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ABSTRACT

The boundary layer on a slender body tends to be very thick at
hypersonic speeds. It interacts with the external flow by producing
larger flow deflections near the leading edge than those due to the body
alone. The increased shock strength affects the boundary layer growth.
The .flow around the boundary layer gives rise to an induced pressure
with a negative gradient which thins the boundary layer and increases
the skin friction with respect to the zero pressure gradient value,

Experiments on a flat plate with a sharp leading edge (Ret < 100)
have been performed in the GALCIT 5 x 5 inch Mach 5. 8 hypersonic
wind tunnel. The induced pressure was measured by means of orifices
in the plate surface. Profiles of Mach number, velocity, mass flow,
pressure, and momentum deficiency were calculated from impact
pressure surveys normal to the plate surface made at various distances
from the leading edge.

The results are as follows: (1) The induced pressures are 25
per cent higher than the weak interaction theory. (2) The boundary
layer and the external flow are distinctly separate for Re_as low as
6000. (3) The shock wave location is in good agreement with that
predicted by the Friedrichs theory for a body shape equivalent to the
observed boundary layer displacement thickness. (4) Expansion waves
reflected from the shock are weak. (5) The average skin friction
coefficient tends toward and nearly matches the zero pressure gradient
value downstream, but increases to approximately twice that value

as the leading edge is approached.
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speed of sound

constagt in viscosi?iy relation /LLALLOO = C T/'I‘oo
local skin friction coefficient

average skin friction coefficient
similarity parameter MO

Mean free path

Mach number
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Reynolds number based on x
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velocity in x direction

velocity in y direction

distance from leading edge

distance normal to plate surface

ratio of specific heats

boundary layer thickness

boundary layer displacement thickness
flow deflection angle

momentum deficiency p_m%_ (1- Tll-Jl—- ) - —— -1-)11 - 1)

1
{
0 o0 0 M e
viscosity ©

‘kinematic viscosity



p density

3 YT
interaction parameter M re

~l

Et

vorticity Ve T uy
Subscripts
e outside boundary layer edge
s refers to shock wave location
W value at wall
o isentropic stagnation value

) undisturbed stream



I. INTRODUCTION

The kinetic energy of a hypersonic flow may be indefinitely
larger than its thermal energy. Thus when kinetic energy is converted
into heat, small changes in speed such as occur in the inviscid flow
field about a slender body are reflected as proportionally large changes
in temperature, while at a stagnation point or in an uncooled boundary
layer the temperature may rise to many times the free stream value.
These large temperature variations serve to distinguish hypersonic
flows from supersonic ones with respect to both non-viscous and viscous
effects. For example: (1} Small velocity perturbations make such
large changes in the local speed of sound that the linearized equations
of motion of a supersonic flow are accurate only when the parameter MO
is everywhere much less than unity. (2) When the Mach number of a
flow with fixed static temperature becomes high enough, imperfect gas
effects, including dissociation and ionization, will occur because the
temperatures become large. (3) The low density of the fluid within
the compressible boundary layer enhances the possibility of slip-flow.
(4) The thickness of the hypersonic laminar boundary layer tends to
increase like M2 for a given Reynolds number, and may be so great
that considerable interaction with the free stream results. This
phenomenon is the subject of the present experimental investigation.

So-called shock wave-boundary layer interaction occurs at
supersonic speeds when the rapid growth of the boundary layer displacement
thickness near the leading edge produces an effective thickening of. the
body. The resulting disturbance to the oncoming stream adds an

induced pressure with a negative gradient to the inviscid pressure. The



iﬁduced pressure has a tendeﬁcy to thin the boundary layer and increase
the local skin fricti§n. Simultaneousl-y', the shock wave emanating from
the leading edge must increase in strength to account for the added flow
deflection, so that streamlines crossing it carry increased values of
vorticity and entropy. In this regard, even for bodies which are slender
in the usual sense the leading edge thickness is a parameter of great
impor’tance because of its strong influence on the shock strength. The
streamlines crossing‘the shock travel very large distances downstream
before entering the boundary layer because the relative mass flow in
the boundary layer is very small for hypersonic flow. On blunt bodies
the pressure induced by interaction is generally insignificant because
the boundary layer is kept thin by the high pressures and gradients of
the inviscid flow, but on sharp-nosed slender bodies the induced pressure
may amount to several times the inviscid pressure.

