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Turbulent Flow Past a Backward-Facing Step:
A Critical Evaluation of Two-Equation Models

S. Thangam* and C. G. Spezialef
NASA Langley Research Center, Hampton, Virginia 23665

The ability of two-equation turbulence models to accurately predict separated flows is analyzed from a
combined theoretical and computational standpoint. Turbulent flow past a backward-facing step is chosen as a
test case in an effort to resolve the various conflicting results that have been published during the past decade
concerning the performance of two-equation models. The results obtained demonstrate that errors in the
reported predictions of the K-e model have two major origins: 1) numerical problems arising from inadequate
resolution, and 2) inaccurate predictions for normal Reynolds stress differences arising from the use of an
isotropic eddy viscosity. Inadequacies in near-wall modeling play a substantially smaller role. Detailed calcula-
tions are presented that strongly indicate that the standard K-e model—when modified with an independently
calibrated anisotropic eddy viscosity—can yield surprisingly good predictions for the back-step problem.

I. Introduction

T URBULENT flow past a backward-facing step has played
a central role in benchmarking the performance of turbu-

lence models for separated flows. During the past decade—be-
ginning with the 1980/1981 Stanford conference oh complex
turbulent flows1—various two-equation turbulence models
have been tested and compared with the experimental data of
Kim et al.2 and Eaton and Johnston3 for the back-step prob-
lem. Initial results1 indicated that the standard K-e model,
with wall functions, underpredicted the reattachment point by
a substantial amount on the order7 of 20-25%. Several inde-
pendent studies have been subsequently published using alter-
native forms of the K-e model, wherein a variety of conflicting
results have been resported. For example, Sindir4 made modi-
fications to account for streamline curvature based on the
algebraic stress model of Gibson5; some improvements were
obtained, although the results were somewhat mixed. Chen6

performed calculations with a multiple scale K-e model,
wherein the turbulent kinetic energy K and the turbulent dis-
sipation rate e were decomposed into low and high wave-
number parts along the lines suggested by Hanjalic et al.1
Significantly improved results for the reattachment point were
obtained (the underprediction was reduced to 5%); however,
no detailed comparison of the Reynolds stresses was made.
Speziale8 reported comparable improvements for the back-
step problem based on an anisotropic K-e model, which ap-
peared to suggest that the main source of the errors could be
due to the use of an isotropic eddy viscosity in the standard
K-e model (see also Benocci and Skoygaard9). Later, So et
al.10 presented results that seemed to indicate that the right
near-wall model could significantly improve the predictions of
the K-e model for the back-step problem. Similar claims were
made by Karniadakis et al.,11 who argued that the new near-
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wall treatment in their K-e model derived by renormalization
group (RNG) methods gave rise to drastically improved pre-
dictions for the reattachment point. However, Avva et al.12

presented results which suggested that the large underpredic-
tion of the reattachment point attributed to the standard K-e
model was due mainly to the fact that the previously reported
computations were under-resolved. When sufficient resolution
was used, they found that the actual error was only on the
order of 10%—a deficiency that they eliminated by introduc-
ing an empirical correlation for streamline curvature. Consid-
ering the need to accurately predict separated turbulent flows,
which can have a wealth of important scientific and engineer-
ing applications, it is rather unsettling that such a wide range
of conflicting claims still permeate the literature. This estab-
lishes the motivation of the present paper, which is to attempt
to clarify this issue.

In this paper, the following questions will be addressed:
1) Precisely what does the standard K-e model predict for

this back-step problem when the numerics are done properly
to insure full resolution of the flowfield and accurate imple-
mentation of the boundary conditions?

2) What is the physical source of actual errors in the stan-
dard K-e model?

3) Can these errors be eliminated within the framework of
two-equation turbulence models without the ad hoc adjust-
ment of constants or the introduction of other arbitrary em-
piricisms?

