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6 Concluding remarks

2D 24 DEG. RAMP

M=2.84 corner velocity This paper compared the predictive performance of an

anisotropic version of the K — & — R model to that of

14 T T - two equation models for shock-separated transonic and
1o b |ZTieeA i supersonic  flows, Results indicae a onsiderably
. — - K ga
| === nonlin. k-e-A P improved  performance of the K—&—-R mode
(@] 1k ¢ data Settles 1 - . . :
I I ] relative to that of a typicd low-Re K —& model in
2 08 ! . predicting such flows, with almost no exception.
o I
g 0.6 i - } 7 The K — w model performed well except in the Délery
04 " internal flow case where it failed to predict the bulk of
[ =3° ] ;
o the flowfield correctly.
02 F Zo0 S -
ol A T NP T B The k—&-R modd is wal-distancefreg
-02 00 02 04 06 08 1.0 tensorialy invariant and frame indifferent. It is siitable
U/Uinf for flow solvers based on structured, unstructured or

hybrid bodk-keeping, and is applicable on any
computer architedure, including the increasingly

) ) _ ~ popular massively parallel processors.
Figure 4(c) Compression ramp: streamwise velocity

profile at corner
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where y" =ypu, /u and the friction velocity

u, = (T/p)w .

Figs. 4(a-c) show predictions and data comparisons of
surface presare, skin friction, and corner velocity
profile. A sketch showing the geometry and some flow
feauresis £ in Fig. 4(a). Fig. 4(d) is a mnvergence
history plot based on skin friction well downstream of
flow reattachment.

The K—€-R and K—w models yield similar
predictions which are much superior to those by the
K — & model. The shock impingement location is best
predicted by the 3-equation model whereas the skin
friction distribution is better predicted by the K — w
model, espedaly downstrean of redatachment. It is
noted that the post-reatachment pedk in skin friction,
typicd of low-Re K —& model predictions, is
eliminated by the other two models. It is aso noted
that the K — & — R model enables superior prediction
of the corner velocity distribution, espedally in the
upper portion of the profile, indicaing that the
boundary layer thickness is captured correctly.

AlAA 98-0323

Figure 4(a) Compression ramp: surface pressure
distribution

Figure 4(b) Compression ramp: skin friction
distribution
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5.4 Supersonic flow over a compression ramp

Thisis the supersonic two-dimensional flow over a 24

ramp measured by Settles et a.,*® with additional data
by Dolling and Murphy,* and by Selig et a.°. An
oblique shock, impinging on the boundary layer aheal
of the ramp corner (due to upstream influence), induces
flow detachment, with subsequent reatadhment onto the
ramp surface The origin  of the (x, y) Cartesian
coordinate system is locaed at the ramp corner, with
diredions along and normal to the upstrean flat plate,
respedively. These mordinates are scded by the

boundary layer thickness upstream of the shock, 50.
Wall presaure (pw) is cded by the upstream inflow

pressaure (poo) . The computation was done on a grid,

with at least 8 cdls inside the viscous 99x99
sublayer, first centroidal point off the wall being at

Figure 3(h) 2D bump: Mach contourk,~ w model y* <1. The grid was clustered in the X diredion

too, with [AX] .. = 013, located at the ramp corner.

This grid was recommended for the ETMA workshop
on evaluation of turbulence models for compressve
flows

Numericd predictions of this case ae known to be
strongly dependent on inflow conditions. The inflow
Mach number was 2.84; Re,, = 7.3x10" /' m; total

temperature 262 K; and static presaure 24 kPa. Wall
temperature was 276K but adiabatic conditions were
adequate. The measured upstrean boundary layer

thickness &y = 0023n, was located  at
X/ &, =—30. The wmputational inflow was placed
a X/Jd,=-217 and a mmpressve equilibrium
turbulent boundary layer (wake strength parameter
M = 055) of thickness J,, / , = 0.6 was imposed
to enable matching the measured baundary layer
upstream of the strong interadion region. K was st
corresponding to a  freestream turbulence level
T'=08%, and £, was st to alevel that imposed
freestream eddy viscosity on the order of the moleaular

Figure 3{) 2D bump: convergence history one. The inflow profiles of K and & were the
following:

