one drop formed during

each forcing cycle at a location approximately seven diametgssrimental ones reasonably well. Notice that, for Case I, due to

downstream of the nozzle exit. In the present numerical simulire lower viscosity, the ambient fluid offers less resistance to the

tion, this condition is achieved by setting a time-dependent veloiemer jet fluid, and hence the jet accelerates to a higher velocity

ity condition at the nozzle exit. The amplitude of the velocityand develops a more complex shape of the evolving jet tip than in

fluctuation is adjusted such that a droplet is pinched off at thi@ase I. Specifically, the jet tip develops a small spherical structure

same downstream location as in the experiments. In particular, thefore the wide part of a wave approackgsown by the 6th and

section mean velocity at the nozzle exit is implemented as  7th images from the left of Fig.(8)). The simulations, both the

U=U,(1+acog2mft)) (11) coarse and the finer ones, diq not catch such small sphgrical struc-
e ’ ture, as one can see from FiggbBand 3c). In the experiment,

in which « andf are the amplitude and frequency of the velocityhere is a local concavity lying within the newly formed drop, as

fluctuation, respectively. The values @fare 0.8 and 0.15 for Case shown in Fig. 8a). This concavity recovers a convex shape of

I and I, respectively. The spatial distribution of the velocity at theurvature under the action of surface tension force. In the simula-

nozzle exit is resolved as a parabolic function. Due to the fact thiin of coarse grid as shown by Fig(d3, one can observe that the

a Cartesian, uniform mesh system is used in this simulation, teop recovers the spherical shape more slowly than it does in the

circular shaped nozzle exit is also approximated by the squaesqeriment. This discrepancy is mainly due to the CSF model,

shaped grids. [12], in which the surface tension force is evaluated by the curva-
Figures 2 and 3 serve the purpose of qualitative comparisame of the interface with a finite thickness and imposed on this

with experiments, where one cycle of jet disintegration is maniayer. As indicated by Eq$4)—(7), the thickness of the interface

fested for Case I, and I, respectively. The images from expeis proportional toe and typically ¢ is set to be the local grid

ments were taken from4]. To check the grid dependence, thespacing. Obviously the computations are not able to capture any

simulations were performed on two different mesh systems. Tharvature higher tha®(1/Ax). Therefore the calculated surface

grid size of one simulation is about the half of the other. One cdension force is weaker and less concentrated in the simulation

see that, for both cases, the numerical results match with the &xan in the experiment. A remedy would require a finer mesh to
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Fig. 3 One cycle of jet disintegration for Case I (pmil py=1.72, Re=35.2). The time interval between the images is 1 /9T. The
pinchoff (t=0) is the second in each series. The plots from computation show the contours (two-dimensional ) of zero level set

function 6=0 projected onto an azimuthal plane cutting through the axis of the jet. (a) Experiment (reprinted from [4], copyright

(2001), with permission from Elsevier Science ). (b) Computation: Ax/D=Ay/D=Az/D=6.667X10"2. (¢) Computation: Ax/D
=Ay/D=Az/D=3.125X1072,

