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Separated Flow Prediétions Using a
Hybrid k-L /Backflow Model

Uriel C. Goldberg* and Sukumar R. Chakravarthyt
Rockwell International Science Center, Thousand Oaks, California 91310

A new hybrid one-equation k-L /backflow model has been used to compute several turbulent flow problems
involving detached flow regions. The model incorporates algebraic near-wall treatments for the Kinetic energy
of turbulence k, the length scale L, and the eddy viscosity z,. The near-wall formulation depends on whether
the flow is attached or detached. This approach obviates the need to use wall functions. Agreement between
predictions and experimental data is generally very good throughout the Mach number range.

Introduction

ECENTLY, a hybrid Baldwin-Lomax/backflow model

has been applied successfully to predict a variety of sepa-
rated turbulent flows.!-3 Since the model is an algebraic one, it
was necessary to invoke an ad hoc method in order to produce
a turbulence history effect of the detached flow region on the
flow downstream of reattachment (if such a region exists).
When a transport equation for the kinetic energy of turbulence
is introduced, these history effects are automatically taken into
account.

In the present paper, a one-equation k-L turbulence model
is described in some detail, and results are shown for several
flow problems involving detached flow regions at transonic,
supersonic, and hypersonic flow regimes.

The k-L Turbulence Model

The k-L turbulence model combines a partial differential
equation for the kinetic energy of turbulence (k) with an alge-
braic expression for the distribution of the length scale (L).
Thus, the velocity scale distribution within the flowfield, vk,
is determined from a well-established and reliable equation
(the k equation) while retaining the degrees of freedom af-
forded through the algebraic approach to the determination of
the length scale. For example, length scale distributions can be
tailormade for wall/wake shear layers, jets, mixing layers, etc.
The more problematic € equation, which is used to determine
the length scale in the k-e model, is thus avoided.

In the present approach, the high turbulence Reynolds num-
ber (Re, =VKkL/v>1) form of the k equation is solved, to-
gether with a near-wall treatment, which depends on whether
the flow is attached or detached. For attached flows, Gorski’s*
algebraic viscous sublayer treatment is used whereas, for de-
tached flows, the algebraic backflow turbulence model of
Goldberg and Chakravarthy? is invoked.

The k and L distributions are combined to form an eddy-vis-
cosity (u,) field that is added to the molecular viscosity in
the diffusion terms of the Reynolds-averaged Navier-Stokes
(RANS) equations. The high Re, k equation, in two-dimen-
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sional Cartesian conservation form, reads as follows:
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where the production term is given by
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the dissipation term is given by

[
D =pCy —L—Re (C; = 0.89)
the eddy viscosity is determined by
pe = C,pVkLRe  (C,=0.09)
and the combined viscosity is
Bk =g+ p/0k (ox = 1.0)

In Eq. (1), inxg=1 for axisymmetric flows and 0 for two-
dimensional flows. The reference Reynolds number is Re,
[Re = ULt/ ver] , Where the reference scales are an arbitrary
self-consistent set used to nondimensionalize the equations of
motion.

The length scale is composed of two parts (see Fig. 1): an
inner branch and an outer branch. The outer branch consists
of two linear sections given by

y
C.b/«

i

Low=Cy [ (6—24) + A] . y<Cao/k

=C.8, y=Cd/k

where 8 is a measure of the local shear-layer thickness, deter-

mined as the distance from the wall (or wake core) to the

location where the vorticity diminishes to below 10~* times

its local maximum value,f A is the distance from the core of
iTolerance values of 10—5 and 10~6 produced no significant

changes in the magnitude of 6.
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Fig. 1 The k-L model length scale profile and nomenclature.

the wake (if one exists) to the location of local maximum
vorticity (see Fig. 1), and = 0.4 is the von Kdrmdn constant.
Note that the choice of A enables a smooth transition from
wall-bounded flows to fully turbulent wakes. Thus, the outer
scale grows linearly from zero (for solid surfaces) or C, A (for
wakes) to C. 8, its maximum value, which is reached when
y/8=C,/xk=0.2. The value of C, depends on the local flow
conditions through the interaction between the turbulence and
the mean flow. Although a functional dependence of C, on the
mean flow has not been established, a value of 0.27 was found
satisfactory for a large number of problems across the Mach
number range.

