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Entrainment Characteristics

of Transient Turbulent Round,
e | Radial and Wall-Impinging Jets:
Jonn Abraham’ § Theoretical Deductions

Professor,
g-mail: jabraham@ecn.purdue.edu
Expressions for the mass entrained in transient turbulent radial and wall-impinging jets

Maurice J. Zucrow Laboratories, are derived by employing scaling laws derived for quasi-steady jets. Quantitative values
School of Mechanical Engineering, of the mass entrained in these jets are compared with that in the round jet through an
Purdue University, analytical study. In the case of the round jet, the expression has been derived and reported
West Lafayette, IN 47907-2014 in the literature. It is shown that the ratio of mass entrained in transient radial and round

jets for the same mass and momentum flow rates has a constant value with respect to time.
In the case of the wall-impinging jet, it is shown that the ratio of the mass entrained in the
jet to that in the round jet is a function of the impinging distance and time. The increase
in entrained mass with increase in jet penetration in the fully developed region is slower
in the wall-impinging jet than in the round jefDOI: 10.1115/1.15937Q7

Introduction fluid, the width of the jet is proportional to the axial penetration
istancex, and the centerline velocity is proportional 0 in

The study of transient turbulent jets is relevant in the context e developed region where the jet displays self-similar behavior.

several engineering applications. These include direct-injected . .
ternal com%ustion gngpi)rr:es, fans, mixers, and various sprjaying cording to the hypothesis of Prandtl for free turbulent flows,

vices. In some of these applications, for example in the engin e turbulent diffusivity can be assumed to be a product of the

the jets may interact with the wall. Such interactions may infldpax'mgm difference in the tlme_-mean veloc!tles in the d_|rect|gn
ence heat, mass and momentum transfer rates. Jet-wall intelgc:[he Jet and a length pro_porpqnal to the jet width. With this
tions have been a subject of research in diesel engines Whereq Bothess, the turbulent diffusivity will be assumed to be con-

interactions have been shown to affect the fuel-air mixing proce§ ntand the V?'OC‘W profile can b'? derived by solving the bo‘.md'
and the formation and oxidation of pollutang~4]. Our work is 1Y layer equationg5]. Much attention has been paid to velocity

motivated by our interest in impinging jets in diesel engines. pro_flles and entrainment rates of rounq j¢88,14-1§. The en-

In this work, axisymmetric transient turbulent round jets, radid[anment constank, is a va.r!able.that IS employed.to re!ate the
jets and wall-impinging jets will be studied. Figure 1 shows Schg_n_tralned flow rate to the orifice dle_lmeter an_d dgnsﬂy ratio, at any
matics of the three jets. The different regions of each jet are incﬂz('a‘I location,x, through the following equation:
cated. In the case of the round jeee Fig. 1a)), there are the m(x)—m; X\ [ pa) 2
developing region of the jet which may extend to about 10 effec- —_—= (—) (—) 1)
tive diameters from the orifice, the fully developed region and the D/ pi
transient head vortex region. The developing and fully develop@ghereD is the orifice diameteri; is the injected mass flow rate,
regions are quasi-steady and the developed region shows sg& term (x) —m,) is the entrained mass flow rate, ang/ p; is
similar properties[5—7]. The transient head-vortex region of thethe ratio of the ambient density to the injected density.
jet may occupy about 25% of the total length of the je]. D(p;i/pa)Y? is also defined as the effective diametBr,. The
Similar characteristics are shown by the radial(fte Fig. 1),  greater the entrainment constant, the greater the mass entrained. A
[9-11]. In the case of the wall-impinging jésee Fig. 1)), the reyiew by Abrahan{15] showed that the measured entrainment
region upstream of the impingement point typically behaves like@nstant, as reported in the literature, varied in the range of 0.2 to
free jet. Where the jet impinges on the wall, a stagnation floy 457 This variation is likely to arise from differences in mea-
region is formed. The wall jet region has a fully developed quasiyrement techniques and in differences in the region of the jet
steady region which shows self-similar behavior and a transigghere the measurement are carried out. Integrated measurements
head vortex regiorf;12,13. The objective of our work is to derive 4e likely to reflect changes in the values of the entrainment con-
expressions for entrained mass in the transient jets and compgte: with axial distance. Studies of near-field entrainment rate
them. The approach involves employing relationships in the quagisnstants show that the values of the constant in the near-field are
_steady region of the jet to derive the expressions for the transighfyer than the values in the self-similar region of the jet with the
jets. There are assumptions employed in this approach and thgjfyes increasing monotonically from the orifice to the self-
validity will be discussed in the paper. similar region,[8,16].

Figure ¥a) also shows the velocity profile and jet half-width, " Figure b) shows a schematic of a radial jet generated by the
Y12, in the fully developed region of the round jet. The half-widthaqia] flux of fluid from a point source. Radial jets have received
in any axial plane is defined as the radial distance from the cefwtention in the literature not only because of their practical appli-
terline to the position where the velocity is half its centerlingaiions but also because they are well-structured fundamental free
value. For the round jet emerging from a nozzle into a stagnagfpylent flows. In the internal combustion engines, a hollow-cone
jet that is generated by a pintle nozzle with 180-deg included
*To whom correspondence should be addressed. angles can be regarded as a radial jet. The limiting case when the

Contributed by the Fluids Engineering Division for publication in tiee/BNAL e . : . P .
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionﬂumber of orifices in the Diesel injector is increased, with a spray

October 6, 2001; revised manuscript received January 22, 2003. Associate Editor@fientation Qf Zero degree With respect to the engine head, may
Bridges and J. Katz. also approximate a radial jet. Poreh and CermpaK] used a

m,
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Fig. 1 Schematics of round, radial, and wall-impinging jets

orifice. The asymptotic solutions for the velocities in the two re-
gions were matched in the intermediate region. The theoretical
prediction showed good agreement with measurements. Witze and
Dwyer [18] presented a review of turbulent radial jets and also
made measurements of the mean velocity and turbulence intensity
distributions in the jet. In their measurements, radial jets were
generated by the impingement of two axisymmetric jets. Follow-
ing impingement, a radial jet resulted. When the two injectors
were relatively close to each other, the resulting jet was found to
have the same spreading rate as that of radial jets. The spreading
rate of the jet is commonly defined as the rate of growth of the
half-width. When the injectors were further apart, the resulting jet
did not show the expected characteristics of a radial jet. Compu-
tational studies carried out by several workers for radial jets show
that thek-e turbulence model predicts a spreading rate of the jet
within the range of measured valu¢$9—22.

Figure Xc) shows a schematic of a wall-impinging jet. The
radial wall jet can be generated by a central source of mass and
momentum on the wall and the fluid spreading radially outwards
or by the impingement of a round jet on a flat plate. In the case of
an impinging jet, the presence of the wall has no apparent effect
on the shape of the jet until just prior to contapt,23,24. A
radial wall jet will be formed after the stagnation zone. Glauert
[12] carried out the first analytical study of the wall jet. The flow
field was divided into two distinct regions. The inner region close
to the wall, where the effects of the wall are dominant, was as-
sumed to follow the empirical formula of Blasius based on a study
of turbulent pipe flow and the 1/7 power-law velocity profile was
employed. The outer region, characterized by the features of free
turbulent flows, was assumed to follow the mixing length hypoth-
esis due to Prandtl and a constant turbulent diffusivity was em-
ployed across the region. The resulting expressions obtained for
the maximum radial velocity and jet half-width were in the form
of Viey™, Xq00y", wherey is the radial distance from the ori-
gin. The exponents differ about 10% from unity and depend on
the local Reynolds number. But the variation of the exponents
with radial distance is very small and within experimental error.
The matched solution of the velocity profile agrees well with mea-
surements|[13,25-217.

Poreh et al[25] carried out measurements in the wall jet region
of an impinging jet and considered effects of jet Reynolds number
on the velocity distribution perpendicular to the wall at several
radial distances from the point of impingement. Orifice diameters,
D, of 2.54, 5.08, and 7.60 cm were employed in their measure-
ments. The jet orifice was placed at a distarigeof about 61 cm
from the wall giving nondimensional distancésD, of 8 to 24
from the flat surface for the different orifice diameters. Mean ve-
locities and turbulence intensities were measured with a constant-
temperature hot-wire anemometer at radial distances that were at
4 cm to about 175 cm from the point of impingement. These
distances, when nondimensionalized by the impinging distance,
L, correspond to values of 0.4 to 2.9. The jet Reynolds number
based on the mean injection velocity, orifice diameter, and air
diffusivity varied from 1.2 10° to 3.3 10°. The measured maxi-
mum radial velocity and half-width were shown to fit power laws
just as in the measurements of BaKké&].

Witze and Dwyer[26] also employed an impinging jet and
measured the maximum radial velocity and half-width. The dis-
tanceL, from the orifice to the flat plate was 9.53 cm. The nozzle
diameterD, was 0.3 cm giving a nondimensional impinging dis-
tance,L/D, of 31.7. The velocities were obtained at nondimen-

simple turbulent diffusivity model which followed the hypothesissional radial distances from 0.1 to 1.0. The jet Reynolds number
of Prandtl and derived a solution for the radial jet velocity profilewas about 1.8 10°. The measured constants in the expressions of
The velocity distribution that they obtained along the direction ghaximum radial velocity and half-width were shown to be close
the flow is similar to that for plane jets which are generated ity those of Bakkg13] and Poreh et a[.25].

fluid flux from a plane nozzle. Hunt and Inghdrh0] considered

The measurements of Tanaka and TangXd considered ef-

the effect of nozzle geometry and obtained an analytical solutiéects of nozzle dimensions on the flow structure by injecting gas
for the velocity profile in the region near the origin of the jet androm annular nozzles with various openings. The nozzle diameter,
in the far-field region at large distance along the jet axis from tHe, varied from 6 cm to 12 cm. The impinging distante,varied
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from 0.6 cm to 0.8 cm. In their cases, the impinging distances ai #
small such that the round free jet regions were not present. Mei
velocities were measured with hot-wire anemometer at nondime 12
sional radial distances of 2 to 100 for Reynolds number of 8.=

X 10* to 2.3x 10°. The rates of decay of maximum radial velocity S. 1o
and growth of half-width were found close to the results fromc
Bakke[13] and Poreh et al.25].

The Contribution of This Work e
In this study, expressions for the penetration rates and mag
entrainment rates of transient turbulent radial and wall-impingint
jets are derived. These expressions are compared with each ot2
and with those for round jets. In deriving these expressions, th
oretical velocity profiles in the fully developed quasi-steady re
gion of the jets, where self-similar velocity profiles are achieved
are employed. The validity of this assumption and possible inac
curacies are discussed. It is shown that multiplying constants a..
required in the expressions to achieve agreement of predicted and ) ) i
measured jet penetration. In the next section of this paper, ' .ndzjetMeasured, [24], and predicted tip penetrations of a
expressions for penetration and entrainment rate of round jets are
summarized and those for radial and wall-impinging jets are de-

rived. In the following section, the expressions are compared ta ted to chamber density ratio i imatelv 1.0. Th
each other with the objective of relating the entrainment rate glﬂec ed to chamber density ralio 1S approximately 1.9. 1he pre-

Penetratio

# maasuramants [24)

=]

o 5 10 15 20 25 a0
Time (ms)

A ; s dicted curve is obtained by employing E@). It may be seen
wall-impinging jets to those of round jets and radial jets. Thi c ; e o
paper closes with summary and conclusions. rom Eq. (3) that different combination o€; and C, will give

identical expressions for penetration. We employ&e-0.0113

) and C;=0.305 to achieve the agreement shown in Fig. 2. In this
Analysis case,C;/C,;=27.0. A value of 0.0113 foC, corresponds tck
=0.32 in Eq.(2). This value ofk has been widely quoted in the
literature,[8,14,19. It is interesting to note that lyer and Abraham
9] employedC,=0.0161 andC;=0.40 to achieve agreement of

1 Round Jet. The axial velocity as a function of radial and
axial distances in a round jet can be derived by assuming a s
similar velocity profile and by employing conservation of momert, . rad ‘and predicted penetrations for vaporizing diesel sprays
tumz[s]: In the case of a transient jet, by defining the position § r a wide range of injection velocities and density rati@
the jet tip as the point where the instantaneous centerline veIOC|:yO 0161 is the value proposed by Schiichtii. In this casé
has reached a certain fractia@y, of the Igcal _steady_cente_rlme C;/C,=24.8. What these results show is that it is possible to
velocity, expressions for the tip velocity,, tip position, X,

and entrained mas$d., can be derived15]. Here, we rewrite predict transient turbulent round jet penetration with the assump-
| e S ' tions made. This does not imply, however, that the approach can
the relations as a function &f,x, andt.

achieve the same level of accuracy when predicting entrained
Cs3 pi\ Y21 mass.
Unfm( —) X 2 As pointed out earlier, the self-similar behavior of the jet is not
t\ Pa shown in the developing region of the jet which may extend to
2C3(  pi\ Y2 about ten effective diameters downstream of the orifig@]. It is
87C ( —) (3) also not shown in the unsteady head vortex region. This unsteady
t head vortex region may occupy about 25% of the total penetration
sqrct)lfz ( pi )3’4 of the jet,[8]. Furthermore, in a transient starting jet, self-similar

2 _
Xtip_

Pa

1(8w\?
R et ek

AL pa| K—| 32 behavior is not achieved for an initial period of time after start of

Pa injection. This time period may be about 100 nondimensional time
units, [8,31]. The nondimensionalization parameter for time is

whereK is the kinematic momentum flux of the round jet leaving /U, where D, is the effective orifice diameter arid, is the

the orifice, x is the axial distancet is the time after start of injection velocity. We can conclude from this discussion that there
injection, andp,/p; is the ratio of injected density to ambientjs a period of time after start of injection where the approach
density. The constar@, relates the jet diffusivity to the jet kine- adopted here to estimate mass entrained will not be valid. This
matic momentum. Schlichtinfp] selected a value of 0.0161 by period is probably much longer than 100 nondimensional time
fitting experimental spreading rate. This choiceGpfcorresponds  ynits. Beyond this period of time, inaccuracies are likely to arise
to an entrainment constant of 0.457 in Eg). Abraham[15] in a  pecause self-similarity is not applicable for the entire length of the
review showed that the measured entrainment constant varieddf) Whether the constants; andC,, which appear in Eq4) are

the range of 0.2 to 0.457 in the far field and that the precise valdgequate to compensate for these accuracies is not known. It is not
of C, appears to be known only within a factor of about 2. apparent that there should not be an additional correction factor

Comments on the Validity of the ApproachAs mentioned ear- that may depend on time. We will discuss this further below.

lier, the expressions for entrainment rates are derived by employ2  Radial Jet. We follow the same approach as for the round
ing self-similar properties which exist only in the fully developedet in deriving the expressions for transient penetration and en-
quasi-steady region of the jet. The expression for tip penetrationjigined mass. From the simplified boundary layer equations which
derived with the assumption that the tip velocity is some fractiogiescribes the flow field in a radial jet, with the assumption of a
Cy, of the quasi-steady centerline velocity. This approach h@gnstant turbulent viscosity, the self-similar velocity profile of a

been employed in prior work$15,28,29. Figure 2 shows mea- radial jet in the developed region can be expressed by the follow-
sured and predicted penetration for a round transient gas jet. Thg equation[17]:

measurements are those of Fujimoto et[a¥]. Acetylene was )
injected with a velocity of & 10° cm/s through an orifice of di- _ch e ( X
ameter 0.16 cm into air at standard atmospheric conditions. The Vo) o sectf| a ©)
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whereV is the radial velocityy is the radial distance from the Since the entrained mass flow rate can be related to the volume
origin, andx is the axial distance from the origim, is the turbu- flow rate as
lent diffusivity and« is a constant of integration. We employ the

conservation of momentum by assuming the gas density in the Me:paQe, (15)
developed region is the same as the ambient density. The kin?- . . . . . .
matic momentumK, may then be expressed as after an integration, th_e entrained mass in the jet as a function of
) s time can then be obtained as
* 2rvia
K:p—‘f‘zwyf V2dx:Tt. ©® 47 3 e _CUZCUG( 3277)1’3 (K pi)3/4t3,2

| 0 e_3c:f 32’7TCt2 Paytip_ f t 3 Pa a '

The constantx can be expressed as (16)
[ 3K p 3 3 Wall-impinging Jet. The expressions for the maximum
@= 3217 pa ™ radial velocity and half-width of the wall jet that were derived by

) . . Glauert[12] had proportionality constants that had to be fitted
We then substitute the above expressiondanto Eq.(5) and  with measured data. Poreh et f25] carried out a dimensional
obtain the following expression for velocity distribution: analysis of the variables and obtained a nondimensional form of
2v[ 3K p;\2B 3K p;|¥x the velocity profile in the following form:
V(X,y)= ¥ sec - (8)

3277va 3277142; y/| YA . (\/R)(y m .
This expression is consistent with that given by Schw&iz JK omiy e (47
who obtained the similarity solution to the equations of motion
with boundary layer approximations for the incompressible radial X1/2 \/R y\"
jet. Equation(8) is only valid in the fully developed region where +— Rl 5\ (18)

the self-similar velocity profile has been established. The velocity
characteristics of the near-field are related to the injection congthere v is the kinematic viscosity of the gak.is selected to be
tion and have to be studied separately. The measured spreadig distance between the geometrical origin of similarity of the
rate, which is the ratio of jet half-widtlx,,, to radial distancey, circular jet and the wall and can be approximated as the impinging
where the velocity is half its centerline value, varies from 0.098 t@istance as shown in Fig. &Y. The nozzle diameter is not con-
0.115 with an average value of 0.107 according to a review Rydered as an independent variable for the wall jet. This assump-
Wood and Cheri19]. Here we take the value of 0.106 from thetion is valid when the jet reaches its developed state before it
measurements of Witze and Dwy¢i8]. With this value of impinges on the wall.
spreading rate, if we assume that the virtual origin of the similar- In order to account for the difference in density between the
ity velocity is at the orifice, then an expression for the half-widthnjected and the ambient gas, we substitkig; /p,) instead of
X112, 1S the kinematic momentum itself into Eq&.7) and (18). Defining
Xy,=0.108 ©) the position of the jet tip as the point where the instantaneous
vz ' centerline velocity has reached a certain fractiop, of the local
From the velocity distribution derived in E¢8) and the jet steady centerline velocity, the tip velocity of a wall-impinging jet
half-width growth rate in Eq(9), the following relationship can can be expressed as
be found at the jet half-width:

—ZSK Pi)*0 106-0.881 10
32mv; p_a ' ' ’ (10)

Hence we have the following relationship between the turbulent

pi 1/2
Vip= Cme( Kp—' L~ @+mym (19)
a

This equation may be integrated to show the jet tip position as

diffusivity and the kinematic momentum: N pi |2

112 Yiip = (1—m)CiFp| K o L-@+rmy, (20)

vt:ct( K2 (1) _— o
Pa The velocity profile at a radial locatioly, can be assumed to

whereC,=0.0072 when the spreading rate value of 0.106 is erfRllow that from Glauer{12] as
ployed. The value of the constaf for the radial jet will be v
different, and varies about5%, if other measured spreading —=f(7) (21)
rates (0.098-0.115) are considered. Vin

Defining the position of the tip as the point where the instant
neous centerline velocity has reached a certain fracBen of the
local steady centerline velocitgi.e., atx=0), the tip velocity

Wheren is the distance from the wall nondimensionalized by the
local jet half-width

becomes X
3 \2 Y21 = (22)
Vip= 2cfct< —2) ( K —') . (12)
32mCy pal Y The variation of the volume flux of the jet with the radial dis-
This equation can be integrated to show the relation for the j@nce may be calculated from Eqd.9) and (20) assuming the
tip position. velocity profile of Glauer{12],
A3\ 12 ) =
2 | —
»=4CC{| =—= K—| t. 13 =27YyVpX f f(n)d
Yiip “t| 327¢2 ( Pa) (13) Qe Y ViX12 . n)dn
The volume flow rate at a distange€rom the origin is given by =(1.0922 7y VX1
. * 173 pi 1z pi 1/2 y m+n
Qe:2wyf Vdx=87Cy| 35 3] (K] v (A4 =(1.09327ry( K—') Fan(E) , (23)
—» t a Pa
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a T T T T T Table 1 Measured constants in wall-impinging jets

7 7 T Experimental reference Fm Fn M n
= & Poreh et al[25] 1.32 0.098 —-1.10 0.90
E Witze and Dwyer 26] 1.11 0.0946 —-1.12 1.01
- Tanaka and Tanak27] 1.52 0.095 —1.09 0.97
[=]
@
E i
@
o 2 the constants, the ratio of penetration of the radial jet to the round
E‘ . jet can be shown to be a constant from E@.and (13):
o A& L= 15cm, maasuramants [24] Yii .
= 1 | W L=g0cm, maasuramens [24] Ml = 031 (25)
| #L= Bl_:l cm, mn:urn_rram: [24] | X1ip,round
o.¥ The ratio of entrained mass in the radial jet to that in the round jet
o ¥ e 18 = = ¥ can be shown from Eq¢4) and (16) to be
Time (ms) M
. o . eradal_ 1 63. (26)
Fig. 3 Measured, [24], and predicted tip penetrations of wall- M e round
impinging jets for three impinging distances (L) '

It is reasonable that the penetration is less and entrained mass is
more for the radial jet than the round jet because the radial jet

. . . . . . spreads circumferentially from the orifice and has greater surface
where 1.092 is value of integration of the nondimensionalizeg .

velocity term when a typical wall jet velocity profild12], is The wall-impinging jet may be approximated as a half of a

employed. _ radial jet. The difference between the two arises from momentum
Then Eqgs(19) and(23) can be used to get the expression of thgyss 4t the wall for the wall-impinging jet. It is interesting to
total entrained mass as a functiontofandt. compare the penetration and entrained mass of a half-radial jet
2m(1.092 F, - with that of a round jet. The momentum of the half-radial jet is
M= pac—f nro Ll_”ytip " kept to be that of the round jet for this comparison. This would

imply that in Eqs(20) and(24) the momentum flow rate has to be
doubled for the radial jet so that the half-radial jet has the same

F
=pa2m(1.092C{HHmHmAL- m)ﬁ L (1F3m+2n)/(m=1) momentum flow rate as the round jet. In this case it may be shown
that
py| 2 J@+nia-m)
x| (1—m)F, | K p_) t (24) Yiip,half-radial _ 037 @7)
a Xtip,round

As we did in the case of the round jet, we will now show
comparisons of measured and predicted tip penetrations of wall-
impinging jets. The measurements are those of Fujimoto et al. Me round

[24] \_/vhich we discussgd earlier. Figur_e 3_sh_ows t_he measured anghe derivations of Eq&0) and(24) employ measured velocity
predicted tip penetrations for three impinging distandes1.5 rofiles in wall-impinging jets and hence they would include the
cm, 2.0 cm, and 3.0 cm. Other conditions employed in the Megfect of wall momentum loss. In this case, from E¢@.and(20)
surements were given earlier when we discussed the round 4@y Eqs(4) and (24), respectively, the expressions for the ratios
measurements. In this figure, the tip penetration of the wall it penetration and entrained mass of the wall-impinging jet to the
pinging jet after impingement is defined as the summation of theresponding parameters of the round jet can be shown to be
impinging distancel., and the distance from the tip of the wall jetyg|ated to the jet momentum and time. The results can also be
to the point where the centerline of the free jet meets the wallypressed in terms of the ratio of the penetration to the impinging
Predicted and measured tip penetrations agree within 10% for fjgtance) . The timet in the expressions is after start of injection
three cases. The constants employed in @) to achieve this ¢4 the round jet, and after start of impingement for the wall-
agreement aré,=1.11, m=—-1.12, andC;=0.305.F,,=1.11 impinging jet.

andm= —1.12 are constants of Witze and Dwy@6]. However,

M i
e, half: radlaI: 1.37 (28)

identical predictions may be obtained withF,=1.32, Yiipwall (L=m)Ct warF m\ ¥ Viipwar| ™"
m= —1.10, andC;=0.25 where these values bf, andm are the Xip mund= 3C round L (29)
measured ones of Poreh et f25]. We will discuss these con- ' —
stants and entrainment predictions in the next section. 47C
CH2 27(1.002 "

Comparison of Entrainment Characteristics of Round, M e vl fwai2 (1. Zm
Radial, and Wall-Impinging Jets Me round e

In this section, we compare the entrainment characteristics of Chround°t 3
the jets with the same injected momentum. Quantitative compari-
sons are made at the same time after start of injection for the (1-m)Fp\ ¥ Ytip,wall srmyzan-t
round and radial jets and after start of impingement for a wall- X 3 L (30)
impinging jet. Values of the constants which have been obtained a7C.
by fitting the analytical expressions to measured data are em- t
ployed. The constants employed for the velocity in the expressions of

The values ofC, are taken as 0.0113 for the round jet andEgs.(17) and(18) can be obtained from measurements. Table 1
0.0072 for the radial jet, respectively. We assume that the two jeismmarizes the measured constants given in the literdi2e,
have the same values 6f andC;=0.305. With these values for 27]. The flow structure of the jet in the experiments of Tanaka and
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Table 2 Ratios of tip penetration and entrained mass of wall- 16
impinging jets to round jets
1.4
. M LY
Experimental reference Yipuwall —eval 12 .
Xtip,round Me,round S,
1 ~ e
Yiip,wall —005 Yiip,wall ~02 E e i o
Poreh et al[25] 0.33 Z2war 1.1 Zwad F g ! i
L L e 08 ; S L "—.-u.__,.__.____‘_u
Ytip,wall —0.06 Ytip,wall -0 E CETRE s
Witze and Dwyei26] 0.3 L 0.9 L z 08
= 0.4 i| = halt-radial jat
| = = walkimpinging [et, A
0.z | = = walHimginging jet, B | -
Tanaka[27] is not strictly that of a wall-impinging jet, since the o : : - : ; 4

impinging distances were small compared to the nozzle diamet
such that a round jet was not present prior to impingement. In tt Yiopwail ! L
case of their results, the characteristic length scale in the expres-
sions is selected agA, whereA is the exit area of the nozzle slot,Fig. 5 Ratios of entrained mass of half-radial and wall-
instead of the impinging distance. impinging jets to that of the round jet. (Cf=0.305, C,=0.0113
With these constants from measurements, we can obtain quif-the round jet; C=0.305, C=0.0072 for the half-radial
titative expressions for the ratios of penetration and entrainéd €r=0.25, Fp=1.32, F,=0.098, m=—1.10, n=0.90 for curve
mass of the wall-impinging jet to those of the round jet. Thede €r=0-305 Fp=1.11, F,=0.0946, m=-1.12, n=1.01 for
expressions are summarized in Table 2. As indicated ea@ier, curve B).
=0.25 andC;=0.305 are employed with measured constants of
Poreh et al[25] and Witze and Dwyelf26], respectively. We
employed values o€;=0.305 andC,=0.0113 for the round jet flow rate. In generating this figure and also Figs. 5 and 6 below, it
which corresponds to an entrainment constankef.32 in Eq. is assumed that the round jet, half-radial jet, and wall-impinging
(1), [8]. Similar expressions can be obtained with the measurigl are starting jetsyy, wai=0 corresponds to start of injection for
constants of Tanaka and Tandle¥] if the value ofC; is deter- the round and half-radial jets. In the case of the wall-impinging
mined by comparing predicted and measured penetrations.  J€t, it starts out as a wall jet from the impingement point. Notice
Comparing the expressions in Table 2 with E¥) and(28), that the ratio of tip penetration of the half-radial jet to the round
it may be seen that the primary difference is the presence of tigéis a constant given by E7) and is shown only for reference.
terms involvingyy, wai /L for the wall-impinging jet. At relatively Tip penetrations of wall-impinging jets based on the constants
small values ofyy,wai, the ratios of penetration and entrainedierived from the measurements of Poreh ef28] and Witze and
mass of the walll jet to the half-radial jet are close to 1.0. Howevddwyer [26] are shown as curves A and B, respectively. The ratio
asYypwan iNCreases in value, i.e., as the jet penetrates further, thkthe tip penetration of the wall-impinging jet to that of the round
tip penetration of the wall-impinging jet and the mass entrained jat decreases with increasing wall jet penetration as a result of
the wall-impinging jet become smaller than the correspondifgomentum loss to the wall. Results are shown for nondimensional
quantities in the half-radial jet. This is due to the loss of momeimpinging distances greater than 0.5. For shorter distances, the
tum to the wall in the wall-impinging jet. ratio increases sharply as the distance decreases. The factor
Figure 4 shows the ratio of the penetrations of the half-radial j€,wan/L)**™"? on the right hand side of E429) increases in
and the wall-impinging jet to that of the wall-impinging jet, i.e.value wheny .. goes to zero asn<—1.0. In any case, the
Yiip/Xtipround» @S @ function ofyyp, wai/L for the same momentum expressions are unlikely to be valid in the stagnation region. Fig-

0.4 T T T T 1 1.2
03s - 1 {
e 1
0 ottt it n e oy B e S = %
i 1 o)
a8 .
0.25 3 e 0
E 3 o . —
=] - e
2 nz c 08 S N S o -
=3 . — T . 7 - SR —_— e ]
-3 - — half-radlal jet E SRl R B
W . = =walHimpinging [et, & E“" 0.4 1
= 0.1 : == =walkimpinglng jet, B | ! | = halt-radial =t
) 0z i s | =- walkmpinging fet, A&
0.05 | | = = walHmginging et, E |
o 0
W) 1 = 3 4 5 a 1 2 3 4 =]
Yiipwan /L Yipwai / L
Fig. 4 Ratios of tip penetrations of half-radial and wall- Fig. 6 Ratios of entrained mass of half-radial and wall-

impinging jets to that of the round jet. (Cr=0.305, C,=0.0113 impinging jets to that of the round jet. (C=0.434, C,=0.0161
for the round jet; C;=0.305, C,=0.0072 for the half-radial for the round jet; C;=0.305, C,=0.0072 for the half-radial

jet; C=0.25, F,,=1.32, F,=0.098, m=—1.10, n=0.90 for curve jet; C=0.25, F,,=1.32, F,=0.098, m=—1.10, n=0.90 for curve
A; C~=0.305, F,=111, F,=0.0946, m=—1.12, n=101 for A; C~=0.305 F,=1.11, F,=0.0946, m=—1.12, n=1.01 for
curve B). curve B).
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an 4 ; ; ; 12

25 | —round jet

= = = wall-impinging jel, &

E - — ~wall-impinging e, B . — round jal B
= — —walkimginging p1, A
g | = = = walkimpinging je1, B | e
£ 15 E 8 i
= £ .
- o [
E 1o+ o = a4
g
=3
g r 2
o il
o 5 10 15 20 25 0 o & 10 15 bl 28 =
t{ms) t{ms)
Fig. 7 Tip penetrations of the round and wall-impinging jets as Fig. 8 Entrained mass of the round and wall-impinging jets as

a function of time. (C;=0.305, C,=0.0113 for the round jet; C; a function of time (Cf~=0.305, C,=0.0113 for the round jet; C;
=0.25, F,=1.32, F,=0.098, m=—1.10, n=0.90 for curve A; C; =0.25, F,,=1.32, F,=0.098, m=—1.10, n=0.90 for curve A; C¢
=0.305, F,=1.11, F,=0.0946, m=—1.12, n=1.01 for curve B ). = =0.305, F,,=1.11, F,=0.0946, m=—1.12, n=1.01 for curve B ).

ure 5 shows the variation of the ratio of entrained mass of tfﬁgcgemmts’ égzeje:h:tﬂgsssog:\t?;nz dsitr?rttrl]rénggﬁ_lilﬁseinl it
half-radial jet and wall-impinging jet to that of the round jet. : ' pinging J

Again, the result for the half-radial jet is shown for reference onl? defined as

as it has no dependence g, i /L. The effect of the different Me=Mog round to) + Mg wai(t—to) (31)
values of the constants on the results is reflected in this figur
as well just as it was in Fig. 4. The consistent trend to note

the decrease in the ratio of entrained mass as the penetratiof . oo
increases P rains less than the round jet which is because of the momentum

As pointed out earlier, we have employegi=0.305 and loss of the wall-impinging jet and also because of less time for the
C;=0.0113, correspondiné t0=0.32in Eq.(1), for the round jet. development of the wall-impinging jet compared to the round jet.
We may consider a different set of values for these constants. ”Flgure_ 9 .ShOWS the mass _entraln_ed n the round jet a}nd in the
the values,C;=0.434 andC,=0.0161 are selected such thHat wall-impinging Jetas a functlon' of time in C?SG ”'. In this case,
=0.457 for the round jet, the ratios of entrained mass will déhe mass entrained in the wall-impinging jet is defined as
crease by _about 30%, respec_tively, with the seco_nc_i set of con- Me=Me round to) + Me wai(t) = Me wan(to)- (32)
stants relative to the first set. Figure 6 show the variations in rati

of entrained mass of the jets with the second set of constants S TS . . ;
the round jet. wall-impinging jet entrains more air than the round jet. Recall that

A challenging and interesting question at this point is: Whiclf! this case, we are assuming that the wall-impinging jet starts
jet entrains more—the round jet or the wall-impinging jet? w&om & wall jet that had already developed from time0 to
will provide some insight by considering two extreme cases. Wg to- It is also seen that as the jet penetrates beyond a certain
consider two jets that start out as round free jets=a@ and one of istance, the rate of increase of mass entrained is slower for the
the two jets impinges on a wall at timte=t,. The mass entrained
in the jet that impinges is determined differently. In one case
(Case ), it is assumed that the wall-impinging jet starts as a start 12
ing wall jet fromt=t, after impingement. In the other cag@ase
I, it is assumed that the wall-impinging jet starts from a wall jet
that had already developed from tirtre O tot=t,. We will con-

%ereto is the time of impingement. Both curves A and B show
At immediately after about= 10 ms, the wall-impinging jet en-

S L S
%frve A shows that for a certain time period, ie517 ms, the

10

sider conditions where the ratio of injected density to ambier P=r 1 -
density,p; /p,, is 4. The orifice diameter is 0.02 cm. The imping- @ — = walkimpinging jot, A 1 v == ]
ing distance is 4 cm. The injection velocity is Q0" cm/s. The | - - - walkimainging jet, 8 | g
impinging distance and injection velocity are comparable to thosg & g _ et
in diesel engines. o =

Figure 7 shows the tip penetratiofy, ,oungfor the round jetand = ke

Yip for the wall-impinging jet as a function of time The tip
penetration of the wall impinging jet after impingement is definec
as the summation of the impinging distante,and the distance 2
from the tip of the wall jet to the impingement point. In the case 333

of the wall-impinging jet, the two sets of constants employed ir
Figs. 4 and 5 are again employed. It may be seen that imping 0
ment occurs at about 0.73 ms. Subsequent to this impingement

is assumed that the wall-impinging jet develops as a starting wan

jet (Case ). As pointed out in earlier discussions, identical pencj; 9 Entrained mass of the round and wall-impinging jets as
etrations are obtained with the two set of constants. Figureg&unction of time. (C,;=0.305, C,=0.0113 for the round jet; C;
shows the mass entrained in the round jet and in the walko.25 F,=1.32, F,=0.098, m=—1.10, n=0.90 for curve A; C;
impinging jet as a function of time when it is assumed that after0.305, F,,=1.11, F,=0.0946, m=—1.12, n=1.01 for curve B ).

m
=
=
4
n
4

t (ms)
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wall-impinging jet relative to the round jet. The region of uncer- xg, = jet tip penetration in the direction
tainty leading to these different estimates is the stagnation region y = radial distance

where the jet impinges on the waliee Fig. 1c)). Yip = jet tip penetration in theg direction
] a = constant, Eqs(5)—(7)
Summary and Conclusions v; = turbulent diffusivity, Eq.(5)
Theoretical expressions for the penetration rates and entrained ¥ = kinematic viscosity, Eq17) and(18)
mass of transient turbulent radial and wall-impinging jets are pre- Pi = injected fluid density

sented. In deriving these expressions, theoretical velocity profiles Pa = ambient fluid density
in the fully developed, quasi-steady region of the jets, where self- 7 = nondimensional distance from the wall, £32)
similar velocity profiles are achieved, are employed. This assump-
tion is likely to lead to inaccurate answers, in particular for esti-
mates of entrainment. The validity of the assumption arigeferences
inaccuracies are discussed. It is shown that multiplying constantgt] ArcDO_umalmés, c., cUtTter, P.,lan? \é/:itelava, DésF.), 1t928, “Heiaét:riggfer Process
i i i i i in Diesel Engines,” Trans. Inst. em. engg, Part A, . - .
2:‘% remqeu;;i?elg EZte ggﬁ;?f;:ggs 'I[:C:)ra(tlr?IeE\'{z d?aglnjaeetmgnéoorfsﬁ‘.);?]?l?l’t]i% Abraham, J.,gKhan, A., and lMagi, V". 1999? Y"‘Jet—Jet aﬁz Jet-Wall Interactions
- L . oo . of Transient Jets From Multi-Hole Injectors,” SAE Paper 1999-0-0513.
relates the turbulent dlf‘fUSIVIty to the kinematic momentum is [3] Song, L., and Abraham, J., 2001, “Effect of Injector Hole Size, Number and
estimated from the measured spreading rate. For the wall- Orientation on Diesel Engine EmissionsPtoceedings of the Second Joint
impinging jet, the jet maximum radial velocity and the spreading g"eetg‘g tf’f ”I‘e t.UtSt Selﬁtt'togs OLﬂl‘fAcomb“S“O” InstitGiakland, CA, The
rate employed are obtained from measurements, and the Sim"aritﬂﬁ] Dg::r,] Ju.sé(.),nagz I'I#:é, Ii‘).sRL.l,rgZO’Ol, “Diffusion-Flame/Wall Interactions in a
velocity profile is obtained from the analytical solution. With a Heavy-Duty DI Diesel Engine,” SAE Paper 2001-01-1295.
selected set of constants, predicted and measured tip penetrati?g gcmicf;ting, Hr\i' lf:?goubndlarz si);eélgg\ﬁgfmceari\grrnl New York.
of transient round jets and wall-impinging jets agree with 10% for ajaratnam, V., urbulent Je . :
a range of condition. With the selected constants, it is shown that” ﬁﬁggfo,\\',:ih' G. N., 1963The Theory of Turbulent JGMIT Press, Cam-
the penetration of a wall-impinging jet smaller than that of a half [g] post, 5., lyer, V., and Abraham, J., 2000, “A Study of Near-Field Entrainment
radial jet because of momentum loss at the wall. The entrained in Gas Jets and Sprays Under Diesel Conditions,” ASME J. Fluids B2g,,
mass of a starting wall jet is higher than that of a starting round jet[g] . 3\/?2—3\%5-'_' 1963 “The Radial Free Jet” Chem. End. S8 op. 776
for relatively smaller values of wall jet tip penetration and lower ™ 262" ™ 7 255% : - =NG- SE.pp. 119
for higher values of tip penetration. The higher entrainment is dugo] Hunt, G. R., and Ingham, D. B., 1998, “Laminar and Turbulent Radial Jets,”
to a greater surface area for the wall jet relative to the round jet. ﬁctakM?cg.JGZ?, fgée’ZS"—H%t.W " i & Radial Turbulent Jet"
However, as the jet penetrates beyond a certain value, the walt! Agi/lésf/ippﬁ'r\/lech.',sa, Ep. L‘?_;ﬁ”mmens in-a Radial Turbulent Jet,
momentum loss overwhelms this greater surface area effect. [12] Glauert, M. B., 1956, “The Wall Jet,” J. Fluid Mecht, Part 6, pp. 625—643.
It is shown that it is difficult to reach a firm conclusion regard-[13] Bakke, P., 1957, “An Experimental Investigation of a Wall Jet,” J. Fluid
ing the relative magnitude of entrained mass in round free and Mech.,2, pp. 467-472.
wall-impinging jets as our theoretical work does not clarify thel14 ﬁf&‘é’ﬁ"ﬁ?&iﬁ?ﬁ“&?’"'3" éi?dl’n/‘;gcﬁiwemg?tsg Entrainment by Axisym-
structure Of_ the Je_t immediately _foIIowmg !mplnge_ment, 1.e., 'n[lS] Abraham, J., 1996, “Eﬁtréinment Charaétzfi.stics of .Transiem Gas Jets,” Nu-
the stagnation region. However, it can be firmly said that the rateé ~ mer. Heat Transfer, Part /80, pp. 347—364.

of increase of entrained mass in the fully developed region iEL6] Andriani, R., Coghe, A., and Cossali, G. E., 1996, “Near-Field Entrainment in

slower than that in the fully developed round jet. Unsteady Gas Jets and Diesel Sprays: A Comparative Stidgceedings of
the Combustion Institute26, The Combustion Institute, Pittsburgh, PA, pp.
2549-2556.
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| The Discharge Coefficient of a
o | Planar Submerged Slit-Jet
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The discharge coefficient, G of a planar, submerged slit-jet has been determined ex-
perimentally over a relatively wide range of Reynolds number values: Fo&-6500,
where the slit width (w) and the average streamwise velo¢ity)(at the exit plane are
J. F. Foss used to define the Reynolds num_ber. Thev@lues exhibit a strong dependence on Re for
. Re<800. For Re>3000, G, achieves an apparent asymptotic value of 0.687 for the
present nozzle design. This value is about 12% higher than the potential flow value. In
contrast, the velocity distribution along the centerline was in excellent agreement with
that of the potential flow solution. The experimental techniques that were used to evaluate
the Cy(Re) values, their numerical values, the corresponding uncertainties, and the
possible influence of the geometrical design of the nozzle on the results are presented.
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Introduction and for sufficiently large Re valugsand A, is the area of the
. - ... orifice given by the product:WxBy), where By denotes the
. The dlscharg_e poeffluerﬂ.‘,[_) , Of a nqz_zle or other constriction breadth of the nozzle. In terms of the spatial average veldtily,
is a characteristic of practical significance. For Iow-subsonlchiCh is defined as
flows, Cp depends both on the flow-field geometry and flow Re)y-v

nolds number. Blevingl] provides representative values. The dis- 1 .

charge coefficient of a planar, or quasi-two-dimensional, sub- (U)=KJV(O,y,z)~|dA, )
merged slit-jet is considered in the present communication. A two- FIA
dimensional slit-jet, which can be easily simulated using a largee discharge coefficient becomes
aspect ratioBy /w>1, opening in the wall of a plenum, has been (U)
analyzed using potential flow methods; see Birkhoff and Zaran- Co=—. 3)
tonello [2] and Vallenting[3]. The analytical value of the dis- Uo

charge coefficient of a slit-jet, which delivers an inviscid fluidThe measurement techniques to determide and U, are de-
from an “infinite” plenum, is 0.611. The effect of a finite plenumscribed in the following section.

width (H), for a two-dimensional orifice, has been analytically The purpose of this paper is to

evaluated by Ali[4] using potential flow methods. These calcula- .
tions show thatCp(H/w=10) is negligibly different from
Cp(H/w=00). The minimum value oH/w for the present study
was selected as 18 which removes the influence of this parameter
on theCp value. -

present the experimentally determined values of the dis-
charge coefficien€p of the present submerged slit-jet over
the Reynolds number range: 0®e<6500,

compare the experimental results with the potential flow

The development of a vena-contracta, with the corresponding ~ Selution of the slit-jet flow field emanating from a finite
contraction of the separating streamlines and the acceleration of, Width (H) plenum as shown in Fig. 1,
the centerline fluid elements to the maximum velocity magnitude - discuss the influence of the nozzle plate geometry—as ex-
U,, is a distinctive feature of both circular and plarias studied pressed by its thickness() and the inclination angledy)
herein sharp-edged orifices. For the flow of an inviscid fluid of the relieved surfacésee Fig. J—on the value ofCp,

through a slit jet, the separating streamlines continue to contracti and i lanation for the diff I th
and the vena-contracta is asymptotically approached. However'V: Present an explanation tor the di ereno(es well as the
elements of agreemenbetween the experimental results

for a physical submerged jet, the vena-contracta has been found to d th di tities in th tential i |
occur at about one slit-width downstream from the exit plane; see filcr)]n € corresponding quantities In the potental flow solu-

Ali [4]. Physical jets also exhibit natural instabilities which result
in the formation of symmetric and “two-dimensional” vorticesExperimental Configuration
along the shear layers. These vortex motions have been studied b¥
Beavers and Wilsofb], Clark and Kit[6], Foss and Korschel#],
and Ali [4].

For a slit-jet, the discharge coefficie@y, is defined as

igure 1 is a schematic representation of the flow facility that
was used in this investigation. It was designed vidtiw> 10, so
that the influence of the “outer” side walls on the development of
the jet is minimal. Water or a water-sugar mixture were used as
the working liquids in this finite duration, gravity driven,

f V(0y,2)-idA “steady” flow facility. (This unique experimental facility has been
A fully described by Ali and Fos$8]). As shown in Fig. 1, the
CDZ—UOA]_ ) @ present flow facility is comprised of two major unit§) a glass

tank (A), and(ii) a clear plastic structure called the nozzle housing
e(NH) which is given the code descriptiorC” in Fig. 1. The two
hozzle plates with beveled edges are supported at right angles to
the jet-axis by the NH; the nozzle plates form the planar slit-jet.
The tank is filled with a working liquid such that its level is above
Comtributed by the Fluids Enaineering Division f blication in 1GANAL the nozzle plates under the conditions of static equilibrium. The
e P oot lauicfled Space above the nozzle plates is designated ‘the pl-

June 19, 2000; revised manuscript received February 28, 2003. Associate Editors'HM;” the space below is called “the receiver.” _The po_rtio_n Qf the .
Schiavello. enclosed space above the nozzle plates, that is not liquid filled, is

whereV(0,y,z) is the time-mean velocity vector at the exit plan
of the jet,i is the unit vector in the streamwige) direction,U is
the maximum velocity on the centerline(k,0)— U, for x~w
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! tically stationary centerline velocity(x/w=2,0)=U, and the jet

Pan , exit average velocityU). These values represent the flow behav-
! m ) - F jor at a given Re andl, /w.
B et 293, T 0. SISy rx 72 s A -k The LDV measurements af(x/w=2,0t) are averaged over
fﬁ\ : D the same time periodAt, as that for(U) to yield Uy. In this
'dll d manner, theC(Refy/w) values can be obtained as shown in Eq.
T i

(3). The evaluation of thgU) and theU, values, that are to be
used in establishingCp =Cp(Rety/w), are the essence of the
present contribution. As such, considerable care will be taken in
identifying the source of these values including the bases for their

> 7 —"ilf:— ? uncertainty estimates. These considerations are given in the fol-
el 7 ¥ ! lowing subsections.
: Hr.,-\\ - l
6 —~ 1 ; N by
/ v, \ Evaluation of Uy

it

(e

A Thermo Systems Inc., 35 mW He-Ne LDV systéprimitive
by today’s standards but adequate for the task at the time of its
Fig. 1 Schematic representation of the operational features of €xecution and for the required purpose of providing(x/w
the flow facility. A: 0.2 cubic meter (80 gal.) glass tank; B: vol- =2,0{) as an accurately determined quantityas used in this
ume flow sensor (VFS); C: nozzle housing (NH); D: low pres-  study. A counter-systerfModel TSI 1980 was used to determine
sure cavity (pyu(1)); E: bleed valve; F: pressure transducer; the Doppler shift frequency of the small particles that reliably
G: receiver; I: connection to vacuum tank. ——pointer, follow the fluid velocity in this benign ¢ ,dU,/dx=0) environ-
velocity (flow), o~ signal, free surface ment. The fixed volume of liquid in the glass tank identified4y
in Fig. 1, made it a relatively simple matter to obtain a densely

termed the “low pressure cavitid).” The NH has partially open seeded environment; polyvmylt_oluene parncles with a mean di-
sides below the plane of the nozzle platese the outflow to the 2Meter of Z were used to provide the scattering centers. Hence,
receiver in Fig. 1 and an air tight cover platébove the nozzle the preset counter output frequency: 308 Hz was readily met with
plates which supports a bleed val\&). There are two additional Updated velocity values. For reference, at a Re value of 3000 and
openings in the cover platéi) a pressure tap connected to det width w=12.7 mm, this sample rate nominally provides a
pressure transducéF), and (ii) a vacuum tank connectioi). measured velocity value each 0.77 mm or 0.06 w. For the same Re
The latter is used to lower the pressurebithus raising the liquid value andw=25.4 mm, the spacing is 0.38 mm or 0.015 w.
head(h) in the NH. The slit-jet flow is caused by allowing atmo- |ndividual u(x,0t) measurements are, in principle, subject to
This valve s operatad by & computer contrglied stepper motor . LDV phenomenon of velocity bisguhere high-speed fluid
ensure a satisfactory approximation to a time steady exit floévﬂementS have a larger probab|||t_y of bew_mg captured” by the
from the plenum during the data acquisition period. SpecificallyiStrument; see, e.g., Adriafi9]. This effect is, of course, exac-
the pressure il is linearly increased with respect to time in ordefrated if the velocity variation at a given location exhibits a
to compensate for the linear decrease in the differential elevatiodide” probability density function(pdf) and if there are signifi-
h, between the plenum and the receiver. In combination, the regint time delays between data samples. The above discussion
effect isdU,/dt=0 during the period of data acquisition. shows that the latter effect is not a factor in these measurements.
Concurrent measurements were made over a wide range of Re measured intensitigé\li [4]) were of order 0.1€T/U,) at
(100-6500 to determine the two velocitie$l)) andU,. Specifi- thex/w=2 measurement location. Hence, velocity bias effects in
cally, a single channel laser Doppler velocimelddV) was used the present experiment will not influence the integrity of the
to measure the time average velocity on the centerlihg, at measurements.
x/w=2. The spatial-average velocity{y) was determined by us-
ing a novel device, a volume flow sengdiFS), as shown by B”
on the left-hand side of Fig. 1. The air, that is trapped in thEvaluation of (U)

inverted cup, is pressurized as the water level in the receiver tanky single device, the volume flow sensvFS), was used to
is increased during the “run time” of the experiment. Since etermine(U) for the present experiments. The VFS takes advan-
precise relationship, as described in the next section, can be gxse of two intrinsic attributes of this experimefit: the receiving

perimentally established between water level and the pressurgd ervoir(G of Fig. 1) is characterized by an are; , that is

the inverted cup, and since the water level in the receiver iglej for w=25.4 mm (or, 62%A, for w=12.7 mm)’ ancyi
creases slowly, the air pressum(t), value from the cup pro- air atlow-pressure rise values, is incompressible. Hence, the VFS
vides a reliable measure of the time-dependent volume of fluid § Fig 1. will remain void of liquid as the liquid level around it is
the receiver and, hence, its time derivative that is equal to t%sed in the experiment. The air pressure, however, will be in-
discharge flow ratef fu(x=0y,z,t)dydz creased in proportion to the increasing submerged dépthof

Ideally the nozzle plates should be very thin. However, fohe \ES. This correlation between the rise in the liquid level and
practical reasons of strength, the nozzle plates were fabricaigd rise in the pressure in the inverted cup was used to calibrate

using ty=12.7 mm stock. The plates were beveled at an angige \yFS. The calibration method is described below:

ay=60 deg with respect to the plane of the nozzle plates, see Figconsider that the nozzle opening is blocked for a condition

1 for the_d_efinition ofay . Two values were used for th_e width, where the initial water leveln,(1), in “G” is known. If a con-

of the slit-jet: 12.7 mm and 25.4 mm. Hence, the rafjiéw was  qjled amount of waterNl,) is added to the reserva®, then the

1 and 0.5, respectively. The aspect raBq/w, was equal 0 21.7 yater level rise k,(2)—h,(1)) can becorrelated with the added

and 10.8, respectively. water. The inverted cup of the VFS will be slightly submerged for
the condition:h,=h,(1). There will be a corresponding voltage
(Ep(1)) from the pressure transducer. Following the addition of

Evaluation of Cp the water, the voltage increment

The companion paper, Ali and Fo$8], provides a detailed AE(1)=[E,(2)—E,(1)] (4a)
description of the flow control process that provides a steady-state P P P
slit-jet flow for an elapsed time that is sufficient to record statis- =Cppg[ho(2) —he(1)] (4b)
614 / Vol. 125, JULY 2003 Transactions of the ASME
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Table 1 Estimates of errors in the width  w, span B, and the area of the jet A, for the two jets

w Sw By 5By A-b 5A£
m m m m m m

0.0127 4x107° 0.275 5x10°4 3.4836x10°° 3.4644x10°°
0.0254 6x10°° 0.275 5x10°* 6.9946< 102 6.8416x10 °

will be recorded as the output from the pressure transducer; hereThe relative uncertainty ifU): 5(U)/(U), was determined us-
C, is the calibration constant for the pressure transducer. Henirgg the general error propagation formula applied to &g. It is
the first controlled mass of wateki (1), will be proportional to expressed as

the increment irE, as 5(U) _[(5(AEF,)2+( 5(At))2+(5Ar)2

Mc(1)~AEy(D). (4) Uy ~|\"AE, At A,
This provides a calibration technique:
p q N % 2+ % 21172 o
Mc~AE,. (4d) A B 9)
If the confining walls of the glass tank are vertical, then The first term, of the five terms on the right-hand side of @),
AE,=CppAAh,. (4e) s the largest. It depends upon the execution of the experiment at

) ) i ) a given Re, and the characteristic of the pressure transducer used.

This calibration procedure included measurement of the densgtyy the present work, the first term was evaluated from the char-
of water using a picnometer. F, a top-loading weighing acteristic of the Validyne DP15-22 pressure transducer and the
scale was used to measure water in amounts of 15 polls measured voltage differenceE,, in the cup for each experiment.
kg), or 30 pounds13.6 kg at a time to pour into the tan&. The jore specifically, the estimate of erra¥(AE,) was obtained
height of the water in the four corners Gfwas measured using afrom the linearity specification: 0.2% of the full scale of the pres-
steel rule, and the laboratory computer was used to digize syre transducer; this translated 4®.01016 volt. A conservative
An average heightiig, of the water in the tank was found for estimate: 0.0212 volt was used f6¢AE,), for evaluation.
each addition oM, . Using the measured density of the water, the The time:At=13.3 seconds, was used in all measurements for
volume of water pouredyc, was determined fronVlc for each Re<4000. For higher Re valuedt was reduced to shorter times
case;Vc was then used to determine the area of the receivgf apout eight seconds to accommodate the height of the inverted
Ar(hg) at each heighhg . The average value &, was found to ¢y Specifically, the larger flow rates required a shorter elapsed
be 0.2136 square meter with standard deviation equal to 0.0Qf4e for the given volumetric restriction imposed by the inverted

square meter or nominally 0.2% of the mean area. cup. The influence of this reduction in time is discussed later in
A linear regression analysis between the measured volgge thjs section. The error int, related to the error in computer clock
and the average height; yielded timing, is negligibly small in all cases.
he=Bo+ B1E, G The estimate of standard deviation found in the area of the

o ) ) receiver,A, (see section titled “Evaluation gU)” ) was used as
where B, and g, are the coefficients of the linear regression. Thg,e estimate of the errofA, , namely, 5A, =0.0004 i} and A,
estimates of3, and 5, were 0.03255 mm and 25.2201 mm/volt,_ 5 2136 3. The normalized error§A, /A,) remained constant
respectively, and the corresponding estimates of standard e jets of both widths. The error in the area of the 84, was
were found to be 7.933E-3 mm and 3.572E-3 mm/volt. determined from conservative estimates of errors in the Ban
_In a given experiment, the voltage increasg,, correspond- 4nq the widthw of the jet. The jet widths were measured care-
ing to the pressure rise in the cup, was measured over a given tifi, several times during the course of this investigation. The

interval At, which is the same as the interval for which the censgsimates of standard deviation of the measured values were de-
terline velocity datau(x=2w,y=0) were acquired using the o mined and used as estimates of erfor. Table 1 lists the

LDV system described above. Usidg(E,)/A(t) in the calibra- -\ 4yes ofsw for the two jets. The spaBy was common for both

tion equation yielded the average rate of rise of water in the "Rts: a conservative value @By=0.5 mm has been used to de-

ceiverV, : termine 8A; in each case. Extreme combinations B and w
V,=Ahg/At=B;AE,/At. (6) Were used to compute the estimate of erfidy;. Table 1 also

o . lists the estimates of the areds and the corresponding error
The use of the continuity equation to equate the outflow from th&timatessA. .

plenum to the receiver-inflow yielded the temporal/spatial averageThe |ast term in the error propagation formieyg. (9)) relates

velocity of the jet(U), which is expressed as to the error in the coefficient of linear regression used in the
A, AE correlation of the VFS voltag&, and the head of water column
(U)zﬁlr A_tp (7) hg in the reservoirG. The corresponding estimates of standard
]

error were determined using the method described by Beck and
. VS Arnold [10], p. 43, for both coefficients8, andB;. The estimate
Uncertainty Analysis of standard error were determined. The estimate of standard error
A conservative estimate of relative uncertainty @p, in B4 was used foBB,; the values wereB,=25.22 mm/volt and
8Cp/Cp, can be obtained from the general error propagatiof)3;=3.5719<10 2 mm/volt.
formula: Figure 2 presents the estimates of relative uncertainty in the
_ 2 21172 measurements ¢tJ) made in jets witw=12.7 mm and 25.4 mm
Cp/Co=[(&U)(U))"+ 8(Uo/Uo) ™ ®) using water and water-sugar mixture. A similar, and strong depen-
where&(U)/(U) andsU, /U, are the relative uncertainties in thedence on Re is evident for both water jets. The beneficial effect of
spatial/temporal average velocity and the maximum centerline wugsing the more viscous water-sugar mixture over water is also
locity of the jet, respectively. It will be shown at the end of thibserved for low Re cases. Around -RE000, the relative uncer-
section that the uncertainty ifJ) is the dominant term and rep- tainty in(U) for a water jet is about twice the corresponding value
resents the uncertainty i@p . for a water-sugar jet; this factor increases with decreasing Re. For
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Fig. 2 The relative uncertainty in the measurements of
of Re

(U) as a function

a given Re, the high viscosity water-sugar mixture has to be runater of 1%. The strong agreement shown in Fig. 3 between the
a higher velocitU) as compared with a water jet at the same Rexperimental and the potential flow results does not extend to the
For a given jet widthw and run timeAt, the higher velocity C values as noted below.
water-sugar jet results in a higher volume flow from the jet result- Figure 4 presents the values of discharge coefficiépt, as a
ing in a higher voltage differenc&E, . This reduces the relative function of Re. The relative uncertainty in the determination of
uncertainty in{U). In addition, the higher density of the water-C has been estimated in the previous section to vary from 1% to
sugar jet causes a higher hydrostatic pressure as compared witbainally 9% for the lowest Re values with a confidence interval
water jet thus producing a favorable condition of reducing meaf 95%. At low values of Reg<800), Cp shows a strong Re
surement uncertainty. dependence in whiclC, increases as Re decreases. Given the
‘Figure 2 shows that the estimates of relative uncertaintyjn results of the uncertainty analysis presented in the previous sec-
with increasing Re, tend to assume an asymptotic value of abgjgh, especially for Re1000, it is important to consider the influ-
1%; however, an increase to nominally 1.5% is observed at Rfice of uncertainty on the trend @ just described. For Re
>4200. This is caused by the reduction in the run tifxtedis-  petween 300 and 1000, the plot in Fig. 4 contains data from three
cussed earlier in this sectioThis shows that the relative uncer-jzgependent jets. The uncertainties for water as the working fluid
tainty at low Re could have been reduced by regulating the rghq for both widths were relatively large: 3%—9%. However, the
time At.) . o uncertainty for the water-sugar jet was significantly lower 1.5%—
Regarding the uncertainty in the measurement of the veloc@_/s%, as shown in Fig. 2. In contrast, t6g data(see Fig. 4in

on the centerline of the je©(Uo)/U,, it is noted thatlo Was e same range of Re exhibited similar values for jets of both
measured using a laser Doppler velocimetédV). This device, jiquids and both widths. In other words, even though the uncer-
unlike other instruments, is not required to undergo callbratlocg?

H in ord - fid hat all el tthe LD inty estimates o€y, for the low Re data are relatively high, the
owever, in order to gain confidence that all elements of the ends shown by theCp values for the three independent jet
system were functioning as expected. The system was checke Nths are in quite good agreement
measuring the linear velocity of a clear plastic wheel mounted on y

- The observation thafy depends strongly on Re for R&00,
a speed regulated DC motor. The velocities reported by the LDc n be made rational by noting that the boundary layer thickness,

?;ga;gang system compared quite well with the velocities % the separation lip, will increase as the Re value is decreased.
i . . . . Since the fluid near the nozzle wall will have less inertia than that
Hence, considering Eq9), the uncertainty ins&(U)/(U) is fth h d fluid. and si the phvsical extent of the f
taken to represent the uncertaintyd@p/Cp . of the unsheared fluid, and since the physical extent ot the former
will be increased as the Reynolds number is decreased, the near
wall fluid will be able to execute a curved path with a smaller
. . radius of curvature as the Reynolds number is decreased. In this
Results and Discussion regard, it can be expected that the jet width at the vena-contracta
Laser Doppler velocimetery measurements along the centerliwdl be larger for smaller Re values. This interpretation of the
of the jet:u(x,0), as described by A[i4] have been executed for physics of the flow is compatible with the observed increase in the
500<Re<2900. The experimental protocol for these measur&p values as the Re value is decreased below a nominal value of
ments produced one time seriesugi,y=0t,) values for each 800. By extension, this physical reasoning would suggest that the
experiment at eack location and each sample timg) for the Vvalue of Cp would approach 0.611, the value Gf, for a slit jet
LDV measurement. Hence, there are corresponding uncertaintiigsv of an inviscid fluid, in the limit as the Re value becomes
in theu, the(U), and thex locations for each data set. The uncertarge. This expectation was not, however, supported by the mea-
tainties in the two velocities have been discussed in the previosigements. As shown in Fig. 4p apparently achieves an
section. The agreement betweefx,0) for the experimental and asymptotic value of 0.687 for Re2000 and for thety /w=0.5
the potential flow cases is considered to be quite strong as shomozzle configuration. Th€ values forty /w=1.0 configuration
in Fig. 3; the reported values are the best estimates of the resalits larger(for Re=1500) and the limited Re range does not per-
with a 95% confidence and with a nominal uncertainty of thmit a corresponding limiting value to be confidently inferred, al-
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Fig. 3 Normalized mean velocity distribution along the centerline of the jet.
The solid line represents the potential flow velocity distribution. The accu-
racy of the measured velocity is estimated to be within *+1%.

beit a value of 0.717 is suggested by the trend of the availaldeream receiver. For the reasons stated above, the present authors
data. This suggests that the contraction of the jet is greater fmnsider the potential flow valu€y,=0.611, to be the minimum
ty/w=0.5 than in the case df,/w=1. The 0.687 value is about possible value for this geometric configuration. It is, therefore,
12% larger than the 0.611 value predicted by the potential flowferred that:(i) the Idelchik values represent a bias error in the
analysis. experimental proceduréunspecified that was used to obtain
Idelchik [11] quotes, without further attribution, a range of disthem, or(ii) the orifice was not sharp edged.
charge coefficients: 0.598—-0.609, for a thin slit-jgf [ess than or ~ The apparent asymptotic approach to 0.687 in Fig. 4 suggests
equal to 0.03 wthat separates an upstream plenum from a dowthe presence of a geometry-dependent effect onGhevalues.
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Fig. 4 Distribution of discharge coefficient Cp as a function of Re in jets with
two different nozzle configurations: [w,ty/w,By/w] [12.7 mm, 1, 21.7] and
[25.4 mm, 0.5, 10.8]. Note that two different working liquids were used for the
jetwith w=12.7 mm. See Fig. 2 for the corresponding estimates of uncertainty

in Cp. The solid line represents the potential flow solution for Co.
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Specifically, it is inferred that the values are influenced by th |
thicknessty, of the nozzle plate, and by the wedge angjg for
this relatively thick nozzle. See Fig. 1 for thg and ay defini-
tions. (This latter value is 60° in the present study and it is app
ent that this angle will influence th€p value asay— 90 deg)
Support for the inference of the\(/w) effect is provided by the
Cp data in which two different slit-widths were used.

The influence of the nozzle-plate geometry ow(0y
~*w/2,z) for Re>1500 was suspected to be caused by an alte ‘
ation of the entrainment path in the near-field of the jet. In th ]

I

|
case of the relatively thicker nozzle platg (w~1), there will be \
more obstruction to the entrainment flow than in the case of tt pamb |
relatively narrower nozzle platet/w=~0.5). Variations in the RC = gOO
entrainment flow can alter the pressure field in the vicinity of th v ) | ]
jet exit which, it is inferred, allows the relatively thicker nozzle Re = 3500—H
plate flow to contract less at its vena-contracta as compared to-
flow contraction associated with relatively thinner nozzle plate Potential FlOW —-—-1—1-
The overlapping of theC, values, for the two jets, below Re
~1500 suggests that for these values of Re the viscous effects are
dominant, and therefore, the near-field is less sensitive to the g@g. 5 Schematic representation of the influence of Re on the
ometry of the nozzle. The present results suggest that the flowjectory of the separating streamline. The curve 1-2 repre-
field for Re<1500 may be “universal” in nature, i.e., free fromsents the path of integration normal to the streamline.
geometry-dependent effects. This inference has not been experi-
mentally evaluated.

