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Engineering Estimation of Fluctuating Loads in Shock

Wave/Turbulent Boundary-Layer Interactions

L. Brusniak* and D. S. Dolling’
University of Texas at Austin, Austin, Texas 78712-1085

In an earlier experimental study of the flow upstream of a blunt fin in a Mach 5 turbulent boundary layer, the
authors showed that the low-frequency (below 4 kHz) component of the fluctnating wall pressures can be attributed
largely to an instantaneous pressure distribution P;, which expands and contracts as its upstream boundary
translates aperiodically between the upstream influence and separation lines. Based on the physical similarity
between P; and the time-averaged (inean) wall pressure distribution, the authors demonstrated the feasibility of
predicting fluctuating pressure loads using mean wall pressure distributions obtained from either computation or
experiment. The objective of the present study was to determine whether the approach is applicable to a broader
range of flows involving shock wave/turbulent boundary-layer interaction. For all cases examined, the locations of
local maxima and minima in the measured wall pressure standard deviation distributions were estimated correctly.
Further, quantitatively accurate estimates of the magnitude of fluctuating wall pressure and heat transfer levels
were obtained using the corresponding time-averaged distributions. The most critical factors affecting the accuracy
of the estimates appear to be the shape of the instantaneous pressure (heat transfer) distribution and the length of

shock foot motion.

Introduction

HE interaction of shock waves with turbulent boundary lay-

ers can pose significant problems in the design of high-speed
vehicles.! When the flow is separated, large fluctuating pressure
loads of up to 185 dB or more? can occur and can have char-
acteristic frequencies close to the resonant frequencies of vehicle
structural components.® In addition, the attendant high heating rates
can further threaten the structural integrity of vehicle components.
Interactions .can arise from a variety of sources such as surface
protuberances (wing—body junctures, antennae), abrupt turning of
the high-speed flow (engine inlets, deflected elevons), and incident
shocks originating from other parts of the vehicle. A number of ex-
perimental studies have been made of the surface pressure fluctua-
tions under separated and unseparated interactive flows generated by
compression corners, ogive-cylinder cone-frustum configurations,
blunt and sharp fins, cylinders, and incident shocks. Dolling? pro-
vides an extensive review of most of these experiments. The authors
are also aware of one example of measurements of fluctuating heat
transfer levels associated with incident shock interactions.*

Figure 1 highlights some of the significant features of separated
flows for the case of a hemicylindrically blunted fin of leading-
edge diameter D. In this example, in which the interaction size is
controlled mainly by D, there is a large-scale, three-dimensional,
vortical, separated flowfield that, as is typically the case for shock-
induced turbulent separation, is highly unsteady. The unsteadiness is
most visibly associated with the foot of the separation shock, which
undergoes aperiodic motion over a streamwise length of order D,
between the upstream-influence line (UI) and the separation line (S,
deduced using surface tracer flow visualization techniques®~®). The
effect of the unsteady shock is clearly visible in the wall-pressure
signal of Fig. 1, which is characterized by a low-amplitude, high-
frequency component associated with the incoming undisturbed tur-
bulent boundary layer, a high-amplitude, low-frequency component
due to the intermittent passage of the shock foot over the transducer,
and a high-amplitude, high-frequency component associated with
the separated flow downstream of the shock foot. The bandwidth of
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the shock-foot-associated low-frequency component is a few hun-
dred hertz to several kilohertz.?

The goal of many recent studies has been not only to document the
load levels associated with the unsteadiness but also to determine the
causes of the unsteadiness in the hope that methods for predicting
the unsteady aspects of the flowfield can be developed. The analyt-
ical models of Keefe and Nixon® and Debieve and Lacharme,' for
example, take advantage of the characteristic pressure jump across
the moving shock (see Fig. 1) and model it as a step function. This
approach appears to be physically reasonable for modeling the char-
acteristics of the fluctuating pressures in the region of shock motion

t fms]

Fig.1 Blunt fin flowfield.
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Fig. 2b Pressure-time variation at station 1 for shock foot upstream
sweep.

'Ig

Fig. 2c Pressure-time variation at station 2 for shock foot upstream
sweep.

time

Fig. 2d Pressure-time variation at station 2 for shock foot down-
stream-to-upstream turnaround.

(i.e., between UI and S), but inappropriate for the remainder of the
flow, where the pressure signals lack such distinctive features. Other
methods have used the available database to develop correlations
(e.g., Ref. 11).

