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ABSTRACT

In earlier reports of this series it was shown how quantitative velues of density,
pressure, temperature, velocity end Mach number in supersonic gas streams could be obtained
cptically by the use of an interferometer. The Mach number M may be obtained independ-
ently by making shadow photographs of the head wave of a narrow probe placed in the stream,
Probe and interferometer Mach number values were in good agreement in a homogeneous stream
from & Laval nozzle, but in complete disagreement in an inhomogeneous expending air jet in
the region where standing shock waves occur. This discrepancy hes been treced to the in-
fluence of the stending shocks on the air flowing at low velocity in the boundary layer
along the probe. The shock pressure may cause a separution of the stréam from the probe,

and a configuration of normal and oblique shocks arises as & result at the region of separ-
ation. ' - "

Further experiments made in a strictly one-dimensionnl stream show an &nalagouc
separation of flow when & normal standing shock wave intercepts the boundury layer. The
theory of aeparation.is discussed in the light of some earlier work of Prandtl and Stodols.



Part 111

Boundary Layer cnd Shock Weve Interactions Observed Along Probes and Wires in

Supersonic Air Streanms

I. INTROLUCTION

In Part I of this series of reports 1/ an interferometric analysis was made of a
typical supersonic air jet. This report includes the details of the method; of applying the
Mach interfercmeter to an axially symmetric flow pattern, snd the density distribution in
such an air jet from a circular orifice wus determined. As set forth in section VI -7 of
that report, sn effort was made to correlate Mach number values calculsted from the density
with those measured directly by probes, with the result that large discrepencies were ob-
rerved in the region of the &~ jet where shocks were present. Good agreement is observed,
however, in streems without shocks, for example, parts of the jet near the orifice end in
the uniform stream from a Lavnl rozzle. 2/ A brief explanation for thir effect in terms
of shock wave-boundary loyer i:teraci one was given in Section V1-7 of Part I. The present
report gives a detailed expl--. "ion of che effects observed with probes in jets, as well as

some further experlments carri-i ~+% wiih uxiel wires in a circuler homogeneous siream from
a Leval nozzle.

1/ INTERFEROMETRIC STULY OF SUPERSONIC PHENOMERA Part I. "A Supersonic Air Jet at 60 1b/in.”
Tsnk Pressure." NAVORD Report 69-46

2/ Comparison of Interferometer and probe Mach numbers in the homogeneous stream from a
Lavel nozzle is described in deteil in NAYORL report 93-46 "INTERFEROMETRIC STUDY OF SUPLR-

SONIC PHENOWMENA PART ZI. "The Gas Flow Arowund Verious Objects in a Free Homogeneous Super-
sonic Air Stream."



TI. EXPERIMENTAL RESULTS

Figure 1 is & spark shadowgram of en air Jet, from a smoothly converging round nozzle
of 10 mm. orifice diameter, with tank overpressure of 60 1bs./in.?. The standing shock waves
are produced by the expansion and contractions of the Jet ns it proceeds from the orifice.

By means of interferometer technique as described previously (Part 1) the density
distribution in this jet was obtained optically with good accuracy. The use of various
hydrodynamical equations, together with the initial tank conditions, enables ome to obtain

the pressure, velocity, temperature and Mach number everyvharc'. in the jet. In particular,
the Mach number can be obtained from the relation '

L
¥- L
M= {34 ((2) -] .

where el is the tank density, and p 1s the density corresponding to the Mach Number M.
This equation contains the adiabatic relation, and is therefore valid only in isentropic
regions of flow, which in the air jets in question means the region bounded by the standing
shocks and the toundary layer where the jet mixes with the room air. Mach number values
downetrean from the standing shocks may be caloulated from the analagous relation

) L
o- ElEE - @

where T, is the tank temperature, T, and O, are the temperature and density of gas lmmedi-
ately on the downstream side of the shock, which may be obtained from the known shock
strength and angle by applying the Rankine - Hugoniot relations. The Mach number in tur-
bulent regions can not be calculated in a simple way from the density. These equations

show that the flow is supersonic everywhere except in a core extending downstream from the
normal shock wave.

