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Hypersonic Flow on Yawed Wedges with Leading-Edge

Bluntness and Viscous Interaction

R. C. Boger* anD G. F. A1ELLOT
Avco Systems Diwision, Wilmington, Mass.

A theoretical and experimental study of yawed two-dimensional bodies in a hypersonic
stream, including the effects of leading-edge bluntness, viscous interaction, and small angle of
attack, has been carried out. The theory due to Cheng et al., which was developed for the
problem without yaw, is modified to treat the yawed case with the assumption that no gra-
dients along the span exist in the flow over thebody. The results of wind~tunnel tests, covering
a wide range of Mach number and Reynolds number conditions at yaw angles of 60° and 70°,
show that this major assumption is valid and verify the modified theory. These tests include
the measurement of pressure, heat transfer, and total force on the body.

Nomenclature

surface heat-transfer coefficient
G/l coSA(H . — H )

w(T*)/(To)(Tu/T*)

length of the chord

drag of the blunt leading edge

specific enthalpy

total specific enthalpy b 4+ (u? + 02)/2

leading-edge (nose) drag coefficient 2Dy /poU 2

parameter related to the inviscid tip bluntness effect
(M cosA)3ekt/x

reference length

freestream Mach number

M cosA(C/Reg)V?, viscous interaction parameter

pressure

local surface heat-transfer rate

freestream Reynolds numbers based on u, cosA and
Lyzort

thickness of flat-face leading edge or diameter of
cylindrical leading edge

temperature

reference temperature To[1 + 3(7",/T%)]/6

velocity components parallel to the z, y, and 2 axes,
respectively

freestream velocity

rectangular coordinates, parallel and normal, to the
freestream velocity (origin at model leading edge)

Yy Ye % = y ordinates of the inner edge of the entropy layer,

YoV the shock, and the body surface, respectively

2,¢ variables related to Y, and z, respectively [see Eqgs.

(14) and (15)]
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@ = angle of attack of flat plate, positive for compression
angles

v = gpecific heat ratio

r = parameter governing interactive effect of bluntness,
displacement and incidence

8,0* = boundary layer and displacement thickness

€ = limiting density ratio

6 = shock-wave angle, approximated by d¥,/dx

@ = viscosity

p = density

Xy Xe = parameters related to the boundary-layer displace-

ment effect, M3 cos3A(C/Re.)V?, [0.664 + 1.73-
(Hw/H)] M3 cos?A(C/Re,)V? ‘
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A = yaw angle

T = 0.664¢ + 1.73 T,/T»

Subscripts

b,e = inner and outer edges of entropy layer

L = based on reference length

s = downstream side of shock wave

t = based on the nose thickness

w = at the body or wall

0, = isentropic stagnation and freestream conditions

Introduction

HE problem of hypersonic flow past a two-dimensional

body with the combined effects of leading-edge bluntness
and viscous interaction was considered by Cheng et al.l
They showed that a theory based upon blast-wave pressure
combined with the boundary-layer displacement effect was in
good agreement with their experimental results over a wide
range of test conditions. Recently Kemp? suggested a
modification to the theory for ¥+ > 1. He has shown this
modified theory agrees with the experimental data he ob-
tained at Mach number 42 in helium.

The theory is extended in this paper to treat yawed bodies
as shown in Fig. 1. Because of the yaw, the relative impor-
tance of the bluntness and viscous interaction effects changes.
Their contributions to drag, for example, are such that the
leading-edge pressure drag is diminished by yaw so that the
viscous drag can dominate. The major new assumption re-
quired to modify the theory is that no gradients along the
span exist in the flow. A series solution to the governing
equation in Cheng’s theory is developed to show the im-
portant parameters and to expedite the theoretical predictions
of the test results. The first-order corrections? for y > 1 are
also included.

Wind-tunnel tests were conducted at the von K4rman Gas
Dynamics Facility, AEDC with the slab and wedge con-
figurations shown in Fig. 2 yawed at 60° and 70° to the flow,
to check the assumption of no gradients along the span and to
obtain distributions along the chord of surface pressure and
heat transfer. Force measurements were also made in a por-
tion of the tests. The results are compared with theory and
the limitations suggested by this comparison are discussed.