get a thinner interface. Indeed, the situation is significantly in% shows the vertical velocity along the jet axis at different time
proved when a finer mesh is used. As shown by Fig),3he instant during one disintegration cycle for Case I. Figure 5 shows
restoration of drop’s upstream side to a convex curvature catchiee radial profiles of the vertical velocity at a fixed axial location
up quite closely with the experimental observations. From Figt different time instants during one disintegration cycle for Case
2(b), one can also notice that a “tear drop” shaped droplet is Figure 6 shows the similar comparisons for Case Il. One can see
formed immediately after the disintegration whereas the expethat better agreement is achieved in the case of higher ambient
mental results show that a more round-shaped droplet is formégcosity, i.e., Case I4;/u,=0.17). In general, the wavelengths
there. Again numerical results are largely improved by simplyf the velocity variation match with the experiments. The com-
using a mesh system with doubled resolution in each direction, g&risons on the magnitude of velocity are satisfactory as well. The
shown in Fig. Zc). Note that the Weber number based on the fingfiscrepancies are most likely caused by the finite thickness of the
grid spacing and jet exit velocity is 84110 2 which indicates the jet and the drop surfaces resulting in an inner fluid of lighter
surface tension force dominant regime. Generally, if the largeseight than the real one. If one assumes the Stokes flow around a
curvature appearing in the experimeniis, one needs a grid size pinched-off drop, it can be readily estimated that the effective
of 1/(3kg) to resolve the corresponding scales. More complicateténsity caused by the finite thickness of the interface will induce
and transitional phenomena appear in the pinchoff experimen error in the magnitude of velocity up to 17% when a mesh of
when satellite droplets of various sizes are generated between shéD =0.06667 is used. However, since our cases are quite be-
primary drops. In such a situation, the grid size is to be deteyond the Stokes regime, the difference between the data and the
mined by the typical size of satellite droplets. simulated results is much smaller than this value as can be seen in
The quantitative comparisons are made on the axial velocifygs. 4, 5, and 6. Notice that the Reynolds number, based on the
component. The numerical results used by comparison are eiscosity of the outer liquid and the drop diameter, for both cases
tracted from simulations with grid size &fx/D =0.06667. Figure are much larger than one. Again a mesh system with finer resolu-
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Fig. 4 The axial velocity along the centerline of the jet for
Case | (u;/n,=0.17, Re=34), at different time during one cycle
of disintegration. Symbols and lines represent the experimen-
tally measured data and numerically calculated values, respec-

tively. The phase corresponds to pinch is $=0.
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Fig. 5 The radial profiles of axial velocity at an axial location
(z/1D=6.15) for Case | (u;/pm,=0.17, Re=34) at different time
during one cycle of disintegration. Symbols and lines represent
the experimentally measured data and numerically calculated

values, respectively. The phase corresponds to pinch is $=0.
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Fig. 6 The axial velocity along the centerline of the jet for
Case Il (m;/pm,=1.72, Re=35.2), at different time during one
cycle of disintegration. Symbols and lines represent the experi-
mentally measured data and numerically calculated values, re-

spectively. The time corresponds to pinch is t=0 and the
phases O T, 7/9T, respectively, correspond to  ¢=0, 280.
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Fig. 7 The radial profiles of axial velocity at a axial location
(zID=6) for Case Il (u;/p,=1.72, Re=35.2) at different time
during one cycle of disintegration. Symbols and lines represent

the experimentally measured data and numerically calculated
values, respectively. The time corresponds to pinch off is t=0
and the phases 17 /18T, 1/18T, 1/6T, respectively, correspond
to ¢=340, 20, 60.

tion would definitely help to improve the situation. Figure 7 com-
pares the radial profiles of the instantaneous axial velocity for
Case Il. Good agreement is achieved around the core region, i.e.,
[r/D|<0.4. The measured value of velocity diminishes faster than
the calculated one, outwards the core region, {&D|>0.4.
Similar phenomena are also observed in Fig. 5. We believe this is
due to the relatively smaller computational domain in comparing
the large experiment setup used 4. In this particular case, the
flow is confined in a computational box of five jet diameters in the
transverse direction. Obviously, at the same distance from the
source of disturbances, here the jet, a smaller domain would result
in larger values of velocity than the larger one does, due to the
requirement of conserving total momentum and mass.

