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Abstract

The use of the realizability constraint in ﬁff turbulence models is assessed by computing a stator vane passage flow. In this flow
the stagnation region is large and it is shown that the time scale bound suggested by [Int. J. Heat Fluid Flow 17 (1995) 89] is well
suited to prevent unphysical growth of turbulence kinetic energy. However, this constraint causes numerical instabilities when used
in the equation for the relaxation parameter, . It is also shown that the standard use of the realizability constraint in the v>—f model
is inconsistent and some modifications are suggested. These changes of the v>~f model are examined and shown to have negligible
effect on the overall performance of the v2—f model. In this work two different versions of the v>—f model are investigated and the
results obtained are compared with experimental data. The model on a form similar to that originally suggested by Durbin (e.g.

[ATAA J. 33 (1995) 659]) produced the overall best agreement with stator vane heat transfer data.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

During the last few years the v>—f turbulence model,
originally suggested by Durbin (1991), has become
increasingly popular due to its ability to correctly ac-
count for near-wall damping without use of so called
damping functions. The reason why these, in many
contexts questionable, damping functions can be avoi-
ded is the availability of an additional turbulent velocity
scale—a generic wall normal Reynolds stress compo-
nent, v2. By considering the exact transport equations
for the Reynolds stresses in a fully developed channel
flow it can readily be shown that the production of uv
(the only Reynolds stress component that affects the
mean flow field) should be proportional to v2. In two-
equation models this velocity scale (squared) is not
explicitly available but is replaced with the turbulence
kinetic energy k. As k has a different wall distance
dependency (3?) than v? (3*) this modelling is expected to
be inaccurate as walls are approached. This deficiency
can to some extent be controlled by introducing a
damping function that improves the wall distance
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dependence of wv. Durbin (1991) showed that by simply
replacing k with v? in the definition of the eddy-viscosity
results were substantially improved. Hence, an alterna-
tive interpretation, or definition, of the damping func-
tion, say f, is that v> = f,k. The main problem with a
damping function is that there can be only one and that
this function can be tuned to only a limited number of
test cases. In v2—f models on the other hand, v? is gov-
erned by a separate transport equation and thus has a
potential of being applicable to a wider range of flow
situations. One important feature of the v? equation is
its ability to account for non-local effects (e.g. kinematic
blocking) by solving an elliptic relaxation equation for
f, a parameter closely related to the pressure strain
redistribution term. For an extensive discussion on this
subject see Manceau et al. (2001).

The v?>—f model has in many fluid flows where com-
plex flow features are present shown to be superior to
other RANS methods. For example, Parneix et al.
(1998) successfully computed the strongly three-dimen-
sional flow around a wall-mounted appendage. Using
the v>—f model Hermanson et al. (2003) obtained
improvements in predicted heat transfer rates as com-
pared to k— computations for a stator vane flow. Sim-
ilar results were also found in Sveningsson (2003).
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Nomenclature

C vane chord; turbulence model constant
Ju damping function

f relaxation variable, cf. Eq. (8)

H stator vane height

h heat transfer coefficient, & = qywan/(Twan — Tin)
k turbulent kinetic energy

L turbulent length scale

P vane pitch; mean pressure

p pressure fluctuation

P, production term

Pr Prandtl number

Pr turbulent Prandtl number

S S2 = SijSi ij

Sy strain rate tensor

St Stanton number, St = h/pC,Ui,

T turbulent time scale

U; mean velocities

u; velocity fluctuations

v? turbulent velocity scale
U Reynolds stresses

y wall normal distance
Greeks

g dissipation rate of k&

v kinematic viscosity

v eddy viscosity

p density

oy, 0, turbulence model constants
Superscript

+ variable normalized using wall parameters
Subscripts

in inlet

w wall value

00 freestream value

Another class of flows where the v>—f model seems to
work well is separated flows. Cokljat et al. (2003) com-
puted a set of recirculating flows and found that the v2—f
model in most cases outperformed two-equation ap-
proaches. The same trend was seen in Iaccarino (2001)
where the flow in an asymmetric diffusor was computed
using the v2—f model and the Launder-Sharma low-
Reynolds number k—¢ model. The separation bubble
characteristic of this flow was fairly accurately predicted
with the v2—f model whereas the k&~ model produced no
recirculation at all.