Several theoretical studies of this problem, principally for a
flat plate with an infinitely sharp leading edge, have been made by

(3,

Bértram(l) Kuo(z), L.ees 4), Lees and Probstein(5), Li and Nagamatsu(é)
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Maslen”), and Shen(s). These theories have followed two general
approaches. (1) Shen(8) and Li and Nagamatsu(é) have applied the
Karman momentum integral technique to the boundary layer equations in
the entire region between the plate surface and the shock wave, not
recognizing a boundary layer edge. (2) The other solutions have
considered the shock wave and boundary layer as separate, and have
calculated the inviscid flow over a body represented by the boundary
layer displacement thickness using the concepts of hypersonic

similarity and certain approximations. Much of this work is



succinctly reviewed in Refs. 9 and 10. Experiments have been

( (12) (9, 13)

performed by Baldwin ll), Bertram , and Hammitt and Bogdonoff
These have been mainly concerned with the measurement of the
induced pressure, although an optical determination of the shock
wave location has been included in Ref. 13.

It is found that in general the theory does not accurately predict
the measured induced pressure distribution. As an extreme example,
the induced pressures measured in the helium tunnel (9) are about Z%
times those expected from the theory. Therefore it appears that the
theoretical fluid-mechanical model is either deficient in some respect,
or is inconsistent with the physical model, especially with regard to
the blunt leading edge. These discrepancies have prompted the present
experiment. The aim of this experiment has been to measure and
map the flow field for the case where the leading edge is so sharp as
to be of vanishing importance.

It will be of interest to interpret some of the experimental
results in connection with those theories which treat the shock wave
and boundary layer as distinct. Therefore some of the concepts
involved will be discussed and certain significant parameters deduced
by means of order of magnitude estimates.

There exist two regions of flow behind the leading edge shock

wave: one near the body surface where viscous or boundary layer
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éffects predominate because high temperatures cause the viscosity to
be large and the density to be small, and an external one where the
_ density is large and the viscosity small, so that dynamic forces pre-
dominate. . The mass flow deficiency of the hot layer is balanced by an
excess mass flow in the cool layer. These regions are distinguished
very clearly for the laminar hypersonic boundary layer with no inter-
actio;i, but near the leading edge where interaction occurs, such a
separation of predominating effects is subject to restrictions arising
from the boundary layer equations. In Refs. 3 and 6 it has been shown
that the Prandtl boundary layer equations remain valid in the presence
of interaction as long as (6/x)2 < < 1. This restriction essentially
demands that the pressure variation across the thickness of the
boundary layer be small.

Two characteristics of the flow outside the boundary layer are
particularly important. (1) The flow is practically inviscid. A com-
parison of the kinematic viscosity here with that in the boundary layer

by means of the linear viscosity relation = CT/T ives
y AR w B
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where the bars denote average values in the boundary layer. Also, the
shear introduced by the cu:fvature of the leading edge shock is much
smaller than in the boundary layer. (2} The expansion waves of the
flow over the convex boundary layer edge which are incident upon the
leading edge shock are practically absorbed there and thus serve to

weaken it. For example, according to Ref. 14, the reflected strength



of a wave is less than four per cent at Mach 10 for flow deflections under
40 degrees. It follbws from these two characteristics that the flow in
» this region approximates a simple wave state, so that there exists a
relation between the pressure and the flow deflection at every point.