Conclusions

The comparisons between the numerical results and the experi-
mental data show that the simulation based on the level set
method is able to handle the three-dimensional problems with
interface breakup quite well. The quantitative predictions of ve-
locities are also satisfactory. The results demonstrated that the
viscosity ratio had a significant effect on the evolving jet flow, the
pinchoff process, and the resulting drop shapes. In general, the
simulation gives more accurate prediction in the case of high-
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viscosity ratio than in the case of low-viscosity ratio. Although th@n the Water-Entry-Induced Cavity
flow is laminar, sufficiently fine grid spacin@he Weber number Closure for a Wide Range

based on the grid spacing is smaller than 3)0is required for

capturing the surface phenomena reasonably. Of Entry Speeds
M. Lee
Associate Professor, Department of Mechanical
Nomenclature Engineering, Sejong University, 98 Kwangjin-Gu Kunja-
D = jet diameter: 1.0 cm Dong_,.SeouI 143-_747, Korea.
t = time e-mail: mlee@sejong.ac.kr
T = period of jet disintegration Mem. ASME
U. = velocity of inner liquid at the jet exit
W = axial component of fluid velocity
S = fluid strain rate, a tensor variable One of the important research areas in the water-entry problem is
u = fluid velocity vector the cavity dynamics. A theoretical analysis is presented to predict
f = frequency of jet forcing the_ dynamics of water-entry cavity up to _the first ce_t\_/it_y_ c_Iosure,
_ o which is generated by a solid body entering a semi-inifinite free
g = gravitational constant .
B surface of water at a wide range of entry speed. Two types of
P = pressure . . cavity closure, which are surface closure and the deep closure,
r = radial distance from the jet axis depending on the magnitude of ambient atmosphere pressure and
z = streamwise distance from the jet exit entry speed are described by the proposed theory. The time of
&( ) = Dirac delta function surface closure at the relatively low-speed entry regime is esti-
¢ = phase of one cycle of jet disintegration, 36D mated and compared with published experimental data. Currently
x = curvature of interface no experimental data are available for the high-speed entry case.
p = density
= dynamic viscosity )
o = surface tension coefficient Introduction
Ap = density differencep;—p, A theoretical analysis is presented in this paper to predict the
Subscripts dynamics of water entry cavity_up to ca\_/i_ty_c!osure, which is
generated by a solid body entering a semi-infinite free surface of
i = inside jet water at a wide range of entry speed. The occurrence of two types
0 = outside jet of cavity closure, which are the surface closure and the deep clo-

sure, depending on the magnitude of ambient atmosphere pressure
and entry speed, is described by the proposed theory. The time of
surface closure, which is one of the important data, is estimated
and compared with published experimental data.
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its undisturbed location. Hence, balance between the two energies d?z du 1
mainly governs the dynamics of the water-entry cavity growth and Me— =Me—— =mMyg— = py,A,CqU? (1)
collapse. dt? dt 2

Due to the complexities involved in the water entry event ..o ihe properties are the mass of the solid moving axisz,

math_emati_cal analysis of the dY”?miCS of water-entry Ca\.’ity.{ﬁnet solid moving velocityU, fluid densityp,,, projected area
relatively little developed. Descriptions of the cavity dynamics i thé solid A and velocitg/-dependent d:va,g coefficieBt,
full life cycle cannot even be achieved in detail. It is the first Cyc'ﬁ/hich accountcéyfor the shape of the solid body. '

up to the closed cavitybubble that we are interested in analyz- Now, the influence of solid-body motion on the formation of

ing. Some available theoretical modelg,10] have different the cavity is estimated here. The fluid is assumed to be irrotational

ranges of validity, Which are related to the physical prOpertiee?/erywhere such that the solid body can be approximated as a
(e.q., entry speeds, ambient atmosphere presduevertheless, a.moving source(Fig. 2). The local fluid radial velocity is then

current theoretical analysis would assist in clarifying the behav'?élated to source strengti{¢,t) and radial distances as
of water-entry cavity and in removing some of the present diffi- '