Due to the somewhat unstable formulation of the
wall boundary condition of the relaxation parameter, f,
in the original formulation of the v>~f model Lien and
Kalitzin (2001) slightly redefined f in order to have a
numerically more attractive boundary condition. Due to
the improved numerical properties of the redefined
model it has become more popular than the original,
which in most cases requires a coupled solution proce-
dure (e.g. Sveningsson, 2003). In this study the behav-
iour of two versions of the v2—f model are compared in
an attempt to investigate in what aspects they differ and
also to improve the overall understanding of v>—f
models’ performance.

The test case used in this work is a linear cascade
flow. Both two and three-dimensional computations are
performed. Due to the strong blocking in this flow it is
crucial to handle the overprediction of turbulent kinetic
energy commonly encountered in stagnation point flows
when linear eddy-viscosity based models are used for
turbulence closure. This deficiency is here handled by
use of a realizability constraint written in terms of an
upper time scale bound as proposed by Durbin (1995a).

In general the realizability constraint is somewhat more
sophisticated (e.g. Lumley, 1978) but throughout this
paper the realizability constraint refers to a bound on
the turbulence time (or length) scale derived from the
requirement that no turbulence energy component may
be negative. As a matter of fact the v2—f model is almost
always used in conjunction with this time scale bound
and the central part of this work is an investigation of
this combination. The reason for this investigation is
that the time scale bound in quite a few cases causes
computations to diverge. In later sections it will be
shown that excluding it improves both the physics and
the stability of the v>-f model and to what extent these
changes affect the overall performance of the model is
examined.

2. Governing equations

The governing equations are the Reynolds averaged
Navier—Stokes (RANS) equations and equations for
conservation of mass and energy. For an incompress-
ible fluid the time averaged versions of these equations
read

w_ o ou o w
Yoy, pdx 0x7 o 7

oT 0o (v oTr __

g (e ) 2

The unknown Reynolds stresses and the turbulent
heat fluxes are closed using the eddy-viscosity concept,
ie.
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Table 1
v2—f model constants
Model Cﬂ ng C;;z Cl C2 (% [ CL C”
1: Parneix et al. (1998) 0.22 0.045 1.9 1.4 0.3 1.0 1.3 0.25 85
2: Kalitzin (1999) 0.19 0.045 1.9 0.4 0.3 1.0 1.3 0.23 70
2: Lien and Kalitzin (2001) 0.22 0.05 1.9 0.4 0.3 1.0 1.3 0.23 70
2: Cokljat et al. (2003) 0.22 0.045 1.9 0.4 0.3 1.0 1.3 0.23 70
2 _ v, oT 2 ) ")
Uiy = 2V1S1j+§k51j§ U; :—ﬁaf (3) L26_f_f:9 U__g _C2&_5U_ (12)
v 0x; o 7\ ¥k 3 kK kT

— k
v, =C,027, where 7 =max <— , 6\/E> 4)
& g
A turbulence Prandtl number of 0.89 was used in
computations that included heat transfer. The turbulent
quantities k£ and ¢ are obtained by solving two additional
transport equations that read

ok 0 v\ Ok
v a0 ) ) +Re ®)

J

de O v\ Oe CaPr — Cpe
voe = ((0)e) 5 )

__In the present study the performance of two different
v2—f models have been compared. They will hereafter be
referred to as model 1 and model 2, respectively. In
model 1, given in Parneix et al. (1998), the wall-normal
Reynolds stress component, v2, is modelled using

) v\ 002 2
X G —-1[1? 2 P,
P2 — f= R e
o2 F==7 %3] %% ®)

The turbulent length scale, L, and the modified
coefficient C;; are calculated using

2 /4 —
L:CLmaX <T7CVIW>7 C31:1-4<1+Czd\/k/l)2)
©)

Unfortunately, the wall boundary conditions for the
dissipation rate, ¢, and the redistribution parameter, f,

k —20v* [ 0?
8%2\)(?); = J(J’%) asy — 0 (10)

make the original formulation somewhat unstable. A
modification to model 1 used in e.g. Kalitzin (1999) and
Lien and Kalitzin (2001) solves this problem and renders
the following v? and f equations (model 2)

e v\ O —

now with a homogeneous f wall boundary condition.
Note that the models given in Lien and Kalitzin (2001)
and Kalitzin (1999) only differ in model constant values.
In Cokljat et al. (2003) yet another set of constants was
used. All suggested values are listed in Table 1 and later
the different sets of constants will be examined in a
stator vane heat transfer computation.

