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EFFECTS OF ItJTERACTION HCTWEEN NORMAL 

SHOCK AND BOUNDARY LAYER 

By Coleman ,d~P, Donaldson 

SUMMARY 

A discu'ssion of the interactlon' between normal 
shocks and ,boundary layers on the basis of experimental 
evidence obtained· in studies of supersonic flows in . 
passage's is given, T~1e invest:l,ratio!"l was made as a( 
result of the inability of the existing normal-shock 

) theory to explain phenomena involving,normal ~hocks that 
occurred in the presence of bO'lmda.ry layer's,' Assump- , , 
tions ,with reg~rd to the character :of the effects of 
interaction between boundary layer and normal shock ,are 
proposed; these &~sumptions 8e3m, to give good agreement 
with certain experimental results . 

• 
INTRODUCTlotr 

,For s~me time, many flows in Laval nozzles and on 
airfoils at supercritical speeds have been observed that 
are not explained by the exlsti~g normal-shock theory, 

'The shock theory does, however, give gooa agtee~ent with 
experimental results in some instances when the shocks 
being considered are not in contact wi th B, ,bolmda-ry layer. 
Thi~ inconsistency has led to,an investigation of the 
interaction between normal shock and boundary layer. 

EFFECTS OF PTTERACrrrON 

In, order to visualize, the inter,action, assume that 
a normal shock occurs in contac~ with a boundary layer 
as in figure 1, whi'ch might r'epresent, one side .of a Laval 
nozzle. The air in the f~ee stream,outsic3.e the boundary 
layer ,is able, to getthr,ough the' shopk buttho,ail'l in the 
boundary layer ,of, the usually assuil1e'~ f+9.W, because of 
its lower moment~, is unable .to get through the shar,p 
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advers~ pressure sre,dient t~t..~,..l;JQ\:~ll~ shock presents. 
This all'. accumulates and: thlckcns the voundary, layer, vlith 
the result that the atr in the free stream is compressed, 
from its originnl Mach number to SOl;:e lower value just 'in 
front of the shock. 'Ehe shock is' then less' severe and 
allows-, the boundary layer to get throush more easily. 
This effect has been confirmed in many instances by 
experimen t. Schlieren' photographs at the bases of sho.Qk ___ ' __ _ 
waves show this thickeninG and compression (see fig. 2), 
and pressure measurements near shock waves in the preeence, 
of a boundary layer have indicated -that the shock may 
produce a sm'ooth rise in pressure rather Ulan a sharp' 
break from one pressure to another' (fi[;. 5 of reference 1). 

, , 

, rl11e discrepancies between experiment ,and flow cnl
culations neglecting the boundapy-1El,yer il1teraction just 
,discussed 'led tp the followinG ,quantitative assumption: 
rr:'h0 air in 'the free strel:)m ne~n"the 'boundar.y layer is 
comnressed to a ~T8Ch numb5r close' to one in order to 
Permit the boundary layer to necotiEtte,the normal shock • 

. In Laval, nozzles, 'for example, where the flow is nearly 
one-dimensional, the entire shock seems to be softened 
to this value; whereas on air foi Is, v/here the flow is 
more complex,the shock may be so softened only'~t its 
base. 

I 

In a Laval nozzle, if ,the, ;,"ach nQinoer' ahead of the 
normal shocl{' is close to one, then the: ~,rach number immed
iately behind the shock is also close to one. tny small 
change 'of conditions would therefore ceuse the flow to 
attain a supersonic velocit,y aCfin, \',:h'ich would necess:L
tate a further shod:. Thi s type of flow may be seen in 
figure 3, which shoVJs' three nor;'(:al sho'c;~s in' succession, 
a phenomenon often observed hi ti,18 hish-speed Laval 
nozzles that have been investigated at! U~AL. 