01
k= min%—, 0.035y* %/*uf, y* <10
B

=S,

11
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Figure 3(d) 2D bump: lower wall skin friction profiles Figure 3(f) 2D bump: shear stress profiles at
X=330,380 mm
Figure 3(e) 2D bump: velocity profiles &=330,380 Figure 3(g) 2D bump: Mach contours,
mm k — & = Rmodel
10
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Figures 3(b,c) show comparisons of predictions with
experimental data of lower and upper wall presaire
profiles, and Fig. 3(d) is a lower wall skin friction
comparison. Streamwise velocity and Reynolds dea
stress profiles over the lower wal close to the
redtachment location and downstream of it are shown
in Figs. 3(ef). The presaure and velocity profiles
indicae improved prediction of shock locaion and
extent of the separation bubble by the k—&-R
model, compared to that by the other two models. The
velocity  profile nea the redtacdhment point is
particularly well predicted. The shea stress profiles
indicate an anomalous behaviour of the K —w model
toward the shea layer edge. Thisis confirmed by the
Madch contours, Figures 3(g,h), showing that the kK —
model predicts a very diffused shock, resembling a
series of discrete compresgon waves, which does not
agree with the eperimental observation. The wall Figure 3(b) 2D bump: lower wall pressure profiles
presare profiles, Figures 3(b,c), aso indicae a

smeaed shock predicted by this model. In addition, the

maximum measured Mach number, M, =142, is

closely predicted hy the 3-equation model but not by the
K — @ mode. It is concluded that the latter fails to
cgpture the bulk of the flowfield in this case. However,
while the K—&—R model does predict a sharp
shock, the experimentally observed A shock is only
weakly predicted by this model.

Fig. 3(i) is a onvergence history plot based on lower
wall skin friction in alocaion within the reversed flow
region.

Figure 3(a) 2D bump: computational grid Figure 3(c) 2D bump: upper wall pressure profiles

9
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Figure 2(d) Axisymmetric bump: turbulence kinetic  Figure 2(f) Axisymmetric bump: solution convergence
energy profiles history

5.3 Transonic channel flow including a bump

In this case aMadh 0.615flow enters a two-dimensional
channel comprising a flat upper wall and a lower
surfacewhich includes a bump-like profile protruding
from the otherwise flat wall [seeFig. 3(a)]. The inflow
total presaure is 96KPa. A transonic A -shock forms
toward the bump trailing edge, and its interadion with
the boundary layer induces a separated flow region.
Experimental data were taken by Déery and his
asciates’’ In the experiment the shock location was
controlled by an adjustable throat downstream of the
bump; since no geometricd details of this throat are
provided, computors are instructed to adjust the
downstrean presaure to replicae numericdly the
experimental shock  locdion.  Reservoir inflow
conditions were imposed, and adiabatic, non-dip
conditions were set at the walls. The cmputations
were done on two grids: a 120x120 grid with 14
Figure 2(e) Axisymmetric bump: shear stress profiles POINts inside the viscous sublayers, first point being
locaed at y* =01; and a 120x240 grid, with 16

points inside the sublayers and finer resolution aaoss
the channel. The latter established grid independence
of the solution on the former grid. The mputational
domain extended from X = =74 to X =426 mm,
and some streanwise grid clustering was impaosed,
centered at the bump trailing edge, as seen in Fig. 3(a).

8
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residing within the badkflow region. nt is the time step
courter. This congtitutes a more stringent test than
monitoring the drop in numerical residuals.

The K=& and k—&— R models predict the shock
locdion further downstrean than indicaed by the
experimental data, whereas the K — @ model predicts
it on the data, however it underpredicts the presare
level downstrean of reatachment. A duggsh
redevelopment of the boundary layer, predicted by the
K —w model, is e in both the skin friction and
velocity profiles. The other two models are better in
this resped but while the K — & — R model predicts a
decent skin friction distribution, the k—& model
(charaderigticdly) underpredictsit. The kinetic energy
and shea stress profiles indicate abetter performance
by the 3-equation model than by the K — @ model in
the reversed flow region, but the oppaite is true
downstrean of redtachment. Thus the improved
prediction of the mean flow in the redeveloping
boundary layer region by the former model does not

seem to extend to the turbulence field in this flow case.

