
VOL. 30, NO. 1, JANUARY 1992 AIAA JOURNAL 43

Turbulence Phenomena in a Multiple Normal Shock Wave/
Turbulent Boundary-Layer Interaction

B. F. Carroll*
University of Florida, Gainesville, Florida 32611

and
J. C. Duttont

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

An experimental investigation of a Mach 1.61 multiple normal shock wave/turbulent boundary-layer inter-
action in a rectangular, nearly constant area duct is discussed with an emphasis on the turbulence phenomena.
The two-component laser Doppler velocimeter measurements reveal a large amplification of the turbulence
kinetic energy and Reynolds stress through the interaction. The leading shock in the multiple shock pattern
causes a significant distortion of the turbulent stress tensor. Partial recovery occurs immediately downstream
of the first shock. The trailing shocks in the system are much weaker than the first shock and tend to maintain
the nonequilibrium turbulence structure, with complete recovery occurring well downstream of the interaction.

Nomenclature
h = duct half height (radius for axisymmetric geometries)
k = turbulence kinetic energy, (ofv + a? + aJ)/2
k' = (u'uf + v'v' + w'w')/2
M = Mach number
P = pressure
q' = (u'u' + v 'v ')
Re = Reynolds number
T = temperature
U = total velocity
u = streamwise velocity
v = transverse velocity
w = spanwise velocity
x = streamwise direction
y = transverse direction measured perpendicular to wall
z = spanwise direction measured parallel to wall
{ ) = ensemble averaged
5 = boundary-layer thickness
&l = streamwise normal stress in x direction, (u'u')
<j2

v = transverse normal stress in y direction, {v'v')
o£ = spanwise normal stress in z direction, (w'wf)

Subscripts
e = boundary-layer edge
L = local value
u = undisturbed value at station 1
0 = stagnation value

Superscript
' = turbulent fluctuation

Introduction

I NTERACTIONS of shock waves with turbulent boundary
layers have been studied extensively in the past. Much of

the previous work is summarized in the review articles by
Adamson and Messiter1 and by Green.2 The general inter-
action may be classified into several broad groups, including
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oblique shocks in a compression corner, oblique shocks in
front of forward facing steps, oblique shocks incident on a
flat plate, and normal shocks incident on a flat plate. In an
external or unconfined flow, the incident normal shock in-
teraction is characterized by a single normal shock, which is
unbifurcated for Mach numbers below about 1.3 and bifur-
cated for higher Mach numbers. Normal shock/boundary-layer
interactions in internal flows are further subjected to the con-
fining effect of the duct walls, as characterized by the ratio
of the undistributed boundary-layer thickness to the duct half
height (or radius in axisymmetric geometries) 8M//z. As 8M//z
increases, the character of the interaction changes drastically.
With low confinement levels, a single normal shock is formed;
for moderate levels of confinement, a multiple or repeated
normal shock pattern is obtained; and for high confinement,
a repeated oblique shock pattern is found.3 Increasing Mach
number affects the shock structure in a manner similar to
increasing confinement.4 Carroll and Dutton4 discuss the gen-
eral characteristics of confined shock wave/turbulent boundary-
layer interactions, including Mach number, Reynolds num-
ber, and confinement effects. These confined interactions are
common in the supersonic, ducted, decelerating flows that
occur in several important devices, such as supersonic wind-
tunnel diffusers, supersonic gas ejectors, and supersonic and
hypersonic inlets.