The inference, thaty /w is the causal factor for the experimen-to the local streamlines and which extends from the atmosphere
tal Cp, values to be larger than the potential flow value, is givefil) to the jet centerling2). This trajectory is shown schematically
support by the thickness constraint quoted by Idelcpit]. in Fig. 5. The centerling, distribution is given by
Namely, the present experimental thickness values: 0.5w and 2 \/2
1.0w, are significantly larger than the largest acceptable value: = ﬂ

, aré sig| y larg 9 P Pk(X,0) = Py-ampT g dn (11)
0.03w, given in that reference. 1

It is known from the previous studie$4—7], that the sub-

merged jet becomes unstable and develops symmeinit span-

¥
|
|
I
|
l
|
|
|
|
|

where p,.amp IS the ambient pressure in the receivé3ee, for
xample, Potter and Fo$$2], for the kinetic pressure as well as

wise) vortex motions for Re values greater than 250. Figure fhe Eulern equation developmeitit has been argued above that
however, shows a continuous decrease inGRevalues with in- .~ = o oo oo o the separating streamiinearx=0,

creasing Re without a marked variation around~R8&0. It is — +w/2) increases with increasing value of Re. Hence, the in-
therefore inferred that the formation of the vena-contracta is if): g . '

fluenced only by the development of the boundary layers on t eegratlon path 1-2 shown in Fig. 5 will also change with Re.

; . parently, this change occurs such that the nondimensional pres-
tnhoezzelfitpé?;%sé and not by the formation of vortices downstream gfre distribution along the centerline remains independent of Re.

Reference was made at the beginning of this section to th%OtgflriC\?;]?trdZ} ?f?eaed)J(ﬁsnl‘;ﬁgtolPt;k]ee'ectli"s\/?)teljlggvzzt?:bsemraeasml(lJr:‘ES
excellent agreement between the calculated and the meastP%e for they uantitativepa reement éf the viscous and the poten-
(over a sixfold range of Revalues ofu(x/w,y/w=0)/U,; see 4 g P

. P — ._tial flow p,(x,y=0) distributions. Note that in this description
Fig. 3. The velocity fieldu(x,0t), that is time-averaged to obtain K
thgse observed va)lllues, cgin be) reliably described gy the Esfler ‘Pkamb has been assumed to be constant along the curved path of

. ; o W - the separating streamline. However, given the results of difference
equation since the conditions of “inviscid flow behavior andin the values ofCp for the two jets, and the fact that the

“incompressible flow” are clearly valid from the upper plenum to : o — o
the vena-contracta. The third constraint: steady flow, that WOU?(?) mg:g:g d\{ﬁlue ics)tsr%zlaﬁe?Imearr?rt];efrgmt)ci:gnt(:/%l\jve ir?)tﬁeltclg’rner
be required for the derivation of the Bernoulli equation is n I ap

strictly valid for this flow condition given the presence of them(ztvgfrggmﬁ] (l:sev'l?ﬁsdviilljlri:a:acuesgftrt]gejer;cicz)z(ljif?é%‘;eosumgréhﬁ Osn?qr?;at'
vortex motions. The Bernoulli equation, for this flow, would be centerline thus resulting in a larger value ©f . The complete
u2 inference is, then, that a combination of the modified streamline
pk(x,00+p ?(X,O): pk(plenum (10) trajectories and the reduced pressure near the separation point, are
responsible for the increasegl, value. These effects would be

wherep,=p-+ pgx is the “kinetic pressure” introduced by potter difficult to experimentally assess. An accurate numerical simula-

and Fosg12] as an appropriate variable that combines the locHP May be the most effective way to test this hypothesis.
static pressure and the gravitational body force effect in the d'kt/; lusi
ferential momentum equation. onclusions
The LDV data of Ali[4] show that the velocity fluctuatiortij The discharge coefficient,C,, of a submerged two-
levels are nominally:)/U,=0.041 atx/w= 1. Hence, it is rea- dimensional slit-jet shows a strong Re dependence ferdRe.
sonable that the experimental data show qualitative agreem&ot higher values of Re and for the nozzle desigp/w=0.5,
with the “steady-state” conditions of Eq10). an=060 deg,Cp achieves an asymptotic value of 0.687, which is
Considering the good agreemédahown in Fig. 3 between the nominally 12% higher than the potential flow value: 0.6Mhe
calculated and the measured longitudinal velocity distributiomeasurement uncertainty is1.5% for Re>2000 with a confi-
over the Re range 500—2900, the strong dependen€g @i Re dence interval of 95% The experimental data also suggested an
over the same Re range shows that the influence of shear effextgmptotic value o€,=0.720 forty /w=1.0 albeit the data are
(development of boundary laygrsn the nozzle plates is offset by not sufficiently complete to fully test this inference. Hence, a geo-
some other physical effect. The Euleequation relates the cen- metric, as well as a Reynolds number, dependence is inferred for
terline pressurey,(x,y=0), to the radius of curvatur®, and the the slit-jetCp values. The convergence of tiy, values for Re
velocity, V, along a curved pathrf” which is everywhere normal <1500 suggests the limited influence of the geometric parameter:
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ty/w, for low Re values. Conversely, it is conjectured that a geo-

metric parameter: the shape of the downstream portion of the
nozzle, influences the entrainment path of the fluid for Re

>1500. This shape is inferred to alter the pressure field near the
exit plane which, in turn, increases the discharge coefficient in

response to these entrainment/pressure field effects.
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Reynolds number based enand(U)

thickness of nozzle platesee Fig. 1
spatial/temporal average velocity of the jetxat 0
(see Eq(2))

U (X~Xn,y=0); x,~Ww for a viscous fluid, and
Xm— in the potential flow case

time mean of the longitudinal velocity(x,y,t)
fluctuating component afi(x,y,t)

magnitude of velocity

velocity sensed by the cup of the volume flow sen-
sorB (see Fig. 1

time mean velocity vector

slit width

streamwise, lateral, transverse coordinates

served as Visiting Associate Professor of Mechanical Engineerirfgteek Symbols

during the preparation of this manuscript.

ay = bevel angle(see Fig. 1
Bo.B1 = coefficients of linear regressidsee Eq.(5))
Nomenclature v = kinematic viscosity
A,B,C,D, p = density
E,F,G,I = elements of the experimental facilifgee Fig. 1
A; = area of slit-jetwXxBy
By = breadth of nozzle - References
Cp = discharge coefficient of the slit-jésee Eqs(1) ) ) ) ,
and(3)) [1] Blevins, R. D., 1984,Applied Fluid Dynamics Handbopk/an Nostrand
_ . . Reinhold, New York.
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Mean radial and turbulent radial velocity profiles were measured in a circular jet at up to

Joseph C. Cataldo 40 jet diameters downstream of the jet exit using an LDA. The mean radial velocity in the
The Cooper Union for the Advancement of ambient reservoir (the entrainment velocity) is found to be inversely proportional to the
Science and Art, radial distance from the jet centerline. The coefficient of proportionality, ¢, increases in
Department of Civil Engineering, the zone of flow establishment and reaches a constant after the transition zone. It is
51 Astor Place, suggested that the traditional definition of entrainment velocity, which maintains direct
New York, NY 10003 proportionality to the local jet velocity by the entrainment coefficient, should be aug-

mented by this inverse functiofDOI: 10.1115/1.1595674

Introduction interface is proportional to some characteristic velocity at the

Using the equation of continuity, one can show profiles of me bnoundary of inflow,[10]. Assuming the inflow occurring at the

radial velocity in a turbulent jet to be “double S,” or antisymmet- o_undary of the jet is some fraction, of the mean flow, one can
ric curves. Examining one half of the jet from the centerline ou%’-\'rlte
ward in a radial direction, the radial velocity is zero at the center- Ve=aU, 2
line, increases to some maximum directed away from the
centerline and then passes through zero once again. This p(ffi\ﬂf}I
shall be defined as the radial velocity inversion: The average po- dQ
sition where turbulent jet spreading equals nonturbulent inflow &=27waozUC (3)
towards the jet. After passing the inversion, the velocity changes
sign and flow is now directed toward the jet centerline. The radialhereV, is the magnitude of the entrainment veloci,is the
velocity continues to increase to some maximum and then daass fluxb,, is the jet half-width, andv is the entrainment coef-
creases, asymptotically approaching zero as the radial distaficeent,[11]. It should be noted tha . andb,, are defined by the
approaches infinity. MiH1] has shown that jet radial velocity type of mean axial velocity profile choséire., Gaussian, polyno-
equals zero when/x equals 0 and 0.115 by assuming a Gaussianial) and thereforex also depends on the profile chos¢h?].
axial velocity distribution in axisymmetric flow and integratingValues fora range from 0.024 to 0.118. The most accepted value
the equation of continuity to yield for « is 0.057.

Expressing the rate of entrainment in terms of the radial veloc-

vV C 1 1 ity by integrating the equation of continuity yields
_:_167773(_“73 1 (1) by integrating the eq yy
U. 7m 2 2 do
. . T . . . ——=1im 27rV. 4)
whereV is the radial velocityy is the radial distanceis the axial dx

distance,ny=r/C,x and C, is 0.103(an experimentally deter-
mined constant The turbulent fluid has a radial component awa
from the centerline that flows no further than the lif& equals
0.115(the radial velocity inversion

Many researchers do not measure the mean radial velocity com- c
ponent directly. Instead, they compute it by integrating mean axial V=-—. (5)
velocity data and using the equation of continuitg,3]. This
method functions only within the radial distance to which accuraiEhe constantc, with the units Ms %, is the rate at which the
axial velocity measurements are taken. In addition, most investiadial velocity falls to zero as radial distance increases. Combin-
gators do not measure axial velocity beyond the jet peripheiryg Eq. (4) and Eq.(5) results in
because the axial velocity beyond the jet boundary is very small,
difficult to measure accurately, and subject to measurement bias d_Q: lim 271V =2mc (6)
from recirculation within the region. While Fukushima et [], dx ., '
Kassab et al[5], and Sami et al[6] report some directly mea- ) o
sured radial velocity data beyond the inversion, Kimura ef#l. Ysing Eq.(3), the entrainment coefficient can be related to as
and Liepmann and Ghar(i8] are representative of radial velocity followWs:
data taken at significant distances from the jet periphery. c

Entrainment flows are generally inviscid flows directed towards a= . ©)
the jet axis. Entrainment is the inclusion of fluid from outside the bulc
jet boundaries into the main turbulent stream. The consequenceJging the mass flux equation, dimensional analysis can be used to
entrainment is that mass flux increases with increasing distargtgow that
from the jet exit,[9].

Sir Geoffrey Taylor first introduced the entrainment hypothesis, dQ Qo ®)

which maintains that the mean inflow velocity across a turbulent dx ¥p -

he right side of Eq(4) can be rearranged to show that the radial
elocity is inversely proportional to the radial distance by some
constantgc, as follows:

1

This is commonly referred to as the jet dilution equation wh@ge

Contributed by the Fluids Engineering Division for publication in tilBNAL e . . . o
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionIS the initial flow at the jet exit, and:3 is a dilution constant

Jan. 7, 2002; revised manuscript received Jan. 28, 2003. Associate Editor: M.tyPically determined by integrating the Gaussian approximation of
Otuigen. axial velocity profiles. Typical values fo€; range from 0.1 to
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Fig. 1 Schematic of experimental apparatus

0.23 in the zone of flow establishment, and 0.185 to 0.34 in thexit is located. Flow visualization by the addition of methylene
zone of established flow. This equation links the mass flow at abjue dye to the jet is photographed concurrent with the grid over-
axial distance to the initial flow. lay to produce scaled photographs.

It is generally accepted that jet exit conditions and Reynolds The estimate of uncertainty in the results from measurements
number affect the rate of entrainment. However, evidence on threde by the instrumentation is based on standard principles out-
degree and manner of these effects varfé8-1§. Ricou and lined in ASME[21] and Coleman and Ste€lg2]. In the present
Spalding[19] show that entrainment decreases for Reynolds nurstudy, the number of samples was selected to ensure the uncer-
bers less than 25,000, where it levels off. Hussein €28l state tainty of the mean radial velocity was a maximum of 1004001
that there is no reason to regard the entrainment rate of a jetras typica) based on two standard deviations. Each sample was
universal. separated by two integral time scales to ensure statistical indepen-

The lack of a comprehensive study of a jet's radial entrainmedence[23]. The integral time scale was found by integrating the
velocity has prompted the current investigation. The objective afea under the autocorrelation curve for the time series of the
this investigation is to obtain and analyze the radial velocity conacquired data. Typical values of the integral time scale in this
ponent in the ambient region surrounding a turbulent jet; establisRperiment are 024102 sec in the jet and 1810 3 sec beyond
a direct relationship between mean radial velocity, radial positiothe jet periphery.
and mean axial velocities; and consequently, establish a relationKassab et al[5] maintain that bias correction is not necessary
ship between mean radial velocity and jet entrainment. to correct radial velocity results when the radial velocity compo-

nent contains high velocity fluctuations relative to the mean trans-
verse velocity, and a small magnitude compared to the total ve-
Apparatus locity vector. An analysis has been performed to compare typical

A submerged axisymmetric nonbuoyant turbulent jet of waténean radial velocity profiles via resident time-weighed, and un-
issues into a flume that acts as a nonstratified ambient reservefgighed. The results agree with Kasd& in that profiles are
The flume is 21.3 meters long, 0.6 meters wide and 0.5 m depgrfectly coincident except within areas of turbulence. The results
with 1.5 m long glass-walled sections, and is filled to a height ¢fresented are calculated using the resident time-weighing tech-
0.46 m(Fig. 1). One end of the flume holds a constant head tariique, discussed in detail by Buchave et[a#] and Georgg¢25].
fed by a pump from the flume, with an overflow spillway 2.16 m
above the flume bottom. Water flows through a straight 9.44 meter
long, 25.4 mm diameter copper pipe at the bottom of the constayt
head tank. The pipe diameter is reduced to 12.7 mm at a dista %SUltS
of two meters prior to the exit. The jet exit diameter is 12.7 mm, A series of 84 experiments is performed and radial velocity data
and exits at a height of 230 mm above the flume bottom. is obtained over the range<Ox/D <40. Each experiment consists

Velocity is measured with a one-dimensional Dantec 55K¥f a centerline axial velocity measurement and radial velocity
modular optics LDA using a Dantec FVA covariance signal praraverses. The average number of samples taken at each location is
cessor. The LDA is powered by a 20 mw HeNe laser and uses agi@ater than 2000. Measurements within the jet are included for
MHz frequency shift. Optical access is achieved via the glassntinuity.
walls that form the flume’s sidewalls. Measurements were taken inThe average exit velocity of the jet is 2.4 m/s and it can be
backscatter mode using a 310 mm lens, and the data wamsidered a top-hat profile. The exit pipe diameter is 12.7 mm
residence-time weighed. The LDA is mounted on a computesnd the average Reynolds number is 27,000. Mean and turbulent
controlled traverse with three degrees of motion. A titanium dioyaxial velocity profiles for the same jet can be found in Rodko and
ide and mica powder with a density of 2.9 gmfamd an average Cataldo[26]. The potential core ends between 4 and 5 diameters
particle size of 54um is used as velocimetry tracer particles. Adownstream of the jet exit. The centerline decay ré&te, cor-
particle frequency response analysis has determined that the avected for confinement as per Cap?], is 6.38. The half-width,
age tracer particle follows flow frequencies up to 100 Hz—highd,, , is equal to 0.096and forms an angle of 5.43 deg with the jet
than what is expected beyond the jet periphery. A transparent @enterline. The half-width constant,, is equal to 0.114. The
ordinate grid is overlaid on the flume wall section in which the jetomputed dilution constanC;, is 0.332. Mean axial velocity
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Fig. 2 Example of mean radial velocity profiles

similarity begins at 22 jet diameters and turbulent axial velocitffles. For presentation, the absolute value of the inversion location

similarity begins at 38 diameters. The present experimental appes been plotted in Fig. 3. A straight line has been fit to the

ratus conserves 98% of the jet’s initial momentum at a distanceiaf/ersion data obtained from the LDA measured radial velocity:

20 diameters, and 91% at 40 diameters downstream. Within the

range of this investigation, it is a reasonable model of a jet in an r X

infinite environment, as per Hussein et [&@0]. D 20'1145 +0.462 ©
The profiles shown in Fig. 2 are sample plots of mean radial

velocity, V, versus the radial distance,from the jet centerline at with a correlation coefficientR?, of 0.813. The slope of 0.114

a specific axial distance from the jet exit. These profiles follow thegrees with the computed value of 0.115 reported by Mih

approximate “double S” shape. The location of the radial velocitysing the value of 0.114 fo€, from [26] and Eq.(1), the com-

inversion has been determined for 48 mean radial velocity prputed slope of the inversion line is 0.128. This is within 10% of

6 *
& Radial Velocity Inversion
O Fiow Visualization

——Radial Velocity Inversion Best Fit

0 T T T T T T T —

0 5 10 15 20 25 30 35 40
x/D

Fig. 3 Nondimensional mean radial velocity inversion
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Fig. 4 (a) Normalized mean radial velocity profiles at distance <12 jet diameters. (b) Normalized mean
radial velocity profiles at distance =12 jet diameters.

the experimentally obtained value. The angle that the radial velaeason given for this discrepancy. The limit of dye spreading was

ity inversion forms with the jet centerline is 6.50 d@gdg. 3). This difficult to determine at distances greater than 25 diameters due to
is greater than the jet half-width ang®.43 deg and implies that dilution.

the jet is still undergoing radial expansion at the half-width. The The mean axial centerline velocity is used to normalize the

width of the jet is also measured by scaled photographs of the dyean radial velocity profiles at the axial distance where the profile

flow visualization experimentg§Fig. 3). The limit of radial dye is taken. Although there is a significant amount of scatter in the

spreading follows the velocity inversion data from the jet exit tdata, the radial velocity within the turbulent jet appears to become

12 jet diameters. Its magnitude is smaller thereafter. There is noncurrent beyond 12 diametdiSigs. 4a) and 4h)).
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Fig. 5 Normalized maximum spreading and entraining velocity

The radial velocity at distances less than, and greater than thé’he mean radial velocity beyond the jet periphéhe entrain-
velocity inversion is defined as the spreading and entraining veent velocity is curve fit using the inverse functiotgqg. (5)), for

locity, respectively. The normalized maximum entraining velocitgach profile. Figure 6 presents an example of the radial velocity

(MEV) and normalized maximum spreading velocilSV) are data curve fit. The inverse function constaothas been deter-

plotted (Fig. 5. The MEV increases up to 20 jet diameters andhined for each profile. The average correlation coefficient is
appears to level off to a constant of 0.05 thereafter. This agreg®ater than 0.9 for axial distances less than 16 jet diameters, and
with the accepted value for of 0.057, the proportionality con- greater than 0.7 for distances between 16 and 40 jet diameters,
stant betweery andU (Eg. (2)). The MSV is always greater in inclusive. The inverse function constant is normalized by the mul-

magnitude than the MEV. It increases similarly to the MEV antiplying by D/Q,, and plottedFig. 7) along with the normalized
also appears to level off at 0.05 at an axial distance greater thanc2@erived from several other researchers. The normalzéar

jet diameters. axial distances less than 16 diameters is
0.15 ; *
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0.10 * 1 ! f
i : | |
i
0.05 - - 3 4
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Fig. 6 Detail of inverse function curve fit for radial velocity at 1 jet diameters
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x\2 X files and axial pressure gradient data. Furthermore, the entrain-
=-0.00009 —| +0.003=+0.012 (10) ment hypothesi¢Eg. (2)) can be misleading: It implies a constant
DU, D D . . o 2 -
radial velocity at any radial distance, but it is actually a definition
and for values of greater than 16 diameters: for a velocity scale. These authors suggest that it should be aug-
mented with the inverse function definition.
— —0.037 (11) The turbulent radial velocityy’, is plotted against radial dis-
DU, tance from the jet centerline. Turbulent radial velocity profiles

with a correlation coefficient of 0.78 for each. Equati@ and exhibit the expected double peak for axial distances less than or
Eq. (8) are combined with Eq(10) and Eq.(11) to obtain the €qual to six jet diameters, which agrees with Boguslawski and
dilution factor, C5 from zero to 16 diameters: Popiel[29]. The turbulent radial velocity profiles have been nor-

' malized by centerline velocity and plotted against (Figs. §a)

D2mc 2 and 8b)). The centerline values reach a maximum of 0.22 at 12
Cs= Qo = _0'000‘<5 +0'0245+0'096 12) diameters, the beginning of turbulent radial velocity self-
similarity. This maximum is within 4% of the values presented by
and a constant of Hussein et al[20] and Rodi[30]. The location is less than other
C5=0.297 (13) researchers, whose values range from 20 to greater than 150 jet

diameters. These authors can find no justifiable reason for this

for axial distances greater than 16 jet diameters. It is within 4% gkviation from theory.
Papanicolaou and Li§R7], 1.7% of Crow and Champagh&3],
and 11% of Rodko and Catald@6], who use the same experi-
mental apparatus and calcula@; by axial veloci rofile .
integratiorFl).p & b v Conclusions

Equation(7) is used withU, b, c, and the half-width data of =~ Mean radial velocity profiles in an axisymmetric, turbulent jet
Rodko and Cataldf26] from the end of the potential core to thehave been measured with an LDA. The profiles are in the shape of
beginning of mean axial velocity similarity, to provide an equatiotidouble S” curves. The position where the radial velocity changes

for the entrainment coefficient: sign, the radial velocity inversion, is plotted against axial distance.
|2 x The slope of this line agrees with empirically computed values
a= _0.000<_ +0.0064——0.0006 (14) reported in previous work. Using characteristic jet constants, the

D D slope of the inversion is analytically determined and falls within

10% of the experimental value. The angle that the radial velocity
for less than 20 diameters, and inversion forms with the jet centerline is 6.50 deg, which is
«=0.06 (15) gre_ater_than the_jet half-width ar]gle of 5.43 c_Ieg, impl_yin_g that_the
' jetis still spreading at the half-width. The radial velocity inversion
for greater than 20 diameters. It is evident from Egl) thata is is a more meaningful and definitive measure of jet width than the
not constant in the ZFE. Jet entrainment has a nonlinear behaaobitrary half-width. The spreading distance of Methylene blue
from zero to 16 jet diameters, which is in agreement with thdye has also been used to measure the radial velocity inversion.
range of values from Hil[15] and Fisher et al[28]. The mea- When plotted against axial distance, it approximates the LDA-
surement of entrainment via mean radial velocity falls within thmeasured radial velocity inversion.
range of previous entrainment measurements that used more indifhe maximum entraining velocityMEV) is defined as the
rect methods, such as numerical integration of axial velocity proaaximum mean radial velocity within the radial distance beyond
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Fig. 8 (a) Turbulent radial velocity profiles (8 to 14 jet diameters ). (b) Turbulent radial velocity sections (16 to 40 jet
diameters ).

the velocity inversion. The maximum spreading velo€MsV) is  eters. The jet dilution constanf;, was computed directly from
defined as the maximum mean radial velocity within the turbulettte inverse function constant, and found to be 0.297. This falls
jet. The MSV is always larger in magnitude than the MEV. Theiwithin the expected range of 0.185 to 0.34.
normalized values appear to level off at a value of 0.05 at axial The inverse function constant was used to find the entrainment
distances greater than 20 jet diameters. coefficient,a, which increases nonlinearly and reaches a constant
The entrainment velocity profiles were curve fit using the inef 0.06 at 16 jet diameters. The present valuex@fgrees with the
verse of the radial distance. The inverse function constardf value of 0.057 reported by most investigators. However, the en-
each profile was plotted against axial position. The normalizéchinment constant is a misleading concept, in that there is no
inverse function constantcD/Q,, increases nonlinearly and constant entrainment velocity that is directly proportional to the
reaches a constant of 0.037 at an axial distance of 16 jet dialmeal axial velocity by a factor ofx for all jet locations. The
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Concentration Probe
Measurements in a Mach 4
o.reusworn | NONreacting Hydrogen Jet

Faculty of Engineering and Surveying,

University of Southern Queensland, A new probe technique is introduced for the measurement of concentration in binary gas
Toowoomba, QLD 4350, Australia flows. The new technique is demonstrated through application of the probe in a Mach 4
nonreacting jet of hydrogen injected into a nominally quiescent air environment. Previous

T- "1 Jones concentration probe devices have mostly used hot wires or hot films within an aspirating

Department of Englmeerlng Science, probe tip. However, the new technique relies on Pitot pressure and stagnation point
University of Oxford, transient thin film heat flux probe measurements. The transient thin film heat flux probes

Oxford OX1 3PJ, UK are operated at a number of different temperatures and thereby provide stagnation tem-

perature and heat transfer coefficient measurements with an uncertainty of arobikd

and +4% respectively. When the heat transfer coefficient measurements are combined
with the Pitot pressure measurements, it is demonstrated that the concentration of hydro-
gen within the mixing jet can be deduced. The estimated uncertainty of the reported
concentration measurements is approximatey% on a mass fraction basis.

[DOI: 10.1115/1.1595671

Introduction centration probe, the device is robust and is well suited to com-
Concentration measurements are needed in many environmel ssible flow measurements. In the current work, the operating
y @Jﬁciples are first discussed and then the technique is demon-

where mixing and combustion occurs. Nonintrusive laser-bas ﬁed by describing stagnation temperature and concentration

techniques such as laser-induced fluorescence are currently YeAsurements in a nonreacting hydrogen free jet arrangement.
in many laboratories to measure concentrations of species such as

OH and NO. However, probe measurements can still make valu-
able con_tributior_13 in many sitL_Jations due to their low cost, aqgleasurement Technique
ease of installation and operation.
For concentration measurements in subsonic isothermal flows;Transient Thin Film Probes. Platinum films were hand-
various techniques based on hot wire anemometry have been dgginted onto the rounded end of fused quartz rods with a diameter
onstrated. For example, McQuaid and Wright2] used exposed of about 3 mm, as illustrated in Fig. 1. Three transient thin films
hot wire sensors for velocity and concentration measurementswere used in the present work. Low resistance gold leads were
subsonic jet flows. In general, at least two different overheat ratiaso painted onto the quartz and the active film length was less
are necessary if concentration measurements are to be obtaitheth 1 mm in each case.
from exposed hot wire devices. However, if an aspirating probe isThe films were operated in a constant current mode so that the
operated at choked conditions, then a single hot wire locatedltage drop across each film indicated the film resistance and
within the probe is sufficient for concentration measurements prthus its temperature. Each film was calibrated over its full range of
vided the stagnation pressure and temperature do not vary. Brogperating temperatures and a quadratic temperature-resistance re-
and Rebolld 3] developed such a probe for subsonic mixing laydationship was established for each film. The measurement tech-
measurements. Shock tube calibration tests indicated a respamisge (see Measurement df, andh) requires heat flux measure-
time of around 0.2 ms for the Brown-Rebollo devi€a]. ments at different surface temperatures. To generate the different
For concentration measurements in compressible flows, aspisifface temperatures, an external preheating unit was positioned
ing devices have also been used. Swithenbtkdiscussed a over film 1, as illustrated in Fig. 1. This preheating unit was
concentration probe which utilized pressure transducers to moswung away just prior to the probes traversing the jet.
tor the flow rate through a choked orifice which was located

downstream of the aspiraing probe tip. Ninnemann and($g tlpte flow is relatively high, it is usual to express the convective

used a hot wire upstream of a choked orifice with independ r?t transfer in terms of an enthalpy difference across the stagna-

measurements of total pressure and temperature to measure T hoint boundary layerd]. However, because of the modest
centration variations across a compressible shear layer. The maxi: P y 1ayenl. !

. L Co thalpies encountered in the current application, the gases remain
mum bandwidth for aspirating probes is limited to around 20 kHZ "2 i g '
because of the need topestab?isph a quasi-steady choked flow wit glorically perfect which means it is reasonable to express the

the probe[6,7]. anation point heat transfer as

The current article introduces a new probe technique for con- g=h(To—Ty). (1)
centration measurements in binary gas flows. The probe arran
ment utilizes transient thin film heat flux gauge technology an

represents a natural extension of the fast-response stagnation t%%ﬁe governing relationship, Eq1). Since the entire length of

perature probe technique that has been reported previgaly, ch film cannot be precisely at the stagnation point, the flow

. . e
When operated as either a stagnation temperature probe or a @ocity at the boundary layer edge will actually be nonzero for

the majority of the film length. However, for the present films

Contributed by the Fluids Engineering Division for publication in ticeJBNAL i s . . . R
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionWhICh were within 20 deg of their respective stagnation points, the

July 5, 2001; revised manuscript received Mar. 10, 2003. Associate Editors: K. Zactual flow temperature at the edge of the boundary layer will be
man and J. Katz. within about 0.5% ofT,, even forM,— o, the hypersonic limit,

Measurement of T, and h.  When the stagnation enthalpy of

Uie to the low velocity at the edge of the stagnation point bound-
layer, it is appropriate for the stagnation temperature to appear
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heating unit swings
away before a run

power supply leads

ceramic insulation for heating coil

\ thin film probe 1

platinum
film
gold leads
G0 1 2 3 4 5
pitot probe M
Fig. 2 Sensitivity of heat transfer coefficient to Mach number
front view side view as indicated by f(M.,, ,y) for y=1.4

Fig. 1 lllustration of the probe arrangement
and

[10]. (The hypersonic limit produces the largest departure of the R— Llc (10)

recovery temperature frofy, for a given distance from the stag- y P

nation point) H it ible t the heat t ’ ficient |
A single transient thin film heat flux probe will produce mea; ence, 1t IS possibie to rearrange the heat transier coetlicient n

surements of botlg andT,,, so if two thin films are operated at Eq. (2) with the aid of Eqs(8)—(10) as

different values ofT,, then bothh and T, can be identified since h=0.76D %% (M., , y)f(thermophysical properti¢pgi’l5

h is virtually independent off, in the current experimentsee

Measurement of Concentratiprin the current work, three films

were operated at a number of different temperatures so that RV

measurements of fluctuations could be obtained.

ere

T.\025 05
f(MxvY)ZVO'S(Y—1)70'25(Mx)0‘5(-|-—0) (I) 12)

Measurement of Concentration. This section demonstrates
how the concentration of a binary gas mixture can be identifi%;1d
from the transient thin film heat transfer coefficient measure-
ments. Theoretical result§9], suggest that the stagnation point  f(thermophysical propertigs c{ % %, C%*T; %%,
heat transfer coefficient for a sphere at any Mach number can be (13)

correlated using Equation(12) indicates that for subsonic flows, the heat transfer

KD)\%5 coefficient is a strong function of the Mach number but it rapidly
NU20-763P?'4R90‘5C°‘1(—) (2) becomes independent of the Mach number for supersonic flows as
* illustrated in Fig. 2 for a flow withy=1.4. Equation(12) is there-
where fore an important result because it indicates that in supersonic
hD flows, it is not necessary to have a precise measurement of the
Nu= — (3) Mach number in order to estimate the stagnation point heat trans-
Ke fer coefficient with reasonable accuracy. To obtain the result pre-
c sented in Fig. 2, the temperature rafio /T, in Eq. (12) was
Pr= pkte 4 evaluated using the usual isentropic relationship, and the velocity
Ke gradient term was determined using
peU..D KD
== — (5) u—~3(170.252v|§;o.017w1) for M,,<0.8 (15)
e ©
due and
K=o ©) KD (8pw)°~5
— for M,>1.2 (16)
o PwMw 7 U Pe
T peite ) with an interpolation between Ed15) and Eq.(16) for 0.8

<r'M°°<l'2' The stagnation point velocity gradient expressions
Ven by Eq.(15) and Eq.(16) are approximate relationships sug-
Bsted by Whitd9].
If the Pitot pressure is measured and the Mach number has been
identified such thaf(M..,y) is known with sufficient precision,
thenf(thermophysical properties) can be identified from the heat

Pitot pressure measurements are routinely made in typical exp
ments, and the current work is no exception, so it is convenient
rearrange the heat transfer coefficient in terms of the Pitot pr
sure. Assuming measurements are made within a perfecpgas,
enters Eq(2) through the Reynolds numbéEg. (5)) using

Pe Ppit transfer coefficient measuremen(sq. (11)) since the effective
PeRT. RT. (8) diameter of the probe is known or can be identified through a
€ 0 suitable calibration. The thermophysical properties of the flow are
The undisturbed freestream Mach number is a function of the gas composition and E@3) indicates that for

gases with sufficiently dissimilar thermophysical properties, the

m:u—*os (9) Mmeasurement of convective heat transfer coefficient can be used to
(YRT.)™ indicate the concentration of a binary gas mixture. Equatic
Journal of Fluids Engineering JULY 2003, Vol. 125 / 629
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Fig. 3 Sensitivity of heat transfer coefficient to the concentra- 700 e peral .
tion of the mixture as indicated by ~ f(thermophysical properties ) nitrogen
for a hydrogen-air mixture at T(;=290 K
<
<650
[
hydrogen
is plotted in Fig. 3 as a function of the mole fraction and 600
mass fraction of a hydrogen-air mixture wifhp=290 K and
T,=290K. In Fig. 3, the viscosity and conductivity of o d) heat flux
the hydrogen-air mixture have been evaluated using the Wilke g
formula. E-05
g 1
Experiment and Data Acquisition S -1 nitrogen .
i i i i yarogen
Experiments were performed using the free jet arrangement il- 15 . .
o 50 100 150 200

lustrated in Fig. 4. The contoured Mach 4 injection nozzle had a
throat diameter of 9.42 mm and was designed using the method of
characteristics. The nozzle exit diameter was 29.5 mm and the lip fig. 5 Typical signals obtained during the experiments
thickness was 0.5 mm. The injection nozzle was located in the test
section of the Oxford University Gun Tunnel. Either nitrogen or
hydrogen was supplied to the Mach 4 nozzle from an unheated
Ludwieg tube. Prior to a run, the test section was evacuated to
approximately 1.2 kPa, and the slug of gas in the Ludwieg tulseparation of film 1 and the Pitot probe was 27 mm. Traverses
was isolated from the low pressure test section by a fast-actingre performed at 4 locationg=1, 100, 200, and 300 mm. The
valve. Pitot pressure probe utilized a commercial piezoresistive trans-
A short time after opening the fast-acting valve, a pressudkicer with a perforated screen and was about 2.5 mm in diameter.
rise was indicated by the injection pressure transducer and theAs previously mentioned, the measurement technique requires
injection static pressure measured 3 mm upstream of the nozakat transfer measurements at different surface or film tempera-
lip decreased during flow establishment and then increastdes, and this was achieved in the current work using an external
back up to the steady injection value—see Fig)5The Ludwieg preheating unit as illustrated in Fig. 1. Although the preheating
tube filling pressure was chosen so that the steady injection statidt was positioned over film 1, the temperatures of films 2 and 3
pressure was approximately the same as the initial test sect&so increased through radiative heat transfer from the unit. The
pressure. temperature of film 1 was monitored during the preheating pro-
The thin film and Pitot pressure probes were initially locatedess, and when the required surface temperature was achieved, a
above the centerline of the jet and were driven across the jetrah was manually initiated.
around 70 ms after the fast-acting valve was opened—FRlg. 5 Prior to sampling, the amplified signal from the Pitot probe was
The traverse speed was approximately 1.7 m/s and the physicaVv pass filtered with a cutoff frequency of about 60 kHz. Signals
from all transducers were recorded at 8 kSamples/s and subse-
quently analyzed to yield the time averaged results. For the analy-
sis of fluctuating results, signals from the thin film temperature

t (ms)

[— LA SEEE TR RS i

i low pressure test section probes were processed by electrical heat transfer analogue units,
: [11], and were then sampled at 500 kSamples/s. The bandwidth of
mjeg”“ﬁﬁhnizzle tur?eutlent - 00mm LT the heat transfer analogue units extends to about 85 kHz.
- « Edisplacemen’( The mat_chlng of injection static pressure and_ test section pres-
’—' probes = sure remains somewhat uncertain because during a traverse of the
i T -0 :(}‘{:;'}f jet, the test section pressure transducer registered a value lower
L i s = than the initial test section pressure prior to flow establishment
N o et o0 — (Fig. X@)). During the traverse, the average test section pressure
o transducer T registered by the transducer was 1.05 kPa for the nitrogen jet and
B — P— 1.08 kPa for the hydrogen jet. The difference between injection
transducer pressure transducer fas\}:ll\clzgng and test section pressures leads to the development of shock-
— T T Y expansion cells within the jet flow and some uncertainty in the
@5m 'g‘;’g"‘gg;;?ﬁbore) static pressure within the jet for=100, 200, and 300 mm sta-
' tions. The shock and expansion waves appear to have little influ-
ence on any of the probe measurements; no such waves were
Fig. 4 |lllustration of the Mach 4 free jet arrangement visible in schlieren flow visualisation of the jet flows.
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Table 1 Injection parameters 650

Parameter Nitrogen Jet Hydrogen Jet 600y
M., 3.7+0.1 3.8-0.1 550¢
T.. (K) 78+4 72+ 4
p.. (kPa 1.20+0.04 0.8 0.07 500}
u.. (m/s) 664+ 10 2450+ 40 o
p.. (X103 kg/n?) 52+3 2.7+0.3 450+
=
400+
. . 35010 Hilm 1
Estimates of the Mach 4 nozzle exit flow parameters are pre- o fim2
sented in Table 1. These values are based on measurements of the 3% O fim3
static pressure, Pitot pressure, and the flow total temperature as 25! ’egress'°“1 - !

discussed in the next section. The uncertainties quoted in Table 1
are based on the estimated uncertainties and spatial variation of
the measured quantities at= 1_mm._ For _the stationsx= 100, Fig. 6 lllustration of heat flux for various probe temperatures

200, and 300 mm, the uncertainty in static pressure1g4% for ¢ two points across the hydrogen jet for ~ x=300 mm

the nitrogen jet and+32% for the hydrogen jetsubstantially

larger than quoted in Table) Hue to the mismatch of pressures

discussed previously. These uncertainties in static pressure are ) ) ) . )
substantial, but it is still possible to extract meaningful resul@U!d have been obtained using a single probe traversing the jet a
from the measurements, as will be demonstrated in the remaingfmber of times. The use of multiple probes within the same

q (MW/m?)

of this article. device reduced the number of traverses that were required.
To identify the flow stagnation temperature and probe heat
Time-Averaged Results transfer coefficient distribution at each traverse location, the spa-

tial variation of the probe temperature and heat flux data from

Transient Heat Flux Analysis. The transient thin film heat each probe was referenced to the center line of the jet via the
flux probes provide a measurement of probe surface temperatappropriate probe displacement measurentery., Fig. %b)). A
that must be converted into a heat flux using an appropriate mo¢iggar regression for the heat flux versus probe temperature data
for the transient heat conduction processes within the probe sugs performed at each position across the jet. Figure 6 illustrates
strate. In the present work, the heat flux was identified from tliBe regression at two locations across the hydrogen jet at
surface temperature signals using a finite difference rouir®}, =300 mm. The data presented in this figure were obtained from
which accounts for the temperature-dependent thermal propertiekge traverses of the jet at the points in time when each film
and the hemispherical geometry of the quartz substrates. It is ipgssed the locationg=0 andy=—20 mm. The film tempera-
portant to properly account for the temperature-dependent therriiiles appear to be almost identical at these locatigrsQ( and
properties of the quartz because of the elevated surface temp#ra-—20 mm) because the transient response of the films to the
tures encountered during the experiments and large probe surfé@gvective cooling resulted in relatively small differences in film
temperature variations during jet traverses, particularly in the caégnperature at the indicated locatiotsee Fig. 5 partgb) and
of the hydrogen jet, Fig. (6). The hemispherical geometry can(c)). The intercept of the regression line and the vertical axis in-
also be significant because the heat penetrates a significant disates the flow stagnation temperatyat that point within the
tance relative to the probe radius during the 50 ms or so takenj&y) and the inverse of the slope of each regression line indicates

the probe to traverse the jet, Fig. 5. the heat transfer coefficient of the proles that point within the
Typical examples of thin film temperature and correspondirigt).
heat flux measurements are illustrated in péisand(d) of Fig. The stagnation temperature and heat transfer coefficient results

5. The minimum heat fluxFig. 5(d)) occurs earlier than the mini- obtained in this manner are presented in Figs. 7 and 8. The bars
mum probe surface temperatufeg. 5(c)) because in its simplest illustrated on these figures indicate the magnitude of the 95%
form, the heat flux can be expressed as an integral involving taenfidence intervals derived from the statistical analysis of the
derivative of the surface temperatuf&?2]. linear regression datée.g., see Chatfielfi13]). At the center of

The time-averaged components of the probe temperature dhe nitrogen and hydrogen jets, the estimated uncertainty derived
heat flux data were identified by digitally low-pass filtering the
data such as that illustrated in Figicband (d). The cutoff fre-
qguency of the digital filter was varied with the traverse location:

1.0 kHz for x=1 mm, 0.5 kHz forx=100 mm, 0.2 kHz forx 40 2 x=tmm ) x=100mm
=200 mm, and 0.1 kHz fok=300 mm. 20

Stagnation Temperature and Heat Transfer Coefficients. E 01 i
At each of the four locations downstream of injection=1, 100, > o0 3
200, and 300 mm a number of traverses—either, three or four—
were performed at different initial probe temperatures. In princi- -40
pal, only two different probe temperatures are required for the ¢) x=200mm d) x=300mm
identification of the flow total temperature and heat transfer coef- 40 40
ficient (see Measurement df, and h). However, as the spatial 20 20
separation of the thin film probes was on the order of 10 mm, E , 0
which is on the same order as the half-width of the jet, the fluc- -
tuations in heat flux at the different probes are poorly correlated so -20 -20

it is necessary to adopt an RMS analysis for the identification of
fluctuations. While, the motivation for the use of multiple probe
temperatures was principally the RMS fluctuation analysis, the
analysis of the time-averaged results is also enhanced by the gig- 7 Time-averaged stagnation temperature measurements
ditional data at different probe temperatures. The same restiitshe hydrogen jet at 4 stations downstream of injection

-4 -4
360 270 280 290 300 310 860 270 280 290 300 310
T, (K T, (K)
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a) nitrogen, x=1mm b} hydrogen, x=1mm a) x=1mm b) x=100mm

20
£ ;
E 0 .
- » #

¢) nitrogen, x=100mm d) hydrogen, x=100mm ¢) x=200mm d) x=300mm

4% 02 04 06 08 1 0 02 04 06 08 1
concentration concentration

) nitrogen, x=200mm f) hydrogen, x=200mm

Fig. 9 Time-averaged hydrogen concentration profiles. Solid
line: hydrogen mole fraction; dots: hydrogen mass fraction.

pressure within the jet was taken as the average value between the
injection static pressure and the test section pressure values. The
function described in Eq13) was then evaluated for the nitrogen
using Sutherland’s law for the viscosity and conductivity, assum-
ing the flow stagnation and probe temperatures were both 290 K.
The heat transfer coefficiefiEq. (11)) was then evaluated with

the effective probe diamet& taken as 2.88 mm. The diameter of
2.88 mm was chosen so that the convective heat transfer coeffi-

g) nitrogen, x=300mm h} hydrogen, x=300mm

4% 200 800 1200 O 2000 4000 6000 cient predictions in the nitrogen jet &&= 1 mm matched the thin
h (W/m?K) h (W/m?K) film measurements, Fig(&. The 3 mm diameter is only nominal
) ] o and the stagnation point radius of curvature is generally less than
Fig. 8 Time-averaged heat transfer coefficient results at four 1.5 mm for these deviced17]. Thus, the nitrogen jet ak

stations downstream of injection. Solid lines: thin film probes;

dots: Pitot probe predictions, =1 mm has been used to calibrate the probes—an effective diam-

eter of 2.88 mm is physically reasonable.

At subsequent stations in the nitrogen(jeig. 8(c), (e), and(g))
predicted heat transfer coefficient distributions are in close agree-
ment with the distributions identified from the thin film probes.

temperature, and:3.5% for the heat transfer coefficient. GenerDifferences between the predictions and the measurements are
gpparent in the outer regions of the jet, for example, yor

ally, the relative measurement uncertainty in both stagnation te P ; .
perature and probe heat transfer coefficient increases with distanceo MM In Fig. &) and Fig. &g). In these regions the Mach

from the jet center line because the magnitude of the heat ﬂrgkmber is transonic or subsonic, and hence inaccuracies in the

approaches zer¢Fig. 5. For example, see the bars reported i ach number estimatéwhich arise due to uncertainties in the
Fig. 7 and Fig. 8 a‘p‘<=é00 mm. The éverage uncertaintiesyat ow static pressunewill have a strong influence on the heat trans-

—+20mm are=10 K and +6% in stagnation temperature ander coefficient predictioEq. (12), Fig. 2. Another obvious de-

- . tion between the measured and predicted results occurs at
heat transfer coefficient, respectively. ‘ﬁa . ; ;
The stagnation temperature measurements for the hydrogen ”?0.0 mm(F|_g. 8(_e)) towards the center of the Jet. The magnltud_e
Fig. 7, indicate the existence of significant spatial variations this de.V'a.‘“O“ is on the same °r.d?r as the estimated uncertainty
the oraer of+10 K. Similar results are obtained in the nitroge n the thin film heat transfer coefficient measurements of around

. . 2 . - .5% near the center of the jet.

jet, but the variations are less significalit4]. Spatial variations 8 o

in the stagnation temperature of jet flows have previously bee&lntt_?edc?se o{ghe hydrogen jet, Mach nlJtmberfdlstttzlbut}tcnns we_ret
observed in subsonig15], and Mach 2,[16], jet flows. Such !dentified from the pressure measurements as for the nitrogen jet.

effects have been described as “temperature separation” and q%%' ig. 8, two heat transfer coefficient predictions based on the
n

be explained in terms of either vortex or shock-vortex interacti Ot pressure measurements and '.Et.ﬂ) are p_re§ente_d. The
processeg15,16). igher of the two heat transfer coefficient predictions is for the

case of pure hydrogen, and the lower result is for the case of air.
Concentration Measurements. Concentration can be identi- Clearly, the thin film heat transfer coefficient measurements in the
fied from the heat transfer coefficient measurements provided tmgdrogen jet generally fall between these two limits.
Pitot pressure is measured and Mach number is known to a reaTo identify the concentration of hydrogen at each position, the
sonable precision, as indicated by Ea1). The distribution of value off (thermophysical propertigsvas effectively evaluated
flow properties identified from the Pitot prolies with the data using Eq.(11) with the thin film value ofh, the measured values
from the three heat transfer probese referenced to the jet centerof py;, the Mach number distribution estimated using the ratio of
line with the aid of the probe displacement measurement for ealhot and static pressure, aritl=2.88 mm (identified from the
traverse(e.g., Fig. %b)). nitrogen jet experimentsHaving obtained(thermophysical prop-
Pitot pressure measurements within the nitrogen jet were cosrties, the concentration of hydrogen was identified from Ec)
bined with static pressure measurements in order to identify tidich is principally a function of concentration as illustrated in
Mach number distribution within the jet flow. Static pressure wasSig. 3. Results from the concentration analysis are presented in
taken as equal to the value indicated by the injection static prddg. 9 at each station downstream of injection in terms of both
sure transducer for the traverse »at1 mm, however, for the mole fractions(the solid line$ and mass fractionéhe dots.
remaining traverse stationg+£ 100, 200, and 300 mmthe static On the jet center line, the results in Fig. 9 indicate that the

from this regression analysis was arouh8 K for the stagnation
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hydrogen concentration is around 0.998 in terms of mole frac- a) x=1mm b} x=100mm
tions, or around 0.98 in terms of mass fraction. It is expected that =<
the actual hydrogen concentration in the jet core wW§s
>0.999 orY,,>0.99 because high purity hydrogen was used and
care was taken to evacuate and thoroughly flush out the Ludwieg
tube prior to final filling with the hydrogen. The fact that the
concentration of hydrogen within the core wég,~0.98 is in-
dicative of the level of accuracy that can be anticipated with this
technique, rather than a contaminated hydrogen stream.

The primary source of uncertainty in the measurement of con-
centration is the measurement of the thin film convective heat
transfer coefficient of the probes and the estimatiof(® .. ,y)

X pgf using the Pitot and static data. The uncertainty in the thin
film heat transfer coefficient measurements has been estimated as
around +4% in the jet core and uncertainty #(M..,y)X pp
predictions based opy,;; andp., is estimated as arountd3%. This

leads to an uncertainty in the value fofthermophysical proper- iy 19 stagnation temperature fluctuations at four stations
ties) of around+5% within the jet core. Giverfithermophysical gownstream of injection for three different values of To— T
propertie remains a reasonably linear function of hydrogen mass

fraction, Fig. 3, the uncertainty i, remains at around-5%

over the entire range of concentrations. Howeverf(ggrmo-

physical propertigsis a far more nonlinear function of hydrogen _ q'?
concentration when expressed on a mole bdss 3), the uncer- (T52)1’2~ ( r) .
tainty in mole fraction varies between abati2% for X,;,=0.9 up h?
to about+25% for X,,=0.4, assuming the uncertainty ftther-

mophysical propertigsremains at=5% over this range of con-
centrations.

Torms K

Orms

(19)

If a number of different thin film probe operating temperatures are
used, then each of the fluctuation terms on the right hand side of
Eq. (18) can be identified from the measured fluctuations in the
stagnation point heat flux and the measured time-averaged quan-
tities. In supersonic flows, the fluctuations in the heat transfer
Fluctuation Results coefficient will be primarily due to fluctuations in concentration
and Pitot pressure, since the sensitivity to fluctuations in Mach
Transient Heat Flux Analysis. High bandwidth stagnation number is low for supersonic flows, E(.2) or Fig. 2. However,
point heat flux results were identified from the analogue voltagke actual magnitude of the concentration fluctuations cannot be
signals using an appropriate analogue sensitivity which varieasily identified using the current approach because the term
with the time-averaged probe temperature. This is a reasonaplgthermophysical propertiesp{)il cannot be readily estimated.
approach because at frequencies higher than about 1 kHz, the hegtfluctuations in concentration are of interest in future applica-
penetrates only a small distance relative to the probe radius, afifhs, a better approach would be to reduce the spatial separation
the associated temperature fluctuations are not large enoughofi@he thin film probes and Pitot probe. A spatial separation of
induce significant variable thermal property effects. Similar agreated and unheated films of around 1 mm has already been dem-
proaches have been used in previous studies with transient thifstrated[10]. Inclusion of a Pitot probe in close proximity to
film probes,[14,17. such a configuration would allow instantaneous concentration
Fluctuations in the stagnation point heat flux were then identheasurements to be made and by pass the treatment of fluctua-
fied by treating the sampled high bandwidth signals with the digirons using mean-square quantities. However, for the time being,

tal filters discussed previouslisee Time-Averaged Resultén  fluctuation measurements from the probe are restricted to stagna-
order to first identify a time-averaged result. This time-averagefn temperature fluctuation results.

result was then subtracted from the original high bandwidth re- ) ) ) -
sults to obtain the fluctuating component. Results. Stagnation temperature fluctuations identified from

) ) ) ) ~ the probe measurements according to B are presented in
Fluctuation Analysis. Resolving the total stagnation pointrig. 10 for three different probe temperatures ranging fiBm
heat flux into mean and fluctuating components, =315 to 350 K. Taking the time-averaged flow stagnation tem-
q=a+q’, 17) perature as aroundy,=290 K (a reasqnable apﬂroxiLnation fer
=100, 200, and 300 mm, Fig),he difference To—T,,) for the
and treating the heat transfer coefficient and temperatures in ggta represented by the different lines in Fig. 10 typically varies
(1) in a similar manner, it is found that the fluctuations in the he@fetween about-25 and—60 K. Given that the stagnation tem-
flux are related to the fluctuations in heat transfer coefficient ap@rature results identified using Ed.9) are very similar regard-
stagnation temperature according to less of the actual probe temperatures within this range, it is con-
— 3 — cluded that results in Fig. 10 are a good representation of the
Q° h_ T_fT_)2+2w To-To)+T2 (18) actual stagnation temperature fluctuations.
h? - h? (To=Tw h (To=Tw 0 The largest difference in RMS stagnation temperature fluctua-
tions identified by using the different probe temperature occurs at
To achieve the result expressed in Efg), it was necessary to x=300 mm, Fig. 10. At this station, stagnation temperature fluc-
neglect higher order terms and to recognize that the probe tetwations were also identified by curve fitting a quadratic function
perature fluctuations,, are less than 0.4% af /h for the present to the (T,—T,,) versusq’?/h? data for all of the probe tempera-
conditions, and hence can be neglected. tures up toT,,~610 K as suggested by E@.8). Results from this
If the heat flux probes are operated at a temperature very clagedratic analysis are presented in Fig. 11 where a comparison is
to the flow stagnation temperature, then E) indicates that the made with results obtained using the approximation given in Eq.
RMS stagnation temperature fluctuations can be directly identifiétl9). These results provide additional confirmation that the results
from the fluctuations in heat flux and the time-averaged heat trams-Fig. 10 are a valid representation of the actual stagnation tem-
fer coefficient measurements according to perature fluctuations.
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20 necessary. The external preheating unit could be replaced by an
internal heating system in a hollow quartz propE?7], or by ex-
citing one film with a relatively high current puls¢l0]. The

10 pulsed heating arrangement[aD] offers the additional advantage
of higher spatial resolution, and if a pitot pressure transducer were

- — T T,=24K incorporated into such a configuration, instantaneous measure-
g 0 ; —g;ﬁ ments of concentration would also be possible.
> ‘ quadratic analysis
-10r
Nomenclature
. = gpecific heat
-20 . P — 50 = Chapman-Rubesin parameter, defined in &g.
Toums (K) = probe diameter

= convective heat transfer coefficient

= conductivity

stagnation point velocity gradient, defined in E6)
= Mach number

= exponent in power-law viscosity expression

= Nusselt number, defined in E()

Conclusions = pressure

The present work introduces a new concentration probe med-! = Prandtl number, defined in E¢d)

surement technigue for use in binary gas flows. The technique il = sSurface heat flux

based on the measurement of the convective heat transfer coefff} = SPecific gas constant

cient associated with nominally identical stagnation point tranR€ = Reynolds number, defined in Ep)

Fig. 11 Stagnation temperature fluctuations in the hydrogen
jet at x=300 mm

pzd
S EesZRxO00OS
Il

sient thin film heat flux gauges. Pitot pressure measurements aré — emperature
used in conjunction with a heat transfer correlation and the heato — stallgn_atlon temperature
transfer coefficient measurements to identify the concentration ofd = Velocity

the mixture. The stagnation point heat transfer correlation indi- X = distance from jet exit, or distance along probe surface
cates that at supersonic speeds the convective heat transfer coef-  [70M stagnation
ficient is virtually independent of the flow Mach number. Thus, it X = mole fraction .
is not essential to have accurate measurements of static pressu% = distance from jet centerline
provided the binary gas flow is supersonic. — mass fraCt'Of.‘.

As a demonstration of the new technique, the probe was oper-Y = ratio of specific heats
ated in Mach 4 nitrogen and hydrogen free jets issuing into a low* ~ VISCOSIty
pressure air environment. The nitrogen jet results demonstrated® = density
that accurate predictions of the thin film probe heat transfer coeSubscripts
ficient were made within the supersonic portion of the jet based on e
Pitot pressure measurements and estimates of the static pressur%it
within the jet. When the probe was applied in the hydrogen jet, W
concentration measurements of arouigh=0.98 were obtained
within the jet core flow—a slightly lower hydrogen concentration
than anticipated. However, this result is quite good considering
that the uncertainty in mass fraction measurement is estimated as
around*=5% for the technique in its present application. HydroReferenCES
gen concentration measurements are presented for four stations , ) ,
downstream of the Mach 4 nozzbe=1, 100, 200, and 300 mm. 1] McQuaid, J., and Wright, W., 1973, *The Response of a Hot-Wire Anemom-

. . eter in Flows of Gas Mixtures,” Int. J. Heat Mass Transfi, pp. 819—-828.

Stagnation temperature measurements have also been Obta'nﬁﬁj McQuaid, J., and Wright, W., 1974, “Turbulence Measurements With Hot-
using the probe. Although there was reasonable spatial uniformity = wire Anemometry in Non-Homogeneous Jets,” Int. J. Heat Mass Trarister,
of stagnation temperature across the hydrogen jet core flow at 3] grr)(.)v:\;/ﬁl_GMI?. and Rebollo, M. R., 1972, “A Small, Fast-Response Probe to
=1mm, S|g_n|f|cant_ p?aks anc_i trOl.Jgh.s are apparent at t.he dOWY{- Measu‘re Co'rynposition of ayBir;ary'/YGas Mixture,” AiAA a0, ppr.) 649-652.
stream stations. Similar spatial distributions of stagnation temq4) swithenbank, J., 1977, “Measurement in Combustion Processéedsure-
perature have been observed previously in free jets flows at much ment of Unsteady Fluid Dynamic Phenometga E. Richards, ed., Hemi-
lower Mach numbers and have been attributed to vortex-induce?s] E‘?ﬁﬁéﬁ;gxﬁs'?”,?t°2r‘,§ﬁ‘ p\% 1F891—929122-“A Concentration Probe for the Stud
energy separation effeci[slS,lGl_. RM.S. fluctuations in stagnation of Mixing in'Supe’rsonic g’hear Fqlows,”y Exp. Fluid3, pp. 98-104. g
temperature have also been identified from the probe measurges) ng, w. F., and Epstein, A. H., 1983, “High-Frequency Temperature and Pres-
ments. At the exit of the injection nozzle, RMS fluctuations of  sure Probe for Unsteady Compressible Flows,” Rev. Sci. Instr&d.,pp.
arourd 1 K are apparent, while at the last station=(300 mm), 1678-1683.

RMS fluctuations of between about 5 K and 15 K occur within the [7] VanZante, D. _E.,_Suder, K. L., Strazisar, A. J., and Okiishi, T. H., 1994, “An
Improved Aspirating Probe for Total-Temperature and Total-Pressure Measure-

central p_OI’ti_Oﬂ Y<<=20 mm) of the hydrogen jet flow. ments in Compressor Flows,” ASME Paper No. 94-GT-222.
The thin film probes are robust and have a frequency responsg] Buttsworth, D. R., and Jones, T. V., 1998, “A Fast-Response Total Tempera-

that extends to around 100 kHz, and the measurement technique ture Probe for Unsteady Compressible Flows,” ASME J. Eng. Gas Turbines

: : : Power,120, pp. 694-702.
appears well suited to supersonic flow environments. However[g] White, F. M., 1991, Viscous Fluid Flow’ 2nd Ed., McGraw-Hill, New York.

two fac_tors that may preclude _the application Of_ the_p.resent COM10] Buttsworth, D. R., and Jones, T. V., 1998, “A Fast-Response High Spatial
centration probe arrangement in other supersonic mixing configu- Resolution Total Temperature Probe using a Pulsed Heating Technique,”
rations arg(1) the absence of a local static pressure measurement ASME J. Turbomach.120, pp. 601-607.

: : B e 11] Oldfield, M. L. G., Burd, H. J., and Doe, N. G., 1982, “Design of Wide-
and(2) the operation of the external preheatlng unit. An addltlona[ Bandwidth Analogue Circuits for Heat Transfer Instrumentation in Transient

cone or Wque pressure probe COU'Q be incorporated into the ar- \ind Tunnels,”Proceedings 16th Symp. of International Center for Heat and
rangement in cases where local static pressure measurements aremass TransferHemisphere, Washington, DC, pp. 233-257.

= boundary layer edge

= Pitot

= surface value
undisturbed freestream
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G. Grégoire'

2> 1 Modeling of Turbulent Fluid Flow

M. Favre-Marinet

== ¥ Qver a Rough Wall With or
Laboratory of Geophysical ag;je:]rz)%lf;tﬁﬁlwzros\/lvg W ith 0 ut S u ct i 0 n

UJF-INPG-CNRS,

38041 Grenoble Cedex gBErggé(e The turbulent flow close to a wall with two-dimensional roughness is computed with a
two-layer zonal model. For an impermeable wall, the classical logarithmic law compares
well with the numerical results if the location of the fictitious wall modeling the surface is

F. Julien Saint Amand considered at the top of the rough boundary. The model developed by Wilcox for smooth
Research Scientist, walls is modified to account for the surface roughness and gives satisfactory results,
Center Technique du Papier, especially for the friction coefficient, for the case of boundary layer suction.
BP 251, [DOI: 10.1115/1.1593705

38044 Grenoble Cedex 9, France

1 Introduction type of very rough impermeable surface and secondly to propose

Although numerical modeling of turbulent flows is continu2 modification of the suction or blowing laws when they are ap-

ously progressing, some questions remain open and need furligd to such rough walls. ,

investigation in many practical situations. Among them, the prob- 1€ flows were computed by using the Fluent™ CFD software
lem of modeling the flow over rough surface corresponds to'4th @ two-layer zonal turbulence model, which is suitable for
very common situation in industrial or geophysical application@odeling the flow in the near-wall region. The law of the wall
and it has therefore received much attention from many researé@mmonly used in the wall-function approach was compared to
ers. Areview of the different works on this subject can be found ifie results of the numerical computation.

Patel[1]. The simplest way of modeling high Reynolds number

wall flows, and historically the oldest one, is to use a wall-

function approach and to match the mean velocity profile to the

logarithmic law near the wall. When a rough wall is considered,

the velocity profile is well described by introducing a shift, calle  Numerical Approach

the roughness function and denot®B, in the logarithmic law of - ) )

the wall,[2,3]. Such a wall-function approach is desirable in many 2-1 Flow Conditions. The present study is motivated by op-
situations since it avoids detailed computations of the flow in tg,gnlzatlon of the flow in pressure screens, which are used in the

viscous sublayer and in the buffer layer and therefore saves laf

computation time. However, Patl] underlines “the uncertainty &’nm), which are machined in the screen wall in order to retain the

n th? dependen_ce aiB on the size a_n_d type of roughne_ss anQontaminants whereas the useful fibers are entrained by the flow
also in the effective location of the fictitious wall, from which the

i ) 4. Patel sh d inad fthe | across the slots. In order to avoid floculation of fibers, a tangential
Istance Is measured.” Patel showed some inadequacy of the loggsiion parallel to the wall is imposed to the flafor details, see

rithmic law for modeling a turbulent flow over a wavy wall, whichg)) This tangential velocity component is due to the entrainment
can be considered as a kind of rough surface and applicatigfihe fluid by two-dimensional foils moving in the pulp close to
of the wall-function approach is questionable for this type ahe wall (typical distance: 12 minIn a reference frame fixed to
surfaces. the screen wall, the flow near the surface may be considered as a
Turbulent flows over porous walls with blowing or suction haveteady shear layer of uniform thickness perturbed periodically by
been extensively investigated. A simple model was proposed the passage of the foils. Unsteady phenomena are localized during
Stevensor{4] and in a modified version by Simpson et BB]. the passage of the foils and may be disregarded during the rest of
Wilcox [6] suggested modifying the von Karman’s constant anithe time in a first approach. As a result, the wall region is modeled
obtained results consistent with the experimental investigationsinfthe present study as a layer of uniform thickness submitted to
Andersen et al[7]. However, these models did not specify theteady flow conditions.
surface roughness and to our knowledge the problem of modelingrhe shape of the rough wall in the present work corresponds to
a turbulent flow over a very rough wall with suction has not beethat of industrial pressure screens. It consists of a periodic jagged
considered yet. profile (Fig. 1). The geometry considered and the flow are two-
The present study is concerned with turbulent flows over a wallmensional. The flow rate across the slots and the flow rate of the
with two-dimensional periodic roughness. This type of roughnesgngential motion are adjusted independently in the computation
is used in the paper and pulp industry and in industrial heat exs well as in the industrial situation. The particular case of null

changers, for example. The purpose of this work is twofold, firgfow rate across the slots corresponds to impermeable wall.
to clarify the issue of the effective location of the wall for this
2.2 Computation Domain and Boundary Conditions. The
presently, Engineer, Retec, Paris, France. wall profile is characterized by periodic steps of height equal
Contributed by the Fluids Engineering Division for publication in tis@NAL ~ to 1.2 mm and of wavelength, equal to 3.2 mn{Fig. 1). Only
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DIVISlonéHi[ee waves of the pattern are considered in the computation do-

November 21, 2000; revised manuscript received Febuary 12, 2003. Associate - . ’ ]
tor: E. W. Graf. main. The domain height is kept constant for all the computa-

gycling paper industry to filter the paper pulB]. In these de-
ces, the pulp is forced to pass through very fine s{afislth 0.1
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Table 1 Influence of the grid resolution on the velocity profile
over the wall crest. Differences with the results of case 4 are

given in %.
Q ylks VIV, (Case 4 AV/V, (Case )} AV/V, (Case 2 AV/V, (Case 3
6y 0.005 0.255 -6.6 —4.4 —4.2
0.106 0.382 -1.9 0.2 0.5
0.537 0.571 —-2.7 0.15 0.5
) 4.958 0.944 -0.9 0.05 0.2
v1rtua_ly
wall” ¥
Fig. 1 Computation domain Ci= KC;3/4, A,=T70, A,=2c, (5)

with x=0.41,C,=0.09

tions, according to the assumptions discussed above. A more g r12t4 thmerlcal Schemeh_l\Ne employed a hyb”gl mt_esh |nfor-
eral case would correspond to the problem of developirftf, o OPlMIz€ accuracy whil€ insuring a reasonable time of com-
tation. Rectangular cells were used near the wall in order to

boundary layers, but is not considered here. Y -
y 1ayers, ntrol most efficiently the distance to the wall and to have suf-

The computed flow is assumed to be fully developed in tq"éo. nt in the vi bl At least t I
x-direction. It is therefore supposed to repeat periodically with tH&'S dacctlrj]racy n (IEI viscous Sézg%er'_r . easi en ”ce S were
wavelength of the wall profile. Since the length of the computzP— aced n the near wall region (Bl ). Triangular cells were

tion domain is a multiple of the wavelength, periodic boundarysed in the external flow (Re>200) in order to minimize the
conditions are assumed at the inlet and outlet sectiorend (o)  cells number while keeping a low cells skewness when the size of
of the domain. In the case of impermeable wall, the flow @te the cells was increased. The whole mesh consisted of about
per unit span across these sections is prescribed. In additionl 5000 cells.
condition of symmetry is assumed on the upper boundaryf The equations were discretized by means of a second-order
the domain, which is located at a distartderom the bottom of accurate finite volume method. As these equations are nonlinear, a
the troughs of the rough surfac€gig. 1). SIMPLE (semi-implicit pressure linked equatigreigorithm was
When suction is applied through the wall, the velocity distribuased. This algorithm is based on a prediction-correction method,
tion in the slots is assumed to be unifofsuction velocityV,). A which allows the equations to be linearized. The drawback of this
uniform downward velocityV ., through the upper boundary isiterative method is the convergence slowness. It was checked in
introduced in order to balance the outflow through the slots: these calculations that the number of iterations is proportional to
_ the number of cells. The computation started with uniform values
Vipor=Vpd/L. 1) of the various physical quantities. The software Fluent™ V6.0
It is worth noting that the suction velocity,, is constant along was used on a PC HP Vectra Xu.
the upper boundary in keeping with the assumption that in-
dependent ok along the computation domain. Strictly speakingC

the velocity field is periodic irx, but the influence of the jagged ~15 m/s). The kinetic turbulent enerdgyand the rate of dissipa-

profile is limited to a narrow band near the surfé8ection 3.1 .. L ; "
In the case of suction, it was no longer possible to set simult%(-)n of the turbulent kinetic energy are the physical quantities,

neously a condition of symmetry and the above condiia. which converge with the slowe43t rate. The level of normalized

(1)) on (u). A constant tangential velocity, was then assigned on residuals fork agds reacf;ed 10" for both quantities after 2500

(u) (details are given in Section 3.3 iterations, 5 10° and 10 °, respectively, after 10,000 iterations.