1f the flow is supersonic, i.e., M = .:l >1,

the Mach number may also be obtained by making shadowgrams of the headwave of a fine probe
pointed into the stream, and measuring the angle of of the headwave to the stream direction.
The stream direction coincides with the headwave bisector if the cone is narrow, as showmn

- 1 .
by Kopal 3/. The Mach number is then given by M ( & ) = -

3/ Private Commmication from 2. Kopul, Massachusetts Institute of Technology. For exasmpls,
the shock-cone yaw ratio m .0l for a 5 degree cone and .l for a 10 degree cone at Mach
number 1.70.
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Both methods of deteraining M have been applied to an air jet from the 10 mm con-
vorging nozzle at Py = 60 lbs/!.n.2 overpressure. Figures 2 and 3 are typicel shadowgrams
showing the appearance of the probe headwave near the orifice and near the shock region
respectively. In addition photos were made with the probe in muny other lccations. In
Figure 1 t.hg resultant M values are tabulated, the arrcw pointing in the stream direction
and having its tail at the place of measurement; M (X ) is given at each point and M (P )
(from Equation (1) or in a few cases (2) ), just below in purenthesis. The agreement is
satisfactory at the orifice region, but the M (o) values are generally different than the
M (P) values in the jet boundary, as would be expected as equations (1) and (2) do not
apply in turbulent regions. Probe values are probably correct in this region. Large
deviations occur, however, in the region upstream from the mormal shock wave, which is an

isentropic region. M (,O ) is here 200 - 300% larger than M (X ). (These M (o)
velues are enclosed in boxes).

A qualitative comparison of shadowgrams such as Figures 2 and 3 showed that on the
basis of the width of the dark.band in the probe headwave shadow a much stronger shock
wave formed about the probe point in Figure 3 than in Figure 2, appearing as if the probe
had drawn down the normal shock with it as it was inserted. The shape of the jet, of course,
is completely changed on the downstream side of the probe when it is inserted. The oblique
shocks in Mgure 2, for example, appear closer to the orifice than normally.

Six interferograms of the 60 lb. jet were made with the probe in positions similar
to Figures (2) and (3) and at other intermediate points between the orifice and the normal
shock. Figures/ and 5 illustrate two cases, with the probe near the norsal shock and near
the orifice respectively. Three or four cross sections were measured on each interferograam
at the approximate positions with respect to the probe indicated by the cross lines.

The jet without probe had been completely measured previously.

The initisl conditions were approximately the same in all caees, namely,
60-lb/1n.2. tank overpressure and room temperature.

The sectlions near the orifice gave no detectable difference with and without probe,
from shich we conclude that ths head.wave appearing in the shadowgrams of Figure 2 represents
a density step A O too smull to be detected by the interferometric analysis at the
existing rpdiul.

The results near the shock region with the probe point at z = 11.30 sn. are shom
in Pigure 6, resulting from an analysis of the interferogram of Figure 4.

The densities up to the position of the probe shock wave agree with and without
probe as closely as could be expected for different photogruphs. But a strong shock is
present in the cross sections with the probe, inclined at of = 54° to the streas .
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Figure 2

Probe measurement of Mach number

near the orifice

(Spurk shadowgram)
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pear the shock regicn (Spark shadowgram). The shocks have been
(See text page .

Probe for measuring Mach No.
pumbered in accordance with Figure CR
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Figure 4

Interferogram of air jet with probe near the shook region. Oross sections at A=A, beb,
C-C, snd D=-D were evalwsted. (see Figure 6)
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Table 1. _ 'i./

8 bperv or the
c about the be ar eveluat {rom
e 8RS .
Poaition of Position of | M 3
Probe roint g Cross Seotion g total# n */f ]
{mm) (mm) K. (11) | Observed
11.30 12.10 3.03 2.44 3.3 3.4
+1.82 2.97 2.41 3.2 3.3
11.58 2.95 2.39 3.2 3.0
943 10.61 2.71 2.05 2.7 28
9.86 2.60 1.93 2.6 24
8.04 9.92 2.63 1.79 2.3 2.3
8.42 2.38 1.50 1.9 ) 1.8
6.67 { 8.61 2.43 1.43 1.7 1.9
: 7.61 2.23 1.28 1.5 1.6
5.78 ‘% Mo shock detectable on interferogram
2.48

*i total was obtained from the density in the stream directly before the shock front
from_eyuation (1).

The equation i +1
R 30 o
i L -
—_—— 4

which gives the shock atrengih se & function of the Mach number component M,. normal to the
shock front was applied to the shocks about the probe evaluated from the six interferograms,
and gives good agreement with the measuted vilues as shomn in Table I.

A continual decresse in shock stremgth occurs as thr probe 4s brought nearer the
orifice, until at about s = 6 ma, the shock is too weak to show on the interferograms. It
is just at this region that the values given in Figure 1 coms into agreement, within the
experimental error.