Several investigations of multiple normal shock wave/tur-
bulent boundary-layer interactions, also called normal shock
trains, have been reported. Lustwerk3 documented the gen-
eral flowfield characteristics. Ikui et al.5'6 also discuss general
shock train characteristics with an emphasis on the unstea-
diness of the interaction. However, these three papers do not
present detailed measurements away from the wall. Om and
Childs7 filled this gap by taking detailed pitot-static measure-
ments throughout a Mach 1.49 normal shock train in a circular
duct and deducing the mean velocity field from their meas-
urements. Limited mean flow measurements in a moderately
confined, planar, Mach 1.6 normal shock interaction have also
been obtained by Chriss et al.8 using a one-component laser
Doppler velocimeter (LDV) system. Emphasis was placed on
the three-dimensional effects caused by the corners of the
duct, and the existence of a multiple shock system was not
fully investigated. All of these investigations of normal shock
trains have been limited to mean flow data, with the excep-
tions of Ikui et al.,6 who presented fluctuating wall static
pressure results, and Chriss et al.,8 who obtained one-com-
ponent, noncoincident turbulence data.
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Fig. 1 Schematic of the small-scale supersonic wind tunnel/test section.

Two-component LDV measurements, including turbulence
data, for several related single normal shock/boundary-layer
interactions have been reported.9 n Sajben et al.9 considered
a confined normal shock/boundary-layer interaction in an in-
let geometry with a downstream adverse pressure gradient,
i.e., with a diverging duct downstream. The level of flow
confinement was lower than in the present work. Normal
shock/boundary-layer interactions at even lower confinement
levels were investigated by Delery10 and East.11 Using pitot
probes and hot-wire anemometry, Mateer et al.12 obtained
mean and fluctuating velocity data from a moderately con-
fined single normal shock/turbulent boundary-layer interac-
tion. Detailed mean and fluctuating velocity measurements in
a highly confined, multiple normal shock/turbulent boundary-
layer interaction have not been previously reported and are
the subject of the present investigation.13 In a Mach 1.6 nor-
mal shock train in a rectangular cross section, nearly constant
area duct was investigated using spark schlieren photography,
mean wall pressure measurements, and two-component LDV.
The mean flow LDV measurements have been treated in a
separate paper.14 The present paper considers the turbulent
flow phenomena in this Mach 1.6 normal shock train.

Experimental Apparatus
All experiments reported here were performed in the Gas

Dynamics Laboratory at the University of Illinois at Urbana-
Champaign. A complete discussion of this facility is given by
Carroll and Dutton.4-13-14 A schematic of the small-scale, planar
two-dimensional supersonic wind tunnel used in this investi-
gation is shown in Fig. 1. Wire mesh screens and honeycomb,
installed upstream of the screens but not shown in the sche-
matic, condition the flow before it passes through the sym-
metric supersonic nozzle. The test section begins at the nozzle
exit and extends for 753.8 mm (29.67 in.) downstream. It
consists of a rectangular duct with a constant width of 76.2
mm (3.0 in.). The upper and lower test section walls each
have a divergence angle of 0.13 deg to allow for boundary-
layer growth. The divergence begins at the nozzle exit where
the duct height is 32.06 mm (1.262 in.). Optical access to the
test section is provided by removable windows in the tunnel
side walls. An adjustable converging-diverging diffuser is
mounted at the test section exit and is used to impose an
elevated downstream pressure level that forces the shock train
into the duct. Static pressure taps are located along the cen-
terline of the upper and lower test section walls with a min-
imum spacing of 12.7 mm (0.5 in.). No provisions were made
to measure high-frequency fluctuations in the wall pressure.

The experimental techniques consisted of both qualitative
flow visualizations and quantitative pressure and LDV meas-
urements. The main instrumentation was a two-component,
dual-beam, coincident, forward scatter, frequency shifted LDV
system. A complete description of the LDV system, including
operating procedures, counter settings, data reduction, and
a thorough discussion of the experimental uncertainty, is given
by Carroll and Dutton.13-14 Because of the complexity of the
LDV measurements and data reduction, a simple error band
cannot be specified. The combined effects of several mutually
interacting error sources must be considered at each point.
The LDV measurement volume diameter was 0.08 mm. The
seed particles, atomized 50-cp silicone oil, have an average