Theory

Assumptions

This paper will parallel the development of Ref. 1 when the
leading-edge is yawed at some angle A to the flow. The
bluntness gives rise to an increased surface pressure, persist-
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Fig.1 Yawed body geometry.

ing downstream of the nose. This effect is treated by con-
sidering the entropy layer created at the nose, and the over-
pressure is found to decay in a manner analogous to a blast
wave. The boundary layer displaces the external flow and
gives rise to an additional increase in pressure. For a slightly
blunted wedge both the nose bluntness and viscous interac-
tion effects are gradually lost far downstream on the wedge
surface.

The analysis is limited by four requirements: a) the dis-
turbance velocity, Au/u. = (4/u. — 1) as well as the square
of the flow angle in the inviscid flowfield, must be negligibly
small compared to unity; b) the bow shock must be suf-
ficiently strong; c) the specific heat ratio ¥ must be suf-
ficiently close to unity; and d) there is no variation in the
flow along the span. Requirement (a) excludes the nose re-
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Fig. 2 Installation in tunnel C.
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gion. The consistency of requirements (a~c) and the ap-
proximations involved are discussed by Cheng.!

Local Boundary Layer Similarity

When the usual yawed wing assumption of no variation
along the span (0/0z = 0) is made, the equations for the
boundary layer become

O(pu)/0z + 0(p)/0y = 0 L
pu Ou/0x + pv Qu/dy = — Ap/dz + (d/dy)(k du/dy) (2)
pu Ow/0x + pv dw/dy = (0/02)(u dw/dy) 3)
op/oy =0 @)

pu OH/0z + pv OH /0y = (3/0y) [(u/Pr)oH/dy] —
©/0y) {n(1/Pr — 1)@/0y) [(w* + wH/2]} (5)

We shall assume that Pr = 1. These equations may be
compared with those given by Reshotko and Beckwith?® or
Dewey.* The variables are transformed from z, z to £, 5 by

defining
= (< Cpix | _ (Rer\'* rupdy
e [ n—(E) |G

The reference temperature
T* = To[l + 3T./T,1/6
is used in obtaining
C = p(TM) 7T/ [(T)T*]
The nondimensional variables are given by
u/U. cosA = f' = Of /oy
w/ue sSinA =g, (H - H,)/(H, — H,) =0

and they satisfy the equations
2f'fmn + fffm - ZE[fnfEn - fEfnn] =

[EZ L )]+ (- F)e -]
20m + fgn — 2E[fo9: — fega] = 0
20y, + 16, — 2E[£,0; — f0, +
©(@/d§) In(l — T./Ty)] =0
The boundary conditions to be fulfilled are
f=f=g=06=0 at =0
fhr=g=0=1 at 9= o

The leading term in the solution for small e = (y — 1)/
(v + 1) will be independent of £, and similarly the effect of
pressure gradient does not enter into the zero-order solution.
Hence the equations become

zflll __I_ffll = 0, 2gll +fgl — 0’ 29[/ +fe/ = 0

The solutions of the second and third equations are ex-
pressible as ¢ = f/, © = f*, so the boundary-layer problem is
reduced to the Blasius equation.

The surface heat-transfer coefficient

Cr = §/polie cOSA(H,, — H,) 7

is determined explicitly from the surface pressure distribution

as
- ¢\ xwl_x)“”ﬁ
CH~0.332<R6L> ( fo =) =



JULY 1971 HYPERSONIC FLOW ON YAWED WEDGES 731
' 1 | T ] I
0.020f PRESSURE  oiteren
WEDGE ° o
12— ] SLAB [ ] =] ]
THEORY
0.015 |- \ \
Fig.3 Pressure and heat trans- Cy % 8 — \ &
fer, M = 18.7, Re = 0.069 X 105, ® ~°\\
A = 60°, 0.010+ 0 N
N ~o B 5B
gl ~Q ~ o ]
0™~~~ ~~ ]
\D\\ — o o
0.0051 —e T ]
—D_ —_— —_
| L | | {
2 3 5 6 7 8

The skin friction coefficient C; = 2r/p.Us? is found to act
in the stream direction and is related to heat transfer by

C; = 2Cy cosA )]

Finally, the boundary-layer displacement thickness is
given by
5% z pdx 1/2 P
L X <f0 pr) pM cosA

xz = (M cosA)3(C/Rey)t/? (9)
and + = 0.664 -+ 1.73 T,/ T.

where

Tip Bluntness Effect and Detached Shock Layer

The analysis of the detached shock layer in the « direction
is identical to Cheng’s. The blastwave analogy states that
the pressure on the surface is related to the energy deposited
in the flow at the blunt nose. The essential features of this
analysis will be summarized here.