Additionally, the flow rate near the wall was computed to follow

2.3 Turbulence Model. The numerical computation em-the convergence of the calculations. It was defined in a cross

ployed the two-layer zonal modé&enoted TLZM thereaftefirst section over a wall cresx&L) by

developed by Wolfsteifi9] and later by Chen and Pa{dl0]. The =05 mm

present version is a combination of tkes RNG (renormalization Qu= f udy (6)

group model used far from the wall and a mixing length model W

used near the wall. The boundary between the two layers is d

fined by a turbulent Reynolds number, Réased on the distanceT%e variation ofqyv during 25,000 iterations showed that a mini-
f y int (cell ty in th VB | tatioto th mum (—6% relative to the final valjewas reached after 2500
yy of a point(cell center in the numerical computa € jterations. The asymptotic value was approached with a good ac-

2.5 Numerical Accuracy. Tests were conducted for a typi-
al case of flow with a moderate suction rai,€ 3.5 m/s, V;

y=0

nearest wall curacy(+2%) after 10,000 iterations.
Re, =pk¥y, I u 2) A first computation(case 1 was conducted with a grid of
' 15,700 cells, then the grid was refined in the region of high dis-
wherek is the turbulent kinetic energy. sipation rate(downstream of the separation point at the wall
For Rg, <200, the one-equation model of Wolfstein is usedsres). This case 2 used 18179 cells. Further refinentease 3,
The turbulent viscosity is computed from 20,555 celly was considered near the stagnation point, near the
B 2 vortex center(Section 3.1 and in the region of high values &f
m=pCk" 1, Finally, the grid of case 2 was otherwise refingdse 4, 19,118
|,=Cyys(1—exp— R, IAL)). ©) cells) near the separation point and in the shear layer, which de-

velops in the downstream direction behind this point. The influ-
The dissipation rate is modeled by introducing a second lengtrence of the resolution of the grid on the mean velocity profile over
scalel the wall crest was then investigated. Table 1 compares the com-
puted values of the-velocity with the results of case 4, which

— 1,312
e=k"l,. was considered as the more accurate solution, for several dis-
l,=c1y1(1—exp —Re, /A,)). (4) tances to the wall. According to Table 1, the mean velocity profile
© 1€ is computed with an accuracy better than 1% over most of the test
The constants proposed by Chen and Fdt@] are section for cases 2 and 3. Errors can be estimated to 2—3% for
Journal of Fluids Engineering JULY 2003, Vol. 125 / 637
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Fig. 2 Pattern of streamlines close to the screen basket. VI Vi=13.

case 1. The differences with the most refined case grow to 4—7Pe mean velocity profile is then given by
very near to the wall. The skin-friction coefficient is also slightly

affected by the grid refinemefdifferences less than 1% between u(y)/u* =1k In((y —yw)’ks) +B. ©)

cases 2, 3 and 4, 7% between cases 1 and 4 In order to compare the solutions associated to different posi-
tions of the virtual wall,u* was adjusted for each value g, in

3 Results Eq. (9) so as to give the prescribed mass flow r@téhrough the

cross section CMFig. 1) over a crest. The relation betwe®mand

3.1 Description of the Flow. A typical result showing the = \as obtained by integrating the logarithmic Ié&q. (9)) from
mean flow field is drawn in Fig. 2 for a moderate suction ratg_q o H—ks. The following relations are obtained:

(V,/V=1/3). The back-facing steps produce flow separation and
create recirculation bubbles between two successive crests. Two U = Q
particular streamlines may be considered for helping description D(H—Ks,Yy) —D(0y,,) +B(H—k)
of the flow. A streamlinel, starting slightly upon a wall crest
ends at a stagnation point A on the opposite side of the waifth
profile. On the other hand, a streamlifg starting at a wall crest —(y— _ _
C ends at a stagnation point B on the backside of the wall profile. DY:yu) =y =yw (In(y =ywlks) = 1)/ (1)
Lg is then the boundary of the recirculation bubbfg, and Lg Vi/u* =1k In[(H/ks—1—y,/ks)]+B. (12)
determine a streamtube corresponding to the flow through the s
When the wall is impermeable, the flow features are essentiaj
the same, except that only one particular streamlipeis to be
considered. In this casg, starts from C and it is the boundary of Ci=2(u*/Vy?2. (13)
the recirculation bubble.

It is worth noting that the mean streamlines are only slightl
perturbed by the wall even for small distances to the crdsts

(10)

t'addition, the skin-friction coefficient was obtained from the
Bove relations by

The equivalent coefficient was computed with TLZM by inte-
grating the total stress exerted on the wall profile con@im the

2) computational domaiigl: curvilinear abscissa, element of length
' dl).
3.2 Check of the Logarithmic Law for Impermeable 1 1
Rough Wall. The purpose of the present section is to compare Cf:—zi( J pnxdl+j rxdl) (24)
the mean velocity profile resulting from the preceding TLZM pVil2 c c

computations with the logarithmic law which is used in the wall

’ ) 'where is the pressuren, and 7, are, respectively, the
function approach for the case of impermeable w&ll<0). In P D X X P Y

. . A A . -components of the normal unit vector and of the computed wall
this approach, the mean velocity profile is described in the fulyear streseC; includes the pressure and friction effects for this
rough regime[3], by nonhorizontal surface. This definition of an equivalent friction co-
u(Y)/u* =1/x In(Y/ks) +B (7) efficient is the same as in Taylor et é]_.l]. It is here nondimen-
. o ] ) sionalized with the length3 of the equivalent plane virtual wall.
whereu* denotes the friction velocity equal tér,,/p (7 is the  The above calculations were performed ky=1.2 mm, H
wall shear stregsB=8.5 for very rough walls{3]. i =12 mm, Q= 0.15 nt/s/m which were of industrial interest. The
Y is the coordinate normal to the wall. In fluid mechanics teXtReynolds number based on external velocity and half-channel

books, the origin ofY is not always clearly defined. In fact, thepgjght isv,H/»=2.16. It should be noted that the present geom-
formulation of Eq.(7) implies that the wall is represented by a

A
fictitious plane surface, which corresponds to the origiry.ofor etr%/ (g(l)rr(;spogds_ tog vsry r?hugh Wallzs(~§t0(_)0)a for t t
very rough walls, it is crucial to clearly specify the effective lo- ‘Ti. ﬁ inth Ig:rt SI OW" etrtehsu sro . a'rfo orm\j/vo teﬁhreme
cation of this fictitious plane surface when using E@. The positions of the virtual wall, at the cresty,(=0) and at the
complementary issue of the present discussion concerns therefore
the position of the fictitious wall which gives the best agreement
of the logarithmic law with the mean velocity profile as given byrable 2 Influence of the position of the virtual wall on the fric-
the previous numerical computations. For sake of clarity, the réen velocity, axis-velocity, and friction coefficient
sults will be compared in a reference frame which origin is lo

cated at the top of the rough surfageint C of Fig. 1. y is the u* (m/s) Vi(H-K)/Q Cf 100
ordinate in this reference frame. yf, denotes the location of the Vo= —k 1131 1.15 0.99
virtual surface introduced in the logarithmic laWwig. 1), Y andy Yw=0 1.219 1.21 1.04
are related by Numerical 121 1.20 1.04
computations
Y=Y~ Yy. ®)
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10 g ; (13) and(14) and not the local value of the shear stress. This latter

‘ ‘ choice would have led to incoherent results since the shear stress
is extremely variable on the wall and may even be equal to zero at
the stagnation point AFig. 2).

For the case of an impermeable wall and for the present type of
roughnessjagged wall profilg, it may be concluded that the loga-
rithmic law is a good approximation of the mean velocity profile
v over the whole rough surface. In this case, the location of the
57 ‘ | T # | virtual wall modeling the rough surface must be taken at the top of

; the ridged wall.

o —— |
ylks o 1 ]

} A numerical simulation
77 =—|ogarithmic law, origin at the crest
= ~—Ilogarithmic law, origin at the trough

6

3.3 Suction Effects. When suction is applied through the
regularly spaced slots of the basket, the features of the flow are
not very different from the impermeable case, as it was remarked
in Section 3.1. In particular, the streamline pattern of the mean

- flow over the wall crests is not strongly affected by suction.
0 e -~ i Therefore, modeling suction effects over this rough wall may be
0.0 0.2 0.4 0.6 0.8 1.0 tentatively undertaken by considering uniform suction through a
ulVt fictitious plane porous wall. Considering the results of the imper-
) . ) meable case, it seems appropriate to locate this virtual wall at the
Fig. 3 Inﬂu_ence of the position of the virtual wall on the mean crests of the wall.
velocity profile at - x=0 The problem of suction through a smooth wall was studied by
Stevensorj4] who proposed a mixing-length approach to model
the flow. In this model, the mixing length is still supposed propor-
bottom of the troughsy, = —ks) of the actual wall profile. The tional to the distance to the wall whereas a source term due to
mean velocity profile computed over a crest by TLZM is alsguction is introduced in the momentum budget in the near-wall
plotted in Fig. 3. region. Integration iry of the x-momentum equation results in

For this type of roughness, Fig. 3 clearly shows that the best
agreement with the numerical results is obtained when the virtual a4 (ﬂ
wall is placed at the crests of the actual wall. ay|\dy

This conclusion is confirmed when computed velocity profiles . . .
are considered at three evenly distributed sectlo@sapart(Fig. wk:erevpor_ IS rélatig to the_s:ijctlon velocity by ECH).

4). The velocity profiles almost collapse when the normalized dis- ntegrating Eq(13) in y yields

tance to the wally/Ks is higher than 0.4. Again the logarithmic 2N30r((1+V304J*)1’2— 1)=1kIn(y")+C (16)

law used withy,,=0 (Eq. (9)) gives a good approximation of the

velocity profiles. The actual mean velocity profile departs, hovwhereVgoﬁ —Vpor/U*.

ever, significantly from the semi-logarithmic law fgrk;<0.3. The constant of integratio@ is obtained by matching Eq16)
Velocities are higher in this region because a mixing layer deveb the logarithmic law for smooth impermeable walls Whé@r
ops between the upper part of the flow and the recirculating vortesnds to 0. This give€ =B=5.5.

near the wall. When a rough wall is considered and modeled by a virtual

These results show that the details of the flow between therous plane surface, the same method may be applied, but the
crests(separation, reattachmerds shown on Fig. 2, have little right-hand side of Eq(16) has to be matched with the logarithmic
effect on the mean flow field at a sufficient distanee0(4k;) to  law corresponding to rough surfaces. In this case, we obtain
the wall. It is important to remark that the logarithmic plot of all

au
pr?y?

ZPU*Z_PVporU (15)

the profiles uses the same mean friction velocity defined by Eq. C=B-AB=5.5-1/xIn(1+0.%,) (17)
16
u/u*
14 1
¢ x=0, numerical computation
12 s x=L/3
a x=2L/3

10 ——logarithmic Iaw.

8

6

4 PR e-‘ >

®  a A A ‘
2 g
/
/
J/
0
0.001 0.01 0.1 1 10
yiks
Fig. 4 Mean velocity profiles at different positions along the wall
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whereAB is the shift of the logarithmic law for a rough surface. 0.12
For the very high values dt! considered in the present studyy*svt

(k~1000), 1 is neglected in the logarithm in E4.7). 0.10 e y
So finally, Stevenson’s law modified for a rough surface is ___,.———" a

u™(y,ke) =1k In(y/ks) +B—V /41K In(y/ks) +B)?. ) 0.08

We tried another approach by modifying Wilcox’s formulatior
[6] for smooth surfaces with suction.

Starting from the experimental work of Andersen et[al],
Wilcox obtained a good approximation of the velocity profiles b .4 |

I
|
. ) - e ! N _
introducing the following variation of the von Karman’s constant { A& Numsimulation Vi=15 m/s
i A Num.simulation Vt=10 m/s

0.06 1

Km:K/(l'FEV;or) 0.02 -
with 2=3.11+0.61Iny™) 19)
For very rough impermeable surfaces, roughness effects leac 0-00 ' ‘
destruction of the viscous sublayer and the distance to the wall 0.000  0.002  0.004  0.006  0.008  0.010
then correctly scaled with the roughness heighinstead of the Vpor/vt

viscous sublayer thicknesg/u*. Assuming the same physical
process for rough surfaces with suction, we propose to modify the
law of Wilcox by replacingy™® by y/kg in Eq. (19). The mean
velocity profile is then described by

Fig. 5 Influence of suction on the friction velocity

N lations for a range of suction ratios of industrial interast. is
u™(y,ks) =1/ In(y/ks) +B given by Egs(13) and(14) and is normalized by the velocity,
vt at the upper boundary. There is clearly an excellent agreement of
Vool #(3.11+ 0.61Iy/ke))In(y/Ks). - (20) 1 7 results with the modified Wilcox's lawEq. (22)) for low
The similarity between the modified StevensofEs. (18)) and to moderate suction ratios. For the highest suction ratio considered
Wilcox's laws (Eq. (20)) is apparent. in this study ¥p,/V;>0.01), a more pronounced difference of
Using one of these two laws, it is possible to calculate the% is observed between the two results. The prediction of the
friction velocity and the flow rate across the computation domaimodified Stevenson’s law overestimates the friction velocity.

defined in Section 2.2 if the tangential velocly is given. It should be noted that roughness effects are stronger than suc-
When the modified Stevenson’s la&q. (18)) is used, the fol- tion effects for the present conditions. In fact, the nondimension-
lowing expression is obtained for the friction velocity: alized friction velocity was computed by using the Blasius law for

a smooth wall in a channel of half-widtH and center velocity

U* IV = UZ+ ZIAY oV (21) V. Compared to this smooth wall valie-0.04), the roughness
with Z=M\/k+B effect gives a 80% increase u*/V,. On the other hand, the
highest suction ratio gives only a 23% increasesfiV, in com-
A=In(H/ks—1). parison to the rough impermeable case.
When the modified Wilcox's lawiEg. (20)) is consideredy* is Figures 6 and 7 show mean velocity profiles over the crests

computed by the different methods for two values of the suction
ratio. For a moderate suction rati¥/ {,./V;=0.0073), Fig. 6 in-
U*/Vi=(1+ LUkVpo/Vi(3.11+ 0.6 IN)N )/ Z. (22) dicates a good agreement of the TLZM results with the velocity

The flow rate is easily deduced from the above expressions of r%file given by the modified Stevenson's l&iq. (18)). Equation

- . . . : slightly overestimates the mean velocity. The shape of the
friction velocity u* by integrating, respectively, the E(L8) and ) . : : - . .
(20) over the domain heighti —k. . mean velocity profile as given by TLZM is considerably modified

As in the case of impermeable wall, the flow was also co for the highest suction ratigig. 7, Vie/V,=0.0104). The stiff-

. NSO COMYass of the velocity profile observed fatks>3 is accounted for
puted by using the two-layer zonal model. When suction is a.%}g neither the modified Wilcox's law nor by the Stevenson’s law.

plied through the wall, it is necessary to compensate the sucti this case, Eq(20) (Wilcox's law) compares well with the nu-

flow rate in order to keep a constant streamwise flow rate and_ . . . .
periodic conditions orfi) and () (Fig. 1). This implies the intro- pr‘]jerlcal results foy/ks<2, but the corresponding velocity profile

duction of a normal velocity at the boundaf) of the flow do- deviates significantly from the computed one in the outer part of

main. However, as mentioned before, this condition is incom épe flow. Equatior(18) does not give better agreement.
. . e ; ’ Pa 1+ should be remarked that the good agreement of TLZM with
ible with the previous assumption of symmetry on the upp

: T L . (18) observed in Fig. 6 deteriorates significantly whers
boundary. The solution used in this simulation is then to reDIa?]‘?c)lnéim)ensionalized by%he friction veIoci(F%g. 9. Tr¥e differ-

the condition of symmetry orju), by a so-called VELOCITY . . ' ;
INLET boundary condition. This condition implies the setting ofnces I the velocity profiles reflect the discrepancy between
as given by the two methods.

two velocity components and the turbulence quantitiegwnin
this case, it is still necessary to set the streamwise flowQ@ate .
order to complete the boundary conditions. In the present numéfi- €onclusions
cal procedureQ) was computed with the modified laws of Steven- In the present study, the flow near a ridged wall was computed
son and Wilcox(Eq. (18) and(20)). Finally, the INLET turbulent by using a two-layer zonal model. The mean velocity profiles
quantities introduced are the turbulence length scale and intensiiytained by these two-dimensional computations are in very good
usually observed in a channel flow. The computation starts withagreement with the semi-logarithmic law for impermeable rough
value of 5% for the turbulence intensity @n). This quantity is walls, provided the ordinatg used in this law is counted from a
adjusted slightly during the computation by using the result olvrtual wall located at the crests of the wall. Moreover, the friction
tained far from the wall. coefficient is computed with a good approximation by using the
Figure 5 compares the friction velocity* obtained by the logarithmic law throughout the flow. These results then justify the
above computations with the results of the TLZM numerical simwvall-function approach for this type of two-dimensional rough-

given by
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10.0
y/ks

9.0

© numerical simulation
Eq.20 (Wilcox)
— — Eq.18 (Stevenson)

Vool Vi =0.0073

8.0
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5.0

4.0 1~

3.0
2.0

1.0 1

0.0

0.0

u/vt

Fig. 6 Mean velocity profile at  x=0 for a moderate suction ratio. ~ V, /V,=0.0073.

ness. The shape of the wall gives rise to a sharp separation atrien’s constant. Further confirmation of this model would require
crests. Moreover the reattachment zone is much smaller than tagnparison of the present results with experiments.

separation region. This explains most likely why the best choice The present work considered a layer of uniform thickness
for the origin of the ordinatg is at the top of the rough surfaceheight,H to model the industrial problem of the flow in pressure
(yw=0). This result, which is useful for the paper and pulp ingcreens, A more general case would correspond to developing
ngg)ilhr?uagezsﬂ?gr k;enr::'ﬁ(‘:’:gthtgattr?rgi?g]e'Irr!b”:‘i)suggg:stsﬁewrri‘k')d{d?ouIent boundary layers. However, longitudinal advection ef-
spacing will significantly affect the flow and the above (’:onclusiofects may be con5|d_ered as Sn?a” compared to frlctlon effects as in

&evenson’s analysi€Eq. (15)) in such flows. It is then thought

should apply to small values of this parameter, which correspo .
to limited regions of reattachment, if any. that the present results would be only slightly affected by slow

For three-dimensional roughness, as for Nikuradse’s roughne¥yariations ofH. )
it is expected that the effects of separation will be weaker and This method seems to be successful in the present case of two-
consequently that the virtual origin will be located below the togimensional roughness. It would be interesting to extend the con-
of the surface { ks<y,,<0). clusions of the present study in the following directions:

The adaptation of the laws with suction from smooth to very .
rough walls seems also to be satisfactory if we assume that thé further work could test the effect of the crest spacing on the
numerical simulations are accurate. The adapted Wilcox's law Position of the virtual wall. _ _
gives the best results for the friction velocity and reasonable® three-dimensional roughness could be considered, but it
agreement for the mean velocity profiles. The proposed modifica- would require a significantly greater effort owing to the three-
tion is very simple since it consists to replacing the viscous length dimensional calculations, which would be necessary in this
scale by the roughness height in the modeling of the von Kar- case.

10
y/ks

9 I
: © numerical simulation\

8 1 : EqQ.20 (Wilcox)

7 ] — —Eq.18 (Stevenson)
Voo/ Vi =0.0104

6

4 L
3 4
2 N/
b/
1 . e
0 —
0.0 0.2 0.4 0.6 0.8 1.0

u/vt

Fig. 7 Mean velocity profile at x=0 for a high suction ratio. ~ V,, /V,=0.0104.
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Fig. 8 Mean velocity profile at x=0 plotted with internal variables. Vioor I Vi

=0.0073.
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Nomenclature

B = constant in the logarithmic law
AB = roughness function
C; = skin-friction coefficient
d = width of the slots
H = height of the computation domain
k = turbulent kinetic energy
ks = roughness height
L = distance between two crests or two slots
p = pressure
Q = flow rate per unit length in the normal direction
dy, = flow rate per unit length near the wdkq. (6))
u = mean velocity
u* = friction velocity
V; = tangential velocity at the upper boundary of the com-
putation domain
V,, = suction velocity
Voor = equivalent velocity for a uniformly porous wall
x = abscissa counted from the wall crest
y = ordinate counted from the wall crest
Yw = ordinate of the virtual wall in the logarithmic wall
y, = distance to the nearest wall
Y = ordinate counted from the virtual wall
e = rate of dissipation of the turbulent kinetic energy

642 / Vol. 125, JULY 2003

x = von Karman’s constant

p = fluid density

7w = wall shear stress

p = dynamic viscosity

v = kinematic viscosity
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lyzing the numerical results in detail, it becomes clear that there are at least two mecha-
nisms in the breakoff phenomenon of the sheet cavity: one is that re-entrant jets play a
dominant role in such a breakoff phenomenon, and the other is that pressure waves
propagating inside the cavity bring about another type of breakoff phenomenon accom-
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Introduction to describe clearly the liquid-vapor interface. On the other hand,
the two-phase model treats the flowfield inside and outside the

. ) . %avity as a mixture, and is better suited to unsteady analysis. A
around such obstacles as the impellers of fluid machinery. It ISimber of studies using this model have been published, for ex-

well known tha_t (_:avity _flow causes vibration, nois_e, damage, a ple, Kubota, Kato, and Yamagyg] have used this method

a decline of efficiency in hydraulic systems. The improvement @§xing bubble inception, growth, and destruction into account, and
the predictability of cavity flow is a common subject of study foRepoud and Delanndy] have used it taking the barotropic rela-
designers of high-speed fluid machinery. In recent years, largfmnship into account. The examination of the validity and appli-
scale computations have become possible with the increased &gbility of these numerical methods is being steadily advanced.
phistication and speed of computers, and thus improvements inn this study, a numerical method based on a “locally homoge-
the prediction of cavity flow using numerical simulations is exneous model” of a compressible gas-liquid two-phase medium
pected. However, because cavity flow includes complex arisee, for example, Shin and lkohddi]), which belongs to the
strong unsteady phenomena with phase changes, fluid transietwt®-phase model, is applied to cavity flow through a cascade of
vortex shedding, and turbulence, equations to express cavity flstatic hydrofoils, the most fundamental element of turbomachin-
are expected to be very complex. Therefore, a mathematical mé&tdly (see, for example, Watanabe and Tsujimpsg). Particular
eling method is necessary for the numerical analysis of high-spedigention is paid to the breakoff phenomenee, for example,
gas-liquid two-phase flow. Proposed mathematical models canlgdy Franc and Miche[7] and Hofmann et al[8]) of the sheet
divided roughly into two categories, the single-phase and tw§aVity in the transient cavitation condition and the mechanism of
phase model¢see Awa, Singhal, and Gibsdd]). The single- this phenomenon is examined for several cascade arrangements.
phase mode(see, for example, Deshpande, Feng, and Md&e

solves only the liquid phase outside the cavity, and hence is able

Cavitation is usually observed in high-speed liquid flow
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Ceccio. can be expressed with the following equation proposed by
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Gas-Liquid Two-Phase Media

- Locally Homogeneous
Two-Phase Medium

a=lim 4/3nR>n
AV
R=>0

AV

n—>oo
o=4/31R’n
n : number density of bubbles
Numerical Grid
Fig. 1 Concept of the locally homogeneous model
Tammannr9]: p(1=Y)=(1-a)p;, pY=apy. (6)
pi+pc=pK(Ti+To), (1) UsingY from Eg.(6), the equation of state for a locally homoge-

wherep, , p|, andT, are pressure, density, and temperature of tfi£0US compressible gas-liquid two-phase medium can be ex-

liquid (the subscript representing the liquid phase, andT, are Pressed as
the pressure and temperature constants of liquid, tarid the p(p+pe)

liquid constant. When the gas phase is assumed to be an ideal gas, p= . (7)
the equation of state is K(L=Y)p(T+To) +RY(p+pc) T
Since the temperature change of the usual cavity flow is negli-
Pg=PgR Ty, @ gible, the speed of soun@ under isothermal conditions is ex-
whereR is the gas constant and the subscgpepresents the gas pressed as
phase.
Generally, the void fractiofvolume fraction of gas phape is CZZ% = p(p—+pc)
expressed as follows, using bubble radRuand number density: dp p
4 _
a2 nrn @) y YR(p+pe)+(1-Y)Kp ®
YR{(p+pc)®—Kp}+Y(1-Y)pKRpTo+Kp?
In the locally homogeneous model of this study, the gas-liquid
two-phase medium inside the cavity is treated as a locally homo-
geneous pseudo-single-phase medium. By supposing a limitir T T
case of the control volum@V being infinitely small,R being 1000 =293.16 K -t
infinitely small andn being infinitely large with the locak value measurement : O o
being kept constant, a locally homogeneous medium can be o s by Karplus(p=0.1 MPa)| 1]
tained in an infinitely small volume element. The concept of this 4 present i — ~
model is shown in Fig. 1. In practical calculations, by distributing@ 2
the infinite number of infinitesimal bubbles in each computationa g, 2 /
cell having a different local void fraction, the gas-liquid mixture U \\ /
condition is specified macroscopically. Applying this model to the ~100 ~c |
mixture condition inside the cavity, it is expected that unstead§  Fj\ p=1.0Mpa /
and complex cavity flows can be simulated. g s /1
The mixture density of a two-phase medium is expressed byﬁ’i * d
combining linearly a gas phase densjty and a liquid phase § =
densityp, with the local void fraction, %;,. 2
p=(l—a)p+apy. @ 10 EEL y
Then, assuming the local equilibrium conditiopss p;=p4 and NG yn
T=T,=T,, the equation of state becomes, from Eqs, (2), and S Ty —A
@, ; . 2K )=
p+p. p 0.0 0.2 0.4 0.6 0.8 1.0
p=1-) gy T eRT ) o
Also, the following relation is obtained between the local voigtig. 2 Speed of sound under isothermal condition of T
fraction a and the qualitymass fraction of the gas phasé =293.16 K
644 / Vol. 125, JULY 2003 Transactions of the ASME
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In Fig. 2, the relation between the speed of sontb the void A stator condition of the constant angle of attack and a constant
fraction « at 20°C is shown for different pressures. Also shown itotal pressure condition is applied to the inlet boundary, and the
Fig. 2 are experimental measurements of the speed of S@@ed constant pressure condition are applied to the outlet boundary.
Karplus[10]) for a number of different void fractions. These meaFurthermore, a cyclic boundary condition between each cascade

surements correspond well with the calculated values.
The viscosity coefficienj, [11], is given by

m=(1=-a)(1+2.5a) u + apgy. (9)

Fundamental Equations. The governing equations for the
two-phase medium mentioned above are the two-dimensiona
compressible Navier-Stokes equations to which the mass con

vation law of the gas phase is added:
9Q JdE-E,) JF-F)
—+ +
at € an

where the unknown variable vectQ, the flux vectorsE and F
and the viscous terms, andF, are

-0, (10)

p pU
Q:} pu _1[ puUtép
J| pv |’ J| ppU+§p |°
pY puUY
pV
Fo 1] puV+np
3| poviapP |’
VY
P (12)
0 0
1| &rpt &, 1
=3 §:rxi+ §yrxy Fu=g| ot iy
g 0 Y MxTyxt My Tyy

passage and a nonslip condition on the hydrofoil surface is
imposed.

Results and Discussion

I\/alidation of the Present Method (Comparison With Ex-
rimental Result9. The present numerical method can be ap-
plied to the analysis of complex cavity flows because it can treat
the whole flowfield at once. On the other hand, we can't help
handling a so-called noncavitating flow approximately as a low
Mach number flow because we use a compressible numerical
scheme. Therefore, in both cavitating and noncavitating condi-
tions, the applicability of the present method has been found by
comparing the numerical results with experimental results.
Cavitating flow around a single hydrofoil and noncavitating
flow around hydrofoils in a cascade were considered. The hydro-
foil geometry used was ClarkY with a thickness ratio of 11.7%
(see Knapp, Daily, and HammiffL3]), the performance data of
which are available for comparison. The computational grid of the
cascade hydrofoils with a pitch/chord ratiotéf =0.9 and a stag-
ger angle ofy=30 deg is shown in Fig. 3. This is an H-type grid
system with a 22871 mesh point and the cascade passage geom-
etry can be composed cyclically. The length of the computational
region is set to be a two-chord length from the inlet boundary to
the leading edge and a five-chord length from the trading edge to
the outlet boundary. In the case of a single hydrofoil, an H-type
grid having the same cyclicity was used, that is, a single hydrofoil
condition is fulfilled approximately by setting a sufficiently large
t/c, such ag/c=20. In this case, the grid system has a 3231
mesh point and the computational region is set to be a three-chord

In Eq. (11), u andv are the velocity components in Cartesianength from the inlet boundary to the leading edge and a five-

coordinatesX,y), 7is viscous stress tensdrs= &, 7, — 7,¢y is the

_ chord length from the trading edge to the outlet boundary.

Jacobian, andJ andV are contravariant velocity components in  First, the cavitating flow around a single hydrofot/¢= 20,

curvilinear coordinates$¢, ).

Numerical Method.

gration of the predictor-corrector step in both thend » direc-

tions and TVD processing are done in order to modify the sol

tion. Only the¢ direction is shown below because thalirection
has the same form.

At
Predictor step: Q!Y=Q"- A—g((EP—EP—ﬂ—(ESiH/z
—Epi_11)), 12)

1 1 At
Corrector step: Q§2>=§(Qi”+ QM) — > A—g((Eﬁ)l_Ei(l))

—(E 15— ESL 1), (13)

TVD step: Q" '=Q{P+ (L4, 20— L, 202 0),
(14)
where the matrix of left eigenvectot/JQ is represented b,

and the function for the TVD-MacCormack scherh&?], is rep-
resented byb.

Journal of Fluids Engineering

In this study, unsteady cavity flows are
simulated by solving the above governing EtQ) using the finite

difference method. It is also necessary to simulate stably high-
speed cavity flows with such discontinuities as a gas-liquid inter-
face with a large density jump. Thus the TVD scheme is used to
ensure monotonicity of the solution; specifically, the TVD
MacCormack scheméyee [12]), with second-order accuracy in
time and space, is used. Furthermore, the time splitting metho
used to improve the stability of the solution in multidimension
problems, such that two-dimensional problems can be reduce
one-dimensional problems. When the governing equations at
made discrete by using the TVD-MacCormack scheme, time in

al - :
c]d@g coefficient€C, andCp were calculated from numerical re-

v=0 deg was simulated for various cavitation numberand an
angle of attacky;=5 deg. The cavitation numberis defined as

(15)

with the reference pressure, density, and velocity evaluated on the
utlet boundary. The inlet flow velocity i8;,=10m/s and the

%ynolds number is Re7.0x10°. The time-averaged lift and

ts, and comparison with experimental data at the same Rey-
Ids number by Numachi, Tsunoda, and CHity was made, as

0
tEhown in Fig. 4. Generally, it is known th@y decreases dramati-
gally when o becomes smaller than a certain critical valtiee

So-called cavitation breakdownThe numerical results can predict
the qualitative trends of, andC againsto, although quantita-

tive differences are seen. Our method tends to underestimate the
value of C| and overestimate the val,, and as a result, the
present method tends to overestimate the cavity volume.

Next, noncavitating cascade flows faf,,=4.3m/s and Re
=5.0x 10° were calculated for angles of attaek, based on the
geometrical mean velocity of 1.4 deg, 4.3 deg, and 7.6 deg. The
time-averaged lift and drag coefficients were calculated from the
numerical results. A comparison with the values of the wind tun-
nel experiment of Kikuchj15] is shown in Fig. 5. The numerical
results show a qualitative tendency even thoGghandC values
tend to be somewhat overestimated and underestimated, respec-
tively, as in the case of the cavitating cascade above. The pressure
distributions on a hydrofoil surface for these three valuestof
are shown in Fig. 6, along with the experimental measurements at
a., values near to those of the numerical results. The tendencies of
the numerical results coincide well with those of the experimental

JULY 2003, Vol. 125 / 645
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Fig. 3 Computational grid around cascade hydrofoils (Clark Y 11.7%, t/c=0.9, y=30 deg)

data of the surface pressure distribution. However, because this

method is a compressible numerical method, the computation of
the noncavitation flowfield for Mach numbers less than 0.1 be- 10
comes unstable and numerical oscillation appears.

The comparison of the numerical results with the experimental o
data shows that the present numerical method is effective in 08 ,
evaluating the time-averaged characteristics of single and cascade /
hydrofoils for both noncavitation and cavitation conditions. How- 06 O/
ever, discrepancies exist between the numerical and experimental S Q
data and hence further work is required to improve the quantita- n/
tive accuracy. 04 »

o= 5 deg.

Sheet Cavitation Breakoff Phenomenon. Numerical analy- p _'._ :pgresent
sis of the aspect of cavity flow was carried out by examining the 02 o O :measurement] | |
unsteady flow through a flat-plate cascade, which is closely re-
lated to that of the inducer. Particular attention was paid to the 00 l l 1 1
breakoff phenomenon of the sheet cavity in the transient cavita- 0.12
tion condition where the unsteadiness becomes quite strong. In 010
this section, the reference pressure, density, and velocity were
evaluated on the inlet boundary to obtain _ oo /

First of all, the transient cavitating flow through the flat plate O 006 ¥oQO ;
cascadet({c=0.9, y=30 deg was analyzed fot/2a;=1.95 and | o © \‘,//‘
a;=7 deg, with a ratio of the maximum cavity length,, to the 084 5
chord length of about,,,,/c=0.28. The time evolution of the void 0.02 f ff (l)
fraction, mass flux vectors, and pressure distributions on the suc-
tion side of the flat-plate cascade hydrofoil are shown in Fig. 7. 02 04 08 08 8] 1214 ne s

Mass flux vectors are employed to distinguish between the sepa-
rated flow and the re-entrant jet inside the cavity. Sheet cavitatigry. 4 Time-averaged lift and drag coefficients of a single hy-
formed from the leading edge on the suction surfd@@ame 1 in drofoil at several cavitation numbers  (Clark Y 11.7%)
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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



07
O
06
O
0.5 /
S o
0.4 //
03 /
/
& #e=0.9, y=30 deg.

0.2 —@— : present 1

O measurement
0.1 ! |

Q.10
0.08

Q0,()6

© » //.
0.04 & O
0.02 O o) O]
0.00
[} 2 4 6 8 16
Q, (deg]

Fig. 5 Time-averaged lift and drag coefficients of a cascade of

hydrofoils (Clark Y 11.7%, noncavitating state )

Fig. 7) develops toward the trailing edgérame 2. Then, a re-
entrant jet forms due to the steep adverse pressure gradient near
the cavity termination, and the re-entrant jet with a finite width
moves toward the leading edge of the sheet catames 3 and

4). In the vicinity of the leading edge, the jet impinges on the
cavity surface layer, the thickness of which becomes smaller than
the width of the jet. At this moment, a rapid pressure increase
occurs around the impinging position near the leading edge of the
cavity due to the water hammer effect, as explained later. Further-
more, a surface wave is also observed on the cavity surface near
the leading edgéFrame 3. Subsequently, the sheet cavity begins
to break off from the suction surfag&rame 6, and finally the
cavity is detached from the suction surface and is shed in the
downstream Frame 7. At this time, another sheet cavitation has
already begun to develop in a similar manerame 8. Thus, a
breakoff phenomenon due to re-entrant jet formation can be
clearly simulated. The pressure jump on the suction surface near
the impinging position X/c=0.01, y/c=0.001) at the time of
Frame 5 in Fig. 7 is aboutC,=0.42. Generally, the water ham-
mer pressure increase Ag,,=kpC|U|, where 0.5<k<1. Here,

the water hammer pressure coefficient was evaluated to be 0.32
<AC,,<0.64 from the present numerical data; the valué Gf,

given above is in this range. On the other hand, the stagnation
pressure coefficient due to the re-entrant jet at same position was
estimated to bé C,,=0.21, and does not correspond to th€
value. Therefore, the pressure jump is believed to be caused by the
water hammer action of the re-entrant jet.

1.5
° e
1.0 o NN
05 % /TR — ,\7’\\/\._‘_‘\ \,\._‘_.\
M 7aghe 234 _ Q &3
! Vit oo e i 7R0g o R 0™ = .\«6¥
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I
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10 === : pressure side ~== : pressure side === : pressure side
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Fig. 6 Time-averaged pressure distribution of cascade hydrofoils

Fig. 7 Time evolutions of void fraction contours
butions (right ) around flat-plate cascade hydrofoils
ms)
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0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c x/c
(Clark Y 11.7%, noncavitating state )

S("F

bw ot 210 00 02 0®

o
e

(left), mass flux vectors (center ), and pressure distri-
(t/c=0.9, y=30 deg, o/2a;=1.95, time interval =1.2
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Q 10 W 4—impinging ; j<5 Fig. 10 Instantaneous void fraction contours around flat-plate
9 ¥ cascade hydrofoils  (t/¢=0.5, y=75 deg, o/2a;=1.27)
8 'Ky -ire-entrant.. @ / )
; jet (\s<3
6 v/.,-} Z 52 Next, transient cavitating flowd/2a;=1.27 anda;=3 degQ)
5 : through the flat-plate cascadgd=0.5, y=75 deg, as shown in
sheet cavity %" <1 . .
4 e Fig. 10, was analyzed. In this cascade arrangement the stagger
3 i T | )/ angle is larger, the pitch/chord ratio is smaller and the cascade
KA/'"‘ JS e interference becomes more intense than that of the previous cas-
2 X ; Q cade. In this case, the maximum cavity length is abqut/c
1 "\.k I »; =0.43, and the trailing_edge of tht_a cavity is Ioce_lted in f_ront of the
0 [ e~ traling edge of sheetcavity | cascade throat. The time evolution of the void fraction on the
-1 || = ttip of re-entrant jet i suction side of cascade hydrofoils is shown in Fig. 11. The brea-
| | il Siigaot brekiok ey | | > koff phenomenon can be observed even in this case. However, no
—&—leading edge of break-off cavity < evident re-entrant jet occurs, unlike in the previous case. As
_3 1 1 1 1 1 1 . . . _
00 D05, 0190 DNE 020 D25 030 04E 015 020 oss oz Shownin Fig. 12, pressure fluctuations can be seen on the hydro

C foil surface inside the cavity at each time corresponding to each
xlc L time interval of Fig. 11. By plotting these fluctuations carefully in
Fig. 13, it is can be seen that pressure waves propagate inside the
cavity, and that one of these waves causes part of the attached
sheet cavity to break offthe breakoff wave The local angle of
attack aoc Near the leading edge and local throat presgyrat

the center of the cascade throat are also shown in this figure.

The time evolution of the cavity length, the tip position of the/Vhen the breakoff cavity passes through the cascade throat, the
re-entrant jet and the lift coefficient are shown in Fig. 8. The liffhroat width becomes narroggee Fig. 1@ Then, the liquid flow
fluctuates during the breakoff behavior, but roughly speaking ti@écelerates locally and the pressure in the cascade throat de-
lift begins to increase gradually after the sheet cavity breaks ¢#eases. After the breakoff cavity is shed, the throat pressure re-
from the suction surface and decreases when the cavity is siéyers. Such pressure fluctuations cause a great variation in the
downstream. The velocity of the most accelerated re-entrant jel9§al angle of attack of a neighboring hydrofoil. Furthermore, this
3.5 m/s. Since the average inlet velocity is 10.8 m/s, the re-entraapid change of the local angle of attack causes cavity thickness
jet velocity is about 30% of the inlet velocity. The frequency ofluctuations near the leading edge, and at the same time pressure
cavity shedding isf =114 Hz, so that the Strouhal number (St) Waves are produced one after another from the leading edge of the
of cavity shedding based on chord length is about 0.75 and tf@vity directed into the cavity. Finally, the cavity tends to break
Strouhal number (St)based on maximum cavity length is 0.21.0ff due to the instability of the cavity surface associated with these
Furthermore, the power spectrum of the pressure in the centerP§gSsure wave propagations. It is believed that the breakoff phe-
the cascade throat in Fig. 9 has its peak at 110 Hz. It is believé®menon is repeated by this mechanism in this case. At this time,
therefore, that the breakoff phenomenon is repeated regularly §ee cavity shedding frequency is abdut 29.6 Hz, so that (Sp)is
cause of the evident peak. However, it should be noted that tAeout 0.24 and (St)s 0.11. In the power spectrum of the cascade
breakoff phenomenon does not occur in the caseyef3 deg throat pressure shown in Fig. 14, the power spectrum around 30

and 1.29<0/2a;<2.10, for which a stable attached cavity wadiZ is slightly high, although there is no evident peak. Hence, it is
formed in the present simulation. believed that this type of breakoff phenomenon is repeated some-

what irregularly.
Furthermore, the transient cavitating flow/Ra;=0.23 and
a;=5 deg) in the same cascade arrangement was analyzed. In
10 this case, the maximum cavity length is abbyt,/c=1.1, and the
A A trailing edge of the cavity is located in the rear of the cascade
10 { throat as shown in Fig. 15. This is similar to the previous case in
\ / \ 1 that the evident re-entrant jet does not occur and pressure waves
10 g ~ can be seen inside the cavity. Thus, the breakoff phenomenon
fundar'nental

Fig. 8 Time evolutions of cavity lengths, re-entrant jet and lift
coefficient (t/c=0.9, y=30 deg, o/2a;=1.95)

seems to be caused by the same mechanisms as in the previous
case. As shown in Frame 1 of Fig. 15, a small cavity occurs on the
pressure side of the hydrofoil. This is because the passage distance
of the cavity surface and the pressure side of the neighboring
10° hydrofoil become narrow due to a large fluctuation of the cavity
volume; the local pressure rapidly decreases and cavitates slightly.
0 T 5 4 ssrey 2 3 4 56780 Even in this case, the breakoff phenomenon is repeated
irregularly.
Strouhal numbers of cavity shedding are shown in Fig. 16,
Fig. 9 Power spectrum of pressure at cascade throat center where the circles represent the case of a re-entrant jet dominant
(t/c=0.9, y=30 deg, o/2a;=1.95) breakoff phenomenort{c=0.9, y=30 deg and the triangles rep-
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Fig. 11 Time evolution of void fraction contours around flat-plate cascade hydrofoils (t/c=0.5, y=75
deg, o/2a;=1.27, time interval =2.0 ms)

resent the case of a pressure wave dominant breakoff phenometin for the simulation of complex cavitating flows. However, the
(t/c=0.5, y=75 deg. In the former case, (St)based on the problem of improving the qualitative accuracy of the predictions
chord length increases @ag2«;, while (St) based on the maxi- remains for a later study.

mum cavity length is almost constant at 0.2 and does not dependsome trends of breakoff phenomena of sheet cavities on cas-
on o/2a; (see, for example, Le, Franc, and Mici@l). On the cade hydrofoils were shown and discussed. The main results ob-
other hand, in the latter case, both (Sgnd (St) values are tained can be summarized as follows:

scattered from 0.2 to 0.3 because of the somewhat irregular nature . ) .
of the breakoff. 1. It is clear that there are at least two mechanisms in the

breakoff phenomenon of a sheet cavity. One is that the re-entrant

jets play a dominant role in the breakoff phenomenon, and the

other is that pressure waves propagating inside the cavity bring
Comparing the numerical and experimental results of the timabout another type of breakoff phenomenon accompanied by cav-

averaged characteristics, it is can be shown that the present ity-surface waves.

merical method based on a locally homogeneous model is effec2. In the case of the re-entrant jet dominant breakoff phenom-

Conclusions
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Fig. 12 Time evolution of pressure distribution on suction side of flat-plate cascade hydrofoils (t/c=0.5, y=75
deg, o/2a;=1.27, time interval =2.0 ms)
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Instantaneous void fraction contours around flat-plate

Fig. 16 Strouhal number of cavity shedding on flat-plate cas-
cade hydrofoil

enon, the impingement of the jet on the cavity surface layer is
repeated regularly, and the pressure jump on the hydrofoil suction
surface near the position of impingement is brought about by the
water hammer action of the re-entrant jet. However, such a
breakoff phenomenon does not occur in the case of a smaller
angle of attack, in which a stable attached cavity is formed.

3. In the case of the pressure wave dominant breakoff phenom-
enon, a portion of the cavity tends to break off due to an instabil-
ity of the cavity surface layer associated with pressure wave
propagation. Pressure waves are produced by the fluctuation of the
cavity thickness near the leading edge, which follows the time
variation of the local angle of attack due to the throat area varia-
tion caused by the shedding of the breakoff cavity. This type of
breakoff phenomenon is repeated somewhat irregularly.

4. Strouhal numbers of cavity shedding based on maximum
cavity length remain constant at approximately 0.2, while Strouhal
numbers based on the chord length increase depending on the
cavitation number.
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T = Vviscous stress tensor

The numerical simulation was conducted using the supépubscripts

computer, ORIGIN 2000, in the Institute of Fluid Science, Tohoku

University.

Nomenclature

¢ = chord length
C = isothermal speed of sound
Cp = drag coefficient
C_ = lift coefficient
Cp = pressure coefficient
f = frequency
J = Qacpbian:gxnf 7€y
K = liquid constant
Imax = maximum cavity length
p = pressure
p. = pressure constant of liquid
p, = vapor pressure
R = gas constant
Re = Reynolds number
(St). = Strouhal number of cavity shedding based on chord
length=fc/|U;|
(St), = Strouhal number of cavity shedding based on maxi-
mum cavity length=fl ../ |Uin|
t = pitch
T = temperature
T, = temperature constant of liquid
u, v = velocity components in Cartesian coordinatgsyj
Ul = velocity=\uZ+v?
U, V = contravariant velocity components in curvilinear co-
ordinates(&,7)
Y = quality (mass fraction of gas phase
a = void fraction
a; = angle of attack
apea = local angle of attack near the leading edge
a,, = angle of attack based on geometrical mean velocity
= stagger angle
mixture viscosity coefficient
= mixture density
= cavitation number

SER-JE SIS
I

Journal of Fluids Engineering

g = states of gas phase

in = inflow condition

| = states of liquid phase

t = cascade throat condition
o« = reference condition
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Influence of Roughness on the
Two-Phase Flow Structure of
s.sut’ | Sheet Cavitation

Université de Pau et des Pays de I'Adour,

Avenue de I'Université, . _ ) .
64000 Pau. France The purpose of this work is to describe the two-phase flow structure of sheet cavitation.

e-mail: stutz@genserver.insa-lyon.fr The experimental study is performed in a cavitation tunnel equipped with a Venturi-type
test section. Data treatments based on the analysis of transit time histograms and local
time fraction histograms have been used. The rate of vapor production required to sustain
the cavities is estimated. Wall pressure measurements and visualization techniques are
also used to perform momentum balance. The influences of the roughness and the geom-
etry of the divergent part located beneath the cavity on the internal two-phase flow are
investigated. [DOI: 10.1115/1.1596240

1 Introduction probable and the average time delay between the two stochastic
signals is deduced using a cross-correlation techni§egisawa

The purpose of this work is to describe the two-phase ﬂc.)\é/t al.[8]). This method is accurate for steady bubbly flows. Bias

structure of sheet cavitation. Cavitation is a sequence of vaporliﬁé1 be introduced in measuring the mean value when the flows

tion and condensation processes, related to the high accelera 0 unsteadyGalaup[9]). The widening of the cross-correlation

of a liquid flow induced by the presence of a fixed or movin : : ; :
body. The knowledge of the two-phase structure of the flow eak is related to the velocity fluctuations, but it depends also on

. . . h o e bubble sizes, the void fraction, the fluctuations of the chord
essential to estimate the interactions of the cavitation phenomer%?{ue between the two probes. Therefore it is not possible to esti-
with either the outer flow or the solid structures: The hydrauli :

fhate the velocity fluctuations using such a technique; thus the bias

unsteadiness as well as the erosion of the solid surfaces areitlaer'neasuring the mean value of the velocity cannot be rectified.

Ia}ted, freﬁpecﬂvely, to th(_a_ennreT\;]olume Of_ vapor and to the intefy, e over the stability of the cavity shapes and the pressure mea-
Sity of the phase transitions. The vaporisation process extraglge nents are rarely sufficient to allow conclusions concerning
heat from the sgrroundlng ﬂu'd.' I.t leads to temperature ar_ld Vanille stability of the internal two-phase flowStutz and Reboud
pressure reduction and thus limits the length of the_ cavity. Thﬂio]). New methods have been developed to estimate the time-
thermal gﬁect depen'ds on the rate Of. vapor production. .. averaged value and the standard deviation of the velocity, the
Experimental studies on sheet cavities are generally limited f6e_ayeraged value and the standard deviation of the vapor phase
the external liquid flow. The pressure and temperature at the Wallsnin cayitating flows from double optical probe measurements.
the external flow velocity, and the cavity shapes have been widef}e methods consist in building histograms from which statistical
studied(Laberteaux et al[1], Merle [2], and Le etal[3]). The yayes are calculated. They have been validated by studying peri-
two-phase flow structure of att.ached cavities has been the subjggi- self-oscillating cavitating flowStutz and ReboufLL1]). The
of few measurements. Velocity measurements have been p&frnose of this work is to apply such methods to sheet cavitation
formed in natural and ventilated cavity conditions using a doubifat |ook stable. The influence of the roughness and the geometry
hot wire velocimeter at a fixed point on a foil secti@®amono of the divergent part located beneath the cavity on the internal

et al. [4]). Ceccio and Brennefb] used silver epoxy electrodesyyo-phase flow are investigated. The rate of vapor production
flush-mounted on the surface of two-dimensional hydrofoil to dgaquired to sustain the cavities is estimated from the local

tect individual bubble velocity. The thickness of the re-entrant j@heasurements.
has been measured using an ultrasonic mettiadlenaere6]). This work is an extension of previous work on the two phase
A double optical probe device was developed to study thgw structure of sheet cavitatiofl0]. The data treatment tech-

change in local variables such as void fraction, flow velocity, angiques have been modified in order to reduce the bias induced by
bubble size within vapor or ventilated caviti€Stutz and Reboud the velocity fluctuations];11].

[7]). It consists in two joined single probes fixed at a known
distance from each other in the flow direction, the probes working
independently. Each probe detects the phase surrounding its tip.
Such a technique is based on the Snell-Descartes law. Infrared

light is emitted inside each optical probe. Some part of this light i . . . -
reflected back from the tip of the probe and measured. The inteZ- Measuring Techniques and Experimental Facility

sity of the refracted light depends on the index of refraction of the Experimental Setup. The experiments were conducted in a
medium surrounding the probe. The refractive indices of liquiglosed loop at the Hydraulics and Mechanics School of the Institut
and vapor are quite different and enable the phase detection. Nutional Polytechnique de Grenoble. The test section is 520 mm
tangential velocity of the fluid is estimated from the measurggng, 44 mm wide, and 50 mm high at the inlet. A free-surface
convection time of the liquid-gas interface moving from ongeservoir is used as a resorber. The total air content is kept near
probe tip to the other. A transit time found between the moshturation during the experiments. The flow rate is set and con-
trolled with an electro-magnetic flowmeter connected to the train-
Currently at Center de Thermique de Lyon, UMR CNRS 5008, Institut Nationahg pump through a microcomputer. The pressure is lowered until
ses Sciences Appliges, 20 av. Albert Enstein, 69 621 Villeurbanne, France. the desired cavitation number is reached. The upper and the side

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionWalls of the cross section are ﬂat' whereas the hEIght of the lower

March 14, 2002; revised manuscript received March 18, 2003. Associate Editor:\@é.a.” varies in order to f_orm a convergent-divergent nOZZ|e-.The
Ceccio. height of the throat section is 43.7 mm. In the present experiment
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Fig. 1 Schematic diagram of the Venturi-type test section (di-

mensions are in mm ) Fig. 3 Schematic diagram of the double optical probe (dimen-

sions are in mm )

the angle of the convergent part of the lower wall is 4.3 deg, and
the angle of the divergent part is close to 4 dEg. 1).

The turbulence level of the freestream flow was controlled Bjon time T at geometrical poinK for short acquisition time&Eg.
LDA and is about 1%. Taps are provided in the bottom of th€l). (Tg; the residence time of thieh gas structure crossing the
convergent-divergent nozzle downstream from the throat. Th&jeasurement poirX):
can be equipped with Druck DPI 260 piezoresistive pressure S Tei
transducers or with the double fiber optical prof)]. The ex- B(X,T)=
periments are performed with a mean cavity length of 80 mm, and T
a mean velocity at the throat of the test section of 12.4 m/s. TIB¢X,T) is determined by treating the signal from the upper probe
data acquisition system consists of a fast A/D data acquisitieimd using a single threshold technique: this consists in determin-
board Keithley DAS-1800 and a Pentium 180 microcomputer. Thieg the presence of gas when the signal is above a given trigger
sampling rate is 130,000 samples per second and per channellevel. This statistical method is accurate whatever the flow condi-

Five different profiles including three straight profilés pol- tions may be. The sampling frequency and the acquisition time
ished, a rough, and a striated gnand two convex profile¢a must be large enough to have a significant statistical population.
circle arc profile and a polynomial profjldiave been studied in The optimal threshold level was determined by comparison with
order to modify the geometry and the roughness beneath the caeasurements performed using a gamma-ray attenuation device
ity. The polynomial profile is a one-piece bottom. It has been tHg], and was set to 10% of the signal amplitude: This threshold is
subject of previous stud§Stutz and Reboufi7]) and is therefore above the optoelectronic circuit noise level. The void fraction
considered as the reference profile. The pressure distribution alefix) is defined as the ratio of the gas phase residence time to the
the reference profile is analogous to the one existing on the s@equisition duration time at geometrical poktfor long acquisi-
tion side of an inducer blade. The three straight profiles and tkien time and corresponds to the time average valug(f,T).
circle arc profile are interchangeable bases implanted on a secgniis definition was previously used in Refd] and[10]). The
bottom (Figs. 1 and 2 The geometry and the roughness of theelative uncertainty concerning the void fraction is estimated at
reference bottom and the second bottom upstream and dowout 15% of the measured value. The results are extremely re-
stream from the interchangeable bases are the same. The geongissucible. The standard deviation 8¢X,T) is representative of
and the roughness of the downstream part of the four interchangee two phase flow structure: Low fluctuation is representative of
able baseglocated 80 mm downstream of the throat sedtiare a steady bubbly flow. High fluctuation is representative of a fluc-
the same. tuating two-phase flow(slug flow for examplg The difficulty
consists in determining the optimum duration for the data blocks.
Unsteady cloud cavitation are characterized by the shedding fre-
quencyf leading to a constant Strouhal number based on the cav-
ity length L.,, and the velocity of the outer flow: St=fL /U

: @

Local Measurements With Double Optical Probe. The
double optical probe consists of two 2@ joined single-stretch
glass probes placed inside a 0.8 mm stainless steel(kibe3).
The distance between the tips is 2.02 mfn02. The ends of the )
! . ; ) - ~0.3 (Stutz and Rebouf7], Lush and Skipg12], and de Lange
o e = o o 3 P mecran g 13 The s of st Hocks 3 o 15 of e Shes
. } ; ing cycle period given by this relation. Figure 4 shows examples
fixed on the test section bottom. It_can b_e move_d perpendlculaoythe local time fraction histograms of the vapor phaséerence
to the lower wall of the test section with a micrometer scre rofile)

gﬁ:\gt?(')r;rh'l?h:ewooii?igiogftltﬁi 2;?1:}{:82(325)%;?& t?otggs?glsrllg \;]vLocaI velocity histograms are computed from the transit time of
. : P ’ part« P . “Bubbles successively detected by the two probe tips. Similar tech-
with the following accuracy: 0.1 mm in height, 0.2 mm in hori-

T . : nigues were previously used by Serisawa ef&].and Revankar
zontal dlrect_lon_anq 5 deg in angle. The response time of t%? Ishii [14]. The probe signals are first altered to a square-wave
optoelectronic circuit is about &s.

. ; . ' response by a trigger. The local velocity is then estimated by
th;-kr]gtilgcci‘l ttrllrge ggCtﬁ;Sce)f rtggiggﬁger gkr}]aesﬁ( t-lr;)e 'dejzgﬁgﬁsdumgasuring the passage time of an interface on both upstream and
gas p q {Bwnstream sensors. The range of transit times of successive

bubbles from one probe to the other is estimated using the cross-
30 < 35+ fixed bottom correlation function on which a given trigger level is applied. The
S N T threshold level is set to 20% of the maximum of the function.
""" Figure 5 shows examples of cross-correlation functions of the
H N : I optical probe signals corresponding to the measurement points of
Fig. 4.

Axes of the taps

2 1 The signature of a vapor structure impacting the upstream
PR i: g5 e SRl bl probe is compared with the signal recorded by the downstream
. : TR probe in the range of the transit times previously estimated. Se-
DraCetthesiEaLe aoupd e quential signals detected by the two probes are assumed to belong
Straight bottom Convesbotton to the same bubble impacting the two probes if the resident times
of the gas phase at each measurement point are comparable. The
Fig. 2 Schematic diagram of the interchangeable bottom of velocity histogram is characteristic of the velocity of bubbles hav-
the Venturi-type test section  (dimensions are in mm ) ing impacted the two probes without having been deflected or
Journal of Fluids Engineering JULY 2003, Vol. 125 / 653
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Measurement point located in the upstream part of the cavity Measurement point located near the interface of the
(X=21mm ; Y=2,4mm) ; Void fraction o. = 71% cavity (X=56mm ; Y=6mm) Void fraction o = 5.4%

Fig. 4 Histograms of the local time fraction of the vapor phase B. X is the distance from the throat of the test section
along the horizontal axis; Y is the distance from the throat of the test section along the vertical axis.

having been subject to a significant shape change. The uncertaicujated from the void fractioa(X), the numben,(X) of bubbles
in determining of the transit time of vapor structures between tli@pacting the upstream probe during the acquisition durafion
two probes depends on the flow velocilig. (2)). The relative and the average of the absolute value of the veloéX) (Eq.
uncertainty is estimated at about 6% of the measured value fo(3y).

flow velocity of 10 m/s. a(X)T

AV _Ad At _Ad Vv (X) =1y IV 3)

v att~atar )
t ’ The determination of the size of the vapor structures from the

Miscounting is assumed to occur randomly with respect to time.distribution of the chord length requires important hypotheses on
constant bias corresponding to this uniform background is thettbe shape of the structures, the probability of piercing, the velocity
fore subtracted from the transit time histograms before calculatiofj each structure[15]. Therefore it can not be calculated in the
the time average and the standard deviation of the velocity. Figyresent experiment.
6 shows examples of velocity histograms corresponding to the
measurement points of Figs. 4 and 5. ﬁ Experimental Results

The sheet cavities are made with moving vapor structures. The
transfers of heat and mass between the liquid and the vapor phas@uter Flow. A photograph of sheet cavitation is shown in
depend on the interfacial area, and thus on the shape and the Eize 8 (the Venturi test section is equipped with the reference
of the vapor structures. The chord lengithX) of the vapor struc- base. Mean cavity shapes are provided by image processing. The
ture crossing at a geometrical poitis defined as the product of horizontal and vertical scales are determined using a reflecting tip
the resident tim& g(X) by the velocityV(X) of the vapor phase introduced through the Venturi bottom at a known position and its
crossing at that pointi.(X)=Tg(X)-Vg(X) (Fig. 7). The mean height is being controlled. The roughness and the geometry of the
chord lengthl .(X) of the bubbles detected by the probes is calivergent part located beneath the cavity do not appear to influ-

Ryt Ryp(t .
() Measurement point (®) Measurement point “\
1 + 1 =
0.6 1 Threshold 0.6 + Threshold
04 4 0,4 +
02 4+ 0,2 +
t (S) t (S)
0 } } / 0 ; } } |
-0,004 -0,002 0,000 0,002 0,004 -0,004  -0,002 0,000 0,002 0,004
Measurement point located in the upstream part of the Measurement point located near the interface of the cavity
cavity (X=21mm ; Y=2,4mm) (X=56mm ; Y=6mm)

Fig. 5 Example of cross-correlation function Rab  (f) of the optical probe signals
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Fig. 6 Examples of velocity histograms

ence the mean cavity shapes or the observations of the cavitatmngdify the length of the cavity when it is located beneath the
flows even using a stroboscopic light. The three-quarters upstreaavitating flows. If it is longer than the cavitating flows, the added
parts of the cavities are quite stable whereas the downstream qumase thickness reduces the cavity length.
ter fluctuates and sheds horseshoe vortices in the main flow. Pressure fluctuations are measured along the wall of the test
The cavitation number is expressed(&s|. (4)) section. Measurement taps are connected with 50 mm long rigid
tubes to Druck DPI 260 piezoresistive pressure transducers. No

:Pref_ Pyap ) characteristic frequency corresponding to cloud shedding can be
Tref 0-5PVr2ef observed in the power spectrum of the pressure sigitiadsfre-

] ] quency response of the measurement taps equipped with the pres-

P Puap Prer Vier are, respectively, the water density, the vaposure transducers is about 1 KHz

pressure, the pressure, and the mean velocity in the reference sec- o ) )

tion Sief (Ser=44 mmx 45 mm). Figure 9 shows the distribution Two-Phase Flow Within the Cavity. Figures 10, 11, and 12

of the cavitation number as a function of the cavity length. Thghow the distribution of local time fraction of the vapor phase, the

maximum mean cavity length before choking is about 120 mm. tine-averaged tangential velocity, and mean chord length within

occurs atog=0.295+0.005. The roughness of the base has nie cavity. The cavity length fluctuation is about 15%. The cavi-

significant influence on the relation between the cavity length af@tion number based on the mean velocity and the pressgrin

the cavitation number. The thickness added to the base does Hét upstream section i8=0.307. Three acquisitions of 3s have
been performed for each measurement point in order to verify the

reproducibility of the results. The tangential velocity measured at
the interface of the cavity is constant on the upstream 70% part of
the cavity where it reaches a value close to the throat velocity

v
Bubble T
Ne— e = 5
P 0.5 1
[~
Ic
0.4 1
Double optical h
probe
0.3 1 »
Fig. 7 Chord length /. of vapor structure Loy (mm)
0.2 T T T 1
0 50 100 150
@ Polished base A Rough base
® Striated base M Polynomial base
X Arc of circle base

Fig. 9 Influence of the geometry and the roughness of the
base on the relation between the cavity length L.y and the
cavitation number o= (Pye—Pyap)/(0.5pVZ,). (Cavity length of
Fig. 8 Photograph of sheet cavitation 80 mm corresponds to cavitation number 0=0.31).
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—— Cavity shape X ﬁ
0

Reversed flow

Fig. 10 Time average and standard deviation of the local time
fraction of the vapor phase B within the cavity. Cavity length

L ..,=380 mm; velocity in the upstream section Viet=12m/s. The
test section is equipped with the reference profile.

(P~Pyap).

limited to about 15 mm downstream of the cavity. Under noncavi-
tating conditions, no reversed flow is observed. The velocity cal-
culated with the cross-correlation function on the entire signal
approximately equals the mean velocity estimated using transit
time histograms except for the positions characterized by large
fluctuations(in the closing part of the cavifyor alternate flows
§|r1ea)r the interface between the main and the reversed two-phase
ow).