These questions will be addressed by conducting sufficiently
resolved computations using the standard and anisotropic K-e
models, with several independent wall boundary conditions,
for the back-step configuration of Kim et al.2 and Eaton and
Johnston.3 The computations will demonstrate that the stan-
dard K-e model yields results within 12% of the experimental
data. With the introduction of an anisotropic eddy viscosity,
calibrated independently without any ad hoc empiricisms, the
K-e model is shown to yield a prediction for the reattachment
point that is within a few percent of the experimental result.
The physical implications that these results have on the previ-
ous work cited will be discussed in detail in the sections to
follow.

II. Formulation of the Physical Problem
The problem to be considered is the fully developed turbu-

lent flow of an incompressible viscous fluid past a backward-
facing step (a schematic is provided in Fig. 1). Calculations
will be conducted for the Kim et al.2 configuration, wherein
the expansion ratio (step height: outlet channel height) E is 1:3
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Fig. 1 Physical configuration and coordinate system.

and the Reynolds number Re = 1.32 x 105, based on the inlet
center line mean velocity and outlet channel height. The Rey-
nolds averaged Navier-Stokes and continuity equations take
the form

du_ cH> _
dx dy (1)

aw du _ as _ (
dt U dx + V dy~ ~ (

d2u

dv dv dv dp

drx

dryy

a?
where u and v are the mean velocity components in the x and
y directions, respectively; p is the modified mean pressure; r^,
rxy, and Tyy are components of the Reynolds stress tensor
TIJ ^u'iUj ; and v is the kinematic viscosity. In the standard K-e
model with isotropic eddy viscosity, the Reynolds stress tensor
takes the form (see Ref. 13)

TU =

where

(4)

(5)

is the mean rate of strain tensor, K s 1/2 T// the turbulent ki-
netic energy, e the turbulent dissipation rate, «/ = (u, v) the
mean velocity vector, and CM a dimensionless constant that is
taken to be 0.09. An anisotropic K-e model will be consid-
ered — namely, the nonlinear K-e model of Speziale8 — wherein
the Reynolds stress tensor takes the form

Tv ~ T

x

where
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is the frame-indifferent Oldroyd derivative and CD is a dimen-
sionless constant that takes on the value of 1.68 based on a
calibration with turbulent channel flow data. The standard
K-e model is recovered in the limit as CD^Q. Both the stan-
dard and anisotropic K-e models are solved in conjunction
with modeled transport equations for the turbulent kinetic
energy K and turbulent dissipation rate e given by13
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where VT = C/,(A'2/e) is the eddy viscosity,
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is the turbulence production, and Cel, Ce2, <?#, and ore are
dimensionless constants that are taken to be 1.44, 1.92, 1.0,
and 1.3, respectively. The Reynolds averaged equations (1-9)
are solved subject to the following boundary conditions: 1)
inlet profiles for u, K, and e are specified five step heights
upstream of the step corner (u is taken from the experimental
data3 and the corresponding profiles for K and e are computed
from the model formulated for channel flow), 2) the law of the
wall is used at the upper and the lower walls, and 3) conserva-
tive extrapolated outflow conditions are applied 30 step heights
downstream of the step corner; these conditions involve the
following: the v component of the velocity for the cells at the
outflow boundary are obtained by extrapolation, the u com-
ponent of the velocity is then computed by the application of
mass balance, and the scalar quantities such as pressure, tur-
bulent kinetic energy, and turbulent dissipation are all ob-
tained by extrapolation. It was found that a downstream
channel length of about 30 step heights was needed to ensure
that the local error for all of the quantities was of the same
order as the interior values.

The law of the wall is applied in two forms. In the standard
two-layer form of the law of the wall,

(10)

at the first grid point y away from the wall if y + =yuT/v> 11.6
given that u+ = U/UT(UT is the friction velocity and K = 0.41 is
the von Karman constant); if y + < 11.6, then uy K, and e are
interpolated to their wall values based on viscous sublayer
constraints.14 A three-layer law of the wall where

f or y + < 5
(11)

for.y +

is also implemented along the lines of Avva et al.,12 wherein
the fact that the normal derivative of K vanishes at the wall is
made use of along with more elaborate interpolation formulas
for K and e (see also Ref. 14 for a detailed discussion). The law
of the wall does not formally apply to separated turbulent
boundary layers. However, since the separation point is fixed
at the corner of the back step, and the flowfield is solved
iteratively so that the friction velocity UT can be updated until
it converges, major errors do not appear to result from its use
as will be demonstrated in the next section.