culties. In general, the gravitational effect is negligible since it 2
will take place long after the cavity has closed either at the water u= w &Y @
surface or below the surface. The main difficulty analyzing this ) ) ) )
water-entry cavity, which is discussed in this paper, is the dete¥here £ is the instantaneous location of the solid. In order to
mination of inside cavity pressure since the cavity is open durirfgtermine the source strength, it is assumed that the loss of the
the entering process, causing airflows into the cavity. Differektnetic energye, of a solid body is deposited to the kinetic energy
regimes of entry speed are also discussed. This is due to the fiédl potential energy in the fluid sectigil]. The energy balance
that the location of cavity closure occurs either at the water sigguation can then be expressed as
face or below the surface depending on the entry speed and atmo- E
sphere pressure. _P
dz
whereP, and P, are the surrounding fluid and cavity pressures,
: : respectively, and is the cavity radius as a function of depth. The
Cavity Closure Locations two terms on the right-hand side of E@) represent the kinetic
The entry speed Birkhoff and Zarantonellbl] examined is and potential energies, respectively=In(Q/a) is an empirical
mostly below 50 m/s. Both surface closure and deep closure wessnstant. Here it is assumed that the kinetic energy of the fluid is
observed depending on the entry speed. According to the classsily calculated within a finite radiu®. The range)/a is usually
cation of the entry speed proposed by Birkhoff and Zarantoneligsigned a value in the rage of 15-3Q1]. By defining Py
[11] and Lee et al[5], there are four different regimes: very low-=(P_,—P.) and introducing two terms,
speed regime, low-speed regime, transient regime, and high-speed
regime. ,_ 1 dEp
[AD) ] =—%| =7
For very low-speed entrfrom an atmosphere pressuo<Fr mPy| dz
<70), the airflow filling the induced cavity is relatively so fast ¢ th is obtained
that the pressure drop inside the cavity is negligible. Here, H}e source strength IS oblained as
= Ui2/g D, whereg is gravitational acceleratiot; is entry speed, 1 > 5
and D is the characteristic length of an entering bagyg., the (= iEB(Z)V[A(Z)] —[a(2)]" ©)
diameter of a spheyeThat is, the inside cavity pressure can be . o ) )
assumed to be constant at the atmosphere pressure. There is afsgeiher boundary condition applied is the kinematic boundary
special case, entry from a vacuum, where the cavity pressureéc@dition at the cavity wall.
constant. In these cases, the cavity closure occurs below the water 1
surface(deep closurg as shown in Fig. 1. {==a(2)a(z) (6)
In order to examine the cavity closure phenomena, a theory for 2
the cavity dynamics is described below. Consider a solid bogsinally, from Egs.(5), (6) an equation of cavity dynamics is ob-
impulsively accelerated &t=0 to an initial U; moving into a tained,
semi-infinite fluid medium. For consistency, the same symbols .
and notations to denote various quantities in the previous article, a(z)a(z)=*B(2)\J[A(2)]*~[a(2)]*. (1)
[5], will also be used here. For the convenience of discussion, tEauation(?) can now be easily integrated with the moving source
geometry of the problem is sketched in Fig. 2. Slnce_ the SF".‘erivaI timet,(2) (Eq. (1)) at each depth,
body is decelerated by the drag, the dynamics of a moving solid is
governed by the kinetic energy log42], a(z)=\[A(2)]*-[A(2)-B(z2)(t—t,)]% t>t,. (8)

dz=[4mp Ni?+ 7m(Po—Py)a(z)?]dz (3)