Figure 2(a) Axisymmetric bump: surface pressure
distribution

7
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Figure 2(b) Axisymmetric bump: skin friction
distribution

Figure 2(c) Axisymmetric bump: streamwise velocity
profiles
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Figure 1(e) Flat plate: turbulence kinetic energy profile Figure 1(g) Flat plate: eddy viscosity profile

5.2 Transonic flow over an axisymmetric
bump

Macdh 0.875 flow over an axisymmetric bump at
Re, =136x10°/m is computed and evaluated

against experimental data of Bachalo and Johnson.*®
Here anormal shock, impinging on the bump, causes
flow detachment from the surface with subsequent
redtachment further downstrean on the o/lindricd
portion of the model. A sketch of the geometry,
including main flow feaures, isincluded in Figure 2(a).
In Figures 2 the origin of the aial coordinate, X, is at
the bump lealing edge; the radial coordinate, VY,
originates at the ais. All lengths are scded by the
bump cord, C. Figures 2(a,b) present surface presaure
coefficient (C,) and skin friction (C;) profiles,
Figure 1(f) Flat plate: turbulence energy dissipation ratdespedively. Figures 2(c-e) show velocity, kinetic

profile energy, and shea stress profiles at two streanwise
locations; one within the reversed flow region, the other
downstream of reatadment. The mmputations were
performed on a 151x81grid with y* <1 at the first
centroid away from the wall. Streanwise dustering
was also imposed, centered at X/ C = 0.7 where the
shock impinges on the wall acording to the
experiment. Computation on a 181x101 grid was
aso performed to ascertain grid independence of the
calculation done on th&51x 81 grid.

Figure 2(f) shows slution convergence history with the
current model, based on skin friction in a locaion

6
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wall, K, € and eddy viscosty a X =08m Fig.
1(d) includes experimenta data>**'* as well as
Spaldings formula™®. The k—& and k—-€-R
model predictions are in close agreement except for the
& profile. The arrent model predicts a locd
maximum at the wall, with a secondary pe& further
away from it, in qualitative agreement with DNS data.
(The GA k — & mode does exhibit this trend in other
flow cases, however). As ®e in Fig. 1(d), the law of
the wall is best predicted by the 3-eq. model.

Figure 1(c) Flat plate: streamwise velocity profile

Figure 1(b) Flat plate: skin friction distribution Figure 1(d) Flat plate: velocity profile in law-of-the-
wall coordinates

5
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The three transport equations, Equations (7), (9), and
(10), are subjed to the following solid wall boundary
conditions:

AlAA 98-0323

4) Treament of multiblock patched aligred (nodally
connected), patched-nonaligned and overset grids.

Total Variation Diminishing discretizaion based

The kinetic energy of turbulence vanishes at walls, thus ~ on  a  new multi-dimensional  interpolation

k, =0. (14)

From DNS data of channel flow (Mansour at a.),
8\; =022 Written explicitly,

U, O |
g, =022v, Li—L0, where U, is the locd
Ooy, O,

tangential-to-wall velocity component and Y, is the

locd normal-to-wall diredion. This non-pointwise
velocity gradient is replacal by the vorticity magnitude,
w, which is tensorially invariant. Thus the final form
of the wall boundary condition fof reads

£, = 022(vw?) (15)

Finaly, since the eldy viscosity vanishes at a solid
surface,

R, =0. (16)

Freestream and initial conditions for K are usualy
determined by the level of freestream turbulence, T',

through Kk, /U2 =(3/2)T'?, otherwise avalue of
k, /U2 =10" may be used. The level of &, is

set such that the freestream eddy viscosity is on the
order of the moleallar one ad, smilarly,

(pR)00 = O(uw), though this condition is not crucia

since R is overwritten by the model during the murse of
the iterative solution procedure.

4 Numerical method: CED++ M ethodology
general outline

The numericd framework of CFD++ is based on the
following general elements:

1) Unsteady compressve and incompressve Navier-
Stokes equations with turbulence modeling.

2) Unificaion of Cartesian, structured curvili nea, and
unstructured grids, including hybrids.

3) Unification of treament of various cdl shapes
including hexahedral, tetrahedral and trianguar
prism cdls (3-d), quadrilateral and trianguar cdls
(2-d) and linear elements (1-d).

4

framework.

6) Riemann solvers to provide proper signal
propagation physics, including wersions for
preconditioned forms of the governing equations.

7) Consistent and acarate discretization of viscous
terms using the same multi-dimensional polynomial
framework.

8) Pointwise turbulence models that do not require
knowledge of distance to walls.

9) Versatile boundary condition implementation
includes a rich variety of integrated baundary
condition types for the various sets of equations.

10) Implementation on MPP computers based on the
distributed-memory message-passng model using
native message-passing libraries or MPI, PVM, etc.

The caes described in this paper utilized only a small
subset of these cagabiliti es: compressve flow, singe
block structured grids with quadril ateral cdls and three
pointwise turbulence models.

