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Solutions of the Reynolds-averaged Navier-Stokes 
equations are presented and compared with experimental 
surface data for a series of hypersonic shock- 
wave/turbulent-boundary-layer interaction flows. The tur- 
bulence models used include the standard k - E two- 
equation eddy viscosity model, a two-layer modification 
to this model and a third model with several X distance in freestream direction 
modifications to account for compressibility effects. Both 
modified models gave significant improvements for all 
the test flows. surface, y ( i ~ ~ 1 p ~ ) l ’ 2 / l i ~  

velocity in the x and y directions 

coordinates parallel and normal to the 
model surface 

y+ nondimensional distance from model 

Nomenclature 
6 boundary-layer thickness 

E turbulence-energy dissipation rate 

a sound speed li laminar viscosity 

Cf skin-friction coefficient lit turbulent viscosity 

h enthalpy P density 

k turbulent kinetic energy T shear stress 

M Mach number Subscripts 

n polytropic coefficient e boundary-layer edge 

P?P pressure inf free stream experimental value 

4.Q wall heat-transfer rate 0 stagnation 

S distance along model surface W wall 
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W are investigated. The first is the new two-layer k - E 

model developed by Rodi [2] which has had good success 
for separated flows at low speeds. The second is a 
modification developed to account for compressibility 
effects following the work of Rubesin [3]  and Vuong and 
Coakley [4]. These three models are evaluated by 
comparison with the data. The relative merits of the 
modifications are discussed. 

This investigation is a first step toward the improve- 
ment of turbulence models for hypersonic shock- 
wavelturbulent-boundary-layer interaction flows. Hope- 
fully the experimental data base with its wide range of 
geometries, Mach numbers, wall-to-stagnation tempera- 
ture ratios and Reynolds numbers will be sufficient to 
properly assess the proposed turbulence models and pro- 
vide insight for future improvements. 
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fluctuating quantity 

mass-averaged fluctuating quantity 

time-averaged quantity 

Introduction 

The renewed interest in hypersonic flows has made 
the ability to compute heating rates and the onset and 
extent of separation for complex flow fields imperative. 
Shock-wavelturbulent-boundary-layer interactions occur 
on many vehicle configurations of practical importance 
such as air-breathing inlets, wing-body junctures and 
deflected control surfaces. These flow fields may be sepa- 
rated. The successful prediction of these flow fields will 
be necessary in the design process to assess vehicle per- 
formance and heat protection systems. 

Current turbulence modeling for high-speed flows is 
based on incompressible concepts and invoking 
Mrokovin's hypothesis. The application of these models 
to complex hypersonic flows is questionable. For 2-D and 
axisymmetric flow fields very little success has been 
achieved to date. No reliable data are currently available 
to assess 3-D hypersonic computations and their turbu- 
lence models [ 11. 

To properly assesses and improve turbulence model- 
ing for hypersonic speeds, detailed experimental data are 
required which include both mean and fluctuating flow- 
field measurements. However limited data are available 
for hypersonic speeds and most of these data are for 2-D 
or axisymmetric flows. We at NASA Ames are currently 
expanding this data base for both 2- and 3-D flow fields. 
Following a thorough literature search and evaluation 
process [ I ] ,  five experimental investigations have been 
identified that can be used to test the accuracy of the vari- 
ous prediction methods at Mach numbers above 6. Four 
of these investigations were 2-D or axisymmetric. The 
measurements include surface pressure, skin-friction and 
heat transfer, hut only limited mean flow-field data and 
no turbulence measurements. To these four investigations 
the data from a recent experimental study conducted at 
NASA Ames have been added. 

This paper uses a 2-Dlaxisymmetric Navier-Stokes 
code to study the accuracy of the two-equation k - E 

turbulence model when compared to the experimental 
data. Also two modifications of the standard k - E model 

Turbulence Models 

The eddy-viscosity turbulence models used for the 
present computations include the Jones-Launder k -- E 

model [ 5 ]  and two modifications of this model. These 
models are described below. 3 

The two-equation k - E turbulence model is 
expressed as 

L 
- - pk div ii - p E + diffusion + LRT (1) 
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- where LRT refers to the low Reynolds number terms used 
near solid surfaces. The values used for the constants 
were C 1 = 1.44, C2 = 1.92, and Cp = 0.09. 