Recent experimental studies at Mach 5 using blunt fins have pro-
vided additional insight into the physical characteristics of the pres-
sure fluctuations from downstream of S to the fin root.%!2 In partic-
ular, Brusniak and Dolling'? showed that the low-frequency (below
about 4 kHz) content of fluctuating pressures measured at any sta-
tion (on centerline) and the characteristics of two-point correlations
between any two measurement stations are due to an instantaneous
pressure distribution 7;, which expands and contracts as its upstream
boundary translates aperiodically between the upstream-influence
and separation lines. The concept is illustrated in Fig. 2a for a hypo-
thetical shock foot upstream sweep from S to UL The P; distribu-
tion is shown at three instants in time and, as sketched, stretches and
flattens during the sweep. Figures 2b and 2c show the resulting pres-
sure variations sensed at the wall at the two corresponding stations
shown in Fig. 2a. At time ¢, the pressure at station 1 is initially at the

undisturbed freestream level because the shock foot is still down-
stream of it. As time progresses, the pressure level rises rapidly
owing to the passage of the upstream edge of P; over station 1. At
station 2, the pressure is initially at its highest level since the up-
stream edge of P; is at S (#)). As time progresses and the shock foot
moves upstream, P; translates and flattens, resulting in a decrease
in pressure with time at station 2. At time #; the pressure at station 2
is at its lowest level since the leading edge of P; is at Ul The total
change in pressure sensed at station 2 (A Py, in Figs. 2a and 2¢) is
the difference between the pressure levels at times ¢; and #. In the
case where the shock foot is initially traveling in the downstream
direction and then reverses direction, a rise and then fall in pres-
sure will be measured at station 2 (Fig. 2d). In these examples, the
statistical variance of the fluctuating pressure level measured at a
point is clearly due to the local changes in pressure that occur as P;
moves about. Note also from Fig. 2a that the value of A Py, varies
between stations 1 and 2 and has a minimum value at some point
between these two stations. This minimum value will be evident
as a local minimum in the fluctuating pressure standard deviation
distribution.

The significance of the preceding result is that, knowing P;, and
the physical extent of the expansion/contraction of 7;, it should be
possible to develop methods that can predict the surface loading
throughout the entire flowfield. The question now arises: How can
P; be determined? As seen by comparing the P; distributions in
Fig. 2a to the experimentally measured time-averaged pressure dis-
tribution in Fig. 3a, each P; distribution bears a close resemblance
to Py (x) (also see Figs. 4 and 13 of Ref. 12 for examples of experi-
mentally measured P; and Py distributions). Using this observation,
Brusniak and Dolling'? raised the possibility that, if computational
solutions of the mean wall pressure distribution correspond to a par-
ticular P; distribution (i.e., at a given instant in time), then it may
be possible to calculate a series of P; distributions by solving for
the flowfield with different incoming boundary conditions such that
the separation shock foot was fixed at several stations spanning the
region of shock motion. Alternatively, a simpler approach would be
to use a single mean pressure distribution, obtained from experiment
or computation, to approximate the spatial distribution of P;. Us-
ing the latter approach, Brusniak and Dolling'? were able to predict
most of the key features of the wall pressure standard deviation dis-
tribution on centerline upstream of a blunt fin at Mach 3. In light of
this apparent success (which, incidentally, represented only a single
application of the idea), the next logical step is to further develop
the method and apply it to a wide variety of turbulent interactive
flows to determine 1) how well the method works, 2) the validity
of simplifying assumptions, and 3) any additional factors that may
need to be considered. Thus, the objective of this study is to eval-
uate the general applicability of Brusniak and Dolling’s method to
a broad range of separated flows arising from shock wave/turbulent
boundary-layer interactions. The ultimate goal is to provide design-
ers a physically meaningful, simple tool for obtaining first-order
estimates of the location and magnitude of dynamic surface loads.

Background

Before describing the method, this section discusses the extent
to which different frequency bands contribute to measured wall
pressure standard deviation values. Figures 3a and 4a show the
mean pressure distributions on centerline for blunt fin and com-
pression ramp induced turbulent separation at Mach 5 (the data
are from Refs. 13 and 14, respectively). Figures 3b and 4b show
the corresponding standard deviation distributions. As described by
Brusniak and Dolling,!? the large-amplitude, low-frequency pres-
sure fluctuations (below about 4 kHz for their blunt fin case) are due
to ;. Thus, the original time series data used to obtain Figs. 3 and 4
(with a bandwidth of 50 kHz) were filtered using a finite impulse re-
sponse digital filter (4096 point, Hamming windowed data) at a low-
pass cutoff frequency f. of 7kHz, giving the distributions indicated
inFigs. 3band 4b as o p. The corresponding highpass filtered results
are also shown in the figures (oyp). At the upstream end of the in-
teractions the standard deviation distributions are generated almost
entirely by frequencies below 7 kHz. In the downstream direction,
although the contribution from low frequencies decreases, the shape
of op(x) undergoes characteristic variations (especially in Fig. 3b),
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Fig. 3 Mach 5 blunt fin centerline a) mean pressure distribution and
b) standard deviation distributions.
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Fig.4 Mach 5 compression ramp streamwise a) mean pressure distri-
bution and b) standard deviation distributions.

whereas the high-frequency contribution [oyp(x)] simply increases
continuously. An additional point is that the qualitative character
of the P;-associated standard deviation distributions [o1p(x)] can
be inferred from the character of the mean pressure distribution:
regions of local maxima and minima in o, (x) will essentially cor-
respond to regions of local maxima and minima, respectively, in
the slope of the mean pressure distribution.!? This relationship can
be seen in Figs. 3 and 4. One last point is that the low-frequency
estimates [opp .st(x)] obtained in the cases that follow will corre-
spond to the low-frequency-associated contributions to ap,, (x) [i.e.,
ovp,est(x) A~ opp(x)], which in general are the basic frequencies of
concern to designers.? Since the high-frequency [0 (x)] contribu-
tion to the overall variance is not modeled in the method, the ex-
pectation is that o1 p ¢ (x) < op, (x), with the smallest differences
between these two quantities occurring at the upstream portion of
the interaction where the highest loads at low frequency occur.

