1400 AIAA JOURNAL

VOL. 21, NO. 10

A Study Qf Turbulent Flow Downstream
of an Abrupt Pipe Expansion

R S. Amano*
The Untverszty of Wisconsin, Milwaukee, Wisconsin

A numerical study is reported of heat transfer in the separated flow region created by an abrupt pipe ex-
pansion. Computations have employed a hybrid method of central and upwind finite differencing to solve the
full Navier-Stokes equations with the & ~ ¢ turbulence model. The study has given its main attention to the
simulation of the region in the immediate vicinity of the wall, by formulating a near-wall model for the
evaluation of the mean generation and destruction rate of the ¢ equation. The computed results were compared
with the experimental data. The results showed generally encouraging agreemeént with the measurements.

Nomenclature
,C;,C,,C, =coefficients in turbulence model
= specific heat at constant pressure
= diameter of pipe downstream of expansion
= diameter of pipe upstream of expansion
= empirical constant in logarithmic law
=step height, =(D-d)/2
=turbulent kinetic energy, = u2 /2
= Nusselt number based on diameter of pipe
downstream of expansion
P =turbulence energy generation rate
® = P function ’
p = pressure
q. =wall heat flux -
Re,, =Reynolds number based on diameter of pipe
downstream of expansion
=viscous sublayer Reynolds number, =20.0
=radial coordinate
= Stanton number
= temperature
= mearn velocity in x direction
=turbulent fluctuating velocity
=mean velocity in r direction
= coordinate parallel to pipe axis
= distance from pipe wall
= dimensionless distance, =yk* /v
off =effective diffusivity
= dissipation rate of turbulence energy,
= w(du,;/dx;)?

' =von K4armdn constant
w = dynamic viscosity
Beft =effective viscosity, = p+pu,
", = turbulent dynamic viscosity
v =kinematic viscosity
v, = turbulent kinematic viscosity
0 = density
o = Prandtl number
040,07 =turbulent Prandtl numbers for diffusion of

k, €, and temperature
T, = turbulent shear stress
¢ =dependent variables (U, V, k, and ¢)
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Subscripts

i = tensor notation

k. = values pertaining to kinetic energy and
dissipation rate, respectively

N = values at node point N

n = values at the edge of wall adjacent cell

P =values at node point P =

t =turbulent values of quantity

v =values at the edge of viscous sublayer

w =wall values

Introduction

EAT and mass transfer in pipe flows normally take place

as a thin shear or boundary-layer type flow which can be
analyzed in terms of parabolic equatlon systems. On the other
hand, if there are any sudden expansions or obstructions in
the pipe flow, local separation will take place and the flow
immediately following the ‘obstruction will be recirculating.
Locally this will then require -a formulation of an elliptic
equation system. The latter system is also seen in the com-
bustion processes of gas turbine, ramjets, and many types of
industrial furnaces. In these cases, the flow is recirculating in
some parts of the domam turbulent, steady, and two
dimensional. '

Several experimental studies!-* have shown that for an
abrupt expansion in diameter of flow passage in pipes or in
the combustion chamber, on the downsteam side, the levels of
heat/mass-transfer coefficient are several times greater than
that for fully-developed turbulent flow at the same Reynolds
number. The reason for this heat/mass-transfer augmentation
may be attributed to an increase in the levels of the turbulence
energy. '

In this paper the study has given its main attention to the
simulation of the region in the immediate vicinity of the wall.
The near-wall model developed here is based on the model of
Chieng and Launder except that the local variation of tur-
bulence quantities are evaluated in the ¢ equation in this
paper. The inflow/outflow and boundary conditions are well
defined. The results were compared with the measured data of
Zemanick and Dougall.! The model in this paper improved
predictions of heat-transfer coefficients approximately 20%
on the model of Chieng and Launder.

