JOURNAL OF AIRCRAFT
Vol. 30, No. 6, Nov.—Dec. 1993

Prediction of Fluctuating Pressure in Attached and Separated

Turbulent Boundary-Layer Flow

A. L. Laganelli*.
Science Applications International Corporation, Fort Washington, Pennsylvania 19034
and
H. F. Wolfet
WL/FIBG, Wright-Patterson Air Force Base, Ohio 45433

A methodology is presented that predicts the fluctuating pressure and power spectra for attached zero-
pressure gradient and separated turbulent boundary-layer flow on smooth and rough surfaces. Attached flow
conditions use a prediction technique that employs a transformation of boundary-layer properties from the
compressible to the incompressible plane where a comparison can be made to an extensive data base. For a
rough wall, it is shown that the rms pressure, which scales with wall shear, can be predicted by augmenting
the smooth wall value by the rough/smooth skin-friction ratio. Relative to nonattached flow, represented by
two-dimensional compression corner and three-dimensional fin-generated shock/boundary-layer interactions,
the rms pressure is shown to scale with approach flow conditions and the oblique shock inviscid pressure rise.
For this situation, a new inviscid angle has been defined as ¢ = a + B sin~'(1/M) where « is the shock
generator angle and 8 is a parameter based on two-dimensional or three-dimensional interactions. Both rms
pressure and power spectra have been correlated in terms of undisturbed approach flow boundary-layer pa-
rameters and modified inviscid shock strength relations to provide engineering solutions for the design resolution

to complex flow problems.

Nomenclature
= parameter, Eq. (9)
= compressibility exponent, Eq. (15)
= skin-friction coefficient
= pressure coefficient, (P — P,)/q,
= transformation function, Eq. (7)
frequency
= enthalpy
= parameter, Eq. (2)
parameter, Egs. (2) and (4)
= characteristic length
Mach number
= local boundary-layer static pressure
= rms fluctuating pressure
dynamic pressure, (y/2)PM?>
Reynolds number
= turbulent recovery factor, 0.896
time
velocity in stream and normal directions
characteristic velocity
coordinate distance in stream and spanwise
direction, respectively
shock generator angle
correction to swept shock, Eq. (26)
ratio of specific heats, 1.4 for air
boundary-layer displacement thickness
oblique shock angle
parameter, viscous/velocity power law
exponent, Eq. (8)
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T = shear stress

1) = shock angle based on swept shock/
boundary-layer interaction, Eq. (26)

d(w), ¢(f) = power spectral density

Subscripts

aw = adiabatic wall

¢ = compressible conditions or swept corner
angle

e = evaluated at edge of boundary layer

i = incompressible conditions

s = reference to calculated inviscid shock
position

X = based on wetted length, axial length

w = wall

0 = reference condition, smooth wall

1 = approach flow upstream of interaction

2 = shock/boundary-layer interaction region,
peak, plateau

el = freestream conditions

Superscript

*

= reference temperature condition

Introduction

HE high temperatures and fluctuating pressures expe-

rienced in hypersonic turbulent boundary-layer flows are
a primary design consideration as a result of their impact on
dynamic and strength characteristics of vehicle structures. In
addition to potential structural failure, the turbulent-induced
aeroacoustic excitations can cause unacceptable sound pres-
sure levels to equipment stations on the vehicle, as well as
the crew compartment on manned vehicles. Lifting bodies
that utilize control surfaces generate higher sound pressure
levels as a result of the increased static pressure, as well as
the potential for separated flow regions. Hence, a funda-
mental knowledge of hypersonic flow and associated material
characteristics, structural design, and fatigue in terms of cou-
pled thermal-vibro-acoustic behavior is required. Paramount
to structural fatigue analysis is the prediction of the aero-
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acoustics loads which are directly related to mission profiles
(trajectory).

Empirical models have been developed to predict aero-
acoustic loads on hypersonic structures that have been based
on ground test data and limited flight data for axisymmetric!
as well as three-dimensional maneuvering bodies,?> where both
ground and flight measurements show high vibration levels
that were attributed to flow interactions associated with con-
trol surfaces.