The second model used here is the two-layer model 
developed by Rodi and his co-workers [2]. For this model 
the E equation is replaced by an analytical expression 
near the wall. In the wall region this model determines the 
eddy viscosity from the relation 

v 

by Vuong and Coakley [4]. Rubesin's corrections model 
the additional terms which appear in the turbulent kinetic 
energy equation after mass averaging. These additional 
terms, in the right-hand side of the equation, are 

- - 
NEWTERMS=-U;F,~ +P*U;,~ + D k  (9) 

In Ref. 3 expressions for these terms are developed. The 
thin-layer version of these terms (used for the present 
computations) is shown below 

where y is the normal distance to the wall. The dissipation 
rate E is given by 

The length scale L is assumed proportional to the dis- 
tance from the wall, Le.. L = Cry. The wall region model 
is matched with the full k - E model at a distance from 
the wall where Ry = 150 (fp = 0.95). At this location the 
eddy viscosity given by Eqn. 4 is equated to Eqn. 5 to 
determine the proportionality constant C,. For typical 
shock-wave/boundary-layer interaction flows solved here 
Cr varied from 0.8 to 9.0 at various locations in the flow 
field. The lowest values occurred upstream of the interac- 
tion and the highest near reattachment. For the present 
computations, maximum and minimum limits of 2.4 and 
1.2 were used for C,. With these limits imposed, the val- 
ues of eddy viscosity are no longer matched between the 
inner and outer models for large regions of the flow field. 
A few solutions were obtained using Cr = 2.4 which is 
equivalent to using the Prandtl length scale. (Rodi [2] 
used a constant value of 2.45 in his incompressible com- 
putations). Solutions were also obtained for several inter- 
action flows varying the match point from Ry = 100 to 
200. These results differed from each other by less than 
3 percent. 

v 

For the above equations the x, y coordinates are consid- 
ered parallel and normal to the wall respectively. 

The new terms (Eqns. (lo), (1 I)  and (12)) are added 
to the right-hand side of the turbulent kinetic energy equa- 
tion, Eqn. ( I ) .  The new terms are also added to the E 
equation multiplied by E /k and replacing Dk with D, 
where 

v The third model is composed of two compressibility 
corrections, one suggested by Rubesin 131 and the other 
by Monsour and Kline [61, which was first implemented 

Rubesin [7] has recommended these values for the 
following constants, n = -0.4, C, = 0.25, C, = 0.25. The 
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The above length scale modifications generally do not 
change the predictions except near a reattachment point 
and to a lesser extent near a separation point. For equilih- 
rium attached flows the length scale predicted by the 
k - E model is approximately equal to 2 . 4 ~  in the wall 
region. 

The corrections described above comprise the third 
modification for the remainder of this paper. This model 
will be called the "compressible" model. The terms 
developed by Rubesin (Eqns. (9 - 13)) which are added to 
the right-hand side of the k and E equations have the 
principal effect of increasing the separation zone for all 
the test cases computed. The length scale limitation also 
slightly increases the separation zone but its principal 
function is to limit the large overshoots in heat transfer 
near reattachment. Examples will be shown later. 

constants CK,_, are arbitrary constants added by the 
author and were determined by comparing the results with 
experimental data. Computations were made systemati- 
cally varyhg C ~ , ~ f o r  two specific test flows (the M = 7 
cylinder flare data at flare angles of 20 and 32.5 degrees). 
The values chosen were C K ~  = 4.0, Q2 = -1.0, CK, = 
0.0, and CK, = 0.25. These values, which gave good 
agreement with the two specific test flows, were used for 
all subsequent computations. Note that the values used 
are by no means unique and it is probable that another set 
could give better overall results. Finite values of C K ~  
produced spatial oscillations in the solution downstream 
of the shock wave and therefore C K ~  was set equal to 
zero. Physically this neglects the variance of density 
fluctuations as compared to the mean density gradients in 
the rate of strain term (Eqn. (I  I)). 