“In experimental studies, the variance, o}, (x), can be obtained (by
definition) by integrating the power spectrum from the minimum

frequency f,,, to the maximum frequency f), (the analog filter low-
pass cutoff frequency used in the experiments). Given that the dig-
ital filter cutoff frequency lies between f,, and fy,, that f,, is small
enough so that practically all of the low-frequency portion of the
power spectrum (the portion associated with large-scale shock mo-
tion) is included, and that f), is large enough so as to capture the
high-frequency content well above that associated with the low-
frequency shock motion, then o*f,w (x) can by definition be related
to opp(x) and opp(x) as 03, = o + 0fp. As pointed out by one of
the reviewers of this paper, the latter is true provided Prp(x, t) and
Pyp(x, t), the low- and high-frequency components of the signal,
are uncorrelated. This is a reasonable assumption.

As discussed earlier, o1p . (x) will correspond to oyp(x). For
the entire flow, the approximation is made that oup(x) ~ opy,
(where op,, is the undisturbed level of op,, just upstream of the
interaction). This is done to match the undisturbed values of o p,,
from experiment and from oyp ¢ (x) (the latter would otherwise
give values of zero upstream of the interaction). Thus, estimates of
Opu(Opu,est) Will be presented as opy, e = 4/ (afP, est T Ay, N
the results that follow. In most of the cases examined, opy, < oLp
at the upstream portion of the interaction (typically, o p,,, is from 7.5
to 22 times smaller than the value of the upstream maximum in op,,)
S0 that opy, e & OLp es there. The increasing difference between
opy and op, o With streamwise distance [i.e., \/(af,w — rr,z,w' o)1 18
due to the increasing contribution of 63, (x) to the overall variance
(e.g., see Figs. 3b and 4b). )

Method

Analysis Assumptions

In this section, several of the assumptions and approximations
used in the analysis are discussed. They are not intended to be a fixed
set of rules but more of a guide for minimizing possible sources of
€ITor.

Existence of P;

The most fundamental assumption is that a P;-type distribution
does in fact exist for all interactive flows; that is, that low-frequency
pressure fluctuations at the surface are due to P;. The existence of
‘P; for blunt fins and compression ramps can be seen from the ex-
perimental studies at Mach 5 by Brusniak and Dolling'? and Erengil
and Dolling,' respectively, and can be inferred in other cases from
the similar character of fluctuating signals from the region of shock
motion. This assumption will be essentially validated by the results.

Probability Density Function of Shock Foot Position

The probability density function (PDF) of shock foot location in
the region of shock motion (i.e., between Ul and S in Fig. 1) is as-
sumed to be Gaussian. This assumption is validated by experimental
measurements of streamwise shock foot position—time histories. !¢
In this study, the shock foot position—time history is denoted by
x4 () and the maximum shock foot excursion (the distance between
Ul and S) is given by A (see Fig. 1). The standard deviation of x, (¢)
is denoted o,,.

Approximation of P; (x) Using Time-Averaged Pressure Distribution Py (x)

It is assumed that the shape of the P; distribution can be
approximated using the time-averaged distribution, that is, that
P;(x) =~ Py (x) and that Py (x) represents P;(x) when the shock
foot is at its most probable location. Consequently, 7; is assumed
to be constant in space, independent of shock foot location (i.e.,
that it translates only and does not undergo the observed expansion
and contraction illustrated in Fig. 2a). Thus, this simplified model
employs a type of frozen flow assumption.

Not knowing the shape of P; (x) a priori, it is difficult to establish
the accuracy of the approximation for a given Py (x) distribution.
The analytical approach suggested by one of the reviewers of this
paper, which is outlined below and culminates in Eq. (2), provides
some insight into this issue. By fixing the shock foot location x,
of the actual P; distribution at its mean location X, (which is also
the most probable location due to the assumed PDF of shock foot
location), the instantaneous wall pressure at time ¢ and station x due
to P; canbe calculated as Py (x, 1) = P;(x — Ax) = P:[x —Ad(2)].
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Here, Ax represents shock foot displacement from x, and is given by
Ax = Ad(t), where X is the length of the region of shock foot motion
and d is a Gaussian random variable with zero mean and variance
o}. (These parameters are discussed further in the Implementation
of Method section.) Now, by expanding P;[x — Ad(#)] in a Taylor
series about the point x and then time averaging, Py (x) can be
expressed as