The algorithms developed to date have generally evolved
from shapes (M >> 1) that are planar, two-dimensional, or
axisymmetric, except for control surface regions. Moreover,
the algorithms, which were developed from physical laws, are
generally for attached turbulent boundary-layer flows. Re-
gions experiencing flow separation present a much more com-
plex flow structure for modeling. Future hypersonic vehicles
will require lifting body configurations where vehicle lengths
are an order of magnitude longer than many of the configu-
rations from which aeroacoustic predictive techniques were
developed. Figure 1 shows a typical hypersonic configuration
featuring three-dimensional noncircular cross sections with
ramps, control surfaces, and shock/boundary-layer interac-
tions.

Reference 3 represents a review of the state of the art of
aeroacoustic loads prediction techniques of supersonic/hy-
personic conditions for attached turbulent boundary-layer flow.
This work was extended* to high Reynolds number flows and
added surface roughness effects while Ref. 5 considers cou-
pled surface roughness and blowing. Relative to flow inter-
action phenomena for steady and unsteady flows, Settles and
Dowling® provide a review of swept shock wave/boundary-
layer interactions, including a classification of flow regimes.
As a result of the complex three-dimensional nonlinear in-
teraction, experiments have led the way to investigate the
interaction phenomena due to restrictive assumptions and lim-
itations in analysis. Reference 6 also reviews the experimental
work generated at Princeton University of which Refs. 7-12
represent a partial list which will be the basis of developing
acoustic algorithms for shock/boundary-layer interactions in
the present investigation.

Since the original development of this work, a significant
data base has been generated at Mach 5 conditions. This data
base includes swept/unswept compression corner interaction
(primarily at a ramp angle of 28 deg) and three-dimensional
fin-generated shock interactions. Refs. 13 and 14 provide a

Compression Surface

: < : Shock/Control Surface/Gaps

Shock/Boundary Layer

Fig. 1 Hypersonic space transportation system with flow interaction
regimes.

tracking of these results. Experiments were also conducted
for cylinder-induced shock interactions.!®> The regions asso-
ciated with swept shock/boundary-layer interaction have been
described by Settles and Dolling.

The work reported herein has attempted to develop an
engineering technique to predict the peak acoustic loads as-
sociated with the intermittent region of compression ramps
and fin-generated shock/boundary-layer interactions. While
the original work'” focused on the available data base (M =
3) to develop correlations, the present work considers recent
data at Mach 5 to determine compressible effects as well as
substantiate the techniques developed at Mach 3.

Discussion

Attached Zero Pressure Gradient Flow Algorithms

A review of prediction methods to characterize rms pres-
sure fluctuations in attached turbulent boundary-layer flows
have been found to scale with the boundary-layer dynamic
pressure, Mach number, and wall temperature ratio. Gen-
erally, power spectral density (PSD) and rms pressure (p)
were developed independently from experimental evidence.
The following will relate the two functions using definitions
of power spectra with the Houbolt algorithm.> Compressi-
bility and heat transfer of the medium will be incorporated,
as well as boundary-layer profile, boundary-layer growth, and
viscous effects. The development is based on experimental
data as well as fluid dynamic principles.

The PSD can be generalized as a function of the spectrum
as

$(0)

$w) = 1 + K?w?

M

where K represents an attenuation in the PSD profile® to be
compliant with the flow medium. X is dependent upon the
properties of the flow, namely

K=FkIV @)

with k' to be defined. Using the definition of rms pressure
(P)? = [~ ¢(w) dw together with Eq. (1), there results

5\ _ O
(5) U ®)

where normalization was made with the dynamic pressure
[g = P(y/2)M?] based on boundary-layer edge conditions.
Equations (1) and (3) can then be written as

SV _ _(plgyk Qim)
gl 1+ [KUV)eP

C)

which is recognized as the familiar format for representing
PSD in the literature. The characteristic length is generally
chosen as the boundary-layer displacement thickness, while
the characteristic velocity as the boundary-layer edge value
u,. Laganelli’ noted that k' appeared to have physical inter-
pretation representing compressibility and heat transfer of the
fluid medium. This was a consequence of the magnitude of
the PSD as w — 0, as well as the rolloff of the PSD as w —
10* Hz (f > 2000 Hz, i.e., w = 27f).
If one considers the low frequency (w — 0) regime, Eq.
(4) becomes
2
Ho—> OV (e) o2 )
q s

Solutions are obtained using the algorithm developed in Ref.
3 for rms pressure

plg = 0.003AF* (6)
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where A is a parameter to be defined and F, is a transfor-
mation function from compressible/incompressible flow states,
namely