Further detail s regarding the numericd methoddogy in
CFD++ can be found in referendé%

5 Reaults

All computations were performed on a Pentium Pro PC.
In addition to comparisons with experimental data, the
3-equation model's predictions are mmpared to those
by the Wilcox k —w ™ and GA k — &£* models, the
latter being a representative low-Re K —& model
which is wall-distance-free like the other two.

5.1 Flow over aflat plate

Mad 0.2 flow over aflat plate & Reynolds number of

6x10° is computed ona 6597 grid, with y* <1
at the first centroidal locaion away from thewall. The
plate leading edge is precaled by a sedion of
freestream flow paralel to it. The plate extends to one
meter.

Figure 1(b) shows <kin friction distribution, and Figs.
1(c-g) show profiles of streamwise velocity, law-of-the-
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The compressive material derivative is given by

D/Dt=0/dt+alax[u;( )]

The model constants are

2
K
=182, G =183 Ogr=——7—— =1367,
Ca Cro R @(Cm_cm)
Gi=144, G,=1%, 0,=13 k=041 C,=009,

The turbulence time scde, as proposed by Durbin® and
by Goldberg, is

[k 20
T =maC,C O
B3 O

C, =6 based on DNS data (see Durbin®

Equation (12) guarantees that the eldy time scde will
not fall below the Kolmogorov micro-scae, dominant in
the immediate vicinity of solid surfaces. It is noted that
by enforcing time scde redizability in the €& equation,
it retains asymptotic oonsistency at walls with no
modifications.

(12)

where

It is further noted that when Equation (7) is derived
from the standard K and & equations, two further
diffusion terms result, namely
-2C, / 0,[(R/ k)’ Ok Mk - 2(R/ k)Ok IR},

Sincethese terms are not used, the resulting R- equation

is independent of the K and & equations. This is
clearly seen in Fig. 1(a) where

3
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Figure 1(a) Flat plate: profile of tlissipations ratio
k? /(Re)

the ratio of the two dsspation rates, k? /(Re), is
plotted against y+ in the cae of flat plate nea-wall

flow. Unlike £, k®/ R tends to vanish a the wall,
and it pesksto about 1.5€ at y* =9. As ®eninthe

figure, R tends back to k2 /& only a y* >100.
The dfed of including the R equation in this model is,
therefore, to enable usage of the disgpation term

k? / R inthe K equation instead of € , which leas to
lowering the turbulence level in nonequili brium flow
regions, such as redrculation zones, enabling improved
prediction of such regions, compared to the

performance of many low-RE — & models.

The nea-wall damping function, fu , isthe one used in

the Goldberg-Apsley (GAK — & modef, namely

(13)

( lem B CF
©o1-e™ UEWRE

with, R = pk®/ (/,le) the turbulence Reynolds
number. The constant @ = 0.0077 was determined
through correlation to DNS data of flat plate and
channel flows”. Notethat f, =aC; at walls, which

impliesthat U, ~ y4 there. Thisassumption is widely

used, for example in Durbifik — & — & model.
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on either unstructured o structured bodk-keeping,
exeauted on any computer architedure, including
massvely parallel procesors. Since publication of the
origina model® the R transport equation hes been
modified by a onditional applicaion of its extra
diffusion term. This improved the model's performance
in shea-layer-edge regions and removed any
dependence on freestrean conditions. In addition, the
nea-wall function, 1 o has been replaced by the one
used in the Goldberg-Apsley kK —€& model* which
itself incorporates time scade redizability. The version
used in this paper is an anisotropic (nonlinea) variant,
presented in the next sedion. This is followed by a
summary of the numericd approach, flow examples,
and conclusions.

3 Model formulation

Reynolds dresses are related to the mean strain
gradients through the quadratic model of Shih, Lumley
and Zhd:

— 2 2
~Pu; =H@Ji.j *Uj 3V Q‘éﬂ@j
S [ )
— U U:
p£2 %rl( ik ],k) @
k3 * *D
P2 %rz(ui,kuk,j +Uj,kUk.i) +C13(Uk,iUk,j) g
where &sterisks indicate the deviatoric part; for
example:
(Ui,kUj,k) =Ui,kUj,k mn mné /3 2)
The coefficients in the quadratic term are
C —1—3 C —_—4
" 1000+S°" 7?1000+ S®’
5 (3)
C,.=————
™ 1000+S°®
where
k

§:E,IZSJ-SJ- (4)

Si :(Ui,j"'uj,i)/z (5)

These stresses appea diredly in the viscous term of the
momentum transport equation, rather than resorting to

2
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an eddy viscosity approach. However, the latter is dill
used in the diffusion terms of the R, Kand & transport
equations. It is given by

p =C,f,ok? /e (6)

where fu is a damping function discussed later. The
three transport equations in the model are the following.