2.1. The realizability constraint

Most eddy-viscosity based turbulence models over-
predict the turbulent kinetic energy, k, in stagnation
point flows. Durbin (1995a) suggested a bound on the
turbulent time scale, .7, derived from 2k >u? >0,
which significantly improves predictions of k. For v2—f
models this constraint implies

J = min | max (&6%),% ! (13)
e ¢/ 3C,? max A,

where the constant Cj, has been added to allow for
tuning against experiments and max /4, is the largest
eigenvalue of the strain rate tensor §j;. In three dimen-
sions |4, < (28/3)"? (in 2-D |2,| = (S/2)"%), which can
be used to obtain

Z = min | max 5,6\/E ,Lm/i (14)
€ e) 62C,0%8

Now, let us return to the k and ¢ equations in order to
find out what mechanism is responsible for the
improvement in the predicted levels of the turbulence
kinetic energy. It has been argued that it is the use of the
realizability constraint in the ¢ equation that is the key
as it increases the production term, P, = C 1P,/ 7 (lower
J higher P,). If we write the ¢ source terms on another
form we see that this is not the case
CEIZWSI{;-U Cpe 20, S, — % (15)
where P, = 2vS;;S; and Eq. (4) for the eddy viscosity
have been used. Clearly the effect a limitation of the time
scale has in the ¢ equation is not to increase the pro-
duction of ¢ but to increase its dissipation. The increase
in dissipation of ¢ will lower the level of &, i.e. decrease
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the dissipation rate of &, and thus lead to higher levels of
k. If the explanation cannot be found in the ¢ equation it
must come from the k& equation, where the only term
involving 7 is P;. Hence, the mechanism responsible for
the improvement in & is the reduction in modelled pro-
duction rate, i.e.

which to some extent is reduced by the modification of
the time scale in the ¢ equation.

2.2. On the use of realizability constraints in the v’—f
model

In order to illustrate the effect of realizability rewrite
the f equation (Eq. (12)) as

22
(S—Cl);+§cl

[ of

op 1
L? + Ox;

Lk + TL? (17)

The first two terms are source terms (C; = 0.4), the
third act as a sink whereas the last term is a diffusive
term. Now imagine our time scale limiter being active.
This means that P /k in the first source term initially will
decrease (as P, will affect £ it is not obvious whether the
quantity P;/k at a later stage will actually decrease or
increase). This decrease will to some extent be balanced
by an increase of the second source term as this term is
multiplied by 1/7 . Since the objective of the limit of 7
is to reduce k (and v) this countereffect is incorrect as kf'
is the source term in the v? equation.

From inspection of Eq. (14), we see that an increase
of v? further reduces the time scale 7. This positive
feedback often caused the stator vane computations to
diverge as f became increasingly larger. Note that the 1
equation is of elliptic nature and that any perturbation is
felt in the entire computational domain. The easiest way
to get around this problem is to not use the time scale
limit at all in the /" equation. Another possible route is to
rewrite the realizability constraint in terms of v2/k, i.e.

) ) .
” _ min [U_ _ Cim __ S’Z] (18)
n

Using this limit in the f equation will consistently
lower the v? part of the turbulence kinetic energy.