G k1 R 1 y-1

F. = fc_he 2—I—haw<2+r 1 M:?
y—1

+0.22r T—— M (7)
A+ [2m— (1 + n))/3 + n) ®)

where n and m are velocity [u/u, = (y/8)'"] and viscosity
[w/p, = (T/T.y"] power law exponents, respectively. For in-
compressible flow, F, — unity and A — 2 such that (p/q), —
0.006, a value that, while accepted by the scientific commu-
nity, is believed to be in error' as a result of instrumentation
gauge size limitations. The errors could yield incompressible
values of (p/g), — 0.010. Until this question is resolved, the
value 0.006 will be used.

In order to determine the characteristics of A, an inspection
of Eq. (5) is made using Eq. (6), namely

——¢(“;l OV, 573 x 10-e42F2
By allowing k' = F;?* to match the rolloff for w >> 1 as
provided by data, A cannot be constant since the normalized
PSD is not constant with the compressibility and heat transfer
of the flow medium. This suggests A = A(F,), let

A = 2FW )

where b is some arbitrary value that also has been shown to
have physical meaning and allows for the interpretation be-
tween rms pressure and PSD.

Consider the following definition® for transforming the
compressible flow state to incompressible conditions where
acoustic algorithms can be validated with a more extensive
data base. Let

p/r, = parameter = A (10)
and define

A
F, =5t = 2l = 20 11
A= AT l).C, ~ Gla). F, (1)

Data has shown that (p/g), is a weak function of Reynolds
number, but a strong function of compressibility and heat
transfer of the medium. If F, is unity, the above becomes
(plq). = 0.006/F, (12)
and for adiabatic wall conditions [using Eq. (7)]
(PI9)c.aw = 0.006/(1 + 0.13M32) (13)
which is recognized as the Lowson'® algorithm.
Allowing for the new definition of A, Eq. (9), to be used
with Eq. (6), results in the expression
plg = 0.006F20+2) (14)
Moreover, for F, = unity, a comparison of Egs. (15) and

(12) suggests that A(1 + b) = -1 which leads to a definition
of “b” as follows:

b=2m+ D/[A + n) — 2m] (15)

Using realistic values of velocity power law exponent (7 < n
= 12) together with viscous power law exponent (0.6 < m <
1.0), values of b fall in the range 0.3 < b < 0.6 which are
consistent with values experimentally determined in Refs. 2
and 3 in the range 0.3 < b < 0.5. It should be noted that for
values of m = 0.7, n = 9, and b = 0.4, Eq. (15) becomes
plg — 0.006/F,.

Equations (14) and (5) provides the PSD which can be
written as

(]S((.U)V _ 10—5FC—0.5733
——qu = 2.293 X 0+ E9Vyel} (16)
Asw— 0
wZZZQX% 2293 X lOfSF;(J.5733 (17)
q

Rough Surface

Analytical and experimental investigations have shown the
surface shear characteristics (hence acoustic loads) to be aug-
mented in the presence of rough surfaces. The normalized
rms pressure [Eq. (10)], which has been shown'?? to be ap-
plicable for smooth and rough surfaces, can be expressed as

(p/q)c = AC}‘ = ACfﬂ(Cf/Cfo) (18)
Equation (14) becomes

(plg). = 0.006F)'*"(C,/Cy) (19)

The normalized rms pressure can be obtained from Eq. (10)
together with Egs. (18) and (19), using the Blasius form for
drag, such that

pl7, = (plg)(git,) = 0.003F}>RelC+moVk(ny)  (20)

In Eq. (20), the parameters on the right side of the equation
reflect smooth wall conditions. For fixed Reynolds number,
the normalized shear is a function of the compressibility and
heat transfer of the medium (F,) which, in turn, is fixed for
a given tunnel condition, thereby satisfying the condition of
Eq. (10). The sole effect of roughness on rms fluctuating
pressure and wall shear stress is expressed through the skin
friction relation, C,/C,, as noted in Eq. (18). Reference 4
provides for the PSD on a rough surface compared to mea-
sured data using Eqs. (16) and (18), respectively.