The governing equations (1-9) are solved using a finite
volume method (see Refs. 15 and 16). Here we are interested
in the steady-state solution, which is obtained by solving the

Y/H

X/H

Fig. 2 Computational grid: E = 1:3; Re = 1.32 X105; 200 X100 mesh.
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X/H

a) Contours of mean streamlines based on two-layer wall model

0 1 0 1 0 1 0 1 0 1 0 1

u

b) Mean velocity profiles at selected locations (—computed solutions
based on two-layer wall model; ° experiments of Refs. 2 and 3)

Fig. 3 Computed flowfield with the standard K-e model: E - 1:3;
Re = 1.32 X 105; 200 x 100 mesh; €„ = 0.09; Ct\ = 1.44; Ce2 = 1.92;
UK = 1.0; ac = 1.3; K = 0.41.

system of algebraic equations by a line relaxation method15 with
the repeated application of the tridiagonal matrix solution
algorithm.17 The issue of resolution is crucial for the back-step
problem. As discussed by Avva et al.,12 several researchers
have reported results that were in severe error due to a lack of
adequate resolution. Thangam and Hur16 conducted a careful
grid refinement study based on this finite volume method for
grids containing 166 x 73 to 332 x 146 mesh points (these
meshes have variable grid spacing to allow for maximum
resolution near the step corner and the walls). The conclusion
of their study was that a 166 x 73 mesh yielded results that
were within acceptable limits; the use of significantly coarser
meshes could lead to appreciable errors. Additional calcula-
tions were performed by the same authors that indicate that a
200 x 100 mesh yields a fully grid independent solution. All of
the computations conducted in this study were performed
using this 200 x 100 nonuniform mesh. The computational
mesh is illustrated in Fig. 2 (for clarity, only every alternate
mesh point is shown for the crucial region - 1 <X/H < 12,
which constitutes approximately half of the flow domain). As
indicated earlier, the inlet conditions were specified five step
heights upstream of the step corner and the outlet boundary
conditions were specified 30 step heights downstream of the
step corner. It is crucial that a sufficient distance downstream
of the reattachment point be allowed before the outflow con-
ditions are imposed. Many earlier computations of the back-
step problem were in significant error due to the imposition of
fully developed outflow conditions too close to the reattach-
ment point. Furthermore, it is crucial that a fine mesh be used
near the step corner for computational accuracy.

The steady-state solution of Eqs. (1-9) is obtained by an
iterative solution of the discretized equations. The computed
solution was assumed to have converged to its steady state
when the root mean square of the average difference between
successive iterations was less than 10~4 for the mass source.15'16

Approximately 2000 iterations were needed for the conver-
gence of the standard K-e model; this corresponds to approx-
imately 30 min of CPU time in a partially vectorized mode on
the CRAY-2S supercomputer using 64-bit precision. The an-
isotropic K-e model requires approximately 30% more CPU
time due to the fact that the additional correction terms to the
standard K-e model have to be evaluated during each itera-
tion. These correction terms are dispersive rather than dissipa-
tive—an additional feature that slows convergence.

III. Discussion of the Results
First, results will be presented for the standard K-e model

using the two-layer law-of-the-wall boundary conditions. For
this case, as well as the others to follow, computed results for
the mean velocity streamlines, the stream wise mean velocity
profiles, the stream wise turbulence intensity profiles, and the
turbulence shear stress profiles are compared with the Kim et
al.2 experimental data as updated by Eaton and Johnston.3 In
Fig. 3a the computed streamlines are shown, indicating reat-
tachment at Xr/H « 6.0—a result that is approximately a
15% underprediction of the experimental reattachment point
of Xr/H « 7.1. This is in contrast to earlier reported results
that seem to indicate that the standard K-e model underpre-
dicts the reattachment point by 20-25%—an exaggerated un-
derprediction due to the lack of adequate resolution in those
computations. (A spurious underprediction of the reattach-
ment point can also result from the application of outflow
boundary conditions at a distance X/H<25 from the step
corner as some authors have done.) In Fig. 3b, the stream wise
mean velocity profiles predicted by the standard K-e model are
compared with the experimental data. Except in the vicinity of
the reattachment point, the comparisons are fairly good. More
serious discrepancies between the model predictions and the
experimental data occur in the initial part of the recovery zone
for the stream wise turbulence intensity profiles, as shown in
Fig. 4a. However, the model predictions for the turbulence
shear stress profiles are reasonably good, as can be seen from
Fig. 4b.