Thus %the strength and angle of the shock formed at the probo is consistent with the
high Mach number in the stream as calculated frox the <denzity. The large discrepancies in
Figure 1 aries frow usi.g the simple equation )
M = Sin of
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vhich gives the trus Mach mmber only 1f the probe hoad wave is very weak, and travels

approximately with the sound velocity 3. For strong shocks tho velocity 1s higher, and
1/sind merely gives the ratio
N oL Hs

M‘h Mm'Q

of the total Mach number to the component normal to the shock front, as the rshock velocity
is equal nnd opposite to the component of the gas velocity normal to the shock front
and the total gas velocity before the shock is M.a.

The problem is then to explain the formation of the strong shock appearing as if it
were the probe headwave. The well-established thsory of the supersonic flow about conical

objects (e.g., the theory of Taylor and Maccoll 4/) predicte that the headwave of & very
parrow cone should be a very weak shock and should be inclined at the Mach angle & .
It is known that a second solution of the flow equations exists, represerting the other
possible shock having the proper strength and inclinatiorp to divert the flow by the
necessary amount to pass the cane. But the possibility that the strong shock represented

a “sesond solution® for the cone ’problu was discarded in the light of the following
explanations

A close exumination of the shadowgrams with the probe brought through the normal
shock revesaled the presenceof a "dead water" region, conical in shape, beginning at the
point of the probe and extending downstream from it. The stream appeared to be diverted
outward, and measurements actually showed that the probe headwave angle corresponded
roughly to that which would be obtained if the dead water were considered to act on the
stream like a solid cone. Following a conversation with Dr. Hans Liepmann of the Guggen-
heim Aercnautical Laboratnry the possible influence of boundary layers was considered.

It is a well-imown fact in fluid dynamics that a transitlon layer exists at the
boundary of a fluid streaa in vhich the velocity of flow decreases from the free stream
velocity domn to sero at the wall. This boumdary layer may be laminar or turbulent
depending cn the Reynold's number and various conditions of stability. 5/ At any rate,
the velocity becomes subsonic in the boundary hyor' of a supersonic stream, providing an
oovvortunity for signals to be propagated upstream along the wall.

It 1s also known that the stream may separate froa the wall, resulting in a large

thickening of the boundary layer which extends out into the body of the fluid if the pressure
inoreases in the direction of the flow.

Taylor snd Maccoll, Proc. Roy. Soc. 439, 278 and 298 (1933) Macooll, Proc.’ Roy. Soc. 159,
459 (1937). G5ee also Part II of this series of reports for comparison between experiments
and Taylor and Maccoll's theory.

5/ See "Modern Developments in Fluid Dynamics" ed. by Goldstein for a discussion of boundary
layer phenomena. Also various MACA publicatioms.
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Prandtl §/ bas expluinsd this phenomenon for an incoapressible fluid, assuaing that the

streaa pressure peralsts unchcnged through the boundary layer. Fluid in the layer is pulled
along by the free stream, but retarded by the wall ~nd by the adverse pressure gradiaat. In
certain cases it may actually be brought to rest, or mede to flow in the reverse direction,

resulting in a back oddy, and a diversion of the main stream. (See Prandtl, loc. cit., Pig. 2,

page 4, or Goldstein, Fig. 22, page 57). The point of seperation may be calculated, provided
AP

o~ is given everywhere, by experiment or otaerwise, and occurs where 2Y¥  becomes
grouter than sero. 3‘1

It should be noted that while in subsonic flow a stream may be diverted into itself
or compressed in a continuous manner, at supersonic speeds such a compression occurs either
entirely discontinuously by means of a shock wave, or per'f.ly discontinuously snd partly
continuously. Thus if the boundary layer separates in a supersonic streaa, an oblique shock
wave must occur to provide the necessary diversion of the stream. This is shown in Figure 7,
which 1s unalagous to Prandtl's drawing, but for the supersonic case.

FIGURE 7
STREAM SEPARATION ACCOMPANIED
BY A SHOCK WAVE.

FREE STREAM M> 1

/

< > Y S g
LAYER

777777f///////////////////////////"/ SURFACE

&/ "Vier Abhandlungen zur Hycrodyramik wnd Aerodynamic*® L. Prandtl and A. Betz. Gottingen 1927
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shich the pressure is also P; encounters a normal shock, across which the pressure rises to
P2. The cituation as shown in Figure 8 will certainly be unstable if the shock has a finite
strength, i.e., if P, is appreciably groator than Pj. Flow in the boundary may be retarded
or stopped by the pressure increase, and the stream will be diverted. This explanstion is
certainly over-aimplified as the normal shock can in no case extend down into the boundary
layer whore the flow is subsonic. ‘fhe préssure distribution around thn foot of the shock

is rather cbscure, but it is certain that e pressure increase does occur, snd a stable
situation of the type shown in-Figure 9 exiats.