P
: [B<Z”2:pw—?w @)
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Equation(8) states that at each depth the cavity continues to ex- 300 !
pand until pressure difference between the surrounding fluid ant
inside cavity balances the induced inertia effects. Then it starts t(=
collapse and leads to a cavity closure. Using this equation, theZ
time of cavity collapse is estimated. Since each location of the &
cavity along the depth has different collapse time, the time ofg 200 |-
cavity closure is determined by the minimum value. Hence, cavityg
closure occurs at the depth where the time of cavity closure i<g
minimum. As discussed previously, the balance between the inerg
tia and potential energy controls the evolution of the cavity, and3
each effect becomes of major significance at different situationsy 100
Since the potential energy due to the pressure difference betweeo

the cavity and surrounding fluid is not a function of depth at this .E

Prediction
250 ®  Experiment A

150 -

regime, the only important parameter governing the extent of cav: 50

ity growth along the depth is the inertia from the moving solid. It

is evident that maximum cavity inertia is deposited near the sur- 0 : :

face, so that it results in deep closure. Complete details of result 10° 10' 10? 10°
cannot be given here since it is well described in the previous Entry Speed (m/s)

work, [5].

As the entry speed increases for roughly>E60 (low-speed Fig. 3 Comparison of time of surface closure at atmosphere
regime, note that no upper limit is proposed in the late 1950s, Riessure of 0.25 atm
pressure drop inside the cavity starts to be observed causing sig-
nificant pressure difference between the outside ambient and in-
side cavity pressures, at least near the cavity neck during fheestigated using the current model. If the pressure drop at the
closure process. Now, the first closure occurs near the free surfgawity neck is constant and determined by the Bernoulli effects,
(surface closufe That is, deep closure isrecededby a surface We can then obtain the following resuft5]. This is the same
closure. The two major forces leading to the surface closure dfsult given by Birkhoff and Issack9].
the underpressure caused by the flow of air into the cavity behind UT
the entry body, referred to as the Bernoulli effect, and surface Mzconstant (18)
tension. The air rushing into the cavity causes a local underpres- D
sure inside the cavity, frequently estimated by the air derisity ~ For the correlated value ofi, the cavity pressure becomes
lated to atmosphere pressuemnd entry speed. This underpressurg@acuum pressure at the entry speed of 51 m/s. As the entry speed
causes the neck to contract until a complete surface closure fifereases further for roughly Br10000(transient regimehrough
curs. Hence to explain the surface closure phenomena, at leastifih-speed regime the pressure inside the cavity remains the
cavity pressure near the surface should be less than any othgbor pressure with no further decrease. It is then no longer a
locations in the cavitymaximum potential energyin spite of the time-dependent variable. Hence, the time of surface closure starts
maximum deposition of inertia here. Surface tension is neglectaslincrease. This is due to the fact that as the entry speed increases
with an assumption that the surface tension may start to playaamomentum deposition from the body into the cavity increases
role when the cavity is about to close at a very late stage. Thigile the cavity pressure remains vacuum with no further pressure
might cause an error in the estimation of the time of surface cldrop. Since the surface closure is delayed, possibly from some
sure, especially for a small cavity. Another factor that is difficuléntry speed the deep closure occurs prior to the surface closure.
to model is the extent of the dome-like splash. In many cases thiat is, the closure occurs again below the water surface, as was
surface closure occurs slightly above the undisturbed free surfaobserved in case of the very low-speed regime. Currently, no ex-
[13]. As discussed here, the complexity of the water-entry-inducg@eérimental data is available for the high-speed entry case.
cavity results from all these variables and phenomena. It can also
be noted that a reduction in ambient pressure has the same effect
as an increase in hydrostatic pressure and the interplay with ine1”” 100 , . |

is what governs the surface and deep closure. Prediction Experiment
There were a series ¢dw-speed entryests in the late 1940s. — "
They found that the time of surface closure decreases with en‘é 80 | T 1/16x10° Pa |
speed. A subset of Gilbags’ dafd 4], for the formation and col- ¢ | | 1/8x10° Pa a
lapse of the cavitysurface closureis compared with the current E —m 1ax10° L
. . . 17} x10° Pa
predictions. The assumption for the present model is that the pr© o N\ |- 2x10° P o |
sure drop at least in the splash neck is equal tgoa’wé’- n, where ke