The maximum void fraction varies regularly from 80% at the
upstream end of the cavity to 10% in the downstream part. It is
generally maximum at mid-height of the cavity. No discontinuity
appears on the vertical distribution of void fraction between the
main and the reversed flow. Chord length is minimum near the
interface and in the upstream part of the cavity and becomes
maximum near the bottom of the cavity. Coalescence processes
may occur within the cavitythe bubble sizes growth whereas
void fraction remains constant or decreases

Figures 10 and 11 show the distribution of the standard devia-
tion of the local time fraction3 and of the velocity within the
cavity. Velocity in the main two-phase flow is quite stable. Veloc-
ity fluctuations occur in the closure part of the cavity and in the
reversed two-phase flow, but no pulsing re-entrant jet has been
observed beneath the cavity. The two-phase flow structure of the
cavity looks like a flat vortex with length fluctuations. No signifi-

It decreases in the downstream part of the cavityant fluctuation ofB characteristic of significant vapor fraction

where the vapor condenses. The measurements at the interfacguetuation can be pointed out.
the cavity are in good agreement with the one obtained with LDA Figure 13 shows the distribution of the void fraction and mean

(Stutz and Rebouftl0]). (Void fraction is smaller than 2% there
and the LDA signal isn't much affected by the presence
bubbles) A reversed two-phase flow occurs along the solid s
face. It extends 10 mm downstream of the throat whereas it

Y (mm) o1 01

0 20 40 60 80 X(mm)

X V/Vief  —— 2 Gy/Vref

Fig. 11 Time average and standard deviation of the velocity.
Cavity length L., =80 mm; velocity in the upstream section
Vies=12m/s. The test section is equipped with the reference
profile.

Y(mm)
6 - 0 5

0 5%

0 20 40 60 80 X(mm)
Fig. 12 Time-averaged chord lengths /. of vapor structures
within the cavity. Cavity length L .,,=80 mm; velocity in the up-
stream section V=12 m/s. The test section is equipped with
the reference profile.
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velocity within cavities having different bottom geometry and

u%— ughness. A cavity shape has been provided by image processing

ysing a CCD video camera and a laser light sheet with the refer-
ence bottom profile. Its shape has been plotted on each diagram of
Fig. 13. Void fraction distribution agree well with this shape what-
ever the bottom may be: the interface of the cavity always corre-
sponds to a void fraction of about 2%. It confirms the fact that the
roughness and the thickness of the bottom located beneath the
cavity does not influence the shape of the cavity. No significant
differences between the cavitating two-phase flows appear in the
case of a striate, a rough or a polished bottom. The presence of
stria is not sufficient to affect the reversed two-phase flows. In-
vestigations where performed by Kawanami et [dl6] to control
cloud cavitation by introducing obstacles on the suction side of a
cavitating foil. Only the insertion of obstacles with significant
height may stop the re-entrant jet. In case of steady cavitation and
Venturi-type test sections, the roughness of the bottom beneath the
cavity does not influence the cavitating two phase flow: No sig-
nificant difference appears on the distribution of the time average
or the root mean square of the local measurements.

The depth of the bottom does not influence the depth of the
reversed flom(the same depth is observed for a flat or a convex
bottom). Therefore the distance between the cavity interface and
the reversed flow decreases when the bottom beneath the cavity is
thicker. Instabilities may occur with a thicker bottom if the re-
versed flow reaches the interface of the cavity.

The volume flow rate of vapor is estimated at each measuring
position, assuming two-dimensional flow and neglecting side wall
effects, by using the expressimap:fB(V(y)a(y))bdywhereb
andh are the width and the height of the two-dimensional cavity
in the cross section of the measurement axis. Results normalized
as Cq=Quqp/(VeLca) are shown in Fig. 14. The maximum
vapor flow rate is measured AfL .,,~0.25. The vapor flow rate
distributions between the different profiles reach a value close to
Cqg=2-10% in the rear part of the cavities. Differences appear
with results obtained previouslj10]. They are attributed to the
velocity measurement method: In the present case, velocity is
computed from transit time histograms, when it was computed
using a cross-correlation function in the past. The cross-
correlation technique induces significant bias in measuring the
time-average velocity when there are large velocity fluctuations as
in the case of reversed two-phase flow.

The difference of temperature between the liquid and the vapor
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Fig. 13 Influence of the geometry and the roughness of the bottom on the spatial distribution of void fraction « and of
time-average velocity within the cavity  (cavity length L.,,=80 mm; velocity in the reference section V=12 m/s)

constitutes the thermal effect. It is particularly significant in cryosation gives heat to the surrounding fluid and induces temperature
genic liquids such as those used in the turbo-pumps of a spédierease. Vaporization processes occur during the entry of the lig-
launcher. Vapor production extracts heat from the surroundingd in the cavitating area near the interface of the cavity and
fluid and induces temperature decrease. Conversely vapor condgithin the reversed flow. The presence of liquid-vapor interfaces
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5]
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X
-
0 7" T T T 1
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. X(mm,
X(enm) #® Polished base A Rough base (mm)
mm . .
® Polished base A Rough base @ Striated base X Arc of circle base
® Striated base X Arc of circle base  ORef [10] Fig. 16 Influence of the geometry and the roughness of the
base on the distribution of the momentum flux M within the
Fig. 14 Influence of the geometry and the roughness of the cavities. Mean cavity length  L.,,=80 mm; velocity in the refer-
base on the distribution of the volume flow rate within the cavi- ence section V=12 m/s.
ties. Cavity length L _,,=80 mm; velocity in the reference sec-
tion V,g=12m/s. Cq is the volume flow rate coefficient
(X109%).
c
bf (1_a)'pL'|V|'V‘dygpL'Qext‘Vext (6)
B

prevents metastable states. The vapor production required 10 SHi3s pressure distribution within the cavity is deduced from pres-
tain a cavity is usually estimated by assuming that it is equal tQ,re measurements. The shearing st@&gsat the boundanBC is
the noncondensable gas flow rate necessary to sustain a ventilgigdlectedthe boundary position is determined where the velocity
cavity of identical geometry and is compared to the vapor floyraqient is zerp The skin-friction drag, on the lower wall of
extracted_fr_om the cavity. Fruman et #L7] determine that the {he test section is estimated by momentum baldgeg (7)).
flow coefficientCq was constant and independent of the geometry . 5
of the tested body with a value close to .20 2. This value is _
about twice that the vapor flow rate convected downstream caleltP™ bfA (1=a)-py-|V]-V-dy— bL (1=a)-p-|V|-V-dy
lated using the local measurements in the rear part of the cavity.

Mass and momentum balances may be determined using the  +p_ - Qe Vexr— Pag:AB+Pcp- CD—Pgc- (he—hg)
experimental data. The cavity is divided into five parts limited by )
a boundary located outside of the cavitating flows, by the Venturi
faces and by the measurement sectitffig. 15. The continuity Figure 16 shows the momentum flux within the cavities. The
and momentum balances are performed with the following agssults are quite similar for the polished, the rough, and the stri-
sumptions: The internal flow is taken to be two-dimensional; thated bases. The lower momentum flux in the upstream part of the
pressure is kept constant in the direction normal to the profigavity for the circle arc base is due to the thickening of the
(there is no transverse pressure gradient due to the small caggpmetry.
thickness; the ratio of the density between the vapor and liquid The skin friction drag is quite negligible in the upstream three-
phases means that the contribution of the mass and momentguarters of the cavityFig. 17). Its negative values in the middle
influxes of vapor can be neglected in the integral balances; thart of the cavity are due to the reversed flow in that area. Mean
velocity shift between the liquid and vapor phases is neglect&glocity is oriented in the main flow direction in the upstream and
since vaporization and condensation take place spontaneously, dewnstream parts of the cavity. The roughness of the bases lo-
buoyancy forces are negligible in comparison with inertial forcesated beneath the cavities has no significant influence on the skin
The mass influx from the outer flow is deduced from the mass
balance(Eq. (5)).

F(N)
8
(%) a

The momentum influx from the outer flow is deduced from the 4
mass balancéEq. (6)).

D B
pL'Qext:bf (1—a)-p|_~V~dy—bf (1=a)-p_-V-dy
c A

0 4 T T ® T 1
20 4‘ 40 60 80

[nrerface of the caviry 4 X(mm)

® Polished base A Rough base
® Striated base X Arc of circle base

Venfuri b
i Botton Fig. 17 Influence of the geometry and the roughness of the
X base on the distribution of the skin friction drag F within the
cavities. Cavity length L.,=80 mm; velocity in the reference
Fig. 15 Partitioning of the cavity section V=12 m/s.
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friction drag. The presence of a great quantity of bubbles seems
act as a “ball bearing” on the flow which reduces effects of
roughness.

Conclusion

The two-phase flow structure of steady attached cavities devel-7ref

to X = distance from the throat of the test sectiom
Y = distance from the Venturi bottortm)
a = void fraction measured afl
B = volume fraction of the vapor phase
p = density(kg-m~3)

cavitation number

oping on the wall of a Venturi-type test section has been investubscripts

gated using a double optical probe. Data treatments based on the

analysis of transit time histograms and local time fraction histo
grams have been used. The cavitating two-phase flow looks like
steady vortex whose length fluctuates abad6%. The upstream

part of the cavity is mainly filled with vapor. A reversed two-phase

flow occurs along the solid surface. Fluctuations of the velocity

and the time fraction of the vapor phase occur in the revers

two-phase flow, but no pulsating re-entrant jet has been observed:.

No significant vapor fraction fluctuation has been measured withi
the cavity. The shape of the cavities, the distribution of void frac

tion and time-average velocity are not significantly influenced by

ext = external liquid flow
-a I = liquid
ref = reference section
vap = vapor
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An Evaluation of a Two-Fluid
Eulerian-Liquid Eulerian-Gas
venkatraman ver' ¥ [\]odel for Diesel Sprays

John Ahrahamz A two fluid Eulerian-liquid Eulerian-gas (ELEG) model for diesel sprays is developed. It
o Professor is employed to carry out computations for diesel sprays under a wide range of ambient
e-mail: jabraham@ecn.purdue.edu and injection conditions. Computed and measured results are compared to assess the
accuracy of the model in the far field, i.e., at axial distances greater than 300 orifice
Maurice J. Zucrow Laboratories, diameters, and in the near field, i.e., at axial distances less than 100 orifice diameters. In
School of Mechanical Engineering, the far field, the comparisons are of drop mean velocities and drop fluctuation velocities
Purdue University, and in the near field they are of entrainment velocities and entrainment constants. Ad-
West Lafayette, IN 47907-2014 equate agreement is obtained quantitatively, within 30 percent, and qualitatively as pa-

rameters are changed. Unlike in traditional Lagrangian-drop Eulerian-fluid (LDEF) ap-
proaches that are employed for diesel spray computations, adequate resolution can be
employed in the near field to achieve numerical grid independence when the two-fluid
model is employed. A major source of uncertainty in the near field is in the modeling of
liquid jet breakup and atomizatiofDOI: 10.1115/1.1593708

Introduction The Eulerian-Liquid Eulerian-Gas (ELEG) Two-Fluid

The numerical modeling of diesel sprays is a challenging proM0d3|
lem because of the wide range of spatial and temporal scalesThe essential idea of ELEG modeling of sprays is to solve
associated with the physics of the sprays. An approach thatcisntinuum Eulerian equations for the liquid and gas phases. The
widely employed is the Lagrangian-drop Eulerian-fl{ldDEF)  formulation involves averaging the local and instantaneous equa-
approach originally proposed by Duckowill] and implemented tions for each phase. Eulerian ensemble averaging is used where
for spray computations by O’'Rourke and Bra¢2d In the LDEF the independent variables are the spatial coordingtend time,
approach, the droplets which are formed through the atomizatibn Comprehensive reviews of the subject are given by several
process of the liquid jet are tracked in a Lagrangian frame afithors,[9—11]. Referencq12] gives the detailed derivation of
reference through Monte-Carlo methods whereas the gas phasthésspecific equations employed in this work.
described in an Eulerian frame of reference. Momentum, mass,The ensemble-averaged conservation of mass equation for
and energy equations are solved for each drop and collisions ditsek is written as
secondary breakup are modeled. The LDEF approach is, in prin- Ja
ciple, valid only for dilute sprays when the local gas void fraction kPk
is greater than 99 percent. This criterion is not satisfied in the ot
region close to the injector orifice in the case of diesel sprays, i.@shere ¢y is the volume fraction of phase py is the density of
within about 50 orifice diameters, where the presence of an intgffiasek, and U, its velocity. I, is a source term due to phase
liquid core and the dense spray regime results in relatively smahange.
gas void fractions. Hence, relatively large computational grid The ensemble-averaged momentum equation for phkase
sizes are employed near the orifice to enforce the criterion. It hagitten as
been shown that these grids are inadequate to resolve the flowfield
in the near-nozzle region. This may give rise to unphysical resultg€%xPxYx
[3-6]. Hence, alternate approaches have to be pursued. at

In this work, we present an evaluation of a two-fluid Eulerian- d
liquid Eulerian-gas(ELEG) model, that we have developed for +(Pri= PVt My (2)

sprays, by comparing measured and computed mean drop Vel@gi represents the transfer of momentum from one phase to the
ties, drop fluctuation velocities, and entrainment characteristiGsiher due to forces at the interface. It includes the forces of drag,
The numerical limitations highlighted above are minimized witQjrtyal mass, Saffman lift, Basset and Magnus forces. P, is
the ELEG approach. Prior applications of the model, with & Iahe average pressure of phasandP, ; is the average interfacial
cally homogeneous flow assumption, have focused on computifgssurel, ; is the average interfacial velocity. In this work we
liquid penetration$7,8]. The detailed derivations of the two-fluid have considered only the drag force. The virtual mass force is
modeling equations are given in several refereri@ed2). In the prought about by transient effects when the drop is accelerated
following section, the model is briefly discussed. In the sectiorough the carrier fluid. This effect is important only if the den-
that follows, details of the measurements will be given. The congity of the carrier fluid is greater than the density of the particle
putational conditions will then be discussed. Results and discisrch as in bubbly flows. For diesel sprays the droplet density is
sions follow. The paper closes with summary and conclusions.about 30 times more than the gas density so the virtual mass effect
is not significant. The Basset force accounts for the delay in the
ICurrent address: GE Global Research Center, Niskayana, NY 12309. boundary layer development as the relative velocity changes with
?To whom correspondence should be addressed. time. This effect may be important near the orifice where the

Contributed by the Fluids Engineering Division for publication in tiee/BNAL ; : :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiondrc}plmS are aCCEIGratlng the surroundlng gas, but evaluation of

October 16, 2001; revised manuscript received January 22, 2003. Associate Edﬁbt‘s for?e is CompUtatiqna”y very intensive bef:ause it. involves
E. W. Graf. integration over all previous times. Moreover this force is an un-

+ V- (agpU) =Tk (1)

+ V- (arpUUi) = = an VPt V- g i+ 7 + Ty

660 / Vol. 125, JULY 2003 Copyright © 2003 by ASME 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



steady one and not relevant for steady sprays. It may affect the dagpgk agpgvt
transient evolution and may be an interesting study for future %Jrv.(agpgkgug)—v-( P ngg
research. The Saffman lift and Magnus forces depend on drop fk

spin. The drop spin in diesel sprays is not known with any degree +ay(G—pgeq) + Sk (5)
of certainty. 9 979
When the drag force alone is considered, the ensemble-,

t
averaged expression for the momentum transfer term is % +V- (agpgeqUg) = V- ( agé)rgyg Veg|+ ag%(ch
& g
Mg=Crlaiag(U—Ug) = (a;m+agngVagt  (2a) Cope)+S ©)
9€g e

where the coefficientC;, is given by
The production term(, is related to the mean velocity field of

szm the gas-phase by the relatioB= 75 : VU, . Also, vy=Cki/z.
dp Standard model constants are employed@Gqr, C,, C,, Pi,
24 and Pr, [16,17. S, and S, are terms that represent turbulence
Cp==—(1+0.15R§ ") modulation. In our work, the contributions of these terms are ne-
Rey glected. The effect of drops in a dilute spray is to induce an extra

n, and 774 are the turbulent diffusivities of the liquid and the gasdiss“oation of turbulent kinetic energy in the gas due to the

respectively.U, is the relative velocity between the two phasesﬁ]cc?eratlon/ d(leceleratlon ?]f tthhet t(:]ro_ps. This is 1_mpo;tan:] only 'f.
d, is the drop diameter. We have assumge- 4. The turbulent € drops aré large enough that théir response time to changes in

diffusion of the drop may differ from the turbulent diffusion of thethe gas flow is large. For diesel sprays where the drop diameters

gas when the relative velocity between the drop and the gasja'rfﬁe Ofthe orfdsr of 20 mi(l:)ron§, t.r]l.is eﬁe.Ct Lnay not .b? significqnt.
comparable o e ruiet ket cnery of e 814 For e fect o 62 ey e Snliant n e e ectr egtn
diesel spray with drop diameters of the order of 20 microns, e pray : ! 9

: : - : t for back effect of drops in a dense spray.
ratio of the drop response time to the characteristic gas flow tinf&c°4N : ord a de
i.e., the Stokes number, is very small so the drop essentially foI-We have discussed, in prior publicatiofi8,], two models for

low the gas flow field. The relative velocity is small in this Case\(aporization O.f.th.e liquid phasg. The first f.“"de" which we refer
s the equilibrium vaporization model, is developed for a lo-

The drop sizes are smaller than the Kolmogorov length scales thd ; . o9
are of the order of 100 microns for the flows considered here. §g1Y homogeneous flodLHF) where the entire mixture of liquid

the drops remain within the turbulent eddies and are transpor%’&cI gas is assumed to behave as a single fluid, i.e., the spray is

by them. So the liquid turbulent diffusivities are not expected t cated as a single-phase multlcpmponer)t flqw with the liquid
be very different from the gas diﬁusivities;rg is obtained from uel, vapor fuel, and the ambient air as the individual components,

the k-¢ turbulence model. This correlation f&@, is valid for 1 [8]. State relationships are employed to determine the fraction of

<Re,<1000. This condition on Reis satisfied in the spray ex- liquid vapor and air for a given set of thermodynamic conditions.

cept near the injector orifice. The sum of the momentum transfgpase equilibrium between liquid and vapor IS _assumed._ln _the
) S d d second model, that we refer to as the nonequilibrium vaporization
in the gas and the liquid is zero. 363+ M;'=0.

Following Ref.[9], th bl d i model, the conservation of mass equation, #g, is solved for
oliowing Ret.[3], the ensemble-averaged energy equallon . phase. The vaporization source tdtpis obtained by as-

written as suming aD?-law for droplet vaporization in each computational
daypEx . cell. Referencg7] may be consulted for a complete description.
o TV (anEUD) ==V (apUP) = V- (At i) An equation for the surface area concentration has been derived

and employed in the work to capture the variation in drop sizes
+V-{a(r+7)-Ul+Qx  (3) due to vaporization, break-up and coalescence. According to Ishii
= = [9], the interface is convected with the interface velocity. In the
where Ey, o, and Q, are the specific energy (internalcase of dispersed two-phase flows, the interface velocity is ap-
+kinetic) of phasek, is the molecular heat flux of phasg and proximately equal to the dispersed phase velocity. So we formu-
the interfacial energy transfer to phaserespectively. late a transport equation for the surface area concentration on the
In the case of multicomponent flows, where both the phases cassumption that it is convected with the mass-averaged liquid-
consist of different components moving with the phase velocitghase velocitylJ, :
conservation equations are needed to solve for the mass fractions
of all the components/species within each phase. The ensemble-

S
averaged equation for conservation of spegiesithin phasek i TV ULy =+ du+ e (7)
can be formulated analogous to single phase species conservation
equations[15]. The equation is written as whereL, is the surface area concentratiafy,, ¢,,, and ¢, are
daep Y the source terms due to vaporization, atomization, and drop
i

o +V- (kUi ) = V- (aem V- Yi )+ T (4) breakup and coalgsqence, respectively. o

To model atomization, we employ the blob-atomization model
whereY,; is the mass fraction of speci¢sn phasek and 7, ; is of Reitz[18] in which liquid blobs are injected with a radius equal
the diffusivity of specieg in phasek. In an ensemble-averagedt© the orifice radius and the Kelvin-Helmholtz instability then
formulation of the equation for diesel sprays, only the turbulef@ds to the breakup of the blobs. The breakup model postulates

diffusivity is important in which case the diffusivities of all thethat a parent blob of radius,,, breaks to form new stable drop-
species within a phase can be considered equal. lets of radiir, wherer ;=ByA, where A represents the wave-

The k- model is employed to represent turbulence. kKae length of the fastest growing wave. The constBgtis given a
model is reasonable for modeling gas-phase turbulence in shéaiue of 0.61 as suggested by R¢it8] and Beale and Reif29].
layers as encountered in jets and mixing layers. Turbulence jH€ Preakup occurs in a characteristic time that is inversely pro-
diesel sprays is primarily produced in the shear layer of the jet, Bgrtional to the growth rate of the fastest growing wakle,Ac-
this model is widely employed for sprays. Tkes model solves cording to Reit7 18], the breakup timer, is given by
for the turbulent kinetic energyk,, of the gas-phase and the

dissipation rate of the gas-phase turbulent kinetic energywith - 3.728r1, @)
the transport equations given below. b QA
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where the constar; has been given values ranging from 10 tdifferentiating Eq.(15) keeping the volume fraction of the liquid
60 in comparisons of computed and measured reg@s19. For constant during coalescence, the following expression may be ob-
practical purposes the constad®y is considered as a model con-tained for the rate of change of surface area concentration due to
stant that should be calibrated for a given set of conditions. Tleealescence.
rate of decrease of the drop radius is given by the following em-
pirical relation: P g Y 9 ¢c=(dLs/db) coalescencs — 77ch| u’jn2. (16)
dr — In deriving Eq.(16), the rate expression given by Ed4) is used
—L2=— "2 _Cfor r<r,, or =0 for re=r,. (9) along with the expression for the collisional frequency given by
dt Th P . Eq. (12). The value of the average fluctuation in the drop velocity
In the two-fluid model, the breakup model is implemented bif @sumed to be proportional to the RMS of the liquid velocity
deriving an expression for the rate of increase of the surface afgtuations,U, =2k /3, wherek is the turbulent kinetic en-
concentration due to the breakup of the drops. This is done &gy of the liquid phase. A constant of proportionality is intro-
follows. The surface area concentration is related to the local S&lced to allow for the uncertainties in the droplet velocity distri-
ter mean radius of the drop =3« /r,,. The differentiation of butions. Thus we obtain
this expression with respect to time, keeping the volume fraction "M
of the liquid constant during the breakup process and substitution |U’|=Ceonv2ki/3. 17)
of Eq. (9) for the rate of breakup yields the following expressionThe ratio of the liquid turbulence to gas turbulence in a spray
depends on the density ratio and the response time of the drop. In
1-rclrp (10) this work, we have assumed the liquid turbulence to be equal to
Ty the gas turbulence which is generally true except very close to the
During the implementation of the blob model, the value of th{%:ilzcvsc')glg]ﬁal—Egncggséagﬁggdlst(;ﬁitdeftﬁ: Zﬁg];dgglcccﬁ;?;?:st :':nd
(r)azgliﬁz (r)?ctmu:,dar’olsleltrs]rma”gt ?ﬁ; ?nqlejstlotrootrr}scelocal Sauter Meatoalescence on the spray behavior. We have employed values for
We have deve[I)opegI) ’a methodjology 10 mo'del the outcome le0” so that the_effect of co_II|S|ons are relatively srr_wa_ll. Iyép]
collisions between drops within the context of ELEG modeling: ?rsheentés ?,a(ifgﬁgedi\,egﬁl:%g?,g ?I)rtht?]:ﬂEeLcltESGOfngclilsl(;?Z' supple-
Collisions between drops can change the surface area concerm d 9 pp

- N 8nhted by equations for thermal and caloric equations of state.
tion and subsequently the interface transport rates of mass, mo Y €q q

mentum. and enerav. Collisions can be important in the den A finite volume numerical method based on staggered grid and
- =Nergy. Import ; Gnor-cell convective fluxes is employed to solve the equations
spray regime since the frequency of collisions is proportional

the number density of the drops. According to the kinetic theort)é ove. The method follows the semi-implicit formulation of Pa-

- nkar and SpaldinfR2], Liles and Reed23], and Magi[24]. In
for granular flow[2,20], the frequenc_y Of. collisions between tWOthis method, the pressure, the momenta, and the energy are used
classes of drops, denoted byandb, is given by

as primary dependent variables. A Poisson-type equation is formu-
Vb= (N/V) (NI o7 (1 g+ 1) U ) (11) lated for the pressure by manipulating the continuity and the mo-
) mentum equations with the constraint of the equation of state.
where (N/V), and (N/V),, are the number density of droplets, Thjs scheme is well suited to low Mach number flows because of
andry, are the radii of the droplets in classeandb, respectively, he weak linkage between the pressure and the defizgy24).
and|U | is the relative velocity between the two drop classes. I8aggered grid is employed for the vector quantities with respect
the two-fluid model, we solve for the local Sauter mean radius f the scalar quantities. The staggering avoids decoupling of the
the dropsy,, and we assume the classeandb to be identical, hressure and velocity field§25]. The pressure based numerical
each having drops of radius,. We then obtain the mean colli- scheme employed in this work is accurate for Mach numbers less
sional frequency density;co as than 0.3. It can be used for higher Mach numbers except that it
_ 2 Ae2(1 1" cannot capture the propagation of shock waves. The Mach num-
Veon = (N/V) 7T4rp|U | (12) bers for the flows used in this work may be high, very close to the
where we have approximated the relative velocity between tbeifice, but they decrease rapidly as the jet expands and diffuses
droplets with the average fluctuating velocity of the dropletsut. The Mach numbers are within the range of applicability of the
|U’|. The outcome of a collision is determined by the probabilitpumerical scheme beyond about 10-20 orifice diameters down-
of coalescencey, , once a collision has occurred. The probabilitystream of the orifice.
7¢, is obtained from the physical criterion that the colliding drops
separate if the rotational energy of the coalesced drop pair exceblizasurement Details
the surface energy required to reform the original drops from the
coalesced pair. The expression fgy as given by O’'Rourké21]
is

d’b_ S

In this work, comparisons of computed and measured results
will be presented for two sets of measurements. One set of mea-
surements focuses on the far field of spraye., x/d>300)
7e=min(2.49(£)/Weg1,1) (13) Whereas the second set focuses on entrainment characteristics in
) ) ) oo ) the near fieldi.e., x/d<100) wherex is the axial distance andl
where ¢ is the drop size ratio, /r, which is equal to 1 in our s the orifice diameter.
model.g(1)=1.3. We  is the collisional Weber number given by  \Measurements of axial and radial drop velocities in steady
We, =pU'?r, /oy, whereo is the surface tension coefficient.sprays were made by Wu et 426]. The fuel, n-hexane, was
Each coalescence event decreases the local number of dropletgfgcted into quiescent nitrogen at room temperature but at high
1. So the rate of decrease due to coalescence can be expressgfiedsures such that the ratio of the gas density to the injected
_ liquid density is similar to that in a diesel engine cylinder at top
d(N/V)/dt= = cveol . 149 dead center, i.e., at the end of compression. The conditions in the
The rate of decrease of surface area concentration due to coeasurements are shown in Table 1. The spray was injected into a
lescence is obtained from E¢L4) by relating the surface areaconstant volume chamber of 19 cm internal diameter and length of
concentration to the number density. Eliminating the drop dian®0 cm. For more details on the measurement technique and the
eter, the following relation may be obtained for the surface ardaser-Doppler velocimetryLDV) optics employed, the reader is

concentration 12]: referred to the experimental papg26]. The data was taken in a
an 1 time window between 0.5-1.0 s after start of injecti&®l). The
L “=3V4may(N/V)™ (15)  authors of the experimental paper state that steady state is reached
662 / Vol. 125, JULY 2003 Transactions of the ASME
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Table 1 Conditions for velocity measurements in diesel 0.012
sprays, [26]. Fuel: n-hexane, p,=665 kg/m®, u,=3.2X107% N
-s/m? o;=1.84X10"2 N/m, d=127 microns

0.01

Case P (MPa) pa (kg/mP) Uiy m/s

A 4.24 48.68 127 .
B 1.48 17.024 127 0.008
C 4.24 48.68 194

m, (gg/s)
8

g

B 8

well before 1.0 s due to the high velocity and small sizes of th
drops. The characteristic time for steady state as reported by V
et al.[26] is about 0.03 s. Statistics of the mean axial velocity ant
the mean fluctuations in the axial drop velocities were obtaine
from the instantaneous LDV measurements. The estimated er
in the mean axial velocity was reported to be less than 2 perce 1 2
and the error in the fluctuation amplitude was reported to be le: time (ms)
than 3 percent. The statistics of the radial component of the drop
velocities were not reported due to a large error. The measuréy. 1 Injected mass flow rate versus time. Measurements of
ments of the mean and fluctuating axial velocities were reportedGissali et al. [27].
axial stations ok/d=300, 400, 500, 600, and 800 downstream of
the orifice.

We will also present comparisons of computed and measured
entrainment velocities and constants in sprays. The measurem . .
are those of Cossali et gJ27] and Andriani et al.[28]. They ?%?nputatlonal Conditions
studied air entrainment in a transient diesel spray using LDV to The comparisons with the measurements of Wu ef2dl] are
measure gas velocities. Their focus was to study the effect of gagrformed in an axisymmetric chamber of length 20 cm and di-
density and temperature. The spray was injected into a confir@aieter 10 cm. The farthest axial location in the measurements was
quiescent environment and the entrainment flow rate was evakid =800 which corresponds to an axial distance of about 10 cm.
ated by measuring the air velocity component normal to a cylifrrom our prior work, we know that keeping the length of the
drical geometric surface surrounding the spray. The injection cotlemain at 20 cm is sufficient to ensure that the far downstream
ditions in the measurements are summarized in Table 2. Theundary conditions do not affect the computed values up to a
closed cylindrical chamber had an internal diameter of 206 miipwnstream axial distance of 10 cm. The diameter of the compu-
with injection along the axis of the cylinder. The duration of intational chamber was kept to be 10 cm, though the diameter of the
jection was measured using laser beam obscuration and was n@g@mber in the measurements was 19 cm. However, it was found
sured as 3.3 ms. The average mass of fuel injected was obtaitieat the radial spread of the spray was less than 2.5 cm even at the
as 0.0306 g per injection. Cossali et [@7] estimated the injected farthest downstream location for which comparisons were made.
mass flow rate as a function of time from the total mass injectei|so, from prior work, a diameter of 10 cm has been shown to be
the injection duration, and the measured injection pressure histasyfficient to minimize the effect of the side walls on the spfay,
Figure 1 shows the estimated injected mass flow rate as a functioe computational grid is shown in Fig. 2. The axial grid resolu-
of time during the period of injection. The average injection vetion is uniform withAx=0.1 cm. There is a stretching of the grid
locity obtained from the total mass injected and the injection din the radial direction with two cells in the orifice radius. The
ration is 230 m/s as given in Table 2. radial grid size is 0.003 cm at the centerline and is stretched

The injection conditions are kept constant for all the measuréd a maximum of about 0.3 cm beyond a radius of about 3 cm
cases. Five different measured ambient conditions were congiipm the centerline. The total number of grid cells in the radial
ered in the work of Cossali et d127] and are given in Table 3. direction is 56.
Each case given in Table 3 has a different combination of ambientThe conditions in the computations are identical to the mea-
temperature and density. The ambient temperatures were vagedied conditions that are shown in Table 1. The properties of
from 298 K to 473 K and the ambient densities were varied fromrhexane are used for the liquid fuel and nitrogen is used as the
1.17 kg/n? to 7.02 kg/ni. The objective of choosing the condi-ambient. The initial ambient temperature is 300 K. The equilib-
tions given in Table 3 is to study the independent effects of arfium vaporization model is employed because vaporization is not
bient temperature and ambient density on the entrainment chargighificant in these sprays. The blob atomization model is em-
teristics. For example, Cases 1, 3, and 4 have the same ambfgyed with the constanB,=20. Computations were also per-
temperature of 298 K but different ambient densities. Cases 4 diggmed with B;=10, but the computed liquid velocity and the
5 have the same ambient density but different ambient tempetarbulent kinetic energy values did not show a noticeable change
tures. The maximum uncertainties in the measured temperatuf@saxial locations greater than 300 orifice diameters. Compari-
as stated by Cossali et §27] are =5 K and the uncertainties in
the density are- 1.5 kg/n.

2

Table 3 Ambient conditions for entrainment measurements,

Table 2 Injection conditions for entrainment measurements, [27,28]
[27,28] Case Temperaturé) Density kg/ni
Orifice diameterd 0.25 mm 1 298 7.02
Injected mass 0.306 g 2 413 5.06
Injection duration 3.3 ms 3 298 1.17
Density of injected fuep, 820 kg/nt 4 298 5.06
Average injection velocityJy; 230 m/s 5 473 5.06
Journal of Fluids Engineering JULY 2003, Vol. 125 / 663
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Fig. 3 Axial velocity versus radial distance: comparisons with
measurements: Case A

i of Wu et al.[26]. Figure 3 shows the computed and measured
- Centerline steady axial liquid velocity as a function of the radial distance
from the centerline at axial locations afd=400 and 600 for
Fig. 2 Computational grid. Parameters indicated are for com- Case A. The computed and the measured velocities are maximum
parisons with measurements of Wu et al.  [26]. at the centerline and decrease with increase in the radial distance.
The computations appear to underpredict the axial velocities near
the centerline by about 20 percent at both the axial locations.
sons are made of the mean liquid axial velocity profiles and tigeyond a radial distance of 0.5 cm the computed and measured
turbulent kinetic energy profiles. The turbulent kinetic energy i¢alues agree within 10 percent. The computed and measured ra-
related to the amplitude of the fluctuating velocity that is medalial spread of the axial velocity profile appear to show reasonable
sured. agreement at both the axial locations. Figure 4 shows the com-
In the case of the comparisons with the measurements of Cosited and measured steady axial liquid velocity as a function of
sali et al.[27], computations are performed in a closed axisynthe radial distance for Case B. In Case B, the ambient density is
metric chamber with a chamber radius of 10.3 cm as was the cd@wer than that in Case A, the other conditions remaining the
in the measurements. The chamber length was taken as 24 same. Figure 4 shows that the axial liquid velocities near the
This length was sufficient to avoid spray impingement on the faenterline (=0) are greater than those for Case A at the same
wall during the injection period. The structure of the computaaxial locations in both measurements and computations. This is
tional grid is similar to the one shown in Fig. 2. The number ogxpected since the spray penetrates more when the ambient den-
cells in the radial direction is 86 with four cells inside the orificesity is lower and so the centerline liquid velocities are greater at
radius that gives a minimum grid size of 3.2250"2 cm inside the same axial location. The computed axial liquid velocities for
the orifice. The grid in the radial direction is stretched as shown fp@se B are higher than the measured values by about 20-30 per-
Fig. 2 to a maximum radial size of 0.4 cm beyond a radius of 4 cfent near the centerline. The agreement between the computed
from the centerline. This grid will be referred to as the lowefnd the measured values are better beyond a radius of 0. 5 cm.
resolution grid. A finer grid referred to as the higher resolution
grid is also employed. The higher resolution grid has eight cells in
the orifice radius and a total of 130 cells in the radial direction 2.5 T T
Both the resolutions have a uniform axial grid size of 0.1 cm. : :
The orifice diameter, the total mass injected and the injectio
duration in the computations are identical to those in the measur 2
ments. A constant injection velocity equal to the average injectio
velocity of 230 m/s as given in Table 2 is used in several of th
computations. A computation is also performed with the injectior @ 15
rate as shown in Fig. 1. The ambient conditions corresponding
the five cases given in Table 3 are used in the computation
Tetradecane is used as the injected fuel to represent diesel fu
The density of the fuel is taken as 820 kd/ms given in the
measurements. The surface tension and viscosity of the liquid r
quired in the core breakup model are X402 N/m and 3.5
X 10 5N-s/m?, respectively, values typical for tetradecane a
room temperature. Vaporization is predicted using the equilibriur
vaporization model.

Open

Uy, (cm/m

Results and Discussions

Results in the Far Field (i.e., x/d>300). We now compare Fig. 4 Axial liquid velocity versus radial distance: compari-
the computed steady axial liquid velocities with the measuremeniss with measurements: Case B
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U, (cm/ms)

Fig. 5 Axial liquid velocity versus radial distance: compari- Fig. 6 Turbulent kinetic energy versus radial distance: com-
sons with measurements: Case C parisons with measurements: Case A

Figure 5 shows the computed and measured steady axial liqYifith at an axial location is defined as the radial distance from the
enterline where the liquid velocity decreases to half its centerline

velocity as a function of radial distance for Case C. The |nject|o(f1 lue at the axial location. Figure 6 shows that the computed

velocity in Case C is greater than in Case A. So the axial liqui alized turbulent kinetic eneray reaches a maximum at a ra-
velocities near the centerline are greater for Case C as comparp 9y

to Case A as shown in Fig. 5. The agreement between the coi@l distance of about 0.5 half-widths from the centerline for both
. %%axial locations. The measurements show a similar trend. This

puted and the measured values is within 15 percent for Case C. . ) : .
both the axial locationsx{d=400 and 60D considered is because turbulence is generated in the region of large velocity
; é%dients that are located radially away from the centerline. The

Overall, there s reasonable agreement between the compu@ uted values of the normalized turbulent kinetic energies at
and the measured velocity profiles for the three cases conside gnp . . o 9
e two axial locations are within 15—20 percent of each other.

The maximum discrepancies are of the order of 20—-30 percent. . — R ' )
that can be attributed to a combination of uncertainties in the = implies that the kinetic energy profiles are approximately

measurements and the interface transport models, especially%ﬁg's'm"ar' There is more scatter in the measgreq data near the
momentum transfer model that is the most relevant for the noﬁ@nterllne. The computed profiles agree quantitatively within 20

vaporizing sprays considered in this study. Indeed the higher fereent with the measured data beyord,,=1. Nearer to the

A : nterline ¢ <r,,,) the computed values overpredict the measured
jection velocity case, Case C, shows the closest agreement ok u -
tween the computed and the measured velocities since fa by about 40 percent atd =400 and by about 20 percent at

momentum transfer rates are faster at higher velocities and so $he ~ 600 indicating that the measured values reach a self-similar
iéate at a greater axial distance. For radial distances beyond the

flow field is close to that in a homogenous flow where the degr S if-width. the computed values appear to underpredict the mea-
of uncertainty is less. This is significant as the injection velociti ! P PP P
ééi,red data by about 20—30 percent.

in diesel sprays which are of the order of 200400 m/s are clo Figures 7 and 8 show the normalized turbulent kinetic energy

o the conditions in Case C than in Cases A and B. So the Corn;ofiles for Cases B and C respectively at the axial locations of

parisons presented in this section imply that the model shol) - . A
better agreement with measurements when conditions are closet t%_ 400 and 600. There is an overall agreement in trend for both

those in diesel engines.
We now compare the computed steady turbulent kinetic enerav
of the liquid with the measurements of Wu et [&6]. It should be
noted that the assumption is made that the turbulent kinetic ener
of the liquid is same as that of the gas as equations for the mixtu
turbulence are solved. The measurements were made of the RI

of the liquid axial velocity fluctuation U)’(Z. We assume isotro-
pic turbulence and relate the measured RMS of the fluctuations
the turbulent kinetic energy of the liquid. The turbulent kinetic
energy is then related to the RMS of the fluctuations by

3u.?
1= 2 .
Thek, so obtained from Eq18) is then treated as the measured
liquid turbulent kinetic energy that is compared with the computer  0.02f
values. Figure 6 shows the computed and measured turbulent
netic energy of the liquid as a function of the radial distance fron
the centerline for Case A for axial locations>did=400 and 600.
For each axial location, the turbulent kinetic energy is normalize
by the square of the centerline liquid axial veloclZ,, at that

location and is plotted against the radial distance normalized Byy. 7 Turbulent kinetic energy versus radial distance: com-
the half-width of the jetr/r,,, at that axial location. The half- parisons with measurements: Case B

0.12

(18)
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Fig. 8 Turbulent kinetic energy versus radial distance: com- ]
parisons with measurements: Case C time I[:ITlS}

Fig. 9 Entrainment velocity versus time: computed (B,=10)

and measured: Case 1: +, O, A measured; — computed, lower
these cases as in Case A. The profiles are close to self-similar fegolution; --- computed, higher resolution
both the cases because the values at the two axial locations do not
differ by more than 20 percent. The differences in the computed
values at the two axial locations are more near the centerline asg&ation. It appears from Fig. 9 that the computed maximum nega-
the case with the measurements. Overall there is reasonable agtige-entrainment velocity increases with increase in axial location
ment in trends between the computed and measured turbulentfbi-the axial locations considered. This implies that the strength of
netic energy profiles for the three cases considered. The discrgfe head vortex as measured by the velocity with which the gas is
ancies in quantitative values can be attributed to the uncertaintigsshed out, increases as the vortex travels downstream from the
in the measured data, to the assumption of isotropy in estimatiogfice. A similar implication is made by other researchers,
the measured turbulent kinetic energy and to the assumption tfz8,29, that the size of the head vortex increases because of the
the computed turbulent kinetic energy of the liquid is equal to thguasi-steady jet that feeds it. Once the jet starts entraining, the

of the gas. velocity increases with time and reaches a steady value before the
) ‘ . end of injection at 3.3 ms as shown by the computations in Fig. 9.
Results in the Near Field(i.e., x/d<100) The computed steady entrainment velocity increases with increase

Comparisons of Computed and Measured Entrainment Veloci o a);';lnfct?;ﬁg' _-I_Tg g?sgtfénsgg dangnfr%wr)rl\gi? \Sglsouclittsiesshgw-
Details of the measurements of Cossali etf{alf] and Andriani X P Y P

; ; : ear to be greater than the measured values, with the computa-
et al.[28] have been given earlier. They measured the radial vg- - - e
Iocity[of]the gas at agradius of 10 mmy from the centerline argP™S overpredicting the steady entrainment velocity by about 30

defined that as the entrainment velociy,. The radius of 10 mm percdent ax=57.5 mm. Figure 9 also shows the computed en-

was chosen as a compromise between the difficulties in measuri

%nment velocities as a function of time for the three axial loca-
velocities too close to the centerline and the large relative errors 1 when the higher grid resolution is employed. The computed
the radial velocities with increasing radial distance from the ce

Yelocities are almost identical for the two resolutions >at
terline. The entrainment velocity, , can be expressed as =57.5mm. The higher resolution appears to predict a lower

steady entrainment velocity for=22.5 andx=32.5 mm. How-
Ve= Vg r(xr,.0 (19) ever, the differences in the computed velocities are not more than
) ) ~ 10-15 percent.

where the radius of the control surfacg, is 10 MMV, 1 iS  The quantitative discrepancies between the computed and the
the radial gas velocity at a surface located at radiysat axial measured entrainment velocities shown in Fig. 9 may be attributed
locationx, and timet. The negative sign is used because entraie the uncertainties in the computational models used for atomi-
ment velocity is considered positive if the gas velocity is directezhtion and interface transport. One particular model where uncer-
radially inwards, i.e., towards the centerline of the spray. Thainties are expected is the core breakup model. We now explore
computed entrainment velocity is defined in an identical mannehe sensitivity of the entrainment velocity to the model constant

Figure 9 shows the computed and measured entrainment velBg- Figure 10 shows the computed and measured entrainment
ity as a function of time for Case 1. The entrainment velocity igelocities as a function of time for Case 1 at the three different
shown for three different axial locationx=22.5mm, x axial locations withB;=20. The variation of the computed,
=32.5mm, andk=57.5 mm.B,;=10 is employed in the atomi- with time appears similar to that shown in Fig. 9 but agrees more
zation model. The figure shows that for the three axial locatiomtosely with the measurements. The steady velocitiesx at
the computed and the measured entrainment velocities start é€57.5 mm andx=32.5 mm appear to agree with the measure-
creasing to negative values after an initial period of zero entraiments within 15 percent and the steady velocityxat22.5 mm
ment velocity. The decrease is associated with the passage ofdppears to agree within 20—25 percent. Subsequent results will be
head vortex of the jet where the gas tends to be pushed radighesented witlB,=20. The computed and the measured entrain-
outwards by the incoming liquid jet. The velocity reaches a maximent velocities shown in Figs. 9 and 10 decrease after the end of
mum negative value for all the axial locations shown and thenjection as expected. The computations show a sudden rise in
starts increasing. The entrainment velocity then becomes positive|ocities after the end of injection before the velocity decreases.
which implies that the head vortex has passed the axial locati®his may be an unsteady effect due to the sudden stop of injection
considered and the jet is now entraining the ambient gas at tladiter a constant injection rate. To investigate this possibility we
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Fig. 11 Entrainment versus axial distance: computed and

Fig. 10 Entrainment velocity versus time: computed with mea- measured: effect of ambient density

sured injection rate profile for Case 1: +, O, A measured; —
computed with uniform rejection rate; --- computed with mea-
sured injection rate

values are averaged in the time interval between 2 and 3 ms after

start of injection, i.e., once steady values are reached. The figure

. o shows that the measured entrainment constant decreases with de-

performed a computation where we employ the injection rate prgrease in ambient density at all the axial locations shown. The
file as estimated by Cossali etal., in their measurements puted entrainment constant shows a similar trend. Decrease in
sh0\_/vr_1 in Fig. 1. This injection profile has a grac_iu_al d_ecreqse dMbient density increases the drop sizes and the breakup length.
the injection mass flow rate towards the end of injection. Figui&, ihe transfer of momentum from the liquid to the gas is slower

10 also shows the computed and measured entrainment velocity,a@She ambient density is decreased. So it is expected that the
a function of time for Case 1 when the computations are pgg;

. L ! trainment constant in the near field decreases with decreasing
formed with the measured injection rate profile. The computeghient density. The quantitative agreement between the mea-
velocities do not show the sudden rise at the end of injection ag

. A rements and the computations is good for Case 1. However, for
the decay of the entrainment velocity is in reasonable agreemeffses 3 ang 4, the computations appear to underpredict the en-
with the measurements. trainment constant by more than 40 percent at all the axial loca-

Comparison of Computed and Measured Entrainment Constdins shown. This may be due to uncertainties in our knowledge of
The entrainment constari,,, is a nondimensional entrainmentatomization and break up processes in diesel sprays and it requires

rate and is defined at a given location, as more theoretical and experimental investigations.
It should be noted that the measurements of Cossali §27].
_dme(X) d[p\* 20 are for ambient densities that are lower than those in diesel en-
Ke=—1x m | pa (20) gines near top dead center. Also, the measurements are for non-

L . aporizing sprays. It would be of interest to investigate the behav-
wherem, is the total mass flow rate of the entrained gas across (i’ of the entrainment constant for vaporizing diesel sprays for
cross section of the jet at axial location, d is the orifice diam- - itterent ambient densities. There are no reported measurements
eter.m is the injected mass flow ratp, andp, are the injected ¢ enrainment constant in vaporizing diesel sprays to our best
and ambient densities, respectivalyn,(x)/dx may be written as qyjedge. So we can only look at the computed entrainment
2mr paVe, [30]. Notice that the entrainment constant as definf)nstant under these conditions. Figure 12 shows the computed
by Eq.(20) is relevant only in the steady portion of the jet. In the,prainment constant as a function of the axial distance from the
measurement$27], Eq. (27) with the substitution fodme(x)/dx orifice for five ambient densities range from 3.3—60 k§y/ifihe
was used to calculate entrainment constant because the entraiji- .o <o correspond to the spray penetration. measurements per-
ment velocity was the only data measured. However, in the COrmed at the Sandia National Laboratoriga]]. The conditions
putations, 1t Is convenient to employ E.qzo) directly since the are shown in Table 4. The ambient temperature is 1000 K and the
entire velocity field is computed. For this purpose, the mass floje tion pressure is 136 MPa. Figure 12 shows that the entrain-
rate across the.J.et cross section at an axial Iocat(or!s defined ment constant increases with axial distance in the near field for all
as the total positive mass flow ratesatintegrated radially across . " §
the domain. Thus the cases. However, for ambient densities grga;er than 14. kg/m
’ K. reaches a steady value of about 0.32 within 1.5-2.0 cm, i.e.,
] r=Re about 15 effective diameters downstream of the orifice. The value
me(X)If 2@t agpg[[Vy(r),0]]dr (21)  of 0.32 is approximately the value of the entrainment constant in
r=0 steady gas jets as shown in prior work29,32,33. For lower
whereR, is the chamber radiug/, is the axial velocity, and the ambient densities the steady value is reached at a further down-
operation[[a,b]] represents the maximum afandb. stream location and the value §f in the near field is lower. Thus
Computations are performed to evaluate the effect of ambightappears from Fig. 12 that under typical diesel conditioms, (
density on the entrainment constant in sprays. The ambient coni14.8-30 kg/m), the entrainment constant reaches a steady
ditions corresponding to Cases 1, 3, and 4 are chosen for thiue of about 0.32 for all densities within several diameters from
purpose. All these cases have the same ambient temperatur¢heforifice. A steady entrainment constant was not obtained in the
298 K but different ambient densities. Figure 11 shows the comeasurements of Cossali et f27], because of the low ambient
puted and measured entrainment constant as a function of tensities and also because of the fact that the measurements were
axial distance from the orifice for Cases 1, 3, and 4. The computednfined to the near field.
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Fig. 12 Computed entrainment constant versus axial distance

for vaporizing sprays: effect of ambient density

Fig. 14 Computed entrainment constant versus axial dis-
tance: effect of drag and vaporization

Figure 13 shows the computed and measured entrainment ctrat the increase in the gas temperature increases the laminar vis-

stant as a function of the axial distance from the orifice for Casessity of the gas and enhances momentum transfer by drag forces.
4 and 5 of Cossali et aJ27] shown in Table 3. Both these casesThe increase in the laminar viscosity is about 30 percent when the
have the same ambient density of 5.6 ki/but Case 4 has an temperature is increased from 298 K to 473 K. There is also
ambient temperature of 298 K whereas Case 5 has an ambi@nother possible explanation: The liquid may vaporize at the
temperature of 473 K. The figure shows that the measured entrdiigher temperature, which may increase the efficiency of liquid-
ment constant for Case 5 is greater than that for Case 4 by as laggs momentum transfer due to the transfer of the momentum car-
as a factor of 2 at the axial location of 4 cm from the orifice. Thged by the evaporating mass. This fact has also been mentioned
computations also predict an increase in the entrainment constayitCossali et al[27]. To test the two possible explanations men-
when the ambient temperature is increased from 298 K in Caséiened above, we performed two more computations that we de-
to 473 K in Case 5 but by about 30 percent, which is not as largjete by Case 5a and Case 5b. Case 5a is a computation for the
as in the measurements. Cossali ef{2F], have mentioned that a same ambient conditions as Case 5 but the laminar viscosity in
possible explanation for the increase in the entrainment constan€igse 5a is set equal to that at 298 K corresponding to that of Case
4. This exercise removes the dependence of the viscosity on the
temperature and helps us to test whether increase in viscosity is
the reason for the increase in the value of entrainment constant. In

Table 4 Experimental conditions for vaporizing sprays, [31] Case 5b, octane is used as the injected fuel, the other injection and
Case p,(kgm®) Ta(K) p (kgm?) P/ (MPa  dmm ambient conditions remaining identical to those in Case 5. We
employ octane to assess the effect of vaporization. Octane being
g‘ 5’-835 i"gfo 77%65 11%79 %225577 more volatile than tetradecane should show an increase in entrain-
c 13.9 1001 703 142 0.257 Ment constant if vaporization is the cause for the increase in en-
D 28.1 1000 703 147 0.257 trainment constant.
E 58.4 1002 699 121 0.257 Figure 14 shows the computed entrainment constant as a func-
tion of axial distance from the orifice for Cases 4, 5, 5a, and 5b.
The figure shows that the entrainment constant for Case 5a is
0.3 M' ed"C 4ﬁ similar to that for Case 5 excluding some minor fluctuations. If
g Mzgzﬂ:ed; C:::S increase in viscosity were the reason for the inc_rease in er_ltrain—
0.25}| -e- Computed: Case4 ment constant, then Case 5a should have predlct_ed entrainment
-a- Computed: Case 5 A A A constant values that are closer to Case 4. As that is not the case

according to Fig. 14, the effect of viscosity in increasing the mo-
mentum transfer due to drag is probably not significant for the
conditions considered. However, there appears to be an effect of
vaporization on the entrainment constant because Case 5b with
octane as the injected fuel predicts a significant increase in the
entrainment constant compared to Case 5. In fact, the behavior of
the entrainment constant for Case 5b is similar to that in vaporiz-
ing diesel sprays as shown in Fig. 12 in th&t approaches a
steady value in the range of 0.3—0.33. Thus it appears that the

0.05f ] increase in the entrainment constant with increase in the ambient
temperature is most likely due to the vaporization of the fuel. It is

N ) possible that the diesel fuel used in the measurements might have

Go 5 6 had some volatile components that vaporizes at 473 K. So the

3
x (cm)

Fig. 13 Entrainment constant versus axial distance: computed

and measured: effect of ambient temperature
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measured sensitivity df, to temperature is more than those pre-
dicted by computations with tetradecane as the injected fuel.
There can also be a possible effect of the temperature on the
atomization process for which no quantitative models ek&f].
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Effect of Reynolds Number and
Surface Roughness on the
Efficiency of Centrifugal Pumps

A procedure has been developed to predict the effects of roughness and Reynolds number
on the change in efficiency from a model or baseline to a prototype pump (“efficiency
scaling”). The analysis of individual losses takes into account different roughnesses of

J. F. Gulich impeller, diffuser/volute, impeller side disks, and casing walls in the impeller side rooms.

Sulzer Pumps, The method also allows to predict the effect of roughness and Reynolds number on the

Winterthur and Ecole Polytechnique, hydraulic efficiency. The calculations are based on physical models but the weighting of
Lausanne, Switzerland impeller versus diffuser/volute roughness and the fraction of scalable losses within im-

peller and diffuser/volute are determined empirically from the analysis of tests with in-
dustrial pumps. The fraction of scalable impeller/diffuser/volute losses is found to de-
crease with growing specific speed. Roughness effects in the diffuser/volute are stronger
than in the impeller, but the dominance of the stator over the rotor decreases with in-
creasing specific speed. The procedure includes all flow regimes from laminar to turbulent
and from hydraulically smooth to fully rough. It is validated by tests with viscosities
between 0.2 to 3000 cSt and Reynolds numbers between 1500 &nd@ihEOhydraulic
losses depend on the patterns of roughness, near-wall turbulence, and the actual velocity
distribution in the hydraulic passages. These effects—which are as yet not amenable to
analysis—limit the accuracy of any efficiency prediction procedure for decelerated flows.
[DOI: 10.1115/1.1593711

1 Introduction lations, [11], or loss analysis,12,13. Due to the complexity of

. . . turbulent flows over rough surfaces items 4 and 5 are less well
As with the flow in a pipe or over a flat plate, energy losses Hocumented

wrbomachinery depend on .Reynolds numbgr Re and rglative SUlrhe energy losses in a pump consist essentially of head losses
face roughness/d. The efficiencyy of a centrifugal pump is thus j, e hydraglic passages of impeller and casing, volumetric and
affected by these parameters in various ways; it depends on siggy friction. as well as mechanical losses.

speed, viscosity and roughness. “Efficiency scaling” predicts the The objectives of the present contribution are thus:

efficiencies ofgeometric similar pumpas a function of Reynolds

number and roughness. Important practical applications of said® to present a unified procedure for estimating the impact of
dependency are: speed, size, viscosity and roughness on efficiency in order to

handle applications as listed above under items 1 to 5;

1. “efficiency scaling,” i.e., the estimation of the efficiency « to provide also a method for scaling thgdraulic efficiency
n.="1(Re,, &,/d,) of a prototype from the measured effi-  as function of Reynolds number and roughness; this topic is
ciency ny=f(Rey, eu/dy) of a model or baseline pump. scarcely documented in a generic way.

2. estimation of the efficiency expected in the plant at higher ¢ to cover the entire range from hydraulically roughrbuleny
speed and/or different viscosity from a works test with cold  flows to laminar flows as well as the transition between tur-
water at lower speed. A typical application would be a boiler  bulent and laminar flow for technically rough surfaces;
feed pump tested for example at 1500 rpm with water of * to include the effect of specific speed on loss distribution in
20°C running in the power station at 6000 rpm with water of ~ Said procedure; and
180°C. * to predict efficiency if the various pump components have

3. estimation of pump performance with highly viscous liquids, ~different surface roughness.

e.g., oil with 3000 cSt, from performance curves established
from cold water tests.

4. assessment of efficiency gain expected from a roughness
reduction versus extra costs involved in surface finish in2 Previous Work on Efficiency Scaling

provement. . ) Due to the important technical and economic impact of Rey-
5. impact of roughness of impeller versus volute or diffuser oRo|ds and roughness effects on efficiency a large number of pub-
efficiency; i.e., answering the question, where efforts to imlications have been devoted to this topic. A detailed review of
prove surface finish are best spent. This effect is expectediffese efforts is beyond the scope of this contribution, but a short
depend on the type and the specific spegaf the pump.  overview of past work is given below in order to review the vari-

. : " ous approaches taken and their limitations. Osterwalder and Hippe
While items 1 and 2 have been dealt with traditionally by for[1—4] present detailed reviews of work done till the end of the

mulas for “efficiency scaling,”[1-10], pump performance with - S
: . 7 ; i - _early 1980s and the limits of application as well as problems of
highly viscous fluids(item 3) is estimated from empirical corre various approaches to efficiency scaling[2} and[4] 15 formu-
) ) S o o las of varying complexity for efficiency scaling are listed and
Contributed by the Fluids Engineering Division for publication in ticeJBNAL

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiondlscussed' Sca“ng of thaner eff|C|ency 7= 77/ m 1S phySICa”y

July 23, 2002; revised manuscript received February 4, 2003. Associate EditdOr€ _meaninng| than scali_ng tmera”_ef_ﬁCienCy-
Tsujimoto. Various methods are available to efficiency scalirig;
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a. analytical “efficiency scaling” formulas of various complex-3  Efficiency Scaling by Loss Analysis
ity based on drag coefficients of pipes or flat plates assuming
either hydraulically smooth or rough surfaces.

b. empirical formulas or graphs based on statistics of efficien
as function of specific speed and design flow rate, whic

In this approach hydraulic, disk friction and volumetric losses
re scaled individually as function of the relevant Reynolds num-
%@rs and roughness of hydraulic passages, impeller side disks, and

: ; ose running clearances. While volumetric and disk friction
c IQ;egddtgt;ﬁlgéuraeng;;;ﬁ%? ng]; Séﬁirzgdlsgse:s.in the mo dngsses are extensively documented, little consistent and generic
(“baseline”) and the prototype the dependence of the indl[hatah;,sdglua}ﬂ:agﬁc?gnge influence of Reynolds and roughness on
;/Agua: Olt%stsez gpﬁ g:r):20|g§t<§rr:r?i r:ggghness i calculated &h ased on sample calculations Osterwalder and Hippe have de-
d numpericalyﬁow calcula)tlions of modél and prototvoe veloped graphs for efficiency scaling in an attempt to avoid
) P ype. lengthy calculationd,2,4]. Guiton and Canvelif9] as well as Ida
[10] have developed efficiency scaling formulas which attempt to
o ) ) capture the effect of individual losses in a simplified way. The loss
2.1 Efficiency Scaling for Hydraulically Smooth Surfaces. analysis method has been used to correlate and predict the perfor-
Earlier attempts considered the effect of the Reynolds number aignce of centrifugal pumps operating with highly viscous fluids;
recognized that only a fractiok’ of the energy losses are Rejt is described in detail if5] and [12]; comparisons between

dependent: prediction and test data are given[it2]. Numerous other publi-
1- 7, Rey|™ cations rely on a loss analysis for assessing and modelling pump
) i.a :V+(1,V)(E) (1) performance, e.g[2—4] and[13-17.
R/RY

] ) ) o 3.1 Derivation of the Efficiency Scaling Factor. The
Equation (1) considers the inner efficiency;=P,/Pi=7/7m. powerP absorbed at the coupling of a centrifugal putoperating
For turbulent, hydraulically smooth flom=0.2 andv=0.5 were wjthout partload recirculationis given by the useful poweP,
proposed. The main weakness of Kf) is that the exponent m = ,qH, Q and all energy losses:
depends on the Reynolds number and roughness as pointed out by
various authorge.g.,[1-5]): In the fully rough flow region the pgHZQ
exponent would becomm=0; in the general casm depends on P=———
Reynolds and roughness and can vary between zero and 1.0 with Tvol 77

laminar flow. Wiesne{6] quotes 15 authors which have used Edryg first term represents the work done by the impellers. Leakage
(1) to correlate their test data; these authors folfel0 t0 0.57  f5us around the impeller and over the axial thrust balancing de-
andm=0.1 to 0.5 depending on their individual test data. vice are taken into account by the volumetric efficiengy; . The

term Prg represents theumof disk friction losses orall rotating

parts of the rotor, which are wetted by the flullzg includes

2.2 Efficiency Scaling for Hydraulically Smooth and impeller side disks and axial thrust balancing deviggany). The

Rough Surfaces. A more general approach is to use the ratio oferm P, represents all mechanical losses of shaft seals and bear-
friction factorshg=f(Re, &/d) rather than the Reynolds numberings. Per Eq(4) the efficiency can be written as
for efficiency scaling[1-5]. This leads to formulas of the type

Pu_ pgHZQ
+Prr+ P 1]:3”: - (4)

given for compressors by Strub et Bf): Dol Th .
ARa 7 Prr | Pm|’ ©)
V+(1—-V) — I+ e 5+ 5
1- Mia R,a ! u
1-7nim AR The quantitiesz,q, 7n, and Pgrg depend on Reynolds and
V+(1-V) roughness, while th@,,/P, may be considered constant in the
Re=,M present context. Thdeviationfrom the scaling laws of flow and
1 head i.e., the relation between prototype andledmodel may be
A= 5. (2) expressed by multipliers per E():
174-2log 252, 187
. g b, Re\/)\_R ! _ Va _7a _ Tha ~ Thvol,a
fQi_ fo_ f7]7_ f?]hf nvol —
In Eq. (2) was setV=0.3 and pipe friction datakg Pm Yu Kl Th.M "ol M
=f(Re, &/d) were taken; for explicit formula s€&]. Ay is deter-
mined for Rg,=u,b,/v and the CLA(center line averageor AA f— 7Tm.a (6)
(arithmetic averageroughnes ¢, 5 - Mg is the friction factor for K v
fully rough flow at the relative roughness considered, calculated N ) ) )
from Eq. (2) for Re=c. The factorsfq, and fy; are traditionally applied for highly vis-
Casey's approach for compress& can be written in terms cous fluids; they capture the foect of the_losses on flow rate and
used for pumps as head at the best efficiency point, for details §&2. -
2C The disk friction for the prototyp§ |5§’RRa— KrraPa® I 2fgeo
Ay= (Ara—Arwm) With C=5.0 for and for the modePggy=Krrmpm@ T 3fgeo. The useful power

W of the prototype isP, ,=p,9H,Q, and for the modelP, y

=pugHuQu . With fo and fy from Eq. (6) it follows P,
for b5<0.06. (3) =Pymfufopal/pm - Using these expressions we get

b; = bz/d2>006 and C=

143503
In Eqg. (3) C accounts indirectly for the influence of specific (PRR :(E) KrRra ] @)
speed;C was determined empirically from tests with centrifugal Py Pu )y Krrmfrfo

compressors. Casey usegRéefined as above but determines the

friction factors for an equivalent sand roughness2ec . Dif-  Writing Eq. (5) for prototype and model we can establish the ratio
fuser and impeller roughness were averaged; disk friction roughs/ 7y . Inserting Eqgs.(6), (7) in the obtained expression the
ness effects are not considered separately. efficiency scaling factof ,, is derived:
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fonfovol 1+ P +(P—m) ]ﬂvol,M Mh,m
f = _ LU 8)
KV 1 (PRR) kRR.a+ E) pmfym _fr;hfr,vo|7] ” '

Py M KrrM Py M Pa fufo vol M. M

Equation (8) is exact if all losses are included as describe(T16) the equivalent sand roughnesmust be used. The relation
above. For any given pump this equation can be evaluated bgtween maximum roughness depth,.., average roughness
using appropriate correlations to estimate leakage, disk frictiofiy 4, and sand roughnegsare given by Eq(9):
and head losses in hydraulic passagb$, Often some simplifi-
cations are justified. In the present contribution it has been as- s Becia
sumed:(1) f,,q=1.0 for lack of details of labyrinthgthis as- 6= —= Or With epm=6ecia €= ——. 9
sumption is fulfilled exactly for evaluating roughness effeat®) Ceq Ceq
f,m=1.0 since effect is small and difficult to determing,=py
(exact in the present investigatiori3) f,=f,, as discussed be- The roughness equivalence factqy depends on the structure of
low; (4) o= f,; which means that the flow at maximum efficiencythe roughness; Grein provides the following valJeg)]: Rough-
moves on the volute or diffuser characteristic as demonstrated gss pattern perpendicular to flow directieg;=2,6; roughness
test data analyzed il2]. fo andfy, are significant only for high pattern parallel to flow directiorce,=5.
viscosities, but their inclusion yields a consistent method for cal- For technical surface@nachined, ground, or casthere is no
culating Reynolds and roughness effects for turbulent as well e&ative minimum in the functiorrs= f(Re) in the transition be-
laminar flows. tween laminar and turbulent flow. Therefore the calculation

Introducing these assumptions into E8) yields Eq. (T20) in  switches from Eq. T16) to (T17) wherect jaminar Ct turbulent:

Table 1, which lists all equations used for evaluating the test data
and needed for efficiency scaling predictions. ) o ) )

The assumptiorfy=f,, needs further comments becausg 3.3 Disk Friction, Volumetric and Mechanical Losses.
cannot be determined directly from tests with moderate viscositiBésk friction lossesare evaluated with disk friction coefficients
for the following reasons:(1) When the Reynolds number ffom Eq. (T9) which has been discussed and validatedi2it.
changes, the leakage flows through the labyrinths change and tH¥S equation covers the whole range from laminar to turbulent
gives a slight shift in th&-H curve, since the actual flow throughflow and agrees well with the four correlations giver{#2] and
the impellerQ, ,= Q/ 7 is modified.(2) The impeller side disks data from[23] as correlated bj24]. When impeller side disk and
act like a friction pump: In the boundary layers the circumferenti&@sing wall have different roughness;{peie# €casing the core
velocity is close tai, and the boundary layers thrownoff hub andlow in the impeller side room is affected: withypeiier & casingthe
shroud thus add some moment of momentum to the main stre§f{€ flow is accelerateck( increasegand whensmpeyier< & casing
leaving the impeller. The effect grows with decreasing specifffe core flow is slowed downk{ decreasgs The advantage of
speed(3) Even a roughness increase of the impeller passages 8§19 Eq. 19) is thus to include these effects. Four multipliers in
been observed repeatedly to result in a small increase in headEf (T9) allow to take into accountta) thermal effects when
such cases the roughness apparently had an effect on the B@pdling highly viscous fluidsfgem from Eq. (T11) for details
factor through an increase of the absolute velocity in the bounda#§e[12]); (b) pump-out vanes, if any, pdizs from Eq. (T10) or
layers and an impact on secondary flow. With a double-entry irfiiore accurately by correlations given[&]; (c) the influence of
peller n,= 10 Varley[18] measured ;= 1.1 when increasing the |€akage through the impeller side room on disk friction fieas
roughness fronz = 0.025 to 0.87 mnwhile the efficiency factor estimated from an empirical correlation Eq.1) from[5]; and
dropped tof ,=0.84). Withn,=7 from the test data used in this(d) the roughness of the impeller side disk by factgras calcu-
study the head increased over the enfeH curve by 2.0 m lated from Eq. 7). The factorfg is derived from flat plate
(1.19% when the impeller channel roughness was increased frdfgtion coefficients described by Eq.T16). At any given
ecia=1.6 to 20 um. Even tests witn,=135 showed also a Reynolds-numbefy, is the ratio of the friction on a rough plate to
slight increase in head when the impeller channels where roughat on a smooth platéz=c(s>0)/c;(¢=0). This formulation
ened. Such effects were present also in the tests descritj¢@]in IS able to cover fully rough flow conditions as well as the transi-
where the head increased when the viscosity was increased frofP from smooth to rough surfaced the roughness term be-
to 45 cSt; only above 100 cSt additional head losses due to vi&imes small in relation to the Reynolds term in EG7] fr tends
cosity overcame the effects of reduced leakage flow and side di§kl-0- Equations T7) and (T9) agree reasonably well with test
pumping. data in[25] a_nd[26] as shown in21]. _ _

The effects of side disk pumping, shift in leakage flow, and When the impeller side disks and/or casing walls are machined
change in slip factor cannot be separated from the effect of h§0d roughness groves are thus in tangential direction the equiva-
draulic losses;it is therefore not possible to determine,,f [ence factor for flow parallel to roughness pattern must be applied

= (Re, &) from any differences in head measured between mod&kq=5). Geis[27] found virtually no increase in disk friction
and prototypewhen Rg/Re,<100. when increasing the roughness from a polished to a machined

) o o surface withe =120 um. For cast surfaces,,=2.6 would be

3.2 Equivalent Sand Roughness and Friction Coefficients. used. The ratio of disk friction lossé%p to the useful poweP,,
Friction coefficients are taken from flat-plate data per ECLf) is given by Eq. T13).
rather than pipe correlations, since flow in the hydraulic channelsviolumetric losses through the close running clearances between
of a pump are considered by most authors as not fully developegtor and stator can be calculated from various literature sources,
Since onlyratios of friction factors are used in the relevant equaalbeit with considerable uncertainfyg]. Focussing on the effect
tions, the same Reynolds number=Rer3/v is used for hydraulic of roughness, in the present study they were estimated from Eq.
and disk friction losses. (T3) in most cases.