Undamped eddy viscosity transport equation:

D(R) _ M pd O R
Tt_m%ma—ﬁmg(z cm)EP

)
Cu
~(2-Crp )k - 2p—=ORIIR,
R
where
co=g "ok o O ®)
B), otherwise H

and T =k/¢&, the turbulence time scde. Since T
increases away from walls while R first increases then
deaeases, this conditional applicaion of the extra
diffusion term avoids using it toward shea layer edges,
where its effed would deaease the normal-to-wall
entrainment velocity, potentially creding kinks in the
velocity field and dependence on the initial condition
for R. The origind model® did not apply this
conditional test. In pradice the etra diffusion term is

invoked wher(dR/ X, )(BT 1 0%, ) >107°.

Turbulence kinetic energy transport equation:
2
_D¢ (k)"
PR
Turbulence energy dissipation rate transport equation:

ot

+ Tt_l(C.sl P- Cezp‘s)

“‘ Dk +P- 9)

mm (10)

In these euations the turbulence eaergy production
uses the Reynolds stresses definedgn(1):

P=-puuU, A
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APPLICATION OF THE k-e&-R TURBULENCE MODEL
TO WALL-BOUNDED COMPRESSIVE FLOWS

U. Goldberg, O. Peroomian, S. Chakravarthy

Metacomp Technologies, Inc.
Westlake Village, California

1 Abstract

An anisotropic version of the low-Reynolds-number
wall-distancefree K —€ — R turbulence model is
introduced and evaluated for compressve wall-bounded
flows. The paper presents flow cases involving shock-
induced separation which are of interest to bah
agodynamic and turbomachinery applicaions. It is
shown that the K —& — R model predicts such flows
usually much better than do low-Re K — & models in
regard to separated flow regions, observed bah in the
presare field and in rea-wall flow details, such as
skin friction and velocity profiles.

2 Introduction

It has been established over the yeas that the K — &
model, while performing well in free shea flows, does
not work satisfadorily in wall-bounded flows,
espedaly under adverse presaure gradient conditions.
The extent of reversed flow regions is underpredicted,
and large spurious  post-redtachment pe&ks in hed
transfer and skin friction are commonly predicted.
These ae aresult of the inadequacy of the modelled ¢
equation. Nea-wall functions, commonly employed to
render the model applicable to low-Re flow regions, do
not overcome this inadequacy. To improve the
performance of these models requires increasing the
level of £ in ron-equilibrium flow regions, thereby
reducing K and hence the length scde. An ealy
attempt to improve the behaviour of & under non-
equilibrium flow conditions was made by Yap® who

! Copyright 1998 byMetacomp Technologies, Inc.

Published by the American Institute of Aeronautics and

Astronautics, Inc. with permission.

1

added a term to the & eguation which ads, in non-
equilibrium flows, to reduce the departure of the
turbulence length scde from its locd equili brium level.
Yap showed much improved predictive quality of the
K — & model in separated flows as a result of including
this extra term.

Unfortunately, his propdasition involves explicit wall
distance which is ambiguous in al but the simplest
topdogies. Besides, it is not a al evident that wall
distance beas a relationship to the structure of
turbulence In an attempt to eliminate this sortcoming
in the Yap corredion, Ince’ proposed a term involving
length scde gradient such that it ads to raise € nea
walls with attendant reduction in K and |, the
turbulence length scale.

The model proposed in this paper attains the desired
effed on € without changing the high-Re form of the
corresponding transport  equation. Instead, an
additional eguation is caried for the undamped eddy
viscosty, R, and k®/R is then wed as the
disspation term in the K equation, rather than the
customary ¢ itself. As down below, a Yap-like dfed
results without a corresponding additional term in the
£ equation. Time scde redizability in that equation is
maintained by preventing the turbulence time scde
from falling below the Kolmogorov micro-scde. This
renders the highhRe  form of the & equation
asymptoticdly consistent at walls. The atire
formulation is wall-distance-freg tensorially invariant
and frame-indifferent, thus appliceble to arbitrary
topdogies and usable in conjunction with solvers based
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