This pressure-angle approximation divides interaction into the
categories of weak and strong. For the weak case, the values of
K= M@ a.ré small enough so that the pressure is proportional to 9,
corresponding in two dimensions to the first term of the tangent-wedge

formula for K<< 1,

_I.)P_-1=er+l-(-lzti’9_K2+... (Ref. 10)

The parameter upon which the induced pressure depends may then be

deduced. The mass flow in the boundary layer is

m = p_ ug (6 ~ &%)

and

dm ( ds 9)
dx - Pe Ye dx :
These give

ds* (6 - 8%) d(Pe Ye)

Ozdx p. u dx
e e

Omn a flat plate, the boundary layer grows like

6 v

Pu, /ey P> Yeo

where /7//0.00 and _p'/poo take into account the viscous heating. Using

the linear viscosity law, and taking ;/poo ‘to be TOO/T ’



If 6 is taken to be d&%/dx, the induced pressure becomes

3
P o - “Md—fx*—"’“M—— YCE;(
Poo YReX

In the strong interaction case, K is large and the pressure varies

more nearly like OZ, as in the tangent-wedge formula

1
2

p .o oyly+1) 2 r+i2 .2
_5;_-1_—T—K+XK[1+(4 P ox? ]

The same estimate of the boundary layer growth may be made by taking

- — 2, .2
o/o, = T /T . »p/p, and  p/p ~ M(§/x)

Then

3 :,———
p/p -/ -—M—————-—C—-—- and 6 “v __TT X
®© Y ReX ReX

The restriction for the Prandtl boundary layer equations to hold becomes
—X <<
M

The occurrence of slip~flow is most probable near the leading
edge where the shear is highest, and in the boundary layer where the
mean free path, ) , is largest. It is assumed that the no-slip condition
is satisfied if

du

This restriction is to be applied to the strong interaction region. In

the free stream, /va ~ P, loo a - In the boundary layer 2~ 1/p



so that

g/ T p,, - YRe_
‘Zoo P Too MYycC

du/dy is taken to be uoo/ﬁ, or may be obtained from the theoretical

expression for C,. The restriction becomes
f

8/x

i <<1 .

=3

1
YM Rre V% 3%

For a fixed Reynolds number, this is more easily satisfied as the Mach
number increases because J_. decreases faster than the shear increases.

In the weak interaction region, the restriction is

§/x M
M YT YRe,




‘II. DESCRIPTION OF THE EXPERIMENT
A. Model and Equipment

The experiment was performed in the GALCIT 5 x 5 inch Mach
5.8 hypersonic wind tunnel, which is of the closed-circuit continuously
opera'ting type. All tests were made under steady-state conditions.
Ahead of the nozzle the air stream was heated to 225°F to prevent air
condensation. The supply pressure ranged between 25 and 95 psia,
depending on the test-section Reynolds number per inch desired.
Extensive facilities are provided for filtering and drying the air.

More complete descriptions of the tunnel and its associated instrumen-
tation are to be found in Refs. 15 and 16.

The high carbon steel flat plate model shown in Fig. 1 was
seven inches long, five inches wide, and three-eighths inches thick.
The bottom of the leading edge was beveled 15°. By comparison with a
reference under a high power microscope, the leading edge thickness
was estimated to be 0.0002 inches, except at a few places where it
was as large as 0. 0005 inches. For the measurement of the pressure
induced by the growth of the boundary layer, there were 10 orifices in
the top surface between x = 0. 650 and 4. 00 inches spaced approximately
equidistantly in the scale 1/ )Yx . The plate was located in a region
of the test-section where the static pressure was constant to within
two per cent, and was aligned with the measured flow direction. The
flow was regarded as two-dimensional,

Three impact pressure probes with frontal heights 0. 0025

(seen in Fig. 1), 0.005, and 0.010 inches were used in surveys of the



flow field about the plate;. The tips of the probes were made from
stainless. steel hypédermic fubing by flattening one end and honing to
proper shape. These tips were soldered into off-set holders.

The plate surface pressures were measured by means of a 32-
tube vacuum referenced silicone oil manometer. The tubes were read
directly to 0.1 mm. The impact pressures were read on a vacuum

referenced mercury micromanometer to 0. 1 mm.
B. Test Program

The plate surface pressures were measured several times at
each of three supply pressures.