For solid surfaces, the inner length scale is determined by the
behavior of the kinetic energy of turbulence and its dissipation
within the viscous sublayer (see the following subsection,
““Near-Wall Treatment’’). In general, L ~ k3/2/¢ and after sub-
stituting for k£ and e their sublayer formulation, the result is

PvPZf y3

(Lin)wan = o 372 20 a=28.9
p v
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where subscripts v and w stand for sublayer edge and wall,
respectively. Thus, for solid surfaces, the length scale grows as
y3 from zero at the wall until it reaches a magnitude corre-
sponding to L,,. This occurs in the vicinity of the viscous
sublayer edge, at which point L is determined by the outer
branch. For wall-bounded flows, the length scale is, therefore,
given as (see Fig. 1)

L = min{Ly, Lout}

Near-Wall Treatment

1. Attached Flow

Following Gorski,* k and g, within the viscous sublayer are
determined algebraically from the following formulas:

2
psks = pvkv<)75>
v,

O0=<y;=y,
1 k2
P, = pscs}? _s'

where the viscous sublayer edge y, is located at

Y4
Yy = ZOVW_L »

T

U, = (Tw/pw)l/z

and the value of k at the sublayer edge is

K, = i on
v Cu Py
The value of the dissipation ¢ within the sublayer is given by
k,
€s = 2v), —'2’

v

Finally, the linear interpolator C; is given by
C,=C,+(C, —C)2
Yo

where

Csu = 2KV (pv/pw)cu

2. Detached Flow

For detached flow, k and p, within the backflow region
are determined algebraically using the backflow turbulence
model of Goldberg and Chakravarthy.® For details, see the
Appendix.

Initial and Boundary Conditions for Eq. (1)

As initial conditions, a small nonzero value is prescribed for
k in the entire computational domain. Typically, k/U2 =104
is used.

At a solid surface, k is set to zero. This is done even though
Eq. (1) does not apply in the near vicinity of walls. The justi-
fication is that k is replaced in the near-wall region as described
earlier. If the shear layer is in a wake region or if a slip wall
boundary condition applies, the normal derivative of k is set to
zero: (dk/dy),, =0.

Results

The hybrid k-L /backflow model has been incorporated into
a finite-volume unified time/space marching zonal RANS
code,®’ featuring an implicit upwind-biased scheme and total
variation diminishing (TVD) discretization for high accuracy.
Line Gauss Seidel relaxation was used for space marching,
whereas the approximate factorization method was employed
for time marching.



JUNE 1990
SKIN FRICTION PROFILE
1.0 T T T !
- k-L MODEL
o DATA
08 p

&
[=3
2
x
°
14
o 1 ! | 1
0 1 2 3 4 5
X, METER
VELOCITY PROFILES
05 T T T T
— k-L MODEL
o DATA, x = 1.237m
& DATA, x = 2.287m
0.4 b— -
— 0.3|-
e
L=
°
x
[: 4
w
g
N 0.2 -
>
0.1 p —
0 1 |
0 0.203 0.405 0.608 0.810 1.01

Ul

Fig. 2 Turbulent flow over a flat plate: comparison between predic-
tions and data.
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Fig. 3 Mach 0.9 axisymmetric bump flow problem: wall-pressure,
skin-friction, and velocity-profiles comparisons.
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As a first validation case, turbulent flow over a flat plate
was computed using a 100 X 35 grid and was compared with the
experimental data of Wieghardt® at Mach 0.1. Figure 2 shows
skin-friction and velocity-profile comparisons for two loca-
tions. The level of agreement is very encouraging.

Next, the axisymmetric bump flow experiment at
M,,=0.875 by Bachalo and Johnson® was computed using a
75x 36 grid and was compared with data® as well as with
calculations using the Johnson-King (J-K) turbulence model.!?
Figure 3 shows wall-pressure, skin-friction, and two velocity
profiles in the detached flow region. In general, the current
turbulence model produces results very similar to those ob-
tained with the J-K model.

As a further validation case, a Mach 2.85 flow over a 24-deg
ramp has been computed and compared with data by Settles
et al.!%!12 and by Dolling and Murphy.!3 Figure 4 shows wall-
pressure, skin-friction, and corner-velocity profiles result-
ing from a calculation done on a coarse (60 % 40) grid. The
pressure prediction follows the data of Dolling and Murphy,
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Fig. 4 Mach 3 24-deg compression corner flow problem: wall-pres-
sure, skin-friction, and velocity-profile comparisons.
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Fig. 5 Mach 7 ogive-cylinder shock/boundary-layer interaction flow
problem: wall-pressure, heat-transfer, and skin-friction comparisons.
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Fig. 6 Mach 9 38-deg compression corner flow problem: wall-pres-
sure and heat-transfer comparisons and skin-friction prediction.
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whereas the skin-friction and velocity predictions straddle
the two data sets of Settles et al. except for a delayed reat-
tachment.