)\.2 2d2 P,' 3)\.40’4d4 7),'
oy d( )+ J ()+

Pex) =P+ = 4 4 dxt M
o (ran)" d"(P)
— D &€ 2
Pi(x) + mz;éw pe T @)
where m!! = 2 x4 x 6 ...(m —2) x (m) with m even. Equa-

tion (2) represents what would be measured experimentally. When
A = 0 (steady flow with no shock foot motion), Py (x) = P;(x)
for all x. When A # 0, it is not entirely clear how the terms in-
volving derivatives contribute to Py (x) and consequently affect the
approximation P;(x) = Py (x). Although the physical meaning of
the factors involving the product Ao, is clear, the behavior of the
derivatives of P; is not, because they will vary from point to point
and case to case. However, from a qualitative perspective, the sec-
ond derivative of P; (x), for example, gives an indication of the local
concavity of P;. If a given segment of 7; (x) is approximately linear
(i.e., has negligible concavity), then all derivatives of second order
and higher will be essentially zero and Eqg. (2) will reduce to the
desired approximation P; (x) &~ Py (x). As seen in Fig. 2a, stations
1 and 2 are exposed largely to local segments of P;(x), which are
essentially linear. Thus, the value of Py (x) will be essentially equal
to P; (x) over given intervals about the respective stations. On the
other hand, if a given segment of P;(x) is nonlinear, the higher-
order derivative terms in Eq. (2) will contribute to some extent to
the calculated value of Py (x) and the approximation will be less ac-
curate. Consider the concave portion of P; between stations 1 and 2
in Fig 2a. Clearly, if the local concavity of P; increases, the second
term in Eq.-(1) will contribute increasingly to the calculated value
of Py (x) and the shape of Py (x) will deviate increasingly from the
shape of P; (x). The magnitude of the second and higher terms will
depend on the size of the factors [(Ao,)"/m!!] and [d” (P;)/dx™]
in Eq. (2) relative to each other.

As will be evident in the results that follow (see also Ref. 12),
local maxima in the wall pressure standard deviation distribution
will occur near stations 1 and 2 in Fig. 2a (owing to the linear
portions of P; with large, nonzero slope), and a local minimum will
occur between these two stations (owing to the concave portion of
P;, which has portions with small slope). Since the main objective is
to determine the magnitude of local maxima in the pressure standard
deviation distribution, the approximation P, (x) ~ Py (x) will be
valid for calculating the magnitudes of the maxima when P; (x)
and, hence, Py (x) are linear.

One final note is that the accuracy of the approximation P, (x) ~
Py (x) will be affected by the length of shock motion [A in Eq. (2)].
For a given P; distribution, the time-averaged pressure at a point x
will be a function of the shape of P; over the interval [—A/2, A /2]
centered about x. In Fig. 5, P; is approximately linear over the
interval. If A is increased (as in the figure), the effect of nonlinearities
in P; (x) will contribute increasingly to the calculated value of Py,
and increase the difference between Py and P; at station x. This is
also evident in Eq. (2), where increasing A by a factor of m increases
the contribution of the second and higher-order derivative terms by
factors of m?, m*, m®, and so on (e.g., a doubling of A increases the
contribution of the second term by a factor of 22 = 4). In terms
of experimental data, specific areas of concern are regions where
very large gradients in the mean distribution occur, such as near the
root of blunt fins (Fig. 3a). In such regions, it is difficult to measure
the mean pressure distribution accurately, due to finite transducer
sizes or wall tapping diameter, and due to minor variations in flow
structure from test to test.

Length of Shock Foot Motion
The last issue is the length of the shock foot (and hence 7;)
motion. From the wide variety of studies involving two-dimensional
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Fig. 6 Illustration of method.

interactions (see Ref. 2), the region of shock motion is seen to have
a length of shock motion A of order §,, the undisturbed turbulent
boundary-layer thickness. That s, A &~ §,. For the three-dimensional
interaction generated by hemicylindrically blunted fins of leading-
edge diameter D, the interaction size depends primarily on D and
to a lesser extent on 8,.7-% In these studies, it was found that A is of
order D and will therefore be approximated as 1 ~ D. Note that
even though these choices of length of shock foot motion may be
entirely appropriate for the upstream portion of the interaction (the
region of shock motion), they may be less accurate away from this
region (e.g., at the blunt fin root, where A = 0).

Implementation of Method

This section illustrates how the method is implemented concep-
tually. Figure 6 shows an example P; distribution (solid line) with
the shock foot at its mean location x,. Also shown is the assumed
shock foot location PDF. As discussed earlier, the PDF is taken to be
Gaussian, with standard deviation o,,. Note that, due to the assumed
PDF, X, is the most probable shock foot location and is midway be-
tween Ul and S. The distance A is taken to be some multiple n of o
(i.e., A = no,,). For this study, the value n = 6 was used because,
for a Gaussian PDF of shock foot location, the probability that x, is
within £30,, of X, is 0.9973 (i.e., high probability).

