VOL. 28, NO. 3, MARCH 1990

AIAA JOURNAL 453

Prediction of Turbulence Quantities
for Swirling Flow in Conical Diffusers
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University of Western Australia, Western Australia, Australia
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Turbulent swirling flow through 12 and 20 deg included angle diffusers, with moderate inlet swirl numbers
sufficient to avoid wall flow separation, are predicted by a k -e and an algebraic Reynolds stress turbulence model
with a two-layer wall function. Good agreement with experimental data for the mean velocities and turbulence
quantities is obtained by using an algebraic Reynolds stress turbulence model and a k-¢ turbulence model with
a suitable choice of the wall treatment. Both the amplification of the peak in turbulence quantitites and its
increased distance from the diffuser wall, when compared to those of fully attached flow, are predicted very well
for solid-body rotation swirling flow. The effect of different inlet swirl profiles on the flow behavior is also

discussed.

1. Introduction

WIRLING flow in confined geometries is an important

subject because of its wide industrial use. The theory and
modeling of turbulent swirling flows has been reviewed exten-
sively by Gupta et al.! and Sloan et al.2 Most attention has been
given to strongly recirculating swirling flows in combustor
geometries or free swirling jets. But swirling turbulent flow in
diffusers also occurs in a number of commonly used fluid
mechanical devices. For this reason many experiments have
been performed to analyze which of the effects of swirl on the
overall diffuser performance are important for efficient use,*-3
but measurements of the turbulence quantities have not been
undertaken very often. The industrial application of such
devices makes it essential that accurate and economical predic-
tions can be obtained for both the mean velocity field and the
turbulence quantities.

In nonswirling diffuser flows, separation or near-separation
is caused by the occurrence of a region of low axial momentum
near the wall, because of the positive axial pressure gradient.
It has been found that the inclusion of swirl upstream of the
diffuser inlet can prevent separation occurring for diffuser
angles and area ratios at which it would otherwise occur.’

As the flow passes into the diffuser, the turbulence quanti-
ties near the wall grow immediately downstream of the corner.
As noted by Chieng and Launder,% for abrupt pipe expansion
the region of high shear downstream of the corner is located
further from the wall so that, for example, the generation rate
of turbulent kinetic energy will exceed the dissipation rate,
leading to the observed growth. Consequently, a significant
local peak in all of the turbulence quantities occurs but dis-
placed from the diffuser wall.
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‘When solid-body rotation (SBR) swirl is present, the local
peak in turbulence quantities occurs closer to the diffuser wall,
and the radial gradients are more severe than in the non-
swirling case.”® In addition, further downstream, the local
peaks in turbulence quantities diminish in magnitude. For all
of these reasons, this is an important but difficult flow to com-
pute accurately and is also a good test of alternative turbulence
models.

Previous numerical predictions have been obtained using
algebraic eddy-viscosity models, two-equation turbulence
models, and algebraic Reynolds stress models (ASM) for
swirling flow in conical diffusers with and without a tail
pipe.®12 Okhio et al.? predicted the mean velocities in a 16.5
deg diffuser with a tail pipe using a Prandtl mixing length
model. Armfield and Fletcher'® provided the prediction for
mean velocity field in a 7 deg diffuser using a reduced form of
Navier-Stokes equations with a mixing length turbulence
model. Habib and Whitelaw!! calculated swirling recirculating
flows using a k-e turbulence model in wide-angle diffusers of
40 and 90 deg, with relatively longer tail pipes than the diffuser
section. They compared the mean velocities and the turbulent
kinetic energy with experimental data. Hah!? used an algebraic
Reynolds stress model to solve 8 and 16 deg diffuser flows, but
it is very difficult to find predictions of the turbulence quanti-
ties for the practically important medium-angle diffusers, say
10~ 20 deg, without a tail pipe.

Recently, detailed measurements of turbulence quantities
for a 20 deg swirling conical diffuser flow have been made by
Clausen and Wood® in a complementary investigation to the
present analysis. They found an optimum inlet SBR swirl level
to give neither flow separation at the diffuser wall nor axial
flow reversal at the centerline. This flow configuration is the
major subject of the present computational investigation. A
free-vortex (FV) inlet swirling flow through a 12 deg conical
diffuser is also considered, but only mean flow (axial and swirl
velocities) experimental results’ are available with which to
compare.