Mathematical and Physical Models
Governing Equations
" The present work is based on the numerical solutions of the
two-dimensional form of the time-averaged Navier-Stokes
equations. Turbulent viscosity is defined by the high Reynolds
number version of the £ ~ e model of turbulence (see Table 1).
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Table1 Summary of equatiohs solved

Equation ® | Sy
Continuity 0 0
; U dp 9 ( U )+I 3 ( GV)
X momentum _—— _ — I —_
Hett ax  ax \eff g ar \Hefl 5
t Vv Bp+8< aU>+“’( V) 2p.0 VIF?
r momentum -+ -— - — )=
Heff ar | ax Heff ar ror Hett ar Heff
Thermal energy T L] 0
[ UT
My
Turbulence energy k pt+— pP—pe
3
o o pe e
Energy dissipation € pt— C,—P-C,—
a, k k
where
w= Cupkz/e
and
[/8U av\2 U2 av\2 V\2
pan [+ Y 2 () oYY a2
ar Ox ax ar r
and whefe
C, o C, oy g,
0.09 1.44 1.92 1.0 1.3
The governjng equation following . this approach for the
present flow configuration can be written in the following Neoodo_
general form: N
. . . ‘yn -t
110 d y
M (roUs) +o. (roVe) viscous | Pe--1=- P
rLox r SUBLAYER ™~~<jg—— ¥, S D
I [ ) (m 98\, 3 (. a¢>] s . 777w 7777 p 5, T,
=7 lox r effﬁ)‘*‘ﬁ(’ eff 5. +94 1) NEAR-WALL CELL TURBULENT KINETIC  TURBULENT SHEAR
ENERGY STRESS

All of the governing equations used in the present paper and
the constants used in the turbulence model are given in Table
1. With the high Reynolds number formulation, levels of
near-wall kinetic energies and dissipation rates are obtained as
described in the following subsection.

Near-Wall Model for High Reynolds Numbers

While viscous effects on the energy-containing turbulence
motions are negligible throughout most of the flow; the no-
slip condition at a solid interface always ensures that, in the
immediate vicinity of a wall, viscous effects will be in-
fluential. Although the thickness of this viscous-affected zone
is usually two or more orders of magnitude smaller than the
overall width of the flow, its effects extend over the whole
flowfield since, typically, 50% of the velocity change from the
wall to the freestream occurs in this region.

The near-wall model which evaluates the mean generation
rate and mean dissipation rate in the k ‘equation in the
numerical cell adjacent to the wall was proposed by Chieng
and Launder.4 This model was applied to the computation of
a turbulent impinging jet by Amano and Neusen.® In this
model, as can be seen in Fig. 1, a parabolic variation of the
turbulent kinetic energy is assumed which corresponds to a
linear increase of fluctuating velocity with distance from the
wall within the viscous sublayer. Then the turbulent kinetic
energy k varies linearly towards the outer node points. Unlike

Fig. 1 Neai‘-wall physical model.

the turbulent kinetic energy the turbulent shear stress 7, is zero
within the viscous sublayer and 7, undergoes an abrupt in-
crease at the edge of the sublayer while varying linearly over
the remainder of the cell. The details of this treatment of the &
equation are given in Ref. 4. However, these variations of the
turbulence quantities are considered only in the & equation but
not in the ¢ equation. In the € equation the value of ¢ in the
wall-adjacent cell was approximated under local equilibrium
condition as " '

e=k}?/Cy )
instead of evaluating its value by taking the local variations of
k, €, and 7, into account.

In the present study, the treatment of the k equation in the
near-wall cell described above is developed further for the e
equation by using the wall function treatment since the
behavior of ¢ is significant considering that ¢ near the wall is
an order of magnitude larger than that in the fully-turbulent
core and reaches its maximum at the wall. Each term in the ¢
equation should be evaluated in accordance with the &
equation,  rather than being approximated under local
equilibrium conditions. The procedure of a development of
this model is described subsequently.
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In the viscous sublayer and in the fully-turbulent region,
turbulence energy k and energy dissipation rate ¢ are ex-
pressed with the notation in Fig. 1 as follows:

Viscous sublayer

2 ok \2
k=k, (1) f=2v( ) @)
Yy ay

Fully-turbulent region

k,—k
k=—"—"y+ <kp—
Yn=Yy

e=k32/Cy

“

kp—k
P Nyp)zby+a
p—UN

The terms in the ¢ equation [see Eq. (1) and Table 1]
represent an e balance involving convective transport, dif-
fusion, generation, and destruction of energy dissipation. The
convective terms, which will generally be of minor influence
near the wall, are handled in such a way that all fluid leaving
the cell is assumed to have the energy at node P. Likewise, the
diffusion terms can be treated similarly. Noting the expression
of Eq. (3) for ¢ inside a viscous sublayer, ¢ has zero gradient at
the wall as does k since ¢ is constant in the viscous sublayer.
This fact corresponds to no diffusion of energy dissipation to
the wall. The diffusional flux of energy dissipation out of the
cell at its north, west and east boundaries (Fig. 1) are handled
by the same differencing scheme that is employed over the
remainder of the flow.

The mean generation and destruction rates in the € equation
can be obtained as follows: over the fully-turbulent region,
the main velocity parallel to the wall is assumed to vary with
distance from the wall according to

Y%

1 _
iy = lo(E vk /v) )

where «*=«C} and E* =EC’ . The generation rate of the £
equation can be written as

U, an>

= —_ —_— 6
g T'(axj+ax, ©

Since the turbulent shear stress is zero within the viscous
sublayer, the mean generation rate of ¢ can be expressed as

(;;)zigyn C M I:Tw+(Tn—Tw)l]

k Yn Yo ! C?y Yn
au v
X (—- + — )dy )
dy  dx

where Eqs. (4) and (6) are used.
By using Eqg. (5) for the main velocity distribution, we can
obtain

K4 kb
(lep>=ﬁl—cl_[rw( v __"+_)\)
k p kik*Cpy, Yo Yu 2

+~—T”_TW{2(k;{f—k;/2)+a)\}]

n

c
+ 5 ! [rw{z(k;{z — k%) +a\}

&n

27,—71,1 av
4t W (3232 ] 8
3y, b( § o) dx ®
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Vo _g¥s V3 123
. [(k,, a%)(k} +a )] (@>0)

(@7 Lk =) (K +a”)

et () e () o o

Unlike the generation rate of the ¢ equation, the destruction
rate of the ¢ equation is not zero in the viscous sublayer. In the
viscous sublayer, by using Eq. (3), the average of k can be
obtained as

1 (7 k
—S kdy=-L (10)
0 3

v

and the mean destruction rate is expressed as

€ 12C, %k,
(C27>~ yiyn an

To evaluate the destruction rate in the fully-turbulent
region, we integrate (C,¢?/k) between y, and y,. After in-
cluding the linear variation of k in Eq. (4) and the con-
tribution of destruction in the viscous sublayer given in Eq.
(11), the mean rate is given as

( 62)_1202 (&)2+(1—yv/y,,)cg
k) v, ct

Rv

2 2ab

x( L 20 g +b2> (12)
YoVn Yun—Xs Yy

where @ and b are given in Eq. (4), and where

12}
Y ki
14

Ryu= (13)

The near-wall model developed here is summarized in Table 2.
The interlinkage used between the near-wall variation and
the local wall fluxes for heat is given as

T-T,)k} (UK}
pC,,( ! W)k =( vy +(§>) heat flux (14)
qw TW/P

where @ is the P function given by Jayatilleke® as
®=5.0[(0/07)%7 —1]1[140.28exp(—0.007a/0,)]1 (15)
where o is the turbulent Prandtl number equal to 0.9.

Nurmerical Solution Procedure

The method adopted for solving Eq. (1) is the solution
procedure of the TEACH code. In this program the value of
each scalar quantity is associated with every grid node (i.e.,
the points where the grid lines intersect), although the vector
quantities (velocity components) are displaced in space
relative to the scalar quantities p, T, k, and ¢. Such a
staggered grid system is advantageous in solving the velocity
field since the pressure gradients are easy to evaluate and
velocities are conveniently located for the calculation of
convective fluxes. According to Gosman et al.,” a hybrid
scheme is adopted in which a central difference ap-
proximation is used when the intercell Peclet number is less
than 2 and an upwind difference of the combined effect of
convection and diffusion is employed at the stronger level of
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Table 2 Near-wall model