diameter of 0.8 u>m and have sufficient frequency response
to follow the turbulent fluctuations.13 A coincidence window
of 1-2.5 JJLS, depending on the local mean velocity, was re-
quired for the two-component measurements. The measure-
ments are best described as low burst density, i.e., a low
probability of having more than one particle in the measure-
ment volume at a time, and low data density, i.e., the time
between successive samples is large compared to the time scale
of the turbulent fluctuations. Since the sampling rate was too
low to resolve the actual time history of the velocity field, all
turbulence information is obtained via ensemble averages of
the 4096 instantaneous velocity realizations taken at each
measurement point. The ensemble averaged statistical results
were corrected for velocity bias using a two-dimensional ve-
locity inverse weighting. Fringe bias effects were found to be
negligible.

Results
The experimental results will now be discussed. All LDV

measurements reported here were made along the test section
midplane in the bottom half of the duct to take advantage of
the symmetric nature of the interaction. At the start of the
interaction, the centerline was located at y = 16.875 mm from
the wall. The two-component measurements were made from
just above the tunnel centerline down to y — 1.25 mm. One-
component measurements were then made from y = 1.25 to
0.10 mm, which lies within a distance of y+ = 100 from the
wall. The one-component measurements only yield infor-
mation on the streamwise mean velocity u and the streamwise
fluctuating velocity u'. The operating conditions were the
following: stagnation pressure P0 = 206 ± 0.7 kPa; stagnation
temperature T0 = 295 ± 2 K; and unit Reynolds number
Relm = 30 x 106 m"1. A fixed shock train location in the
test section was maintained by adjusting the downstream dif-
fuser. At this shock train location, the undisturbed Mach
number just upstream of the interaction was Mu = 1.61, the
undisturbed boundary-layer thickness was 8U = 5.4 mm, and
the confinement level was 8w//z = 0.32.

Transverse traverses were made at the 26 streamwise sta-
tions listed in Table 1. The first 21 measurement stations are

Table 1 Measurement stations

Station

1
2
3

4
5
6
7
8
9
10
11
12

13
14
15
16
17
18

19
20
21
22
23
24
25
26

0.0
1.39
2.78

First shock
3.70
4.17
4.63
5.09
5.56
6.02
6.48
6.94
7.41

Second shock
8.33
8.80
9.26
9.72
10.2
10.6

Third shock
12.0
13.9
17.6
27.8
37.0
46.3
60.2
74.1
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Fig. 2 Schlieren photograph and LDV contour plots, flow from left
to right: a) schlieren with horizontal knife edge; b) Mach number;
c) turbulence kinetic energy, klU2

ue x 102; d) stream wise normal
stress, &2jU2

ue x 102; e) transverse normal stress, &2lU2
ue x 102;

f) anisotropy ratio, oru/av — 1.

also shown at the top of Fig. 2a, which is a spark schlieren
photograph of the normal shock train with the flow from left
to right. Measurements were concentrated in the regions be-
tween the first and second shocks and between the second
and third shocks. This was done to document the flow fol-
lowing each major type of shock appearing in the normal
shock train; the first shock is bifurcated, whereas the weaker

trailing secondary shocks were unbifurcated. The spacing be-
tween the shocks decreases following each successive shock
in the system. A slip line is generated at the bifurcation point
of the first shock (_y/8M = 2.3) and extends downstream though
the trailing shocks. Substantial thickening of the boundary
layer is observed through the interaction with the quickest
growth occurring below the bifurcated first shock. The schli-
eren results are valuable in gaining a qualitative knowledge
of the flow. A more quantitative understanding of the normal
shock train will now be developed from the LDV measure-
ments.