Next, we will examine the effect of the near-wall modeling.
In Figs. 5a and 5b, the mean flow streamlines and stream-
wise mean velocity profiles obtained from the standard K-e
model with the three-layer law-of-the-wall boundary condition
are shown. With this more accurate version of the law of the
wall, the standard K-e model predicts reattachment at Xr/
H « 6.25—a result that is extremely close to that reported by
Avva et al.12 However, the three-layer law of the wall bound-
ary condition does not affect the turbulence stress profiles

X/H : 1.33 5.33 7.67 8.55 10.33 15.66

0.1 0.2 0.1 0.2 0.1 0.2

• 1 / 2

0.1 0.2 0.1 0.2

a) Turbulence intensity profiles

X/H : 1.33 5.33 7.67 8.55 10.33 15.66

b) Turbulence shear stress profiles

Fig. 4 Computed turbulence stresses with the standard K-e model:
£ = 1:3; Re = 1.32 X 10s; 200x100 mesh; CM = 0.09; Cei = 1.44;
CC2 = 1.92; OK = 1.0; <rc = 1.3; K = 0.41; —computed solutions based
on two-layer wall model; ° experiments of Refs. 2 and 3.
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appreciably, as illustrated in Figs. 6a and 6b. By integrating
the K-e model directly to the wall, with an asymptotically
consistent low Reynolds number correction (cf., Refs. 10 and
18), it is possible to improve the prediction for the reattach-
ment point by approximately 5%. Some earlier published work
claiming that the near-wall modeling could make a larger
difference was in all likelihood due to inadequate resolution of
the computations (e.g., Ref. 10 used a 93 x 66 mesh). Consid-
ering the current state of development of near-wall modeling,
as well as the relatively small benefits that it can yield for the

Y/H

a) Contours of mean streamlines based on three-layer wall model

X/H : 1.33 2.67 5.33 6.22 8.00 10.67

O 1 O 1 O 1 0 1 0 1 0 1

b) Mean velocity profiles at selected locations (—computed solutions
based on three-layer wall model; ° experiments of Refs. 2 and 3).

Fig. 5 Computed flowfield with the standard K-e model: E - 1:3;
Re = 1.32 X 105; 200 X 100 mesh; CM = 0.09; Cci = 1.44; Ce2 = 1.92;
aK = 1.0; <re = 1.3; K = 0.41.

X/H : 1.33 5.33 7.67 8.55 10.33 15.66

0.0 0.1 0.2 0.1 0.2 0.1 0.2

1/2

a) Turbulence intensity profiles

X/H : 1.33 5.33 7.67 8.55 10.33 15.66
3F7————

0.0 0.01 0.02 0.01 0.02

1
0.01 0.02 0.01 0.02 0.01 0.02

b) Turbulence shear stress profiles

Fig. 6 Computed turbulence stresses with the standard K-e model:
E = 1:3; Re = 1.32 X 10s; 200 X 100 mesh; C, = 0.09; Cci = 1.44;
C€2 = 1.92; OK = 1.0; a£ = 1.3; K = 0.41; —computed solutions based
on three-layer wall model; ° experiments of Refs. 2 and 3.

back-step problem, the remaining results to be shown will be
based on the three-layer law-of-the-wall boundary condition.
However, for turbulent flows where the separation point is not
fixed, near-wall turbulence modeling can play a much more
important role.1