Since measurements are to be made at discrete times, the jth
shock foot location x;; is given by x,; = X, + Ax,;, where Ax,;
is the shock foot displacement from X, (see Fig. 6) and is given by
Ax, = Adj, where djis a Gaussian random variable with zero mean
and variance (rd (1/n)? (since the mathematical expectation of
AxZ = \d7 is o], = Mo and since A = nay,). Note that a given
sequence of Xy values does not model the time- dependent motion
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Table1 References and experimental conditions

Test configuration ~ Reference no.  Test parameters My 8
Blunt fin 13 D=0.75in. 4.95 0.25, 0.59 in.
7 D =0.50in. 2.95 0.13,0.50 in.
18 D =0.50in. 295 0.13, 0.50 in.
Compression ramp 14 o =28 deg 4,95 0.76 in.
15 a =28 deg 495 0.59in.
20 o =24 deg 2.95,2.90 0.49,0.87 in.
Cone frustum 19 6, = 45 deg 16,2.0,2.5 0.612,0.618, 0.635 in.
Incident shock 4 0y = 4.5,9.5 deg 3.82,3.89 7 mm
of x, but instead models the probability density distribution of x, 14 T
between Ul and S. It is assumed that the processes modeled here P I
; : w [psial
are ergodic.

Figure 6 shows a total of four P; samples obtained using four dif- 12 P i ¥
ferent d; values. The corresponding pressure levels sensed at station Y il
x are Py, P,, P;, and P4. The mean (or time-averaged) pressure is __,__}P i
simply 10 I

M.

o = L3 B | ! :

X)=— X :

W N 2 (3 8

and the variance is given by 6 P e ™

- -
(@) = 5 /;[Pk(X) - Py(T

(for Fig. 6, N = 4). Of course, to obtain converged estimates of
Pw(x) and cﬁw (x), a sufficiently large number of pressure values
are required (i.e., large N). For this study, a value of N =200 was
sufficient. In practice, the pressure P; at any given station x is ob-
tained as P;(x) = P (x — Ax,;) = P;(x — Ad;) where P;(x) is the
‘P; distribution obtained by fixing x, at x,. This produces the same
result as the preceding conceptual approach. When Py (x) values
are available at discrete values only (as from experiment), linear
interpolation is used to obtain intermediate values of P;.
The steps in the method are summarized as follows:

Set P; (x) = Py (x).
Set A = 4§, for two-dimensional interactions,
= D for hemicylindrical leading-edge blunt fins.
Loop over Nd; values (j =1, N),
choose d;,
loop over each x value,

Pi(j,x) =Pi(x — Ad;)

end of x loop.
End of d; loop.
Calculate Py (x) and op,(x).

Results

Fluctuating wall pressure measurements (in interactive flows)
have been reported in the open literature for primarily five model
configurations. They are cylinders and blunt fins (with various
leading-edge shapes and leading-edge sweep angles), sharp fins at
angle of attack, cone-frustum configurations, swept and unswept
compression corners, and incident shocks. In addition, one study
has been made of fluctuating heat transfer levels associated with
incident shocks. This paper makes use of those cases for which the
actual statistical values (mean, standard deviation) were available
or could be obtained by digitizing data figures presented in the liter-
ature. The respective references (and flow conditions) are provided
in Table 1. In this paper, only separated flow cases will be discussed.
Reference 17 provides additional results, including cases of unsep-
arated interactions. Descriptions of the facilities and models can be
found in the respective references. In the discussions that follow,
the magnitude of the upstream-most maximum in the experimen-
tally measured wall pressure standard deviation distribution will be
referred to as opax 1. The successive minima and maxima down-
stream of o,y 1 Will be similarly denoted as Omin 1, Omax,2, and so
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Fig. 7 Mach 3 blunt fin centerline a) pressure distributions and
b) measured and estimated standard deviation distributions.

on. For the Mach 5 blunt fin data set (Fig. 3), the uncertainties in
the measured values of mean wall pressure and fluctuating pres-
sure standard deviation at the x location corresponding to oy, are
estimated to be Py = 1.20+0.05 psia and op,, = 0.3040.01 psia.

Hemicylindrically Blunted Fins

The mean pressure [Py (x)] and pressure standard deviation
[0 pw (x)] distributions on centerline ahead of a blunt fin at Mach 3 are
shown in Figs. 7a and 7b. The data are from the study by Dolling and
Bogdonoff.” For this case, D = 0.5 in. and §, = 0.13 in. Note how
the two upstream maximain o'p,, (x) correlate with steep sloping por-
tions of Py (x) whereas the two minima downstream of x = —1 in.
correspond to relatively flat portions of Py (x), respectively. As
described earlier, the low-frequency contributions to op,, (x) [i.e.,
oLp(x) in Fig. 3b] are due primarily to the large-amplitude, low-
frequency motion of P;. Estimates of o1p(x)[o1p, est(x)] are made
by first using Pw (x) to approximate the spatial distribution of P;.
Then, a set of 200 P; distributions are obtained using a normally
distributed set of shock foot displacements, where the length of the
region of shock motion, A, is approximated using the fin diameter
(i.e.,A &~ D).InFig. 7a (and most of the other examples that follow),
sample P; distributions are shown for Ax,; = 10y, toillustrate the
extent of shock motion. Note the similarity to Fig. 2a of the present
paper and Fig. 13 of Ref. 12.