Finally, Lien and Kalitzin (2001) suggested a similar
bound on the turbulent length scale L appearing in the f°
equation, which has also been investigated

) k3/2 k3/2 v3/4
L= CLmaX min T,m ’Cﬂm (19>

2.2.1. The consequence of realizability in the farfield
In the farfield the elliptic operator 8°//0x7 is assumed
to be negligible (in fact, Davidson et al. (2003) showed

that this is not the case even for fully developed channel
flow) and the f equation of model 2 reduces to

G [ 2 P
_ff(k 3) Cr T (20)

With this expression for f the v? equation source term in
Eq. (11) becomes

Ci (5 2 P
—— —=k CP+5——6— 21

3“(” 3¢) T TORE @)

Now assume we have an isotropic flow (2 = 2k/3), in
which the production of & is negligible. We get

10k 12

— 22
37730 (22)
which yields the correct isotropic dissipation rate —2¢/3
when J = k/e. But when the flow approaches a stag-
nation region the value of 7 becomes smaller than /¢
(or ¢ < k/J) as the time scale bound is activated (cf.
Fig. 5(a)). As already mentioned the time scale bound
ought to decrease v? but clearly, from Eq. (22), it will
cause a physically incorrect production of v?. This pro-
duction increases v?, which further restrains the time
scale bound (Eq. (14)) and we might again end up with
numerical problems due to positive feedback. Note that
this inconsistency is not present in model 1. The obvious
solution to this anomaly is to not use the realizability
constraint in the f equation or to change the modelled 2
dissipation rate (model 2) according to

v 2

One of these modifications proved to be necessary in
order to achieve a converged solution with model 2 for
the stator vane computations where the stagnation re-
gion indeed is very large.

3. Solver

CALC-BFC (boundary fitted coordinates) is a
structured finite volume code using the pressure cor-
rection scheme SIMPLEC and a co-located grid
arrangement with Rhie and Chow interpolation. The
van Leer scheme (a bounded, second order upwind
scheme) was used when discretizising the momentum
turbulence and energy equations. Due to convergence
problems false time stepping was used to enhance
numerical stability. The momentum equations were
solved with a segregated tri-diagonal matrix solver
(TDMA) and the turbulence equations were solved with
either a segregated (model 2) or coupled (model 1)
TDMA (for details see Sveningsson (2003)). All fluid
properties were treated as being constant.
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4. Results

4.1. The effect of the realizability constraint in a
stagnation point flow

In order to illustrate the importance of the realiz-
ability constraint some two-dimensional computations
of a stator vane flow were conducted. The vane profile,
shown in Fig. 1 together with the computational do-
main, is the same as the vane experimentally investigated
in, e.g., Radomsky and Thole (2000). The rig is a scaled-
up linear cascade with vanes of chord length C = 0.594
m. The inlet turbulence intensity of the flow is Tu;, =
0.6% and a measured turbulent length scale was used to
obtain an inlet ¢ boundary condition.

In Fig. 2 contours of k/U2 for the stator vane flow

are shown. In all three cases v>—f model 1 has been used
with the only difference that in Fig. 2(a) the realizability
constraint, Eq. (14), is deactivated, in Fig. 2(b) the
constraint is used when calculating v, and in the ¢
equation, whereas in Fig. 2(c) it has been used every-
where the time scale 7 appears. It can be seen that the
constraint has a strong influence. For example, when the

OUTLET

INLET

— PERIODIC

Fig. 1. Computational domain together with the locations of the
stagnation plane and plane SS, which are used when post-processing
the results of the three-dimensional computations. Whenever the
coordinate 7 is used 7 = 0 is located on the suction side wall, whereas
n =1 lies on the pressure side of the vane.

;:‘/ /

S
T
T

7
I

Case E

fl

(a) Case A (b) Case C (c)

Fig. 2. Contours of k/U2. Inlet flow from left. Contour intervals of
0.001. Description of Cases A, C and E are given in Table 2.

limiter is active it is only in a narrow region around the
wake that k/U2 exceeds levels of 1073, whereas the same
quantity is well above this value in almost the entire
domain if the constraint is not used.

In Section 2.1 the effects of an upper bound on the
turbulent time scale, 7, in different terms in the gov-
erning equations were discussed. The conclusions drawn
in that section will now be examined in detail. First of
all, as Fig. 2(a) and (b) show drastically different results,
it must be the use of the time scale bound in the
expression for v¢ (or possibly in the & equation) that
prevents the turbulent kinetic energy from taking erro-
neous values. Use of the bound also in the f equation
has little effect on the % distribution as Fig. 2(b) and (c)
are very similar. In order to make a quantitative com-
parison of the effect realizability has on the k£ distribu-
tion &/ Uli is plotted along the stagnation line in Fig. 3.
All these computations are carried out using model 1
and in each case the time scale bound is used as given in
Table 2.

