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where x is the coordinate in the streamwise direction, y is the coor-
dinate in the direction normal to the channel wall, y = 0 designates
the centerline of the channel, 8, values are the positive roots of
B =tanB(0 < By < B> < :-), and Re is based on the char-
acteristic length and the average axial velocity. This velocity field
represents a flow that starts impulsively at ¢ = 0, and at steady state
coincides with two-dimensional Poiseuille flow.

There is no inherent upper limit to the Reynolds number that can
be computed with the CIP-ACE method. We examined a represen-
tative case, namely, Re = 100. The calculation was carried out for
a rectangular region bounded by 0 < x <6 and 0 < y < 1, which
was discretized into a 61 x 11 uniform grid. The calculation used
a time step of Az = 0.01, an artificial compressibility constant of
B = 2000, and a psendotime step of At = 100.

At each time step, Eq. (5) was solved until a steady-state solu-
tion was achieved in pseudotime. During the initial transient stage
(near t = 0), five to six pressure subiterations were required for
calculating the pressure at each time step, but decreased with time
to three subiterations. The maximum divergence of velocity was
less than 1075 at each time step. Figure 1 shows a comparison be-
tween the calculated and the exact solution. The axial velocity pro-
files are shown at the channel outlet for two different time points.
The calculated results are fairly close to the exact solutions ex-
cept for those near the channel wall and for the initial transient
stage (t = 0.4, for example). These differences, however, diminish
with time. Moreover, agreement can be improved by using a finer
grid.

Conclusions

We presented a procedure for computing time-accurate solutions
to the incompressible N-S equations. The procedure, which we des-
ignated the CIP-ACE method, uses 1) an artificial compressibility
approach to transform the equations into a hyperbolic system, 2) a
fractional-step-like approach, and 3) cubic-polynomial interpolation
to upwind difference the N-S equations. A formal procedure based
on a fractional-step-like approach is used to split the momentum
equation into a nonadvection equation and an advection equation.
The nonadvection equation is solved using a steady-state solution
of the diffusion equation for pressure in pseudotime, whereas cubic-
polynomial interpolation is used to solve the advection equation. To
validate this CIP-ACE method, we solved two sample incompress-
ible flow problems with known exact solutions. For each problem,
the method showed rapid convergence to a numerical solution that
is reasonably compatible with the exact solution. The CIP-ACE
method can be extended in a straightforward manner to solve the
three-dimensional, incompressible N-S equations in generalized co-
ordinates, making it an attractive alternative to more established
numerical methods.
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Introduction

HE purpose of this Note is to evaluate the performance of

three pressure-strain correlation models (linear, quadratic, and
cubic in the Reynolds stress anisotropy tensor) in the prediction of
a compression ramp flow of 16 deg. Although compression ramps
represent only one class of nonequilibrium flow, they have impor-
tant practical application in the design of high-speed vehicles and
propulsion systems. Variations in the ramp angle can lead to flows
that range from an attached two-dimensional flow to a fully sepa-
rated, three-dimensional unsteady flow. Clearly, the latter limit is
outside the scope of the present study; however, for a ramp angle of
16 deg only incipient separation is observed experimentally at the
ramp and flat-plate juncture, and experimental results! show that
the flow is two dimensional. Thus, the flow turbulence along the
ramp is initially induced by the shock-boundary-layer interaction at
the flat plate and ramp juncture, and the flow can serve as a test of
pressure-strain correlation models to predict an important type of
compressible flowfield.

In any closure validation study, the first step is clearly the iso-
lation of each particular correlation closure; in the present study,
the focus will be on the pressure-strain correlation. In the solu-
tion of compressible flowfields, variable-density extensions to the
incompressible forms of these pressure-strain models have been
generally used. Thus, a variety of incompressible pressure-strain
models can be tested to assess their applicability to compressible
flow predictions.

The present study utilizes wall functions so that the effects of the
pressure-strain models can be isolated. Care must be exercised in
the implementation of the wall functions to insure a smooth func-
tional behavior of the dependent variables throughout the inner part
of the boundary layer. Equilibrium conditions consistent with the
existence of a logarithmic region are assumed; these must also be
consistent with the compressible models introduced for the vari-
ous correlations. Unfortunately, not all turbulence models satisfy
the Van Driest law of the wall when applied to compressible flows
because they yield values for the von Kdrméan constant « that differ
from the accepted value of 0.41. In this regard, Wilcox? and Huang
et al.> have examined the effect on the value of « for both the K -w
and K -& models with the compressibility corrections of Zeman* and
Sarkar et al.> and found that these models cause a deviation of the
log-law slope. For this reason, these explicit compressibility correc-
tions for the dissipation rate and pressure dilatation are omitted, and
a single-layer wall-function formulation is used in conjunction with
variable-density extensions of the incompressible pressure-strain
correlations.
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Fig. 1 Comparison of streamwise mean velocity with experimental results at streamwise locations of s = —0.0508, 0.0254, 0.0508, and 0.1397 m.