Using the 200 distributions, we calculated opy, . The result
is shown in Fig. 7b. As seen, the shape of op,, .s(x) agrees with
that of op,,(x). In addition, the magnitude of o, 1 is extremely
well predicted (for N = 200, the estimated value of oy, 1 has an



BRUSNIAK AND DOLLING 2559

uncertainty of +7%; increasing N to 500 reduces the uncertainty
only to £4.2%). If the original experimental data could be digi-
tally filtered, similar to what was done to obtain Fig. 3b, then the
accuracy of the estimated value of o, 2 (Fig. 7b) could also be de-
termined. However, the original pressure signals were unavailable.
Toward the root, the slope of op,, . appears to match the slope in
the experimental data. However, due to the difficulty in resolving
the pressure measurements spatially [due to the steep gradients in
Py (x) and op,, (x) near the root], as well as to uncertainty of length
of P; motion near the root, this agreement may be fortuitous. A
second experiment done at Mach 3 used a thicker boundary layer
(D = 0.5in. and 8, = 0.5 in.). The shape of op,, s (not shown)
agreed with the shape of op,,(x), but the magnitude of opax, | Was
underpredicted by about 25%.

Computations of the preceding two Mach 3 flows have been
made by Hung and Buning.'® Figure 8a shows Py (x) obtained
from computation and experiment for the case of D = 0.5 in.
and §, = 0.13 in. The computation agrees fairly well with exper-
iment, although the predicted upstream maximum is roughly 20%
too large, and the downstream minimum is underpredicted. The es-
timated standard deviation distribution obtained using the computed
mean pressure distribution is shown in Fig. 8b and agrees well with
the shape of op, (x). Although the predicted location of o, is
slightly downstream of the measured location, the magnitude of
Omax,1 18 well predicted. The second maximum (Opmax 2) 1S OVerpre-
dicted because, as seen in Fig. 8a, the drop in pressure in the mean
distribution between x = —0.8 and —0.5 in. is significantly larger
in the computation than in the experiment. For the second case (not
shown), for which §, is larger (D = 0.5 in. and §, = 0.5 in.), the
computed mean pressure distribution also agrees fairly well with the
measurements. The upstream maximum and downstream minimum
in the experimentally measured Py (x) distribution are again over-
predicted (by about 10%) and underpredicted, respectively, in the
computation. Similarly, the predicted location of oy, is slightly
downstream of the measured location. Also, the magnitude of oy, 1
is underestimated by about 20%. The magnitude of oy, 1, however,
agrees more closely with the measured value than does the level pre-
dicted using the experimentally obtained mean pressure distribution.

In addition to the preceding Mach 3 studies, blunt fin data of
Brusniak!? at Mach 5 were examined for D = 0.75 in. with §, =0.59
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Fig. 8 Mach 3 blunt fin a) measured and computed mean pressure
distributions and b) measured and estimated standard deviation distri-
butions.

and 0.25 in. For both cases of §,, the shapes of op,, .t(x) agree with
the corresponding op,, (x) distributions (see Fig. 8 of Ref. 17). The
magnitudes of the corresponding oy, 1 values, however, were less
well predicted than for the Mach 3 data sets (up to 45% underpre-
diction for the §, = 0.59 in. case); however, the prediction is better
for the thinner boundary-layer case (roughly 25% underpredicted).

Ogive-Cylinder Cone-Frustum Configuration

Figure 9a shows the experimental configuration used by Chyu
and Hanly!® at Mach numbers of 1.6, 2, and 2.5 for their ogive-
cylinder cone-frustum configuration. The mean pressure distribu-
tions are presented in Fig. 9b as Pw (x) — Ps. Qualitatively, the ex-
pectation is that a maximum in op,, (x) will occur at about x = —8
in. for all cases since the slopes of the mean pressure distributions
are maximum (i.e., points of inflection) near there. This is indeed
the case, as shown by the o, (x) distributions in Figs. 9c—9e. Note
from Table 1 that 3, (hence, A) is roughly the same for all three
cases. Also shown in the figures are the corresponding o py, esi(x)
distributions obtained using A = §,. As seen, as the overall lev-
els of Py(x) — P decrease (from about 2.5 to 1, Fig. 9b), the
corresponding estimates of oy, 1 decrease in accuracy, from excel-
lent for M, = 1.6 [note that the upstream maximum in op, (x) is
not well resolved experimentally] to about 40% underpredicted for
M, = 2.5. An explanation of this trend will be given later. The
locations of the maxima are very well predicted.

x {in.]