FIGURE 9
INTERACTION OF 4 NORMAL
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The overall result is to transfer the streas and boundary from the region A at
pressure P; to the region C at pressure P2, the vortex sheet meanwhile retreating froa
the wall from 5‘ to § a + The initial divergence of the stream is accomplished by shock
(@ If the normal shock(P)is to remain, & third shock(3)1s required to return the stream
to its initial direction. Strangely enough, a three shock interaction thus exists. The
usual slipstream arises at the shock intersection, which is present in addition to the
boundary layer in region C But since the pressures on the two sides of a slipstream, or
throtughout a boundary layer are equsl, region C must be a region of uniform pressure, which
is determined uniquely by the Mach number and .ressure at A by the usual Rankine-Hugoniot
formula

B_ A¥M~v+| o)
3

That a situation analagous to Figure 9 actually does exist in the vicinity of the
probe 1s shom by Figure 3. The various shocks and slipstreams have been numbered to corre—
spond to Figure 9. One can observe the stream separation at the probe point, and the strong
shock wave through which the divergence (compresw.ion) occurs, arising from the probe point.

15



The elipstream from the three-shock intersection is more plainly visible than the boundary
leyer edge e8 it i3 & much larger discontinuity.

The phenomenon of streem separution through shock waves which explains the anomalies
observed with piobes in jets uctun.ly oceurs quite generelly in supersonic gee flow.
Stedoit Z/ describes separation phenomena in stosm nozzles, including an effect with a probe
similar to the present cace. His photogruphs, although not very clear, also show a three-
shock-separation from the wall of & nozzle, and this is further confirmed by pressure
measurements. The peculiar impact pressure curves obtained by surveying s dismeter of the
Btreum noczle near the separntion point (Stodola, Figure 54) are probably the result of
traversing euccessively a supersonic, subsonic, and again & supersonic region (for example,
a vertical section just downstream of shock 2, Figure 9). The pitot pressure obtained by
bringing the tube nesr the downstreem side of a normal standing shock should be the ssme as
the free streom pitot pressure, since the tube generates its own normul shock wave in the
free stream- But the loss of impact head is less through a series of oblijue shocks plus
the pitot shock than through the pitot shock alone, and therefore the pitot pressure rises in
the reglon downstream of shock ,, (Figure 9).

For subsonic flow the stresm may leave the wall of s diffusor (expending chaimel),
as the pressure in the direction of flow increases in this case. (See Goldstein, Plste 5,
page 58). In the supersonic flow of a gas, an expanding channel implies a pressure decrecse,
and therefore no tendency for the flow to separate. The equation

dA _ dp / t
——t T e — “"1"‘ -1 \5)
A P v

shows thut for M < 1, dp 1s in the same direction a8 d A , but in the opposite
direction for M >» 1. In certaln cuses, however, such nus un expanding nozzle emptying into

the atmosphere, the gas muy fina itself expanded below atmospheric pressure, and the adverse
pressure gradient up to atmospheric pressure peparstes the stream from the nozzle wall.

Figure 10 shows three phases of such a sepuration. Thece photographs are spark
shadowgrams of air emerging from a tank through & Lavul nozzle of circulsr cross section con-
sisting of & straight portion, an expanding portion, end a final straight portion of 1.2"
diameter. The end of the nozzle is the black shadow at the bottom of the plcture. If the
tank pressure is adjusted to about 4.5 atmospheres, the stream emerges homogeneous end
perallel, with a Mach number of 1.70, end st very nearly atmospheric pressure. 8/ This
nozzle actually constitutes a small open wind tumnei. (Experiments vith such un open wind
tunnel were reported in Part II of this series)

b7 Stodola, "Steam and Gas Turbines". Vol. I, McGraw-Hill 1927, Section 33, Rage 88-94.

8/ The relation between tank pressure T: and jet pressure P is given by

P:P[|+I:.!.M‘]%T (€)
° L

16
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it tne tanr pressure is decrezsed to 3.4 atmos., Figure 10-A resulte. The jet emerges st
less then atmospheric pressure (0,7 atmos.), but still practically fills the inner bore of
the tube. The streum is pressed inwerd by the ctmosphere immediately upon leaving the
crifice, end the change in direction is accomplished by an "incident® compresgion shock.
This shock is of course cone shaped, but only portions tungentinl to the perallel light beun
tre reverlsd. The stream is again made parallel to 1ta'original direction by the "reflected”
chock and continues at supersonic speed. The flat normal shock in the center is typicel of
the three-shock formation which oceurs whenever the strength end angle of the “incident”
ghock cen not allow a simple "reflection” involving only twe shocks, zud 18 a sort of
stationery Mach effect. A plipstreem (very weak and not visible on the reproduction) existe
between subsonic air which passed the normel shock, and the stream outside this which has
crossed the two oblique shocks und proceeds at higher wvelocity.