Results have been obtained using both the k-e and ASM
turbulence models, and the two models are compared in the
present paper. The computational solutions and a consider-
ation of a reduced form of the turbulent kinetic energy, &,
transport equation provide a partial explanation (Sec. IV) for
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the initial growth and subsequent axial decay of the near-wall
peak in the turbulence quantities for an SBR swirling flow. An
FV inlet swirling flow in a 12 deg conical diffuser’ is predicted
and compared with predictions for an SBR inlet swirling flow
and a nonswirling flow in the same diffuser to assess the influ-
ence of the inlet swirl profile (Sec. I11.B).

Two strategies to account for the near-wall viscous effects
are available: the wall function method and the low-Reynolds-
number modeling method.!* Recently low-Reynolds-number
modeling methods for computing full Reynolds stress closure
have been used to apply the boundary conditions explicitly at
solid walls,!*!5 but the wall function method with algebraic
Reynolds stress or with full Reynolds stress closure has been
widely used because of its computational efficienty. The
sent study is a precursor for more complex fully three-dimen-
sional flows where the greater economy of a wall function
method will be decisive. However, it is expected that a near-
wall, low-Reynolds-number modeling solution for the present
problem would be as accurate but not so economical as the
present approach. The results indicated in the present paper
have been obtained using a two-layer wall function originally
suggested by Chieng and Launder.® Such an approach is found
to be more suitable for near-separating or separating flow than
the simple mixing length formulation at near-wall grids.!®!7

The layout of the rest of the paper is as follows. In Sec. 11
the governing equations, turbulence models, two-layer wall
function, and the numerical scheme are described. Section 111
contains the results and a detailed description for an SBR inlet
swirling flow, obtained with both the ASM and k-¢ turbulence
models. The significance of the results is discussed in Sec. IV,
and the conclusions indicated in Sec. V.

. Turbulence Models and Numerical Scheme
The mean flow k£ and ¢ and algebraic Reynolds stress equa-
tions!8 may be written in modeled form in terms of the mean
velocity U, and the fluctuating velocity u, in coordinate free
tensor form, as follows.
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where P is the pressure, g is the metric tensor, u is the dynamic
viscosity and p is the density, and 7¥(= —u‘uJ) is the Reynolds
stress tensor. Superscripts indicate contravariant quantities,
subscripts indicate covariant quantities, and apostrophes in
the lower position indicate covariant derivatives. The above
equations are for a fluid with constant density and viscosity
and are in the contravariant form.

In the algebraic Reynolds stress equations PY(=7"Uj,
+ 7" U’ represents production and &7 is the pressure-strain
term, modeled as!®-?2

U = ¢ + ¢¥ + & + ol ©

where
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The terms ¢¥ and ¢ model the degrée of anisotropy of the
turbulent Kinetic energy and of the turbulent kinetic produc-
tion, respectively. The ““wall-echo terms,’ ¢%; and ¢%,, account
for the increased anistropy due to the pressure reflection at the
wall, fis the empirical wall damping coefficient to give unity
in the near-wall region and a small value far from the wall,
L is a turbulent length scale, and x, is either the normal dis-
tance from the wall or the effective distance allowing for the
global wall effect. The normal distance from the wall is used
for x, in this paper. The above wall-echo terms are expressed
only for circular geometry such as a pipe or a diffuser.

When the k-¢ turbulence model is used, the Boussinesq
eddy-viscosity concept is applied as

70 = v (U} +g"U%) - Ysg ik )

The diffusion terms in the above k and e equations are re-
placed with g ¥[(ve/ 04 )k ;] ; and g Y[(vee/ 0 )€ ;1 ; Tespectively.
The v is an effective viscosity equal to v+ »,, », being the
turbulent eddy viscosity defined as v, = C,k%/¢ and »=pu/p as
the kinematic viscosity.