The next two cases are in the hypersonic flow regime. Exper-
imental data were obtained by Horstman et al.'* for a Mach
7.2 flow over an axisymmetric ogive-cylinder configuration
with a shock-generator ring. Figure 5 shows surface-pressure,
heat-transfer, and skin-friction comparisons between the cur-
rent model, experimental data for a 15-deg shock generator
angle, and calculations by Vuong and Coakley'® using the g-w
and g-wc turbulence models (the latter being a g-w model
corrected for hypersonic effects). The computations were done
on similar grids. In the present work, the shock generator was
treated as an adiabatic surface over which a laminar boundary
layer developed. At the trailing edge of the shock generator,
located at x =154.48 c¢cm (measured from the nose of the
ogive), an expansion took place. This expansion interacted
with the shock reflecting from the cylinder surface. Both the
g-wc and the k-L models predict the upstream influence rather
well; the k-L model, however, predicts a large post-reattach-
ment pressure overshoot, as does the original g-w model. The
heat-transfer and skin-friction predictions are similar to those
produced by the g-wc model, but the branches corresponding
to heat-transfer buildup are better predicted by the k-L model.

The last comparison is for a Mach 9.2 flow over a 38-deg
compression ramp, for which experimental data are available
by Coleman and Stollery.'¢ Figure 6 shows surface-pressure
and heat-transfer comparisons between predictions (using a
100x 50 grid) and data, as well as skin-friction prediction.
Upstream influence is predicted very well, and pressure and
heat-transfer levels are calculated correctly, both in the large
backflow region and in the post-reattachment zone. A calcula-
tion using the g- wc turbulence model'? is also shown. The k-L
model predicts the post-reattachment behavior better, particu-
larly the peaks in both pressure and heat transfer.

Conclusions

A new hybrid k-L /backflow one-equation turbulence model
has been introduced and demonstrated for several flow prob-
lems across the Mach number range, including detached flow
regions. The special features of this model are the near-wall
treatments for k, L, and p, under both attached and detached
flow conditions, obviating the need to use wall functions
whose validity, especially for detached flows, is highly ques-
tionable. The level of agreement between computations and
experimental data suggests that this model is a promising one.
Further results using it will be reported in future work.
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Appendix

The following algebraic distribution of eddy viscosity is pre-
scribed throughout the backflow region (see Fig. A1 for defini-
tions of the nomenclature):

4 SURFACE [SHEAR LAYER EDGE)

LOCATION OF {3Uy/2n)may
= BUBBLE EDGE (DIVIDING STREAMLINE)
\,~BACKFLOW EDGE (U, = O LINE)

S = SEPARATION
R = REATTACHMENT

Fig. A1 Schematic of detached flow bubble and nomenclature.

v = Usn,Np,/p G (s,n)A(n/ny) + B1/(2V26?)
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Reynolds
number
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Gs,n)=—— =[1—e ¢Wm)])/[1—e~9]
ook
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A=—(CH2"5, B=(@CYY"-A, C,=0.09

Cr=0.2, ¢=0.5
The development and rationale for this functional form is
given in Ref. 5.

For high Reynolds number flows, the preceding formula,
for all practical purposes, can be reduced to

(Vl)inner = Clusnb pr/p[A (n/nb) + BV g(s’”)

O<n=<n
(Vt)outer = CZusnb Now/p, n>ny
where
C, = 0.353, C, = Ci(CY2)¥°
References

!Goldberg, U. C., and Chakravarthy, S. R., ‘Prediction of Sepa-
rated Flows with a New Turbulence Model,”’ Proceedings of the 5th
International Conference on Numerical Methods in Laminar and Tur-
bulent Flow, Pt. 1, edited by Taylor, Habashi, and Hafez, Pineridge



JUNE 1990

Press Limited, Swansea, UK, July 1987, pp. 560-571.

2Goldberg, U. C., and Chakravarthy, S. R., “Prediction of Sepa-
rated Flows with a New Backflow Turbulence Model,”” AI44 Jour-
nal, Vol. 26, No. 4, 1988, pp. 405-408.

3Goldberg, U. C., “Separated Flow Predictions Using a New Tur-
bulence Model,” Proceedings of the 6th Symposium on Turbulent
Shear Flows, Sept. 1987, pp. 15.5.1-15.5.6.

4Gorski, J. J., ““A New Near-Wall Formulation for the k-¢ Equa-
tions of Turbulence,”” AIAA Paper 86-0556, Jan. 1986.