The roughness of the pump components tested has been detefhe volumetric efficiency is defined by EqT4). In case of
mined by “Rugotest” which gives the CLAcenter line average multi-stage pumps the interstage leak&g is multiplied by the
roughnesg - In order to calculate the friction factors from Eq.ratio AHg(zs— 1)/(HsZsy) to account for the fact that the head
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Table 1 Procedure of efficiency scaling

Eq.
Quantities given for “model,” baseline or 1y, Qoprars Hoprars doprs Mar» Vi » Toughness ey, of the different components
water
Quantities given for “prototype” or Nys Qoptas d2a» Va» ToUghness e, of the different components
viscous fluid
Specific speed f 3 f 3 is dimensionless; T1
be P 0.=w Oy =l n =nﬁ?ﬁ Z)Sis with rpm m*/s, m an
TOGH 529 " T ’
Reynolds number UoFs  OF2 Re is used for hydraulic (T2)
Re=——= channels and disk friction

Estimation of leakage flow, if no
details of labyrinths are available

Volumetric efficiency
AH 4 /H,=0.4is a good estimation

Equivalent (sand) roughness
Ceq=2.6

Average roughness for hydraulic
channels

Roughness effect on disk friction

Rotation of fluid with zero
leakage (Q,,=0). Open side

T00mS ¥, ="rs; t,,=0.

Disk friction coefficient &gy
per side: Prr= kRRpwsrgfgeo

Effect of pumpout vanes

Thermal effect on disk friction
(empirical)

Influence of leakage, valid for
7sp[72>0,3

Disk friction loss
Prg /P, is independent from z,

Mechanical losses

Hydraulic efficiency

Friction coefficient for turbulent
flow for Re>Re,

crit

Friction coefficient for laminar
flow for Re<Re; [36]

v v

Oopt "};' B wi.é
~ 0
el AH(z,—1)
0+Qp+0p+ Q" —

Hyzg,

_ €max _ 68CLA _
e= - 8max_68CLA
Coq Ceq

Eap.h— (1 _aa)gLaJrasgLe

. 125 215
) o8 Re
Ir= oalon e N 12.5
ogiY R_2 Re
(o 1
k,=—= - -
wr Py P Tax fR,casing
1+ _) —+5 —) e—
¥ Fa Fa fR,i.mp
T 0.0625 175, .-, .
kRR: m-}-w(l—k() ) R,j_mpf[fRS ftheml

frs=0.63+0.6dgs/d- drs=0.d. of pumpout vanes

p (134
fthenn:exp [_zx 1075( ) VRet= 1076 Inz/s

VRef,
300Q,, [ >
- — — —~ 1
Ju e"P{ p— (rsp )]
PRR) _SﬁkRR,Mfgeo 31680]{RR,Mfgeo
T 357 T 257
PM M wS ¢0P q nq¢0p q
P, 00045 Qg NRef 03
P, p |0 n
- 7
" ol 1= 7 (EPRR) kRr.a ﬁ
vel Pu MkRR,M Pu
0.136 3X10°
K N O N R U Pk
OB\ r»  Re
2.65 2 1.328

M T RTS8 Re+0.016/Re | JRe

Can be used for O, and O as (T3)
first approximation

y (T4)
i .

Used in friction factor correlation  (75)
Eqgs. (T'16) and (T7)

a,=0.98-0.0012n f, (T6)

Calculated with equivalent sand (T7)
roughness €y pciier aNd € caging

tax
(T8)
Sax
fw
T &
ax ( 79 )
S ;kx =
r2
frs= 1.0 if no pumpout vanes (T10)
from [12] (T11)
Direction of leakage: (T12)
*radially inwards: Q, positive;
*radially outwards: 0, negative
fgeo™ 1.22 for typical radial (T13)
impellers
Oper=11m/s (T14)
Nges= 1500 rpm
calculated from measured (T15)
overall efficiency and loss
analysis for model and prototype
cy is calculated with e, from (T16)

Eq. (T6). Tu=turbulence
level; valid for Tu<<0.1 [36]

0.01<{Re<Rey,;; Transition Re,; (T17)
depends on roughness and
turbulence
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Table 1 (Continued )

Eq.

Fraction of losses dependent on lrm 1 a,=0.635 (T18)
roughness and Reynolds number Eﬁ{mfl](alfblnq \/f_q) b,=0.0016
Correction factor for hydraulic Lrm [ Cra Ct o andcy y from Eq. (T16) (T19)
efficiency fy, BEP=1— E(Cf 'M— )
Correction factor for efficiency Prr P it 7vora? Mo, Us€ EQ.(8) (T20)
with: f,,,=1.0 fon 1+ B + B| [TholmZnm from text

f,m=1.0; pa=p _ Na _ u/m u/im

7m » Pa=Pwm f”: —= P K B
fQ:fH:fnh M n ( RR RR,a+(_m vol,M 7h,M
Py MkRR,M Py M fnh

Predicted efficiency 7a="1,7m f, from Eq. (T20) (T21)
Predicted hydraulic efficiency Mha=T yh Thm f,n from Eq. (T19) Note:fo="fy=",, for highly viscous fluids 122)

The above efficiency scaling procedure is to be followed for the best efficiency point. The figétothen applied to the entire curvg,(Q.) =T, 7m(Qwm)-

AHg; dissipated in this seal is a fraction only of the head per stageln Eq. (12) the hydraulic efficiency of the mode},, v is calcu-
Hg; and that onlyz,,— 1 stages are affected by this loss. Usuallyated in the usual way from the overall efficiency and the second-
AHg/Hg=0.4 is a good estimation. ary losses, Eq.T15). 3 {/ = (1/,— 1) is the sum of all hydrau-

Mechanical losses were estimated from E@14), [5]; this lic losses, while the fraction of friction losses is defined by the
equation should be used with caution when considering very smathpirical coefficients; andb, derived from the test data, since
process pumps where the mechanical seal can absorb a consitfere is no sound theoretical way to determine that part of the
able portion of the power at the coupling. hydraulic losses which depends on Re and roughness.

The friction coefficients are evaluated from EGE16 andT17)
using Re as defined by EqT2). In order to avoid any disconti-
nuity in the functionc;=f(Re) always the larger value @f
dcy am Was used. When impeller and diffuser or volute have
fferent roughness, a weighted average of the roughness has been
used as defined in EqT6); the weighting factors are determined

3.4 Hydraulic Losses. The hydraulic losses in inlet, impel-
ler and volute/diffuser are made up by scalab§faction” ) losses
{r=T(Re, &), which depend on Reynolds-number and surfa
roughness, and by losses created by exchange of momeffumy;
whenever the velocity distribution is non-uniform. Such non
uniformities (for short “mixing losses’) are caused by the work ; ;
transfer from the blades, deceleration of the fluid, incidence S%penmentally as described below.
even local flow separation. Mixing losses usually are consider%d .
as independent from the Reynolds-number. Analysis of Test Data

According to basic centrifugal pump theory the theoretical head 4 1 Roughness Test Data. A total of 19 pumps has been
coeﬁicientzpth is the sum of the C(_)e_fficients of useful headcnd _evaluated 18 were industrial pumps, one pump frd&8]). From
hydraulic losses, e.gi5]. Usually it is assumed that the theoretivjose hymps 32 pairs of tests were available where the roughness
cal head is independent of Reynolds-number and roughness. E:ofmpeller channels, impeller side disks, diffuser or volute and/or
model and prototype it is thus: casing side room walls have been changed. In most of the tests the

bin=tu+ Lamt ium=VYat {rat {ma (10) rough_ness_ of only one of the _above components _has been mo_difi_ed
. . _at a time in order to determine the roughness influence of indi-
By definition {,, stands for that part of the losses which are indgjsiqal surfaces. The roughness was modified by sand blasting,
pendent of Reynol_ds-number and r_ogghness; this means taﬁﬁding or by applying a coatingn [28] by gluing sand grains
{mm={m.a cancel in Eq.(10). The friction losses are propor- pyring 2x 2 tests the Reynolds number has been varied by speed

tional to the friction factorss; , of the prototype and; v of the 4n4/0r water temperature. The test data cover the following range
model. Equatior(10) can thus be re-written in terms of the mul-4¢ parametersn,=7 to 135;D,=180 to 405 mmn=1200 to

tiplier f 7000 rpm;u,=w r,=22 to 113 m/s;T=20 to 160°C; Re-2.5
Tha lam [ {ra Zam | Cra x 10° to 9.1x10"; average roughnessc o=0.4 to 75um and
foh=— =1f—'( ’ ,1):1,_’ —— ) equivalent sand roughness=1 to 130 um.
Th,M v\ Lrm Im \Cem

(11) 4.2 Procedure for Test Data Evaluation. Using the formu-

The change in hydraulic efficiency due to variations in Reynold&2S in Table 1 and with the assumptions described above, all test
number and/or roughness can thus be calculated from the frictigt@ have been analyzed. For each of the 32 test pairs the data file
factorsc; , andc; y and the ratio of friction losses to the head-ontains a model” or “baseline teSt(S“UbSCrlptM‘)’ with one

{rm !y Of the model. This ratio depends on the geometricAPUghness, speed and viscosity and a “prototype” {esbscript
features, the specific speed, the surface roughnes@aadkly) on a) with one or more of these parameters different. For each pair of
the Reynolds-number. It may be estimated for any specific purfpts the ratios of measured overall and hydraulic efficiencies can
geometry from simplified loss models such as presented f§ determined:

[5,13,16,1T; but in the present contribution it was determined

7a, test _ 7ha,test

empirically from Eq.(12). The reasons for this choice are dis- fotest—— fontest . (13)

cussed in Section 6. ™ 7hm
¢ 1 The predicted efficiency multipliefr,, ,.qwas calculated from Eq.
ﬂ_[__ 1](al_blnq\/i) (12) (T20), while Eq. T19) yieldsf,;, yeq. The efficiency ratio€g
YBep | hm of prediction to test
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Fig. 1 Multipliers for overall efficiency versus specific speed measured difference of efficiency
Fig. 3 Difference between predicted and measured overall
efficiency
f n,pred fr;h,pred
ER,r]: f R,7h— f (14)
7,test 7h,test

o pump of moderate sizebut it is not really sufficient to predict
are used to assess the accuracy of the predidiidien these 5 small improvement. Still, at present it may provide the best
ratios are 1.0 prediction is equal to fest estimate.

The roughness weighting facteg of Eq. (T6) and the empiri- . standard deviation foEg , is +1.0% and forEg,, it is
cal coefficientsa; andb, in Eq. (T18) have been optimized to 11 5o 7 7
achieve an average of the efficiency correction factors, jithin the scatter all combinations of roughness modifica-
2Eg ,/Ni=1.0 andXEg ,,/N;=1.0 and to minimize the stan- tjons are equally well represented by the calculation. This includes
dard deviation N =number of tests those cases where only the casing wall in the impeller side rooms
4.3 Results. The ratios of predicted to measured efficiencyvere modified(corroborating the choice of EqsTT to T9).
scaling factors defined by Eql4) are plotted in Figs. 1 and 2 * Scatter increases for low specific speed pumps because of the
against the specific speed, while Figs. 3 and 4 compare measuiggertainty of predlctlng disk friction and volumetric losses which
versus predicted change in efficiency. The labels used for the vaHather importance as; is reduced. o _
ous data points in these graphs define which parameters had beenfor the same reason the scatter of hydraulic efficiency predic-
modified; (“all surfaces” means that roughness of impeller,t'on is larger than for overall efficiency prediction, singg, is
volute/diffuser, impeller side disks and side room casing wef&lculated from Eq.T15) and depends thus strongly B and

modified. The results show: vo fOr low ng. _ ) _
» by a more rigorous analysis of volumetric losses and their

+ most of the predicted efficiency differencas lie between impact on disk friction the accuracy with lom; could possibly be
*+1% (band defined by dotted lines in Figs. 3 and Bhis accu- improved.
racy may deemed acceptable when large efficiency differences are
involved (e.g., a drastic improvement in surface roughness for a

0.1 o
¢ all surfaces
Q.06 ~romme <o (s g e 0 imp. & vol/diff.
o all surfaces || £ A imp. chan. !
105 O imp. & volidif. | 8 05X imp. side disks| | !
. 4 imp. chan. S |xdiffivolute |
104 g x imp. side disks|| £ ; :
103 x difivolute || 5 ® case side wall :
- e case side wall @ ,;; + Reynolds
g 1022 + Reynolds S . 0.0
o X X =
3 101 % <'éx+ "-g o
&
£ 1.00 1 o . 3
Wt o ox 2 -0.05
0.99 A o '5
0.98 e
X |o ;
0.97 ; -0.10 SN S H
0.96 | 010  -0.05 0.00 0.05 0.10
0 20 40 60Ng80 100 120 140 measured difference of hydraulic efficiency
Fig. 2 Multipliers for  hydraulic efficiency versus specific Fig. 4 Difference between predicted and measured hydraulic
speed efficiency
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Fig. 5 Fraction of scalable losses in hydraulic passages and 0.0 |

roughness function
1E+02 1.E+03 1E+04 1E+05 1E+06 1.E+07

Rems = Re 051, [

e varying the roughness equivalence facty or the ratio
emax/€a demonstrated that the values defined above with(Ex.
were about optimum, i.e., resulted in the smallest stand
deviation.

 the roughness weighting factor in EGT) decreases with

increasing specific speed, Fig. 5, which may be expected intihe yse of Rg,q reduces the data spread in plots like Figs. 6 or 7
itively. The resulting dependenae =0.98-0.0012n,\Tq dem-  ang allows thus to compare tests with different pumps, but has, of
onstrates the preponderance of the diffuser or volute losses o¥gfrse, no impact on the prediction. Since test data from different
roughness effects in the impeller. For loyy pumps this finding is - p;mps were plotted in Figs. 6 and 7, not all of the data spread is
no surprise; but even af, =150 we finda, =0.82 which suggests qye to any difference between prediction and test. The actual ac-
that at high specific speeds diffuser roughness is still importagiracy of the prediction in terms of standard deviation is about
even though the contribution of the diffuser to the head rise pra-150 Qverall the efficiency impairment is hence fairly well pre-
vided by the pump declines ag grows. Although more test data e in a wide range: 250Re,,g< 107 or 1500< Re<10F. Ef-
would be welcome to corroborate this finding, it is physicallye s of pump size, type, and specific speed are accounted for in a
plausible, since the deceleration in the diffuser or volute is mugf; approximation. Some of the scatter is due to the fact that
more sensitive to changes in the boundary layer flevg., by 1o, ghness and axial side room clearances had to be assumed as
roughness effectsthan the impeller where boundary layers arg hica| for industrial process pumps, since no design details of the
subject to strong centrifugal forces. It should be noted, howev umps analyzed have been available. Another source of uncer-
tainty are thermal effects: high wall shear stresses with fluids

- - - ClAhove 1000 cSt lead to a local increase in fluid temperature and an
doesnot implythat the absolute losses in the impeller are of little, o ciated reduction in local viscosity and friction facfag, 14.

concern with high, pumps: When absolute losses in the impelleg, ; e : :
. 9 ; . pplying the empirical factoff ., from [12] slightly improves
are Tl'gh(Wh'C.h is expected at high) surface quality of the yhe pregiction, but a detailed analysis is beyond the scope of this
impeller remains important. . i contribution. Any factorf ,.,m, would also depend on the rate of
+ the fraction of scalable hydraulic losses as defined by Efjeqt removal from the boundary layérence Nusselt and Prandtl

(T18) was found to decrease with the specific speed, Fig. 5, cQffimphers, pump design detailThe widely used statistical proce-

firming the expectation that friction losses are most important fo§ .o tor viscous performance prediction[af] or the loss analy-

low nq applications. sis procedure used [1.3] witness to the difficulty of precise per-
formance prediction with highly viscous fluids.

Fig. 6 Predicted versus measured overall efficiencies for
a%]hly viscous flows

5 Highly Viscous Fluids
As mentioned above the loss analysis methja&], as applied

to pumps operating with highly viscous fluids has been refined ~ 1.0 - o g g e :
the present contribution. It was therefore of interest to che« DDD!'? E‘, :
whether the new procedure could be used also for high viscositi g g * 4 $ il

Following the logic in Section 4.2 ar[d 2] the test data reported o G

in [12,13,15,19,29,30have been analyzeflising equations of 08 o,

Table 1 with one modification: The mechanical losses of sma ’ “o -
process pumps can be appreciably higher than estimated from = o %e  predicted|
(T14); also the absence of detailed design data makes a calct _ 0.7 . T o test J*
tion of the hydraulic efficiency from Eq15) uncertain; for these ** .

reasons the hydraulic efficiency has been estimated figm 0.6 o ¢

=0.5(1+ ») if overall efficiency with water performance was re- o

ported belowsn=0.5. Thus unrealistically high theoretical heads ¢.5

which would follow from very low hydraulic efficiencies, were

avoided. The predicted and measured correction factors for over g 4

efficiency and head have been plotted in Figs. 6 and 7 agains
modified Reynolds number (Rgy) defined in Eq.(15), which
accounts for the influence of specific speed and single vers Rema=Re s ,"° [
double-entry impellers.

1.E+02 1E+03 1E+04 1E+05 1E+06 1.E+07

15075 Fig. 7 Predicted versus measured hydraulic efficiencies for
Rénod= Rews™f, (15)  highly viscous flows
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When applying the procedure given in Table 1 to predict pel 9
formance with high viscositietsay above 100 c§it should be 8
noted that the best efficiency point moves on the diffuser/volut
characteristic to lower flow as the losses increafsg=fi;<1); 4 . ’
the complete procedure to estimate viscous performance curve: 6 {{ ¥ gg o B |
- . gles - P |
described if12]. 5 x -
‘? 4
3
2
attempts to predict accurately a small difference between tw 1 . A - -
comparatively large figures. Such attempts are inherently subje . o x -
to considerable uncertainties which are discussed below. 0 ’ *
~ Testing uncertaintiesQuite often the true efficiency difference Y 5 pitch/heigt: tigmg, ° 15
is in the range of 0.5 to 2%. If the prototype is scaled from a
model_ test to Iarg_erdimensions and/or speed, the_ testing is usu@liy_ 8 Roughness equivalence factor as function of rough-
done in different installations, e.g., a model test is compared tg8ss pitch to height
works test(or even plant tegtwith the prototype. The absolute
measuring errors of both tests stands clearly limit the effici-
ency difference due to scaling, which can be determined
with confidence, since the measured efficiency difference cémthe flow direction reduced disk friction losses by up to 10%,
be in the range oA 7measured A Tiue™ (a2t Om) if Amyue is the  [35]. Such grooves must be dimensioned in accordance with the
true (unknown scale effect ands,, Sy are the measuring turbulence scale near the waReynolds number (b) A strong
tolerances of prototype and model. In industrial pump testirigcrease in losses can be caused on the other hand by a ripple type
8,=6u==0.5% may be a good estimate; efficiency measureeughness perpendicular to the flow direction. Such ripples are
ment in plants may have tolerances of abaut% but often generated by the flow itself: wall near turbulence creates/erodes a
above. pattern of deposits with a regular wavy struct@as sand ripples
In the present investigatiofwith one exceptionh any given formed by wind or water creating excessive pressure drop as
pump performance has been measured with different roughnesserved sometimes in boiler tubes or pipelines with deposits.
(or speedlin the same test loop; hence only the reproducibility of 5. While in pipe flow (or other flows withdp/dx<0) the
the readings has affected the test data. The reproducibility is estisses increase with increasing wall shear stress, losses in decel-
mated to about 0.2 to 0.3% at maximum. erated flow @p/dx>0) grow with decreasingshear stress: at
When scaling the efficiency from cold to hot conditions thélow separation £,,=0) there are higlimixing) losses with zero
thermal expansion of the impelled{ andb,) has an impact on wall stresqtheoretically zero “friction” losg. To put it in another
the head and powel31]. way: a diffuser with rough walls has lower “friction” losses than
Statistical relevanceThe method in Table 1 uses five empiricala diffuser with smooth walls, but higher overathixing) losses,
parameters: Egs.T6) and (T18) andc.q. Changing the opti- because the roughness leads to less uniform velocity profibes.
mized parameters in various ways gives correlations of similaffect of any given roughness on the losses therefore depends on
accuracy(albeit with slightly increased standard deviajioklore the velocity profiles and near-wall turbulence within the hydraulic
test data would be needed to improve the statistical relevancepaissagesThe nonuniformity of the velocity distributions in the
the empirical coefficients. hydraulic channels is expected to increase with the specific speed.
Roughness effectsay be considered as most critical with re-The portion of Reynolds-dependent losses on the hgagl/ ¥ ,

spect to scaling accuracy, because they are difficult to quantify fisrdetermined by this effect, which cannot be calculated by simple
a number of reasons: loss models such as given[i5,13,16,17. It is for this reason that

1. The roughness has been determined by comparing the @LM/‘/’M has been determined by a correlation derived from the

drauli ¢ I Qe ; st data, Eq(12), rather than from theoretical calculations. Also

raL(’j'(.: Cﬁmpodnent to a shur ace quality standd gotestd) aS CFD calculations appear to be unable to model losses correctly,
used in the industry. Such measurements are to some degree $yise sften the wall shear stress is imposed by a wall function for
ject to individual judgement. Changing the roughness by a fe

. ; J J : ooth or rough flow conditions.
pm has an impact on the predicted efficiency. More sophisticate 6. The physical concept of “friction” versus “form” or “mix-

roughness measurements may not really improve the situation pe:» losses makes sense for fully attached versus fully separated

cause of reasons discussed below. _ ..__flows. The notion appears less meaningful in decelerated flows or
2. Often the roughness of ppump components Is not unlfqrm)ws with strongly nonuniform velocity profiles.
throughout the surface according to the accessibility for cleaning,

grinding, or coating. For very low Reynolds numberk,,, from Eq. (T19) can be-

3. Theactual structureof both surface roughness and turbu-come zero or negative. Physically this would make no sense; for
lencenear the wall determine the influence of the roughness eiscosities above 1000 cSt and low Reynolds numbers thermal
the losses. Height, pitch, and density of roughness elementseffects may become appreciable. The friction factors to be used in
well as their direction with respect to the flow have an importariig. (T19) must then be evaluated with some local viscosity.
impact on the losses. The interaction between roughness elemenf3isk friction and volumetric lossess calculated from the cor-
and turbulence depends in particular on the density of the rouglketation in Table 1 or other sources are subject to considerable
ness elements on the surface, this is demonstrated by Fig. 8 whameertainty. Again roughness effects are one of the causes; this is
the equivalence factor is plotted against the ratio of roughnetsse also for leakage losséi is not correct to consider the ma-
pitch to height(data from[26] and [32]). Equivalence factors chined surfaces of labyrinth as smooth, since the relative rough-
reported in the literature for technical surfaces can therefore amss is always high because of the small absolute cleadances
sume any value between 0.5 to 5; refer alsflte4,26,28,33,3¢ Leakage flow and disk friction interact; this interaction depends
Figure 8 allows to estimate the equivalence factor for a givemn the velocity distribution at the impeller outlédisk friction
(measuregdroughness. decreases with growing leakage flow and circumferential velocity

4. The interaction between roughness and turbulence may dtethe impeller exijt [21]. These effects and associated uncertain-
illustrated by two extremega) Tests with small grooves parallel ties are important with low specific speed pumps but lose influ-

35] spheres

27| ground surface
27] sand

35] calottes

xxb!’%

6 Discussion of Results

The large number of publications on efficiency scaling testifie
to the fact that this is essentially an unsolvable problem: Or
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ence with increasing,. The uncertainty of efficiency scaling P. = useful power transferred to flui,= pgH;Q
with high n, thus is mainly influenced by the roughness Q = useful volumetric flow ratéin discharge
of the hydraulic passages and its interaction with local velocity branch
distributions. Qe = flow rate through axial thrust balancing device
Qsp = leakage flow rate through impeller neck ring,
7 Conclusions and Recommendations Eq. (T3) _
Qs = leakage flow rate through interstage seal

» Table 1 provides a step-by-step procedure for the prediction Re = Reynolds number, EqTR)
of roughness and Reynolds effects on overall efficiency and hy- r, = impeller outer radius
draulic efficiency; this includes laminar flow when pumping Sax = width of axial gap between impeller and casing
highly viscous fluids. V = fraction of nonscalable lossémdependent

* The procedure for efficiency scaling is based on physical from Re andg), Eq. (1)
models which are valid for laminar and turbulent, smooth or fully zi; = number of stages
rough flows and the transition between any of these regimes. For e = equivalent sand roughness, E§)
viscosities above 1000 to 2000 cSt the local heating of the fluid eca = average depth of roughne&SLA, AA), Eq.
and its influence on the viscosity in the boundary layer becomes 9
important, but no easy methods are available to calculate this emax = Maximum depth of roughness, E®)
effect. v = Vvolumetric efficiency, Eq.T4)

» The lower the hydraulic efficiency the higher is the gain from n = overall efficiency(at coupling, Eq. (4)
surface improvement. n, = inner efficiency:n,= n/ 7y

e The higher the Reynolds number the more is to be gained 7, = hydraulic efficiency:n,=H/H,
from surface improvement. 7m = mechanical efficiencyy,=1—P,,/P

* At a given Reynolds number thelative roughness:/r, is {r = hydraulic friction lossesi.e., scalable losses in
relevant. Surface improvement with small pumps brings therefore impeller, volute, diffuser
a higher efficiency gain than with large pumps. {m = mixing (nonscalablelosses

* When changing the roughness or the Reynolds number the \r = friction coefficient for pipes and channels, Eq.
effect on theQ-H curve is confounded with three other influences: 2
(1) the Q-H curve is shifted slightly to smaller flow when the v = kinematic viscosity
Reynolds number increases due to an increased leakagthe p = density
roughness of the impeller channels may modify the flow pattern ¢ = flow coefficient;<p:Q/(277b2wr§)
within the impeller due to a change in boundary layer thickness ¥ = head coefficientyy=2gH/(wr ,)?
and secondary flow, having a slight impact on slip factor and v, = theoretical head coefficieriEuler head
theoretical head(3) the pumping action of the impeller side disks w = angular rotor velocity
is influenced by their roughness. ws = universal(dimensionlessspecific speed, Eq.

* The hydraulic losses depend on the actual roughness geom-
etry, near-wall turbulence and the local velocity distributions in
the hydraulic passages. Roughness and turbulence are statisfié#scripts, Superscripts, and Abbreviations
phenomena; the same may be said almost of velocity distributions 3 = prototype, changed roughness or viscosity
in impellers and diffusers—within present knOWIedge These ef- M = model or baseline or water performance
fects are not yet amenable to analysis; they inherently limit thepred = predicted from loss analysis method per Table 1
accuracy of any efficiency prediction procedure for decelerat@g,t or
flows. More test data can improve the statistical relevance butBEp
scarcely remove the scatter. mp =

* When estimating the performance of highly viscous fluids the Ref
present method should not be extrapolated tg,fe250 or sp =
v>3000 cSt, because local heating of the fluid in the boundary test =
layer is not accounted for.

(T1)

operation at maximum efficiendlBEP)
impeller side diskhub or shrougl
reference value

gap, leakage flow

derived from experiment
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A Criterion to Define Cross-Flow
A Lazaretio | F@n Design Parameters

Department of Mechanical Engineering,
University of Padova,
Via Venezia, 1, The paper presents an original criterion to parameterize systematically a cross-flow fan
35131 Padova, ltaly configuration according to the most significant variables defining the geometry and then
affecting performance and efficiency. This choice of parameters has proved to be effective
in a systematic series of experimental tests aimed at investigating directions for design
improvement[{DOI: 10.1115/1.1593709

Introduction Casing Shapes. Several experimental investigations

Theoretical and experimental studies appearing in the literatu g,8,9,14,15_,2]1have been conducted in the literature on the ef-
[1-19, do not set definite criteria about cross-flow fan desig _ebts of casing shape on performance, but a general design method

These mainly depend on the complexity of the flow field withifS Still not available. Ec_k’s rese_arch I_ed 1o a high efficiency and
the impeller, always featuring an eccentric vortdsig. 1) the Ipwinmse patented casing configurati¢hQ]. The rear wall pro- .
shape and position of which is directly influenced by the impelldi€ i made up of two circular arcs and results in a small radial
To define Cross_ﬂow fan geometry in a general Way’ many Vaﬁnd the Impeller belng constant. The vortex wall is thick and has
ables are required, having more or less influence on different chardecreasing clearance in the direction of rotation. It also shows a
acteristics of fan performancé.e., pressure coefficients, effi- diffusing section immediately before discharge.
ciency, flow rateps The basic casing shape in Preszler and Laj@&gest fan fea-
A criterion for selecting the geometrical variables that define itures a wider rear wall having a single circular arc profile and a
a general sense the geometry of the impeller and shape and puesitex wall similar to Eck’sthick wall, decreasing clearance, dif-
tion of the casing walls is presented here starting with a shdsing sectiopn The angle of the diffusing section, vortex wall
review of theoretical and experimental work by others on the ilearance size, and suction to discharge arc ratio were varied one
fluence of geometrical design parameters on cross-flow fan pat-a time. Characteristic curves of head and flow coefficients were
formance. The approach mainly focuses on casing geometry ajigen but information on some of the geometric parameters, the
is based on the simple idea that the area around the impeller igdgt method, and experimental rig were omitted, as observed by
be divided into sectors either “covered” by the casing walls OClayton[11].
free to form the suction and delivery zones. The geometry of rearporter and Markland6] simplified Eck’s vortex wall using a
and vortex walls are defined to include all the positions that SUBfraight thin wall with a simple radius close to the impeller. This
ply good fan performance using the minimum number of indepegsification led to a marked increase in pressure and flow rate but
dent variables. Experimental tests showing the effectiveness of {§g o1 efficiency. Then, they introduced a log-spiral rear wall to
presented geometry parameterization are show@Gh have a stronger vortex, placed at the internal periphery of the
impeller at all flow conditions, that moves towards the rear wall as
L . the flow is reduced. A stable characteristic curve was obtained,
Cross-Flow Fan Design in the Literature maximum flow rate being increased by 60% and static pressure
Impellers. A simplified, one-dimensional, theoretical modeffore than doubled. Total pressure was also higher than Eck’s and

of the double passage through the blade cascade was proposeffbly constant, but peak efficiency was somewnhat lower owing to
Eck[9]. He argued that the only case in which shock-free opergle fact that the impeller and blades pass through the closed vor-
tion is possible occurs when the internal blade angleif Fig. 2)  t€x for all flows. o _ ]
equals 90 deg, can be lowered to 75 deg if the effects of a finite The need of standardization was stressgd in a comprehensive
number of blades is considered. On the other hand, only the égview by Clayton[11], for an even comparison of performance
ternal blade angle&,) is important in determining the overall characteristics obtained using different test rigs.
energy transfef9]. The lower the external blade angle, the higher The design parameters chosen by Murata and Nish[i&a5
the fan performance in terms of total pressure coefficient in spite a systematic investigation of fan performance were not inde-
of largely negative reactions. Ikegami and Murpdhand Yama- pendent from each other. The rear wall profile is a single circular
fuji [12,13 developed detailed analytical flow models in whicharc of variable width. The vortex wall consists of a simple flat
shockless flow inside the impeller is obtained =90 deg and plate, which can be positioned at different heights and distances
the total pressure coefficient depends on the only cotange®y.of with respect to the impeller. The experimental tests showed that

Some authors in the literaturg8,6], consider the effect of im- lower clearances and lower heights of the vortex wall result in
peller design on cross-flow fan performance only secondary, withigher total pressure coefficients at intermediate flow rates. These
out providing clear evidence neither theoretical nor experimentgjyo parameters, however, should be set together, since their mu-
Some others 18,19, propose a range of blade angles they cofyal influence on the maximum attainable total pressure coefficient
sider as optimal. Most of the researchei$,17,21-23 realize s strong. The length of the rear wall arc also has a great influence
that the best performance is obtained in defined ranges based,g8 poth total pressure and efficiency; however, this influence
previous experience, and choose impeller blade angles withinmixed because of the interactions with the two other design
those ranges. parameters.
Allen [16] demonstrated that the aerodynamic performance

Contributed by the Fluids Engineering Division for publication in tiaeJANAL mainly depends on five primary parameters of the casing, and
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . L L . .

pstablished limits within which rotor and casing geometry should
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Tsujimoto. remain to obtain an optimal fan design. However, results were
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Fig. 1 A cross-flow fan configuration h'
h"d

presented for one parameter at a time without supplying values
the other parameters and thus can be used with some difficulty |
the overall cross-flow-fan design.

Martegani et al[21] performed several tests on a 100 mm roto =
by varying one geometric parameter of the casing at a time. A new
criterion for the parameterization of the casing geometry and re-
sults of tests based on this criterion on a 152.4 mm rotor were then
presented by Lazzaretto et 822]. An extension and generaliza-
tion of that work is presented here.

ld

Fig. 4 Geometric variables of the casing walls

Blade thickness is not included in the list, since it is often imposed
N . by structural or technological constraints. The set of parameters
Definition of Design Parameters defining the shape of the impeller is therefore

Parameters of the Impellers. Cross flow fan impeller blades 7,={L/D,,D,/D,,Z,B1,8}. (€H)
are usually simple forward-curved thin blades having a circular
arc profile. This shape is preferred to aerodynamic profiles be-Parameters of the Casing. The directions of inflow and out-
cause of the double passage of the flow through the blade cascél@ streams can be very different in cross-flow fans depending on
The following quantities are required to define univocally the géhe application being considered. Accordingly, the casing assumes
ometry of the impelle(Fig. 2): length to external diameter ratio different shapes, as shown in Fig. 3.
(L/D,), internal to external diameter ratid¢/D,), number of The question arises of how the two casing walls fill the space

blades Z), and internal and external blade angle8,{(B,). around the impeller. The arc occupied by the rear wall around the
impeller (Fig. 1) mainly depends on the directions of inlet and

outlet flows. On the other hand, the vortex wall has often a simple
shape, like the flat one, with different angles with respect to the
outflow direction. Depending on its thickness, the vortex wall
covers different arcs around the impeller, too. Besides the two
walls the space around the impeller is occupied by the inflow and
outflow zones, the extension of which depends on the dimensions
of the two walls. It is the right combination of shape and dimen-
sion of each part that leads to the best velocity and pressure dis-
tribution along suction and discharge zones and, accordingly, to
the highest throughflow and energy transfer. Thus, it is crucial to
analyze all the ways in which the two casing walls fill the space
around the impeller circumferentially and radialhSince these
ways are theoretically infinite, the problem is to find a set of polar
variables that defines good performance casing shapes. Only the

Fig. 2 Impeller geometry

\ _‘— — > |
A N o
@ : {—

a) b) c)

Fig. 3 Various cross-flow fan configurations characterized by different angles between inlet and outlet flows: (a) 90 deg,
(b) 180 deg, (c) 0 deg
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Table 1 Ranges of variation for the main impeller geometrical parameters according to various authors in the literature (Rey-
nolds number refers to blade chord and impeller tip speed )

Authors Bildeq| Boldeq] D,[mm] D,/D, L/D, z N(rpm) Re
Laakso[1] - - 560 0.84 1.27 - 565 49500
TramposcH 2] 90 ~15 60 0.79 2.1 24 1800-3600 2400-4800
liberg, Sadelj3] 90 45 230 0.74 0.26 44 1000-2600 24,000-62,000
Porter, Markland 6] 70-90 25-45 152 0.70-0.80 15 24 2000-2250 16,000-18,000
Preszler, Lajo$8] 90-97 22-30 - 0.80—-0.86 0.94-1.0 36 - -
Yamafuji [12], [13] ~90 15-45 157-160 0.63-0.91 0.66-0.71 18-35 1200 4700
Murata, Nishihard 14], [15] 90 25 120-240 0.80-0.83 1.17-2.33 30 600-1200 5100
Allen [16] 90 25-35 95-195 0.72-0.76 2.05-3.37 24-36 - -
Tuckey et al[17] 90 26 625 0.7 1.6 24 400 60000
Tanaka, Muratd18], [19] 90 25 75-200 0.85 1 36 400-2500 1700-15,000
Lazzarotto et al[23] 70 38 86-199 0.81 15 24 120-2000 1000-20,000

fan type in Fig. 8a) is considered here, the most common in Parameters andhy are not strictly consistent with the sugges-
industrial applications. Separate studies are needed for the ottien of using polar variables. However, they are more practical
two types in Figs. &) and 3c). when considering straight horizontal walls, even though they de-

Rear Wall. The rear wall is artificially subdivided here into_llflne the position of the vortex wall only within the upper and

wer horizontal tangents to the impell@rt andlt in Fig. 4). On
two parts to analyze separately the effects on performance. tﬁ‘é 9 pellart 9. 4

“ ”

s range. Preliminary investigations performed by the present
thor and co-workers confirmed that unacceptable performance
is obtained outside this range. For other configurations, as in Figs.
(b) and 3c), the polar variables could be more suitable.
According to these choices, the set of nondimensional param-
[%f#‘}s defining the shape of the vortex wall is

tion. Although the whole rear wall is indeed a channeler, thi&u
subdivision aims at verifying whether only the first part or bot
parts have influence on vortex position and strength, and in
rectly on the energy transfer, as suggestef6idl]. In the past,
the second part was often shaped as a diffuser to increase s
pressure. However, this solution is not so effective because
strongly nonuniform velocity distribution in the discharge zone. Tv={s/Dy,ey/D,,hy/D,}. 4
Actually, diffusion depends on the radial width of the first part of
the rear wall, which may act as a volufd,7]. Natural diffusion
effects are also due to the vortex location and generally take pl
between the vortex wall and the second part of the rear wall.

To vary the radial width using a single parameter, a log-spir
profile is considered here, as already suggestdé]in

The sets of parameters in E¢8) and(4) completely define the
osition and shape of the two casing walls under all the hypoth-
es considered here. Accordingly, the angular dimensions of the
inflow and outflow zones are also defined, i.e., the inlet flow angle
‘? ), the total discharge angl#@{) and the angle of the discharge
duct, 64. Moreover, for a given outflow duct, the height of the
discharge sectiohy (and, consequentlfy) is also definedsee

€ *
= e @  Fig. 4.

+ —
1 R,

R=Ree”" =R,

where 6* is the parameter that defines the radial width. The start-

ing point of the rear wall is located at the anglemeasured from Planning a Systematic Investigation of Fan Perfor-

the vertical axis of the impelleFig. 4). At this point, the radial mance and Efficiency

clearance between rear wall and impelleegs The log spiral arc

profile covers the anglég, and it is followed by the duct con- Ranges of Variations for Impeller Design Parameters. The
necting the fan to the discharge section, having a rectilinear shapalues of the variables included in the se(see Eq(1)) adopted

as in Fig. 4, or other curved shapes. The total discharge angfleexperimental works in the literature are presented in Table 1.
(6p) is the sum of the rear wall anglé; and the angle of the Note that most of the analyses were performed using small diam-
discharge ducdy (or the equivalent height)). In conclusion, the eter impellers in a range of operation of low Reynolds numbers in

set of parameters defining position and shape of the rear wall @hich the cross-flow fan is more competitive than other types,
[11]. From Table 1 we observe that
R=10s,0r,0% ,€r/D,,5}. (3)

« the impeller length to diameter ratio should, in general, not be
Vortex Wall. The analysis is limited here to flat and horizontalower than 1 to avoid strong border effects.
vortex walls, the effects of other shapes being considered as mi= many authors[6,11], showed that the influence of diameter
nor,[6,11,16. Porter and Marklan@6] first proposed the use of aratio is small in the range 0D, /D,<0.85.
flat and constant section vortex wall with rounded shape close tos the number of blades in the experiments is usually 24. Japa-
the impeller. They stated that this wall acts mainly as a divider twese researchers more commonly used a higher numberZ 30
separate the inflow from the discharge and to locate the vortex36). This design choice is a secondary issue resulting from a
center under free blowing conditions. Tuckey et{al] and Allen compromise between structural characteristics, friction losses and
[16] also suggested a simple, flat wall to obtain the best desigtow deflection due to cascade effeft,/].
Several tests conducted by the author and co-workers with thine blade angles can be chosen in the ranges 26=gkg=45 deg
walls having a curved leading edge, both upwards or downwardsd 70 deg3,<130 deg, according to experimental works in
showed that the position of the end itself mainly acts on perfothe literature,[6,14—-16,21-2B B, is generally set at 90 deg
mances. Very similar performances can then be obtained using flttock-free entry in the second blade passage accordif@])to
walls having the leading edge in the same position. Preszler and Lajo§8] found that maximum pressure coefficient
To define the shape and the position of a flat vortex wall @nd efficiency decrease abruptly for external blade angles lower
constant section, the following parameters are chosen (fége than 20 deg. Angles at the limits of the above ranges did not lead
4): wall thickness(s); radial clearance between vortex wall ando good performance in any of the mentioned works, and can
impeller (ey); vortex wall height by). generally be avoided.
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Ranges of Variations for Casing Design Parameters and height imply different dimensions of the suction and/or of the
discharge zones. Thus, both directions of thickness modifications
Should be considered in order to take into account the correspond-
. ; . ing variations of suction and/or discharge arcs. No indication can
Other authors8,16], do not supply exact information about thisyo o in the literature about this point, which is crucial to

parameter. determine optimum fan performance and efficienc
Various experiments conducted by the present author and co- P P 4

workers demonstrated that optimal performances are achieved for .

50 deg=0.<70 deg. Allen[16] also gave similar indications. Conclusions

Other authors in the literature adopt values in this range evenA criterion to parameterize in a general way cross-flow fan
if they do not present specific analyses under variations of thienfigurations is presented in this work. An application to the

Rear Wall. The highest performances were obtained in th
literature usingfg in the range 120-155 de3,6,9,14,15,21L

parameter. most common case in which flow direction is changed by 90 deg
Most authors in the literatur§6,9,16], use values obincluded is shown. The criterion can be used in systematic tests to find
in the range 20-50 deg. paths towards design improvements and/or cut branches that lead

Little is known on experimental tests under variatiorepfD,. to unfavorable solutions.
Various ranges were suggested 14,15. Consensus exists on
2<er/D,<10% to get optimal desigi;16,17. References
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.| ASystematic Experimental
et » | Approach to Cross-Flow Fan
A. D. Martegani DBSlgn

Department of Mechanical Engineering, A systematic investigation of cross-flow fan performances is presented according to an
University of Padova, original criterion for the parameterization of fan geometry. Test facility and procedures

Via Venezia, 1, are set up following ISO standards. The aim is to find which are the parameters most

35131 Padova, Italy affecting fan performances and the effects of their design choice. Indications are found to

design fans according to the desired objectives, such as maximum total pressure, total
efficiency, and flow ratg.DOI: 10.1115/1.1593710

Introduction Pt q P
General design criteria are difficult to draw from the experi- lj/t_O.Spuz’ ¢= uD,L’ TP

mental investigations on cross-flow fan performance performed inE . tal dat df fully closed diti
the literature[1-10], owing to the high number of variables that xperimental data weré measured from ully closed concitions
| flow rate to fully open conditiongnull static pressure at fan

X - . |
are required to define fan geometry. In spite of the many and Oﬁﬁ;e‘ -
systematic tests conducted in the design variable space, s Vwri]r?]rg;glstesw were performed at 1000 rpm and with 152.4

studies do not select independent variables to define fan geome'irl‘l
while others present the effect of a parameter on performance
without specifying whether or how the remaining parameters are
varied. Above all, there is a lack of test procedure standardizatiQDescription of the Test Programs

which may well account for some doubtful results obtained in the The parameterization of cross-flow fan geometry defingd i

past. ! . / det
To overcome these difficulties, an original criterion for the pal-ed to three sets of variabléigs. 2 and Bthat describe impeller,
ar wall and vortex wall, respectively:

rameterization of fan geometry and guidelines to set up a syste';ﬁ
atic test program are given ifl1]. According to these results, 7={L/D,,D,/D5,Z,B1,B};

three test programs are proposed and performed here, the first two

varying casing shape and the third mainly devoted to determining 7r=10s.0r,0" .€r/D3,5}; 7y={s/D;,ey/D3,hq/D5}

@

the combined effects of different casing and impeller configura- 2
tions. All tests are performed at fixed rotational speed using gme number of variables included in these sets would clearly re-
ISO standardized test rig. sult in too many cases to be handled if all the combinations of

values included in the chosen ranges were to be tested. It is there-
. fore necessary to reduce the number of tests by organizing a se-
Test Facility and Procedures lected number of subprograms to be systematically investigated.

A very important point with aerodynamic tests, as various a@n the other hand, this reduction should not cause any loss of
thors pointed out}12,13, is that no standard method was used igenerality in the analysis of the results. Three subprograms are
many experiments in the past. The inconsistency of testing mefifoposed here according to the indications given. In the first one,
ods and procedures may well account for the apparently superid® Shape of casings featuring a thin vortex wall is varied and
performances reported. matched with a single impeller geometry. In the second program,

A fan test facility with chamber on the deliverfig. 1) was ¢asing shapes featuring different thick vortex walls are matched to
built following the UNI 10531,[14], standard on industrial fan the same impeller. Finally, in the third program, different impel-
test methods and acceptance condititeguivalent to 1ISO 5801, lers are matched with a selected number of casing configurations.
[15]). After the chamber, the air passes through a venturi nozzle, al0 further reduce the number of tests, the variables having more
honeycomb straightener duct, and an auxiliary fan to overcorfigParable or lighter effects are isolated and their values fixed
pressure losses. within the ranges discussed [ii1]. According to the indications

Static pressure measurements were performed using three wélisgussed there, the values of the rear wall varialtles 65,
micromanometers having a 1/100 mm precision, one being of déz /D, and & are fixed to #g=135 deg, ;=60 deg, eg/D,
ferential type for flow rate measurement. The direct current moter0.04 ands=45 deg, and the values of the impeller variables
includes a tachimetric dynamo for measuring rotational spedd.D,,Z andD,/D, are fixed toL/D,=1.5,Z=24 andD, /D,
Torque was measured using a load cell arranged in the stator pag.81. The three sets of parameters associated with rear wall,
of the electrical motor. The power absorbed by mechanical desrtex wall and impeller geometry are therefore reduced to the
vices and winding was evaluated using a bladeless runner havioflowing:
the same disks and moment of inertia as the actual ones. , e -,

In each test, the curves of total pressure coefficient and total v={0*}; 7,={s/D,,ey/D,,hq/Ds}; 7 ={B1.B2} (3)
efficiency versus flow coefficient were obtained according to the

following definitions: Program 1: Tests Under Variation of Casing Shape(Thin

Vortex Wall). In this program the variableg*, e, /D,, and
hy/D, are varied, and the resulting casing configurations are all

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; ; ; _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionmatched with the same Impe”er’ havw@l 70 deg and’Bz

January 14, 2002; revised manuscript received January 31, 2003. Associate Editor¥38 €. This impeller, first proposed|i4], was already used to
Tsujimoto. prove the validity of similarity laws in Lazzarotto et &lL6].
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2 Cross Flow Fan
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Fig. 1 Schematic of the test facility

Fig. 2 Impeller geometry
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Fig. 3 Geometric variables of the casing walls
rear wall vortex wall (thin)
hd/Dz ey/D2
R1 0.58 01
R2r 0.45 0.066
R2c 0.32
0.04
R3r 0.19 002
R3c 0.05 *

Fig. 4 Test program 1: “tree” of tests

Journal of Fluids Engineering

Three values of#* are considered in the range 359 deg—
139 deg, resulting in the following rear walls:

e R1: a small width rear wall §* =359 deg), similar to that
patented by Eck17];

e R2: an intermediate width rear walbt =191 deg), which
supplied the highest values of pressure coefficient in a wide
range of flow rates if4];

* R3: a large width rear wall{* =139 deg).

The rear walls R2 and R3 are named R2c and R3c if the duct
linking the end of the log spiral profile with the discharge section
has a curved sinusoidal shape or R2r and R3r if the duct is recti-
linear (Fig. 3.

The series of casings shapes to be tested are derived from the so
defined five rear walls, by addingthin vortex wallof constant
thickness §/D,=0.13) and rounded leading edge at different ra-
dial clearances and heights. All the combinations of four values of
the radial clearance, /D, (0.02, 0.04, 0.066, and 0.&hnd five
vortex wall heightshy/D, (0.05, 0.19, 0.32, 0.45, and 0)5&8re
considered. The test “tree” of the program under variation of
casing shape featuring thin vortex walls is shown in Fig1@0
tests in total.

Program 2: Tests Under Variation of Casing Shape(Thick
Vortex Wall). In this program the variable®*, s/D, and
hy/D, are varied and the resulting casing configurations are all
matched with the same impeller, having,=70 deg andg,
=38 deg, already used in test program 1.

The same values of* (359 deg, 191 deg, and 139 degye con-
sidered, defining the same five rear wdisl, R2r, R2¢, R3r, and
R20. The casing shape is now completed by adding a thick modu-

rear wall vortex wall (thick)
hy/D; s/D;
constant 6,
0.45 0.13
0.32 0.26
Rl
.1 0.39
R2r 0.19
R2c constant 2’y
R3r
0.19 0.13
R3c 0.19 0.26
0.19 0.39

Fig. 5 Test program 2: “tree” of tests
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rear wall  vortex wall impeller Experimental Results

hyD Variation of Casing Shape(Thin Vortex Wall )—Program 1.

2 B B The results of the experimental tests using thin vortex walls of
constant thickness are presented in this section. All the tests

R1 0.58 70° proved that the radial clearance has little effect on performance

Ror 0.45 90° > < 25° for any value of the other parameters, as shown, for instance, in

0.32 — 38° Fig. 7 using the rear wall R1 anidy/D,=0.45. In general, the

R3r 0.19 110 highest performance has been obtained using radial clearance val-

ues in the middle of the range considered here. For this reason,

only the results foe, /D,=0.066 are presented in the following.
Fig. 6 Test program 3: “tree” of tests For each rear wall, the values ¢f versus¢ under a variation
of hy/D, (for e,,/D,=0.066) are presented in Fig. 8. The maxi-
mum values ofp, are shown in Table 1. To facilitate the compre-
lar vortex wall of variable thickness(D,=0.13, 0.26, and 0.39 hension of the results, the effect of each variable on fan perfor-
composed of modules havirggD,=0.13 each. Two subseries ofmances is analyzed separately.

casings are considered: Rear Wall Radial Widttg*. The radial width of the rear wall

« In the first series, one module was placedhgtD,=0.45, has a remarkable effect on pressure-flow characterisiigsd(
and the second and third modules were then added on disrves. For a fixed position of the vortex wall, a small radial
lower surface to increase the vortex wall thickness whileidth generally leads to unstable curvgs., static pressure does
leaving unchanged the length of the inflow atc. Accord- not increase monotonically as flow is throtfleend a large radial
ingly, the height of the discharge section is decreaseddth leads to stable curves. Thus, the radial width can be used to
(hq/D,=0.32 and 0.19as the wall thickness is increased. “control” the slope of these curves, and an intermediate width,

 In the second series, the first module was placetly@D, combined with the appropriate position of the vortex wall, allows
=0.19, the other two modules being added afterwards on #&$most constant values @k to be obtained over the range of flow
upper surface to keep constant the height of the dischangges. The intermediate rear wall supplies the highest valugs,of
sectionh}} . and, athy/D,=0.32(see Table }, also the highest values of total

) efficiency.
The modules were arranged so that the radial clearamgé(,)

between vortex wall and impeller decreases in the rotating direc-Vortex Wall Height j/D,. For each rear wall considered, in-
tion of the impeller, according to a log spiral law, froey/D, creased values of the vortex wall heighity(D,) lead to more
=0.066 toe,/D,=0.15 stable curves. Therefore, smaller radial width rear walls, which

The test “tree” of the program under variation of casing shapare intrinsically less stable, would preferably be combined with
featuring thick vortex walls is shown in Fig. (30 tests in total vortex walls having higher values of;/D, to improve stability.

Lower values oty /D, are preferable for larger radial width rear

Program 3 Tests Under Variation of Impeller Geometry. walls, which are intrinsically more stable, to get higher values of
In this program the variableg*, hy/D,, 81, and B, are varied. ;. This is in agreement with the results of Porter and Markland
The combinations of two external anglgs (25 deg and 38 deg [4], indicating maximum fan total pressure when the vortex is free
and three internal angle8; (70 deg, 90 deg, and 110 degre to move along the inner impeller periphery under throttling. In
considered. The resulting six impellers are named by a five-digither words, there exists an optimal distahéebetween the two
number, the first two digits representing the external blade an@gsing walls to get the maximum total pressure coefficient. The
and the last three representing the internal blade angle. influence of the vortex wall heighth|/D,) on total efficiency

A subset of casing shapes featuring a thin vortex walDg 515 shows that an optimal distankg exists, which is generally

=0.13) is selected on the basis of the results of the first two t&gfterent from the former. For a small radial width rear wall, lower
programs. The radial clearaneg/D, is kept constant at 0.066. \4es ofh,/D, lead to lower efficiencies. For a larger radial

Three rear wall$R1, R2r, and R3rand four vortex wall heights \yiqih rear wall, a maximum is apparent and is obtained for de-
(hg/D,=0.19, 0.32, 0.45, and 0.5&re matched with each of the creasing valueé di,/D,. PP

six impellers.
The test “tree” of the program under variation of impeller ge- Discharge Duct. Higher values of¢ are generally obtained
ometry is shown in Fig. §72 tests in total using the rectilinear discharge dudf®2r, R3p instead of the
¥ = —s—e,/D, = 0,020 30 —a—,/D, = 0,020
o |05 | || ey, =0040 o| LNdD22045 | ] —e—ev/D, = 0,040
—x—ey/D, = 0,066 ne ! ——ey/D, = 0,066
—e—ey/D; = 0,100 —e—e\/D; = 0,100
20 f
2 A / /
1 F[ [ 10
0= 0
0,0 0,5 1,0 ¢ 0,0 0,5 1,0 ¢
Fig. 7 Total pressure coefficient and total efficiency obtained using a small radial width
rear wall (0*=359 deg) and a thin vortex wall (s/D,=0.13) having h,/D,=0.45, under
variation of the radial clearance  (e,/D,) between vortex wall and impeller
686 / Vol. 125, JULY 2003 Transactions of the ASME
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Fig. 8 Results of test program 1: casing shapes featuring thin vortex wall

curved onegR2c, R3¢. Curve stability is not affected by ductin Tables 2 and 3, respectively. The effects of variations of the
shape for R3. Curve instability at low flow rates disappears whegeometrical parameters of the casing on fan performance can be
R2r is combined with lowhy/D, values. On the other hand, thesummarized as follows.

rectilinear duct implies efficiency penalties, especially for the in-

termediate width rear wall. Vortex Wall Thickness/B,. Thick vortex walls are demon-

strated to be effective mainly in raising efficiency for the small
Variation of Casing Shape (Modular Vortex Wall )— width rear wall In fact, the highest efficienc{#2%) is obtained
Program 2. The results of the experimental tests using thickith maximum vortex wall thickness and minimum radial width
vortex walls of variable thickness are presented in this sectiof.the rear wal(R1). This is in agreement with the Eck fan patent,
For each rear wall, thej-¢ curves are presented in Fig. 9 for[17], similar to this fan configuration, which shows very high
constant inflow arc and in Fig. 10 for constant height of the digfficiency. Controversial effects appear for R2 and R3: Peak effi-
charge section. The maximum values of total efficiency are showiency is obtained for the thickest wall using the rectilinear dis-
charge duct, whereas it is achieved for the single mods/B {
=0.13) using the curved discharge duct.

Table 1 Test program 1: maximum total efficiencies (%) in Fig. Both at constant inflow arc and at constant height of the dis-
8 charge sectior{Figs. 9 and 10 an increase in the vortex wall
thickness implies more unstable curves for all the rear walls. For
ha/D> R1 Rar Rar R2c R3c the rear walls R2 and R3, growing thickness seems to create an
0.05 4,5 20 16,8 22 16 obstruction to the throughflow, with consequent reduction in
8%92) 81,51 2%68 ﬁ‘é %i? 117§7 maximum flow rate and energy transfer. This effect does not ap-
0.45 20 24'3 167 32’5 186 Pear for R1 where), increases witts/D,. Instability effects are
0.58 21,8 20,3 14 27 17,2 stronger in the tests with constant height of the discharge section.
On the other hand, thin vortex walls at the same low height
Journal of Fluids Engineering JULY 2003, Vol. 125 / 687
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Fig. 9 Results of test program 2: casing shapes featuring modular vortex wall (constant
inflow arc )

(hq/D,=0.19) already showed a tendency to instability. Accordseing the same. This leads to a slight decreasg, é6r the same
ingly, stability is strongly determined by the height of the disvortex wall height(compare they-¢ curves of the thin vortex
charge section. wall havinghy/D,=0.45 with those of the modular wall having

D,=0.13 in th ith constant infl r r
Rear Wall Radial Widthd*. As for the thin vortex wall, a $/D,=0.13 in the tests with constant inflow arc, or e ¢

. o curves of the thin vortex wall havinlgy/D,=0.18 with those of
Iar_gt_er W'.dth of the rear w_aII |mpl_|es more stable curves a’.‘d low e modular wall havings/D,=0.13 in the tests with constant
efficiencies.Maximum ¢, is obtained for R2 combined with theheight of the discharge section
thinnest vortex wall, whereag, is maximum for R1 combined
with the thickest vortex walbs mentioned above. Variation of Impeller Geometry —Program 3. The i-¢

. . . . curves obtained in the experimental tests of the third program are
Discharge Duct. Higher flow rates are obtained using the rec- A .
esented in Fig. 11. It appears that the worst performance is

tilinear discharge duct, as for the thin vortex wall, both at constaﬂé . . : : !
inflow arc and at constant height of the discharge section. Still, t tained either W.'th the Iarger'lnter_nal blade angl0) or W".[h
e rear wall having small radial widtfR1). Independent of im-

rectilinear discharge duct increases stability at low flow rates fi ller blade anales. the best performance is achieved by the four
the R2 rear wall. The combined effects of discharge ducts aR§ gies, P y

. ; configurations having intermediate and large radial width rear
vortex wall thickness were already discussed above. walls (R2r and R3y combined with the two lowest positions of

Shape of the Clearance Between Impeller and Vortex Wall. the vortex wall f4/D,=0.19 and 0.32 This result confirms the
round-shaped front edge of the vortex wall was used in the exdications about the influence of the casing shape on perfor-
perimental tests with thin vortex walkee Fig. 8 whereas a log mance given for the 38070 impeller. Thig-¢ and 7,- ¢ curves
spiral law is chosen here for the modular vortex wall. Accordsbtained for each of the six impellers are grouped together in Fig.
ingly, the first module has different radial clearance, the thickne&& for each of the four best performing casings.
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Fig. 10 Results of test program 2: casing shapes featuring modular vortex wall (constant

discharge section )

Total Pressure Coefficient.All the ;- ¢ curves show a com- R3r-hy/D,=0.32) ¢, definitely decreases ag increases. Re-
mon characteristic behavior. The total pressure coefficient rapidiylts of test program 1 can therefore be generalized independently
decreases from its null-flow-rate value until a discontinuity in thef impeller blade angles.
slope of the curve occurs. Both external and internal blade angle
affect the location of this point of discontinuity, in terms ¢f If
B1 increases, the point moves towards higher flow coefficien
conversely, if3, increases, the point moves towards lower flo L is raised from 70 deg to 90 deg, then it decreases wWheis

coefficients. After the slope discontinuity, the behavior of th rther raised to 110 deg. On the other hand, flow coefficients in

curves strictly depends on the casing shape. For small disch . _ :
sections(casing R2r+hy/D,=0.19), ¢, tends to increase a$ afgrlﬁ/ﬁ(;iegscgggltlons fop,=25 deg are always higher than those

increases, intermediate values of the discharge setiasings
Total Efficiency. Maximum values of total efficiency for all

R2r—hy/D,=0.32 and R3rhy/D,=0.19) lead to a fairly con-
stant ¢, and when the discharge section is largeasing impellers and all casings are obtained in a narrow range of the

Maximum Flow Rate. The maximum flow rate at fully open
conditions shows a characteristic behavior depending on impeller
Sade angles. The maximum flow coefficient first increases when

Table 2 Test program 2: maximum total efficiencies (%) in Fig.  Table 3 Test program 2: maximum total efficiencies (%) in Fig.
9 10
s/D, R1 R2r R3r R2c R3c s/D, R1 R2r R3r R2c R3c
0.13 23 21,8 16,7 334 18,3 0.13 10,2 26,5 18,4 28,5 17,5
0.26 18,7 20,9 16,2 26,7 16,4 0.26 21,7 19,4 16,3 24 15
0.39 42 28,9 19,1 28,3 16 0.39 42 28,9 19,1 28,3 16
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Fig. 11 Results of test program 3: different impellers matched with thin vortex wall casings

flow coefficient, the only exception being the 38,110 impeller, Many of these characteristic behaviors were observed also us-
which always leads to performances much worse than those of thg other casings; results are not presented here because of their
other impellers. The range is approximately centered arapind poorer performance.