Shock/Boundary-Layer Interaction Flows (Nonattached)

Spanwise propagation of inboard corner boundary condi-
tions and subsequent shock/boundary-layer interaction have
become an issue in high-speed aircraft design. The problem
has been enhanced by the interaction of unsteadiness that
result in a fluctuating pressure field that impacts the structural
response and fatigue life. The limitation of a data base has
hampered the development of engineering models to describe
this phenomena for mean flows and is further restricted for
unsteady type interactions.

Compression Corner

The two-dimensional compression corner provides an ex-
cellent geometry to investigate shock/boundary-layer behav-
ior since this type of configuration has received significant
attention in the literature. However, fluctuating pressure and
associated spectra has been limited in Mach number range
(=5). Shock/boundary-layer characteristics of flow over com-
pression ramps®:12-16-21-23 gshow the mean pressure distribution
to rise upstream of the corner creating a flow separation re-
gion (subsonic) that reattaches on the ramp. The extent of
this region and the strength of the shock is dependent upon
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the angle of deflection of the ramp (a). Above the separation
region, a wave system is developed that coalesces into a single
shock.

The unsteadiness of this type of interaction is characterized
by two peak positions relative to the points of flow separation
and reattachment. The maximum peak value located at ap-
proximately 28, upstream of the corner is characteristic of
shock oscillations observed in other experiments experiencing
two-dimensional flow separation.

The work of Ref. 21 was extended by Dolling and Or!? to
include the effects of shock strength (ramp angle), while Tran’
investigated the geometric effects of generating the shock with
swept corner interaction. Figure 2 shows the fluctuating pres-
sure, normalized by local static wall pressure, for the various
ramp angles tested in Ref. 12. A decrease in normalized rms
fluctuating peak pressure, as well as plateau levels, is expe-
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Fig. 2 Root-mean-square pressure distribution with shock strength
(two-dimensional interaction).'?
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Fig. 4 Peak rms pressure variations for two-dimensional/three-di-
mensional interaction with shock strength.”

rienced with decreasing shock strength. It is interesting to
note that the lowest ramp angle while displaying attached flow
characteristics still has a rise in the rms fluctuating peak level.

Fin-Generated Shock/Boundary-Layer Interactions

Tran’ conducted an investigation that focused on unsteadi-
ness in fin-generated shock layer/turbulent boundary-layer
interaction while comparing the results to the two-dimen-
sional compression corner interactions.®**>* It was shown that
the two-dimensional (compression corner) and fin-generated
shock/boundary-layer interactions, while providing similar
characteristics, were inherently different as a result of the
response to the same approach flow.

Figure 3 shows the results of the various sharp fin-generated
interactions for both mean and fluctuating pressure. In Fig.
3a, the mean distribution shows locations for the upstream
influence (UI) and coalescence (C) line where the latter is
the location of flow separation. The UI line corresponds to
the position of initial pressure rise, while the coalescence line
does not appear to relate with any flow feature of the mean
distribution. Both mean pressure (20-deg fin data shown) and
rms pressure show a dependence on shock strength as ex-
perienced in the two-dimensional ramp experiments. How-
ever, the rms peak for the three-dimensional swept interaction
appears to be approximately one-half the value experienced
in the two-dimensional rms pressure rise for similar approach
flow and similar shock strength. Also, the rms fluctuating
pressure peaks suggests an intermittent action at the start of
the interaction, even though the mean pressure has not shown
a significant increase.

A comparison of two-dimensional ramp and swept-type in-
teractions was made by Tran,”* based on the similar behavior
at the start of the interaction. These interactions were com-
pared to flow phenomena that showed strong dependence to
the intermittent characteristics. This includes overall inviscid
pressure rise, the peak rms fluctuating pressure, pressure gra-
dient distribution, and spatial extent of large amplitude dis-
turbance.

Figure 4 shows a comparison of the rms pressure subject
to the above noted flow characteristics for the two-dimen-
sional ramp and three-dimensional fin-generated interactions.
The rms peak increases with shock strength and magnitude
and for a given inviscid pressure rise, the swept interaction
is approximately half of that of the corresponding two-di-
mensional ramp interaction.

Correlation of rms Pressure-—Interactive Flows

An examination of the normalized rms fluctuating pressure
distributions for two-dimensional ramp (corner flow) and three-
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dimensional fin-generated shock interactions show a peak oc-
currence and plateau region prior to reducing to the approach
flow levels. The development of the acoustic load algorithms
for shock/boundary-layer interactions will focus on these re-
gions with consideration to flow behavior of the mean prop-
erties of the interaction. Moreover, the predictive technique
will incorporate the approach flow characteristics, where al-
gorithms have been developed, which have been shown to
relate to the interaction phenomena.

