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By Coleman duP. Donaldson

SUMMARY

A discussion of the interaction between normal
shocks and boundary layers on the basis of experimental
evidence obtained. in studies of supcrsonic flows in

' passages 1is given, The investigation was made as a’

result of the inability of the existing normal-shock

, theory to explain phenomena involving. normal shocks that
occurred in the presence of boundary layers. = Assump- .
tions with regird to the character 'of the effects of
interaction betwesn boundary 1ayer and normal shock are
proposed; these Zgsumptions sezm to give good agreement
with certain experimental results,

INTRODUCTION

For some time, many Tlows in Laval nozzles and on
airfoils at supercritical speeds have been observed that
are not explained by the exlsting normal-shock theory.

"The shock theory does, however, give good agreement with

experimental results in some Instances when the shocks
being considered aré¢ not in contact with a boundary layer.

'This inconsistency has led to.an investigation of the

interaction between ncrmal shock and boundary layer,

EFFECTS OF IVTERACTION

In order to visualize, the interaction, assume that
a normal shock occurs in contact with a boundary layer
as in figure 1, which might represent.one side .of a Laval
nozzle. The air in the free stream outside the boundary
layer 1s able to get -through the shock but the .air in the

_boundary layer .of the usually aosumed flow, because of

its lower momentum, is unable to get tnrough the sharp
{
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adverse pressure gradient that tho xorma] shock presents.
This air accumulstes and: thickens the ooundary layer, with
the result that the air in the free stream is compressed
from its original Mach number to some lower value just in
front of the shock. The shock is' then less severe and
allows the boundary layer to get‘through more easily.
This effect has been confirmed in many instances by .
experiment. - Schlieren photographs at the bases of shogk__ . .
waves show this thickening and compression (see fig. 2),
and pressure measurements near shock waves in the presence.
of a boundsry layer have indicated that the shock may
produce a smooth rise in pressure rather than a sharp:
break from one pressure to another (fig. 5 of referencc 1).

. The discrepancies between experiment and flow cal-
culations neglecting the boundaﬂy -layer interaction just
discussed 'led to the followlng. aantltatlve assumption:
The air in the free streesm né ar,tqﬂ boundary layer 1is
compressed to a Mach numbsr close %to one in order to
permit the boundary layer to negotiate the normal shock.
In Laval nozzles, for example, where the f{low is nearly
one - dlmens1onal the entire shock seems to be softened
to this value wheress on airfoils, where the flow is .
more complex the shock may be so softened only at 1its
base. : \ ,

In a Laval nozzle, 1f the,ach number ahead of the
normal shock'is close to one, then the "ach numher immed-
lately behind the shock is also close to one, iny small
change 'of conditions would therefore c‘uve the flom to
attain a supersonic velocity agein, which would necessi-
tate a further shock. This type of flow may be seen in
figure 3, which shows three norwal shocks in- succession,
a phenomenon often observed in the llﬂn—speed Iaval
nozzles that -have been investigated at LMAL. oo

Another result of the softening of the normal SHOCK —weme -

by the boundary layer is a rcquctlon in the total-head - .
loss experienced by the air in crocsing the shock itself
A total-head loss is still present, however, b@cause of

mixing of the free stream and boundary layer,  zZxperiments
with alrf011s at supercrltical spceds have 1nd1cated that
the measured %otal head lcsses throu~h the normal shock
near an airfoll may be less than those calculated from
normal-shock theory when no,softening occurs. Some ex-
. perimental ev1dence of this softening effect was indicated
by Jacobs in reference 2 and by Stack‘ Lindsey, and
Littell in reference 3%, in xhlcq it was ob°erved that the



total-head loss behind an airfoil with shock reached a
- minimum value just outside the region of large total-head.
loss due to boundary-layer mixing (figs. 18 and 19 of’
reference 3). The fact that the Mach number behind the
base of the normal shock on an alrfoil was in the vicinity
of one was also noted in reference 3. It appears,
however, that no adequate explanation .of these departures
from normal-shock theory has been offered\prlor to the
present investlgatlon. J : o

’ Further experimental support of the nroposed assump-
tions was obtained from studies of the flow in a convcrglng—
‘diverging nozzle. The position of the normal shock in
the nozzle reported in reference 1 was calculated first
by means .of -the normal-shock theory and then by assuming
that the shock had been so softencd that the lach number
at the shock was 1. These methods of calculation are
explained in the appendix. The results presented in
figure li show that the normal-shock theory alone is
greatly in error but that the proposed treatment of the
effects of interaction between boundary laysr and normal
shock gives good agreement w:th enperlqenual réesults.,

.
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 APPEVDIX L :
bALCUI-‘-ATIAQ?-T\ OF POSITION OF MORMAT SHOCK T¥ A NOZZLE.';“

-Yormel-shock theory.- The position of the normal
shock in the nozzle is assumed; thus the pressure ratio

across the shock is known. The pressure in the chémbeﬁ
that will maeke the pressure at the exit of the jet equal
-to atmospheric pressure 1s then ‘calculeted.,  Adiabatic

‘expansion up to the shock and adiabatic compreuulon after
the shock are assumed S , e

. Proposed ‘treatment.- AworoAlmation of" softening is.
given by the assumption that the ifach number at the .
p081tion of the shock is 1 and ‘that the oressure ‘at this
point . is 0. 528 times' the chamber pressure (ratio of the

heat capac1tles taken as 1ulp). ‘ For examp]o assume.
po : l“spa ,
5 ' v
and’
Py T Q.528p0
where ‘
P, pressure of air at rest, assuned herein as chamber
‘ pressure . o :
ba atmospheric or ‘exlt pressure
3 ‘prossure at shock
Then
pa/ps = 1’265 ‘ ~ .

1
1

The meiatlon between the area at the shock and the area
at “the ex1t is 0.957 obtalned Trom flgupe 5 for a value
of



0.528 x 1.263

&
0.667

nu

p/p,

This conditlon is fovnd from flﬂure 6 to exist at &

point 0.690 inch from the end of the n027le. This
p01nt is plotted in flgure L. S

'
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Figure l.- Thickening of boundary layer before the shock
and resulting compression of frec\stream.

l



830-2,3

NACA

Figs.

Figure 2.~ Schlieren photograph of flow in a
converging-diverging nozzle showing compres-
sion due to thickening of the boundary layer
before a normal shock. Knife edge horizontal.
(From fig. 2 of reference 1.)

Figure 3.- Schlieren photograph of flow in a
diverging passage showing three normal shocks
in succession. Knife edge vertical.
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Figure 4.- Position of normal shock in the converging-diverging nozzle of reference 1 calculated
: by two methods and measured experimentally.
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Figure 6.~ Properties of converging-diverging nouzle of reference 1 for
' determining pogition of shock. '