In Fig. 3(a) the importance of using the time scale
bound is again obvious. The k profile obtained without
the bound has a maximum about 30 times higher than
the maximum of any other profile. The influence of Cj;y,
is also illustrated. In the close-up (Fig. 3(b)) it can be

x 10

= A R
6l ... & N
J—" i
st S
T
N
af P
RS P
) [
S P
g i
.' 1
2f i i
i
. '
1t e i
e i
__________ _//1

Qhmimemissscoimonio o T==cor--" 0 " L " "

-0.12 -0.08 -0.04 -0.04 -0.03 -0.02 -0.01 i
(a) z/C (b) z/C

Fig. 3. Profiles of /U2 approaching the stagnation point for different realizability constraints. For legend see Table 2. (a) Global view; (b) Close-up.
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Table 2
Description of how realizability is used when investigating its influence
in the stagnation region

Case Description

A No realizability constraint (RC)

B RC on 7 used in v (G, = 0.6)

C RC on 7 used in v, and ¢ equation

D RC on 7 used in v, ¢ and f equations

E RC on 7 and L used in v, ¢ and f equations
F Same as E but with Gy, = 1.0

seen that the use of the realizability constraint (in terms
of 7, or L) in the f equation has only a limited influence
on k. The profile that deviates from the other is the one
where the time scale bound has only been used in the v,
expression (recall that this was the expected effect dis-
cussed in the previous section). Hence, it can be con-
cluded that the use of the bound in the f equation is not
important, that using it in the ¢ equation increases k (i.e.
k is lower without the bound, cf. Fig. 3(b)) and that the
only reason that the constraint works is the limitation of
the turbulent viscosity.

For the v? profiles along the stagnation line the dif-
ferences are somewhat larger. In Fig. 4(a) profiles of the

normalized wall normal Reynolds stress component,
v?/U2, are shown. We see that Case B, consistent with
the lower values of & in Fig. 3(b), gives lower values than
Cases C and E. Also of interest is that Case D gives the
same results as Case E (not shown in Fig. 4(a) as the
curves overlap), which is a surprise as the corresponding
bound on .7 had such a strong impact on the turbulence
field. This can only be explained by the fact that the
expression for the turbulent length scale (Eq. (19)) is
unaffected by the realizability constraint. Clearly, from
Eq. (19), this can only be the case if the lower bound on
L, expressed in Kolmogorov variables, is always greater
than k3/2 /. Obviously, this also means that the order in
which the two limits in this expression are executed is of
importance. The present procedure is to first check
whether the normal components of the Reynolds stress
tensor is always positive (the realizability constraint),
whereafter the resulting quantity is compared with the
“viscous” length scale. In Fig. 5(b) contours of the ratio
of the viscous and the turbulent length scales are plot-
ted. It can be seen that the viscous length scale
(C,v3/*/e'/*) is many times larger than the turbulent
length scale (k%/?/¢) in the entire domain. This means
that if the procedure would be reversed, as is the case

— A
40ff - B
...... E
30
Y
>
S 20
10 ~
~..
~—
G —'~_“--—-—-----u-
—0.1 ~0.05 -05 -04 03 -02 -0 0
(a) z/C (b) z/C

Fig. 4. Profiles of 12 /U2

in

\

N\
3

\5\7/
i

(a) Time scale ratio.

(a) and v;/v (b) approaching the stagnation point for different realizability constraints. For legend see Table 2.

(b) Length scale ratio.

Fig. 5. (a) Contours of (k/¢)/7 at midspan indicating in which areas the time scale constraint is active. For values above 1 the constraint is active; (b)
Contours of (C,v¥/*/&!/*)/ (k3% /&) indicating in which areas the viscous length scale in Eq. (19) is active.
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when the time scale limits are executed, the length scale
derived from the realizability constraint would dominate
the field. Note that the results shown in Fig. 5 are from
a low turbulence intensity computation (Tuy, = 0.6%).
For the high turbulence intensity case (Tu;, = 10%) the
length scale ratio behaved as expected, i.e. the viscous
length scale was only active in a near-wall region around
the vane.