Data suggests that the peak rms fluctuating pressure level
occurs prior to separation and rapidly reduced to the plateau
level. This level appears to be related to the magnitude of
the initial pressure gradient and spatial extent of the gradient.”
However, in the plateau region, the effect of the pressure
gradient or its spatial extent does not appear to be sensitive
(for the Mach 3 data base), hence, a correlation relating the
approach flow and shock strength will be attempted, namely

(PWZ/PWZ)plat = (PW1/PW1)(PW2/PW1)max (21)

With consideration to Eq. (14), the rms pressure for the ap-
proach flow can be written as

(P /Py,) = 0.006(y2)M3F)1+o (22)

where the dynamic pressure [g, = (y/2)P,M?7] was used.

Let p/g — 0.006/F, (i.e.,n = 7, m = 0.8, and b = 0.4) at
adiabatic wall conditions, the approach flow can be expressed
as

(23)

Py, _ 0.006(y2)M;
e 1+ 0.13M3

wy
where for M, = 3, P, /Py, = 0.0174 which compares with

the results of Fig. 2. The maximum inviscid pressure rise
(shock strength) is obtained from the oblique shock relation

Py, _ 2yMisin’d, — (v = 1) (29)
PWI max ’y + ]'
where 6, is approximated® by
6, = a + sin"(1I/M,) (25)

for @ the shock generator angle.

For the two-dimensional corner flow at a ramp angle of 24
deg, the maximum inviscid pressure rise becomes (Pw,/Pw,)max
= 4.6 such that the normalized fluctuating pressure [Eq. (21)]
has a value of 0.080, which shows good agreement with the
results of Fig. 2. On a 16-deg ramp, the normalized fluctuating
pressure in the plateau region has a value of 0.0552 which
also shows good comparison to Fig. 2.

When comparing the predictive technique for fluctuating
pressure levels generated by three-dimensional fin-generated
swept shock/boundary-layer interactions, the technique over-
predicts the experimental results. Accordingly, the flowfield
structure was re-examined relative to mean flow and wall
(heat transfer/shear) characteristics to determine the variation
in the inviscid pressure rise. Figure 5 shows the basic char-
acteristic of a three-dimensional swept shock interaction of a
fin/plate where the fin is mounted on the plate as described
by Neumann and Hayes,* using oil flow tracings of the three-
dimensional interaction together with surface pressure and
heat transfer data (a more extensive definition for spherical/
polar coordinates is provided in Ref. 16). The pressure dis-
tribution is shown divided into two regions by the fin-gen-
erated oblique shock wave. An outer region extends from
onset of the interaction to the shock wave, representing a
region of separated flow (with sufficient shock strength). The
flow in this region has distinct two-dimensional characteris-

THERMOCOUPLES

a) BASIC INTERACTION CHARACTERISTICS
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Fig. 5 Basic fin-generated shock/boundary-layer interaction with peak
wall shear location?s: a) basic interaction characteristics and b) peak
heating (shear) location.

tics. The inner region is characterized by a sharp peak in
pressure that lies close to the fin.

Peak pressure and heating occur along a divergent stream-
line close to the shock generator. Maximum streamline di-
vergence occurs at the shock location as determined by oblique
shock relations. The line of boundary-layer separation is ob-
served to be the inner edge of the oil accumulation line, and
onset is the point at which the undisturbed streamlines first
begin to curve.

The location of peak mean pressure and heating occurs
approximately along a streamline from the shock generator
leading edge. The angle ¢ between this ray and the freestream
direction has been correlated as ¢ = 0.24 (6, — @) + «. In
an attempt to coalesce the two-dimensional compression cor-
ner and three-dimensional fin-generated interaction data for
peak rms pressure, in the intermittent region, a modified
inviscid shock angle is introduced with an arbitrary constant
(B), and is expressed as

¢ = a + Bsin"Y(1/M) (26)
where

() B = unity @ two-dimensional flow (¢ = 6,)
peak rms fluctuating pressure

(il) 3 < B <1 @ rms peak fluctuating pressure @n
for three-dimensional fin-generated shock/
boundary-layer interactions that will be de-
fined with the data base