=0.6. In the same range, except 1= 110 deg, the total pres- ) . o ) - .
sure coefficient tends to a common value for each casing, inde/Noise Generation. Noise issues are particularly critical in
pendent of the impeller blade angles. This indicates that impell@i0ss-flow fan design because the flow field is not axial-
blade angles strongly affects the maximum valueppf but has Symmetric and the highest radial velocities are located near the
almost negligible effects on flow and total pressure coefficieng®rtex wall edge where rotor-stator interaction is maximum, re-
corresponding to the maximum, . Efficiencies for8,=25 deg sulting in large fluctuations of flow quantities. The few experi-
are always higher than those =38 deg, the internal blade mental measures in the literature show that noise can be lowered
angle being equal. On the other hand, for the same external bldyeincreasing the radial clearance of the vortex wigl18], of
angle, the maximum efficiencies are achieved by impellers havingurse, as well as by reducing the interaction between the eccen-
B1=90 deg. tric vortex within the impeller and the blade cascade. This can be
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Fig. 11  (continued )

done by reducing the strength and the eccentricity of the vorteidth of the rear wall appears to be the fundamental parameter to
itself, increasing vortex wall thicknegs,8], or reducing rear wall define the fan characteristic curve. Three categories of machines
radial width,[4]. The results of a nonstandard noise measuremegrie observed according to a small, large or intermediate radial
performed during test programs 1 and 2 agree with the indicatiQfdth of the rear wall. Within each category, the most significant
of the literature. effects on performance are given by variation of the vortex wall

. height and thickness. In particular,

Conclusions

Three experimental test programs have been carried out on thé Small radial width rear walls combined with low height vor-
basis of the independent variables choserili] to define fan tex walls Iead_to unstable characteristic curves, mdepen_dent of _the
geometry. All the combinations of values for the selected variabl¥§rtex wall thickness. Curves become more stable by increasing
resulting in high performance have been investigated. Test resiitg height of the vortex wall. An increase in vortex wall thickness
demonstrated that five variables are the most significant: rear wig@ds both to higher total pressure and efficiency. The maximum
radial width, vortex wall height and thickness, and internal anealues of flow coefficient are hardly higher than 0.8.
external blade angles of the impeller. Among them, the radial ¢ large radial width rear walls lead to stable curves, indepen-

Journal of Fluids Engineering JULY 2003, Vol. 125 / 691

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



—a— 25070
R2r- ho/D2=0.19 —g— 25090 R2r - ho/D2=0.19
—_® 25110 %
Yt —a— 3807 nit 7o I I I I I
is§ —5—- 3809 50.0
3.0 —B—38110
S - 40.0
i /
2.0 30.0
A Th
20.0 / P~
1.0
10.0 ]
00 0.0 g
0.0 05 1.0 $ 0.0 05 1.0 )
—&— 25070 —&— 25070
R2r - ha/D2=0.32 - %gg?g R2r - ha/D2=0.32 - %55’??8
wt 38070 (% [ 38070
—&— 38090 50.0 —F— 38090
30 —&— 38110 —6— 38110
|- 40.0 1
- [
20 30.0
7 "
20.0
1.0 X \k ~d
L 10.0 L&ﬂ
o)
0.0 0.0 -, l
0.0 05 1.0 @ 0.0 0.5 1.0 9
—a&— 25070 —a— 25070
R3r - ha/D2=0.19 —- ggggg R3r - ha/D2=0.19 - %g?gg
v =8| %o 5 08
3.0 —6- 38110 500 —6— 38110
40.0
2.0 30,0
— -
L 20.0
10 ; 8 AN
R 10.0 4 9 %
0.0 P 0.0 l L
0.0 05 1.0 ) 0.0 05 1.0 ¢
“a— 25070 Za— 25070
R3r - ha/D2=0.32 — ggg?g R3r - he/D2=0.32 - %gggg
v 33| =
3.0 —&— 38110 50.0 —&—38110
: 40.0
20
] 30.0 -
W
20.0
1.0 gy — -
\5\ 10.0 4 A
S = :
0.0 o | l | 0.0 PO °
0.0 05 1.0 s 0.0 0.5 1.0 ¢

Fig. 12 Results of test program 3: best performing casing configurations

dent of the height of the vortex wall. Higher thickness of th@ot reached. These rear walls lead to the best characteristic and,
vortex wall has a negative effect on both total pressure and effitatched with rectilinear discharge ducts, to the highest values of
ciency. The maximum value of flow coefficient is normallyflow coefficient.

around 0.9.

« intermediate radial width rear walls lead to unstable curvé®’ . . >
for small values of the vortex wall height, and to stable curves fgenerally affecting maximum efficiency and flow rate. In more
large values of this height, curves being approximately flat f tail,
intermediate heights. A higher vortex wall thickness causes a de- best total efficiencies and highest flow rates are achieved for
crease in total pressure and an increase in total efficiency. How- a 90 deg internal blade angle, the external being equal, and a
ever, the efficiencies obtained using smaller width rear walls are 25 deg external blade angle, the internal being equal.

peller blade angles do not substantially alter these trends, while
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« blade angle influence on the total pressure and the flow rate ¢ = flow coefficient
corresponding to maximum total efficiency seems negligible. p = air density(kg/m’)
= set of design variables

Less important effects have been observed for variations of the l; — pressure coefficient

discharge duct shape and of the radial clearance between impeller

and vortex wall: Subscripts

« the radial clearance between the impeller and a thin vortex 1 = internal
wall does not significantly affect fan performance. However, 2 — external
the clearance shape has a marked influence on performance b = blade
for the thick vortex wall, since decreasing values in the di- d = dlscharge
rection of rotation increase both efficiency and total pressure. S = Suction

» Arectilinear discharge duct generally results in higher values t= _total
of the flow coefficient and more stable curves. FL - 'rrggf\lllgn

It is apparent that a choice of casing design parameters is de- V = vortex wall
rived from a compromise among the often conflicting needs of
high total pressure, high efficiency and high flow rate. In generghcknowledgments
if the objective is to maximize efficiency, small width rear walls
and high thickness vortex walls are to be preferred. If the objec-
tive is to maximize total pressure in a wide range of flow rates, &'
intermediate width rear wall combined with a thin vortex wall i f
more suitable. Maximum flow rates are obtained using intermezlq-e erences
ate to large width rear walls and, preferably, rectilinear dischargdll Laakso, H., 1957, "Querstromventilatoren mit Druckkennvertgtr4,”

At Heizung-Luftung-Haustechnilg(12).
ducts. The best tradeoffs among these objectives are usually olfé] Trampogsch’ H.,glgs 4 “Cross—::IozN Fan.” ASME Paper No. 64-WA/FE-25.

tained with internal and eXte_maI impeller blade an_gl_es equal tq3] jiberg, H., and Sadeh, W. Z., 19651966, “Flow Theory and Performance of
90 deg and 25 deg, respectively. Although the validity of these  Tangential Fans,” Proc. Inst. Mech. End80, Part 119).
design indications is limited by working assumptidfiged values  [4] Porter, A. M., and Markland, E., 1970, “A Study of the Cross Flow Fan,” J.

- . . Mech. Eng. Sci.12(6).
for some of the parameters defining impeller and casing shap%] Preszler, L., and Lajos, T., 1972, “Experiments for the Development of the

The authors wish to thank Prof. Alarico Macor for helpful dis-
ssions and suggestions.

fixed rOtation.al speed, flat and horiz.omal Yortex waII,)echgy Tangential Flow Fan,”Proc. of the 4th Conference on Fluid Machinery
can be considered as a good starting point for the definition of Akademiai Kiado, Budapest, pp. 1071-1082.
cross-flow fan design criteria. [6] Yamafuiji, K., 1975, “Studies on the Flow of Cross-Flow Impellers—1st Re-

port, Experimental Study,” Bull. JISMEL8(123).

[7] Murata, S., and Nishihara, K., 1976, “An Experimental Study of Cross Flow—
1st Report, Effects of Housing Geometry on the Fan Performance,” Bull.
JSME, 19(129).

Nomenclature

D = dlameter(m) [8] Murata, S., and Nishihara, K., 1976, “An Experimental Study of Cross Flow—
€ = rac_“al clearancem) 2nd Report, Movements of Eccentric Vortex inside Impeller,” Bull. JSME,
h = height(m) 19(129).
L = impeller axial length(m) [9] Allen, D&J., 1982, “The Effect (IJf Ro}or and Casing Design on gross-lFIow
_ H Fan Performance,” International Conference on Fan Design and Applica-
n = rotational speetﬂrpm) tions” Sept. 7-9, Guilford, England, Paper No. J1.
p = pressurgPa [10] Tuckey, P. R., Holgate, M. J., and Clayton, B. R., 1982, “Performance and
P = power(W) Aerodynamics of a Cross Flow Fan,1fiternational Conference on Fan De-
g = volumetric flow rate(m3/s) 1 sign and Applications Sept. 7-9, Guilford, England, Paper No. J3.
— i i R 11] Lazzaretto, A., 2003, “A Criterion to Define Cross-Flow Fan Design Param-
R = radial coordinate of the rear wall log spiral aro) eters.” ASME J. Fluids Eng.125 pp. 680—683.
Re = R_eyn0|d3 number [12] Bush, E. H., 1972, “Crossflow Fans—History and Recent Developments,”
s = thickness(m) Conference on Fan Technology and Practiéer 18—19, London.
u = peripheral spee@mn/s) [13] Clayton, B. R., 1975, “A Review and Appraisal of Crossflow Fans,” Building
Z = number of blades Services Engineed2, pp. 230-247.
[14] UNI 10531, 1995(in Italian) “Ventilatori Industriali—Metodi di prova e Con-
Greek dizioni di Accettazione,” Milan,(in Italian).
[15] ISO 5801, 1993, “Industrial fans—Performance Testing using Standardized
B = blade anglgdeg Airways.”
S = rear wall suction angle [16] Lazzarotto, L., Lazzaretto, A., Macor, A., and Martegani, A. D., 2001, “On
n = efficiency fzrgs;;JFlcl)v_ngan Similarity: Effects of Casing Shape,” ASME J. Fluids Eng.,
6 = angle, angular coordinate of the rear wall log spiral [17] eck B., U.S. Patent 2 942 773.
arc (rad) [18] Eck B., 1973,Fans Pergamon Press, Oxford, UK.
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Fluid Dynamic Aspects of
Electrostatic Precipatators:
andocogne | TUrbulence Characteristics in
Michele Mantegna Scale MOdels

Giorgio Sotgia

The present work originated in an investigation on fluid dynamic aspects of electrostatic
- ) . precipitators performed on scale models of an industrial apparatus. The experimental
D|part|m§nto .d' Energ_ehca analysis of velocity and turbulence distribution, performed by hot-wire anemometry, con-
Politecnico di Milano, firmed that significant turbulence levels are found inside particle collectors. In fact, com-
P. Ie Leonardo da Vinci, 32, ponents used to spatially smooth the flow and lower its velocity peaks, such as hoods with
20131 Milano, ltaly wide divergence angles, turning vanes, and perforated plates, may also act as sources
of turbulence and reduce the efficiency of electrostatic precipitators. These observations
prompted a deeper analysis, both analytical and experimental, of the turbulence decay
downstream perforated screens. A new simple semi-empirical model of turbulence decay
is proposed, which has shown reasonably good agreement with experimental data, even
at short downstream distance from the perforated plate, 50 to 250 hydraulic diameters.
[DOI: 10.1115/1.1593704

1 Introduction ing from entrance ducting and the wakes of internal structures
. . i . . typical of commercial precipitators.” The shape of inlet and outlet

. Electro_statlc prf_eC|p_|tator$ESF) are well-known, highly effi dpcts is normally imposed by layout constraints. In some cases
cient devices applied in power stations and many other large-sc e d " d ol ineffect
industrial systems in order to reduce fly ash and fine partic%“ e va?fes an pe;lr orate przla_tes(;nay prmﬁ Ineffective or even
emissions. Although the first patent by F. G. Cottrell dates fro%untere ective as flow-smoothing devices. They may even cause

S ! A ) w instability, [5—7].
1906, it is still difficult to achieve efficiencies higher than 99%. : .
H. J. White[1], in his thorough review concerging the Wh0|; Our department has been involved for many years in research

. h on. scale models of flue gas cleaning devices, both ESP and cata-
physical phenomena of the dust collecting process, stated tr] ic reactors (SCR, according to the customary procedure
“for the finer particles which are of the greatest interest in ele \dopted also by Ha‘mon Research-Cottrell Inc. The studies con-
trical precipitation, the nature and properties of the gas flow € ESP and SCR apparatus in Power Plants 6f the national elec-
tablish the basic laws and pa@terns of particle collection.” In thﬁic network of novel and retrofit buildup. The experimental work
same book are _also empha3|sc_sd the C‘.”.“p'ex effects of Se"e@ﬁﬁ%s to support a theoretical analysis by means of CFD commer-
physmgl propertles.and operating conditions. They havg 0 BB codes. The main goal was to achieve a time-averaged velocity
taken into account in or_der to reach a succes§ful_ separation pERy a5 uniform as possible, just upstream from and throughout
cess. The more recent "ter?“.’f@’?l adds.more |ns!ghts into the he cleaning devices. The first approximation parameter to assess
processes in electrical precipitation, particularly with reference Eﬂe flow uniformity is the percent root mean square Inde

“grDade fﬁ;ﬁ'ency'" £ th b d unit f industri MS) of the velocity distribution on a given cross section. This
ue to the increase of the number and unit power ot INAUStNgL 3 meter is commonly related to the system performdsee
plants, combined with the lowering of dust emissions standar

the enhancement of efficiency deserves further investigation, in
spite of previous significant R&D studies. One of the most impo
tant aspects characterising ESP is the fluid dynamics, since f

vglocity field throughout_the.collt.ect_ing region controls dust deDthe so called “migration velocity,” which characterizes particle
sition. In turn, the velocity field is influenced by several facmrstransport '

|n|clud|ntg the g;eodmtetry of tlhe Trl]etf?nd gyttlgé htpppetrﬁ, thﬁ INN€T The present investigation is aimed at studying two particular
€ e”metf‘ S mT,erte d 0 ectwa 'Z? t?‘ IOW . 'g ”t# |0"n|, k? S,, apecégpects influencing the turbulence inside an E&Pthe turbulent
collecting electrodes, e electrical wind, h€ Heaking™ anq;netic energy generated downstream from a perforated plate and

“snaking” flow pattern[1], the onset of wakes, etc. : W "
Conceming the secondary flow generated by the corona dits decay,(b) the mean and turbulent velocity field within the

charge. Leonard et d12] examined, by means of different eXperi_tﬁglon delimited by a pair of collecting electrodes. The impor-

al h the turbul induced by the electrost nce of the first item is due to the fact that a perforated plate is
;Pe?(? ?n a;ipr)lpérlc(:a\svirees,ande mlfjﬁti\ljvﬁgcf?atlnplgt(:ee prez:/ipitgtoerse Cl\r/lc())sret &]uently inserted at the end of the upstream hopper, very close
. g * 7.""%0 the first collecting stage of an ESP, and may influence its per-

recently, Soldati et al[4] formulated a CFD model reproducmgé g stag y P

Other criteria based on a single statistical parameter are of the
same order of approximation. Also in the well-known Deutsch
fmula, [8], the whole complexity of the problem is brought into

: L ormance. Some correlation concerning the decay of nearly iso-
the flow field and the role of dust deposition in flat plate ES : : - . : . :

; L ic turbulence is available in the literature. Since th lica-
Leonard concluded that “for typical ESP conditions, the level ai:pc urbulence is available e literature. Since the applica

induced turbul is significantl ller than that on to specific cases is questionable, experiments were performed
corona-induced turbulence IS significantly smaller than that réSUlfy e same perforated plates used in the laboratory tests. More-
over, a new simplified model has been developed and checked

Contributed by the Fluids Engineering Division for publication in tBNAL ~ against our experimental data. The second item mainly concerns
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . X
April 21, 2000; revised manuscript received January 12, 2003. Associate ediorihe effects of the collecting electrodes on the velocity field. In

Bridges. fact, the onset of local flow detachment is likely to produce tur-
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Table 1 ESP system performance based on the percent RMS The turbulence is also approximately isotropic. Since there is little
index mean shear, turbulence energy production is negligible and energy
is simply transferred from large to small scales, where it is dissi-

0, ~ 0/ — 0, ~ 0fH— 0, 0, . . . .
% RMS 10%-15% 15%-25% ~30% pated. In strictly homogeneous turbulence the diffusive term is
quality excellent satisfactory poor zero, too. In this condition we can describe the decay of turbulent
energy by the following equatiof13],
dk
. . T=T¢ 2
bulence close to the plates. Moreover, the evolution of the inlet dt

flow disturbances through a collecting stage appears of some {fhere ¢ represents the turbulent energy dissipation rate. This is
terest. On the scale model we used collecting electrodes of ungis one-dimensional turbulent kinetic energy equation for homo-
lated shape, which, according to various patents, are preferredyitheous turbulence without mean flow and no mean velocity gra-
prevent significant dust re-entrainment during the rapping proceggents. It states that, because there is no production, the turbulent
The final goal is to provide realistic boundary conditions fognergy decreases continuously. Equati@rgives the time rate of

CFD calculations and to validate the numerical simulations witthange of turbulent energy per unit mass in a Lagrangian refer-
the experimental data obtained from the dust collecting stage

Tice frame moving with the mean flow velocity,. The time is
The knowledge of the mean velocity field and turbulence intensi . = E
will also allow predictions of collector efficiency, by means of %lr?ntidir:t?) downstream distance by2/U,. Thus, Eq.(2) trans-
particle transport correlation.
—dk
2 Turbulent Decay Laws UZE’

~ Turbulence is still one of the great unsolved problems of phygzhich contains two unknown quantitiels,and e. One needs an-
ics, in spite of the efforts devoted to it over more than a centupther equation to solve the problem, namely a model of the tur-
since the pioneering work of O. Reynolds. The most simplifiegylent energy dissipation rate. We have resorted to the following

case is homogeneous isotropic turbulence, approximately satisfigftion, which relate& ande and is based on dimensional con-
by the flow field downstream from a perforated plate. In faCEiderations[14,1Ei:

grid-generated turbulence is a good approximation to homo- a2
geneity at a distance larger than about 50 hydraulic diameters e=ak (4)

downstream. wherea is a proportionality constant depending on a characteris-

~ No exact law is known for the decay of homogeneous angf length scale of the system. Substituting F4). into Eq. (3),
isotropic turbulence, although many experimental studies of gr'ﬁiriting

generated turbulence are available in the literature. The difficulty

—& 3)

of an exact representation lies above all in the advective terms of a
Navier-Stokes equations, which are nonlinear and do not cause B=—, (5)
decay by themselves, but redistribute turbulent kinetic energy 2U,

across the frequency spectrup®)]. Unless we are in the final gng performing an integration, one obtains
stage of decay, we would expect the advective term to dominate

over the dissipative one. At the end of the 1930s, Loytsianski and 1 1
Milliontchikov [10] deduced an asymptotically correct decay law W_ W =pz (6)

suitable when turbulent energy is so small that viscous dissipation
is predominant. This law does not fit the needs of industrial equipshich may be rewritten similarly to a power law
ment modeling, because the most interesting stage of turbulence
decay happens earlier, when viscous dissipation is confined at the 1
smallest scales. Bz+ k(0)
Hinze [11] reported many experimental results of grid turbu- ] ) )
lence and those by Comte-Bellot and Corisiél] are amongst the wherez is the distance from the perforated plate. Notice that Eq.
most complete. Provided the flow Reynolds number is large, (if) contains two empirical parametek§0) and, to be assigned
was found that the decay of grid-generated turbulence may @gperimentally. The proposed law has the advantage of being lin-
described by power laws such as ear with respect to the auxiliary variable if one assumes’

pyn k=1/K
k(t):k(t*)( ) ) «(2) = k(0)=pz. ®)

t
wheret is the time elapsed since a conventional reference ti his property makes it easier to _complﬂehrou_gh a Ii_near fit Of
t*. It should be noted that power laws are valid starting at son} ‘e experimental data. Introducing the nondimensional variable
i id z/d in place ofz, and U,)%/2k instead of, the proposed law

distance downstream from the grid location, because of near-g 1 decaving homoaeneous turbulence mav be written in the fol-
effects that alter the turbulence behavior. Although power la & ying homog - Y
owing dimensionless form:

like Eq. (1) were obtained experimentally for all grid geometry,

-2

k()= ™

there is no agreement on the value of the expomemthich ap- U2 U2 1
pears to vary significantly from grid to grid12]. Power laws -z Bld+ — 9)
have only asymptotic validity and, owing to the unknown origin 2k 2 Vk(0)

of the time coordinate, it is difficult to determine the precise Val%?/hered is the hydraulic diameter of the holes in the perforated
of the exponenh in any particular experiment. plate.
3 A New Model

A new model has been developed assuming that homogeneéus Experimental Setup
turbulence is a good approximation downstream from a perforatedMeasurements were obtained using a transparent scale model
plate, in the sense that variations in the flow statistical propertiésig. 1) reproducing a catalytic reactor inserted in a research and
take place over distances larger than the turbulent length scaésmonstration power plantvolume flow rate=20,000[ m®/h]
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laminar damper
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Fig. 1 Schematic of the test section used to measure turbulence decay past a
perforated screen

s.c). The scale model had rectangular cross section (514Another approach which is closer to the practice of turbulent

X278 mm, hydraulic diameteD =361 mm) and aL/D ratio models in the numerical simulation of flow fiel@d@here mainly
~7. Perforated screens were inserted downstream from a lamingstream boundary conditions are needéedto imposek(0), by

damper and the system was operated atRe6x10%. A “ple- ~ assigning to it the value dfat the first measurement location, and

num” was inserted downstream from the scale model to uncougfeen to apply a least-squares linear regression analysis. With a few

it from disturbances. A centrifugal fan with a throttle valve alSymbolic manipulations, one can prove that the new valug isf
lowed adjustment of the air flow-rate, measured by an orifice flow

meter. SN (ki— k1)(zi—23)

-

Flow velocity was measured by a constant temperature hot-wire - SN (z—21)? (10)
anemometefDISA 55M) with 5-um-diameter wire probémod.
P11), which ensured a frequency response adequate to the turbu-
lent spectrum. The probe was calibrated on a potential jet in the
velocity range 0.2 to 50 m/s, and installed on a carriage sliding on
a steel track and controlled by a computer-driven stepper motol 80 ’
More than 20,000 data were collected at every measuremer gg . Tedo _
point, by means of a dynamical signals analy&éewlett-Packard o Testd ot
35665A at sampling frequency of 32 kHz, and transferredtoa PC ~ so e
for statistical analysis. The sampled voltages were converted int: 6./' ),/
velocities through the calibration function and then processed tc 45 ~7
determine mean and fluctuating components. The probe wire wa E o -~o | ]
aligned normally to the axial flow direction in order to be prefer- = 40 R
entially sensitive to the longitudinal velocity component. gx 25 - ° -
5 Experimental Results W

In the experimental investigation three types of perforated s "‘. ]
plates were usedTable 2. Their geometry is completely de- 1
scribed by two quantitieshydraulic diameter df the holes and 20 v v , * - v r
void ratio (area of the holes to the total plate are@omparison of 00 02 04 06 08 10 12 14
experimental data with our model was carried out according tc z[m]

two criteria. First we applied the standard least-squares method_to
find a linear fit of the data, according to E@). Fig. 2 Measured turbulence decay for test cases 2 and 4 of

Figures 2—4 show some examples of the linear best fits of tE@Edlfn Zzt(f’éper"?g)”tal data points and their linear best fit ac-
experimental data. The numerical values of both coefficients or "9 g

the model, sayk’(0) and B, as deduced by the linear fit, are 50 v . . . — —
reported in Table 3. In the same table is reported the measure ] o &
value ofk(0). Adequacy of the fit to experimental data was evalu- 45 o Test5 9
ated by means of the percent root mean square error, which fall ) s Test8 ,/' sl
in the range 1.37 to 3.86%. Since common sense suggests amor 4 P ¢
tone decay line, irrespective of the analytical representation, ex Lo )
perimental data oscillations should be interpreted as flow irregu __ 35 el
L. . 1 ¥ =
larities and disturbances. % ] - ]
9.-' 30 ;’/v(
v o.lo
Table 2 Characteristics of the perforated plates 25 .
Hydraulic 1 o /
Hole Shape and Diameter Void 204 2
Grid No. Pattern (mm) Ratio i ./
: 15 - - . . - . .
1 _C|rcu|ar holes, 5 0.35 00 02 04 08 08 10 12 14
triangular pattern
2 circular holes, 6 0.53 z[m]
triangular pattern
3 square holes, 8 0.64 Fig. 3 Measured turbulence decay for test cases 5 and 8 of
square pattern Table 2: experimental data points and their linear best fit ac-
cording to Eq. (8)
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Fig. 4 Measured turbulence decay for test cases 10 and 11 of
Table 2: experimental data points and their linear best fit ac-
cording to Eq. (8)

Fig. 5 The complete set of data in dimensionless form. The
solid line is the parabola w=u?, while the dashed line repre-
sents the best fit of the data.

Notice that summations are restricted to indexes Rl t®ince
the first point is now fixed. The values @' for the modified Theoretical and experimental least-squares parabolas match quite
linear fits and the corresponding RMS errors are reported in té€ll. The scatter of the data reduces for lawalues, which refer
last two columns of Table 3. Typically the error is three to fivé0 relatively short distances from the turbulence-generating perfo-
times larger than before. That is because the modified leagited screen, hence to a region where turbulence is likely to be
squares method, having imposed the first point, is more severe &gither homogeneous nor isotropic. Obviously, this is the most

less adaptive to experimental data, though closer to the practicectfical region for any turbulence model. Concerning the disper-
numerical simulation. sion of experimental points around the curve, it should be noted

It is also interesting to show the complete set of data in oriBat the measured values kfrefer to a three-dimensional flow
plot, in order to evaluate the turbulence model on the wholéield which the suggested model tries to describe with only one
through comparison with the dimensionless foi@h which is an spatial coordinateas a first approach to the problenConse-
obvious candidate for such a task. Unfortunately, the coefficierftgently, the accuracy is satisfactory in most cases, since even a
depend upon various quantities suchgandU, which are spe- fu_II-bIown three-dimens_,ional turbulenpe modésuch as the
cific to each data set, so E() maps each set onto a differentwidely usedk-¢) often misses the experimental values by 20% or
curve. However, with a little mathematics one can prove that imoore, [16].
troducing auxiliary nondimensional coordinates

z N 1 1
u=— ;W=
d  gdyk(0) kB*d*
i .-~ The last remark concerning the intrinsic three-dimensional
Equation (9) transforms onto one parabola of the equation
Wq: u2 © P . character of the flow leads to the second subject of this paper, the
Plotting the experimental data in tife, w) plane, they form a flow uniformity. Its importance from the standpoint of the effi-

“cloud” of 92 data points(Fig. 5 around the parabokaolid line), ciency of electrostatic precipitators may be evaluated using the

while the least-square parabdttashed lingfitting the same data We!l-known formula by Deutscfa]. L
is represented by the equation In an approximately two-dimensional velocity field, the overall

efficiency of the precipitator may be computed as the spatial av-
w=0.98,°—0.0831+20.16. (12) erage of local efficiencies, weighted with respect to flow velocity:

1D 4 Flow Nonuniformity

Table 3 List of test cases

k(0)x 103 k'(0)x 103

Test Gird (M?S?) (%S B (%) RMS B’ (%) RMS
No. No. (Measured (Interpolatedl (m29) Error (m29) Error
1 1 2.11 2.39 22.2 1.64 21.0 7.20
2 1 1.70 2.67 23.5 2.52 18.5 7.41
3 1 1.40 2.94 26.8 1.58 18.6 4.83
4 1 1.22 2.26 27.9 1.37 20.2 5.27
5 2 2.59 1.82 20.3 3.86 24.2 13.10
6 2 2.87 1.56 18.7 2.74 25.4 11.30
7 2 3.06 1.95 17.8 2.74 22.3 10.50
8 2 3.32 2.38 17.2 2.42 20.4 7.87
9 3 2.42 1.86 21.1 1.75 24.0 7.70
10 3 2.22 1.71 21.2 1.55 24.2 4.82
11 3 2.08 1.83 21.4 2.44 22.8 13.60
12 3 1.93 2.70 22.9 1.99 19.4 6.52
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Fig. 6 Schematic of the collecting electrodes used in the Fig. 7 Axial distribution of the relative turbulence intensity as
present investigation measured at two different depths from the upper wall of the
model
N WL
Z U; exp “Us to the short distance between the plate electrode20 mm),
p=1— =1 ' (13) Mean velocity and turbulence intensity profiles were measured
zr‘:lui along the centreline of the first two collecting stages. Figure 7

presents the axial distribution of the relative turbulence intensity

(defined as the ratio of the local RMS fluctuating component to

the flow mean velocity as measured at two different depths,

from the upper wall of the model. It is worth noting the relatively

high inlet value followed by a rapid decay along the first collect-

%z}g stage and a further decrease in the second one. The small
(o

whereW; are the local particle transverse migration velocitlgs,
the local flow mean velocities, and and & are the length and
spacing of the electrodes.

The experience shows that in standard EBfRecreases mono-
tonically whenU; increases. Ducts having highdf dominate the
overall efficiency of the precipitator, and the damage caused
regions withU; above the average is only partially balanced b
the improvement in regions wheté; is below the average. The

rease in the lag between the stages is probably due to the sud-
en, though small, expansion in the cross section. The aforemen-

: ; : e h ioned behavior is justified by the existence of a diffuser upstream
assumption of uniform particle distribution was used in develo;}- ) : ;
ing the Deutsch formula. This is valid if turbulent mixing is sig- rom the f!lter, having an obtuse anglebout 100 dep In spite of

nificant. However, theoretical and experimental woR], has the_ |nsert|on_of perforated screens to make the mean flow more
shown “that for mvoderate levels of turbulence, e.g fuliy deveHn'form’ vortices generated by the fluid vein detachment contrib-

oped turbulent channel flow, precipitators should be far more Ep;{ge to flow nonuniformity and increased turbulence near the wall.

ficient than is predicted by the Deutsch formula.” These resul sh'S may reduce the efficiency of Co”ec“f.‘g ellectrod.es..
These results suggested a more detailed investigation of the

suggest that it is desirable to minimize the generation of turbﬁ(?/o-dimensional turbulence distribution inside a 1:3 scale model
lence for improved precipitator performance, since the largest dof two collecting electrodes. Their shape is shown in Fig. 6 and

fusivities produce the lowest grade efficieng]. The influence the operating flow conditions were selected in order to preserve
of fluid dynamics on precipitator efficiencies is worthy of inves; P 9 P

tigation although the problem is complicated by secondary eﬁec&qth. the geometry and'ﬂow .5|m|.Iar|ty W'th. respect to full Scal.e
In real precipitators, efficiencies lower than those predicted rticle co_llecto_rs. _The_ Investigation was alm_eq at reconstructing
the Deutsch formulla may be found, probably caused by t e flow field distribution in the volume delimited by the first

local structure of the electrical field, as suggested by numeri poe Of. Collectlng electrodes._ Measurements were parrled out
predictions [3]. considering four different experimental arrangements, in order to

ascertain the effect of inserting a perforated plate and its distance

. upstream from the electrodes:

7 Experiments on Scale Models Case A: laminar damper 540 mm upstream from the scale model,
The main aim of the experiments on scale models was to obt@lase B: perforated plate 540 mm/§=54) upstream,

a better knowledge of the flow characteristics in the region of ti@ase C: perforated plate 190 mm/d=19) upstream, and

dust-collecting electrodes. Experimental and numerical results i@ase D: perforated plate 100 mm/@=19) upstream.

dicate that the mean flow, the electrohydrodynamic flow and the Since preliminary experiments proved the approximate symme-

turbulence field undergo significant modifications caused by mtry of the flow field with respect to the median horizontal plane,

tual interaction, in flat-plate-wire or plate-plate collecting systemseasurements were carried out in the upper-half section only, on

[17]. Industrial collecting electrodes have an undulated sHdpe, three horizontal planes 40 mm apart, starting 200 mm below the

like those used in the present investigati®tig. 6), which may upper wall. Figures 8 and 9 show the isolines of mean velocity

induce turbulence. Moreover, hoods with wide divergence angles)d turbulence intensity in a section 280 mm from the top wall,

turning vanes and perforated plates also generate a turlfelert  confined by the electrodes shown in Fig. 6.

recirculating flow at the inlet of the first stage, because their Figure 8 refers to case A and indicates that the mean flow is

geometry may not correspond to the optimum configurafisyr]. almost uniform at the inlet with moderate turbulence intensity,
As a first approach, experimental tests were performed onwdich then increases, close to one electrode, probably due to the

1:16 scale model of a dust-separating system including the eleorrugated plate geometry. Lower levels are found in the inner

trostatic filter, the upstream and downstream hoods and ducts. Dagion, where turbulence intensity falls under 10%, which is con-
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Fig. 8 Mean velocity (a) and turbulence intensity  (b) isolines
measured in a section 280 mm from the top wall, in a 1:3 scale
model of two collecting electrodes. Experimental case A.

Fig. 9 Mean velocity (a) and turbulence intensity  (b) isolines
measured in a section 280 mm from the top wall, in a 1:3 scale
model of two collecting electrodes. Experimental case D.

sidered a standard value in this type of flow. Similar behavior
found in case DFig. 9). However, the turbulence level near th
wall is higher, because the grid-generated turbulence is not
lowed to decay sufficiently before entering the electrode stage.

Table 4 reports, for each arrangement, the average of the lo
mean velocities over the entire section, together with two dimeﬂjrb
sionless distribution parameters, the root mean square itfex

ek?ustrial dust-separating systems require perforated plates or other
devices to lower the bulk kinetic energy of the main flow across
e hood between the upstream ducts and precipitators. The layout
of conventional systems has one of the perforated plates close to
entrance of the first collecting stage. As a consequence, the
ulence generated near the grid propagates inside the first part

. L N of the stage. Moreover, the electrode geometry itself may further
RMS) and skewness;, which give indication of the fiow unifor- contribute to turbulence production. It is therefore important to

mity across the section. Positive valuesbienounce local high gptimize the overall system configuration of electrostatic precipi-

values of the flow velocity. Values_close_to zero for both RMS anﬁj:ltors and particular attention should be paid to the design of the
Sshould guarantee the best configuration. upstream section of the first collection stage.
Experimental investigations on scale models prove useful in
achieving a better knowledge of turbulence generation and distri-
A new semi-empirical model of turbulence decay past a perfution. The present study was also intended to provide a reliable
rated plate was deduced and tested. The proposed model Wagbase for validation of CFD codes and improvement of their
shown to be in good agreement with experimental data evenpagdictive capability.
relatively short distances from the perforated plate, 50 to 250
hydraulic dlam_eters downstream. Fur_ther research is in progr%éknowledgments
to analyze a wider range of test conditions.
The experimental results on scale models confirmed that sig-The authors wish to thank Mrs. A. Antonini, R. Bassan, C.
nificant turbulence levels are found in practical ESP. In fact, if-erretelli, G.M. Fiorino, A. Invernizzi, and C. Rinaldi for the
valuable cooperation in performing the experiments. The research
activity was financially supported by ENEUtalian Energetic

8 Conclusions

Table 4 Distribution parameters for cases A to D Board, Hamon Research-Cottrell Italia and Termokimik Co.
Quantity Case A Case B Case C Case DNomenclature
MeaFm\;glocity 514 561 583 579 d = hydraulic diameter of the holes in the perforated
% RMS 0.21 0.18 0.17 0.19 plates(m)
S 0.25 -0.14 0.90 -0.17 D = hydraulic diameter of the scale modeh)
h = depth from the upper wallm)
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k = turbulent kinetic energy per unit mags?/s’)
L = length of collecting electrode@n)
Re = Reynolds number
RMS = root mean square
S = dimensionless skewness
t = time (s
t* = reference timds), as defined in Eq(l)
u, w = nondimensional coordinates, as defined in @d)
U, = flow mean velocity(time average(m/s)
W = transverse migration velocity of the particles
z = longitudinal coordinate or downstream distario®

Greek
a = empirical coefficienim™?), as defined in Eq(4)
B = empirical coefficien({m2s), as defined in Eq(5)
8 = spacing of the collecting electrodés)
¢ = dissipation rate of turbulent kinetic energy?s3)
n = collection efficiency of the precipitator
k = auxiliary quantity(m™ls), (=k=*9)

References

[1] White, H. J., 1963,Industrial Electrostatic Precipitation Addison-Wesley,

New York.

[3] Riehle, C., and Loffler, F., 1995, “Grade Efficiency and Eddy Diffusivity
Models,” J. Electrost. 34, pp. 401-413.

[4] Soldati, A., Casal, M., Andreussi, P., and Banerjee, S., 1997, “Lagrangian
Simulation of Turbulent Particle Dispersion in Electrostatic Precipitators,”
AIChE J.,43(6), pp. 1403-1412.

[5] Sotgia, G., 1982, “The Effect of Fluid Dynamics on the Efficiency of Electro-
static Precipitators,” Ingegneria Ambientaltl(5), Sept.(in Italian).

[6] Bassan, R., Ferrari, P., Rinaldi, C., and Sotgia, G., 1994, “Flow Velocity
Equalization in Flue Gases Industrial Cleaning Devices: Design Criteria and
Experimental Tests on Scale Model®foceedings of the ATl National Con-
ference Perugia, Septin Italian).

[7] 1del’chick, E., 1991 Fluid Dynamics of Industrial Equipment: Flow Distribu-
tion Design MethodsNorman A. Decker, ed., Hemisphere, Washington, DC.

[8] Deutsch, W., 1922, “Bewegung und Ladung der Elektrizitatstrager in Zylin-
derkondensator,” Ann. PhysLeipzig), Vierte Folge-Band8, pp. 335—344.

[9] Frisch, U., 1995Turbulence Cambridge University Press, Cambridge, UK.

[10] Landau, L., and Lifchitz, E. M., 197 Mecanique des FluidesEditions MIR,
Moscow.

[11] Hinze, J. O., 1975Turbulence McGraw-Hill, New York.

[12] Comte-Bellot, G., and Corrsin, S., 1966, “The Use of a Contraction to Im-
prove the Isotropy of a Grid-Generated Turbulence,” J. Fluids Mez3).Part
4, pp. 657-682.

[13] Mathieu, J., and Scott, J., 2008n Introduction to Turbulent FlonCambridge
University Press, New York.

[14] Tennekes, H., and Lumley, J. L., 1988, First Course in TurbulenceThe
M.1.T. Press, Cambridge, MA.

[15] Durbin, P. A., and Petterson, Reif B. A., 20@tatistical Theory and Modeling
for Turbulent Flows John Wiley and Sons, New York.

[16] Ferziger, J. H., and Peric, M., 1998pmputational Methods for Fluid Dynam-
ics, 2nd Rev. Ed., Springer-Verlag, Berlin.

[2] Leonard, G. L., Mitchner, M., and Self, S. A., 1983, “An Experimental Study [17] Soldati, A., and Banerjee, S., 1998, “Turbulence Modification by Large-Scale

of the Electro Hydrodynamic Flow in Electrostatic Precipitators,” J. Fluids

Mech.,127, pp. 123-140.

700 / Vol. 125, JULY 2003

Organized Electro Hydrodynamic Flows,” Phys. FluidkX7), pp. 1742—
1756.

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



Experimental Study of the Flow

in a Compact Heat Exchanger
Fowont § Channel With Embossed-Type
oGl 4 Yiortex Generators

P. Bot
e-mail: bot@scole-navale. The isothermal flow in a model channel of plate-fin heat exchanger with periodically

arranged embossed-like vortex generators is investigated. Velocity measurements are per-
formed by LDA in the transitional regime (Reynolds number from 1000 up to 5000).
Strong longitudinal vortices are observed downstream of each generator. The vortex roll-
up process is highlighted by the evolution of the velocity vector field in the cross section
of the flow. The modifications of the vortex characteristics after successively encountered
generators are investigated. This work shows most of the flow features which are known
to produce heat transfer enhancement, and shows that these smooth shaped vortex gen-
erators are very promising for enhanced heat exchangd©l: 10.1115/1.1595675

Institut de Recherche de I'Ecole-Navale,
F29240 Brest-Naval, France

1 Introduction winglet without sharp edges and of a limited height. The ability of

- . such rounded embossed bodies to generate efficient vortices for
To enhance heat transfer in industrial compact heat exchang Snsfer enhancement will be discussed

an interesting passive method is to use longitudinal vortices in therpe present work is an experimental investigation of the flow
flow. An industrial mean to generate such vortices is t0 plagfid in a channel of a vortex enhanced heat exchanger in a geo-
wings or winglets on the transfer surface, called vortex generatgfigtrical configuration close to industrial applications of plate-fin
(for a review, seq1,2]). It appears that a better knowledge ofexchangers, where several vortex generators are periodically ar-
these vortex flows should enable a better design of optimizeanged. In order to be able to carry out flow measurements, the
compact heat exchangers. A lot of work has been dedicated itength scales are chosen to be around five times larger in the
analyzing the effect of vortex generators on the boundary layer @fesent experiment than in practical exchangers.

a sing|e p|a’[e with a uniform flow far above the surfabél_s]_ The aim of this work is to ShOW the ak:)”lty of embossed_ vortex
This enabled an insight into the mechanisms of longitudingnerators to produce longitudinal vortices, and to precisely de-
vortex-induced transfer enhancement. It showed the interacticigiP€ the resulting complex flow in a given geometry.

between the vortex and boundary layjd], and the increase of o our knowledge, the present are the first velocity measure-
wrbulence intensity7]. For example Geﬁtry and Jacdi] in- ments achieved in a channel with smooth obstacles simulating

- d the | . f d d by d mbossed vortex generators in a plate-fin exchanger. The down-
vestigated the interactions of a vortex pair generated by dedgean development of a vortex is investigated, as well as the

wings with a boundary layer, and found a 50% to 60% enhancgyoution of the flow structure after the fluid successively encoun-
ment of averaged transfer over a flat plate. However, for the issi®s several vortex generators. The Reynolds number effects are
of compact heat exchangers, it is necessary to extend this knowlko discussed. After a description of the experimental setup, re-
edge to the case of confined channel flows. sults of the velocity field and the vortex characteristics are pre-
Investigation of confined channel flows with rectangular osented. Finally, the expected effects on heat transfer are discussed,
delta wing and winglet vortex generators has recently motivaté$ well as how the present results may be of general interest for
numerous numerical studig8—11] and a few experimental ones, the issue of vortex enhanced heat exchangers.
[12,13. A recent numerical study14], has shown the efficiency 2 Experimental Setup

of parallelepipedic generators. The strong confinement increases . . )
the number of involved parameters and the complexity of the TN€ €xperiments have been conducted in a hydrodynamic loop
flow. Thus, there is a real need in experimental studies to ge de of a volumetric pump, two free surface buffer tanks, a test

S . ction, and a bypass system. The test sectadrel (1), on Fig. 1
better insight into the transfer enhancement mechanism. In pai%nsists of a 980 mm long, 860 mm high channel, with a width

metric studies|[2,9,10,13, recommendations for the design OfH:27 mm, delimited by lateral walls made of 25 mm transparent

vorte_x genergtors i_n compa_lct heat exchangers are given. The qg@fspe)(z). In the upstream settling tar(B), diffusing plates4),
metrical configuration studied hefsee Section Ris chosen ac- 3 honeycomii5), and a converging sectiai6) are placed to ho-
cording to these recommendations.

In a tube-fin exchanger, vortex generators can be obtained at
reasonable manufacturing costs by punching the fins. The ob-
tained triangular winglets perpendicular to the fins are known to
give rise to a significant transfer enhancemgh’,15. In a plate-
fin exchanger, however, punching the fins is prohibited so as to
avoid the mixing of both fluids. Due to the constraints in manu-
facturing costs, an acceptable method of obtaining vortex genera-
tors is to emboss the plates, which results in a smooth shaped

O

e——
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Fig. 2 Geometry of the channel with mounted embossed-like vortex generators. All di-
mensions are in millimeters. Pairs of generators are arranged in four lines (streamwise
horizontal direction:  x) and four columns (transverse vertical direction y).

mogenize the flow at the test section inlet. A mixing tdi@kis 3 Results
placed downstream the test section which is fitted with mounting
flanges(8). Flow rates are determined by a magnetic flow metets
with a relative accuracy of 2%. The experimental setup enables

The whole flow is expected to be symmetrical with respect to
{1e streamwise center line of the test section. Moreover, the flow

. . . behind each vortex generator pair should be symmetric with re-
achieve a bulk velocitiq in the range from 0.037 m/s to 0'37spect to the center line of the pair. Velocity measurements are

m/s, corresponding to a Reynolds number-REH/v in the range . ; -
[1000'1000%1 The gi]nlet velgcity profile cannot be measureg be(-:am(Ed out in one cross section downstream of each vortex gen-
’ tor on a single line just above the channel center line. To see

cause there is no optical access at the entrance of the test secﬁé?’l .
. : volution of a vortex downstream of nerator, m re-
Measurements in the channel without vortex generators were |ne evolution of a vortex downstream of a generator, measure

reasonable agreement with the theory of developing flows in t :n;zcr:)"’:lvdeglsfrﬁfe{]htsll(gga't?ot:roefeeg'gﬁrrﬁgggﬁ’éfnseicttfns.bﬁh'nd
entrance of a rectangular channidlt], and showed that the tur- own in Fig. 2 an.d summarized in Table 1, where the distance
bulence intensity was always lower than 5%. At the beginning P 9. '

the channel, the flow is considered as uniform and boundary | ownstream of the generatdis also given. Three flow rates have

n studied, corresponding to -RE000, 2000 and 5000i.e.:
ers develop downstream along the plates. In the rectangular %?: 0.037, 0.074 and 0.188 /s

section, the flow in a plate-fin exchanger channel with emboss dTo have a first insight into the flow structure, a visualization has

vortex generators is simulated. The vortex generators are woo eIl made by dye injection just upstream of the first vortex gen-
semicylinders which are attached to one of the lateral walls. Th 'fator(Fig 3. The dye line first follows the body suction side

length and height are, respectively, ld.and 0.3H, and the ends
are rounded with a curvature radius of BT both directions
(1/4 of a sphere Vortex generator pairs are arranged in four Iine% blel S ¢ al ions’ reduced posi
(streamwise horizontal directio) and four columngtransverse 2°'€ ummary of all measurement sections’ reduced posi-

- . . . . tion x/H, column number and corresponding reduced distance
vertical directiony), as shown on Fig. 2. In a pair, generators al

"Behind the vortex generator trailing edge  d/H
symmetrically inclined with a 45° angle of attack, separated hy g g ed9

1.3H. Lines are separated by 615 and the distance between X d

columns is H. q Column Number o
Velocity Measurements. To investigate the flow in the chan- 71 1 24
nel, the longitudinalu and verticalv velocity components were 9.1 0.4
measured by laser Doppler anemométripA). Measurement of 10.1 2 1.4
i i i inle in thi . 11.1 2.4

the spanwise velocity componewntis not possible in this experi

. - 15.1 3 2.4
ment because of the orientation of the laser beams. A Dantec g7 2 24

two-component LDA system with three beams is used in the back
scattering mode. A beam expander and a lens of 360 mm focal
length provide a probe volume that is 0.5 mm long in the span-
wise direction and 0.04 mm wide in the longitudinal and vertical
directions. The probe volume is traversed in the flow by a me-
chanical displacement system of absolute accuracy of 5 microns.
Thus, the uncertainty of the measurement position relative to the
walls is 0.5 mm. The water flow is seeded with Iriodine particles
of typical size of one micron. The scattered light signal is pro-
cessed by two Dantec burst spectrum analyzers. Ofend v
velocity components have been recorded in a cross section of the
flow over a grid of 20 nodes in the spanwise direction and 30
nodes in the vertical direction, with a 1.3 mm step. At each posi-
tion, a maximum of 2500 data points are collected at a typical data
rate of 50 Hz, and the meatJ(V) and rms (’,v’) values are
computedU andV are estimated with a relative accuracy-02%

and 6%, respectively, with a confidence level of 95%. Rms vakig. 3 Vortex visualization by dye injection, for Re ~ =1000, be-
ues are obtained with a relative accuracy*3%. hind a generator of the first column
702 / Vol. 125, JULY 2003 Transactions of the ASME
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Fig. 4 Iso-values (%) of mean vertical velocity component VIU,X 100, for Re =1000 (a,b,c), Re=2000 (d,e,f),
and Re=5000 (g,h,i) behind the 2nd column at three streamwise cross sections (0z,0y)

Then a helical emission line appears after the separation poiestimatedU/dx and dV/dy at the cross sectiondH=9.6, 10.1,
This visualization shows the development of a vortex and its trand 10.6, and then to determine the third compongnising the
jectory downstream of the vortex generator. continuity equationEq. (1)).

The evolution of the velocity field is investigated in detail be-
hind the second column of vortex generators. Then, global vortex ﬂ 4 ﬂ 4 ﬂv _
parameters are studied after a succession of generators. X dy 9z

1)

3.1 \Velocity Fields. First, the mean velocity components The derivatives have been computed by a finite difference
are investigated. Velocities are scaled by the bulk velotity, ~method with a center scheme, and ¥ecomponent has been
and lengths are normalized by the channel witthUsing the integrated by the trapezoid method. On the domain boundaries,
measurement sections atH=9.1, 10.1, 11.1, it is possible to forward and backward schemes have been used. A zero value has
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a) m/H:!).I Re=1000 b) x/H=10.1 Re=1000 c) z/H=11.1 Re=1000
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Fig. 5 Iso-values (%) of mean longitudinal velocity component Ul UyX 100, for Re =1000 (a,b,c), Re=2000
(d,e,f), and Re=5000 (g,h,i) behind the 2nd column at three streamwise cross sections (0z,0y)

been applied to each velocity component on both waltsslip no componentV has been used to get a qualitative idea of the veloc-
through boundary conditionWithin this framework, ifU andV ity vector field and the vortex structure at three positions down-
measurements are considered as independent random variatsiéeam of the second vortex generator.

computation of the velocity gradie@W/dz is assumed to be ac- VeIOC|ty fields in the three cross sections behind the second
curate to withinU,/H. Therefore W is estimated with an accu- generator are shown on Fig. 4 fgrand Fig. 5 forJ, for the three
racy of 0.08), near the walls. In the central part of the channeReynolds numbers. Figure 6 shows the corresponding mean ve-
uncertainty becomes higher, up to the orderlkf, because of locity vector field in the cross section.

integration along the-direction. In fact, computation of the finite The existence of an intense longitudinal vortex developing
differences should eliminate the systematic errors. Another soudgwnstream of the generator is shown in the velocity fields by the
of error that cannot be estimated here comes from the estimatjwsitive and negative peaks facing each other invttstribution

of space derivatives by discrete finite differences. Despite thiBig. 4), and by the longitudinal velocity deficit in tHe distribu-
observation of rather poor accuracy, computation of the velocitipn (Fig. 5. The vortex structure is also clearly highlighted by
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Fig. 6 Mean velocity field in the cross section, for Re
behind the 2nd column at three streamwise cross sections

the vector fields in the different cross sectidfisg. 6). With a vortex appears in the bottom-right-hand corne/H=—0.1;

rather circular appearance for the lower Reynolds number, thgH=—0.85). This small secondary vortex, rotating in the oppo-
vortex is elongated in thgdirection for Re=5000. Moreover, itis site direction, is induced by the main vortex in the vicinity of the
located closer to the wall where the generators are attachadll. It is not actually visible for higher Reynolds numbers. This

(0z,0y)

=1000 (a,b,c), Re=2000 (d,e,f), and Re=5000 (g,h,i)

(z/H=-0.3), particularly for the higher Reynolds number valcould be because it is out of the measurement area.

ues. Itis also noticeable that the extrema of transverse velocity aré\n important asymmetry in the-direction in theV velocity

located very close to the wall§ig. 4). As a result, the velocity distribution is observed for the three cross sections and for each

gradients on the walls are sharp, which implies a strong momeReynolds number. The negative peak\fs much stronger than
the positive one, withV;;=—0.8U, to —0.8U, near the wall

tum transfer in transverse and spanwise directions.
For Re=1000 at the first two locations, the top half of anothewhere the generators are attached, &hd,~0.2 to 0.3J4 near
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Fig. 7 Iso-values (%) of rms vertical (a) and rms longitudinal
(b) velocity components, for Re  =2000, behind the 2nd column,
at x/H=11.1

Fig. 9 Average kinetic energy of the fluctuating motion
k/(1/2)U% behind successive generators, at  d/H=2.4 down-
stream o? each generator

the opposite wall. This asymmetry Is stronger for a higher Re}(,Iallled downwash flow regions are responsible for a local increase
nold_s numb_er, and may be related to two causes. It _results fr(i)mthe mean momentum transfer with the wall. However, in the
:)hrz JEEZ?E;OHW:?%ZZnt;Zi rgsorlt%x gStdittihsea?sec:g;r?z?fggtvg?lla’ ?@gions where the vortex-induced velocities pull the fluid out of
downward deviation of the roW dLle to the body orientation Athe wall (upwash flow regions: on the top left a_nd bottomirlght-

X : . . - “Rand corners the boundary layer is obviously thicker, leading to
shown by Fig. 3 for Re2000, vortices are oriented with an anglea decrease of local momentum transfer
approximately equal to half the body angle of attack, showing the ’
flow deviation and vortices drifting along the wall. 3.2 \Velocity Fluctuations. The iso-values of the rms longi-

In addition, the signature of the longitudinal vortex roll up igudinal and vertical velocity’ andv’ measured at/H=11.1 are
shown by the longitudinaly, velocity field (Fig. 5. At x/H  shown on Fig. 7. To determine whether or not these fluctuations
=9.1, the longitudinal velocity presents a large area of low velogre associated with a coherent motion in the body wake, a spectral
ity near the wall where the bodies are attached. This region ceinalysis has been performed on the time series of the velocity
responds to the wake of the body. The vortex formation progregreasurements, using fast Fourier transform, after re-sampling of
sively appears by the generation of a velocity deficit in the vortake LDA signals. As shown for example on Fig. 8, no significant
core, which reaches 0.4g . This “wake-like” effect results from periodicity has been detected in any velocity time series. Then, the
the slowing down of the fluid by the body, and from the vortexms velocity may be associated with turbulence, in the wide sense
development fronx/H=9.6 to x/H=10.1. It is noticeable that of random fluctuations.
the higher the Reynolds number, the earlier the vortex develop-An interesting point is the high level of the vertical fluctuating
ment. In fact, the local velocity deficit in the vortex core shows ugotion in the core of the vortex,' /U ;=0.25 (Fig. 7(a)). More-
atx/H=10.1 for Re=2000 and 5000, but hardly appearsxél  over, as a consequence of the blowing effect in the upwash region
=11.1 for Re=1000. _ _ and a redistribution between the spanwise and vertical fluctuating

A local acceleratioriup to 1.1J,) is shown outside the vortex, components, a remarkable increasevih can be seer{up to
which verifies the mass conservation. Furtherm_ore, a thinning_lptlu ~0.25). As it is expected in the region where the boundary
the b(_)undary layer shows up where the'vortex_ induced V‘?'OC“' erqis thinner, the longitudinal fluctuating velocity component is
are directed towards the wall, on the middle-right-hand side apd (u'/U4=0.25, Fig. Tb)). Thus, an increase in the production

bottom-left-hand corer, particularly fos/H=10.1. These S0- % b jent kinetic energy, due to the shear stresses under velocity

PSD (arbitrary units) 1 . r
0.75}
g
% 05
E
>
} : 0.25}
o - Re=1000
20 30 40 50 -<-  Re=2000
0 10 —+— Re = 5000
F H . s
requency (Hz) 0 0.4 1.4 24

dH
Fig. 8 Example of power spectral density of the transverse
velocity fluctuations  v’, recorded at x/H=19.1, y/H=—48.1, Fig. 10 Vortex maximal tangential velocity downstream of the
z| H=—82.4, for Re =2000, with a sampling frequency of 100 Hz 2nd column
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Fig. 11 Vortex core size 2 a/H downstream of the 2nd column

columns

Fig. 13 Vortices core size 2 a/H behind different columns, at

d/ H=2.4 downstream of each generator

gradients in these near wall regions, is expected to have a str
influence on the longitudinal component. Focusing our interest
the global influence of the Reynolds number and successive g
erators on turbulence, we consider the space-averaged turbu

k'net'c energyk. With ’t?e as’szumptlon thay’=v’, k may be modification of the vortex features with the successive bodies en-
estimated byk=(1/2(u’*+2v'?)), where angular brackets de-cqntered“column effect”) are analyzed for different values of
note a space averaging over the whole measurement cross secfigil-Reynolds number. The maximum tangential velodlty, .,
For R2e= 1000, the turbulent kinetic energy increases fromecreases downstream because of vortex dissipéfign 10. As
k/1/2Ug=0-03 behind the first vortex generatox/fi=7.1) t0 the transverse velocity extrema are located close to the walls, the
k/1/2Uq:0.07 behind the third and fourth vortex generatordissipation is mainly due to friction on the wall, which results in a
(x/H=15.1) (Fig. 9). For Re=2000, the turbulent kinetic energy high momentum transfer to the wall. This is particularly true for
is neither sensitive to the Reynolds number nor to the successitie highest Reynolds number. However, at a distaité=2.4
generators encountered and reachﬂgzugzo,l_ These results behind the vortex generator, the maximal tangential velocity
demonstrate that the flow turbulence is developed after the fiddtmax/Uq=0.45 is nearly independent of Re. The vortex core size
vortex generator for Re2000. remains quite constant downstream of a generator, but the higher
) . the Reynolds number, the larger the vori@ig. 11). This is a

3.3 Vortex Parameters. In this section, the global flow consequence of a stronger flow separation on the vortex generator
structure is analyzed from the recorded mean velocity fields 5, gn increasing Re. In addition, the thinning of the boundary
terms of the main vortex characteristics. The vortex core size a@@er with Re allows a larger vortex to develop. The same conclu-
intensity are deduced from theé velocity component in the fol- gjon holds for the circulation: It is clearly augmented by the in-
lowing way. The mean vortex core radiass defined as half the ¢rease of Re and a decrease is observed downstream of each gen-
distance between the positions of the maximulj,, and mini-  erator, down tol'/U,H=0.72 for Re=1000 andl'/U ,H=1.15
mumV i, in theV v_elocity distribution(see Fig. 4. Th_e relative  for Re=5000, atd/Hq= 2.4 behind the vortex generat%ﬁig. 12.
accuracy ofa is estimated tat15%. The vortex maximum tan- considering the successive generators encountered by the flow,
gential velocity is estimated a#, max=1/2(Vmax—Vmin), @and the there is no evidence of any variation ¥f 5. However, it is
intensity of the vortex is defined as the circulatioh jyteresting to note that the size of each vortex increases from the

=2maVy max, lading to an accuracy af6% and+20%, respec- first to the third column(Fig. 13. This fact indicates that the
tively, for these two quantities. This method enables the determi-

HA¥ion of the vortex intensity even when the third velocity com-
onentW is not measured. This intensity is related to the large
e%Ie mixing effect of the vortex.
he evolution downstream of one vortex generator and the

-9 Re = 1000

2 v v <~ Re = 2000
—*— Re = 5000
1.5}
1.5¢
o
S
g g
3 gt 8
3 5
5
Ty
0.5
0.5
e Re=1000
-<- Re=2000
—— Re =5000 . . )
N N ) 1 2 3 4
Go 0.4 1.4 24 columns

dH
Fig. 14 Vortex circulation I'/U,H behind different columns, at

Fig. 12 Vortex intensity I'/U,H downstream of the 2nd column d/ H=2.4 downstream of each generator
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vortices of successive generators interact with each other, and thatticularly in the upwash and downwash flow regions and in the
a vortex may benefit from vorticity generated upstream. Nevertheore of the vortices. Vortices are characterized by a high tangential
less, a decrease of the vortex size shows up beyond the thiedocity (0.5 to 0.8),) and a wake-like deficit of streamwise ve-
column. This observation may be attributed to the developmentlotity in the core. The nondimensional vortex intensity increases
the boundary layer on the flat plate that limits the vortex size. with the Reynolds number due to a stronger flow separation. As
similar behavior to the vortex size is observed for the circulatiovortices are located closer to the embossed wall, heat transfer is

(Fig. 14). expected to be enhanced preferentially on this wall. An interesting
result in the periodical arrangement of the generators is the con-
4 Discussion tribution of the vorticity induced by the upstream generators to the

iqgreased vortex sizes and intensities from generators located

enhance heat transfer. Here, we discuss the possible effectsd8ﬁm5tream' However, saturation takes place after the third gen-
heat transfer of the vortices observed in the present isotherr’ﬁ%l"f1 or column. Moreover, the turbulence development is acceler-
flow. The first point is the vortex-induced large-scale mixing, and ed by vortex generators. In fact, for_ a h'gh. enough Reynolds
its role in heat advection. Indeed, the advective heat flux per ufwmber (Re=2000, the flow reaches its maximum turbulence
surfaceq depends on the temperature difference across the vor gyel after the first vortex generator column. _O_verall, emb_ossed
AT, and the maximum tangential velocity directly linked to thé’orteﬁ genferaltorsfare slhow? to beha promﬁlng alternative to
vortex intensity and sizeg= pC,I'/2aAT. According to Gentry punched winglets for a plate-fin type heat exchanger.

and Jacobi[5], the location of the vortex core relative to the

thermal boundary layer is the key factor for the advective hedicknowledgments

transfer across the vortex. The vortex should not remain outside]-his work was supported by the E. C. Joule Program contract
the boundary layer, in order to come across an area of StrORgE3.cT97-0056. The authors are grateful to MM. Mitra, Leiner,

temperature difference, leading to a high advected flux. In th& man, and Billard for valuable discussions, and to the referees
present confined geometry, and considering the large size of @ heir interesting remarks.

served vorticegfrom 0.5 up to 0.81), there is no doubt that it
would spread over an area of high temperature difference, in tﬁf?)menclature
corresponding heated flow. Hence, the advective flux due to the
vortex is likely to be strong. a = mean vortex core radius, m
The second point is the boundary layer thinning observed in the C, = heat capacity of the fluid, J/kg
downwash region. Experimental studies have shown that the thin- d = distance downstream of the body trailing edge, m
ning of the boundary layer is always associated with a local in- H = channel width, m
crease of heat transfer on the wall, both for turbul¢éi, and k = turbulent kinetic energy, A
laminar, [7], boundary layers developing over a flat plate. It may g = advective heat flux, W/
be argued that this statement still holds in a confined channel. ~ Re = Reynolds number£U H/»), dimensionless
The effect of the fluctuating motion on heat transfer is less U = mean longitudinal velocity component, m/s
straightforward. Yanagihara and Tofrif] suggested that the trans- U = bulk velocity, m/s
fer enhancement observed in the upwash flow region may be u = longitudinal velocity component, m/s

Like any vortex generator, embossed bodies are dedicated

linked to the increase of turbulence intensity in this region, and u’ = rms longitudinal velocity component, m/s
that this effect extends far downstream of the generator. V = mean vertical velocity component, m/s

Finally, the isothermal vortex flow investigated here reveals V,,;, = minimum of mean vertical velocity in a cross section,
characteristic features which are known to enhance heat transfer. m/s
The efficiency of these embossed vortex generators to enhancé,,, = maximum of mean vertical velocity in a cross sec-
transfer is supported by some preliminary results of a mass trans- tion, m/s
fer study made by Schulz and Fiebig, with the ammonia absorp/, max = mMaximum of tangential velocity in a cross section,
tion method, in a channel with similar embossed generaftb&s, m/s

A systematic experimental study for different geometries was v = vertical velocity component, m/s
not possible at this stage, since geometric parameters are too nu-y’ = rms vertical velocity component, m/s

merous. Such a parametric study should be achieved either by W = mean spanwise velocity component, m/s
numerical tools or through global heat transfer measurements. w = spanwise velocity component, m/s
Moreover, searching for an optimized configuration should in- w’ = rms spanwise velocity component, m/s
clude pressure loss measurements and other economic consider- x = streamwise coordinate, m
ations which may be different for each application. Nevertheless, y = vertical coordinate, m
the present experimental investigation should provide data for a z = spanwisehormal to platescoordinate, m
better understanding of transfer enhancement mechanisms, andGIor

reek Symbols

the validation of numerical tools.

AT = tempeature difference across the vortex, K
5 Conclusion I' = vortex circulation, r/s
v = kinematic viscosity of the fluid, fs

The flow in a confined channel with periodically arranged density of the fluid, kg/rh

smooth-shaped vortex generators is investigated. The experiment P =
is designed to simulate the flow in a channel of industrial plate-fin

heat exchanger with embossed vortex generators. The mean Rgferences

fluctuating velocity fields are characterized by LDA for different [1] Jacobi, A. M., and Shah, R. K., 1995, “Heat Transfer Surface Enhancement
values of the Reynolds number. Measurements are performed in Through the Use of Longitudinal Vortices: A Review of Recent Progress,”

several cross sections behind the successive generators. The flgyy EXp: Therm. Fluid Sci.11, pp. 295-709.