00
e -0 -8 -6 4 2 0

Fig.9 Cone-frustum a) experimental configuration; b) mean pressure
distributions; and measured and estimated standard deviation distri-
butions for ¢) M, = 1.6; d) M, =2.0; and e) M, = 2.5.
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Fig. 10 Mach 3 compression ramp (o = 24 deg) experimental config-
uration (inset) and a) mean pressure distribution and b) measured and
estimated standard deviation distributions.

Compression Corners

The inset in Fig. 10 shows the experimental setup used by Dolling
and Murphy?® at Mach 3. Measurements were taken using a ramp
angle of o = 24 deg with §, = 0.87 in. Comparing Py (x) (Fig.
10a) with ap,, (x) (Fig. 10b), itis clear that the steep slopes in Py (x)
near x = —1.5 in. and between x = 0 and 2 in. correlate with the
respective maxima in op,, (x) and that the less steep slope in Py (x)
between x = —1.25 and 0 in. correlates with the respective mini-
mumin op,,(x). Using A = §,, the upstream maximum in o p,, eg(x)
matches the corresponding maximum in op,, (x) extremely well, in
terms of location and magnitude. Again, if the original pressure sig-
nals could be digitally filtered, similar to what was done to obtain
Fig. 4b, then the accuracy of the maximuminop,, ¢ (x) downstream
of the corner (x > 0) could be determined. An additional set of data
(from Ref. 20) using « = 24 deg, but with a thinner boundary
layer (8, = 0.49 in.) was also examined. In this case, the agreement
between opy, e (x) and op, (x) was of the same quality as for the
preceding case with §, = 0.87 in. Using compression corner data
(from Ref. 15) at Mach 5 (¢ = 28 deg), opy, e:(x) Was qualitatively
the same shape as the corresponding op,, (x) distribution, but oy 1
was underestimated by about 30%.

Incident Shocks

The inset in Fig. 11 shows the experimental configuration used
by Hayashi et al.* Incident shock waves with angles of 18.5 and
22.3 deg at Mach 3.82 and 3.89, respectively, were used to generate
unseparated and separated flows, respectively. This study is unusual
in that fluctuating heat transfer measurements were made. As noted
inthe study, the character of the fluctuating heat transfer signals from
the region of shock motion bore a close resemblance to the character
of fluctuating pressure signals taken from the same region. Using
this observation, the assumption is made that an instantaneous heat
transfer distribution Q; (analogous to P;) exists and that the time-
averaged heat transfer distribution Qw can be used to approximate
the shape of Q;; that is, that Q;(x) & Qw(x). Following the same
procedure as used for P;, an estimated standard deviation distribu-
tion of the fluctuating heat transfer levels, o, e, can be obtained
and compared with the actual distribution, o, (x). In this case,
Oguw, et 1S assumed to correspond to low-frequency motion of ;.
This assumption would have to be confirmed by experiment.
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Fig. 11 Mach 3.89 incident shock experimental configuration (inset)
and a) mean heat flux distribution and b) measured and estimated heat
flux standard deviation distributions.

Figure 11a shows Qw(x) for the case of separated flow (see
Ref. 18 for a discussion of the unseparated flow case). Based on
the shape of Qw(x), og,(x) would be expected to have a local
maximum at about x — ximpy = —30 mm [region of large slope in
Ow(x)] followed by a minimum near x — Xip,, = —25 mm (region
of zero slope), a maximum between x — Xim, = —25 and about —15
mm, a minimum near x — Xjm, = —15 mm, and another maximum
between x — Ximpy = —10 and +20 mm. Comparison with g, (x)
in Fig. 11b shows that this is the case. Also shown in Fig. 11b is
O 0w, est(x) Obtained using A = &,. The locations of the three maxima
in o, (x) are predicted well in o, st (x), and the magnitude of the
upstream-most maximum in og,,(x) is very well predicted.

Discussion of Results

Qualitatively, in all of the cases examined, the shape of the mea-
sured standard deviation distributions (i.e., the locations of local
maxima and minima) could be inferred from the character of the
corresponding mean distributions and was predicted correctly in
the estimated standard deviation distributions. To first order, regions
of large gradient in the mean distribution (usually, at points of in-
flection) correspond to local maxima in the corresponding standard
deviation distribution, and regions of small gradient correspond to
local minima. This is not meant to imply that local values of standard
deviation are in general mathematically proportional to the local gra-
dient in the mean distribution, because local maxima and minima in
the mean distribution would imply standard deviation values of ex-
actly zero. In reality, op,,, for example, is largely a measure of local
changes in pressure that occur as P; moves about. At a point, op,,
is a function of the shape of the local portion of P; [which is related
to the gradient in Py (x)] centered about the measurement point.