The constants used in the k-e turbulence model are given
the standard values commonly used: C,=0.09, o, =1.0,
0.=1.22, Cy=1.44, and C,=1.92. In the pressure-strain
terms and the diffusion terms of the ASM turbulence model;
the values are C,=1.8, C,=0.6, C/=0.5, C;=0.3, C;=0.22,
and C.=0.15.2%23

In the present case we have chosen to use spherical coordi-
nates as they conform naturally to the boundary of the physi-
cal domain and reduce flow-to-grid skewness when compared
to Cartesian or cylindrical coordinate systems. Expressing the
equations in physical spherical coordinates for a steady, in-
compressible, axisymmetric flow is a straightforward, though
tedious, process. The detail expansions of all governing equa-
tions are provided by Armfield.?*

A. Two-Layer Wall-Function

In the present investigation we wish to use the simplest pos-
sible turbulence model that will give a satisfactory prediction
for the mean and turbulent fields in the class of swirling dif-
fuser flow considered. Previously it has been found that use of
an ASM turbulence model with a standard log-law wall func-
tion, or a modified mixing-length function in the wall region
with the momentum equations integrated to the wall, has not
provided satisfactory prediction of the turbulence quantities
in the near-wall region, although the mean flow is well pre-
dicted.?%

The two-layer near-wall formulation was proposed by
Chieng and Launder® and developed by Viegas et al.'¢ and
Amano'’ to calculate separated and reattached flows. The tur-
bulent kinetic energy at the first grid point away from the wall
is calculated by the k-equation, Eq. (3), considering the effect
of the viscous sublayer on the source terms, i.e., the mean
generation and mean destruction rates of k, integrated over a
cell extending from the wall to a point midway between the
first and second grid points away from the wall. The convec-
tion and the diffusion terms in Eq. (3) are integrated also over
the cell; obtained expressions are available in Refs. 17 and 26.
In the present analysis the value of ¢ at the first grid point away
from the wall is calculated by the local equilibrium condi-
tion.%16

The assumed & and e distributions are as follows.

In the viscous sublayer:

2 “B\2
k=k(2), =2 (%Y 5k 12)
v ay Yo
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In the fully turbulent region:

ky—k, ki—k, k3?2
k=ay+b <yz—y1>y +ky <y1—y2>yl’ € 5/ (13)
where « is the von Karman constant set to 0.41 and y is the
distance from the wall. The edge of the viscous sublayer y, is
given by a universal value Re,(=y,k.*/v)=20, which is ap-
proximately y *(=y/~r7,/p)=11.0 for a local equilibrium
condition. The distance y, can be found from the above &
distribution assumptions and Re,,
Even though the above formulation is described here for a
rectangular grid system, it can be applied easily to the spherical
grid system used to obtain the results presented in Sec. 1II.

B. Boundary Conditions

The computational inflow boundary for SBR swirling flow®
is set at station 2, 0.08D, (Dy=diameter of swirl generator
section) downstream from the diffuser entrance, which is
shown in Fig. 1. At the inflow boundary the axial velocity U,
the radial velocity V, the swirl velocity W, and the turbulent
kinetic energy & profiles are given by the experimental data (all
variables are expressed in spherical coordinates hereafter). For
the experimental FV swirling flow? only axial and swirl velocity
profiles in cylindrical coordinates are available at entrance and
exit so that radial velocity in cylindrical coordinates is set to
zero at the inflow boundary, and k is taken as 0.5% of the
inflow mean velocity energy.

The dissipation rate at the inflow boundary is obtained from
the relation

e=Clk¥%/1 (14)

with / =0.01D,, which leads to the correct axial k variation at
the diffuser centerline. The remaining variables are assumed to
have a constant axial gradient at the entrance.

From the axisymmetry of the flow the radial gradients of U,
k, and € are set to zero, and V and W are zero at the axis. The
values of v2, vw, and uv must be also specified at the axis due
to the occurrence of the radial (6) derivatives of v2, vw, and uv
in the momentum equations. From the experimental data®?7 it
seems reasonable to set vw and uv to zero, and the radial gra-
dient of v2 to zero.