In addition to the compressibility corrections sug- 
gested by Rubesin (discussed above) the third model also 
incorporates a correction to the turbulent length scale, fol- 
lowing the work of Vuong and Coakley [4]. In this modi- 
fication, an upper hound is placed on the length scale 
appearing in the eddy viscosity such that it can never be 
greater than a constant times the Prandtl length scale in 
the wall region. This is derived by bounding the viscosity 
given by the k - E model by the turbulent viscosity as 
determined by Prandtl's model, and by assuming the 
Bradshaw relation between shear stress and kinetic energy 
and the logarithmic law for velocity to hold; that is, 

The result of this limitation is the following relation (for 
K = 0.4 and CP = 0.09). which was used in place of P 
appearing in the above formula for eddy viscosity 

P = min 2 . 4 ~ ~ -  [ k:121 
For the present calculations this limit was also used to 
limit the turbulent kinetic energy using e defined by 
Eqn. (16) above and redefining kinetic energy by the 
following relation. 

k = (E e P 3  (17) 

Description of Computations 

The partial differential equations used to describe the 
mean flow field are the time-dependent, mass-weighted, 
Reynolds-averaged, Navier-Stokes equations for 2-D or 
axisymmetric flow. The above discussed turbulence mod- 
els were used for closure. The numerical procedure cho- 
sen here is the MacCormack explicit-implicit, second- 
order predictor-corrector, finite-volume method [SI. 

d 

Each computational domain consisted of a uniform 
mesh spacing in the streamwise direction. In the vertical 
direction, a geometrically stretched spacing was used near 
the wall, followed by a uniform spacing. The total mesh 
size varied from 80 to 150 points in the x direction and 
from 36 to 60 points in the y direction, depending on the 
test flows solved. The mesh spacing in the x direction 
varied from 0.1 to 0.3 times the incoming boundary layer 
thickness. Approximately 30 points in the y direction 
were used to resolve the upstream boundary layer, result- 
ing in as few as 20 points to resolve the boundary layer 
downstream of the interaction. The values of y+ for the 
first mesh point varied from 0.005 to 0.2. A few cases 
were computed with both a 40  x 100 and a 
60 x 150 mesh. No change was observed in the results 
providing Ax was less than 0.36, the first y mesh point 
was less than y+ = 0.15, and at least 20 points were 
always located in the boundary layer. A separate grid 
study was also done to determine the largest value of y+ 
for the,tirst point that could be used for each turbulence 
model. A sample of the results are shown in Fig. I .  Here, 
the calculated peak value of heat transfer normalized by 
the calculated value for y+ = 0.15 is plotted versus y+ for 
a M = 7 test flow using the three turbulence models. For 

~ 
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v the standard k - E model small increases in y+ can 
produce very large errors in heat transfer. However, for 
the two-layer and compressible models only a small 
increase in heat transfer is evident for y+ up to 0.5. This is 
because both these models use analytic length scales near 
the wall. Computed skin-friction results show the same 
thing. 

The upstream boundary conditions were prescribed 
by uniform freestream conditions (or the oblique shock 
conditions) plus a boundary-layer profile matching the 
experimental boundary-layer displacement thickness at a 
location well upstream of the interaction region. At the 
downstream boundary, the gradients of the flow variables 
in  the streamwise direction were set equal to zero. At the 
wall, no-slip and constant wall temperature were applied. 
The turbulent kinetic energy and dissipation were set 
equal to zero at the wall. At the upper boundary, condi- 
tions were held fixed. Typical computing times for the 
fully vectorized code on the Cray YMP/single processor 
were 25 minutes. 

New Experimental Results 

W 

The experiment was conducted in the NASA Ames 
3.5-Foot Hypersonic Wind tunnel. The nominal free 
stream test conditions were: total temperature = 1166 K, 
total pressure = 60 atm, free stream Reynolds number = 
5.0 x 106/m, and local free stream Mach number = 8.2. 
The test core diameter was approximately 0.6 m. The test 
model consisted of a sharp flat plate and a shock 
generator (see Fig. 2). The flat plate was 76 cm wide, 
220 cm long, and IO cm thick with a 10 degree wedge at 
the leading edge. The entire plate was water-cooled, 
maintaining a constant surface temperature of 300 K 
during a run. Instrumentation, consisting of pressure taps 
and two types of heat transfer gages, was located along 
the plate centerline. Boundary-layer survey ports were 
also located in the plate. Several shockwave generator 
angles were tested varying from 5 to 1 I degrees. The 
leading edge of the generator was located between 120 
and 140 cm from the leading edge depending on the 
shock angle. 