Finally, the influence of the realizability constraint on
the turbulent viscosity, v, is illustrated in Fig. 4(b),
where the normalized turbulent viscosity v¢/v along the
stagnation line is plotted. Just as for the other turbulent
quantities the constraint has a remarkable effect on ;.
As soon as the presence of the vane makes the flow
decelerate (or accelerate) the eigenvalues of the strain
rate tensor, S;;, becomes large enough to activate the
time scale constraint (cf. Eq. (14)). In Fig. 5(a) contours
of the ratio (k/¢)/7 are shown. They indicate in which
regions the time scale constraint is active and to what
extent the turbulence time scale is modified. Wherever
the ratio is greater than unity, which it is in almost the
entire vane passage, the realizability constraint is active.
This means that the turbulence model is modified in
most of the domain. For example, the eddy viscosity in
the active regions is given by vi = Cink/(3maxiy),
which is very different from the original v, expression.
This suggests that the choice of the constant Cjy, be-
comes rather important in stagnation point flows and
that the original v expression severely overestimates the
eddy viscosity. Note that the physically justified lowest
value of Cjy, is unity, whereas a value of 0.6 has been
used in Fig. 5(a). As the active region is large the lower
value might cause too a strong bound on the turbulence
time scale.

Also worth mentioning is that the minor difference
between the results for Cases C and D indicates that the
terms in the f equation involving 7, i.e. the so called
slow terms, have only a limited influence on f; they are
most often small compared to the rapid term, C,F; /k.

0.015

0.01
A
0.005}
2220000 ® 02
0 -0.5 0 0.5 1
(@) s/C

Another issue of this work that seems to be related to
this, is the overall stability of the v>—f model. When the
f residuals of a non-converging computation were
plotted the largest residuals were found in regions where
large gradients in f coincided with regions of low tur-
bulence production rate (P;). Further, the v>—f model
has been found to become numerically stiff for y* values
below unity. Here too P is very small due to small
values of v;. These observations suggest that it is when
the slow terms dominate the f equation that the v?—f
model becomes unstable.

4.1.1. The effect on vane heat transfer

In stator vane applications the predicted turbulence
field is in most cases of secondary interest. Of greater
concern is the rate of which heat is being transferred
from the hot gas accelerating through the vane passage
to the stator vane walls. However, in order to obtain a
sufficiently accurate prediction of the heat transfer
process (the turbulent heat fluxes) a fairly accurate
prediction of the turbulence field is most often neces-
sary. With the large impact of the realizability constraint
on the turbulence field seen in the preceding section in
mind we will in this section consider its effect on stator
vane heat transfer. The performance of the two different
versions of the v2—f model are also investigated and
compared with measurements. In Fig. 6(a) the predicted
stator vane Stanton number distributions are plotted
together with measurements for some v>—f model 1
computations (Cases A—F, cf. Table 2). The inlet tur-
bulence intensity is Tuy, = 0.6%. s is a coordinate along
the stator vane, s/C < 0 being the pressure side of the
vane, whereas s/C > 0 corresponds to the suction side.
In Fig. 6(b) the versions of the v>—f model given in
Section 2 are compared for a case with higher turbulence
intensity (Tu;, = 10%). From both figures it can be seen
that model 1 (solid lines) does exceptionally well in the
region around the stagnation point (s/C = 0) and along
the pressure side of the vane for both high and low

0.015¢

.......

0.01

®,
o0 6°
0.005 —— Model 1
. Kalitzin (1999)
------ Lien & Kalitzin (2001)
---. Cokljat et al. (2003)
o EXP.