Now, it will be demonstrated that the use of the anisotropic
eddy-viscosity model (6) can yield a more significant improve-
ment in the results. The computed mean velocity streamlines
obtained from the nonlinear K-e model are shown in Fig. 7a.
They indicate reattachment at Xr/H « 6.9: a result that is
within 3% of the mean experimental value of Xr/H « 7.1.
Some of the earlier reported results with the nonlinear K-e
model (see Refs. 8 and 19) were lower due to insufficient
numerical resolution of the flowfield. Surprisingly, despite the
fact that the reattachment point is better predicted, there is a
slight increase in the deviation of the model predictions from
the experimental data for the mean velocity profiles in the
separation and recovery zones (see Fig. 7b). This minor
anomaly could be due to the dispersive nature of the Oldroyd-
derivative terms [see Eq. (7)]. The corresponding stream wise
turbulence intensity profiles and turbulence shear-stress pro-
files are compared with the experimental data in Figs. 8a and
8b. On balance, the agreement between the model predictions
and experimental data is acceptable (the uncertainty in the
turbulence Reynolds stress measurements is on the order of
10%). The most notable difference between the predictions of
the anisotropic and the standard K-e model model lies in the
streamwise turbulence intensity located approximately one
step height above the corner of the step. Unlike the standard
K-e model, the nonlinear K-e model predicts a dramatic
trough in this region—a result that is consistent with more
recent independent experiments.20'21 In fact, it is the more
accurate prediction of the normal Reynolds stress difference
Tyy - TXX that probably accounts for the better predictions of
the nonlinear K-e model. The better prediction of normal
Reynolds stress differences with an anisotropic eddy viscosity
can be illustrated directly in turbulent channel flow. In Fig. 9,
the normal Reynolds stress difference predicted by the nonlin-
ear K-e model model is compared with the experimental data
of Laufer.22 It is clear that the nonlinear K-e model does a
reasonably good job of reproducing the experimental data,
whereas the standard K-e model erroneously predicts that
Tyy - TXX = 0 (also see Ref. 23). The accurate prediction of this
normal Reynolds stress difference is important in the back-

Y/H

X/H

a) Contours of mean streamlines

X/H : 1.33 2.67 5.33 6.22 8.00 10.67

0 1 0 1 O 1 0 1 0 1 0 1
u

b) Mean velocity profiles at selected locations (—computed solutions
based on three-layer wall model; ° experiments of Refs. 2 and 3)

Fig. 7 Computed flowfield with the nonlinear K-e model: E —. 1:3;
Re = 1.32 x 10s; 200 X 100 mesh; €„ = 0.09; C6i = 1.44; Ce2 = 1.92;
aK = 1.0; at = 1.3; K = 0.41; CD = 1.68.
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X/H : 1.33 10

0.0 0.1 0.2 0.1 0.2

a) Turbulence intensity profiles

X/H : 1.33 8.55 10.33

0.0 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02

liTv

b) Turbulence shear stress profiles

Fig. 8 Computed turbulence stresses with the nonlinear K-e model:
E = 1:3; Re = 1.32 X 105; 200 X 100 mesh; €» = 0.09; C£i = 1.44;
CC2 = 1.92; ffK = 1.0; a€ = 1.3; K = 0.41; CD = 1.68; —computed solu-
tions based on three-layer wall model; ° experiments of Refs. 2 and 3.

step problem since the mean flow stream function ^ (where
u = - d^f/dy and v s d^f/dx) is a solution of the transport
equation19

a
*te

d
+ V — !dy dxdy

d2TXy d2Tx,

dx2 dy2 (12)

and, hence, the normal Reynolds stress difference ryy - r^
contributes directly to the calculation of the mean velocity
field. This is the case for any flow with streamline curvature
since the normal Reynolds stress term on the right-hand side
of Eq. (12) can be converted to the alternate form

d2(rnn - TSS)
dnds

in terms of an intrinsic coordinate system where n and s are,
respectively, the normal and tangential directions along a
streamline.