5Goldberg, U. C., ““Separated Flow Treatment with a New Turbu-
lence Model,”” A14A Journal, Vol. 24, No. 10, 1986, pp. 1711-1713.

6Chakravarthy, S. R., Szema, K.-Y., Goldberg, U. C., Gorski, J.
J., and Osher, S., “Application of a New Class of High Accuracy
TVD Schemes to the Navier-Stokes Equations,”” AIAA Paper 85-
0165, Jan. 1985.

TChakravarthy, S. R., “The Versatility and Reliability of Euler
Solvers Based on High-Accuracy TVD Formulations,”” AIAA Paper
86-0243, Jan. 1986.

8Weighardt, K., “Flat Plate Flow,”” Proceedings of the AFOSR-
IFP-Stanford Conference on Computaion of Turbulent Boundary
Layers, Vol. 2, edited by D. E. Coles and E. A. Hirst, Stanford Univ.,
1968, pp. 98-123.

9Bachalo, W. D., and Johnson, D. A., “An Investigation of Tran-
sonic Turbulent Boundary Layer Separation Generated on an Axisym-

SEPARATED FLOW PREDICTIONS USING A HYBRID MODEL 1009

metric Flow Model,”” AIAA Paper 79-1479, 1979.

18Johnson, D. A. and King, L. S., ‘A Mathematically Simple Tur-
bulence Closure Model for Attached and Separated Turbulent Bound-
ary Layers,”” AIAA Journal, Vol. 23, No. 11, 1985, pp. 1684-1692.

'Settles, G. S., Vas, 1. E., and Bogdonoff, S. M., “Details of a
Shock-Separated Turbulent Boundary-Layer at a Compression Cor-
ner,”” AIAA Journal, Vol. 14, No. 12, 1976, pp. 1709-1715.

L2Gettles, G. S., Fitzpatrick, T. J., and Bogdonoff, S. M., “‘Detailed
Study of Attached and Separated Compression Corner Flow Fields in
High Reynolds Number Supersonic Flow,”” AIAA Journal, Vol. 17,
No. 6, 1979, pp. 579-585.

BDolling, D. S. and Murphy, M. T., “Unsteadiness of the Separa-
tion Shock Wave Structure in a Supersonic Compression Ramp Flow-
field,”” AIAA Journal, Vol. 21, Dec. 1983, pp. 1628-1634.

14Horstman, C. C., Kussoy, M. 1., Coakley, T. J., Rubesin, M. W.,
and Marvin, J. G., ‘‘Shock-Wave Induced Turbulent Boundary-Layer
Separation at Hypersonic Speeds,”” AIAA Paper 75-4, Jan. 1975,

5Vuong, S. T., and Coakley, T. J., “Modeling of Turbulence for
Hypersonic Flows with and without Separation,’”” AIAA Paper 87-
0172, 1987.

16Coleman, G. T., and Stollery, J. L., ““Heat Transfer in Hyper-
sonic Turbulent Separated Flow,”’ Imperial College of Science and
Technology, Department of Aeronautics, London, UK, Report 72-05,
March 1972.

Recommended Reading from the AIAA
Progress in Astronautics and Aeronautics Series . .

o

™
[N

i

GAL

fanjets, and airbreathing missiles.

TO ORDER: Write, Phone, or FAX: AlAA c/o TASCO,
9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
Phone (301) 645-5643, Dept. 415 m FAX (301) 843-0159

4 weeks for delivery. Prices are subject to change without notice.
Returns will be accepted within 15 days.

Numerical Methods for
Engine-Airframe Integration
S. N. B. Murthy and Gerald C. Paynter, editors

Constitutes a definitive statement on the current status and foreseeable possibilities in
computational fluid dynamics (CFD) as a tool for investigating engine-airframe integra-
tion problems. Coverage includes availability of computers, status of turbulence
modeling, numerical methods for complex flows, and applicability of different levels
and types of codes to specific flow interaction of interest in integration. The authors
assess and advance the physical-mathematical basis, structure, and applicability of
codes, thereby demonstrating the significance of CFD in the context of aircraft
integration. Particular attention has been paid to problem formulations, computer
hardware, numerical methods including grid generation, and turbulence modeling for
complex flows. Examples of flight vehicles include turboprops, military jets, civil

Sales Tax: CA residents, 7%; DC, 6%. For shipping and handling add
$4.75 for 1-4 books (call for rates for higher quanties). Orders under
$50.00 must be prepaid. Foreign orders must be prepaid. Please allow

1986 544 pp., illus. Hardback
ISBN 0-930403-09-6

AlAA Members $54.95
Nonmembers $72.95

Order Number V-102