—05 0 0.5 1
(b) s/C

Fig. 6. Stator vane Stanton number. (a) Different realizability constraints using v_z—f model 1. Tuy, = 0.6%. For legend see Table 2; (b) Different v_z—f
models with different model constants (cf. Table 1). Tuy, = 10%. s/C > 0 suction side, s/C < 0 pressure side.
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turbulence intensity. On the suction side transition is
predicted far too early, which has a strong impact on the
heat transfer on the suction side. This feature is appar-
ent in all computations and is only weakly dependent on
the use of the realizability constraint.

From Fig. 6(a) we see that the predicted Stanton
number increases by some 30-50% if the realizability
constraint is deactivated. Also evident is that all the
other cases produce almost identical Stanton number
distributions, which supports the finding in previous
sections, i.e. that the time scale bound is only important
in the expression for the eddy viscosity. Somewhat sur-
prisingly the change of the Cji, constant from 0.6 to 1.0
(Case F) has very little effect on the heat transfer.

The comparison of the different models in Fig. 6(b)
reveals that the set of constants used in Kalitzin (1999)
(model 2) is inappropriate, at least for heat transfer
computations, giving values about 30% too high. We
also see that the sets of constants used in Lien and
Kalitzin (2001) and Cokljat et al. (2003) (both model 2)
give similar results but do not reproduce the trend in the
stagnation region as accurately as model 1 does. Both
versions predict a peak in heat transfer right at the
stagnation point whereas the measured peak lies some
distance downstream this point.

4.2. The 3D stator vane flow

The main aim of this section is to investigate what a
suitable value of the model constant Cj;,, might be. The
test case is the three-dimensional flow in a stator vane
passage investigated in, e.g. Radomsky and Thole
(2000). For an extended discussion of the predicted
three-dimensional flow field and the heat transfer to the
plate on which the vanes are mounted the reader is re-
ferred to Sveningsson and Davidson (2004). All results
in this section will be presented as either contour or
vector plots in two different planes, the stagnation plane
and plane SS, both shown in Fig. 1. Plane SS, cuts
through the vane passage at about half a chord length
into the passage (this plane is defined to be normal to the
vane suction surface at a distance s/C = 0.35 from the
stagnation point, s being a coordinate along the surface
of the stator vane). Included in this figure is the defini-
tion of the coordinate 1 associated with plane SS. 5
ranges from 0 to 1, n =0 being the suction side and
n = 1 the pressure side.

In Fig. 7 contours of k/ Ulfl are plotted in the stag-
nation plane for different values of Cjj,,. The results are
in line with the conclusions drawn earlier. Cj;;, = oo (no
realizability constraint) gives too high production of &
but when Cjy, is reduced to 0.6 the region of high &
associated with the stagnation point anomaly disap-
pears. The region of large k associated with the roll-up
of the horseshoe vortex on the other hand remains al-
most unaffected by the reduction of Cj,. Also included
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Fig. 7. Contours of normalized turbulent kinetic energy, k/U?, in the

— in>
stagnation plane for v>-f model 1 computations with and without the
realizability constraint. Contour intervals of 0.01k/U3.

in Fig. 7(b) are contours of the corresponding measured
quantity in a close-up of the lower right hand corner. It
can be seen that the prediction (with use of realizability
constraint) agrees well, both qualitatively and quanti-
tatively, with the experimental data. By comparing Fig.
7(a) and (b) one would expect a weaker secondary mo-
tion (horseshoe vortex roll-up) in the former computa-
tion, especially downstream the leading edge region, as
the values of & (and v;) is high along the vane stagnation
line. We will therefore examine the flow and turbulence
field in plane SS (cf. Fig. 1) located some distance into
the vane passage, where additional experimental data
are available for comparison.

The effect of the realizability constraint on the tur-
bulent kinetic energy in plane SS is shown in Fig. §,
where the & distribution normalized with the inlet
velocity is given for some values of Ciy,. Again it is
obvious that the choice of Cjy, is important in v2—f
models and that the model’s improved physical foun-
dation compared to two-equation models does not solve
the problem of the stagnation point anomaly. In the
contour plot second from the left, where the constraint
is not used, the levels of k/U2 are greater than 6% in a
large portion of the plane with the exception of a region
to the right where &/ qu is slightly lower (= 4.0%). Set-
ting the value of Cj, to 1.0, i.e. using the time scale
bound that can be algebraically derived, improves the
prediction a great deal. Further reducing the value of
Ciim to 0.6 gives peak values of k/ Ufl ~ 6.0% at the
center of the horseshoe vortices, which is in close
agreement with the values found in experiments.