The wall pressure coefficient is an important parameter for
engineering applications. In Figs. lOa and lOb, the pressure
coefficients Cp [ = 2(p - pr)/ U2 , where pr and Ur are the refer-
ence pressure and velocity that are taken at the centerline of
the inlet] obtained from the standard and nonlinear K-e mod-
els at the top and bottom walls are compared with the experi-
mental data of Eaton and Johnston.3 Both the standard and
the nonlinear K-e models perform comparably well in repro-
ducing the experimental trends. In Fig. lOc, the skin-friction
coefficients Cf = Zuf/U2 obtained from the standard and
nonlinear K-e models are compared with the scaled experi-
mental data of Driver and Seegmiller24 for the bottom wall.
Here, we make use of the fact that C//C/00, when taken as a
function of the normalized distance (X - Xr)/Xr, is indepen-
dent of the expansion ratio given that Cfoo is the fully devel-
oped skin-friction coefficient and Xr is the reattachment
point. From Fig. lOc it appears that the nonlinear K-e model

o
X

Q Experiments of Laufer (1951)
_ Nonlinear K—e Model

Fig. 9 Comparison of the computed values of the normal Reynolds
stress difference obtained from the nonlinear K-e model with the
experimental data of Laufer22 for fully developed turbulent channel
flow. (It should be noted that the standard K-e model predicts a zero
normal Reynolds stress difference.)

performs the best; however, both models are well within the
uncertainty of the experimental data.

Finally, we will examine the RNG-based K-e model of
Yakhot and Orszag.25 For high-turbulence Reynolds numbers,
it is of the same general form as the standard K-e model given
by Eqs. (4), (8), and (9). However, the numerical values of the
constants, which are computed by the RNG approach, take on
the alternate values:

CM = 0.0837, Cel = 1.063, Ce2 = 1.7215

<7* = 0.7179, ae = 0.7179, K = 0.372

For the low-turbulence Reynolds numbers that occur close to
the walls in this back-step problem, the RNG K-e model has a
built-in correction that allows for a direct integration to a solid
boundary with the no-slip condition applied. However, we
found this near-wall correction to be rather ambiguous, espe-
cially in the presence of geometrical discontinuities such as
those that occur near the back-step corners. Hence, we will
present results in which we match to the three-layer law of the
wall. In Figs, lla and lib, the mean flow streamlines and the
streamwise mean velocity profiles obtained from the RNG K-e
model are shown. The RNG K-e model predicts reattachment
at Xr/H « 4—a result that constitutes a substantial underpre-
diction of the experimental reattachment point of Xr/H « 7.1.
Because of this significant underprediction of the reattach-
ment point, the streamwise turbulence intensity and turbu-
lence shear-stress profiles predicted by the RNG K-e model are
in serious error, as illustrated in Figs. 12a and 12b. The origin
of this substantial underprediction of the reattachment point
lies in the choice of Cel = 1.063. In a homogeneous shear flow,
it can be shown that the eddy viscosity

VT ~ exp (\t*) (13)

where /* is the time (nondimensionalized by the shear rate)
and X is the growth rate given by26

- C6l)2

(Cel - l)(Ce2 - 1). (14)
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o experiments of Eaton & Johnston3
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X/H

20 25

a) Pressure coefficient along the bottom wall (° experiments of
Ref. 3)

0.5
0.4
0.3

°'2
0.1
0.0
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o experiments of Eaton & Johnston3

20 250 5 10 15
X/H

b) Pressure coefficient along the top wall (° experiments of Ref. 3)

1.0 -

< 0.0

O -0.5

-1.0

o experiments of Driver & Seegmiller24 -

-i.o 0.0 1.0

(X-Xr)/xr

2.0

c) Skin-friction coefficient along the bottom wall (° scaled experimen-
tal data of Ref. 24)

X/H : 1.33 5.33 7.67 8.55 10.33 15.66

I
0.1 0.2 0.1 0.2 0.1 0.2

• 1 / 2
0.1 0.2 0.1 0.2

a) Turbulence intensity profiles

X/H : 1.33
3 p—:———

0.0 0.01 0.02 0.01 0.02 0.01.0.02 0.01 0.02 0.01 0.02 0.01 0.02

b) Turbulence shear stress profiles

Fig. 12 Computed turbulence stresses with the RNG K-e model:
E = 1:3; Re = 1.32 x 10s; 200 X 100 mesh; CM = 0.0837; Cei = 1.063;
Ce2 = 1.7215; OK = ffe = 0.7179; K = 0.372; —computed solutions
based on three-layer wall model; ° experiments of Refs. 2 and 3.