Formulation for Compressible, Turbulent Flow

The formulation of the mean conservation and Reynolds stress
transport equations has been given previously® in a study of near-
wall turbulent closure models. In the present study, the same formu-
lations are used, but the near-wall pressure-strain correlation model
is replaced by a high-Reynolds-number model that is not valid in
the near-wall region. Three different high-Reynolds-number models
are tested in conjunction with a suitable wall-function distribution
in the near-wall region.

Because the focus of this work is to study the performance of
a variety of pressure-strain models in predicting the flow over a
compression ramp, three representative models will be analyzed: the
model of Launder, Reece, and Rodi with wall reflection’ (LRR/WR);
the model of Speziale, Sarkar, and Gatski® (SSG); and the model of
Fu, Launder, and Tselepidakis® (FLT). These models are either linear
(LRR/WR), quadratic (SSG), or cubic (FLT) in the anisotropy tensor
by = (5j; — %K 8;;)/2K (where 7;; is the Reynolds stress tensor
and K is the turbulent kinetic energy) and are assumed to be only
functions of the anisotropy b and the symmetric and antisymmetric
parts of the mean velocity gradient, §8;; = (&; ; +#;,;)/2 and W;;
(; ; — it5,)/2, respectively.

Coupled with the Reynolds stress transport equations, which use
each of the aforementioned pressure-strain models, is a dissipation
rate equation. The high-Reynolds-number form$ of this equation
contains the three unknown coefficients C;,, C,3, and C,, which are
associated with the production, destruction, and diffusion terms in
the equation, respectively. The values for the C; and C,, coefficients
associated with the three pressure-strain models are C,; = 1.44 and
C;2 = 1.90 for the LRR/WR model, C;; = 1.44 and C,, = 1.83 for
the SSG model, and C,;; = 1.45, and C,, = 1.90 for the FL.T model.
In the LRR/WR and SSG models, the dissipation rate ¢;; is mod-
eled through the usual isotropic assumption &;; = §£8,» 5 in the FLT
model, the tensor dissipation rate explicitly accounts for anisotropic
effects.® The choice of diffusion coefficient C, has been the subject
of a recent study.!® To insure the correct log-layer slope, C, needs
to be chosen consistent with the equilibrium stress anisotropy levels
in the log-layer given by each model. Such an analysis yields the
C, =0.26,0.18, and 0.19 for the LRR/WR, SSG, and FLT, respec-
tively. The values, although strictly applicable to the incompressible
regime, can be applied to this compressible case because of the small
influence of compressibility. As mentioned earlier, the compressible
formulation may yield values of the log-law slope that differ from
the usual 1/k value. Based on the estimates given by Wilcox? for
the freestream Mach number under consideration here, the devia-
tion from the usual 1/k value is only about 0.5%. Since the SSG
pressure-strain model has not been coupled and calibrated with any
specific turbulent diffusion model, it is necessary, for a consistent
study, to use the same turbulent diffusion model in conjunction with
all three pressure-strain correlation models. The turbulent diffusion
model used here is the Hanjalic and Launder model as given in
Launder et al.” using the closure coefficient of 0.11.
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Fig. 2 Normalized skin-friction variation along flat-plate and ramp
surface.

The procedure for the wall function implementation'! utilizes the
usual log-law and equilibrium assumptions common for flat-plate
boundary-layer flows. Nevertheless, these wall functions are applied
throughout the flow domain, even in the vicinity of the ramp and
flat-plate juncture. Because the separation is only incipient in this
flow, the wall-function procedure should still be applicable.