The Mach number distribution through the interaction is
given in the contour plot of Fig. 2b. The Mach number contour
plot differs from the other contour plots of Figs. 2 and 3 in
that the data have been reflected about the centerline to give
a symmetric plot. In all subsequent contour plots, only the
bottom half of the flow is shown. The Mach number ranges
from a maximum value of 1.61 in the core flow upstream of
the first shock to a minimum of 0.80 along the centerline
following the first shock. This Mach number is higher than
the value of 0.67 predicted by the standard one-dimensional
normal shock relations. There are two probable causes for
this. Some particle lag is present at stations 4 and 5 following
the normal part of the first shock. Although these effects are
small, they do cause the measured particle velocity to be
somewhat higher than the actual flow velocity.14 Additionally,
the flow following the outer nearly normal portion of the first
shock immediately begins to reaccelerate.14 The slight cur-
vature of the normal shock causes the mean velocity vector
to point toward the centerline forming an aerodynamic nozzle
effect. A region of supersonic flow exists near the boundary-
layer edge following the bifurcation. In unconfined single nor-
mal shock/boundary-layer interactions, this region is normally
termed a supersonic tongue. In a confined interaction, the
supersonic tongue grows filling the entire core flow before
the second shock is reached. The notches seen in the Mach
number contour lines, downstream of the bifurcation point,
correspond to the slip line seen in the schlieren, Fig. 2a. Just
prior to the second shock (station 12), the Mach number is
1.23 inside the slip line and 1.26 outside the slip line. A
subsonic region also exists following the second shock with
the minimum Mach number being 0.93 at station 13. The flow
is totally subsonic after approximately four duct heights down-
stream of the interaction. Under the first shock, the boundary
layer is incipiently separated. The high level of flow confine-
ment tends to delay separation until higher incoming Mach
numbers than one would expect in an unconfined interac-
tion.14'15 The weaker secondary shocks also fail to separate
the boundary layer but do delay the full recovery of the tur-
bulence field of the nearly separated boundary layer until
downstream of the interaction.

The remainder of this paper will focus on the turbulence
properties of the Mach 1.61 shock train. Figure 2c presents
the dimensionless turbulence kinetic energy klU^e, where
£ = (0-2 + Q-2 + a2)/2, a2 = ( u ' u 1 ) , &l = (vV), and
0-2 = (w'w'). In this study, the span wise normal stress aj
was estimated as <j2 = (a2 + crJ)/2, making k = 0.75
(crj + cr2). The core flow turbulence kinetic energy is below
the minimum measurable level. The uncertainty due to the
counter clock resolution of ± 1 ns is manifested as an apparent
turbulent fluctuation that limits the minimum measurable tur-
bulence kinetic energy. In the core flow ahead of the first
shock, the uncertainty in cru and crv is <1% of the local u and
v velocity components, respectively, and it is <0.7% down-
stream of the first shock. A large amplification and local
maximum in k is observed under the foot of the bifurcated
first shock. The trailing shocks do not appear to increase k.
Rather, they tend to maintain the turbulence kinetic energy
at elevated levels relative to the incoming boundary layer.
The turbulence kinetic energy does not diffuse outside the
boundary layer until downstream of the interaction. Diffusion
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Fig. 3 LDV contour plots, flow from left to right (schlieren photo-
graph at top): a) Reynolds shear stress, -(u'v')IV2

ue x 102; b) shear
stress correlation coefficient, —(u'v')l(vu<cj^\ c) triple velocity corre-
lation component, ((u'qf)/U3

ue) x 102; d) triple velocity correlation
component, ((v'q')IUle) x 103.

of k (from the boundary layer) across the slip line does not
occur until station 24. The streamwise distribution of the peak
value of the dimensionless turbulence kinetic energy klU2

ie
is plotted in Fig. 4. A factor of 3.8 increase in this peak value
occurs at the first shock. Following the first shock, a nearly
constant peak level of 2.5 times the incoming value is main-
tained until the end of the interaction. In the incoming bound-
ary layer, the peak value of k occurs below the closest two-
component measurement location (y+ = 727, y/§u = 0.23).
The location of the peak then moves progressively farther
away from the wall, ranging from y/§u = 0.35 to 0.45 through
the second shock and increasing to y/5w = 0.55 at station 21.
The turbulence kinetic energy distribution has begun to re-
semble equilibrium conditions by station 26 with the maxi-

mum value of k being 0.60 times that in the incoming bound-
ary layer. The turbulence kinetic energy normalized by the
local velocity squared klU2