Fig. 10 Comparison of the predicted wall distributions with experi-
ments: — standard K-e model; —nonlinear K-e model.

Y/H

X/H

a) Contours of mean streamlines

X/H : 1.33 2.67 5.33 6.22 8.00 10.67

0 1 0 1 0 1 0 1 0 1 0 1

b) Mean velocity profiles at selected locations (—computed solutions
based on three-layer wall model; ° experiments of Refs. 2 and 3).

Fig. 11 Computed flowfield with the RNG K-e model: E = 1:3;
Re = 1.32 x 10s; 200 x 100 mesh; CM = 0.0837; Ct\ = 1.063; Ce2 = 1.7215;
ffK = a€ = 0.7179; K = 0.372.

Hence, the growth rate of the eddy viscosity becomes singular
as Cel^l. For Cei = 1.063, as opposed to the more standard
value of Cei = 1.44, the growth rate of the eddy viscosity will
be overly large. An overprediction of the eddy viscosity in
shear flows will make the model too dissipative—a feature
that will cause the separation bubble to shorten, as shown in

Fig. lla. Hence, whereas the use of an alternate near-wall
treatment with the RNG K-e model could cause the separation
bubble to become slightly larger, we think that it is very
unlikely that a reattachment point close to Xr/H « 7 could be
obtained using this RNG K-e model as reported in Karni-
adakis et al.11 It should be noted, however, that Yakhot and
Smith27 have recently determined that there was an error in the
original calculation of Cel by Yakhot and Orszag25; they ob-
tained an alternate value of Ce\ = 1.42. With this higher value
of Cti, and with the use of an RNG-based anisotropic eddy
viscosity (see Ref. 28), it is likely that the RNG K-e model
would yield good results for the back-step problem.

IV. Conclusions
A theoretical and computational analysis of the perfor-

mance of two-equation turbulence models for turbulent flow
past a backward-facing step has been presented in an effort to
resolve numerous conflicting studies that have been published
during the past 10 years. The following general conclusions
were obtained.

1) The standard K-e model with three-layer wall functions
predicts reattachment at Xr/H ~ 6.25—a result that is within
12% of the experimental value of Kim et al.2 for the back-step
problem considered here. This result is in close agreement with
the recent computations of Avva et al.12 and, hence, there is
little doubt that earlier studies that attributed a 20-25% un-
derprediction of the reattachment point to the standard K-e
model were in error due to inadequate numerical resolution of
the flowfield.

2) When the standard K-e model is appropriately modified
to include an anisotropic eddy viscosity,8 the reattachment
point moves out to Xr/H « 6.9. This result, as well as the
other mean velocity statistics, are within 3% of the experimen-
tal data—an improvement due to the more accurate prediction
of normal Reynolds stress differences.

3) The RNG K-e model of Yakhot and Orszag25 substan-
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tially underpredicts the reattachment point. This problem
arises since Cel is too close to 1—a feature that causes the
model to be overly dissipative (e.g., when Cel = 1, the growth
rate of the eddy viscosity becomes singular in homogeneous
shear flow). However, it is likely that with the recent suggested
correction of Cel to 1.42,27 and with the use of an anisotropic
eddy viscosity, the RNG K-e model would yield good results
for the back-step problem.

Finally, some remarks are in order concerning the implica-
tions that these results have for turbulence modeling. The
deficiencies of two-equation models are well established, par-
ticularly in turbulent flows with body forces or Reynolds stress
relaxation effects.26 Consequently, the findings of this study
should not be interpreted as an unequivocal endorsement of
two-equation models. Nonetheless, this study certainly does
indicate that properly calibrated two-equation turbulence
models, with an anisotropic eddy viscosity, can yield results
for the back-step problem that are far superior to the results
obtained from the older zero- or one-equation models.
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