nis a constant determined from experimental data, @nis the g
air density. This is based on the measurement that the cavity prg
sure drop is an order of magnitude greater than the general @
sumption, 1/2,U?, [15]. Figure 3 displays the time of surface’®
closure for the entry of a 1-in. sphere from the reduced atm: &
sphere pressure of 0.25 atm. The experimental data are also = 20 -
played for a verification purpose. The correlated valua bére is -
300. If the model presented here is adequate, then the time
surface closure for different entry cases should be represented 0
the same parameters. Figure 4 shows the time of surface clos 0
(Ts) for the entry of spheres from the reduced atmosphere pre Entry Speed (m/s)
sures. The experimental data for low-speed erjti¥}], are also
displayed. For different atmosphere pressures, the model predigs 4 Time of surface closure versus entry speed, 0.5-in.
tions compare well with the experimental results. sphere at reduced atmosphere pressure, data from Gilbarg
The possible scaling for the time of surface closufg, is et al. [14]
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Perspectives in Fluid Dynamics: A Collective Introduction Each of these topics already fills many books. To distill into the
to Current Research, edited by G. K. Batchelor, H. K. Mof- 50 pages of each chapter a coherent introduction of the subject is
fatt, and M. G. Worster. Cambridge University Press, Newery hard work. Nevertheless, the appeal of having the range of

York, 631 pp. subjects in one volume is irresistible.
What a challenge to the reader! You can start by reading a
REVIEWED BY THOMAS R. OSBORN *! review in your own field(e.g., oceanographyand perusing the

This volume strives to counter the trend towards specializéglated flelds(turbulence, atmospheric circulation, shear flow, and
[PVECIIOI). But then you are drawn to the chapter on blood

texts in advanced fluid mechanics and to showcase the breadt I% lsating flow in flexible tubes. The interfacial redime i
topics for research in fluid mechanics with a selection of 11 di 1ow—a puisaling flow In iexible tubes. Ihe interacial regime 1

ferent topics. The articles are designed to provide an introducti@h interest for bubbles, droplets, and lubrication. That chapter
to the topics assuming a general knowledge of fluid mechanics lifws one on to the viscous fingering and growth patterns. The
not expertise on the specific subject. The titles give a good ideas¥ectacular color plates of solidification and geological phenom-

the subjects covered and the clear progression from small scale§?@ catch one’s eye and draw you to the text. It is the hot fluid in
large scales. the center of the earth that enables the terrestrial magnetic field

via magnetohydrodynamics. It is a book one uses like a
supermarket—something from here, something else from there,
\§0u can't take it all at once—yet the open shelves lead one to look
at new items and ideas.

Interfacial Fluid Dynamics—S. H. Davis
Viscous Fingering as an Archetype for Growth Patterns—
Couder

: glggg gLog;rmFg:/tveIrhessta%ri]l(ijti\elsTlg._Jﬁg.rrEedIey The breadth and vgriety of topics and techniques make. this a
« Turbulence—J. Jifrez useful book for teaching an adyanced course. Th_e book displays
« Convection in the Environment—P. E. Linden the treme_ndous_range _of p_racﬂcal problems, enwronm_ental ph_e-
« Reflections on Magnetohydrodynamics—H. K. Moffatt nomena, industrial applications as well as research topics that in-
« Solidification of Fluids—M. G. Worster volve fluid mechanics. This paperback version of the book is
« Geological Fluid Mechanics—H. H. Huppert handsomely prepared with Jupiter’s red spot on the cover, nice
« The Dynamic Ocean—C. Garrett quality printing and a pleasant layout for reading.

On Global-Scale Atmospheric Circulation—M. E. McIntyre  This book was conceived by Professor Batchelor as a sequel to
his Introduction to Fluid Mechanicsand is dedicated to his

Department of Earth and Planetary Sciences, The Johns Hopkins UniversﬁQ,emory by H. K. Moffatt and M. G. Worster. It is a very f'tt'ng
Baltimore, MD. tribute.
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