Two preliminary tests concerning impact pressure probes were
made. First, because a flow deflection of up to 10° behind the leading
edge shock was expected, a test of probe sensitivity to angle of attack
was made. As the angle of attack of the 0.0025-inch probe was increased
from zero, it read 0.1 per cent lower at 30, 0.5 per cent lowe_:r at 60,
and 1. 2 per cent lower at 9°, Accordingly, during surveys the probe
was maintained at about 4° with respect to the free stream so that the
angle of attack error should have been small at every point of measurement.
Second, it is well known that when an impact probe being used in boundary
layer measurements is large compared to the boundary layer thickness,
considerable disturbance to the boundary layer results. Fig. 2 shows
the resulting change in the impact pressure profile normal to the plate
surface as the size of the probe is increased. The largest of the three
probes caused the boundary layer io thicken, and to show a pressure

bump at its outer edge characteristic of probe interference. This is
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t'entatively explained as follows: the static pressure in the vicinity of
the probe is increaéed by the prése»nce of the probe, separating the low
dynamic pressure region of the boundary layer for some distance
upstream. The resulting deflection of the flow is equivalent to a
thickening of the boundary layer, and at the same time increases the
efficiency of the shock system in front of the probe, so that it may -
read higher pressures,

A detailed examination of the flow over the flat plate was under-
taken by measuring the impact pressure profiles normal to the plate
surface at 10 stations between x = 0.1 and 3. 00 inches for each of
three supply pressures. The forward limit, x = 0.1 inches, was
imposed by the boundary layer being so thin that even the 0.0025-inch

probe caused excessive interference.
C. Data Reduction

It was desired to present the induced pressure data as p/poo
versus 7( in accordance with the interaction theory. p was given by
the pressure orifice readings, and p, was taken as the empty-tunnel
pressure at the point in space corresponding to each orifice location.
The values of Moo, calculated from the impact pressure ahead of the
leading edge shock, were 5.66, 5.79, and 5. 80 respectively for the
low, medium, and high Reynolds number conditions. The viscosities
used in calculating the Reynolds numbers and
A To
Mo Tw

were determined from the Sutherland formula. For the present case,

C =

C = 0.90.
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The location of the\ boﬁ.ndary layer edge, 6, and the shock wave,
Vg, were .taken frorﬁ the imi:act pressure profiles. The artificial
definition of § shown in Fig. 3 is not subject to the usual ambiguity.
yg was taken to be that distance above the plate where the impact
pressure reached its maximum value.

Using the impact pressures and an independently determined
estimate of either the total pressure (the pressure recovered by an
isentropic compression to zero speed) or the static pressure at the same
points in space, the following quantities were computed for the inter-
mediate Reynolds number condition: Mach number, velocity, mass flow,
momentum deficiency, and either static or total pressure, whichever
was not estimated. Isoenergetic flow was assumed.

Outside the boundary layer, the total pressure along a streamline
was estimated by determining where that streamline crossed the shock
wave by consideration of the mass flow. The measured strength of
the shock along its length then determined the total pressure. The
details are as follows: (1) The impact pressure ratio across a shock
gives an accurate measure of its strength, From the impact pressure
profiles a plot of total pressure ratio across the shock as a function
of the shock location, Vg Was made. (2) In Fig. 4, several streamlines
are shown crossing a curved shock. The yn's represent the points at
which the impact pressure was measured, and the Vg 's were sought.

n
If pu is the average mass flow between Y, and y;, then by continuity,

V. = Vg - e (v -

1 0 P Y%

(3) u was taken to be the speed of the flow with negligible error because
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the inclination of the flow Waé small. For a first approximation, pu
was taken equal to the value of pu at yo', which was known from the
oblique shock relations, and an approximation to ysl was obtained.

(4) The total pressure ratio for this value of ysl and the impact pressure
at y, were used to compute pu at Yi- (5) An improved estimate of pu
was made, and the process repeated until a consistent value of Ysl was
obtai;ied. (6) By similar means, y, was computed using ysl, and so
on until the streamline being computed crossed the leading edge shock
at a value of Vg lower than for which there was information about the
shock strength. (7) The other quantities listed above were computed
with the aid of the compressible flow tables.