Results and Discussion

The calculation procedure follows that outlined in Morrison et al.®
The flowfield is computed from the freestream to a point in the fully
turbulent regime at which the profile distributions closely approxi-
mate experimental conditions. To match the inflow profiles to the ex-
perimental results, a location is selected at which the boundary-layer
thickness, the displacement thickness, and the momentum thickness
are all within 15% of their experimental values. The distance nor-
mal to the flat-plate surface is designated as y; along the ramp, the
normal distance is designated as n. In all figures, the mean stream-
wise velocity # and the Reynolds stress components t;; are scaled
by U, To, and UZ, respectively; however, the distances normal
to the surface (either y or n) are left dimensional. This mixed con-
vention is used so that the computational results compare directly
with the experimental results. The locations of the four measuring
stations downstream of the inflow plane, where the actual results
are compared with the computed results, can be described relative
to the boundary-layer thickness of the incoming mean velocity pro-
file, which is 0.0254 m.'? In the present coordinate system, the origin
is located at the flat-plate and ramp juncture, so that upstream of the
ramp along the flat plate the values of s are negative. With this mea-
sure for the 16 deg ramp, the first station is located at s = —0.0508
m, and the downstream stations are s = 0.0254, 0.0508, and 0.1397
m. A 81 x 51 mesh is used with a variable grid spacing in the nor-
mal direction. The first solution point is chosen so that it is located
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Fig.3 Comparison of 75, with experimental results at streamwise locations of s = —0.0508, 0.0254, 0.0508, and 0.1397 m.

in the logarithmic region (30 < y}' < 70) for all streamwise lo-
cations. Previous grid-resolution studies on these configurations®
have shown this level of discretization to yield essentially grid-
independent results.

A comparison of the computed streamwise mean velocity with
that of the experimental results at the four streamwise stations is
shown in Fig. 1. As the figure shows, the results from all three
pressure-strain models are very similar, which indicates that given
a consistent inflow profile satisfying the log-law, the streamwise
velocity appears unaffected by the particular choice of pressure-
strain model. In all three models a velocity defect with experiment
exists downstream along the ramp. The deterioration in agreement
is most evident in the lower regions near the wall.

Figure 2 is a plot of the variation of skin friction along the flat-plate
and ramp surfaces. Both the LRR/WR and FLT models respond sim-
ilarly along the flat plate and ramp start, especially when the slightly
higher FLT flat-plate skin-friction value is taken into account. The
SSG model also responds correctly along the flat plate and ramp start
but shows a smaller minimum ¢ value at the juncture that is more
consistent with the experiment. Along the ramp, all three models
fail to reach the experimental peak value. The LRR/WR and FLT
models response is too rapid to the imposition of the ramp, whereas
the SSG model response is more in line with the experiment but
relaxes back too quickly toward the flat plate value.

The more rapid relaxation of the skin friction along the ramp for
the SSG model relative to the other models suggests a more rapid
relaxation for the shear stress in this region as well. Comparisons
between the computed Reynolds shear stress and the measured data
are shown in Fig. 3. For all four stations, the models yield the same
qualitative results; however, the SSG model result, as anticipated, is
smaller in magnitude than either the LRR/WR or FLT models. The
location of the peak stress levels at the three stations downstream of
the ramp juncture are predicted too close to the wall, and the peak
stress levels are overpredicted for all three models.

The ability of all three models to predict both the response of the
turbulence through the shock and the relaxation of the turbulence
downstream of the ramp juncture is best shown by comparing the
computational results with experimental data'® along a streamline
in the flow. Figure 4 shows the evolution of the 7,; (normalized
by its inflow value 75) correlation along a streamline that origi-
nates at the point y/8y = 0.2 at the inflow plane on the flat plate.
This location corresponds to a y* value of about 2200 at the in-
flow and is well away from the wall-function interface. Thus, the
results should only reflect the effects of the high-Reynolds-number
pressure-strain correlation models. None of the models are capa-
ble of predicting the rapid response of the turbulence through the
shock. Compressibility effects exhibited through the dilatation dis-
sipation or pressure dilatation may need to be included to properly
account for the effects of the shock. In addition, the pressure-strain
correlation models themselves may not be capable of handling such
rapid mean flow distortions. Farther downstream, the computational
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Fig. 4 Evolution of normalized 7, along streamline that originates at
y / 60 =0.2.

results slowly relax back to the equilibrium values, although exper-
imental data are not available sufficiently far downstream to show
the ultimate agreement. Note that even at a distance of six boundary-
layer thicknesses downstream, the turbulence has not yet relaxed to
its preshock level.

