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ABSTRACT

An experimental investigation was conducted in order to de-
termine some of the effects of injectlon of a secondary stream of gas
into a supersonic primary airstream., The flow fields behind an ori-
fice producing essential two-dimensional flow and behind that pro-
ducing full three~dimensicnal Jlow were studiec. The resulting
shock patterns, wall static pressure profiles, and fiew field charac~
teristics are described,and use is made of a theoretical injectant
penectration height to non~dimensionalize the results as much as pos-
sible. It has been possible to draw some conclusions concerning the
nature of the flow field and pressure field disturbances caused by

secondary injection.



Part

i
TABLE OF CONTENTS

Title

Acknowledgments

Abstract

Table of Contents

Liet of Symbols

INTRCDUCTION

DESCRIPTION OF EXPERIMENTAL EQUIPMINT
Test Scerion Conditions

TWO-DIMENSIONAL EXPERIMENTAL RESULTS
D2scripticn of Flow Field

Discussion of Results

Summary

THREE-DIMEINSIONAL INJECTION EXPERIMENTAL
RESULTS

Description of Flow Field

Doundary Layer Separation

Shock Shape

Flow Patterns in Boundary Layer
Static Pressures

Total Pressure and Velocity Profiles
Summary

CONCLUDING REMARKS

Refercnces

Figures

Appendix A

il

iii

iv

11

17

i8

18



- N =

LIST OF SYMBOLS

a scnic velocity

d injector orifice width or diameter

g acceleration of gravity, gravitational consiant
h theoretical penetration height

m mean molecular weight

P pressure

v velocity

x axial distance

b lateral, or cross~sirearm, distance

Z vertical distance, from injector plate
CP specific heat at constant pressure

Gv specific heat at constant volume

K injectant concentration

M Mach number

R universal gas constant, for determination of sonic velocity
R radial distance, for shock shapes

T temperature

5 boundary layer depth

Y ratio of specific heats

8 angular measure

Subscripts

0 undisturbed upsiream condition

e total, or stagnation, condition

1 upstream of normal shock



downstream 27 normal shock
injectant jet

shock

argon

helium



I, INTRODUCTICN

For a number of years, there has been a growing engineering
interest in the effects of injecting a fluid into a superscnic stream.
For many applications, the injectant fluid is also a gas which is dif~
ferent from the main flow. _Practica.l applications of this procedure
‘nclude thrust vector control of a rocket motor, attitude control of
supersonic or hypersonic aircraft or of re-entry vehicles within the
atmosphere, and fuel injection in a superscnic burner.

Numerous investigators have studied wall pressure patterns
and shock profiles with a view to obtaining scaling laws for the ratio
of resultant side force to primary axial thrust(l_g’}. In contrast with
this macroscopic approach, Zukoski and Spaid, Broadwell, and oth-
ers have obtained scale parameters which enable them o reduce or
non-dimensionalize wall pressure patterns which result from various
combinations of free-stream Mach number, injection pressure ratio,
and injectant molccular weight(4-6). Zukoski and Spaid measured
concentration profiles rather extensively and gaired some insight in-
to the mixing of the.injectant with the free stream(()). Other than
these concentration measurements and some very crudc total-pres-
sure measurements by Charwat(”, no real attempt appears to have
been made to study the flow field downstream of the injectiorn port.
Such an invesiligation could indicate quauntitatively the extent and
rapidity of mixing and the effects of injection upon the primary
stream.

If a stream of fiuid, gaseous or liquid, be injected into a
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supersonic gas stream in a directicn generally normal to the m.a.in
flow, a shock wave system is produced. Ailtendant to this shock
system is an interesting and useful struciure of boundary-layer saep-
aration and reatlachment, wall pressure patterns, velocity, total
pressure, and Mach numbher variations, and mixing of the injectant
stream with the main stream. In general, the injectant acts as a
blunt body protruding into ‘he supersonic flow; however, it has been

(1)

shown "’ that injecting a fluid is more effective and feaszible than
using a solid ohject which is of the sarme general shape as the iijec-
tant plume's forward surface.