Using the static pressures thus calculated and the measured
plate surface pressure, the static pressure was estimated for the
remainder of the flow field. The calculations were continued using the
impact and static press.ures.

@', the 'momentum' deficiency, has the interpretation of being

one-half the contribution of a stream tube to the total drag of a body.

6' is defined by

LY 1 -u/u ) - 1 P _
Poo "0 ( / o) Ym © ( Pe )
Q0
For the present case, the average drag coefficient at any x-station is

given by Ve
C = — 8’ dy

o)
Outside the boundary layer, 0' is proportional to the mass flow times

the entropy rise through the shock wave, and hence for weak shocks
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vanishes like (an

- 1)3, where Mn is the component of I\/IOo normal to
the shock.

| The mass flow profiles were integrated with respect to v by
means of a mechanical integrator, and several streamlines were
traced by locating points of equal value of the integral at each x-station.

Several Mach lines were traced by a2 simple quadrature of the sum of

the local Mach angle and streamline inclination,
D. Discussion of the Accuracy

The plate surface pressures were measured with less than one
per cent error. The scatter of any one orifice reading was occasionally
as high as three per cent, but the repeatability of the best straight line
in a plot of p/p00 versus 1/ Yx  was within two per cent. The viscos-
ity used in calculating the Reynolds numbers and C was known to within
five per cent, and M00 was known to 0. 2 per cent, so that _)C is
accurate to within six per cent.

In the boundary layer, the flow quantity profiles reflect errors
due to (1) impact probe location (2) probe error (low Reynolds number
effects, etc.) (3) estimated static pressure error (4) assumption of
isoenergetic flow. Near the plate surface, errors (2) and (4) are
expected to produce large errors in each of the profiles. These errors
may, however, be circumvented to some extent by estimating values
which are consistent with u/u00 being zero at the plate surface and
nearly linear in y. At the value of y where u/uoo - 0. 5, u/uoo,
pu/poouoo, M, and Po/po may be somewhat affected by errors (2),

(3), and (4), but 8', whiof:h reaches approxirﬁately its maximum there,

is relatively unaffected. In the outer boundary layer and in the remainder



14

of the region where the calculations were based on the estimated static
pressure, U/U_, pu/p u_and M are reasonably accurate, but 8'is
not reliable because of its dependence on (1 - u/uoo). Since thjs region
extends over at most one~third of Vs and because @' is small compared
to its maximum, the error contributed to the integral of 8' is small.
" In the range of y where the calculations were based on the estimated
total pressure, all quantities are believed to be nearly as accurate as
the measured impact pressures.

One check of the overall accuracy is given by how well the

mass flow profiles satisfy the continuity relation

Vs

_]_‘.. pu dy = 1
Vs P Yo
o
The value of the integral was 0.97 at x = 0. 157 inches, and was between

0.98 and 1.00 for all other stations. It is felt that the integrals of

0' are probably accurate to within five per cent.
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III. RESULTS AND DISCUSSION
A, Induced Pressures

The induced pressure ratios are shown versus 1/ Yx in Fig.
5, and versus the interaction parameter —)( in Fig. 6. In thése fig-
“ures, the lea.ding edge lies to the right, the trailing edge to the left,
Because the Mach nuniber was nearly constant, the present experiment
offers no justification for the use of the interaction parameter other than
permitting a direct comparison with theory. However, ‘the correlation
was improved by including the slight variations of Mach number. Also
shown in the latter figure are the first order weak and sfroﬁg inter-

action theory results

P/, = 1+0.35 X and p/p, = 0.92+0.52% (Ref. 10).

The data are seen to differ from the expected results in two ways: the
weak interaction theory should be adequate for T <1, but the data lie
25 per cent higher; the data are strikingly linear, faiiixig to show any
second order variations, or any transition between weak and strong
forms.