At the wall, no-slip boundary conditions for the velocity are
implied. The turbulent kinetic energy, k, at the first grid point
away from the wall is obtained from the k-equation with the
modified wall treatment described in Sec. II.A with the as-
sumption that dk/dy =0 at the wall. The dissipation rate ¢ at
the same point is obtained from the local equilibrium relation.
All axial gradients are set to zero at the exit except for U.
However, the axial gradient of UA is zero where A is the
cross-sectional area. The normal gradient of the pressure,
which is used as a boundary condition for the pressure equa-
tion, is set to zero on all boundaries, except the wall, where it
is obtained directly by enforcing a mass-flow constraint.?*
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Fig. 1 Schematic diagram of swirl generator and diffuser. Axial posi-

tions for comparing with the experimental data are shown on the
diffuser wall. All dimensions in mms.?
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C. Numerical Scheme

To enable solutions to be obtained economically for the flow
considered, a new finite-difference algorithm has been devel-
oped. The difficulty encountered is primarily because of the
near-reversing axial velocity at the exit, coupled with the ex-
tremely low level of turbulence in the centerline region and
large adverse pressure gradient, making the solution quite un-
stable. To counter this, a novel treatment of the pressure has
been developed. Because of the focus of the present paper on
the flow behavior, the numerical method is described else-
where.?

Results presented in this paper have been obtained using a
40 x 40 grid system with a constant axial grid size and an
exponentially stretched radial grid. The grid independency was
checked using 20(x) % 24(8) ~ 40(x) X 60(9) grids. The 40x 40
grid result for SBR swirling flow showed numerical errors in
the mean flow quantities of less than 2% and in the near-wall
peaks of turbulence quantities of less than 6% compared to
those on a finer grid.

The first grid point away from the wall is located at y * = 50.
The solution sensitivity to the location of the first grid point
was tested for y ¥ =30~ 100. In this range the solution was
relatively insensitive, especially for the near-wall peaks of the
turbulence quantities (Figs. 4-8).

In the iterative procedure, relaxation factors are 0.4 for all
nonturbulence quantities and 0.3 for the turbulence quantities.
Convergence is assumed when the maximum change in any
grid-point value of U between one iteration and the next is less
than 1.0 x 10~#. It is found that the variation of other variables
is smaller than that of U, and the maximum residuals of the
finite-difference equations are less than 0.5 x 1073, To ensure
stable solutions with the ASM turbulence model, the k-¢ tur-
bulence model was used for the first 50~ 150 iterations. Typi-
cally 500 iterations for the k-e turbulence model and 800 iter-
ations for the ASM turbulence model are required for
convergence of SBR swirling flow. The CPU time for the ASM
turbulence model solution on a Masscomp 5400 is of the order
of 50 s per iteration for the 40 % 40 grid. The overall CPU time
for the k-e¢ model is 70% of that for the ASM turbulence
model.

III. Results

A. Solid-Body Rotation (SBR) Swirling Flow

In this section, predictions of mean flow and turbulence
quantities are presented corresponding to the experimental re-
sults of Clausen and Wood.? The predicted results are obtained
with both the ASM and £ -¢ turbulence models combined with
the two-layer wall function.

The experimental data consists of radial distributions of
mean velocities and turbulent Reynolds stresses at seven loca-
tions in a conical diffuser of 20 deg included angle with an area

U
1.0 ———————= -
------------ 3 STATION
M INLET
) v 3
O 5
0.5 A 7
0.0
0.0 0.5 r 1.0
Fig. 2 Radial variation of axial velocity using ASM ( ) and k-¢
(- - - -) turbulence models. (same notation in Figs. 3-8). The inlet

profile has same notation in Figs. 3 and 4).
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Fig. 3 Radial variation of swirl velocity.
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Fig. 4 Radial variation of turbulent kinetic energy.

ratio of 2.84 at Re =212,000 (Fig. 1). The diffuser angle is
sufficient to cause boundary-layer separation in the absence of
swirl. The swirl generator produces an inlet swirl profile of a
solid-body rotation and close to uniform axial velocity in the
core region. The detailed measurements were obtained for one
inlet swirl distribution which led neither to separation at the
wall nor centerline axial velocity reversal at the exit. The inlet
swirl number is SN[=fUWrdr/(R{§U?r dr)]=0.25. The
experimental accuracy for the mean flow is within 6%.

Figure 2 shows the axial velocity profiles obtained by using
the ASM and k-¢ turbulence models and compared with the
data of Clausen and Wood at three downstream locations
(stations 3, 5, and 7 are at xx =0.28, 0.83, and 1.40 from
station 2 where xx is nondimensionalized by the diameter at
station 2, Fig. 1). Both turbulence models predict reasonably
the overall reduction in velocity associated with constant mass
flow and the effect of swirl in reducing the centerline axial
velocity and increasing the near-wall axial velocity. The center-
line axial velocity is slightly underpredicted downstream.