In summary, the objective of this study was to isolate the ef-
fect of the pressure-strain correlation term in the prediction of
a compression ramp flow where shock-boundary-layer interaction
had a significant effect on turbulence amplification. Variable den-
sity extensions of three incompressible pressure-strain models were
tested in a consistent manner to assess their performance. All mod-
els used the same wall functions and turbulent diffusion models and
displayed the correct log-law behavior along the flat plate before the
ramp start. The study showed that all of the models had difficulty
in predicting the rapid response of the turbulence to the presence
of the shock. In addition, all of the models showed an improper
redistribution among the stress components; an overprediction of
the peak shear stress component (Fig. 3) and an underprediction
of the normal stress component (Fig. 4). These results imply that
the variable-density extensions of incompressible pressure-strain
correlation models are insufficient in themselves to properly ac-
count for the effects of turbulence amplification through a shock.
Improved accounting of anisotropic stress effects and improved ac-
counting of turbulence levels necessarily need to be included in such
shock-boundary-layer flows. Only recently have efforts been made
to assess the effect of the variable-density assumption.'* At least for
the case of homogeneous shear flow, the variable-density extensions
were unable to properly account for the behavior of the Reynolds
stress anisotropies. Whether this deficiency, or some other effect
such as a poorly formulated (an)isotropic dissipation rate equation
is the cause of the problem will require further study.
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Experimental Study
of Roughness Effects
on the Separated Flow
over a Backward-Facing Step
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Introduction

HE flow over a two-dimensional backward-facing step is one
of the simplest reattaching turbulent shear flows, where the
separation point is fixed at the step corner and the separation line is
straight. There have been a large number of experimental investiga-
tions on the flow structure over a two-dimensional backward-facing
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step. They reveal that the turbulent flow structure and integral prop-
erties depend on 1) the initial boundary-layer state before separation,
laminar or turbulent, 2) the initial boundary-layer thickness, 3) the
freestream turbulence, 4) the pressure gradient, and 5) the aspect
ratio (see Eaton and Johnston! for a review).

In addition to these factors, since the surface roughness exerts
appreciable resistance to the flow near the wall, we suspect that the
surface ronghness of the bottom plate may play a non-negligible role
in controlling the separated recirculating and redeveloping flows.
The purpose of the present study is to experimentally investigate
the effects of surface roughness on the turbulent flowfield behind
the step. Reattachment length, mean flowfield, fluctuating turbulent
quantities, and forward flow fraction are measured by using a split
film sensor.

Experimental Conditions

The experimental work was conducted in a low-turbulence level
wind tunnel with a 250 x 150 mm cross section which provides
a uniform flow condition at the inlet of a sudden expansion with
the step height 2 of 20 mm. The test section and the roughness
elements, which were specially designed and manufactured for the
experiment, are shown schematically in Fig. 1. Conventionally when
the ratio of the roughness width w to its height k(w/k) is less
than unity, the surface roughness is called d-type, whereas k-type
roughness signifies that w/k > 1.Inthe present study, four different
surface roughnesses are employed, as shown in the legend of Fig. 1.
The mean velocity profile at 30 mm upstream of the step using a
boundary layer pitot tube was measured. The upstream boundary-
layer thickness 8y 995 before separation is 10.8 mm, the displacement
thickness 8, is 1.39 mm, the momentum thickness 8 is 1.06 mm and
the step-height Reynolds number Re,, is 26,500. Consequently, the
boundary-layer shape factor H turns out to be 1.31 which is a little
larger than the shape factor of 1.28 on a smooth wall.

A modified split film calibration technique of Ra et al.> was used
to guarantee reliable calibration in a wide range of velocity magni-
tude and pitch angle. The experiment showed that the error in the
maximum pitch angle at 70 deg is less than 5%, and the error in the
mean velocity measurement by the split film sensor is about +2%
at the maximum calibration velocity of 30 m/s. An uncertainty es-
timate by the Kline and McClintock method? showed that the error
in the turbulent intensity is about 10% for its maximum value.

Experimental Results and Discussions

The velocity reversal characteristic in reattaching flows can be
quantified by the forward-flow fraction. The forward-flow fraction
v is defined as the fraction of time for which the flow directs in
the downstream direction. The reattachment point can also be de-
termined from the distribution of the forward-flow fraction near the
wall y,,,. Eaton and Johnston* have shown that the point at which
¥pw is 50% coincides with the time mean reattachment point of the
unsteady reattaching flow where the mean skin friction coefficient
vanishes. In the present experiment, the same method reveals that the
reattachment length Xz on the smooth surface is 5.86 times the step