The discrepancy between the data and the weak interaction
theory can be due to: (1) The finite leading edge size in the experiment.
This possibility is to be dismissed for two reasons, First, in measuring
the induced pressures on a flat plate, Bertrarn(lz) has found that the
variation in the plate surface pressure as the leading edge thickness,

t, is changed is approximately equal to the corresponding variation of
the theoretically calculated pressure of an inviscid flo\.\;' over a blunt

wedge-plate body. In the present experiment, the first preésure
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orifice was 250 leading edge thicknesses downstream, and according

to Bertram's calculation the leading edge makes a negligible contri-
bution to the measured pressures. Second, no systematic change in
the slope of the curves of p/poo versus 7,(— is observed although Ret
has varied by a factor of four.

"{2) An inaccuracy of the pressure-angle approximation used in the
theory. This will be checked by comparing the tangent-wedge pressure
with the measured pressure along a streamline.

{3) An inaccuracy in the theoretical boundary layer growth. This will
be checked by comparison with the experimentally determined boundary
layer thickness.

(4) Error resulting from the neglect of the second term of the expression

dox (5 - 6%) dPe T

dex p.u dx
e e

Taking d(p_ u ) ) dp
P/p, = 1+0.45 Y | 1 e _¢© !

e
Pe Uy dx | ~ rp, dx

and 6% = ,7506 ~ yx , the ratio of the second term to the first becomes

. 0.11 X
1+ 0.457%
The flow deflection is underestimated by about seven per cent for }i’- = 1

and by 14 per cent for )& = 3.
(5) A pressure variation across the boundary layer thickness, The

flow quantity profiles support this possibility.
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B. Boundary Layer Growth

The impact pressure surveys were found to define a boundary
layer edge very distinctly for even the lowest Re_, about 6000, where
the probe frontal height was 15 per cent of 6. These data are presented
in Fig. 7. The st_faight lines faired through them are proportional to
: XO. 49, XO. 55, and xo' 61 respectively for the high, medium, and low
Reynolds number per inch conditions. In Fig, 8, these data are pre-
sented as §/x versus —M—E—E- in accordance with theory. The

YRe,,
satisfactory correlation is not surprising in view of the good correlation
of the induced pressures. The thinning of the boundary layer near the
leading edge by the induced pressure is clearly seen, and suggests
that §/x does not exceed some maximum value, in contrast to the
infinite value predicted by a simple power law. Thus the reéuirement
((S/x)2 < < 1 for the Prandtl boundary layer equations to hold may be

satisfied.

The boundary layer displacement thickness, &%, as defined by

6
j pu dy Pe U, (6 - &%)
0

may be written

dy

[og]
O]

6

Poy Yoo J pu
Pe Ye Po Moo

This quantity has been evaluated from the mass flow profiles (which
are to be discussed) and is approximately 0. 75. According to Fig. 8,

the displacement thickness for large Reynolds numbers may then be

written



The value used in the first order weak interaction theory is

——

* ' YRe

X

Z:,-c-
6% = 0. 48 —I\—/I—..__..__._

The method of Cohen and Reshotko(”) for calculating the laminar
boundary layer with arbitrary pressure gradient was used to predict
a boundary layer thickness for the case Re/in. = 117,000. Taking the
observed value of § at x = 0, 100 inches as the starting point of the
calculation in order to avoid making assumptions about the flow con-
ditions very near the leading edge, and using the measured plate surface
pressures, the resulting boundary layer growth was found to agree

with the experimental values to within 5 per cent up to x = 3 inches.
C. Shock Wave Location and Strength

The shock location, Vg is given for three Reyhdlds numbers in
Fig. 7. When these data are presented as Rey versus Re as in Fig. 9,
it is found that they may be empirically represented as Rey{v Rexo' 90.
It is interesting to note that in the Princeton helium tunnel at Mach
numbers of the arder of 14, the shock shape for a flat plate with
0.88 |

Re, = 119 may be expressed as Reyfv ReX

¢ (Ref. 13).