The swirl velocity profiles are presented in Fig. 3. Both
turbulence models predict accurately the solid-body rotation
form at all axial locations in the core region, but underestimate
the magnitude of the near-wall swirl velocity peak and predict
that the influence of the wall causes a reduction in the swirl
velocity further from the wall than is indicated by the experi-
mental data. For both mean flow velocity components the
ASM turbulence model predicts slightly lower values than the
k- turbulence model in the core region.

Figure 4 displays the turbulent kinetic energy profiles. Both
models predict quantitatively the magnitude and location of
the turbulent kinetic energy peak near the wall and the flow
characteristics, which double the magnitude of the turbulent
kinetic energy peak downstream of the diffuser entrance cor-
ner. Further downstream the turbulent kinetic energy peak
decays, which is consistent with the experimental results. Both
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Fig. 5 Radial variation of Reynolds stress ul.
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Fig. 6 Radial variation of Reynolds stress v2. The dotted line is for
ASM without the wall-echo terms.

turbulence models slightly underpredict the peak at the far
downstream location and possibly overpredict in the near-en-
trance region. Because of the probe size, it is not evident from
the experimental data how big the near-wall k£ peak is in the
entrance region.

The u2 turbulent stress profiles are shown in Fig. 5. The
ASM turbulence model predicts the magnitude of the near-
wall peak very well but the k-¢ turbulence model predictions
are only 60% of the peak downstream value. Figure 6 shows
the v2 turbulent stress profiles; the ASM turbulence model
predicts only 50% of the peak level far downstream. However
the ASM turbulence model solution includes substantial v2
damping associated with the pressure-strain ‘‘wall-echo’’ ef-
fect [Egs. (8) and (9)]. When these terms are deleted, the dot-
ted lines in Fig. 6, the agreement with the experimental data is
much closer.

The experimental w2 profiles have near-wall peaks that are
of comparable magnitude to the v2 near-wall peaks. Both tur-
bulence models overpredict slightly (not shown) the w2 near-
wall peaks.

Figure 7 presents the turbulent shear stress uv profiles. The
ASM turbulence model underpredicts slightly the near-wall
peak. In contrast the k-e turbulence model gives good predic-
tion downstream but may overpredict in the upstream region.
The k-¢ turbulence model produces a faster axial decay of
maximum shear stress near the wall than does the ASM turbu-
lence model. Both turbulence models indicate a very small sign
reversal in v at r = 0.5 that is not apparent in the experimental
results. However the magnitude of the reversal is within the
accuracy of the experimental data. The turbulent shear stress
vw profiles are provided in Fig. 8. Both turbulence models
underpredict the near-wall peak in the downstream region, and
the & -¢ turbulence model possibly overpredicts in the upstream
region. As with the uv profiles, the & -¢ turbulence model over-
estimates the rate of axial decay of the near-wall peak.
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From the preceding results it can be seen that both turbu-
lence models are giving reasonable solutions for the mean
velocity components and the turbulence quantities, £ and uv.
The magnitude and location of the near-wall peak in %2, pro-
duced by the ASM turbulence model, are reasonable. However
although the predicted locations of the near-wall peaks in »2
and w2 are correct the predicted magnitudes do not indicate
good agreement with the experimental data. This is primarily
due to the modeling of the wall-echo effect, [Egs. (8) and (9)]
as will be indicated in Sec. IV.

B. Influence of Inlet Swirl Distribution

Senoo et al.’ have investigated swirling conical diffuser flow
with a free-vortex (FV) inlet swirl profile, an included diffuser
angle of 12 deg with an area ratio of 4.0 and Re = 300,000. The
FV inlet swirl number is SN =0.07, and the experimental data
consist of the radial distributions of U and W at entrance and
exit (xx =0.0, 5.0 respectively). No data for the turbulence
quantities are available.

Figure 9 shows the axial velocity profiles at entrance and
exit, predicted using the ASM turbulence model. The flow
behavior predicted using the k-¢ turbulence model (not shown)
is very similar to that in Figs. 9 to 11. The radial distribution
of the axial velocity is predicted reasonably but with slight
underprediction near the wall and slight overprediction near
the axis. This discrepancy may be caused by an inappropriate
assumption of the inlet radial velocity distribution in cylindri-
cal coordinates, which is difficult to estimate because of the
dip in the axial velocity profile in the axis region. In the ab-
sence of any experimental data the inlet radial velocity compo-
nents in cylindrical coordinates are set to zero.