Flow quality, extent of two dimensional flow, and 
verification of an incoming equilibrium turbulent bound- 
ary layer were verified by detailed flow field surveys and 
surface oil flow, pressure, and heat transfer measure- 
ments. For the shock interaction cases the data only 
include surface pressure and heat transfer. Further details 
of this experimental investigation along with new 3-D 
data are in Ref. 9. 

-' 

-' 

Results and Discussion 

Seven 2-D and axisymmetric experimental investiga- 
tions were chosen for the current turbulence model eval- 
uation process (see Fig. 3). These investigations include 
all four hypersonic studies recommended by Settles and 
Dobson [I] plus a recommended supersonic compression 
corner case, an axisymmetric flare study, and the new 
impinging shock study described above. The first experi- 
ment, conducted by Settles et al [lo], is a compression 
corner tested at Mach 3. The second, conducted at 
M = 6.8 by Kussoy and Horstman [ I l l ,  is the interaction 
of an incident axisymmetric shock-wave on a cylinder. 
The third was conducted at M = 7 by Kussoy and 
Horstman [I21 on an axisymmetric cone cylinder flare. 
Next are the new experimental data for an impinging 
shock at Mach 8. Two experiments were conducted at 
M = 9.2 by Coleman [13,14] on an axisymmetric hollow 
cylinder flare and a 2-D compression corner. Finally, the 
M = 11 and 13 cone flare data obtained by Holden et al 
[I51 will also be used to evaluate the computations. For 
all the flows above either the flare, corner, or incident 
shock angles were varied to obtain flow fields with and 
without separation. Solutions were obtained using the 
three turbulence models described previously for 21 test 
cases. Only representative results will be shown here. 

Comparisons of the upstream zero-pressure-gradient 
predictions of skin friction and heat transfer with the mea- 
sured results are shown in Fig. 4. Plotted are the calcu- 
lated values of skin friction and heat transfer normalized 
by the experimental values as a function local boundary 
layer edge Mach number for each experimental investiga- 
tion. Results for three turbulence models are shown. 
Averaging these results the standard k - E model under- 
predicts skin friction by 9% and heat transfer by 11%. 
The compressible model underpredicts by 17% and 20% 
respectively and the two-layer model with variable Cr 
underpredicts by 34% and 36% respectively. However 
when the two-layer model fixes the constant Cr = 2.4, its 
prediction shows a substantial improvement (solid sym- 
bols in Fig. 4). It must be noted that no error limits exist 
for the heat transfer data at Mach numbers greater than 8. 
Therefore it is difficult to assess the accuracy of the com- 
putations at the highest Mach numbers. 

Comparisons of the computations and experiment for 
eight selected test cases are shown in Figs. 5-12, In all 
cases the data and computations are normalized by the 
same number for each test flow, namely, the average 
experimental value ahead of the interaction. For each test 
case, solutions for the three turbulence models are shown. 
The legend shown in Fig. 5 is the same for all the figures. 
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adverse pressure gradient regions. This was not attempted 
in the present study. 

The test cases in Figs. 7 and 8 were used to fix the con- 
stants (CK1-J in the compressible model and set the 
limits for C, in the two-layer model. Also shown are the 
predicted and measured separation zone sizes for three 
studies as a function of shock wave strength (Figs. 13- 
14). Rather than discuss the individual test cases we will 
make several general observations which are valid for 
most or all the comparisons (including the 13 additional 
test cases not shown here). 

The results obtained using the standard k - E model 
underpredict the separation size and overpredict the skin 
friction and heat transfer near reattachment for the sepa- 
rated cases by substantial amounts and also in the adverse 
pressure gradient regions for attached cases. The com- 
pressible model is at all times an improvement or at least 
equal to the standard k - E model. The compressible 
modifications increase separation size and decrease skin 
friction and heat transfer at reattachment and in adverse 
pressure gradient regions to give better agreement with 
experiment. The original intent of the two-layer model 
was to save computer time by allowing a more coarse 
mesh to be used [2]. For the present hypersonic computa- 
tions this did not prove to be the case. The mesh 
requirements for this model are almost identical to the 
standard model. However the computed results using this 
model did increase the predicted separation size and 
lower the skin friction and heat transfer at reattachment, 
similar to the compressible model. But in regions of zero 
and low pressure gradient the computed results tend to be 
too low (Figs. 4 and 12). Other than this defect the results 
also are better or equal to the results using the standard 
model. 