The modified shock angle can then be applied to the inviscid
oblique shock pressure relationship [Eq. (24)] to correlate the
peak rms pressure in the intermittent regime.
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With reference to Fig. 4, the normalized peak rms fluc-
tuating pressure for a two-dimensional/three-dimensional shock/
boundary-layer interaction is correlated as (Fig. 6)

(Pw/Pr)pes = —1.181 + 1.713(Py /Py e
+ 0.468(Pyw. /Py Vourco (28)

for Py,/Py, = 1. The inviscid pressure rise is obtained using
Eq. (24) with the new angle ¢ [Eq. (26)] at 8 = 0.6, which
was determined from the M = 3 data base.

Relative to the plateau region of a three-dimensional fin-
generated shock/boundary-layer interaction, Eq. (21) is used
together with B8 = 0.6 in Eq. (26). An examination of the
fin-generated data presented in Fig. 3 shows that the nor-
malized rms plateau pressure has a value of 0.0452, for a fin
angle « = 20 deg, which is representative of the levels shown.
Similar results are easily obtained for other fin angles which
show good comparison to measured data.

An inspection of Eq. (24) would imply that the rms peak
fluctuating pressure would continue to rapidly increase with
increasing Mach number in separated flow regions. On the
other hand, the rms pressure was shown to approach an
asymptotic level with increasing Mach number for attached

flow conditions [e.g., Eq. (13)]. Therefore, the data base at

Mach 5, for two-dimensional ramps and three-dimensional
fin-generated interactions, were added to Fig. 6. A value of
B = 0.6 was used for the fin-generated interactions. Unfor-
tunately, all the compression ramp data with and without a
swept corner, were obtained with one ramp angle (« = 28
deg). While the data did not collapse, comparable shock-
generating angles (¢ = 20 deg) for Mach 3 and 5 show the
normalized peak rms pressure to decrease with increasing
Mach number. Moreover, if the abscissa is normalized by M?,
the data would tend to coalesce, which would imply that the
normalized peak rms pressure would scale with the sin ¢, the
new inviscid shock angle. This result is shown in Fig. 7 with
the entire data base.

Correlations were attempted by Schmisseur and Dolling'?
using freestream pressure to normalize the peak rms pressure
with sweep angle of the separation line. However, when the
Dolling and Or'? unswept compression ramp data was applied
to the correlation, a considerable scatter in the data is ex-
perienced as the swept angle approaches zero. Other nor-

Prediction Eq. (28) Trend for Mach §
I with M < 3 Database ,” Database
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Fig. 6 Correlation of peak rms pressure for shock/boundary-layer
interactions.
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Fig. 7 Correlation of peak rms pressure with modified inviscid shock
angle.

malizing parameters could be used with the peak rms pressure,
as well as variations in the inviscid oblique pressure rise equa-
tion, sweep angle, etc., however, the focus of this article
has been to provide correlations for the design process of
high-speed aerodynamic configurations. For this situation,
compression ramps and fin-generating shock/boundary-layer
interactions will be provided by small (a < 10 deg for three-
dimensional and o < 20 deg for two-dimensional) shock-gen-
erating angles that will result in weaker interactions. Figure
7 shows that the ratio of peak rms pressure resulting from
interactions to approach flow levels will be <10 for practical
applications.

An exception to the above may occur for shock impinge-
ment on control surfaces (e.g., fuselage bow shock on cowl
lip or on wings/stabilizers) or corner flow interactions (inlets
on air breathing vehicles). Data will be required to assess
these interactions. Moreover, data at extended Mach numbers
(M > 5) will be required to determine the impact of hyper-
sonic conditions on acoustic loads subject to flow separation.

Plateau Region Mean Pressure
Since it is difficult to define the location within the boundary
layer to estimate the mean pressure rise associated with the
plateau region of separated boundary-layer flow, the corre-
lation of Nestler®” is recommended for forward facing steps.
This is expressed as

(P,/Py) — 1 47

GOMi  ~ (MiRe, )™ (29)

Moreover, if one considers the pressure rise for an oblique
compression shock together with Eq. (29), and compressible
flow tables for shock separation angles over a range of Rey-
nolds and Mach numbers, a value of 6, = 10 deg is a repre-
sentative average flow turning angle. For this condition, the
mean pressure rise in the plateau region can be approximated
by?’