! . . . R . 3 ?ﬂ Fiebig, M., 1995, “Vortex Generators for Compact Heat Exchangers,” Journal
field shows the existence of strong longitudinal vortices behind " of enhanced Heat Transfe(1-2), pp. 43—61.

each vortex generator, which are known to give rise to significan{3] Shabaka, I. M. M. A., Metha, R. D., and Bradshaw, P., 1985, “Longitudinal

heat transfer enhancemef~7]. Indeed, the large-scale mixing Vortices Embedded in Turbulent Boundary Layers. Part 1 Single Vortex,” J.

. : : . . : : Fluid Mech.,155 pp. 37-57.

IS hlgh“ghteq b.y the Iarge size and |nte_n5|ty of vort_lces, and a[4] Mehta, R. D., and Bradshaw, P., 1988, “Longitudinal Vortices Embedded in
noticeable thinning of the boundary layer is observed in the down-" 1ymylent Boundary Layers. Part 2, Vortex Pair With Common Flow Up-

wash flow regions. Moreover, local turbulent mixing is strong,  wards,” J. Fluid Mech.188 pp. 529-546.
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Introduction

There are an increasing interest in the determination of t
rigid-body propertieSRBP) of an article by using the results of
model testing experiments at low frequendiée rigid-body mo-
tion range in such a way that the elastic modes are not excite
[1-5]. This is due to that the realization of modal tests is now.
days easier than the “classical” methog@sg., trifilar pendulum,
etc) in a significant number of technical applications.

These new methods are based on system identification te
nigues, which employs the rigid-body dynamic equations and t
measurements obtained during testing. In these tests several acc
erometers placed on the body are used together with load C(%PS
that measure the force applied by the shakgr, The effect of the
surrounding air can be neglected in most of these applicatio
because the articles are massive enough and their exposed su
is not significant. However, the surrounding media can remarkab
modify the oscillation dynamics of light structures, and therefor,
this effect should be taken into account in the mathematical mo%
els that the above-mentioned methods are based on.

The general problem of the surrounded body dynamics can
very complex,[6,7]. However, there is a way of simplification in

The Forced Oscillations
of Submerged Bodies

The increasing use of very light structures in aerospace applications are given rise to the
need of taking into account the effects of the surrounding media in the motion of a
structure (as for instance, in modal testing of solar panels or antennae) as it is usually
performed in the motion of bodies submerged in water in marine applications. New
methods are in development aiming at to determine rigid-body properties (the center of
mass position and inertia properties) from the results of oscillations tests (at low frequen-
cies during modal testing, by exciting the rigid-body modes only) by using the equations
of the rigid-body dynamics. As it is shown in this paper, the effect of the surrounding
media significantly modifies the oscillation dynamics in the case of light structures and
therefore this effect should be taken into account in the development of the above-
mentioned methods. The aim of the paper is to show that, if a central point exists for the
aerodynamic forces acting on the body, the motion equations for the small amplitude
rotational and translational oscillations can be expressed in a form which is a generali-
zation of the motion equations for a body in vacuum, thus allowing to obtain a physical
idea of the motion and aerodynamic effects and also significantly simplifying the calcu-
lation of the solutions and the interpretation of the results. In the formulation developed
here the translational oscillations and the rotational motion around the center of mass are
decoupled, as is the case for the rigid-body motion in vacuum, whereas in the classical
added mass formulation the six motion equations are coupled. Also in this paper the
nonsteady motion of small amplitude of a rigid body submerged in an ideal, incompress-
ible fluid is considered in order to define the conditions for the existence of the central
point in the case of a three-dimensional body. The results here presented are also of
interest in marine applicationd.DOI: 10.1115/1.1593706

The aim of the study reflected in this paper is to contribute to
ﬁrée development of the analysis of the dynamics of rigid bodies
submerged in a fluid, by considering bodies whose external shape
are such that some simplifications of the equations can be ob-
tained. These shapes should show some symmetries, which is not
g’very restrictive condition, and are very common in industrial

pplications(e.g., satellite antennae, solar panels,)etc.

In the first section(Section ) the submerged body problem
f%r_mulation is presented, theiSection 2 the equations are rear-
anged in order to obtain a more compact expression, similar to
1 g ones applicable to a body in vacuum. In order to show some

ecific results some particular kinds of bodies whose shape al-
ws for further reduction of the equatioiésentral point coinci-
dent with the center of mass, diagonal added mass and inertia

trices, platesare analyzed in the following sectiofSection 3
Section #

YIn Section 5, in line with the classical presentation of the prob-
m [8], the expressions for the calculations of the net pressure
orce and moment on a moving rigid bodyeneralized forcesas
function of the generalized mass matrix and the generalized
Seed of the body, with the simplification of small amplitude mo-
tions, are presented together with the central point concept and its

the case that the external shape of the body is such that there S’r&berties.

central point for the aerodynamic force loading, and the moti
amplitude is smallso that nonlinear terms can be neglegted

The existence of this central point in a humber of technicall
interesting bodiege.g., large and light spacecraft antennzsn be
shown, provided that their external shape fulfills some symmet
conditions. In such a case th& 6 generalized mass matrix can be
split into two 3x3 matrices, the added mass and the added iner
matrices, which constitutes an extremely useful simplification f
the study of the submerged rigid-body dynamics.

Contributed by the Fluids Engineering Division for publication in ticeJBNAL

The expressions for the added mass can be obtained in a
traightforward way|8], if the fluid motion can be considered as
erived from a potential functiofthat is both, viscosity effects
an be neglected, and irrotational conditions hold what fol-
dws the flow created by the body oscillations of small amplitude
s considered as a potential flow which is valid in the cases where
H’Ie condition StRe>1 is satisfied St is the Strouhal number and
e is the Reynolds number

1 Submerged Body Motion Problem Formulation

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . . .
July 11, 2001, revised manuscript received January 23, 2003. Associate Editor: slet us consider the configuration shown in Fig. 1. A body of

Katz.
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surfaceZ, is performing both translational and rotational oscilla-
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Fe {Mae}={Mga} +{Mcp} ©)

,,,,,,,,,,, where{Mg,} is the moment of the net aerodynamic forf€,e},
E applied at the central point with regard to the mass center:

Foe {M Ra}:(RCP_ Rem) OFae=[Rep— RCM]*{Fae}: [RPM]*{Fa(«i)

ZA

R,

y Rem Ccp where[ X]* is the matrix notation for the cross product. The aero-
dynamic force moment with regard to the central pdiMp}, as
shown in Eq.(5) is

Rep Mcr {Mcp}=—[1,1{é} 5)

pm where[l,] is the added inertia matrix.
The expressionélb) and(3) implies that the added inertia ma-

Rem CM y trix is expressed in axes parallel to the moving axes.

Ax/ Y 2 Submerged Body Motion Equations

Let us substitute the above expression for the aerodynamic
2z forces and moments and the central point position in the basic
expression of the formulatiofil). Considering that

Fig. 1 Geometry of the body and definition of reference sys- {Rem}={Rcp; —{Rew} (6)
tems (CM: center of mass; E: point where F  is applied; CP: then

central point; (O; X, Y, 2): inertial reference system; (CM; x, y, ) )

2): body fixed reference system {ch}:{RCM}"‘[&’]*{RPM}- 7

Substituting(7) in (1a) one obtains

tions of small amplitude around a reference position. Let us define [mrl{Rem}+Im JL@]* {Rom}={F¢} (8)
an inertial reference systeitX, Y, 2 and a moving reference where[m;] is the total mass matrix
system fixed to the bodgx, y, 2 (body reference framewith the
origin at the center of mag€M) and with the axes parallel to the [mr]=m1]+[m], 9)
inertial axes when the body is placed at its reference position. [1] being the identity matrix.
The force that creates the motid#,, is applied to a point E. It ~ By substituting(3) and(5) in (1b) and taking into account that
is assumed that the geometryX®fs such that a central poiG€P)
exists for the aerodynamic forces acting on the body, and there- {Me}=[Reml*{Fe} (10)
fore, as shown in Eq5), the distributed aerodynamic loading canynere
be reduced to a net forcE,., applied in the CP and a net moment
Mcp. {Rem ={Re} —{Rcm}
The dynamics of the body is described by both the equationstﬂ(e following expression is obtained:
the center of mass motion in an inertial reference system and the
rotational dynamics around the center of mass. The first equation [lpal{®}—mMRpm]I*{Rem}=[Rem—Rem]*{Fe}  (11)
s where[l 4] is the combination of body and added inertia matrices
M{Rcmt={Fe} +{Fael (1a) [pal=[1p1+[1,]- (12)
where{Rcwn} is the position of the center of mass,is the mass
of the body,{F} is the net applied external force which produce
the motion,{F ..} is the net force due to the body motion anc]j;l
acting at the central point. f
The equations of rotational motion in the moving system fixe,
to the body(x, y, 2 are !

The motion is therefore defined k§) and (11). However, the
otion of the mass center and the rotational motion around it
ppear coupled to each other. We will try to obtain a decoupled
rmulation. In order to eliminatéRc )} in the equation of rota-
onal motion(11) let us calculate it from8),

[l o} ={Me}+{Mae} (1b) {Rem}=—[my]  ImJ[o]* {Rew} +[mr] HFe},  (13)
where{M_} and{M,.} are the net moments due to the applie@"d substitute it if11) to obtain
force and the aerodynamic loading, respectively, calculated with I oV TRe T TM(T1T1=T 8 LT IR
regard to the mass centgl,] is the body inertia tensor, ar{d} Upallo)* [RenI* LM (L1 =LonDl@]" {Row}
is the angular acceleration. =(—[Rpm]*[Om] +[Reml*{F e} (14)

The existence of a central poifgee Section bimplies that

(1) the linear acceleration of the central point just produce¥nere the added mass coefficient mafré,] is given by

force (and not net momejtthat is [Sn]=[mr] I m]=[1]-m[m;] !
{Fagt=—[m/J{Rep} ) [3n]=[m (Mm% (15)
where{Rcp} is the central point position andn,] is the added It can be shown thdfd,,]=[ 8,,]. If [m,] is diagonal then also

ma;strkr:atrlx, alnd lerati v ai ise q the added mass coefficient matfi&,,] is diagonal.
(2) the angular acceleration only gives rise to an aero ynamlcEquation(l4) can be written in a more compact form by using

moment (and not net force with regard to the central point, the following relation, derived from the properties of the cross

{Mcp}.

Therefore, the aerodynamic moment referred to the mass ceryt((ee(r:tor product
{M4¢}, neglecting higher order terms, are given by [X]*{A}=—[A]*{X}. (16)
Journal of Fluids Engineering JULY 2003, Vol. 125 / 711
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Then, from(14) one can obtain 0 —Zi+8myZcp Vi~ OmYcp

{o}=[11]"[Renl{Fe} (17) [Riml=| Zt— SmxZcp 0 —X¢+ OmXcp |-
where Vit Omycp Xt~ SmyXcp 0
[IT]:[I pa]+[| pm] (188) . (203‘)
. . If [ Sm]= S8,[1] then the matri{ R,,,] represents the cross prod-
[oml = —[Rem* [m J([1]=[6mD[Rpwm] uct with the vecto{R;,} defined as follows:
=—m[Rpm]*[om]l[Rpm]* (180) X¢— SmXcp
[Rem]=[Reml* —[Rem]*[ 6] (18c) {Rémt ={Re} = Sni{Rem} =1 Y1~ dmYcp . (200)

. . . . . . . Zi— OmZ
[11] is the total inertia matrix{1,,] is a matrix representing an - “mecp

effect similar to an inertia tensor due to the displacement of tfgbserve that, in this case, the effect of the surrounding fluid is to
central point from the mass centér can be shown thdl ;] is modify the moment produced by the applied force by modifying
symmetrical, [R,,] is like the cross product with a kind of cor- the distance from the point of action of the applied force to the
rected position action point of the applied force. mass center by the quantitf,{Rpw}-

Introducing(17) in (8) the following result is obtained: In a general case the solution of the dynamics represented by
Egs.(17) and(19) is easy to obtain, as far as it is a set of linear

.. _ equations on the driving force, whose solution can be obtained by
{Rem}=[mr] 1([1]+[D]){Fe} (1%) using Fourier or Laplace transform methods. However, in some
where the force correction terfD] is given by cases the interpretation of the results may be not so easy, mainly if
the structure of the displacement inertia matfix,,,|, is complex
due to the aerodynamic effects. Therefore, as no general interpre-
[D]=[MI[RemI*[1+] [Réml- (1%) tation can be explained, in the following sections some simplified

This equation shows that the motion of the center of mass Ggses of practical interest are presented.

equivalent to that of a body which has a larger mass, but both its

mass is different along each axisote that the equivalent mass is

structured as a matrixn;]), and the equivalent force is the origi-3 Central Point Coincident With the Center of Mass
nal but enlarged by a factof1]+[D]). Observe thalD] is zero ¢y, central point coincides with the center of ma&Rpy}
if the central point coincides with the center of mag&R{ul* _ then [D]=0, [R.1=[Ronds [1ord=0, [111=[10al=[I,]
=0). However,[D] is not zero in general, even if the force is ' N emi L pm P LT pa P
applied at the mass centefR,,|* =0), because this is not a
necessary condition for makifidR,,,|=0. In fact, for[R,,,] to be
zero, according t418c), it is required also thgtRpy]*[ 5] =0,
expression which involves both the position of the central poi
and the added mass matrix.

+[1,] and there are only changes both{iR.,,}, due to the ma-
trix [my] ™%, and in{&} due to[I+]~ 2. In this case the physical
interpretation is clear, the motion of the center of mass is as in
vacuum, but with a different combination, along each axis, of
rPEsponses to force due to the produck ]~ 1{F.}. The rotational
e ) . motion around the center of mass is as in vacuum although now

Summarizing, the dyna_mlcs of the forced motion of a_bod e total inertia tensor must include the added inertia tensor com-
when surrounded by a fluid, has been shown to be descrlbedi éfrom the aerodynamic forces
two equationg1.17 and(1.19 which have the same structure as '
the classical equations of the body motion in vacuum, although
substituting the classical mass, inertia tensor and position of the Diagonal Added Mass and Inertia Matrices
point of application of the force by the respective generalized | ot s assume that the added mass and inertia matrices are
matrix equivalentd,mr], [11], [Repl. The similarity of the struc- diagonal when referred to a reference frame whose axes are par-
ture of the equations allows one to take advantage of the resuifel to the body reference frame. The fulfilment of these assump-
obtained and the methods employed to solve for the case of tighs can be easily deduced in some cases when the external shape

oscillations of body in vacuum. of the body shows appropriate symmetry plafgese Section 5
In order to better understand the meanind Bf,,], let us as- If the added mass tensor is diagonal, thép] is also diagonal
sume{Remt = (X1 ,Yr,Zf) and{Rpm}={Xcp.Ycp.Zcp}, and[m;] and the displacement inertia mattik,,| is reduced to the fol-
be a diagonal matrix. Then lowing expression:
|
5myz(23P+ 5mzY(2:P — SmXcpYcp — SmyXcpZcp
[lpml=[lpmd=m — SmXcpYcp 5meéP+ 5mZX2cp — SmZepYep | . (21)
— OmyXcpZcp —SmdcrYep  OmdepT dmXep

Although the displacement inertia matfik,,| is now somehow becomes diagonal and therefore its contribution is reduced to
simplified to the fornf 1,4, it is not diagonal, unless some of thejust a modification of the elements of inertia matrix in the main
factors in the matrix elements outside of the main diagonal adéagonal.

null. These factors have the forrX; Sk (X1 =X, X =Y,X3=2). The structure offl,n, is typical of the contribution to the
For instance, as in a plate the added mass coefficient®gre inertia tensor of a point mass placed Xc6,Ycp,Zcp) but the
=06my=0 (only &,,#0), if in addition, one coordinate of difference is that the value of the inertia to be considered in each
the central point is zerde.g., xcp=0), then the matrixl,,¢ direction (Mdyy; along axisx;) is not the same.
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CM

Fig. 2 Problem geometry for the plate dynamic analysis.
X, ¥, Z): body fixed reference system.

cwm;

In some cases, Kcp, Ycp, andzep are small enough,l ,msl
could be neglected when compared tg] or [1,,].

4.1 Plate With Diagonal Inertia Matrix and Excitation
Along a Coordinate Axis.
Fig. 2, with diagonal inertia matrix. Let us assume th#t,
= dmy=Xcp=0, then one obtains

m O
[my]=| 0 m (22a)
0 0 m+m,
1 0 O
[lpmd=Mémyep| O 0 O (220)
0 0 O
Ity O 0
[If]={ 0 Iry O (22c)
0 0 Iy,
where
ITXZIpax+m5mﬁ/éP; ITyzlpay; szzlpaz- (22d)
If the position of the force ix;=2z;=0, then
0 0 yf_yCPémz
[Rinl=| 0 O 0 (238)
— Vi 0 0
0 0 O
[D]=—(y YCP5mz) yCP 0]. (230)
The motion equations are then
. F
Row=— (24a)
.. F
Remy=—>" (240)
hCMZ m+—mrz 1-(yi— yCP‘smz) yCP (24c)
FEZ
wx="— (Y1~ YcpOm?) (24d)
ITx
wy=0 (24e)

Journal of Fluids Engineering

. Fex
W= |_yf
Tz
Observe the corrections due to the surrounding fluid effect in

the simple dynamics considered: the increasing of both the mass
(for the translation along-axis) and the moment of inertidor the
rotation aroundx-axis). If y;>Vycpdm, (With ycp>0) both the
effective force component alormpnd moment component alorg
decrease and vice versa.

(24)

4.2 Circular Plate. In the case of a circular plate of radius
b, made of homogeneous material with dengify and thickness
t,, the added mass and inertia matrices are diagonal and the ele-
ments in the main diagonal are as follows:

8

M= mryZO; mrz:§pab3 (259)
16 s
Irleryzﬁpab ; 12=0. (2%)

The displacement inertia matrif) ,m|=[1,msd=[0], as de-
duced from(22b) as the position of the central point and the
center of mass coincide§R,n,}={0}. The force correction term
is [D]=[0], as[Rem]* =[0].

Let us consider the body depicted in The body inertia tensor is diagonal, and the elements in the

main diagonal are given by

2T e T s
IpX_Ipy_ZPmb tp, lpz_Epmb tp (26)

The motion equations,
={X,Y5,2;}, are

if the force is applied &Rqn}

1 0 0
. » 1/0 1
{RCM}:[mT] {Fe}:E 1 {Fe} (272)
0 0
1+ vy,
{o}=[171]"{Reml*{Fe} (27b)
where
s 0 0
[I+]= 0 lpy*Tly O
L o 0 Iy
Lpx(1+ 1) 0 0
- 0 lpy(1+w,) O (270)
0 0 oy
0 -z vy
[Reml*=| % 0 —X (27d)
—Yi X 0
_m; 8 pa b
Vmz— m —EEE (27¢)
7|rx o 64 pa b
T A5 oty (27)

The motion of the center of mass along axemdy is identical as
in vacuum, but along the-axis the response of the body corre-
sponds to one of mass increased by the factor ¢4,,).

The rotational motion around the center of mass is similar to
that in vacuum with increased moment of inertia around axes
andy by a factor (L v,y).

In the case that there is not coincidence of the center of mass
with the central point, as in Section 4.1, and also the force is
applied atx;=z;=0, y;# 0, the following equations are obtained:
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Fex ure is reduced if the body surface presents symmetries. One sym-

IQCMFF (283) metry plane reduces the number of nonzero elements to 12. Two
symmetry planes reduce the number to eight elements and three
F planes to six element§ust the ones belonging to main matrix

Rewy=—>" (280)  diagonal.
Equations(30) and (31) can be expressed together in a gener-

. Fe, Vg MV, alized form {F;}
RCMz:m 1- yf_YCP1+V a1+ v )ycp .
m mz/ ! p11 1x {Fi}:_[MRik]{Ui} (32
(28&) where{F;} is defined as follows:
&,X:%(yf_ycplj& (28d) Fa={F1.F2.Fs}i Mo={F4,Fs.Fe} (33)
pd L+ 1) Vmz which is the classical expression employed in the study of small
wy=0 (28&) amplitude oscillations],6]. Let us assume that the moments with

regard to a point caused by a pure accelerated translation motion
(28f) are zero. This point is called the central poi@P). Vice versa,
Yi- pure accelerated rotation around CP does not produce net pressure

Observe that the rotational dynamics around thads is not force. In other words, with regard CP, unsteady translations gen-

changed, as well as translations along thend y-axes. Rotation erate just only forces, and rotations just only moments.
' ) - " ' o Th isten f th ntral point is n neral property of
around thex-axis and translations along tlzeaxis are modified, E1 e existence of the central point Is not a general property o

_Fex

w,=
z Ipz

> ; . odies, although its existence can be demonstrated in some cases
both due to the increase of mass and moment of inertia and to ' g ’

. ; 8 in the potential bidimensional floy@].
displacement of the central point from the center .Of mass. In case of a body with central point the generalized added mass
The values of the parameters that control the influence of the, .\ 1 of the motion in axes with the origin at the central
surrounding fluidy,,, and v, , in a case with technological inter- int can b lit in four b 33 element . de-
est (disk antenna of 2 m diameter, of “sandwich” material, offpOI d can be spiit in four boxes, elements eactMgj, de
aluminum, p,=2.8<10° kg/n?, with total skin thicknesst, o o>
=2 mm, oscillating in airp,~1.1 kg/n?) are Mri1 Mg
Vm,~0.15 and »,,=0.08 (29) [Me] Mapr Mpos

which shows the relevance of taking into account the effect of the, o e . .= M ...= 0. By usina(30). (31). and(32) one obtains
air when analyzing solid-body oscillations of light structures. In R12= Mra1=1- BY 9(30), (31, (32

the most simplified caséhe central point and the mass center —{F_ \=[m,{Ucp}; [Mgi]=[m,]; Myij=Mgij,i,j=1,2,3

(34)

coincides,ycp=0) the effect amounts to a 15% increase of the (35)

effective mass along theaxis and an 8% in the moment of inertia . _

aroundx-axis. —{Mcp}=[I{w}; [Mgal=[l];
lvij=Mgi+ayj+3) 0,0 =1,2,3 (36)

5 Central Point L .
where[m,] and[I,] are the added mass and inertia matrigeih

Let us consider the motion of a body in an ideal incompressibigyarq to the reference system used to calciilitg]), Ucp is the
fluid. The net pressure load on a bofy., and the net pressure cenral point speed.

moment with regard to a point ®,, are given by8] for small- The existence of central point can be shown in the case of a
amplitude motiongthe nonlinear terms are neglected body with at least two symmetry planéike a spacecraft antenha
d'Q N and a plate(as a spacecraft solar paheResults concerning the
—Fae=——= 2 M gikU'e¢ (30) added mass matrix of several geometrical shapes can be found in
dt s the classical literaturd,7—11].
d’'K .
~ — |
Mo= "4t L_;..e Mrider U & G conclusions
=1...8

R . In this paper uncoupled equations of the translational and rota-
where the dot eilbove the symbols represents derivation with {521 gynamics for the small-amplitude motions of a submerged
spect to time.U" are the components of the generalized speggqy has been obtained in the case that a central point exists for
projected in moving axesU, if i=1,2,3 are the origin speed the aerodynamic forces loading generated by the surrounding
components in moving axes),=(U*,U%U%), and ifi=45,6 fluid. In the classical solution the six degrees-of-freedom are
are the components of the angular rotation speed, coupled. The structure of the equations obtained is similar to the
=(U*U5,U°"), g are the moving axes base vectors fixed to thenes of the motion in vacuum. In the translational motion, instead
body, Mg are the components of the generalized added masisthe usual scalar mass it appears a mass mfatry and a new
matrix [Mg], which can be obtained as explained &]. forcing term proportional to the applied external force through a
In the case of small amplitude motions these results allow onegatrix,[D]. The structure of the matrices shows that the effect is
to seeMp;, as an added mass or moment of inertia, that is, as tiregeneral not the same for all the directions, as it is in the case of
componenk of the force or moment produced by the action of &acuum.
unitary generalized acceleratiad. The symmetry of Mg] helps Concerning the rotational motion two main changes arise. The
in the interpretation of the results. first one is that the inertia tensor is substituted by another matrix
Note that in a general case every component of the generalizbdt is the composition of the body inertia tensor, the added inertia
speed contributes to the three force components and to the thmesrix, and another inertia matrix due to the distance between the
moment components. central point and the center of mass. The second one is that the
In a general case the matfii g] has 36 elements, although, aspoint where the external force is applied is substituted by a new
it is very well known, due to symmetry conditionsMg;, term that resembles something like a corrected posiiiois not
=Mpgy) only 21 are independent and nonzero. However, this figtrictly a corrected position except in a particular gase
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kind of cross product with a corrected posi-
tion of the applied force application point, m
central point position with regard to the center
of mass, m

central point speed, m/s

components of the generalized speed of the
origin of the moving body axes, m/s iif
=1,2,3; rad/s ifi=4,5,6

generalized speed of the origin of the moving
body axes, se®' for dimensions

fluid velocity field, m/s

inertial reference system

circular plate radius, m

vector base of the moving reference system,
fixed to the body

mass, kg

added mass matrix, kg

total mass matrix, kg

coordinate along the normal to the body sur-
face

normal to the surface of the body, dimen-
sionless

pressure, Pa

vector traced from O tdo, m

central point position in the initial reference
system, m

time, s

plate thickness, m

body reference systefrigin at the center of
mas$

added mass coefficient matrix, dimensionless
density of surrounding fluid, kg/fn

density of material, kg/rh

added mass component’to body mass ra-
tio, dimensionless

angular acceleration, rad/s

rotation speed of the moving axes relative to
inertial axes, rad/s
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arise in a general case, the interpretations of the dynamics has not
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symmetries Uep =
Also, the existence of a central point in the case of three- Ui =
dimensional bodies, with appropriate external shape, performing
small-amplitude nonsteady motions inside an ideal, incompress-
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=1,2,3; Nmifi=4,5,6 [8,] =
[lpms] = displacement inertia matrix) ,m], in simpli- pa =
fied form, kg.nf pa _
[1,] = body inertia tensor, kg.f o
[1,a] = body plus added inertia matrissee(12)), m
kgt | {o) =
[1pm] = inertia matrix due to central point to center of © =
mass displacement, kg?m
[1,] = added inertia matrix, kg.fm
[I+] = total inertia matrix, kg.
K = fluid angular momentum, N.m.s References
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Mcp, {Mcp} = net moment of aerodynamic forces with re-
gard to central point, N.m
{M¢} = net moment of applied external forces with
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{Remy = position where the external force is applied, !

with regard to the center of mass, m
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Analysis of Transient Flow
pian Aamieusi | in Pipes With Expanding

Polish Academy of Sciences,

nwaases | OF GONtracting Sections

[DOI: 10.1115/1.1593703

Introduction treatment of conduits with expanding or contracting cross sec-
The classical theory of liquid transient flow in pipeling@gater- tlonst, present?tc:] n tnlst paper'tﬁqﬁﬁmi{n’; art1_d (2zha;ethused n |
hammey usually draws on the following basic assump’[ionsgIOS cases, altnougn It IS worthwhiie 1o notce that they, mainly
[1—4]: ue to the_ continuity Eq(l), are valid for pipes with constant
cross sections. Application of these equations for multipipe sys-
 The liquid flow is one-dimensional, that is the characteristiems requires the use of so-called “junction boundary condi-
quantities are cross-section averaged, remaining functionstiohs.” These conditions describe the relationship between the
distance(longitudinal coordinateand time. flow parameters across the joints between pipe segments of dif-
» The liquid undergoes elastic deformations under pressugrent size. Sometimes pipelines of variable cross section are ap-
surges, assuming that relative changes of the liquid densfiyoximated by use of an equivalent uniform pipeline elements,
are insignificantlow-compressible fluig according to the generally accepted similarity lawsnditiong—

« The dynamic fluid-pipe interaction is neglected and a quasiee Appendix A. Practically, such approach is mostly used for
steady pipe response to pressure surges is assumed accorgfi@gning the size changes of serially connected pipes along the
to the elastic theory of deformation. pipeline length. For pipe element whose cross-sectional area is a
Hydraulic losses are of a quasi-steady character that is tbentinuous function of the length, for example a cone-shaped sec-
same losses are assumed for a steady and transient flowieq, a more general model can be implemented. A continuity

given mean velocity of the liquid. equation for conduits whose shapes can be described by differen-
« The liquid velocity is small compared to the pressure waviéable functions was derived by Bednarczji9]. A less general
speed. form of the continuity equation for cone-shaped pipes can be

) ) ) found in monographg,3,4]. For conical pipes, the numerical so-
The governing equations of conservation of mass and momefigon, presented by Bednarczy9] gives lower—whereas that

tum describing the transient flow in closed conduits, correspongresented by Wylie and Streetg,4] higher—pressure ampli-
ing to the above assumptions, take the well-known fof88]:  {,des than the solution based on the model that assumes an

« continuity equation equivalent element of constant cross section. o
In the present paper, the problem of transient flow of liquid in
oH a? oV tapered or expanding pipes is discussed. A mathematical model
ot + E ox =0, (1) pased on the one-dimensional theory of the unsteady flow is pro-
posed. The paper explains also the differences in methods of com-
dynamics equatioiequation of motioh putation of the considered problem found in the literature.

oH 10V A
9x Tgat 29D Basic Equations

The survey of the literature and the author’s experiefG], The equations describing the transient liquid flow in conduits
indicate that the above mentioned assumptions and the coffdth variable cross sections written below can be obtained draw-
sponding Eqgs(1) and (2) can be useful for prediction of manying on the basic assumptions presented in the Introduction of this
typical cases of unsteady flow in pipelines. However, the assunf}2Per.

tions of quasi-steady character of hydraulic log$estion losse$ Continuity Equation. The equation of continuity derived by

and quasi-steady response of the pipeline structure to pressgiginarczy19] contains a term that can take into account pipes

surges are often debated. These assumptions, for some typeg;f{ variable cross sections. It may be written as folldppen-
pipes and occurring flow disturbances, can give rise to excessiyg g).

discrepancies between the theory and experiment. Therefore, fur-
ther investigations are in progress in order to extend the classical JH a?dv a? JlnA
theory of transient flow by better recognition and improvement of ot g x + EV ax 0. ®)
the mathematical description of the following phenomena: ) . o
« dynamic interaction between the liquid and a pipeline strud-he convective acceleration of pressure was left out in this equa-

V|V|=0. @)

ture, [7—11, tion as negligible, compared to the local time derivative, and the
« unsteady dissipation of energy in the liquid and pipe structurglationshipp=pg(H—z) was introduced. The last left-hand side
[1,7,12-15, term of this equation is an extension of Ed). Although the
« transient cavitation or liquid column separati¢h6—18. model of liquid flow is one-dimensional, the form of this addi-

There are also other problems not successfully explained alifgnal térm is of a general character and should not be questioned.
solved in the classical theory of waterhammer. An example is tH&€ continuity equation for a cone-shaped p{3e4], is a particu-
lar case of Eq(3).
Contributed by the Fluids Engineering Division for publication in tloJBNAL Let us now modify Eq(3) by introduction of the volume flow

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionrate.Q- By settingV= Q/A.and performing appropriate transfor-
Apr. 5, 2000; revised manuscript received Feb. 11, 2003. Associate Editor: U. Ghmation of Eq.(3), we obtain
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JH N a? 9Q 0 4 . X,

=y o AX o Axe

gt gA dx “) ! Tl q,
Equation(4) is of a much simpler form than E@3). The addi- ?
tional term with the derivatived In A/ox disappears, as a result of e N . N .
introduction of the quantityQ and calculation of the derivative e N e N e
dVIdx=d(QlA)/ox. This term is present only if the continuity Tk 5 S N
equation is expressed in terms ¥ not Q. It should also be PR 2% SN
noticed that Eq(4) has the same form as the continuity equatio N i i % N
known from the theory of waterhammer for pipes of constar . 7 . . LY

H N 4
diameter[1-4]. oy s NP <

Equation of Motion. Besides hydraulic losses due to shea Vg ~ C c M .
stresd(friction), there are other sources of loss in pipes with vari , ‘ ; « ;
able cross-sections, namely additional losses due to the pipe L’ sl ol .
pansion or contraction. The total hydraulic losses are appro: 4 g g
mately proportional to the square of the flow rate. The equation ; : B
S X . - @-1) (i) (i+1)
liquid motion can therefore be written in the form

GH 1 dQ Q| @
— +1oQ|Q|=0, %)

—_t —
X gA dt
. . Fig. 1 Grid of characteristic lines described by equations
where the last left-hand side term represents hydraulic losses .Bfé;dt:a and dx/dt=—a for the assumed time éepq At

general way (Q:)\/(ZgDAz) for pipes of constant diameter
The approximate method of determining the hydraulic losses is
proposed in Appendix C.

A
rd
N
3
4
A Y
-»>

>
<

Equations(4) and (5) form a closed system of partial differen- dH adVv a? 4dlnA
tial equations where the unknowns are the pressure Head) for C*: gitear T TV +aryV|V|=0 (10)
and flow rateQ(x,t). Solving these equations requires determina- 9 g
tion of the boundary conditions as well as introduction of the dH adV a? dInA
functionA(x) describing variation of the cross-sectional area with for C: 4~ gt + EV - aryV|V|=0, (11)
the pipe length. The formulation of the boundary conditions will
not be a subject of the present paper. where the last left-hand side term represents hydraulic losses in a

general way ,,=\/(2gD) for pipes of constant diamefer
The system of Eqs6), (7), (8), and(9) or (7), (10), (9), and
(11) can be integrated approximately for differentiable functions

Numerical Solution A=A(X). The trapezoid method can be utilized even if the pres-
The system of Eqs4) and (5) can be solved by different nu- sure wave speed does not remain constant in cases where the
merical methods, among othef8,4]: ratio of the pipe diameter to the pipe wall thickness varies along
o the pipe length. Let us assume that its value for the given compu-
+ method of characteristics, tational pipe segments can be calculated based on the principle of
+ finite difference method, conservation of the pressure wave propagation time—see Appen-
+ finite element method. dix A, Eq. (A2). Let us assume further that the quantitjs inde-

endent of the flow parameters, mainly the pressure. The pre-
ented model concerns only the single-phase flow. Therefore, for
e assumed integration step, a grid of characteristic lines can be
und from Eqs(7) and (9)—Fig. 1.

The method of characteristics is the most popular for solving h
draulic transient problems. According to this method the hype
bolic partial differential equations are first converted into ordinar}g

diff tial ti hich th Ived by the finite diff
elnceéetgéﬁn%%f 'ons, which are then solved by the finite ditle As an example, let us integrate Ed6) and (8), or Egs.(10)

In order to enable a comparison with the works of Bednarczﬂ(‘?j (12), in consistence with the_ apove assumptions,_ b'?‘Wee”
[19] and Wylie and StreetdB,4] let us apply the method of char- POINSA andP as well as andP, lying on the characteristic lines
acteristics. The system of Eqd) and(5) can be then transformed C~ @andC~, respectively(see Fig. 1. The following functions of

into the following set of ordinary differential equations: the |c|)_ipe cross-sectional area will be adopted for an unpressurized
pipeline

dH+ a dQ+ =0 6 A(x)=0.257[D;+ Kq(x—x)]>, where

T gAar Tareclels © I
along the characteristic lines Ka=(Di1=Di)/ (X1 7%) (12)

dx AX)=Ai+Ka(x=Xi), where Ky= (A1 =AD)/(Xi+1— X))
ct g=ta @ (13
A(X)=A; Xexp(Ko(x—X;)), where
dH a dQ

+arqQ[Q|=0 (8) Ke=IN(A; 11 1A (X 11— X). (14)

As a result of integration, Eq$6) and(8) or (10) and(11) can be
presented in the following difference form:

dt gA dt
along the characteristic lines

dx
- =_ aa-p Qp—Qa
C s~ ©) Hp—Ha+ Aor o +Ra-pQp|Qa|=0 (15)
ZA-

Let us also apply the method of characteristics to transform the a Qp—0Q
system of Egs(2) and (3). Then, the following equations corre- Hp—Hg— —— =2 <P LR .Qp|Qgl=0 (16)
sponding to Eqs(6) and(8) can be derived: g Ag-p
Journal of Fluids Engineering JULY 2003, Vol. 125 / 717
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where constanté, andR assume values resulting from the giverbe guided by physical requirements. In the integration presented
function A(x). These constants can be evaluated between thbove, Eq(24), the form of theA(x) function was excluded from
points A and P on the characteristic lin€* from the following consideration. Independently of the pipe segment shape, the aver-

relationshipg/Appendix O: age liquid velocityV,,=0.5(Qp/Ap+ Qa/A,) was assumed and
) the increment of the pipe cross-sectional area within the integra-
* for A(X) =0.257[ D p+ Kg(X—Xa)] tion limits—computational ends of the pipe segment—was taken
_ 0.5 into account. As a result, Eg24) was obtained, which, as it can
Aza-p=(ApAN)", 17)

be easily noticed, is not valid for steady flow as a particular case

it (1 1) e ol anientfowihen we omi hydraulc losses and velociy
A7P 8g(Dp—Da) | A2 AZ]  2gA2 24, YO = A 9eHP= A &
_ _ The compatibility equation along the characteristic liGé
e for A(X)=A,+K
or AL) =Aat Kalx—xa) given in[3,4], after elimination of a likely error in printthe units
Ap—Aa in the last term of Eqg16—8, p. 403, are inconsistent, and likely
AZA‘PZIn(AA/AP) ' (19)  Ax should be replaced by) Tan be written as follows:
Ma—pm(Xp—Xa) [ 1 1 Ea-p a Qp Qa 1 1 1
Ra_p= — |+ — 20 - ATPIxP_ <A = =
ATPT Bg(Ap—An) | ALS ALS) T 2gA2 (20) HemHat = 1A, " A, 2 Qe Qa7 3, )| =0
25
o for A(X)=ApX exg Ke(X—Xa)] (25)
ApIN(Ap/A,) The above equation can be derived by integration of Egjsor
Aza- P= 1= AL /AD) (21)  (10) between point& andP for a cone-shaped pipe, assuming the
ATTP average flow rateQ,=0.5(Qp+Qa)=0.5(VpAp+VA,). It
A _ 1 1 should be stressed here that by assuming a linear change of the
a—p(Xp—Xa) Ea-p

5. (22) flow rate(according to the trapezoidal rule of integraticretween
29Ap pointsA andP, one can get Eq15) with A, determined from the
relationship Eq(17). It can be therefore supposed that integration
based on the average flow rate yields less accurate approximation.
Equations(15), (24), and (25) differ considerably from each
other, independently of the method of accounting for hydraulic
) losses. This is not due to different forms of differential equations
Comparison of the Methods assumed for description of the transient flow in pipes with vari-

Let us first compare the above presented method with tA&l€ cross sections, but only due to the applied methods of inte-
method of equivalent pipe segments. It is easy to show that tgeation. The integration presented in this paper leads to the rela-
obtained relationships Eq&l7)—(22) are the same as those to belionships consistent with the method of equivalent pipes based on
found from Egs. (A1), (A3), and (A4) for equivalent pipe the generally accepted 5|m|I_ar|ty condltlons_. By mtrodgcmg the
segments—Appendix A. The same principle of conservation §pW rate Q, instead of velocityV, the equations governing un-
pressure wave propagation time has been also used—Appendigf€ady flow in a pipeline with variable cross section obtain simple
Eq. (A2). Therefore, for the given assumptions the above préarms, and, therefore, their integration, with correct accounting for
sented method yields identical results as the method of equivaldiA(X) function, is easier than that of earlier equatidids4, 17.
segments. In what follows these methods will be compared wififlditionally, it can be worthy to stress that the assumption of a
the methods presented by Bednarcfy8] and Wylie and Streeter constant eqqulent. pressure wave speed basgd on conservation of
[3,4]. They also assumed a constant wave speed in a given pi@ve propagation time allows for simpler solutions. However, one
segment, and one can suppose that it is computed based onG&f@ imagine a more general approach—uwith account of pressure
conservation of pressure wave propagation time. No explicit staé@ve speed variation along the pipe length taken directly in inte-
ment on this assumption is to be found in either. We shall neglegi@tion of the governing equations. Such an approach would be
hydraulic losses in our further considerations. Appropriate repréefy complicated and could be a subject of a separate paper.
sentation of inertia forces has a greater effect on the prediction ofin order to better illustrate the differences between the com-
pressure variations than modelling of friction forces. MoreovePared methods, let us consider a case of an immediate flow shut-
due to the lack of a general theory of hydraulic resistances, tHBwn in a cone-shaped pipe. Because of neglecting the hydraulic
prediction of hydraulic losses during transient liquid flows is stilfesistance, it is easy to determine the waterhammer pressure rises
an approximation. based on the considered methods and to relate the obtained values

Making use of the relationshipa(n A/ox)dt=1/a(d In Algx)dx o the pressure rises calculated for an equivalent pipe segment.

=(1/a)d In A, BednarczyK19] has substituted Eq10) with the The results of these calculations are presented in Fig. 2, showing
equation the pressure changes as a function of the conical pipe contraction

or expansion ratid,/D; (D, andD, are the diameters of the
pipe segment at its endsThe graphs illustrate differences be-
tween the compared methods. It is clear that the method described
. . . . ) ) by BednarczyK19] yields lower, whereas that presented b lie
WhICh car_1 be written in the difference form qbtqlneg after |ntegr%%d Streete{)g{A] ]h}i/gher values of the compﬁted pressu)r/evz%,ses
tion applied by[19] along the characteristic in€" between than the method of equivalent pipe segments with a constant sub-
points A and P stitute cross section, and also the method described in the present
contribution. From a practical point of view, it can be also inter-
an-p (QP Qa Qp QA) Ap h ; ;
— —+ —|In—=0. esting to compare the results of pressure rises obtained by means
9 \Ae Aa Ap  Anl Aa of the proposed methotand also according to the method of
equivalent pipesfor pipes described by Eqs12)—(14), with the
Equations(10) and (23) are equivalent. Their integration yieldspressure rises for pipes whose diameter or cross-section area is an
different results, depending upon the manner of treating the narithmetic average of diameters or cross section areas at their
linearity. The appropriate treatment of the nonlinear term shoudhds, respectively. It can be expected that replacing of cone-

Ra~P=5g(In Ap—TnAn)

DaAZ  DpA2

Similar relationships, for computing th&,z_p andRg_p val-
ues, can be found by integration of E&) or Eq.(11) along the
characteristic lineC~ between point®8 andP.

a aV
dH+adV+EdInA:O, (23)

an-p
29

Hp—Ha+
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Fig. 2 Differences in the prediction of pressure rises in cone-
shaped pipes with different expanding coefficients obtained by
means of the methods under comparison
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Fig. 4 Comparison of pressure changes (A H,) obtained using
the method of equivalent pipes for different pipe geometries
(linear variation of diameter, linear variation of cross section
area, and exponential variation of cross section area ) and cal-
culated (AH,,) for a uniform pipe with cross section area
equal arithmetic average of cross-section areas at both ends of

the segment under consideration

shaped pipeline segments with segments of averaged diameters or )
external cross section areas is a common practice in pipeline daenclusions

culations performed for engineering purposes.

The considerations conducted in this paper prove that the con-

The results referring to the first case are displayed in Fig. 3, “ﬂﬁuity equation of one-dimensional unsteady liquid flow, ex-

second case is illustrated in Fig. 4. The presented results show

sed in terms of the flow rate, assumes the same form for pipes

appropriate representation of variations in the pipe cross-sectiofalh constant and variable cross sections. This result is not true
area has a great effect on the accuracy of computed flow ragy the continuity equation written in terms of the liquid velocity.
sients. For example, if a cone-shaped pipe with diameter ralig.cording to the classical theory of waterhammer, the latter re-
D,/D,=2 is replaced by a pipe of arithmetical average diamet@tains valid only for pipes of a constant cross-sectional area. Ex-
the discrepancy in prediction of the pressure rise can be as hlgq@%ing the validity of this equation on pipes with expanding or

12%—Fig. 3.
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Fig. 3 Comparison of pressure rises (A H,) obtained using the
method of equivalent pipes for different pipe geometries (linear
variation of diameter, linear variation of cross section area, and
exponential variation of cross section area ) and calculated
(AHy,) for a uniform pipe with diameter equal to the arithmetic
average of diameters at both ends of the segment under con-
sideration

Journal of Fluids Engineering

contracting sections requires introduction of an additional term.

It has been shown that, assuming an equivalent wave speed in
computational pipe segments, the analysis of waterhammer based
on the direct solution of the equations governing one-dimensional
transient liquid flows in pipes with variable cross sections gives
identical results to those following from the analysis based on
equivalent pipe segments. The above-mentioned conclusion is in
contradiction with the treatments given by BednarcZyilg], and
Wylie and Streetef3,4]. For conical pipes, the numerical method
presented by Bednarczyk9] yields a lower, whereas the method
presented by Wylie and Street¢8,4], higher pressure rises that
the method of equivalent pipe segments of constant cross sections.
The discrepancies increase with the degree of pipe expansion or
contraction. The reason for these discrepancies has been ex-
plained.

It has been also proved that the degree of pipe expansion or
contraction as well as the type of function describing changes in
the pipe shape have a considerable effect on the inaccuracy in
computations made while the pipe with expanding or contracting
sections is replaced by a uniform pipe whose diameter or cross-
section area are arithmetic averages of the respective values at the
pipe ends.

Nomenclature

a = pressure wave speed
A = pipe cross-sectional area
c = pipe constraint coefficiendimensionless param-
eter that describes the effect of pipe constraint
condition on the wave spegd
C*, C~ = name of the characteristics equations

JULY 2003, Vol. 125 / 719
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D = pipe inner diameter Condition (3) for the hydraulic losses can be rewritten as
e = pipe wall thickness -
E = pipe wall modulus of elasticity » for losses due to friction
E, = liquid bulk modulus of elasticity AL L)\ \LQ2 L AQ?
g = gravitational acceleration 25 =| = = 5 =J 5 dx (A3)
H = pressurgpiezometrig head D; JoD 2gD,A;  Jo2gDA
K = pipe expansioricontraction coefficient .
L = pipe length for losses due to shape changes
p = pressure 2 2
ry = hydraulic loss coefficient defined by the formula 5_1: % gZ—QZ= £Q 5] (Ad)
ry=AH,/(V|V|Ax); (ry=\/(2gD) for pipes of D; D 29A; 29A
constant diameter .
ro = hydraulic loss coefficient defined by the formula Appendix B
— . — 2 H
ro=AH, /(Q|Q|AX); (rq=\/(2gDA?) for pipes Continuity Equation. The principle of mass conservation in
of constant diametgr the pipe flow leads to the following equation:
Re = Reynolds number
Q = volumetric flow rate d(pAV) d(pA) 0 -
V = liquid mean velocity IX + a (B1)
x = distance along the pip@ongitudinal coordinate
t = time or, after a simple expanding the derivative of the product of terms,
z = elevation of centerline of pipe above datum to
N = Darcy-Weisbach friction factor N 1(ap ap\  1[oA IA
v = Poisson’s ratio — —(— —) —(—+V—):O. B2)
p = liquid mass density ax - plot —ox] Aldt ox
¢ = coefficient of hydraulic losses due to pipe expan- Making use of the definition of the modulus of elasticity, one can
sion or contraction get
Subscripts and Superscripts 1(dp ap 1 /dp p
1, 2 = internal cross sections of a pipe segment at its oot Vax) T E, |\t *Vox) (B3)
ends

A B P = nodes of characteristic lines arid In the case under consideration, changeA take place not only
T g due to pressure rise, but also due to longitudinal changes in the

a = pipe with a linear change of the inner cross- shape of the pipe shell. Therefore we can write as follows:
sectional area
d = conical pipe(with a linear change of the inner 1 (&A dA\ V IA N 10A(dp N ap BA
diamete) . . Aot V) TAam TAp a V) B
e = pipe with an exponential change of the inner ) )
cross-sectional area The quantity 1AdA/dp can be determined from the Hooke’s law
r = hydraulic losses for a pipe shell elastically deformed under pressure. Setting Eqs.
i = pipe cross section (B3) and(B4) into Eqg. (B2), we get
m = average value . ap ap oV JInA
z = equivalent(substitutg value —+V— +pa’—+pa?Vv =0 (B5)
A = friction losses gt oX ox ox
where the quantitg—the pressure wave speed—is defined by the
formula
Appendix A E \05 E gA| 05
. : : : a= —") (1+—"—) . (B6)
Transformation of Real Pipes With Expanding or Contract- p A dp

ing Sections to Equivalent Pipe Segments of Constant Dimen- |, case of a cylindrical pipe EqB6) takes the form
sion. The similarity conditions should be preserved in order to

transform a pipe with expanding or contracting sections to an o

E,\%% . cDE,| °°
equivalent uniform pipe segment. These conditions imply that the a= _) ( + eE ) : (B7)
following properties should not change in the equivalent pipe se_cr;- . . . )
ment, compared to the real pipe of the same letgth he coefficientc depends on the pipe constraints and after Wylie

(1) inertia forces due to the same way of flow shutdown,
(2) pressure wave propagation time, and
(3) hydraulic losses.

Condition(1) leads to the following formula for the equivalent

cross-sectional ared, of the pipe segment:

condition (2):

L
A= g (A
jo A(X)
The equivalent pressure wave spegdcan be found from the
L
S (A2)
jo a(x)

720 / Vol. 125, JULY 2003

and Streetef3,4] can be found from one of the following rela-
tionships:

« for a pipe anchored against longitudinal movement
c=1-1? (B8)
« for a pipe anchored at one end only
c=1-0.5p, (B9)
« for a pipe anchored with expansion joints throughout
c=1. (B10)
Appendix C

Integration Method. The expressions obtained as a result of
integration of terms in Eq(6) along the characteristic lin€™"
between point#\ andP (Fig. 1) are presented below. The integra-
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tion has been carried out by means of the trapezoid method, ite.the lack of a general theory of turbulent pipe friction, but also
assuming linear variation of the flow quantit®sandH along the due to the nonlinear form of the last term in E@6) and (8).
integrating lines.

Term |I.

Term II.

trdH
. Wdt_
A

A constant equivalent pressure wave speed based
conservation of wave propagation time has been assumed. Such
assumption, applied also by Bednarczjk9] and Wylie and
Streeter[3,4], allows to simplify the integration as presented be-

_ prHA

tp
dt=Hp—H
tp—ta JtA A

low and to derive exact results.

Cone-shaped pipe.

—Da)/(Xp—Xa)

trad
["2 50,
1, 9A dt

B g tpftA

4 - *p Dp—D -2
——MJ (D,ﬁu(x—xA)) dx
prxA

XA

DP_DA -1 Xp
+ —_— p—
Da Xp—Xn (x XA))

XA
Xp—Xa iQP_QA
DP_DA Tl'g tp_tA

_dal 1l 1)Qp—Qp

" 7g\Dy Dp/Dp—Dy

74_aQP_QA7EQP_QA

- mg DaDp g A,

Pipe with a linear change of the cross-sectional area.

A=A+ K X (Xx—=Xa) where K;=(Ap—Ap)/(Xp—Xa)

tr a de
LOAdL

Pipe with an exponential change of the cross-sectional area.

1Qp— Xp Ap—A -t
t=—wf (AA+ P A(xfo)) dx
g te—ta Jyx, Xp—Xa
_ 1 Qp—Qa Xp—Xa
9 tp—ta Ap—Aa
Ap—A X
XIn| A+ P A(x—xA)
XP_XA X
A
_a QP_QAln(E _aQp—Qp
g A—Ar Aa 0 A

QDA"F KdX(X_XA), Where Kd:(Dp

According to Wylie and Streetd#], friction losses can be fairly
predicted with the aid of the relationshipH,=R*Qp|Qa,l,
whereQp and Q, denote the flow rates at the ends of the com-
putational pipe segment. In pipes with variable cross sections,
besides friction losses, losses due to the pipe expansion or con-
traction should be also taken into account. Let the total losses in a
%iRe segment be expressed as follows:

tp
AHr=J aroQ|Qldt
ta

X

:J F’rQQ|Q|dX

fxp Y QlQldx+ ——QulQ,l
= X+ —— :
xp 2gDA? 2gA2 <7 A

In order to integrate the friction loss term, let us assume the fric-
tion coefficient\ from the preceding step of integration. For a
pipe with internal diameter described By=D 5+ K4(X—X,), we

can get the friction loss expressed as follows:

AH fxp » ool
= X
=, g0 0

X

8\a- Xp Dp—D -°
_ oM P2QP|QA| (DA+ P A(X—XA)) dx
g XA Xp—Xa
_ 2Ma-pQp|Qal Xp—Xa (D Dp— A(x=x ))4 P
772g DP_DA A Xp_x A XA
Aa—p(Xp=Xa) (1 1
—APTR A =R
8g(DP_DA) Ai A|23 QPlQA| )\QP|QA|

whereas the total losses in the computational pipe segment can be
presented in the form

1 1

AZ A2

fAfP
2gA2°

Na-p(Xp=Xa)
89(Dp—Da)

R=R,+R,=

We can obtain in a similar way

» for a pipe with linear cross section area variatidns A,
+Ka(X—Xa):

B B _ Ma—pm(Xp—Xa) [ 1 i En-p
A=A X exgd Ke(Xx—Xa)] where Ke=In(Ap/Ap) ! (Xp—Xa) 69(Ap—An) A}\'s A,1,-5 ZgA,z,
trad 1Qp— . . . . e
f P__th: - Qe Qn « for a pipe with an exponential cross section area variation,
ta gA dt g tp_tA A:AA eXF{Ke(X_XA)]
Xp InAp—InA -1 Na_p(Xp—X 1 1 -
XJ' (AAeX[{#(X—XA) dx R= A—p(Xp—Xa) n én P.
Xa Xp—Xa 59(INAp—InAn) | D,AZ DpA%Z]  2gA2
~1Qp—Qa  Xp—Xa It is worthwhile to notice that the empirical coefficiefibf losses
- 5 tp—ty INAp—InA, due to shlape.changes can assume different valqes depending on
. the flow direction. It is generally know that hydraulic resistance in
<[ —a InAp—InAs B *° diverging pipes is considerably higher than that in converging
R Rv— (X=Xa) pipes for the same ratio of the inlet to outlet or outlet to inlet
XA cross-sectional area, respectively.
_2 M(i_ 1)_2QeQa References
g ln(AP /AA AA AP g AZ [1] Betamio de Almeida, A., and Koelle, E., 199uid Transients in Pipe Net-
.. . . . works CMP Elsevier Applied Science, New York.
Term lll.  The prediction of hydraulic losses occurring during (2] chaudhry, M. H., 1979%pplied Hydraulic Transients/an Nostrand Reinhold,

transient flows still draws on approximation. This is not only due

Journal of Fluids Engineering

New York.

JULY 2003, Vol. 125 / 721

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



[3] Wylie, E. B., and Streeter, L. V., 197&Juid Transients McGraw-Hill, New [11] Wan, Zhang-Min, and Tan, Soon Keat, 1997, “Coupled Analysis of Fluid
York. Transients and Structural Dynamic Responses of a Pipeline Systems,” J. Hy-
[4] Wylie, E. B., and Streeter, L. V., 1998luid Transients in SystemPrentice- draul. Res.35(1), pp. 119-131.

[5] ng}nigg\llzmog\d CllngSS N“‘%'.ransient Flow in Pipeline Systems of Hydraulic [12] Elansary, A. S., Chaudhry, M. H., and Silva, W., 1994, “Numerical and Ex-
Turbomachines,” Ph.D. thesis, Institute of Fluid Flow Machinery of the Polish [13] {)/z:l(;ne:tallzln;ﬁztlga;ﬂaonn OLEroa_:?:ml:;’ie “':Alogr;a‘r]a.c'j[gr(ijsrzgg l\'jlce)gfl).of Tran-
Academy of Sciencegn Polish. ) Y, v T "g, ’ ’

[6] Adamkowski, A., 1996, “Theoretical and Experimental Investigations of Wa- _ Sient Friction in Pipes,” J. Hydraul. Re2X(5). -
terhammer Attenuation by Cut-Off and By-Pass Valves in Pipeline Systems dfi4] Vardy, A. E., Brown, J. M. B., and Hwang, Kuo-Lun, 1994, "A Weighting
Hydraulic Turbomachines,” Copybooks of the Institute of Fluid Flow Machin- Function Model of Transient Turbulent Pipe Friction,” J. Hydraul. R84(4).
ery of the Polish Academy of Sciences, No. 461/1423/96, &kién Polish. [15] Zarzycki, Z., “Hydraulic Resistance of Unsteady Liquid Flow in Pipes,”

[7] Budny, D. D., Wiggert, D. C., and Hatfield, F. J., 1991, “The Influence of Copybooks of Technical Univ. Szczecin, No. 516/198%Polish.

Structural Damping on Internal Pressure During a Transient Pipe Flow,|16] Bergant, A., and Simpson, A. R., 1999, “Pipeline Column Separation Flow
ASME J. Fluids Eng.113 pp. 424-429. Regimes,” J. Hydraul. Res125(8).

[8] Fan, D., and Tijsseling, A., 1992, “Fluid-Structure Interaction With Cavitation 111 moody. F. J.. 1991, “A S f Fluid T ient Studies—1991.” ASME J
in Transient Pipe Flows,” ASME J. Fluids EndL14. [17] Moody, F. J., ! urvey of Fluld Transient Studies ! ’

Lo ) A ; Pressure Vessel Technall3
9] Tijsseling, A. S., 1996, “Fluid-Structure Interaction in Liquid-Filled Pipe Sys- . ) . .
(9] té]mS: ;IA?R”eview’"J. F|’uidsmsnuctL_fLoupp. 109—1|46.I quig-H he ¥ [18] Simpson, A. R., and Bergant, A., 1994, “Numerical Comparison of Pipe-

[10] Wiggert, D. C., Hatfield, F. J., and Stuckenbruck, S., 1987, “Analysis of Lig- _ Column Separation M0“de|51" J. Hydraul. Eng20(3). o
uid and Structural Transients by the Method of Characteristics,” ASME J[19] Bednarczyk, S., 1974, “Unsteady Fluid Flow in Pressure Pipelines,” Archives
Fluids Eng.,109, pp. 161-165. of Hydraulic EngineeringXXI (4) (in Polish.

722 | Vol. 125, JULY 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



Application of an Angular

Momentum Balance Method for

Investigating Numerical Accuracy
H.nitsson & jn Swirling Flow

L. Davidson

This work derives and applies a method for the investigation of numerical accuracy in

Department of Thermo and Fluid Dynamics, computational fluid dynamics. The method is used to investigate discretization errors in

Chalmers, computations of swirling flow in water turbines. The work focuses on the conservation of
SE-412 96 Goteborg, Sweden a subset of the angular momentum equations that is particularly important to swirling

flow in water turbines. The method is based on the fact that the discretized angular
momentum equations are not necessarily conserved when the discretized linear momen-
tum equations are solved. However, the method can be used to investigate the effect
of discretization on any equation that should be conserved in the correct solution, and
the application is not limited to water turbines. Computations made for two Kaplan
water turbine runners and a simplified geometry of one of the Kaplan runner ducts
are investigated to highlight the general and simple applicability of the method.
[DOI: 10.1115/1.1595673

1 Background served discretization order that lies between the first and second

The use of computational fluid dynami6SFD) in industry has order. Figure 1 shows the computed flow above and below a Ka-
. putatl y . yh glan runner using the first-order hybrid scheme and the second-
increased dramatically in recent decades and is now used in m Iy - . o

. ; . rdler Van Leer scheme. The influence of the discretization scheme
fields as a complement to model testing. Computational resu Sstriking

ob?ained in indu;trial applications are usu_ally <_:Iaimed to be qua||- Stable discretization schemes introduce discretization errors
tatlvely correct, €., th‘?y can be used to identify trends but not {Rat must be investigated before it is possible to achieve reliable
establish the quantitatively correct values. There are several rggfnputation al results
sons why the industrial computational results are not quantita-One approach to s:tudying the accuracy of CFD results is to
tively correct, First, the physics of thg applications and the.bqun gk at the sensitivity to grid refinement using the Richardson
ary conditions are approxmatgd using more or less S.Oph'St'C"?‘ rapolation method5-7]. The Richardson method uses results
methOdS' Seco(rju?)ly, the resglt|r|19 aphpr(cj)meated p?y5|hcal appl'ﬁ‘?ém three grids of different refinement to estimate the grid con-
tlont_ls com%ute yfltr_]umelrll_cqtr?_et od that uses further appro§5rgence error. Ih is a geometric discretization parameter repre-
mations and computational limitations. sentative of the grid spacing of the finest grith €h), the sub-

To study the accuracy of the numerical method, an assumptlggquem grids are coarsened accordindige:th and hy=r2h.

can t.)ef made that the.physics of the application and the boundem/e refinement parameter can for instance be chosen te=12e
condl_tlons are approximated con5|ster)tly. The accuracy of a co e main requirement of the Richardson method is that the solu-
putation then depends on the resolution of the discretized P'YBns at all the grids must be in the asymptotic range. This require-
lem. A sufficiently fine resolution will thus give the correct solu-m nt can be met in some cases. In aeneral three-dimensional in-
tion to the approximated problem if the iterative convergence al -Ing

. . - “dustrial computations, however, where it is difficult to get even
round-off errors are small. Fine resolutions cannot be used in in-~ .. S .
. o - he finest solution in the asymptotic range, the method cannot be
dustrial applications, however, because of restrictions on com

tational power and time limitations. The resolutions used in indu _'ed o its full extent|8,9]. Another major drawback of the
. powe : o URiethod is that time constraints do not allow computations on sev-
trial applications are usually not even close to a sufficiently fin

resolution. This has lead to an increased interest in methods égé gt]kr]'gsd:# elp ednucsérgémge%rg'{;%L_E;Zg?rs (;?J?i opnagﬁg]éehxiahm_;rd er
studying the accuracy of CFD resulf4,2], and many scientific 9

journals have adopted statement policies about [Big] solution on the same grid. This requires computations of two so-
J adopte P . 1&). ._lutions, which is time-consuming, and makes it necessary to ob-
When CFD is applied to turbulent flow in complex geometrie

it is often difficult to obtain an iteratively converged solution ieFain a high-order computation, which is not always the case in
a solution that satisfies the discretizeﬁ e uatigns for the ’re'agndustrial CFD. A fast and simple method that investigates the

: . d €q ' a%cretization error of a single solution on a singtearsé grid is
that the preferred higher order discretization schemes are hig refore needed

unstable when the computational grid has very skewed and thing, o present method uses a single computational result from a
contro| volumes. One way of dealing with this is to use StablSngle grid to investigate the accuracy of that computational result.
discretization schemes. A number of discretization schemes I\%st CED codes use conservation of mass and linear momentum
varying stablllty are available in the Ilteraturg. Depenqllng on ﬂ}% compute the flow. Hence, imbalances in angular momentum

complgxny of the ﬂO.W and the geometry, a discretization scherig etic energy and higher moments reflect the numerical accuracy,
that gives an iteratively converged solution usually has an o (1,17, The CFD codes may be rewritten to conserve other than

_ _ o o mass and linear momentum, but, in any numerical approach, there
Contributed by the Fluids Engineering Division for publication in ticeJBNAL will be nonconserved quantities that can serve as candidates for

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . R .
Nov. 15, 2001; revised manuscript received Feb. 23, 2003. Associate Editors: limerical accuracy assessment. Since all quantities of the flow

Karniadakis. cannot be investigated, it is necessary to choose quantities that are

Journal of Fluids Engineering Copyright © 2003 by ASME JULY 2003, Vol. 125 / 723

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



0.2r The angular momentum balance for an arbitrarily moving de-
formable control volume is

dH,
“dt |

il
=— (rXu)pdVv
syst dt cv

+f (rXU)p(U,-n)dA. (1)
CS

According to the laws of mechanics, the rate of change of the
angular momentum of the system is equal to the sum of all the
moments about an arbitrary poiotacting on a control volume
. . that instantaneously comprises the system, yielding an expression

-0.6 . * *
0 0.2 0.4 06 08 1 for the left-hand side of Eq1) as([15])
Hub (0) to shroud (1)
@ dH,
= rXFdA+ r XFppdV— (rXa)pdV,
dt syst JCS cv cv
@)
whereF is the surface forcéboth viscous, turbulent shear, and
— normal force$ per unit area acting on the control volume surface
. and Fy, is the body force per unit mass acting inside the control
) volume. The vectorg, is the acceleration of the coordinate sys-
tem, [14],
OIZRerﬂx +2QXU+ QX (QXr) 3
- . . . - s a= —— + ——Xr r,
08 0.2 0.4 06 08 1 dtz2  dt ( )
®) Hub (0) to shroud (1)

where R is the position vector of the origin of the noninertial
Fig. 1 Circumferentially averaged velocity coefficients above Coo!’(.jlnate system rglatlve toan Ine.rtlallcoordlna'lte systaanhe

and below a Kaplan runner (Kaplan 1). Solid lines: tangential posltlon vector relatIVG_) to the non".nert'.al Coord!nate system, and
velocity; dashed lines: axial velocity. Markers: A: first-order hy- Q is the angular velocity of the noninertial coordinate system. The

brid scheme; O: second-order Van Leer scheme. The velocities terms on the right hand side in the equation correspond to system
are normalized by the runner radius and the runner angular acceleration, system angular acceleration, Coriolis acceleration
velocity. (a) Above the runner, (b) below the runner. and centripetal acceleration.