In Figure 10-B the iet emerges at 0.6 atans. from = tenk nt 2.7 atmos. ard has )
separated from the inner wall of the tube. The "incident®™ shock ncreaces in strength and
angle, with an accompanying change in the Mach reflection. Figure 106-C is a further stage
of the phenomena, with ths jet and tank pressures 0., atmos. and 2.0 atmos. respectively.
The norsal shock rems.ns unchanged in strength as the Mach number 1s constant, but increases
in width from A to C. If the jets of Figure 10 are divided by a line down the axis, the
similarity of either part with Figure 9 is immediately apparent, and we are probably dealing
with an analagous phenomenon. The configuration shown in Pigure 10 has been studied in
detall interferometrically and the values of shock strength, sngles, ustc. compared with the
three-shock theory. The results will be given in a future report.

In Figures 11 and 12 an axial wire hes been mounted in the nozzle previously shown
in Figure 10, and the boundary layer formed along the wire then interacts with the normal

shock in the marner set forth in Figure 9. The various shocks in Figures 11 and 12 havr
been labeled in accordance with Figure 9. In Figure 11, My = 1.70, P1 = .48 atmos. and

P2 = 1.53 atmos. and in Pigure 12, M} = 1.70, P1 = .55 atmos., and P2 = 1.7 atmos.,
calculated from tank pressure and Mach number using squation (4) and (5). It should be
recilled thot this, as well as all other shadowgrams shown in this preport are projectione

of an axially symmetric figure, as the jJet is circular. This accounts for the fuct that
ahock@appeura continuous across the wire, although in reality it hus a "hole" in the
middle, and the projection of the cuter sections gives the appearance of a continuous shock.

The boundary layer after separation appears violently turbulent, and its edge ia
much less distinct than the slipstreanm from the shock intersection. It also appesrs that
the greatly thickened boundary laysr is soon lost by diffusion at points downstresam froa the
normil shock.

The shock and slivstream angles have been measured in Figurgs 3, 11 and 12, as well
a8 the number of other similer cases of separstioh, and the resulte compared with shock weve
theory. Assuming that the stream is diverted past the dead water region like the flow about
a polid cone, the angle of chock@should be given by Taylor and Haccoll's thecry
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Figure 11

Bumbered in accordance with Figure 9.

Homogensous jet, (M = 1.7) with an axial wire to shom effect of wire bowdary layer om tbe

norsal shock.
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{referonce 4) in terms of the seni-angle o of the separcted boundsry of the desd water regiom.
The experlmental results follow:

bt
;

SN

’fj:g A. Expanding air jet, similar to Figure 3, with probe.

5% Each Bo. Meugured Shook Theoretical Shock

3‘{ - Apgle —Angle

) 91 24.90 o

<9 probe 2,03 19.9 R

i 2.07 21.5 16

5 2.20 24.9 26

i 2.95 Lhod 40

bo

p 2.14 16.3 15

il 5.20 probe 2.26 18.3 19

' 2.40 27.7 24

. 2.68 38.2 33

% 2.25 26.1 5,57

: 5 2.5) 0.8

b 12 probe 23 35.1 £

i 2.7 40.2 3

i" B. Homogeneour stresm, Laval nozzle, with axisl wire. (like Figs. 1l and 12)

; 2.2 40.5 AR

5 2.15 39.9 4ieS

] 2.04 42.2 b

2-0‘ L2.5 ‘3

f 1.90 41.7 42
Fig. 12 1.70 42.1 43
rig. u 1.70 10709 4605

i

4

These meavurements, although rather rough, nevertheless seem to show that the inter-
pretation of the separstion phemomenon is correct. Why the separation shocks develop wider
in Figure 11 than Figure 12 is not cleer, as the normal shock should be originully the seme
in both cases.

More careful experiments should be made, to determine at which shock strengt«h'and
Mach mumber separction sets in. The best way to study this would seem to be in an axially
symmetric three-dimensional flow. In rectangulsr cross sectioned wind tunnels with parallel
glass walls the flow tends to separute from the glass as well as from the other two surfaces
when s norsal shock is present, thus introducing an unknown varistion in the direction of the
light bLeanm.