The same U, V, and k profiles as those for the FV inlet swirl-
ing flow are used for the SBR inlet swirling flow, SN =0.20,
and for the nonswirling flow. As expected for an SBR inlet
swirling flow, the swirl promotes a more rapid axial velocity

Tv*100

0.0 0.5 1.0

Fig. 7 Radial variation of Reynolds stress uv.

vw*100

Fig. 8 Radial variation of Reynolds stress vw.
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decay in the core region than does the FV inlet swirling flow
and increases the near-wall axial velocity, which tends to retard
near-wall flow separation.

Figure 10 presents the swirl velocity profiles. The FV inlet
swirl profile becomes flattened downstream, and this is pre-
dicted very well. The SBR inlet swirl profile is taken as a mirror
image of the FV inlet swirl profile. The SBR swirl profile
maintains its general form in the downstream direction, which
is a similar behavior to that demonstrated in Fig. 3.

Figure 11 indicates the radial k£ distribution using the same
inlet U, V, and k profiles for the three flow cases. The most
remarkable difference between the SBR swirling flow and the
others appears in the near-wall region. The near-wall peaks in
k for the FV inlet swirling flow and the nonswirling flow
(shown only at exit) are maintained at approximately the same
level through the downstream extent of the diffuser, but, for
the SBR inlet swirling flow, these decrease downstream consis-
tent with the results shown in Fig. 4. We can assume the swirl
component of FV inlet swirling flow is having little direct
effect on the turbulence structure in the near-wall region from
the evidence in Fig. 11 that, in this region, the inclusion of FV
swirl changes k only a little. Clearly also the swirl component
of SBR swirling flow is having a large effect in this region,
acting to significantly damp the turbulence, which is to be
expected.

The k level in the core region for FV inlet swirling flow in-
creases up to 0.02 just downstream of the entrance region and
decreases further downstream to the level shown in Fig. 11.
The downstream £ level for nonswirling flow is relatively lower
than the others. But the rate of & variation in the core region
in the downstream direction is slight, so that the present levels
in the Fig. 11 are maintained for both nonswirling flow and
SBR inlet swirling flow.

The k profile appears to correlate well with large radial
gradients of the mean velocity components. In the near-axis
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Fig. 9 Radial variation of axial velocity using ASM turbulence
model (same notation as in Figs. 10 and 11).
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Fig. 10 Radial variation of swirl velocity.
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Fig. 12 Turbulent kinetic energy budget at the third grid point away
from the wall along the axial direction; k profile, — - ——
production, —— - - —— dissipation (negative), — - - - - - - radial dif-
fusion, ------ axial convection.

region the FV swirling flow gives larger £ values than the
nonswirling flow because of larger gradients of mean velocity
components leading to a significant production rate of £ [e.g.,
second term in RHS of Eq. (16)]. Usually we expect that the k&
level for SBR swirling flow is lower than for nonswirling flow,
because of the stabilizing effect of SBR swirl profile, particu-
larly for the case of a uniform axial velocity component in the
core region.® But in the present flow (Fig. 9) there is a big dip
in the axial velocity in the core region so that stabilizing effect
may be partly neutralized by the large radial gradient of the
axial velocity components at intermediate downstream loca-
tions, giving magnitudes of & greater than for nonswirling
flow. The downstream development of the individual
nolds stresses follows similar trends as for & (Fig. 11).

IV. Discussion

Previously, satisfactory agreement with experimental mea-
surements® of the mean flow has been achieved using an ASM
turbulence model with a simple mixing length hypothesis to
find k and e in the near-wall region.?* Despite the satisfactory
computation of the mean velocities, relatively poor agreement
for the turbulence quantities was obtained. In particular the
large near-wall peak was not predicted accurately. As is
demonstrated in the present paper, the use of the two-layer
wall function has enabled good predictions of the turbulence
quantities to be obtained as well as the mean velocity fields.