I I 
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Another result of the softenil1[:; .of the normal shoo1(--·------
by the bo,undar'Y layer is a r6duction in the total-head 
loss experienced by the air in croEsin~ the shock itself. 
A total-hea~ loss is still present, however, because of 
mixing of the free stream and boundari 18,:,rer. . _c;xperiments 
wi th airfoils\ at s:u,percri tica'l. spoeds have indicated ~hat 
the mea.sured total-head losses througll the normal shock 
near an airfoil may be less than those' calculated. from 
normal-'shock theory when no, sof'tfmingoccurs. Some ex:" 
perimental evidenrie of this softening ~ffect was indicated 
by .Jaco'bs in reference 2 and by steck ,I Li'ndsey, and 
Littell in reference 3" in 'which it wa's obser'ved .that the 
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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 mlxing (figs. 18 and 19 of' 
reference 3). The fact that the Fach number behind the 
base of the normal shock on a~ airfoil was in the vicinity 
of one was also noted in reference 3. It,appears, 
however,., that no adequate explanatlon ,of these departures 
from normal-shock theory has been offored,'prior to the 
p~esent 'inv:estigation . 

. Further experimental support of the proposed assump
tions .was.obtained from studies of the flow in a converging-
diverging nozzle. The position of the, normal shoclc in 
the nozzle 'reported in reference 1 was calculated first' 
by means ,of' ,the normal-shoc1e' theory and then by assuming 
that the shock hadbeOl1 so softensd tb.atthe !,Tach number 
at the shock ~as 1. TheDe m9th6d~ of calculation are 
explained in the appendix. The results presented in 
figure 4 show that the normal-shocl~ theory alone is . 
greatly in error but that the proposed treatment of' the 
effects of interaction between bO,lndary layer' and normal 
shock gives good aereement With experimental results. 

Langley Memorial Aeronautical Laooratory, 
National Advisory C~mmitteo for Aeronautlc~, 

Langley Fleld, Va . 
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,'APPE~roIX 

I 

CALGT]LA r,:'I0:'T O'P' POSITIO~\T Oft' 1\TOP,T·rli L S~-roCK IN t, NOZZLE 
.,' .' 

-·Norm8l-shock,theory.:... The position of the normal 
shoc1\:- in the nozzle is assumed;' thus the pressure' ratio 

I ncross the shocl{ is known. 'I'he pressure' in the chamber 
that will make the pressure nt the exit of the jet equal 

·to atmospheric pressure is thencalcu18ted. Adia~atic 
, expansion up to the shock and adiabatic compression after 
the shock are as'surned. . \' 

# ' .'/ 

. Proposed. treatment .- ,Approximation of softening is, 
given by the assumption that the EDen mir~ber . at, the . 
position of the shock is land ' t :2at thE.: pressure a t this 
point, is 0.52,8 times' the cbam'.Jer }2re~lsure (ratio of the 
heat capacities tfiken as l'.L~) •. ' 'For example, assume 

and' 
, I 

where 

po. pressure of air at rese, 8ssumecl herein ElS chamber 
pressure 

Pa atmospheric or exit pressure 

Ps pressUre at shock 

Then 

I 

The ,relation between the Cirea Dt the shock and the area 
at 'the exit is '0.957 obtained from fiGure 5 for a value 
of 
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plpo = 0.528 x 1.263 
= 0.667 

This condition is found from f'lgUl'e 6 to exist at a 
point 0.690 inch from the ,end of the nozzle. This 
point is plotted in fiGure 4. 
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. NACA , Fig. 1 
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Figur~l.- Thickoning of boundary layer before the shock 
and result~ng compression of freo stream. 
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NACA Fi~s. 2,3 

Fi~ure 2.- Schlieren photograph of flow in a 
conver~ing-diverging nozzle showing compres
sion due to ~hickening 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 
divergin~ 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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NACA Fig. 6 
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Figure 6. - Properties of converging..,.(lJ.verging nozzle of reference 1 for 
determining position of shock. 