L behaves similarly to k/U2
e with

two major exceptions. First, the magnitude of the amplifi-
cation through the first shock is much greater, with a factor
of 40 increase in the local value. Second, the peak local tur-
bulence intensity occurs much closer to the wall than the peak
in k alone since the square of the local velocity decreases at
a faster rate than k as the wall is approached.

The streamwise Reynolds normal stress of is the major
contribution to the turbulence kinetic energy and, therefore,
behaves quite similarly to k. However, of is obtained from
both the one- and two-component LDV optical setups, al-
lowing of measurements down toy = 0.10 mm (_y/8M = 0.02).
The contour plot for (vu/Uue)2, Fig. 2d, is very similar to that
for klU2

ue, Fig. 2c. A larger region of high values is observed
under the bifurcation, and elevated levels of (&JUue)2 are
present at the slip line (but are not evident in the contour
plot). The dimensionless transverse normal stress (vv/Uue)2 is
shown in Fig. 2e. The amplification in of begins slightly
downstream of the corresponding increase in of. A localized
maximum in of appears at the bifurcation point, and the high
levels of of also tend to persist further downstream in the
near wall region. In this near wall region downstream of the
bifurcated first shock, the mean flow results show that a trans-
verse mass flux toward the wall occurs as the boundary layer
recovers from a nearly separated state. The transverse normal
stress is small at the slip line. The distributions of the peak
values in (vu/Uue)2 and (crv/Uue)2 given in Fig. 5 emphasize
these points. The transverse locations of the peak values of

0.03 0.004

0.00
10

(x-xu)/8u

0.000

Fig. 4 Distribution of peak values of turbulence kinetic energy, klU2
ue,

and Reynolds shear stress, -(u'v')IU2
ue, with location of first and

second shocks denoted by I and II, respectively.
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Fig. 5 Distribution of peak values of streamwise and transverse nor-
mal stress components, (vu/Uue)2 and (crv/£/M<?)2, with location of first
and second shocks denoted by I and II, respectively.
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Fig. 6 Distribution of peak values of anisotropy ratio, aM/o\, - 1,
and shear stress correlation coefficient, —(U'V'}/(<TU(TV), with location
of first and second shocks denoted by I and II, respectively.

streamwise and transverse velocity range between y/blt = 0.35-
0.55. The transverse normal stress rises sharply through the
first shock, then stays at high levels seeing only a gradual
decrease farther downstream. In contrast, the streamwise nor-
mal stress undergoes a local maximum under the first shock,
then trails off quickly before undergoing a more gradual decay
downstream. Comparing the maximum observed values, the
maximum streamwise normal stress (vu/Uue)2 is approximately
6.5 times the transverse value. One might speculate that part
of this large localized increase in the streamwise component is
actually a false turbulence due to small-scale, high-frequency
shock motion similar to that observed by Dolling and Murphy16

in an oblique shock/boundary-layer interaction at a compres-
sion corner. Conclusive evidence regarding this hypothesis
was not obtained in the current experiments. High-frequency
wall static pressure measurements were not available, and the
velocity histograms from the LDV measurements at the foot
of the bifurcation do not have bimodal distribution, which
indicates that large-scale shock motion was not present, but
does not preclude small-scale, high-frequency shock motion.
Unequal deceleration of the polydispersed seed particles could
also cause a false turbulence. A positive skewness in the core
flow data at stations 4-6 is probably due to this effect. How-
ever, such a skewness is not seen in the boundary layer, in-
dicating that the nonuniform particle size distribution has only
a small influence on the amplification of (vJUlie)2 seen within
the boundary layer.