The following discussion'is mainly concerned with the pre-
diction of the Clausen and Wood flow.® As noted above, the
ASM turbulence model underpredicts v2 (Fig. 6) and overpre-
dicts w2 close to the wall, when plane-wall flow values of Cy
and Cj are used in the wall-echo terms [Eqgs. (8) and (9)]. We
have also obtained solutions without the wall-echo terms in the
ASM turbulence model. For the prediction of the mean veloc-
ities there is no difference between those two cases; for the
normal stresses %2 there is a small difference. As shown in Fig.
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Fig. 13 Nondimensional axial velocity profiles in the boundary layer.

Each symbol is located at the third grid point away from the wall of
each profile at the axial position xx.

6, the ASM turbulence model without wall-echo terms predicts
v? better than the ASM turbulence model with wall-echo
terms. This is also the case for w2 (not shown here). This
implies that C{ and Cj could be tuned for a better fit but, in
turn, this raises some concern about the universality of Eqs. (8)
and (9). This is a potential weakness of the pressure-strain
modeling. Different combinations of (C;, () in the pressure-
strain term, Eqgs. (6) and (7), were selected to test the sensitivity
of the turbulence quantities prediction. The values (3.0, 0.3),
suggested by Gibson and Younis*® who showed good predic-
tions for free swirling jet flows, did not show any difference in
turbulence quantities prediction from that provided by the
standard values (1.8, 0.6). This is not unexpected as the pres-
ent flow is a confined swirling flow in which turbulence is
produced mostly in the near-wall region rather than in the core
region.

The turbulence quantities shown in Figs. 5-8 indicate an
amplification of the near-wall peak in moving downstream
from the diffuser entrance followed by a subsequent axial
decay. This behavior may be partially explained by considering
the turbulent kinetic energy budget. Figure 12 shows the axial
variation of the turbulent kinetic energy budget based on Eq.
(3) at a radial grid location near the wall. This is the approxi-
mate radial location at which the peak k& occurs for the region
downstream of the diffuser entrance. The various terms are
shown in Fig. 12 by relative magnitude. It can be seen that both
the production rate and the dissipation rate of k increase
rapidly immediately downstream of the diffuser entrance but
decay further downstream. The radial diffusion and the axial
convection initially increase downstream of the diffuser en-
trance but become much smaller further downstream. The
radial convection and the axial diffusion are very small
throughout. Other turbulence quantities show a similar trend
to that of k downstream of the diffuser entrance.

The behavior shown in Fig. 12 is discussed here in relation
to the local reduced (i.e., retaining only dominant terms) k&
equation,

Uk, = [sin@(v,/ok)k,g])e /(x2sind) + P, — e 15)
The numerical results obtained with the ASM turbulence
model indicate that, in the inner boundary layer, —uv =»,U o/

xand —ow =p,[W o/x — W/(x tand)] so that Eq. (15) may be
written as

Uk . = [sin@(v,/ok)k‘g] o/ (x? sin)
+ v, {(U,e/x)2+ [W./x = wrx tano)] 2} —C,k*/v, (16)
The mean-flow behavior in the boundary layer downstream

of the diffuser entrance has a similar character up to the point
about xx = 78, (106, from the diffuser entrance corner), where
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8o(=~0.03Dy) is the boundary-layer thickness at the diffuser
entrance corner. For xx <78, the mean flow has a similar
character as in the duct upstream of the diffuser and the
boundary-layer edge is at a roughly constant distance from the
diffuser centerline. This corresponds to a rapid growth in the
boundary-layer thickness measured relative to the diffuser
wall. At xx =78y the core region flow is first (in the down-
stream direction) influenced by the altered flow conditions
emanating from the duct-diffuser wall junction. Under the
combined influence of an adverse axial pressure gradient,
swirl-driven radial pressure gradient and conservation of over-
all mass flow, the axial velocity component drops everywhere
and the boundary-layer thickness grows at a slower rate,
roughly linearly with x.

The nondimensional axial velocity profiles in the boundary
layer are shown in Fig. 13 for various axial grid points down-
stream of the diffuser entrance. In Fig. 13, U% and Y are non-
dimensionalized by the axial velocity at the boundary-layer
edge, i.e., the local maximum velocity, and the boundary-layer
thickness. In the entrance region it can be seen that the profiles
are almost similar so that a path with a constant radial value
(as used in Fig. 12) corresponds to moving closer to the wall,
in terms of Y. Thus U, increases with xx up to xx = 78,. The
turbulent eddy viscosity », is roughly constant with x. The var-
iation of W, is similar to that of U,.