It is interesting that even if & is very sensitive to the
choice of the model constant Cj;,, the value of 0.6 does
give fairly accurate predictions of & in the stator vane
test case of this study. This value has not been tuned to
fit this particular set of experimental data but can be
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Fig. 8. Measured and predicted levels of normalized turbulence kinetic energy, /U2, in plane SS (cf. Fig. 1). Comparison of experimental data and
three computations with different values of Cj;;,,. Contour intervals of 1%. For reference, the freestream velocity at this location is approximately five

times higher than at the inlet.

found in several investigations by other researches, e.g.
Lien and Kalitzin (2001), Kalitzin (1999), which sug-
gests that this value has a potential of being applicable
to a wider range of flows.

With the very different & distributions in plane SS in
mind we next turn to the influence of the realizability
constraint on the secondary velocity field in the vane
passage. As the eddy viscosity will be substantially
overpredicted without the constraint we would expect a
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Fig. 9. Secondary velocities in the lower half of plane SS (cf. Fig. 1).
Endwall located at z=0. Suction and pressure surfaces located at
n =0 and 1, respectively. The reference arrows correspond to 20% of
the maximum total velocity in the plane.

less intense secondary flow field when the time scale
bound is deactivated. In this context the term “‘second-
ary flow” refers to structures like the pressure and suc-
tion side legs of the horseshoe vortex that sweep around
the vane creating the characteristic horseshoe-like sig-
nature.

In Fig. 9 the secondary velocities defined in Kang and
Thole (2000) for different values of Cj, are compared
with experimental data. v>—f model 1 was used in all
computations. First, it can be seen that the intensity of
the secondary motion is underpredicted, especially the
net flow from the pressure side towards the suction side
of the vane. In Sveningsson (2003) it was shown that
several commonly used two-equation models produced
even weaker secondary motion and that the intensity of
the secondary motion in the vane passage is largely
determined by how well the flow in the stagnation region
is captured. Second, the results indicate that the sec-
ondary velocities are not that sensitive to the realiz-
ability constraint. However, as expected, the secondary
motion is somewhat weakened due to the extra viscosity
produced when the realizability constraint is turned off.

5. Conclusions

The use of the realizability constraint in v2>—f turbu-
lence models has been assessed by computing a stator
vane flow. In this flow the stagnation region is large and
it was found that the constraint was necessary when
calculating the eddy viscosity in order to prevent
unphysical growth of turbulence kinetic energy. The
mechanism responsible for the improvement is the
reduction in production of turbulence kinetic energy.
The constraint, expressed as an upper bound on the
turbulent time scale, was found to cause numerical
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instabilities when used in the f equation. It was also
shown that the standard use of the realizability con-
straint in the v?>-f model is inconsistent and some
modifications were suggested. These changes of the v>—f
model were carefully examined and were found to have
negligible effect on the overall performance of the
model. Therefore it is suggested that the turbulent time
scale bound should be used only when calculating the
eddy viscosity. In other words it is sufficient to use the
realizability constraint (u2 > 0) to derive a bound on
the eddy-viscosity itself, not the turbulent time scale.
This bound would have the form
Climk:|

(24)

Vi = min |:Vl, m

The corresponding bound on the turbulence length
scale had in the present study no effect at all. This is due
to the fact that the upper bound on the length scale,
expressed in Kolmogorov variables, dominates in al-
most the entire computational domain.

Finally, the performance of two different versions of
the v2—f models were investigated and the results were
compared with experimental data. It was found that the
model on a form similar to that originally suggested by
Durbin (e.g. Durbin (1995b)) produced the overall best
agreement with stator vane heat transfer data. For the
other model, with a reformulated more stable f wall
boundary condition, a few different sets of model con-
stants were found in the literature. The best results
amongst these versions of the model were obtained with
the constants used in Lien and Kalitzin (2001) or Cok-
ljat et al. (2003).
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