(Ppla!eau/PWl) = [1 + (7/2)CpM%]08 (30)

where C, is the pressure coefficient based on a 10-deg ramp
angle with approach flow Mach number M, (where one notes
the elimination of the Reynolds number dependence.)
Swept shock/boundary-layer interactions (three-dimen-
sional) were extensively investigated by Hayes and Neu-
mann,” Holden,?® and Scuderi® and reviewed in Ref. 27. It
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is shown that the correlations given by Egs. (29) and (30) are
representative of the mean pressure data in the plateau level
region for both two-dimensional and three-dimensional shock/
boundary-layer interactions.

Correlation of Power Spectra—Interactive Flows

Power spectra characterizing shock/boundary-layer inter-
actions has been investigated in early studies by Coe et al.?
and Robertson,* as well as the recent work reported in Refs.
12, 22, and 24. An increase in the power spectra of the pres-
sure fluctuations due to interaction phenomena is experienced
above the attached flow level. While the spectra tend to con-
verge toward a common level and slope at high frequencies,
a significant variation exists between the separated flow spec-
tra and that of the attached flow distribution. It was noted
that the very low-frequency components of the fluctuating
pressures are increased in intensity, while the intermediate
and high-frequency retain the characteristics of the approach
(attached) boundary layer. Approach flow boundary-layer pa-
rameters are generally selected for normalizing the power
spectra as a matter of convenience, since local scale lengths
and velocities in the interaction region are not well defined.
Moreover, with consideration to engineering design require-
ments, it would be useful to develop prediction algorithms
employing boundary-layer approach flow characteristics that
are deterministic.

Figure 8 shows the compression corner results for a 24-deg
ramp. For this case the PSD were not normalized. The ap-
proach flow displays a characteristic that is typical of power
spectra that includes low frequency peaks associated with fa-
cility generated noise. A comparison is made to the present
prediction technique. Figure 8b shows the spectra at several
locations relative to the corner of the ramp. These do not
show an indication of a frequency peak and tend to display
broadband characteristics.
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Fig. 8 Comparison of prediction technique to measured power spec-
tral data for a 24-deg compression ramp: a) power spectral distribution
of approach flow and b) power spectra in the intermittent region.??

Power spectra of swept shock/boundary-layer interactions
were measured by Tran et al.?* at various shock strengths,
and are shown in Fig. 9 for a 20-deg shock generator. The
measurements were made from the undisturbed flow (no. 1)
through the interaction regime; notably at the position of peak
rms pressure (no. 2), plateau (no. 3), and second pressure
rise (no. 4) levels. The data are not normalized due to the
inability to definitize length and velocity scales.

As previously noted, it would be desirable to characterize
the normalized power spectra using approach boundary-layer
flow parameters leading to the shock/boundary-layer inter-
action zone. This is a consequence of the ambiguity of defin-
itizing length and velocity scales. Accordingly, the power spectra
for attached flow will be used as given by Eq. (4), where &’
has been defined as k' = F-* to match the rolloff at high
frequency (f > 2000 Hz) for attached boundary-layer flow.
Moreover, the boundary-layer characteristic parameters of
velocity and length will assume the approach flow values des-
ignated by the subscript 1. The augmentation in the power
spectra due to the low-frequency components will be the sole
effect of the normalized rms fluctuating pressure at peak and
plateau levels.

Consider the amplitude of the power spectra at low fre-
quencies

(f = 0) — (4g°UV)FL22(plq)*

and restructure the normalized rms pressure in terms of ap-
proach flow and peak and/or plateau levels as follows:

p P w. PWz P W) PWz PWZ
-] = . =|—] = — (31)
q/ sz q> PW1 PW1 max 92

which, in terms of approach flow parameters, can be written
as

)

(ﬁ/q)pl = (pwl/ql)(PWZ/PWl)max(Ml/Mz)z (32)

where the Mach number in the plateau region (M,) is deter-
mined from oblique shock relations, namely

(y — M3 sin?0 + 2

2 win2 _ =
M3 sin*(6, — a) 2yM7sin’0, — (y — 1)

(33)

The augmented amplitude of the power spectra in the pla-
teau pressure region resulting from the rms fluctuating pres-
sure at low frequency is then described by

¢(f_) O)pl i d)(f_) O)app flow

[ M3ty + )Py /Py o sin?(6, — @) |
(y — DM?2sin%0, + 2

(G4

where the use of Eq. (24) was made with Eq. (33). Solution
to Eq. (34) is made with Egs. (24), (25), (17), and (7).