The shock layer is assumed to lie at the outer edge of the
entropy layer at y = Y.. The pressure there is given by the
Newton-Busemann formula, p. = p.(U. cosA)2(Y.Y.")’,
where the prime now denotes differentiation with respect to x.

The entropy layer has essentially constant pressure from

where € = (¥ — 1/ + 1), k is the nose drag coefficient (un-
vawed) and ¢ is the nose thickness.
Viscous Interaction

To account for the displacement of the outer flow by the
thickening boundary layer along the body, Cheng introduces
a simple and direct procedure. The body location Y, is
changed to an apparent body location Y, + 6*, so that Eq.
(10) becomes

Y, = Yy — (V.Y = ekt/2 aun
and
0* = erxp(LY.Y )22/ (M cosA)2(Y,Y,")’

It is convenient to introduce one variable which describes
bluntness effects,

K. = (M cosA)3kt/x 12)
and another for viscous effects,

Xe = er(M cosA)*(C/Re,)V/? (13)

These are used to form new independent and dependent
variables, through

z = 8M cosA(x/K)2(Y./x)

its outer edge, Y., to the body Y, This allows a simple ex- = Ber!N*Y,/k% (14)
pression to be derived for the flow in it. In particular its
outer edge is defined by ¢ = 16[xK. 2]
Yo — Y)Y Y.) = ekt/2 (10) = 16(x/f)e*(rN)8/k* (15)
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where N = M cosA (C/Re,)Y2. Equation (11) now becomes

(z = T (e") — ()2 = 1 (16)
Here I' is a parameter independent of z given by
I' = ka/2ecr?N? a7

The physical quantities of interest are now expressible as
Pu/Po= 4yeX(M cosA)2(rN)4(ez')’ /k2
and
Cr = 2.656v/22r5N6(22")! /k3(z2") 112

The total drag in the stream direction is composed of the
nose drag, the integrated skin friction on the sidewalls, and the
component of sidewall pressure in the stream direction. The
drag coefficient, 2D/ p.u2, is found to be

Cp = k cosAlcos?A + 1.328(yz2")1%/r +
akRegzz' /CM?r2]  (18)

where the three terms correspond, respectively, to the three
sources of drag mentioned previously.

Corrections for v Not Equal to One

Kemp? has proposed a modification to Cheng’s theory for
the first order effects of v not equal to one. The modification
is accomplished by factors composed of v and 4 = (y +
1)/2. The quantities of interest become

z = (AY/vD)8er'N*Y./ k3t (143)
¢ = (A7/v)16(x/t)e(rN)/k* (152)
T = (v/AYka/2er*N? (17a)
Pu/Po = (A%/ ¥4y (M cosA)2riN4(z2")’ /k?
Cr = (A%/7%1%)2.656y 225N (22")" /I3 (z2") 12
Cp = k cosAfcos?A + 1.328(y 2/ A)(vze")12/7 +
(v/AYakRezz' /CM*r?]  (18a)

The governing Eq. (16) is unchanged.

Theoretical Results
The solution to Eq. (16) is expressed by the series
z = 1.65096{2/3[1 4 0.30812¢1/6 4
(0.10095I" — 0.01508)¢1/3 + 0(L7/9)]

The pressure is found to be
Do/ P = A1730.38157v€23k2/3(M cosA)2(t/z)2? X
[1 + 1.0399¢1% + (0.50475T + 0.16194)¢1/3]
and the heat transfer is
Cr = AV 0.11840412(ek) 13N (t/)5/¢ -
[1 4 0.6933¢1/¢ + (0.37856 + 0.23563)¢1/3]

To compare this with the wind-tunnel data, we have (includ-
ing Kemp’s correction) for ¥y = 1.4 and e = 1/6

$U8 = 0.75397N (x/t)1/6 (19)
The pressure, heat transfer, and drag can then be expressed as
Py/P. = 0.2082(M cosA)2(t/x)2/3[1 +
0.78407N (z/t)1® 4 (0.2889T +
0.09204)r2N2(xz/H)'*] (20)
Cx = 0.08746N(t/x)5¢[1 +
0.52277N (z/¢)*'¢ + (0.2152T" +
0.1399) 72N 2(x /) *] (21)

Cp = k cos®A + 2.099 cosAN (z/t)1/¢
[ 4+ 0.26137N (z/t)1/6 +
(0.07173T" + 0.04463) 72N 2(x/t)1/3 +
1.7846c cos®A(x/t)13[1 + 0.52277N (x/t)1/¢ +
(0.1434T" 4 0.04602)72N2(x/t)1/3] (22)
Note that

I' = 3.888 a/7iN?