Generation rate in k equation, P
Yy
(-
In

Dissipation rate in k equation, é

Tw(Un“Uv) 7-w(Tn_Tw)

Vn Pk v,

3/2
2k37
y,Rv

+

n—t

Generation rate in e equation, (C; Pe/k)

Tw (jl

e kI Cy,

kg b

o
7.
w v,

(of [ 2
+ T, (kY —kF ) +aN) +-
C{y” w n v 3

J)n 2

Destruction rate in e equation, (C,€? /k)

7, —7, 1
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) [Tw (1 o ) e (1 (yv )2)] ax
Yn 2 Yn a.
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14
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22 x 16 GRID {y = 36.0)
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Fig.2 Stanton number distribution along the pipe.

convection (Peclet number is greater than 2). Two problems
of determining the pressure distribution and satisfying
continuity are overcome by adjusting the pressure field so as
to satisfy continuity. This is the so-called semi-implicit
method for pressure linked equations (SIMPLE) algorithm
developed by Patankar and Spalding.?

The majority of the computations were performed with a
22 x 16 variable grid system which provides finer grid near the
wall. Central processor times on a UNIVAC 1100 computer
were about 3 min to converge, which was achieved typically
after 140 iterations. One computation was made with a
22x22 grid. Differences in predicted Stanton number be-
tween these two node densities did not exceed 1% as is shown
in Fig. 2. The values of y* specified in Fig. 2 are the smallest
values of all the near-wall nodal points. The fact assures that
the model developed here is almost independent of the grid
system.

Results and Discussion
The near-wall model developed in the preceding section is
adopted for the computation of heat-transfer rate along the
pipe downstream from an abrupt pipe expansion. For any
particular computing run, as shown in Fig. 2, the heat-
transfer coefficients start at a low level, increase as one moves
away from the expansion, reach a peak 5-6 step heights from
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Fig. 3 Nusselt number distribution along the pipe for d/D=0.43.

the expansion and then decrease, eventually reaching the
fully-developed condition. As is depicted in Fig. 2, the
maximum Stanton number in fact does not coincide with the
reattachment point but occurs about 1-1.5 step heights up-
stream therefrom.

The computed results of heat-transfer rate of low Prandt!
number (c=0.7) are compared with the experimental data
obtained by Zemanick and Dougall! over a wide range of
Reynolds number (Re=4,180-48,000) for two different ex-
pansion ratios. Figure 3 compares the computed results with
the experimental data for d/D=0.43 and Fig. 4 compares
those for d/D=0.54, respectively. In these two figures the
computed results of Chieng and Launder* are also compared
with the present model. As described in the preceding section,
the difference between the present model and that of Chieng
and Launder is that the local variations of turbulent quantities
are taken into account for the evaluation of the ¢ equation in
the present model.

For the case of smaller expansion ratio (d/D=0.43), as
shown in Fig. 3, the computed results show the occurrence of
the maximum Nusselt number approximately four step
heights upstream from that of the experimental data for two
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Fig. 4 Nusselt number distribution along the pipe for d/D =0.54.

different Reynolds numbers of 4,180 and 10,000. While the
near-wall model of Ref. 4 shows the occurrence of the
maximum Nusselt number approximately 5.5 step heights
upstream from the measured value for Re=4,180. Although
the present model does not agree with the experimental data in
the prediction of the occurrence of the maximum Nusselt
number, this model gives better agreement for Re=4,180 than
that of Ref. 4 (i.e., the position of the maximum Nusselt
number by the present model is closer to the measured value
for the smaller Reynolds number flows). Another
predominant distinction between these two models is the
prediction in level of heat-transfer rate; the results obtained
by the present model display excellent agreement with ex-
perimental data with regard to the heat-transfer level. The
results obtained by the model of Ref. 4 show about 18-20%
lower values than the present prediction.