For peak power spectra conditions in the intermittent re-
gion, the augmentation at low frequencies requires modifi-
cation of Eq. (28) to include the dynamic pressure. Therefore

(£) - G s P (B P (1)

9/ peax Py q. g, Dw, 9./ P, \M,
(35)

where the dynamic pressure is evaluated at plateau levels

(point of separation—actually should be at location of max-
imum pressure gradient, however this location is difficult to
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Fig. 9 Comparison of prediction technique to measured power spec-
tral data for a 20-deg fin shock generation.

determine a priori). The amplitude of the augmented peak
power spectra becomes

(p)peak M1 : PW1 :
¢(f_> 0)peak - (l)(f—9 O)app flow l: le (E) ?jl
(36)

P

where p,.../Pw, is determined by Eq. (28) for M = 3, or using
Fig. 10 for M > 3, M,/M, by Eq. (33), and Py, /P, by Eq.
(29) or (30).

To describe the spectral distribution of the shock/boundary-
layer interactions as shown in Figs. 8 and 9 will require mod-
ification to the prediction technique given by Eq. (16). This
is a consequence of the rolloff with increasing frequency which
displays a steep slope of the energy with interactions when
compared to the approach flow characteristics in low-fre-
quency range (<500 Hz). Recall that the roll-off was char-
acterized by the compressibility and heat transfer of the me-
dium in the Strouhal number, i.e., k' = F;7?*. Due to the
limitation of data, the characterization of the power spectra
over the entire frequency range is considered beyond the
scope of the present investigation until a more extensive data
base is generated. However, engineering solutions can be
made for the interaction behavior over the spectrum using
Egs. (34) and (36) together with Eq. (16).

Figure 8b shows peak and plateau level predictions with
the compression corner data of Ref. 22. While the amplitude
(f — 0} is reasonably predicted, the spectral distribution is
overpredicted in the low-frequency range (as expected). Al-
though not shown, it is expected that the data would tend
toward the approach flow at the higher frequencies. Finally,
Fig. 9 shows comparisons of the prediction technique to the
fin-generated shock/boundary-layer interaction of Ref. 24. Tt
appears that the rolloff characteristics for the three-dimen-
sional-type interactions are more commensurate with attached
flow behavior, thereby allowing for a reasonable engineering
estimate of the power spectra.

Summary

A technique has been presented that predicts the rms pres-
sure intensity and power spectra in attached, zero pressure
gradient turbulent boundary-layer flows on smooth and rough
surfaces. The latter surface conditions considers augmentation
in the intensity using the rough-to-smooth wall skin-friction
ratio. The impact of roughness on the power spectra is due
to the skin-friction ratio (i.e., rms pressure) and to a lesser
extent on the boundary-layer displacement thickness.

The power intensity (rms pressure) and power spectra for
shock/boundary-layer interactions was shown to be related to

the shock strength. A modified shock angle was defined in
the oblique inviscid pressure relationship that allowed for
prediction of the peak and plateau rms pressure levels in the
intermittent region. Good agreement for these two rms pres-
sure levels was shown to measured data in the limited test
range of Mach number =3. Recent data obtained at Mach 5
for both compression ramp and fin-generated interactions ap-
pear to correlate with the modified shock angle.

An engineering solution for peak and plateau level pressure
interactions appears possible for power spectra magnitude (f
— 0). However, the steep slopes and rapid rolloff with the
spectra could not be predicted with the attached flow algo-
rithms by using peak and plateau rms pressure levels.

The algorithms developed within are based on a limited
data base. Extrapolations of these results to hypersonic con-
ditions to provide design criteria for complex control surface
structures should be viewed with caution. Moreover, recent
data at Mach 5 suggests the possibility that the rms peak
fluctuating pressure could asymptote with compressibility in
nonattached flow as was experienced for attached flows. It is
believed that the fluid dynamic similarity parameters, to-
gether with the attached flow knowledge at hypersonic con-
ditions, allow for first-order design solutions until a more
extensive data base can be generated.
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