The relative magnitudes of crM and a,, have implications in
turbulence modeling since many models are based on equi-
librium distributions of these quantities. The anisotropy ratio,
defined by (aM/av - 1), is given in Fig. 2f. A high level of
anisotropy is seen to exist near the outer portion of the bi-
furcated first shock. This is probably due to small-scale shock
motion and particle lag effects. Relatively high anisotropy also
occurs near the slip line, where u is changing rapidly but v
remains constant. The region of true interest is near the wall
in the boundary layer. A large increase in anisotropy occurs
at the foot of the bifurcated shock. Then, the anisotropy ratio
returns to near equilibrium levels for the remainder of the
flow. Delery10 noticed a similar increase in anistropy in an
unconfined single normal shock interaction. He attributed this
to the relative magnitude of the production terms for a,, and
crv. The shock/boundary-layer interaction enhances produc-
tion of aM while decreasing production of o\,. The streamwise
distribution of the peak value of (o^/ov - 1) is given in Fig.
6, where a factor of 3 increase is seen to occur under the first
shock. The peak levels of anisotropy at each streamwise sta-
tion are seen to be slightly lower in the later regions of the
interaction than in the incoming flow and continue to decrease
slowly in the redeveloping flow all the way to station 26.

The dimensionless kinematic turbulent shear stress, or
Reynolds shear stress, defined as —(u'v')IU2

te in a two-
dimensional flow, is presented in Fig. 3a. The negative sign
is included since u' and v' tend to be negatively correlated in
an equilibrium boundary layer. An increase and subsequent
decrease in the Reynolds shear stress is seen to occur near
the bifurcation point and could be attributed to small-scale
shock motion. The leading leg of the bifurcation decreases u
but increases v, such that shock motion would lead to a neg-
ative correlation between u' and v' and would increase the
Reynolds shear stress. Conversely, the trailing leg decreases
both u and v, such that small-scale shock motion would de-
crease the Reynolds shear stress. Amplification of the Rey-
nolds shear stress occurs in the near wall region of the bound-
ary layer, beginning under the bifurcation and continuing
downstream of the bifurcated shock. Reference to Fig. 4 shows
that the location of maximum Reynolds shear stress within
the boundary layer occurs approximately 2.58H downstream
of the peak in k. The maximum in —(u'v')IU2

e is 3.2 times
the peak value in the incoming boundary layer. Downstream,
the Reynolds shear stress slowly decreases until, at station 26,
-(u'v')IU2

ue is only 0.5 times the maximum value at station
1. The high levels of Reynolds shear stress also persist farther
downstream than the high levels of turbulence kinetic energy.

As was mentioned earlier, the relative magnitude of the
kinematic turbulent normal stresses of, and &l is an important
consideration in turbulence modeling. The relative magni-
tude of the turbulent shear stress to the turbulent normal
stresses is also important. The stress correlation coefficient
— {wV)/(aMav) is a useful parameter to investigate these ef-
fects. As shown in Fig. 3b, the stress correlation coefficient
remains at levels comparable to those in the incoming bound-
ary layer, except in the region of the first shock. Near the
bifurcation point, a large increase and subsequent decrease
occur. This may be caused by the previously discussed influ-
ence of small-scale shock motion on the Reynolds stress. Near
the wall, a decrease in the stress correlation coefficient occurs
near the trailing leg of the bifurcation. The values in the core
flow may be erroneous due to the near zero levels of the
turbulent stresses involved in forming the stress correlation
coefficient. Thus, the region of true concern, from the stand-
point of turbulence modeling, is near the wall in the vicinity
of the trailing leg of the first shock. The peak values of the
stress correlation coefficient at each streamwise location are
plotted in Fig. 6. After some oscillations in the vicinity of the
first shock, nearly constant levels, close to that in the incoming
boundary layer, are maintained for the remainder of the in-
teraction and downstream in the recovering boundary layer.