Unlike the case of the expansion ratio, d/D=0.43, the
results for d/D=0.54 display surprisingly better agreement
with the experimental data, as shown in Fig. 4. In both near-
wall models, the occurrence of the maximum Nusselt number
coincides with the experimental data for Reynolds numbers of
9,620 and 48,000. Furthermore, the levels of heat-transfer
rate agree well with the experimental data, especially for
Re=48,000. However, the difference between the predicted
and the measured values is larger (—20%) for Re=9,620. It is
also noticed that the model of Ref. 4 always gives values
approximately 20% lower than the present model. The reason
for this difference in the prediction of heat-transfer rates in
these two models may be explained by focusing on the
behavior of e near the wall. According to the present for-
mulation of k, ¢, and 7, near the wall, the dissipation rate
shows a high value within the viscous affected region and then
decreases as one moves away from the wall. Consequently the
average value of the energy dissipation in the wall proximity
cell would be higher than that approximated by Eq. (2). This
higher energy-dissipation rate tends to enhance the energy-
transfer rate towards the wall.

In the foregoing discussion it has been pointed out that the
agreement of the occurrence of the maximum Nusselt number
between computed and measured values is excellent for
d/D=0.54, while the discrepancy has been detected to be
rather high for d/D=0.43. Considering that the smaller the
expansion ratio the larger is the step height, the error occurred
in the prediction of the spreading rate at the separated region
would be amplified for the larger step height (i.e., for the
smaller expansion ratio d/D = 0.43). Thus the discrepancy due
to the choice of a turbulence model would be significantly
affected for d/D=0.43. It is worth noticing that the oc-
currence of the maximum Nusselt number is almost in-
dependent of Reynolds number.

With regard to the contribution of the near-wall model,
although the present near-wall model has shown improvement

AIAA JOURNAL
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Fig. 5 Variation of Stanton number with Reynolds number.

in the prediction of the heat-transfer level, it can be said that
none of the various aspects of the near-wall model developed
in this study has any significant effect on the location of the
peak Nusselt number. Since this location is controlled by the
model in the fully-turbulent core, the prediction of this aspect
can be changed by adopting a different turbulence model.

For the purpose of examining the dependency of heat-
transfer rates on the flow Reynolds number, the level of
Stanton number at the downstream position of X/H=5 for
d/D=0.43 is plotted as a function of Reynolds number in Fig.
5. The variation of the Stanton number shown in Fig. 5
suggests that the calculated behavior exhibits slightly smaller
sensitivity to Reynolds number than the measured values.
Several reasons may be considered for this discrepancy
between the measured and computed results. First of all it
could be considered that this may arise either from the ex-
perimental setup or the numerical model, but they alone may
not be responsible for the discrepancy in slope as shown in the
figure. The second reason is that the discrepancy may come
from the analogy between momentum and heat flux
correlation [Eq. (14)]. A question arises whether the
momentum heat flux correlation given by Jayatilleke is
universal or not. In order to clarify the present situation let us
focus on the near-wall region. For a high Reynolds number
flow the length scale obtained near the reattachment zone
would be relatively larger than it should be if we employ the
high Reynolds number form of the k~e¢ model. Con-
sequently, the larger length scales produce higher turbulent
viscosities by reducing e and thus increasing k£ and a too thin
viscous sublayer, since the turbulent kinetic energy at the edge
of viscous sublayer k, will be too large. These effects combine
to produce a lower thermal resistance in the near-wall layer
than is actually observed, which results in higher Stanton
numbers near the reattachment zone for high Reynolds
number flow.

Conclusions

The main conclusions from the numerical study of the
flows downstream of an abrupt expansion in a pipe are
summarized as follows:

1) The near-wall model which provides physically better
approximation for the evaluation of both k and ¢ equations is
developed.

2) The prediction in the level of Nusselt number is improved
by approximately 20% by employing the present near-wall
model. However, little change has been observed in the
location of the maximum Nusselt number.

3) Generally the agreement in the location of the maximum
Nusselt number between the present computational model and
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the experimental data is better for the diameter ratio of 0.54
than for 0.43.
4) Calculated results show that the dependency of the level

of heat-transfer rate on Reynolds number is slightly smaller

than the experimental data.
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