To examine the effects of the individual modifica- 
tions in the compressible model, a few solutions were 
with the Rubesin corrections alone (Eqns. 10-13) and 
with the length scale corrections alone (Eqns. 16-17). 
These solutions are shown in Fig. 16 for the M = 7, 
35 degree flare case (same as Fig. 8). Also shown are the 
standard and compressible model results. It is seen that 
both the Rubesin and length scale modifications increase 
separation size and are essentially additive for the 
combined solution. Only the length scale correction 
changes the heat transfer in the reattachment region. 

Figure 17 shows the effect of using C, = 2.4 in the 
two-layer model for the same test flow discussed above. 
Also shown are the standard and variable Cr solutions. 
The only significant change for the constant C, solution is 
the collapse of the separation region back to the standard 
solution. These results suggest the formulation of a new 
two-layer model where Cr is held constant equal to 2.4 in 
low pressure gradient zones and allowed to vary in strong 

Conclusions 

Solutions of the Reynolds-averaged Navier-Stokes 
equations using three turbulence models, including a 
model modified to account for compressibility effects, 
have been compared with several hypersonic shock- 
wave/turbulent-boundary-layer interaction test flows. The 
data available for comparison included surface pressure 
and heat transfer and the length of the separation zones. 
No single model accurately predicted all the test cases. 
However both the modified compressible model and the 
two-layer model showed substantial improvement over 
the standard k - E model and could certainly be used to 
predict unknown shock-wavelboundary-layer interaction 
flows with reasonable confidence. Considering the exper- 
imental errors present in the data (several experiments do 
not even try to estimate their errors) and the ever-present 
computational errors due to numerical approximations 
and smoothing, the new compressible turbulence model 
described here is certainly more than adequate to solve 
these types of flowfields. Further improvements in turbu- 
lence modeling await a more complete data base which 
includes detailed fluctuating flow velocity, density and 
temperature measurements. Experiments are currently in 
progress at NASA Ames and elsewhere to provide these 
data. 
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Fig. 3 Experimental test flows. 

2-D Compression Corner 
Settles, G.S. et. al. 
M, = 2.85, T ~ R ~  = i .06 

Axisymmetric Impinging Shock 
Kussoy, M.I. & Horstman, C.C. 
Me = 6.7, TwRo = 0.43 

Axisymmetric Cylinder-Flare 
Kussoy, M.I. & Horstman, C.C. 
Me = 7.1, Tw/To = 0.35 

2-D Impinging Shock 
Kussoy, M.I. & Horstman, K.C. 
M~ = 8.2, ~d~ = 0.27 
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2-D Compression Corner 
Coleman, G.T. & Stollery, J.L. 
M, = 9.2, Tw/To = 0.25 

Axisymmetric Cylinder-Flare 
Coleman, G.T. 
M, = 9.2, Tw/To = 0.25 

Axisymmetric Cone-Flare 
Holden, M.S. et. al. 
Me = 9.2, Tw/To = 0.20 
Me = 10.3, Tw/To = 0.17 

Fig. 3 Concluded 
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Fig. 5 Comparisons of surface pressure and skin friction distributions, M = 2.85, 24' compression corner flow. 
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Fig. 7 Comparisons of surface pressure and heat transfer distributions, M = 7.1, 20° cylinder-flare flow. 
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Fig. 8 Comparisons of surface pressure and heat transfer distributions, M = 7.1,35" cylinder-flare flow. 

15 



-- 
A 0 Experiment 

~ k-& model 
20 

Compressible model 
Two-layer model E 15 .- 

s 
5 
10 

5 

0 I I I I . I . . . I I I I . , . , , . i  

20 

, 

a 
40 

X (cm) 

Fig. 9 Comparisons of surface pressure and heat transfer distributions, M = 8.2, 10" imping shock flow. 
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Fig. 12 Comparisons of surface pressure and heat transfer distributions, M = 11,36" cone-flare flow. 
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Fig. 13 Comparisons of sepwation lengths, M = 7.1, cylinder-flare flow. 
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Fig. 15 Comparison of separation lengths, M = 9.2, cylinder-flare flow. 
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Fig. 17 Effect of constant Cr in the two-layer model, M = 7.1, 35" cylinder-flare flow 
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