Table 1 Tunnel C instrument locations®

Span location
(2/L) of pressure Chord location (z/d) of
taps pressure taps

0.55 0,0.135,0.275,0.495,0.875
0.75 0,0.160,0.300,0.520,0.900
0.95 ,0.185,0.315,0.545,0.925

@ Heat-transfer gages are located 0.1 in. beyond pressure taps (z axis)
and 0.1 in. closer to the leading edge (z axis).
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Fig. 6 Correlation of pressure and heat-transfer data.

Test Description

The tests were carried out in AEDC’s Tunnels C and F.
Tunnel C is a Mach 10, continuous flow, 50-in.-test-section
wind tunnel with a Reynolds number capability of 0.3 X
108 to 2.4 X 10%/ft. A model injection system allows the
models to be injected and retracted from the flow without
interrupting the tunnel’s operation. Tunnel F is a hyper-
velocity arc-driven facility with useful run duration of about
150 msec. It has a 4.5-ft-diam section operating at Mach 12
to 13 and Re = 0.8 to 1.7 X 10%/ft, and a 9.0-ft-diam section
operating at Mach 19 to 20 with Re = 0.04 to 0.8 X 108/ft.

The heat flux was measured using low-level calorimeters
positioned chordwise along the element at a number of span
locations. Surface pressures were obtained at similar stations
(see Tables 1 and 2). In Tunnel C, the elements were in-
dividually tested on a flat plate mounting shown in Fig. 2;
in Tunnel F the elements were tested in pairs mounted on a
slender cone-cylinder. Two pairs of models were used in the
testing. The first pair had semicircular leading edges and
slab afterbodies with side-walls parallel to the freestream
(a = 0). Their yaw angles were 60° and 70°. The second
pair differed from the first only in the angle of the sidewalls
as shown in Fig. 1. These were inclined at a = 4.25°. Here-

I
R
Fig. 7 Comparison of exact inviscid cal-
culation with present results for slab at

A=70°, M = 18.4 M cosA = 6.3, Re, =
0.305 X 105,
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after, these models will be called the slab and wedge, re-
spectively. Note that in Tunnel C the same instrument loca-
tions apply to both the 60° and 70° yaw angles, whereas in
Tunnel F the locations differ for the two yaw angles.

Force and moment measurements were made in Tunnel C
only, utilizing the same support shown in Fig. 2 for the pres-
sure and heat transfer tests. The instrumented slab or wedge
model was removed and replaced by a similar force configura-
tion. The forces and moments acting on this model were
measured using a 6-component balance internally mounted
within the supporting flat plate. The same two yaw angles,
60° and 70° were tested with the flat plate at zero angle of
attack.

Test Results

The tests covered M, from 10 to 19.2, Re; from 1140 to
50,000, and N from 0.0167 to 0.218. The upper end of this
range approaches the rarefied flow regime.

J. SPACECRAFT

Table 2 Tunnel F instrament locations?®

Span locations (z/L) of heat-transfer gages
60° Sweep: 0.583, 0.903
70° Sweep: 0.558, 0.933

Chord locations (z/d) of heat-transfer gages
Slab: 0.215, 0.359, 0.503, 0.646, 0.790
Wedge: 0.1975, 0.340, 0.483, 0.625, 0.774

¢ Pressure taps are located at same x/d values as heat-transfer gauges
but 0.375 in. further inboard (z axis)

The test results showed that the assumption the gradients
across the span are vanishingly small is reasonable, and the
only span gradients that did occur formed no consistent pat-
tern. Figures 3—-5 show examples of the experimental pressure
and heat-transfer data and corresponding theoretical predic-
tions. In general, the theory was in reasonable agreement
with the experimental results.