If the control volume is nondeformable and the flow is steady,
the time derivative of the volume integral in E(L) vanishes.
Further, if the control volume is rotating at a const&htabout a

particularly important to thg flow..A set Qf important quantitiesstationary origin, the angular momentum balaiiEgs. (1)—(3))
can be specified for each industrial application. The method degds

scribed in this work can be used to estimate the accuracy with

respect to those quantities. When all important quantities of th

flow are conserved, the computational results can be considefd rXFSdA+f rXFbpdV—f rxX(2QXU)pdV
correct. Angular momentum is one important quantity in swirling €S cv cv

flow in water turbines, which is studied in the present work.

—J rX(QX(QXr))pdV=J (rXU)p(U-n)dA. (4)
2 Derivation of the Angular Momentum Balance v ©s

The derivation of the angular momentum balance starts with theThis is an extremely complicated relation that contains all the
Reynolds transport theorem for an arbitrarily moving deformabfeatures of the linear momentum balance. In addition, it should be
control volume,[13,14], recalled that it was derived from the change in angular momentum

dB d abo_ut pointo,_ which has not yet b_een specified. Relati@ is

syst_ G J' BpdV +f Bp(U,-n)dA obviously valid for all possible choices of
dt tl Jev cs ' If the position vectory, can be approximated as constant over

. . . . . the volume of integration, the angular momentum and linear mo-
whereB is a property of the fluid3=dB/dm is theintensive onim palances are equivalent in continuum mechafid,
value orB per unit mass, andBsy./dt is the rate of change & 5 the angular momentum balance can be derived from the vec-
of a system(material region confined in a control volume that v, yroqyct ofr and the linear momentum balance. However, since
|nstantapeously comprises the system. This expression is th @computational control volumes are not infinitesimal, the dis-
conversion formula between a system and a control volume thalkyizeq angular momentum balance is not necessarily satisfied
|nstantaneously occupies the Same space ar)d, in othgr yvords, ly because the discretized linear momentum balance is satis-
coupling between the Lagrangian and Eulerian descriptions. TRy "t is thus up to the discretization scheme to conserve both
velocity relative to that of tht=T control_ volume surface U5 angular and linear momentum.
=U(r,t) —Ug(r,t), whereU(r,t) is the fluid velocity andJ(r,t)
is the control volume surface velocity. The Reynolds transport2.1 Angular Momentum Balance in Turbomachinery. In
theorem can be used to write all the basic laws in integral fortmrbomachinery, the axial component of the angular momentum
and can thus be used to derive the mass balafsenf, 8 balance about the axis of rotation transfers torque to the rotating
=dm/dm=1), the linear momentum balan¢Blavier StokesB shaft. Assuming thatQ=Qe, (g, is the unit vector in the
=mU, B=dmuU/dm=U), the energy balance B=EE, B zdirection is aligned with the shaft, the axial component of the
=dE/dm=e), and the angular momentum balancB=H, angular momentum baland&g. (4)) about the axis of rotation
=[g(rXVU)dm, g=dH,/dm=rXU). reads
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Or (the Kaplan 1 runner described Igtéor both the first-order hy-
brid and the second-order Van Leer discretization scheomag
the tangential velocities in Fig.(d)). It is obvious that the hybrid

-0 J computation does not satisfy the general Euler equation while the

:" Van Leer computation works well. The Van Leer computations
“= -02r were carried out and analyzed by Nilsson and David4at (the
?E k15 cas¢ which gives detailed information on the analysis in
~ Fig. 2.

-0.3f

The present work uses E@p), without further assumptions, to
investigate numerical accuracy of the computational results.

-04 '

0 02 04 06 08 1
Hub (0) to shroud (1) .
3 The Computational Method
Fig. 2 Angular momentum distributions at the inlet and a sec- The computations used for the investigations in the present
tion before the runner of a Kaplan runner  (Kaplan 1). The dis-\yqori were made using the CALC-PMB finite volume CFD code.
tribution at the inlet should be approximately conserved at the The main features of the CALC-PMB CFED code are its use of

section before the runner in a correct solution, i.e., the curves . -
should coincide. Markers: ' inlet distribution: ~ A: first-order ~ cONformal block structured boundary fitted coordinates, a pressure

hybrid scheme, before the runner;  O: second-order Van Leer ~ COrrection schemeSIMPLEC [18]), Cartesian velocity compo-
scheme, before the runner. The angular momentum is normal- nents as the principal unknowns, and a collocated grid arrange-
ized by the runner radius and the runner angular velocity. ment together with Rhie and Chow interpolation. The computa-
tional blocks are solved in parallel with Dirichlet-Dirichlet
coupling using PVM(parallel virtual machineor MPI (message
passing interfade The parallel efficiency is excellent, with super
scalar speed-up for load balanced applicati¢®8]. The ICEM
f rFsﬂdAJrf erng+J' 2rQUpdVv CFD/CAE grid generator is used for grid generation, and Ensight
cs cv cv :
and Matlab are used for post-processing.
Coriolis and centripetal effects are included in the momentum
=f rUgp(U-n)dA (5)  equations when the computational domain is rotating, but the low-
cs Reynoldsk— o turbulence model of Wilcox20], which can be
wherer is the cylindrical radial direction ané is the tangential integrated all the way to the wall, is used without terms for rota-
direction. The term involvind) originates from the Coriolis term tional effects. This is common in turbomachinery computations
of the angular momentum balance. There is no effect of the cdr reasons of numerical stability and the small impact of such
tripetal term, however, since the coordinate system rotation vect&ms in these kinds of industrial applications.
Q, is aligned with the axial component of the balance. Further, if This work investigates the computational results obtained using
gravity, as in the present work, is the only body forcetwo different discretization schemes, the hybrid scheme, and the
JevrFLedV=0. Equation(5) is the central equation in the presentvan Leer scheme. Equations and discretization schemes are de-
work. scribed in the following sections.

Equation(5) can be further reduced for simple investigations of : —— -
the flow in turbomachines. This is done in the remainder of thj 31 Equations, The steady Reynolds time-averaged conti

section. When applied to a thin stationary axisymmetric stre ﬁwty and Navier-Stokes equations for incompressible flow in a

tube (r=const at inlet and outlgtvith uniform inlet(index 1) and athatlng frame of reference red{1,22)
outlet(index 2 velocities and negligible surface forces, E§). is

reduced to ﬁp_uizo
X
rFpedV=Am(r,Up—r,U,)
fcv b Zrez Tame U, P d (( . )aui)
where Am is the mass flow through the stream tubeFlf, in- IX; 2 IO s IX;

cludes all the tangential body forces from the blades in a turbo-

machine, we obtain the power balance for the stream {ul53, TP~ Péijk €am2i iXm = 2p€ijic 2 U

—APga= AMQ(r,U po— 11U o). (6) where— €jjc€qm2jQ Xy is the centripetal term ane 2e;;, ;U

is the Coriolis term, owing to the rotating coordinate system. Be-
cause of the potential nature of the pressure, gravitational and
uJﬁ‘élntripetal termg|,22], they are put together during the computa-

This is thegeneral Euler equation for turbomachinefi5], re-

tance of the angular momentum balance in this kind of flow.
Equation(6) can be used to verify the numerical results to some

extent. One can assume that the thicknesses of the stream tubes _

through the domain are proportional to the channel width, and that IXi

the mass flow through all the stream tubes is the sahté, These

are not accurate assumptions, which is one of the reasons that THigs, a relation for theeducedpressure is

simplified method is not complete. Further, the shaft power in

each stream tube is difficult to obtain, and thus the general Euler P* =P —pgiX;+ p€ijx €ximj Q1 XmX; .

equation is not easily applicable in the region where the runner

blades are located. However, the distributionrtf, should be In post-processing, the variation of the gravity term is assumed

approximately conserved in each stream tube in regions whéeoebe negligible and the centripetal term is simply subtracted from

there are no runner bladeA Pg,.;=0). Figure 2 shows the an- the reducedpressure.

gular momentum distribution of the circumferentially averaged The k—» model of Wilcox[20] for the turbulent kinetic en-

flow at the inlet and a section above the runner of a Kaplan runrengy, k, and the specific dissipation rate, reads

JIP* aP
== o TPII Peijk Y X
I
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Uk a AR
=— + —|—|+P—pB* ok
(9)(]' (9)(]* - (0% ﬁXj K P,B @
dpUjo 1% M\ do| o
=— + —|—|+ —(c,1Px—C k
(9Xj (9Xj M o, ﬁXj k( wltk w2P w)

where the turbulent viscosity,, is defined as

k
=P
The production term reads
b U, N au;| aU;
KT E x| axg

and the closure coefficients are given by

D=Dp if |Dp—20p+Dy|=|De— Dy

De—Dp) (Pp—P
U>0= (De:<1>p+( E p)(Pp w) otherwise
Pe— Dy
Q=g if |Pp—20c+Deg|=|Dp— Dl
Pp— D) (Pe—P
U.<0= (I)e:(DE+( P ) (Pe—Peg) otherwise
Cp—Dge

The diffusion is discretized using central differencing.
This scheme is thus a bounded first-order upwind scheme with
a correction term, which makes it second-order accurate.

3.3 Convergence, Verification, and Validation. An itera-
tively converged solution is assumed to have been reached when
the largest normalized residual of the momentum equations, the
continuity equation and the turbulence equations is reduced to
103, [24]. The residuals of the momentum equation are normal-
ized by the sum of the mass flow through the turbine and the mass

. 3
B*=0.09, c,i==

9 sz:ms =2 and o,=2.

flow through the periodic surfaces multiplied by the largest veloc-

) o ) _. ity component in the computational domain. The residual of the
A no-slip wall boundary condition is applied for the V_eloc't'escontinuity equation is normalized by the sum of the mass flow
andk=0 at the walls. The specific dissipation at the first nodgyrough the turbine and the mass flow through the periodic sur-
normal to the wall(aty " <2.5) is set tow=6v/(C,,,n°), where faces. The residuals of the turbulence equations are normalized by

n denotes the normal distance to the wall. For the pressufge largest residual during the iterations.
9*P1dn?=0 at all boundaries. Dirichlet boundary conditions are The iteratively converged results of a correctly implemented
applied at the inlet and Neumann boundary conditions are applifitite volume method should be conservative with respect to the
at the outlet for the velocity components and for the turbule@bomputed equations. The computational results of the continuity
quantities. and linear momentum equations have been verified by the method
described in this work. The result from this verification corre-
ponds to the iterative convergence limit. The information ob-
gined from the angular momentum balance can not be obtained
om the mass or linear momentum balances, however, since the
gwlte volume formulation conserves mass and linear momentum
é(vhen the residuals are small.
" The CALC-PMB CFD code has been extensively validated
ainst the GAMM Francis runner, the Mgorsen(Turbine 99—

3.2 Discretization Schemes. To solve the discretized linear
momentum equations, the fluxes through the faces of the com
tational control volumes must be known. Since all variables a
calculated at the nodes, some kind of interpolation must be use
obtain the fluxes through the computational control volume fac
A number of ways of doing this are described in the literatur
This work studies the numerical solutions obtained when usin

the hybrid and the Van Led23] discretization schemes. Both . o -

discre{ization schemes are bounded and use upwinding for ftlrla Kapl2a5n r_:_Jrr]\ner, (;hethefc;rseE dlstrlbuté)r agd alquerglp tesrg

convective terms. They are briefly described in the foIIowinﬁ%ses[. - € code has aso. een used and validated in other

sections. f ustrial applications, _such as: LES of the flow around a simpli-
fied bus, LES of a high-lift air foil and heat transfer in gas

3.2.1 The Hybrid SchemeThe hybrid scheme is a combina-turbines.

tion of the central and the first-order upwind schemes. It usesThe code uses double precision real numbers to avoid numeri-

central differencing if the magnitude of the Peclet number is beal cancellation.

low two and first-order upwind differencing otherwise, i.e.,

=0, for U>0 and |Pg|=2 4 Cases

The angular momentum balance method described in the
present work is applied to the flow in water turbines. There are
numerous types and configurations of water turbines, each opti-
mized for the conditions of the specific power plant. The water
turbines studied in this work are low-head Kaplan turbines, which

Fe are the most common water turbines in Sweden.
Pe=- The geometry and flow features in the vicinity of a Kaplan
water turbine runner comprises an axisymmetric duct with radial
whereF, is the convective mass flux ard, is the diffusion flux swirling inflow above the runner and axiéteally nonswirling
at the computational control volume faces. The fadtothat ap- flow through a short axisymmetric diffusor below the runner. The
pears in the central scheme is a linear interpolation factor thexigular momentum balance method is applied to two Kaplan run-
allows the grid to be nonuniform; for uniform gridg,=0.5. The ners and a simplified geometry of the axisymmetric duct of one of
hybrid scheme thus uses the first-order upwind scheme if convélee Kaplan runners without the runner bladsse Fig. 3.
tion is dominant and the central scheme if diffusion is not negli- The cases are briefly described in the following sections.
gible. The diffusion is discretized using central differencing for
|Pe|<2 and is neglected otherwise.

d =P for U,<O0 and |Pg|=2
Do=f D+ (1—f)Dp for |Pe|<2.

The Peclet number reads

4.1 Simplified Geometry. Figure 4 shows the meridional

The major drawback of the hybrid scheme is that convection §ontour of the simplified geometry and two computational grids

dominant in most flows, and the scheme can thus be regarded 441 14,378 and 31,521 control volumes. The complete geometry
first-order upwind scheme. IS the axisymmetric volume obtained from revolving this geom-

etry around th&-axis. The grids have different grid density in the
3.2.2 The Van Leer SchemeThe scheme of Van Le¢R3]is through-flow direction and similar grid distributions in the other
of second-order accuracy except at local minima or maximayo directions. There are seven computational control volumes in
where its accuracy is of the first order. One advantage of thise periodic direction, covering 10 deg of the total circumference.
scheme is that it is bounded. For the east face, it can be writteeriodic boundary conditions are used in the circumferential di-
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Fig. 4 Meridional view of the coarse  (left) and fine (right) grid
of the simplified geometry. The grid densities and distributions
differ mainly in the through-flow direction.

runner(denoted Kaplan Pwere thoroughly investigated and vali-
dated against measurements at the Turbine 99—II workshop. The
investigations included in the present work use the computation
that was denoted the standard case in the workshop da@edr,
which used the Van Leer discretization scheme. A computation
with the hybrid discretization scheme has also been made to show
the difference in the angular momentum balance between the two
schemes.

Both Kaplan cases include the clearance between the runner
blade tips and the shroud, which makes structured multiblock grid
generation very complicated.

(b) 5 The Angular Momentum Balance Method

5.1 Implementation. The fundamental idea of the angular
momentum balance method is to compute the flux of angular mo-
mentum through the computational control volume faces using
exactly the same discretization scheme as was used for the flux of
linear momentum in the CFD solvésee Section 3)21t is very
important that this implementation is made correctly since small
errors in computing the fluxes make it impossible to investigate
the balance error. The angular momentum fluxes are used to com-
pute a control volume angular momentum balance error by sum-
ming up the flux into the control volume and generation inside the
control volume, and normalizing by the flux into the computa-
tional domain, i.e.(c.f. Eq.(5))

€= f rFsgdA+f eredV+f 2rQU,pdVv
© cs cv cv

Fig. 3 The three geometries studied in this work. In all cases - jcsru GP(U'n)dA) / LNLETVU op(U-n)dA.
the flow is swirling radially inwards at the top and axially down-

wards at the bottom. (a) The simplified geometry, (b) Kaplan 1,  The control volume investigated can be a computational control
(c) Kaplan 2. volume or a control volume that comprises several of the compu-
tational control volumes. When computing a balance error over
several computational control volumes, a summation of the bal-
nce errors over the computational control volumes cancels the
luxes through internal faces, which results in a balance error of
the composite control volume.
In the present work the angular momentum balance method is

4.2 Kaplan Runners. Two different Kaplan runners are in- applied to through-flow investigation27]. Applying the method
vestigated in the present work. For both cases, the steady flonbetween two cross-flow plangsxisymmetric in turbomachine
computed in a single rotating blade passage employing periodimners yields the angular momentum balance error between
boundary conditions. Inlet boundary conditions are taken frothose planes. Placing the first cross-flow plane at the inlet and
separate computations of the flow in the upstream guide vameving the second cross-flow plane from the inlet to the outlet
passage. (from plane 1 to plane 26 in Fig.(&) yields the global angular

Detailed information on the first Kaplan runner cdgenoted momentum balance error evolution along the flow path. This can
Kaplan 1 can be found in the literatur¢24,25, where it is de- be easily done in the CFD code if there are cross-flow grid planes
noted case k15. The simplified geometry in this work is the santleat can serve as boundaries for the control volumes investigated.
as the upper part of the duct of this Kaplan runner, where the errorA more general method for summing the balance error over a
is greatest for the hybrid discretization scheme. subdomain of the computational domain is to save the computa-

The computational results of the flow in the llédorsen Kaplan tional control volume balances as an element-bdsedstant in

rection. The velocity profile at the inlet is a turbulent 1/7 profil
with a swirling component[24], and the steady axisymmetric
flow in the inertial coordinate system is computed.
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Fig. 5 Definitions of the cross-flow axisymmetric surfaces.

The numbered surfaces (represented by thin lines ) are grid sur-

faces for the simplified case and general control surfaces for

the Kaplan cases. (a) The simplified geometry with numbered
axisymmetric cross-flow grid surfaces corresponding to the

coarse grid. (b) The meridional contour of the Kaplan 1 runner
(thick lines ). The dashed lines show the computational domain.
(c) The meridional contour of the Kaplan 2 runner
The dashed lines show the computational domain.
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(thick lines ).
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Fig. 6 Local and cumulative error distributions from inlet to
outlet of the simplified geometry. Dashed line: Van-Leer, local
error; dotted line: hybrid, local error; solid line: Van-Leer, cu-
mulative error; dashed-dotted line: hybrid, cumulative error. (a)
Coarse grid, (b) fine grid.

each computational control volumerror density, i.e., the balance
divided by the volume of the computational control volume. Us-
ing a post-processing tool such as Ensight, the sum over any sub-
domain can be derived by an element-based volume integral of the
error density over the subdomain. There is then no need for ex-
plicit grid planes at the cross-flow surfaces, and they can cut ar-
bitrarily through the geometr§see Figs. &,c)). The only require-
ments on the post-processing tool are that it can cut out arbitrary
parts of the computational domain and compute the volumes of
the computational control volumes correctly. The element-based
volume integral is then obtained by multiplying the volume of the
computational control volume by the local balance, which is con-
stant in each computational control volume. The overall balance
and volume of the computational domain were conserved in the
analysis by Ensight, and the investigation of the simplified geom-
etry gave the same result in both the analysis by the CFD code
and in the analysis by Ensight. This shows that no significant
errors are introduced in the post-processing by Ensight.

5.2 Results. Figure 6 shows the locdbetween two neigh-
boring axisymmetric surfaceand cumulativefrom the inlej an-
gular momentum balance error distributions from inlet to outlet
(see Section 5)lin the simplified geometry. The overall balance
(from inlet to outlej is obviously not necessarily representative of
the accuracy of the computations since the errors in different parts
of the domain might cancel each other. The coarse grid hybrid
analysis in Fig. 6) highlights this problem, where the total error
of the domain is small but the error in different subdomains is
large.

Both the hybrid and the Van Leer discretization schemes yield
small local errors. The cumulative errors show, however, that the
hybrid scheme accumulates the local errors while the Van Leer
scheme cancels the local errors. Both schemes have problems at
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Fig. 7 Cumulative error distributions from inlet to outlet of the
Kaplan cases. Dashed line: Van-Leer, Kaplan 1; dashed-dotted
line: hybrid, Kaplan 1; solid line: Van-Leer, Kaplan 2; dotted
line: hybrid, Kaplan 2.

the inlet and at sharp geometric corndoxated at computational
control volume planes 8, 12, 16, and 18 for the coarse grid and 17,
26, 35, and 40 for the fine gnid

Figure 7 shows the cumulative angular momentum balance &ig. 8 Iso-surfaces of the absolute value of the computational
ror distributions in the Kaplan runners from inlet to outlgee control volume angular momentum balance indicating where
Section 5.1 The angular momentum balance method Cbargz\?e largest errors are located. The Kaplan 2 case with the Van
shows the difference between the Van Leer scheme and the hy§§" Scheme.
scheme. The hybrid scheme accumulates the local errors while the
Van Leer scheme cancels the local errors.

The analysis shows that the hybrid scheme performs worst in
the first part of the Kaplan 1 computational domain and best in tiyg

first part of the K?plan 2 computational domafrom the inlet to 5 ypjieq to through-flow investigations. It is shown that the hybrid
aX|sytr)‘r|1metrLC sur arl]ce)|5 bal estimai fth | scheme cannot be used and that the Van Leer scheme needs im-
Table 1 shows the global estimations of the angular mome”“gﬂyvement to give quantitatively correct results for these kinds of

ﬁ}all‘:?‘inge gggg ;Vhfhhecﬂgngggdl}g :ﬁo?%/:;?grﬁubngra:ﬁtcl\éee\:rﬂ? @plications. The global angular momentum balance errors of the
gs. ¢ : 9 gul brid scheme are shown to be about 30 times larger than for the
the hybrid scheme are about 30 times larger than that of the h Leer scheme.

Leer scheme in the Kaplan cases. This work has studied only a small part of the angular momen-
It may seem that a 0.7% angular momentum balance ergr, pajance that is important to a single vortex with known fea-
(Table 1, Van Leer, Kaplan)3s rather good, but there_ are at Ieas{ures. There are, however, several vortices of unknown features in

two reasons why the error should be reduddd:the linear mo- v, -omachinery flowand most other flows as withat must also

mentum is bettoer predicted?) water turbine efficiencies are very o resolved. A discretization scheme that simultaneously preserves
high (about 95% and_ the Improvements that can _be made are iy, the linear momentum balance and tremeralangular mo-
the range of 0.1% in efficiency. Since the efficiency of watef o wum balance is needed.

turbines is closely related to the angular momentum balésee
Section 2.1 it is interesting to further investigate the angular mo-
mentum balance for the Van Leer scheme. Figure 8 shows i%éknowledgments
surfaces of the largest angular momentum balance error magni-

tude for the Kaplan 2 Van Leer computations. This gives an This work is financed and supported by ELFOR&BWwedish
indication of where to start the quest for improved results with thelectrical Utilities Research and Development Compartiie

d the second-order Van Leer discretization schemes in swirling
w in water turbines. The angular momentum balance method is

Van Leer scheme and the present grid. Swedish National Energy Administration and GE Ene(§yve-
den AB.
6 Conclusion GE Energy(Sweden AB and its staff, particularly Bengt Nau-

This work presents a method of investigating the discretizatitgrllr?g satjrgpg:?tefully acknowledged for information on geometry
error in swirling flow computations. The method is based on the Professor F. Avellan and the staff at IMHEF-EPFL in Lausanne

fact that the discretized angular momentum equations are not N&fe gratefully acknowledged for their influence during the prelimi-
essarily conserved when the discretized linear momentum eqtl fy stages of this work

tions are solved. The method is applied to the first-order hybri The computational resources used at UNICC, Chalmers, are
gratefully acknowledged.
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Conservatism of the Grid Convergence The authors’ conclusions include the following. For the linear
model problem with exact solution: “The GCI has predicted the

Index in Finite Volume real absolute discretization error for all the studied situations quite

Computations on Steady-State Fluid well.” For all problems: “The certainty of the error band esti-
mators has been checked by comparing its value to the “exact”

Flow and Heat Transfer [reference value, highest-order method on finest]gaidsolute
error of the numerical solutions, always obtaining very reasonable
values.”

Patrick J. Roache Here, | summarize some conclusions obtained from examina-

Consultant, 1215 Apache Drive, Socorro, NM 87801 tion of the results if1] which shed light on the question of the

e-mail: hermosa@swcp.com conservativgor nonconservativecharacter of the GCl in the en-

gineering sense. That is, how often is the actual error greater than

This note presents observations[@hrelevant to the evaluation that banded by the GCI? My stated goal has been the 95% cer-
of the adequacy of the conservatism of my grid convergence ind@inty (5% uncertainty, what would be roughly ar2rror band
(GCI) method of uniform reporting of grid convergence studie# the distribution were Gaussiarerror band typical of experi-
for verification of calculations|2]. This is a timely issue, perti- mentalists, i.e.~19 out of 20 cases produce GCactual error,
nent to current interest in revised publication standards for JFEaner an ensemble of CFD problems, including physical problem,
computational fluid dynamics. grid sequence, and numerical methods. The results are most en-

The authors[1], present a uniquely far-ranging application oftouraging for my recommended factor of safétg=1.25 for
the GCI. They treat the following seven problems, any one dfiree or more gridstA more detailed summary is available from
which would constitute a study worthy of publication: two-the authoy.
dimensional driven cavity (laminap, variants with two- Briefly, the net result is 14 NChonconservativeof 176 entries,
dimensional inclined walls, with five levels of grid refinementpr 8.0%. Restricting the count to the SMART algorithm, the net
three-dimensional driven cavityaminap, with four levels of grid result is 2 NC of 88 entries, or 2.3%. For the UDS algorithm, the
refinement; axisymmetric turbulent flodow Re ke) through a net resultis 12 NC of 88 entries, or 13.6%. This justifies the claim
compressor valvetanh stretching, zonal refinement, power-lawin [2] and elsewhere that lower order methods are not only less
advection differencing, with five levels of grid refinement; threeaccurate, but their error estimat@nd error bandsare less reli-
dimensional premixed methane/air laminar flat flame on a perfable. Neglecting all cases with<1, which might arguably be
rated burner, with seven levels of grid refinement; free convectigonsidered, we would obtain a net 13/127 for 10.2%. It is seen
heat transfer from isothermal cylinder in a square duct, threat discardingp<<1 cases discards proportionately more conser-
zones tanh stretching of body-fitted grid, with five levels of grid vative results. This probably is due to the fact thas increasing
refinement; two-dimensional linear advection-diffusion models convergence is approached, so that the lag effect makes the
problem, rotated one-dimensional exact solution, with six levetgtimator and error band more conservative. That is, the fine grid
of grid refinement. Both global and local GCI are calculated. Cagalculation has @ larger than the averagebserved p over the
tesian staggered and boundary-fitted nonstaggered grids are uggeeée grids.
with two numerical schemegipwind differencing and SMART  In summary, from the limited perspective and interest of
or power-law differencing As recommended]2], when three determining the conservativeness of using the GCI wth
or more grid solutions are used to calculate an observed rate-of .25, the results of Cadafalch et &l] lead to the following
convergencep, the authors use GCI with factor of safeBs conclusions.
=1.25. They test all nodes for monotone or oscillatory conver- ) )
gence(as observed over the grid set used global observegp 1. Confirm that the recommenddts=1.25 used with three-
is used in the local GCls(Using local p is erratic, [3].) The grid studies to determine the observeds roughly compatible
authors present local observpand local volume-weighted GCI, With the target error bant6% uncertainty. _
deviations from global values, and fraction of nodes that are os-2: Confirm that UDS is not only less accurate than higher order
cillatory versus(observedl monotone.(Boundary nodes are ex- methods but is Iess_ reliable, e, the error estimates and error
cluded) As many as 1/3 of the nodes are determined to be osdg@nds are not as reliabler “credible”). _
latory. The exact solutions being unknown, the benchmark or3:- Suggest that reliable GCI may be calculated using a global
reference solutions are those obtained using the highest or888€rvedd even though as many asl/3 of the node values are
method on the finest grid. As in all such exercises, this makes taOWn to be converging nonmonotonically. _
GClI evaluation less conclusive for the finest grid sequences, buft Suggest that there is no necessity to discard results

the evaluations from the other grid sequences should not be Sf§jth observedp<1, probably because is increasing as con-
nificantly affected. vergence is approached, so that the lag effect makes the estimator

and error band more conservative. This leads to excessively con-
Contributed by the Fluids Engineering Division for publication in tloJBNAL servative GC.I fO_I‘ SMART calculations, but thIS_ IS not an Impedl_
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with my own experiments on the Burgers equation anfact, in two of their own cases, the@, methods are more con-
with other papers cited ifi2], provided that those papers alscservative than the GC[See discussion of Table 3 {i2] on page
use careful multigrid studies with experimental determination @07, and discussion of Table 4 [&] on page 8. In the first case,

observed. their correction factor produces an equival€ist= 6.4, hence the
excessive conservatisnThis occurs again for a third problem by
References Ebert and Gorsk[6]. (In this work, theCk method was exces-

[1] Cadafalch, J., Rez-Segarra, C. C., @sul, R., and Oliva, A., 2002, “Verifi- S|v_ely Coﬂsewatlve c_ompared even to the very conservative GCI
cation of Finite Volume Computations on Steady State Fluid Flow and He&{s_mg Fs_*s for a_ mlnlmql tWO-ngd_ study.At the very worst,
Transfer,” ASME J. Fluids Eng.124, pp. 11-21. with their uncertainty estimator usinG,=1, the reported GCI

[2] Roache, P. J., 1998rification and Validation in Computational Science andysingFs=1.25 would be 25% larger. To put this into perspective,
Engineering Hermosa Publishers, Albuquerque, NM. a C,=1 best estimate for grid convergence of 2% would be re-

[3] Cadafalch, J. 2002, private communication. v . .

ported as a GG2.5%. This is hardly excessive conservatism,
and produces something more like the desired 5% uncertainty
rather than the-50% uncertainty ofc,=1.

Criticisms of the “Correction Factor”

Verification Method 5 Uncertainty Estimates for the Corrected
(Richardson-Extrapolated) Solutions

Patrick J. Roache The authors claim to have extended their own correctic_)n factor
: . method and the GCI to cover the case when the corrd&eh-
Consultant, 1215 Apache Drive, Socorro, NM 87801 ardson Extrapolatedsolution is actually used as the final solution
e-mail: hermosa@swcp.com (rather than RE just being used to estimate the error for the fine
) o o grid solution. This extension is not correct in its asymptotic be-
This note presents criticisms of the verification methods prezyior, is grossly unconservative, and ignores my heuristic but
sented in(1,2] and modified in(3]. Therein, the “correction fac- more conservative formulation previously suggested two decades
tor” verification procedure of the authors is contrasted to my grlgar”er, [7]; see Eq.(5.6.4 of [5] and discussion thereirtAs L.
convergence indexGCI) method first presented ia] and later £cq (pers. comm). has recently pointed out, that equation is lim-
refined to include a more general factor of safgy, In[1-3] the  jied tor=2, p=2.) The poverty of their concept is shown by the
authors refer to the GCI as the “factor of safety” method, but hergct that, in the asymptotic regime wherein by their des@n
| retain the original descriptor, already well established in the 1 their extensions yield the meaningless uncertainty estimates

literature. - ) . i Uc=0. (Ega and Hoekstr&8] have described the performance of
Details and several additional minor points are available frogpese uncertainty estimates as “a complete fiasco.” See[8lso
the author. Aside from the evident failure of this procedure, the authors

have simply claimed that their use of the corrected solution ad-
] dresses the criticisms of Oberkampf and Trucft@ by making
1 50% Uncertainty the treatment of the numerical error stochastic rather than deter-

By the authors’ design, the correction factGy—1 asAx Ministic. This claim is unsupported.

—0. This means the method reverts to Richardson Extrapolation, . .
which, being the best estimate possible with the available infdp- Determining Conservatism
mation, producegby definition ~50% uncertainty estimate. This  Attempts to assess the adequacy of the conservatism of the GCI
violates the intention explicitly stated [A—3] and shared if4,5]  or the C, in [1-3] and elsewhere by looking at the “conserva-
of achieving a 95% certaintgor 5% uncertainty, what would be tism” of GCI for a single problem miss the point. The only way to
roughly a 2r error band if the distribution were Gaussialiis a assess this is to consider an ensemble of problems, [&8.ifihe
mistake to think that the goal of 95% certainty is appropriate onlyew data by Cadafalch et dl11], which covers seven physical
outside the asymptotic regime; “asymptotic range” does not inproblems from laminar planar flows to turbulent axisymmetric
ply zero error. flows, are still supportive of the conclusion given[#) that the

. GCI method withFs=1.25 correlates roughly with the desired
2 Use of Theoretical Rather Than Observed Conver- 50, uncertainty.

gence Rate

The authors use “at least three” grid solutions to experi? Apparent Monotone Convergence
mentally determine the order of convergengebut then often  The paper$l-3] ignore the possibility that observed monotone
use a theoretical value for the estimated asympmtthis negates grid convergence may only be apparent, due to sampling error.
the value of performing three-grid studies and determininghis is common, almost universal practice, and is not much of a

observed. criticism, except for the fact thasome of the same authors else-
where,[12], have pointed out the possibility. This issue, and more
3 Equivalence of theCk and GCI Methods generally nonconstam has been addressed seriously only bg Ec

and Hoekstrd8,9] who use a least-squares approach to evaluate
Jpbservedp over a minimum of a four-grid setNote that more
n a three-grid set is required to detect variable obseryéthe

choosing the factor of safety. This equivalence has since b d K hod i ded f isv d
acknowledged by the authors|i8]. Unfortunately, as noted under UNique Ea and Hoekstra method is recommended for noisy data
far from the asymptotic regime.

#1, their method gives-50% uncertainty, which is not acceptable.

The authors’ correction factor procedurgl,2], is in fact

4 Claims of Excessive Conservatism of GCI Final Comment

The authors’ claims that the GCI wifis= 1.25 is excessively The present criticisms and those given earlier by Oberkampf

conservative compared to their own method are not justifiable. [3: ven if taken at face value, should not detract from the many
valuable aspects of the papdrs-3]. These includeg(a candid
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ment ratio with nonorthogonal boundary-fitted gridls) consid- To my knowledge, the only published verification and valida-
eration of the interaction of iterative convergence criteria with thgon (V&V ) approach[1-3|, for computational mechanics simu-
grid convergence study, arid) incorporation of modifications in lations that produces quantitative validation results is based on the
the validation metric of14] to include a programmatic toleranceconcepts and definitions used in experimental uncertainty analy-
as recommended ifl5] and/or validation atE level whenE sis. Since these are generally not familiar to those who have no
>Uv whereE is the discrepancy between simulation and experéccasion to apply experimental uncertainty analysis in their work,

ment. (See Case 4 of Section 4.1 [df].) | have noted a number of misconceptions in V&V discussions in
Ref papers, articles, and reports in the past several years. My objec-
eterences tives in this note are to clarify the ideas in this quantitative V&V

[1] Stern, F., Wilson, R. V., Coleman, H. W., and Paterson, E. G., 2001, “COrTapproach; to Suggest a new Viewpojand nomendatubdor as-

prehensive Approach to Verification and Validation of CFD Simulations—Pal . ; ;
I: Methodology and Procedures,” ASME J. Fluids Eng23 pp. 793-802. gess.me.nt .Of the .reSU|tS of .V&V efforts; and tp dIS(.:USS an mher.ent
[2] Wilson, R. V., Stern, F., Coleman, H. W., and Paterson, E. G., 2001, “Con@MDbiguity in the interpretation of results of grid refinement studies
prehensive Approach to Verification and Validation of CFD Simulations—Pathat are used in verification approaches.
II: Application for RANS Simulation of a Cargo/Container Ship,” ASME J.
Fluids Eng.,123, pp. 803-810.
[3] Wilson, R., and Stern, F., 2002, “Verification and Validation for RANS Simu-
lation of a Naval Surface Combatant,” AIAA Paper No. 2002-0904.
[4] Roache, P. J., 1993, “A Method for Uniform Reporting of Grid Refinement

Studies,” Quantification of Uncertainty in Computational Fluid Dynamit¢s . . . . )
Celik, C. J. Chen, P. J. Roache, and G. Scheurer, eds., ASME, New Yowerification and Validation (V&V ) From an Experimen-

ASME FED-Vol. 158, pp. 109-120. i i i
[5] Roache, P. J., 199&/rification and Validation in Computational Science andtal Uncertamty Analy5|s Perspectlve
Engineering Hermosa Publishers, Albuguerque, NM. The schematic in Fig. 1 shows my view of the V&V process

[6] Ebert, M. P., and Gorski, J. J., 2001, “A Verification and Validation Procedurﬁ.om the perspective of the definitions and concepts used in ex-
for Computational Fluid Dynamics Solutions,” NSWCCD-50-TR-2001/0006 . t F; P taint lvsi 6l. Th pf
Hydromechanics Directorate Report, NSWC, Carderock Division, West Btp—e“men al uncertainty ana ySIB}— ] € sources or errors are

thesda MD. shown in the ovals, and the corresponding symbols for the errors
[7] Roache, P. J., 1982, “Scaling of High Reynolds Number Weakly Separat¢$) and the uncertaintie@J) are indicated adjacent to them. Per-
Channel Flows,"Numerical and Physical Aspects of Aerodynamic FloWs tinent definitions ard5,6]: (A) error(of measuremeittresult of a
Cebeci, ed., Springer-Verlag, New York, pp. 87—98. L
[8] Eca, L., and Hoekstra, M., 2000, “An Evaluation of Verification Proceduregn.easurement minus a true value of the measur{ind(wcer'
for Computational Fluid Dynamics,” IST Report D72-7, Instituto Superiortainty (of measuremeittparameter, associated with the result of a
Tecnico(Lisbor), June 2000. measurement, that characterizes the dispersion of the values that
[9] Eca, L., and Hoekstra, M., 2002, “An Evaluation of Verification Procedure%0u|d reasonably be attributed to the measuraarlsb from the
for CFD Applications,” 24th Symposium on Naval Hydrodynamics, Fukuoka1984 first editi 8- ti t h terizi ’th £
Japan, July 8—13. irst edition of[6]: an estimate characterizing 'e range o
[10] Oberkampf, W. L., and Trucano, T. G., “Validation Methodology in Compu-values within which the true value of a measurand)liés first
tational Fluid Dynamics,” AIAA Paper No. 2549. _ presented by Coleman and Stehl], these concepts were ex-
[11] Cadafaich, J., Rez-Segarra, C. C., ®sul, R., and Oliva, A., 2002, *Verifi- tanded to apply to a simulation result as well as an experimental

tion of Finite Volume Computati Steady State Fluid Flow and Hegt ) & ST =
e ASMIE gluglidsog:%fﬁfg;°1n1_zel"f‘ y State Hud Fow and Hesult, and the definitions include both random errors/uncertainties

[12] Coleman, H. W., Stern, F., Di Mascio, A., and Campana, E., 2001, “Th@nd systematic errors/uncertainti@ghich are the type affecting
Problem With Oscillatory Behavior in Grid Convergence Studies,” ASME Jthe simulation result in most instanges
Fluids Eng.,123 pp. 438-439. The “truth” is the real value of a quantity of interest defined by

[13] Oberkampf, W. L., discussion, and Coleman, H. W., and Stern, F., 2002, atLﬁ b d inted tb . . bstracti
thors’ closure, ASME J. Fluids Engl24, pp. 809-811. e observer and, as pointed out by a reviewer, is an abstraction.

[14] Coleman, H. W., and Stern, F., 1997, “Uncertainties in CFD Code Validation/AS an example for this note, define the reality of interébe
ASME J. Fluids Eng.119, pp. 795-803. truth) as the drag force on a perfectly made, perfectly smooth
[15] Roache, P. J., discussion, and Coleman, H. W., and Stem, F., 1998, authgisecific aircraft model suspended without support in a uniform,
closure, ASME J. Fluids Eng120, pp. 635—636. S e . . . .
infinite flow of specified velocity of a designated fluid at desig-

Some Observations on Uncertainties nated thermodynamic conditions, etc. This truth is independent of

experiment or simulation; however, incomplete definition of the

and the Verification and quantity gives rise to an additional uncertairffy). (As discussed
. . . . later, in the special case of the experiment as run being defined as
Validation of a Simulation the reality of interest, the truth is obviously not independent of the
experimeny.

In the Coleman and Stern V&V approagh-3,7, we defined
Hugh W. Coleman _ three categories into which all of the errai® in a simulation
Professor, Propulsion Research Center, Mechanical andresult, S, were assigned. The categories are those erdsg 4
Aerospace Engineering Department, University of due to modeling assumptions, thosésgp) due to the use of
Alabama in Huntsville, Huntsville, AL 35899 previous experimental datéwhich contains errojs and those

(dsn) due to the numerical solution of the equations. The corre-
sponding uncertainties are designategyW, Uspp, and Uy,
respectively, and are interpreted such that the intervidk, (for

. . . ) . . _example containsdgy 95 times out of 100.

In this note, my objectives are to clarify the ideas in a previously Examples of possible contributors tdsy,, are uncertainties
published quantitative verification and validation (V&V) ap-qe to the turbulence model used and those due to assumptions of
proach that is based on experimental uncertainty analysis COPicompressibility, two-dimensionality, etc.

cepts; to suggest a new viewpoint (and nomenclature) for assesscontriputors toUgpp, are the uncertainties in code inputs such
ment of the results of V&V efforts; and to discuss an inherenl material properties. To estimdtiepp, for a case in which the

ambiguity in the interpretation of results of grid refinement studie§mylation uses previous dath in m instances[1], one must
that are used in verification approaches. evaluate
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Reality of Interest (Truth)

Modeling
Assumptions

SDA
PEE———— . .
Approximations
Uoa

Experimental
Errors

Experiment |-~ Ooexe

Previous Experimental
Data (Properties, etc.)

Numerical Solution

of Equations Simulation

UDEXP
VALIDATION VERIFICATION
Comparison Error: . .
Experimental Data, D E=D-S Simulation Result, S
Validation Uncertainty:
U, = \/U:A + U:Exp 2 5 5 Us = \/U§MA + ngn + U:N
Uya = \/Uo +Ugpp + Usy
Fig. 1 A view of the verification and validation process (sources of error shown in ovals )

where theUq are the uncertainties in the input data. Note that a If truth is defined as the drag force on the moutethe experi-

sensitivity coefficient must be determined for eath-in com- ment as runthenUp,=0 and the “Experiment” and “Reality of
plex casegwith combustion and heat transfer, for exampleis Interest” boxes in the figure are one and the same. This is the only
m|ght require more resources than those required by mumgmse in which the experiment as run and the defined “truth” are
convergence studies. the same. As pointed out by RoacHi], in the sense used here

For Ugy, an important contributor is usually the uncertaintfhe experiment is always a reality but is not always the reality of
arising from the size and type of grid used in solving the dignterest.
cretized equations, along with other contributors such as iterativeThree metric§E, Uy, andUqq) are used in the Coleman
convergence, etc. and Stern V&V approachi1-3,7). The comparison errdk is the

The experimental result B, and its associated uncertairityy, ~ difference between the experimental reddland the simulation
is estimated using experimental uncertainty analysis proceduresultS—it is the resultant of all of the errors that influerideand
that have been well establishdd,5]. Uy, is the uncertainty esti- S. The validation uncertaintyJy,, (originally designatedJ,) is
mate appropriate fob—it includes all effects of averaging, in- the combination of all of the experimental uncertaintiglg,) and
cludes all random and systematic uncertainty components, dhé uncertainties in the simulation due to the use of previous ex-
includes any correlations of errors/uncertaintipenzero covari- perimental datal{spp) and due to the numerical solution of the
ance$ and any other factors that influen8eandUp . In some equations Usy). Uya can be viewed as the noise level imposed
instances[8—-10], D and Up have mistakenly been assumed aby all of the uncertainties i and those uncertainties #idue to
pertaining to a single experimental result or measurement and tloe use of previous experimental data and due to the numerical
including the possibility of averaged results or systematic errorsplution of the equations—this means tHatwould lie in the
uncertainties or correlated uncertainty effects—leading then tarange + Uy, 95 times out of 100 ifdgya=0. Thus, if |E|
misinterpretation of the basic ideas in the approgth.3]. >Uya. then the sign and magnitude Bfcan be taken as indica-

In the schematic, | have divided the errorsDrinto categories tive of the modeling errordgy,. On the other hand ifE|
of (1) errorsSp, due to the actual experiment approximating the<Uy,, or |E|~Uya., then from an uncertainty point of view
reality of interest(truth) and(2) experimental error§pexp 0ccur-  nothing definitive can be concluded about the sign or magnitude
ring in the actual test as it is constructed and executed. The cof-dsya (other than observing that the combinationdafy » with
responding uncertainties are designaltglh, andUpexp. If the all of the other errors is less thamh ).
aircraft model is tested in a wind tunnel, then the uncertain® in (I know of no way of estimatindJ gy (or Ssya) before imple-
arising from effects of the finite extent, nonuniform flow in thementation of the validation process, so thgin Fig. 1 cannot be
actual experiment could be assigned to thg, category, while estimated a priorj.
the uncertainty in the simulation due to actually solving the equa- The third metricU 44 is the level of validation required from a
tions on a finite domain would be assigned to thg, , category. programmatic standpoint. If, for example, one must be able to
Uncertainty due to measurement error is one of the contributorsdsompute the drag force to within 1% for the simulation to be
the Upexp category. useful in a design process, théhe,~1%. The V&V process
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does not require specification of a value by, qq, but if a value greater thanU, 5. then the level of validation i$E|. So, in a
of Ueqq iS known it can be used to establish maximum allowablgense, a validation effort can be considered successfH| iand
uncertainties during the planning and design of the validatiddy 5, are determined, regardless of their values. As a result of the
experiment. validation effort, one knows “how good” the simulation igor

An alternate viewpoint and approach to V&\,9,11], uses the particular variables and for a particular set point, of course
definitions: “Uncertainty: A potential deficiency in any phase oWhether or not the result of the effort good enough is influ-
activity of the modeling process that is due to lack of knowledgegnced byU 44 and is considered by some to be a part of certifi-
and “Error: A recognizable deficiency in any phase or activity ofation rather than validatiofil12].
modeling and simulation that is not due to lack of knowledge.”
Use of these definitions to estimate uncertainties or to achieve
guantification of the result of a V&V effort has not yet been pub-
lished.

The Ambiguity Problem in Grid Refinement Studies

Grid refinement studies have been and continue to be used
Comments on the Assessment of V&V Results and/or cited[7-9,11,13,1% for examplé as a means to demon-
Definitions of verification that are in current use are: “verifical'2{€ convergence and assess the.num(.encal uncertaggty In
tion is the process of determining that a model implementati(;r]l5]' hovlve_ver_, It was ShOW’.‘ that grid reflnen%ent iIUd'esl can er-
accurately represents the developer’s conceptual description of &Rgeous Y '”d'.cat? monotonic convergence when t e(taa'un-
nown) behavior is actually oscillatory. In fact, monotonic con-

model and the solution to the mode[;8,9,11, and “verification grgence can also be indicated when the réalt unknows

is defined as a process for assessing simulation numerical un%ehavior is oscillatorydivergence. To use results of a three-grid
tainty . . .,” [7]. Definitions of validation that are in current use wiverg : 9

are: “validation is defined as the process of determining the dg@flnement study to show monotonic convergence, one must as-

gree to which a model is an accurate representation of the r €a priori that the r.eallbehavior is mqnotonic convergence.
world from the perspective of the intended uses of the model onotonic convergence indications from refinement studies using
[8,9,11], and “validation is defined as a process for assessir{ ur _orl n:ﬁre grlts_ls Tayfanake one feel more confident, but in
simulation modeling uncertainty by using benchmark experime tincipie the amoiguity Still remains.

o . o . | suggest that as results of grid refinement studies are used in
té-ll ddata z?mr:i], Wheg cl_ondltlons _perrl?l[t,?]e S(tITT]atmg tg ° sflgn ank(]:i Mafle fut%?e to evaluate convergegnce and asbegs the ambiguity
nitude of the modeling error itself.[7]. e words “from the .

perspective of the intended uses of the model” should be int ust at least be acknowledged to exist when results are reported.

: - : Iso think that this ambiguous trait inherent in grid refinement
preted[12], as referring to the variakl® and set point chosen for a .
the validation effort—a different interpretation of the phrase tha'frn'IethOdS emp_haS|zes the need for development of o_ther defen-
had been made previously by myself and others. sible, economically feasible approaches for demonstrating conver-

More succinct but conceptually descriptive definitions werd€Nc€ and estimatingsy as we strive to develop V&V ap-
given by Roaché13]: verification—solving the equations right; proaches that can actually be useful in science and engineering
and validation—solving the right equations. These can be palaaqpllcatlons.
phrased in a syntax similar to the definitions in the previous para-
graph: Verification is the process of assessing how correctly the
equations are solved; and validation is the process of assessing
how closely the equations model the reality of interest.

The verification process does not require nor use experimental
data and can be performed in the absence of a validation effort.

The validation process does require experimental data with whi¢keferences
simulation results can be compared, and, as formulaté¢dl]iand [1] Coleman, H. W., and Stern, F., 1997, “Uncertainties in CFD Code Validation,”
viewed in Fig. 1, completion of the validation process also re- _ ASME J. Fluids Eng.119, pp. 795-803.

. e . - [2] Roache, P. J., 1998, discussion ASME J. Fluids EhgQ, p. 635.
quires that verification has been performed and an estimate,ef [3] Coleman, H. W., and Stern, F., 1998, authors’ closure, ASME J. Fluids Eng.,

has been made. 120, pp. 635-636.
In recent V&V efforts, [1-3,7-9,11,13,1§ for exampls, [4] Coleman, H. W., and Steele, W. G., 199xperimentation and Uncertainty
workers in the are@myself included have used phraseology in- Analysis for Engineer2nd Ed., John Wiley & Sons, New York.

At ; ; w41 /5] Guide to the Expression of Uncertainty in Measuremg@airrected and re-
dlcatlr,]g that a Slr.nUIa.'tlon or code had been or had POt b.een \:8.|I printed, 1995, International Organization for Standardization, Geneva, Swit-
dated Lor that validation had been or had_not been “achieved.” In  ,erand.
the original Coleman and Stern publicatigt), we proposed to  [6] International Vocabulary of Basic and General Terms in Metro|at93, 2nd
call a simulation validated or not validated based on the relative Ed., International Organization for Standardization, Geneva, Switzerland.

: . : [7] Stern, F., Wilson, R. V., Coleman, H. W., and Paterson, E. G., 2001, “Com-
magnitudes ofE and Uy, . | now believe that a more logical prehensive Approach to Verification and Validation of CFD Simulations—Part

interpretation that is consistent with the meanings of the defini- 1. methodology and Procedures,” ASME J. Fluids Er3 pp. 793—802.
tions in the preceding paragraphs is the following. [8] Oberkampf, W. L., and Trucano, T. G., 2000, “Validation Methodology in
A validated simulation is simply one that has undergone the  Computational Fluid Dynamics,” AIAA Paper No. 2000-2549.
validation process. As a result of that processewel of validation [ Oberkampf, W. L, and Trucano, T. G., 2002, “Verification and Validation in

. : o e Computational Fluid Dynamics,” Sandia National Laboratories Report
(the larger of |E| and Uy,,) is established for a variable at a SAND2002-0529, Mar.
given set point, and that level is independent of whethefgds  [10] Oberkampf, W. L., 2002, discussion, ASME J. Fluids Erig4, pp. 809-810.
specified or notThe phrase “validated simulation” is thus not an [11] Guide for the Verification and Validation of Computational Fluid Dynamics

P . . Solutions 1998, AIAA Guide G-077-1998www.aiaa.org.
indicator of the degree of goodness of the simulation. [12] Roache, P. J., 2002, private e-mail communications.

The Va“qatiqn Uncenfaint!»UVAL sets the bedftightest, |0W39.t [13] Roache, P. J., 1998rification and Validation in Computational Science and
level of validation possible under the circumstances that exist, SO Engineering Hermosa, Albuquerque, NNMvww.hermosa-pub.com/hermdsa
it must be estimated if any informed statement about th&l4] Wilson, R., and Stern, F., 2002, “Verification and Validation for RANS Simu-

: . f . lation of a Naval Surface Combatant,” AIAA Paper No. 2002-0904.
level of validation is to be made. |E| is less tharly,_then the [15] Coleman, H. W., Stern, F., Di Mascio, A., and Campana, Emilio, 2001, “The

level of Va"da_tion can be said to l:t‘i’\/AL _bUt n0t| E|, _Sin'ce| E| ?S Problem With Oscillatory Behavior in Grid Convergence Studies,” ASME J.
below the noise level set by the existing uncertaintiedElf is Fluids Eng.,123 pp. 438-439.
Journal of Fluids Engineering JULY 2003, Vol. 125 / 735
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Water Hammer Phenomena in phase flow through a 90 deg bend pipe that must be common in

the pipeline system. This investigation is intended to make it clear.

Gas-Water Two-Phase Bubbly Flow In general, the factors affecting the flow characteristics of the

_ water hammer through a 90 deg bend pipe such as pressure po-
Through a 90 Degree Bend tential surge and propagation speed are as follows: superficial ve-
Tube locity, void fraction, and valve closing time.

The experiments were conducted in a horizontal tube of 25.4
mm in inner diameter and 2.5 in ratio of the curvature radius to

Wang Shuli the inner diameter of the bend tube in the ranges of superficial
velocity j, from 0.2 to 1.64 m/s and of void fraction from 0.036%
Li Zhuo to 0.96%, using air and water as the working fluid under the

general temperature. The profiles of transient pressure, the value
. . . of potential surge and its attenuation, and propagation velocity of
Department of Mechanical Engineering, the compression waves were obtained and discussed, comparing
Jiangsu Institute of Petrochemical Technology, Jiangsu, them with those in single-phase water flow.

Peopole’s Republic of China

2 Experimental Apparatus and Procedure

1 Introduction The schematic diagram of the experimental apparatus is shown
The water hammer phenomena caused by a sudden valve @oFig. 1 and Fig. 2. It is composed of a horizontal test t(he a

sure in gas-liquid or vapor-liquid two-phase flows must be clarsudden closure valvés), downstream and upstream tan(|&8),

fied for the safety analysis in chemical plants, power plants, amdth size 2.0<0.8x0.8 n¥, a circulation pumg1), a laser source

pipeline transport of fluids such as petroleum and natural gas. lvigh lens assembly, a CCD camera to measure the void fraation

well known that when a valve is closed suddenly, the upstreafme sudden closure valu@) was a ball valve. The duration of

pressure rises sharply owing to the inertia of the fluid and thalve closure was about 14 ms.

pressure wave propagates through the fluid, which causes tranFor two-phase flow, the propagation speed of compression

sient flows through a straight pipe have been investigated in detaéve in uniform bubbly flow is given by the following equation,

for many years[1,2]. There are none on such a gas-liquid twof3]:

112
1 ) Aprp

Pg Aprp Py
PL ngE

@

Crp=
2 PL 2
o +a(1*a)p— (l1-a)*+a(l—a)
¢]

+

whereA pp is the magnitude of the initial maximum pressure risavith the case of two-phase flows at a constant initial temperature
(that is, potential surge of about 18° C and an initial superficial water velocityjpffrom

To observe the flow pattern and measure the void fraction 0.23 m/s to 1.64 m/s. At the locations 1, 2, 5, 6, 7, 10 shown in
with PIV, a 50-cm glass pipe in length was installed in the pipelin€ig. 2, the initial potential surga psp agrees well with the results
(Fig. 1, (7)). calculated by Joukowsky’s equation:

The experimental procedure was as follows. The pressure, the
flow rate, and the air input were set to five values for a steady-
state. Next, after closing the end val{@® suddenly and operating
the solenoid valve$2 and 9, the pressurep; to p;q were mea- )
sured. The pressures were recorded on an oscillogi$@a0/16 Apsp=cLpLiL @
via a strain-gauge-type pressure transducer and an amplifier which
links with a microcomputer. In this study, void fractianwere
measured using the particle image velocimd®yV) system de- wherec, is the propagation speed of the pressure wave in the
veloped by Chen and F4a]. This PIV technique consists of laserwater, p, is working fluid density, and, is the superficial liquid
sheeting, video recording, and image processing as the three Wgocity. In the bend tube, the initial potential surge using the
jor parts. It is able to measure the full-field flow information infollowing equation:
cluding void fraction, velocity vectors, and acceleratifsi,

3 Experimental Results

3.1 The Pressure Rise in Single-Phase Flow First experi- Apsp=CL pL jL(1+NjL). (3)
ments on the water hammer in the liquid single-phase flow were
carried out to verify the experimental accuracy and to compare it

Coefficient\ is relevant with the locations in the bend tube, and

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; — ; —_
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionat location 3,,=0.072, and at the location 8, .0'056' The
Sept. 26, 2001; revised manuscript received Jan. 7, 2003. Associate Editor: Y. MAF€SSUre wave through a bend tube, on the centrifugal effect, the

sumoto. initial potential surge is obviously different.

736 / Vol. 125, JULY 2003 Copyright © 2003 by ASME 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



6 7\ 7 _\ 8 T\
s~ 55‘2:5 ! =
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1- Pump 2,4,6,9,10-Valves 3,8 -Water Tank 5 -Test section(bend tube) 7- Glass Pipe

Fig. 1 Schematic of experimental facility

5 ©=0.987-0.274°5% (6)
1
150 100 .
e —p 4 Conclusions
~t— * ¢ The water hammer phenomena caused by a rapid valve closure

in a two-phase flow were investigated experimentally using air
and water as working fluids. The results are summarized as fol-

11010 Pressure transducer of strain gauge type, R/d=2.5

Fig. 2 Schematic of the test section

3.2 The Potential Surge in Two-Phase Flow

3.2.1 Effect of Void Fractions and Superficial Liquid Veloci-
ties. Experiments were conducted for void fractions were
0.035% to 0.96% under a constant temperature of 18° C, superfi-
cial liquid velocities were in the range from 0.2 m/s to 1.63 m/s
(@¢=0.16%;-.85%).

The initial pressure rise at locations 1 and 2 can be calculated
with the following equation:

Aprp=CrpprpiTe 4

whereC+p is the propagation speed of the pressure wave as given ¢

>
QT T O —-

lows:

The profile of the pressure transients is characterized by the
existence of a sharp initial pressure rise and the value of
potential surge at location @ig. 2) is bigger than the value

of potential surge at location 1 or(¢hlet), and the value of
potential surge at the location 8 is less than the value of
potential surge at the location 1 or 2.

In a straight line, the potential surge can be calculated using
Eq. (2) for single-phase flow and E¢4) for two-phase flow.

In the bend pipe Eq3) can be used for single-flow, and Eq.
(5) for two-phase flow.

The value of the attenuating ragecan be calculated by Eq.

(6)

That can be figured out the effect of the curvature radius of a
bend tube on the pressure rise is prominent. Under the same
conditions, the smaller the curvature radius of the bend tube,
the bigger the pressure rise.

Nomenclature

superficial velocity(m/s)

propagation speed of compression wanes)
potential surge{Pa

density (kg/m®)

void fraction

decayed rate of potential surge

by Eg. (2), prp is the mean density of two-phase flofw= (1 TP = two-phase flow
—a)p.}, and jrp is the mean velocity of two-phase flow  SP = single phase flow
{=i /(1-a)}. L = liquid phase
The initial pressure rise in bend pipe is correlated by the fol-
lowing equation:
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On the Linear Encroachment in
Two-Immiscible Fluid Systems

Interfacial front

in a Porous Medium —[Fluid 2’ Fluid 17 | —
Kambiz Vafai Y.
Department of Mechanical Engineering, University of L X

California, Riverside, Riverside, CA 92521.

Fellow ASME Fig. 1 Schematic diagram of the problem
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A careful review to the previous study of Srinivasan and Vafai on 0.2
the linear encroachment in two-immiscible fluid systems in a po-
rous medium reveals some typos in their analytical solution. In the Go 2 4 6 8 10 12
present study, an accurate analytical solution, which accounts for t(s)

boundary and inertia effects, is obtained to predict the movement
of the interfacial front and corrections to previous results aré

Ig. 2 Prediction of the location of interface using Darcy’s

provided wherever necessary. Despite the similarity in the genef3pde! for different mobility ratios * " with 6=0.45, AP=2.25

behavior of the present accurate solution and the previous on

107, u;=0.01002, K=1X10"1° and L=1m

the existence of an accurate analytical solution is essential for
future numerical and experimental studies.
[DOI: 10.1115/1.1588696

Introduction

Linear encroachment of two-immiscible fluid systems is an i _
portant problem in many engineering applications such as die fix
ing and injection molding. Muskafl] considered a one-
dimensional Darcy’s flow model to study the linear encroachme
of two fluids in a narrow channel. An analytical solution for lineau
encroachment in two-immiscible fluid systems in a porous mat
rial was presented in Srinivasan and Vdf]iwhere boundary and
inertia effects are accounted for. It is found that using this analy
cal solution is required in the vicinity of solid boundaries and/o
faster moving flows where Muskat’s model fails to predict the
necessary time for the encroaching fluid to completely displace

the second fluid. In addition, Srinivasan and Vdf2j show that Fig. 3 Progress of the interfacial front at

|-

0.2}

o.8f\
o6f |

0.4\

— Darcy's (Muskat's) model
- |nertia effects considered

- Boundary effects considered ||

y=JKI& (n=1),

implementing their analytical solution is essential for cases of lo¥=0.45, AP=2.25X107, u;=0.01002, K=1X10"%°, and L=1m

mobility ratio as well as higher values of permeability.
A schematic diagram of the flow configuration and the coordi-
nate system is shown in Fig. 1. Governing equations and bound:

using different models

-3

x 10
conditions for the problem under consideration are provided | 2 T i E—_ 1 i
Srinivasan and Vafdi2]. Unfortunately a small typo in the exact | [ | i|™™ Darcy's (M”s'(:“j‘t Szt,m"‘fjfe" ‘ included
solution caused a defection in some of the results. The purpose — Boundary and inertia effects are incluce
this note is to correct these typos and adjust the dependentres 4 5i i
accordingly.
Results > Hofid o o o S =2
1] 1l 1l il
The same procedures used[R] are used here to correct the Ll b = - - -
analytical solution. As mentioned earlier, all governing equatior
and boundary conditions given @] are correct. The first typo is 0.5t i
found in Eq.(21), which should read as follows: K k
U= Ky Pin—Pe 1) \ ¥
Di_ — __a 1 1
K1 (1-e)Xy —L % 02 04 X, 06 0.8 1
T
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Table 1 Summary of the corrections

Present Srinivasan and Vafd]
. \/ o 2Ky Pin—Pe, +\/1 NS 2K1P —Pe
€ € —€ €
ﬁ?“ w2 xgﬂi L?
L (1—¢) L (1,5)
u :ﬁ Pin_Pe u :ﬁ Pin_Pe
P (1—ex¥-L P s (1— XM+ el

There are two typos in Ed23), which should read as follows: Conclusions

1 (Pin—Po) Analytical solution for the problem of linear encroachment in
Y ————t=0. (2) two-immiscible fluid systems in a porous material is obtained. The
K1 L? main characteristics of the previous resultd2h are unaffected.
As a result, the obtained analytical solution [i#] (Eq. (24) However, itis believed that the existence of an accurate analytical

X Xy
T°—1)(T°(1—e)—(1+e)

should be replaced by solution is essential for future numerical and experimental studies.
2K1 Pin—Pe
v 27 \/4t4(1l-¢) t—(1+e)
X8 IPCENE: Nomenclature
T 2(1— ) )
( €) H = width of the channe(m)

The singular perturbation used to find the inertial and boundaryK = permeability of the porous structufen?®)

effects in[2] are found to be accurate. This makes it easy to L = horizontal extent of the channgh)

incorporate the expression of the velocity in the boundary regionP = pressurgNm- %) )

as well as the expression of the velocity in the core region to thé;’ = pressure at exitNm g

analytical solution in Eq(3). Using these expressions along with Pin = pressure at inletNm™*)

the analytical solution for the Darcian free-surface front position, T = time (s) o

the analytical solution inside the boundary layer region and thelp = dimensionless velocity field in the boundary layer re-

analytical solution in the core region, respectively, are gion (ms™?) L
up = Darcian convective velocityms )
XB" 2 Xo x = coordinate along the horizontal length of the channel
Q=e| | —2| T from left to right as shown in Fig. 1m)
X = coordinate along the horizontal length of the channel
2K, (Pin—Py) 1w from right to left as shown in Fig. Im)
- ET(UW SUp+o°Upt .. )t—=(1+e) Xo = I(oc)atlon of the interface using the generalized model
m
=0 4) X(';" = location of the interface using the Muskat's modeil)
y = coordinate along the vertical length of the chanfme)
X Xgﬂ B = parameter defined as the product of the Reynolds num-
(1-¢) e _2 T ber and the empirical functioR
8 = porosity of the porous medium
2K (Pin—Py) ) 3 n = dimensionless vertical coordinate
M15L—(1 BO+2B28° =583t~ (1+¢€) u = fluid viscosity (kgm *s™%)
€ = mobility ratio
=0. (5)
The above two equationd), (5) are to replace Eq$25) and(26) References

in [2]. Figures 2—4 are to replace Figs. 2, 4, and 52 respec-
tively. Other Figs. in[2] are not corrected here for the sake of [1] Muskat, M., 1937 The Flow of Homogeneous Fluids Through Porous Media

1st Ed., Edwards Ann Arbor, MI.
bI’GVIty In fact, Flgs 6,7 II'EZ] are similar to Flg 5 while results [2] Srinivasan, V., and Vafai, K., 1994, “Analysis of Linear Encroachment in

in Fig. 3 can be deduced from E). Finally, a summary of the Two-Immiscible Fluid Systems in a Porous Medium,” ASME J. Fluids Eng.,
main findings is shown in Table 1. 116, pp. 135-139.
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