The turbulent diffusive transport terms, which arise in the
turbulence kinetic energy equation, include pressure-gradient
work, transport by turbulent velocity fluctuations, and trans-
port by viscous stresses. At high Reynolds numbers, the trans-
port by viscous stresses is generally negligible. The pressure
work term is often neglected as well, leaving the turbulent
velocity fluctuations as the main diffusive mechanism. Their
net effect is to redistribute the turbulence kinetic energy both
to different physical locations and to different wave numbers.
In the transport equation for /c, the diffusion of turbulence
kinetic energy by streamwise velocity fluctuations is given
by d(u'k')ldx, where k' = (u'u1 + v'v' + w'w')/2, and the
diffusion of turbulence kinetic energy by transverse velocity
fluctuations is given by d(v'k')/dy. Since the w' fluctuations
were not measured in the present study, the behavior of the
triple velocity correlations (u'q1) and ( v ' q 1 ) , with q' = u'u'
+ v 'v ' , was examined to investigate the relative importance
of diffusive transport effects in the flow. A contour plot of
(u'q')IUle is given in Fig. 3c. This term has a negative value
in the incoming boundary layer and decreases to even lower
values under the foot of the first shock. The large amplifi-
cation in the absolute value begins near the trailing leg and
is maintained in a narrow band of the outer portion of the
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Fig. 7 Distribution of peak values of (u'q')/U3
ue x 102 and (v'q')l

U*e x 103, with location of first and second shocks denoted by I and
II, respectively.

boundary layer for the remainder of the interaction. The
(v'q')IU3

ue contour plot is given in Fig. 3d. In contrast to
(u'q'), (v'q') is positive in the incoming boundary layer. A
large amplification of (v'q') begins near the wall slightly down-
stream of the trailing leg with the high values maintained in
a fairly wide band in the outer portion of the boundary layer
for the remainder of the interaction. The absolute values of
both (v'q') and (u'q') are damped near the wall in the later
stages of the interaction with (v'q') actually reaching slightly
negative values near the wall. Figure 7 shows the streamwise
distributions of the peak values of -(u'q^lU3^ and (v'q')IU3

lie.
A large localized increase in -(u'q')IU3

ue occurs under the
first shock before returning to nearly constant values in the
later stages of the shock train. In contrast, the peak values
of (v'q')IU3

ue increase rapidly just downstream of the trialing
leg of the bifurcated shock, then remain at nearly constant
levels for the remainder of the interaction. The absolute mag-
nitude of the peak values of (u'q')IU3

ue are roughly 3 times
greater than that of (v'q')IU3

ue. These results imply that dif-
fusive transport of turbulence kinetic energy is an important
mechanism both within the interaction and downstream in the
redeveloping boundary layer.

Conclusions
The results presented here demonstrate that large devia-

tions from the incoming equilibrium boundary-layer turbu-
lence structure occur through the normal shock train. The
largest deviations occur beneath the bifurcated first shock
where the turbulence is more elliptic than isotropic in nature.
The stress correlation coefficient is also significantly disturbed
in this region. Both the level of anisotropy and the stress
correlation coefficient return to near equilibrium levels prior
to the second shock. A large increase in turbulence kinetic
energy occurs at the first shock with the weaker trailing shocks
tending to maintain this high level of turbulence. In the re-
covering boundary layer downstream, a slow diffusion of the
turbulence kinetic energy into the core flow occurs. Triple
velocity correlations experience elevated levels in the outer
part of the boundary layer following the first shock and are
damped in the inner parts of the boundary layer. Proper mod-
eling of the turbulence structure in this interaction must take
into account the perturbations to the turbulence field dis-
cussed earlier. In particular, isotropic turbulence models would

be expected to perform poorly at the foot of the first shock
but may perform adequately in the later stages of the shock
train.
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