A consideration of Eq. (16) indicates that a growth in U,
and constant y, implies a rapid growth in the production rate,
for xx =78y, as is confirmed in Fig. 12. In turn this causes a
growth in k [from Eq. (16)] and, as a result, a growth in the
dissipation rate and the radial diffusion both tending to coun-
teract the production rate. For xx =78, the reduction in the
rate of the boundary-layer growth implies that a path with a
constant radial value corresponds to an approximately con-
stant Y in Fig. 13. The adverse pressure gradient is now more
effective in retarding the mean axial flow leading to the flatter
profiles in Fig. 13 and a fall in U, at constant radial value.
A consideration of Eq. (16) suggests that the production rate
should fall, causing a reduction in & and € as is confirmed in
Fig. 12. The axial variation of k indicated in Fig. 12 has been
explained above by examining the behavior of U,. This is not
intended to imply that the U, behavior causes the k variation.

The primary contributions of SBR swirl is to limit the rate
of boundary-layer growth for xx =78, and to confine the phys-
ical effect of the turbulence to the region of the near-wall peak
leading to much more severe radial gradients of the turbulence
quantities than is found in nonswirling diffuser flows or in FV
swirling diffuser flows.

It is expected that solid-body swirl distribution of the type in
the Clausen and Wood flow? will stabilize the turbulence in the
core region. This observed effect has led to the introduction of
Richardson correction factors into the source terms of stan-
dard k-e models, which are otherwise less satisfactory at pre-
dicting it.2 Attempts to introduce a Richardson correction fac-
tor for swirling diffuser flow have not produced a significant
improvement in the accuracy of the prediction.?® It is consid-
ered that the use of an ASM turbulence model is a more
satisfactory way of including this process than the introduc-
tion of Richardson correction factors, which tend to be highly
empirical and coordinate-system dependent.

The present investigation indicates that both mean flow and
turbulence quantities can be predicted accurately when a two-
layer wall function is combined with a robust and accurate
numerical algorithm. However, further improvement in the
prediction of the precise Reynolds:stress behavior is likely to
depend on improved modeling of the pressure-strain terms,
either in relation to the wall-echo terms used in an ASM turbu-
lence model framework or by recourse to full Reynolds stress
closure. For either approach the modeling of the € equation is
a potentially weak link.

The Clausen and Wood flow can be considered an extreme
case of SBR type of swirling diffuser flow since any alternative
degree of swirl for this diffuser will produce flow reversal. As
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the model gives good prediction for this case it is likely to give
good prediction for less extreme examples of SBR swirling
diffuser flow. Owing to the lack of detailed turbulence and
mean flow measurements it has not been possible to perform
a complete evaluation of the model for the FV swirling flow.
Nonetheless the model has predicted the mean flow quite well.
It seems likely that the algorithm developed is capable of giv-
ing accurate predictions of at least the mean flow quantities for
a range of flows with inlet swirl profiles between the FV
swirling flow of Senoo et al.’ and the SBR swirling flow of
Clausen and Wood.?

V. Conclusions

Good prediction of the mean and turbulence quantities in
swirling flow has been obtained using an algebraic Reynolds
stress turbulence model and a k-¢ turbulence model with a
two-layer wall function. The algebraic Reynolds stress turbu-
lence model gives slightly better overall predictions of the tur-
bulence quantities but is less robust computationally, requiring
typically 60% more iterations to convergence. The use of a
two-layer, rather than a single layer, wall function has been
found to be necessary to predict accurately the level, location,
and the axial variation of the near-wall peak in turbulence
quantities for SBR swirl flow. The character of the near-wall
peak is substantially different from that which occurs in either
fully attached boundary layers, nonswirling, or FV inlet swirl-
ing diffuser flow. An SBR inlet swirling flow produces an
increased near-wall axial velocity and decreased near-axis ve-
locity compared with an FV inlet swirling flow and much more
severe radial gradients of the near-wall turbulence quantities.
Without modification the algorithm gives good prediction of
the mean flow quantities in free vortex type swirling diffuser
flow, a fundamentally different type of flow from the solid-
body rotation flow of Clausen and Wood. Further evaluation
of the model for free vortex flow will require a more detailed
set of turbulence measurements.
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