Quantitatively, some of the major observations of the estimated
magnitude of oy, Using experimentally and computationally ob-
tained mean distributions are as follows.

Blunt fins: Estimates ranged from a worst case 45% underpredic-
tion for the Mach 5 data to excellent for Mach 3; further, for both
Mach numbers, the estimates associated with thinner boundary lay-
ers were more accurate than for thicker boundary layers.

Cone-frustum: Estimates ranged from 40% underprediction to
good, with accuracy decreasing with decreasing overall absolute
pressure difference across the separation shock.

Compression corner: The Mach 5 levels (@ = 28 deg) were
underestimated by about 30%, whereas the Mach 3 levels (o« = 24
deg) were predicted extremely well,
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Incident shock: The fluctuating heat transfer levels were predicted
extremely well.

Overall, excellent estimates of the magnitude of oy,,x ; were ob-
tained for the Mach 3 blunt fin, Mach 3 compression corner, and
Mach 3.89 incident shock cases shown in Figs. 7, 10, and 11, respec-
tively. Recall Eq. (2). As discussed in the Method section, when a
given segment of P; (x) is linear, a corresponding segment of Py (x)
will also be linear and in fact equal to P; (x)[Pw (x) =~ P;(x)]. In
each of the aforementioned figures, the locations of o, | correlate,
respectively, with portions of their corresponding mean distribu-
tions, which are quite linear.

For the cone-frustum data (Fig. 9), the magnitude of oy, (ie.,
near x = —8 in.) is increasingly underestimated as the pressure dif-
ference across the separation shock decreases. [Note that since the
boundary-layer thickness is essentially the same for all cases (see
Table 1), this implies that A is also the same for all cases.] In addition,
the location of oy, 1 for all three cases does not have corresponding
distinct linear portions in the mean distributions as was seen in the
earlier examples. This implies that each P; distribution has some
degree of concavity, that the approximation P; (x) ~ Py (x) will be
less accurate, and that some difference will exist between the actual
and estimated maxima in op,,(x). Also, as the pressure difference
across the separation shock decreases, the concavity of the upstream
portion (x < -7 in.) of the mean distributions appears to corre-
spondingly increase, implying that the accuracy of the estimated
value of o,y 1 Would correspondingly decrease, as does occur.

One additional point is the observation for the blunt fin flows that,
for a given fin configuration, the accuracy of the standard deviation
distribution estimates improved as the undisturbed boundary-layer
thickness was reduced. From the study by Dolling and Smith® it has
been shown that, for a fixed fin diameter, decreasing the oncom-
ing turbulent boundary-layer thickness results in a second-order
decrease in shock foot length of motion. That is, A is actually of a
form A &~ D + fn(8,), where the contribution from fn(s,) is of
second order compared with the contribution from D. In light of the
form of Eq. (2), a decrease in boundary-layer thickness would result
in a decrease in A. This would consequently improve the accuracy
of the approximation P; (x) & Py (x) and would improve the accu-
racy of the standard deviation distribution estimates. This behavior
is consistent with the observed results.

In summary, the accuracy of the standard deviation distribution
estimates appears to depend primarily on two factors: the shape of
Pi(x) and the length of the region of shock foot motion A. When a
given segment of P; (x) is linear, Py (x) will be equal to P; (x) over
a corresponding segment, and the corresponding portion of the esti-
mated standard deviation distribution will be accurate. On the other
hand, when P; (x) is nonlinear (i.e., has concavity), the accuracy of
the approximation Py (x) = P;(x) decreases and the accuracy of
the estimated standard deviation distribution also decreases. Both
of these points were evident in all of the results (including those not
shown). The effect of increasing X is to increase the contribution of
the second-order and higher derivative terms in Eq. (2) to the mean
value, likewise decreasing the accuracy of both the approximation
Py (x) =~ P;(x) and the estimated standard deviation distribution.
This trend was evident in the blunt fin results.

Conclusions

Mean wall pressure (and mean wall heat transfer) distributions can
be used to make first-order estimates of the magnitude (and distribu-
tion of magnitude) of fluctuating wall pressures (and fluctuating heat
transfer) in a broad range of flows involving shock wave/turbulent
boundary-layer interactions. The method provides an important tool
for designers of high-speed vehicles since first-order estimates of
the location and magnitude of surface loads can be obtained simply,
using either measured or computed mean distributions. It is espe-
cially important because it will likely be several years before fully
time-dependent, three-dimensional, interactive turbulent flow com-
putations can be done on a routine basis. The method may also prove
useful in the planning of experiments. For example, if the goal of
an experimental program is to determine which of a large number
of model geometries generates the largest fluctuating load levels,
then mean pressure distributions could be measured (or computed)

first for all models and then used to generate loading level estimates
for all cases. From these estimates, the best candidates for intensive
time series measurements could be selected, thereby reducing the
cost of the program. The most critical factors affecting the accuracy
of the estimates appear to be the shape of the instantaneous pressure
(heat transfer) distribution and the length of the region of shock foot
motion.
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