However, it is perhaps more appropriate to present these data
in another way. The shock wave location on a body equivalent to the

observed parabolic boundary layer shape

2
&% = 0. 50 M )‘ .
Y Re
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has been calculated according to the Friedrichs theory, as outlined
in Ref. 18, pp. 397-402. In this method, the flow behind the shock is
considered to be a simple wave, and the equation of a Mach line may

be written

y - x-tan(-lﬁ_+ o) = Y(0) |,

where = Y Z . Along the shock, dy/dx obtained from
P M ‘-1 g _
w .

this expression must be set equal to tan[q (Q)] , giving the linear

differential equation

{tan( —é—+0)-tan[q (c)]}-g%‘_+ x S tan(-—é—f@) = - Y'e) .

To the first order one has

tan ( 731-+ 0) = —é._.+ 2A0
wn [n (0] = —-é—--i— A0
where
4
A= X3! Moo
- 4 4
B
Integration gives
_ 0
1
X, = — edy(e ,
S AQ
e
o]

where Go =0 atx=0. Together with the equation of the Mach lines,
this expression gives a parametric representation of the shock shape.

Taking 0 = %g;— , one obtains for the present case

x | 2/3
-—E-') = 3.13 ReX. .

This result is shown in Fig. 10, and the experimental data are seen to

Re (y,_ -
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coﬁzpare favorably with the theoretical prediction.

In Fig. 11, the flow deflection behind the shock wave is given
for the intermediate value of Re/in. This measure of the shock
strength has been determined from the impact pressure ratio across
the shock and is considered to be quite accurate. The same qﬁantity
" has been calculated from the empirical relation Vg XO' 88, which
represents the best fit of the shock location for this value of Re/in.
The agreement is seen to be rather poor.

As a check, the reverse procedure was followed. The shock
wave angle determined from the impact pressure ratio was‘ integrated
by a simple quadrature, starting from the observed shock location at
x = 0.1 inches. The shock location determined by this means was
virtually identical with that measured. It is to be concluded that the

determination of the strength of a weak shock by differentiation of its

measured location is a matter requiring some care.
D. Flow Quantity Profiles

Certain interesting features of the flow field are disclosed by
. the profiles of the calculated flow quantitiés at the various x-gstations.
One such set of profiles is shown in Fig. 12, For example, the velocity
in the viscous region appears to retain the form usual for the laminar
compressible boundary layer, while in the external region the velocity
is near the free stream value, and the mass flow ratic is larger than
unity. The extent to which there exist separate Viséous and non-viscous
regions does not diminish in the profiles nearer the leading edge. In

contrast to the usual viscous flow over a flat plate, the momentum
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..defic.:iency does not vanish outside the boundary layer edge, but extends
to the shock because of the wave drag of the boundary layer.

A substantial pressure gradient in the y-direction due to the
streamline curvature occurs in the inviscid flow region. The mass flow,
Mach number, velocity, and momentum deficiency show variatiéns
which are consistent. Above a certain value of y, the velocity and Mach
number decrease with increasing y because of the increasing static
pressure and slowl3\r varying total pressure, while the momentum de-
ficiency increases due to the increasing mass flow. Below this value
of y, these quantities show the opposite variation because the total
pressure change with y is rapid.

A measure of the vorticity outside the boundary layer edge is

afforded by the total pressure profiles. Crocco's theorem is -
a xw = -TV S

where a is the velocity, O the vorticity Ve © uy , T the temperature,

and VS the entropy gradient. The entropy may be written

p [l
s-s5 = c_Adn( 0=,y |
© P Py
and its gradient is approximately
ds Y- 1 d Pow ™ Po d 4P
S = = C =
v dy Y p & Tp, b= R P,
The vorticity at the plate surface is nearly ?ux'w = ue/é , 8o that
& 6RT d AP , _ 5 a AP
o =@ 3 B z &y (5 )
u o ¥ M o
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At x = 0. 25 inches, for example "d’f/_&;”w = 0.1 outside the boundary
layer edge, but is only 0.005 near the shock. The rate of shearing
strain v, + uy near the shock will be approximately 2 uY <0
since @ £ 0.