All of the data are compared with the theory in Fig. 6 in a
manner similar to Cheng’s.! The theoretical curve was
generated by numerically integrating Eq. (16). The branches
corresponding to different values of the wedge parameter are
also shown. The viscous interaction increases with increas-
ing ¢, and as mentioned earlier, the merged layer regime is ap-
proached for the largest values achieved in the tests. The
over-all agreement is good, with the higher Mach number
test data showing better agreement.

A major feature of the theory is that the pressure varies in
a manner governed by blast-wave similarity. Therefore, the
pressure is highest at the nose and decays towards the trail-
ing edge, and the heat transfer has a similar behavior. How-
ever, the theory has a singularity at the leading edge, and it
cannot be expected to predict experimental results in that
vicinity. The question of just how close to the leading edge
the blast-wave predictions are expected to apply has not been
settled. Stewartson and Thompson® have recently pointed
out the theoretical difficulties that exist. As a basis for com-
paring the theoretical predictions and the experimental data,
a two-dimensional blunt-body and method-of-characteristics
program® was used to obtain the pressure variation along the
slab model. The normal component of the Mach number was
input as the freestream Mach number into the program.
One case is illustrated in Fig. 7 for 70° yaw with M = 18.4,
M cos70° = 6.3, and Re., = 0.305 X 108. The present theory
predicts substantially higher pressure near the leading edge
than does the method-of-characteristics solution. However,
the data are closer to the prediction obtained from the theory.
This was also the case for the other comparisons which were
made.

The physical behavior of the boundary layer in the vicinity
of the juncture between the cylindrical leading edge and the
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straight afterbody smooths the abrupt pressure decrease in-
dicated by the characteristics solution. The present theory
makes no pretense of treating this difficult problem, but it has
been considered by Fannelop and Flugge-Lotz.” Although the
theory developed here is not intended to apply right at the
nose, it does account for the viscous interaction due to bound-
ary-layer growth away from the leading edge.

The data obtained from the Mach 10 tests show a variation
of pressure and heat transfer with Reynolds number that is
not predicted by the present theory. The likely explanation
for this discrepancy is that the value of M cosA is low enough
to invalidate the theoretical assumptions. For 70° yaw it is
only 3.4. The boundary-layer interactions that occur under
these conditions are such that they overpower the weak pres-
sure increment due to the blunt leading edge.

Drag Tests

Drag measurements were made in Tunnel C over the full
Re range available. The drag is composed of viscous and in-
viscid portions with the viscous drag predominating for high
A and large N. In the present tests the viscous drag ac-
counted for 14-47%, of the total drag according to the theory.
However the pressure and heat transfer measurements in
Tunnel C were generally higher than predicted. It is not
surprising, therefore, that the measured values of Cp shown
in Fig. 8 are higher than the theoretical values. Nevertheless,
the variation of Cp with Reynolds number is in qualitative
agreement with the theory. '

As a check of consistency, the experimental heat transfer
was curve-fitted and integrated, the skin friction was obtained
using Reynolds analogy, and the pressure drag was added to
obtain the total drag. The points obtained in this manner
are shown in Fig. 8, and they generally agree with the mea-
sured drag. This technique is quite crude, of course, because
the heat-transfer measurements allow only a rough curve fit
to be made.

The increase in the viscous drag contribution and the ap-
proach to rarefied flow is indicated in Fig. 9, where the zero
yaw case is included for comparison. Along the right hand
side the free molecular limits are indicated, and each theoreti-
cal curve is terminated at that level. As A increases, the
variation of Cp with N increases, indicating the greater rela-
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tive contribution of viscous forces. The highest values of
this parameter achieved in the Tunnel F tests are indicated,
and they are well into the range where viscous forces domi-
nate. In fact, rarefaction effects are to be expected here.

Conclusions

Tests have shown that the modified theory of Chengetal.,
developed here yields useful data correlations for a blunt two-
dimensional wedge (or slab) yawed with respect to a hyper-
sonic stream. The major theoretical assumption of no span
gradients in the flow appears to be acceptable over a wide
range of the test conditions for yaw angles of 60° and 70°.
This assumption should therefore be acceptable for similar
flow conditions and smaller yaw angles. The theoretical re-
sults are in fair agreement with the experimental values of
pressure, heat transfer, and drag. Some deviations oceur at
the lowest values of M cosA, where the overpressure pre-
dicted by the blast wave analogy are small.
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