Some anomalies remain to be considered. (1) The behaviors
~ of each of the flow quantity profiles near y = 0 reflect the errors
suffered by an impact probe at low Reynolds numbers. (2) The pi'ofiles
at x = 0.157 and 0, 250 inc_hes (not shown) show the effects of impact
probe interference near y = 8. (3) According to the profiles at x = 0. 64
inches and aft, the pressure is about five per cent higher in the boundary

layer than in the nearby external region. Although such an effect has

not been explained, no reason to discount this result has been found.

E. Flow Field

Fig. 13 gives an experimentally determined represe.ntati_on of
the complete flow field. It is seen that the streamlines cross the shock
quite far ahead of where they enter the boundary layer, | é,nd the Mach
lines intersect the shock at very small angles so that the rather slow

0.90 shape, is

decay of the shock strength, corresponding to its x
accounted for. The boundary layér growth in the first 0.1 inches
determines the shock strength up to about x = 0. 7 inches.

In Fig. 14 the static pressure along each of the three most
forward Mach lines of Fig. 13 shows only a slight increase with x.
Apparently the expansion waves incident upon the shock are reflected
as very weak compression waves. The flow deflection along the first

Mach line is calculated to be 4.36° at x = 0. 157 inches and 4. 25° at

x = 0. 64 inches. This Mach line is nearly straight, having an inclination
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15.40° at x = 0. 157 inches and 15.21° at x = 0. 64 inches. The other
Mach lines show smaller variations along their lengths,

The static pressure along the streamline shown crossing the
shock at x = 0.1 inches in Fig. 13 has been calculated from the local
streamline inclination by means of the tangent-wedge approx,irﬁation
"and compared with the pressures taken from the calculated profiles.

The results are shown in Fig. 15.
F. Total Drag

Near the leading edge the shear is expected to be higher than
the zero pressure gradient value because the boundary layer is thinned
by, and 8u/8y at y = 0 increased by, the negative induced pressure
gradient. The velocity profiles are not considered to be sufficiently
accurate near y = 0 to permit a direct calculation of the local skin

friction. Instead, the average skin friction coefficient, C has been

F’
obtained from the @' profiles and is shown in Fig. 16. The drag of the
leading edge, approximated as the impact pressure timés half the
leading edge thickness, is about seven per cent of the measured

CF at x = 0. 157 inches, and is less at succeeding stations. Eimer(l5)
has measured the local skin friction on a flat plate in the séme tunnel,
and the average skin friction corresponding to his result is shown for
comparison. His measurements were made by means of a floating
element balance located sufficiently far from the ieading edge that
interaction effects may be neglected.

Maslen”) has given a theoretical expression for the local

skin friction of the form
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C. YRe— = f(Mm) + —8M)
0= Yy Re_

X
It is not directly integrable to give CF' Instead, the experimental
value of CF at x = 3 inches was taken, and its variation ahead of this

station computed from Maslen's result according to the expression

x ' 3
1 _ 3 1 L
Cp = % Cfdx'—:TCFS'—x-gcfdx_
Q X

The values of CF thus determined agreed with the experimental results

to within two per cent.
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Iv. SUMMARY OF RESULTS

M3 yT
JRe,

and are about 25 per cent higher than the first order weak interaction

(1) The induced pressures are linear in

theory.

(2). The boundary layer edge is well defined for ReX at least
as small as 6000. The flow outside the edge is inviscid, ‘but vorticity
is present.

(3) Away from the leading edge, the boundary layer thickness is
in agreement with the zero pressure gradient theory, but is thinner
near the leading edge.

(4) The shock wave location may be represented by

Re (Ys - _:;_ ) v Rexz/?) and is in good agreement with the theoretical

shock location for a parabolic body.

(5) The paths of the Mach lines indicate that the shock location
ahead of x= 0.7 inches is determined by‘the Boundary layer gréwth
ahead of x = 0.1 inches. The Mach lines are so nearly parallel to the
shock that the strength of the shock along its length decays slowly.

(6) The static pressure and flow deflection are nearly constant

along the length of a Mach line, indicating that waves reflected from the
shock are weak.

(7) The average skin friction coefficient tends toward and
nearly matches the zero pressure gradient value downstream, but
increases to approximately twice that value as the leading edge is

approached.
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