In this iavestigation, both the two~dimensional and the three-
dimansaional pictures are considered, The two-dimensional effects
are acccmplished with a =1it injector across the wind-tunnel wall,
while the three-dimensional effects are obtained by m=azns of a cir-
cular oxifice on the centexline of one wall, The two-dimensicnal
system has possible applicatior to fuel injeciion in a supersonic
burner and attitade conirol devices for supersonic/hypersoric zir-
crait or re-entry vehicles. The threc-dirmonsional aysterm also has
application to attitude contrcl and, mosre important currently, to
thrust vector centrol of rocket motors, either licuid or solid,

It is the purpose of the present study to provide as detailed a
picture as possible of the ficw field in and around the injectant plume
and further downstreé.m. In the course of this work, use was made
of the concentration measuresments reporied by Zukoski aznd Spaid.
Fitot total pressures were measured within the flow ficld and, from

these, velocity and total-pressure profiles were obtained. These
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then were compared with concentration prcfiles and other mesasured
features of the flow.

In addition, various [low visualization techaiques were used
to observe the flow pattern on the wall during injection. In this way,
the direction of flow and re-attachment of the separated boundary
layer could be observed,

This report is divided into two main sections. The first de-
scribes the two-dimensicnal effects of injection and the experiment
conducted to determine them. The second is (;(-.)Inl.)osed ol the samms
type of material pertaining to the three~dimensional effects. A sum-~
mary of pertirent features is given at the end c¢f each section, anc a
general flow-field description and summary is at the conclusion of
the main body of text., The various sketches, photographs, and
plots, and an appendix containing the general computational devices

are included after the text.
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II, DESCRIPTION OF EXPERIMENTAL EQUIPMENT

For this investigation, use was made of the 2'" X 23" super~
sonic wind funnel at the California Institute of Technology. Both two-
dimsnsional and three-dimsensional elfects were obtained during in-
jection of gaseous argon and helium through suitable orifices in the
tunnel wall. Tunnel free-stream total pressures oi one-~half and one
atmosphere were used at a Mack number of 2,60 +.02 . At one at-
mosphere, the Reynolds number per inch was 2.4 X 1C»5 and the
boundary layer in the test section was turbulent. t one-half atmos~-
phere, the Reynolds number per inch was 1.2 X 105 ard a laminar
boundary layer was cbserved.

Experimental data consisted cof test section conditicns,
Schlieren photographs, three~dimensional shock shapes during injec-
tion, secondary fow paiterns in the boundary layer, wall static-
pressure measuremants, pitot total pressures in and near the injec~
zant plume, and injectant total pressure.

Wall static pressures and pitot total pressures were meas-
ured with a mercury manometer bank. The injectant tctal pressure
was measured either with a mercury manometer (low pressures) or
a 1/4 percent accuracy Bourdon-Helix pressure gauge (high pres~
sures). Secondary flow patterns in the boundary layer were obtained
by spreading 2 mixture of instrument grease, cutting oil, and flake
graphite on the tunnel wall. After a period of injcction, the wall
section was removed, and the flow pattern investigated.

In the three-dimensional configuration, shock shapes were
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obtained from Schiieren photographs. Off-centerline shock profiles
ware found by positioning the total pressure probe in the shock itself.
The shock position was determined by noting the dip in ditot total-
pressure reading as the probe crossed the shock. The probe was
then photographed and measurements taken from the picturces.

For the two-dimsensional work, either gaseous argon or gase-
ous helium was injected through a slit orifice. This slit spanned the
tunnel wall and was cut normal to the dircction of flow. It was C, 006
inches wide (0. 015 cm) and extended to within 1/4 inch of each wall,
In Figure 1, some of the details of construction are shown. The In-
jectant gas was fed into ‘he plenum by two 1/4-inch tubes which, in
turn, were joined by a "Y" connection to the 1/4-inch supply line.

A third 1/4-'_111(:11 tube was used as a pressure tap in order to record
the tolal pressure in the plenum. A serforated baffle was added in
order to disperse.any directed motion of the gas as it issued from
the two supply tubes, so that a uniform flow could be achieved all
along the slit. A typical wall static-pressure tap is also shwownj
there were a number of these along the centerline of the plate. In
addition, there were several taps on off-centerline planes to check
the two-dimensionality of the flow. The plate proper was of brass,
and the 1/4~inch tubes were constructed of copper; the static pres-
sure taps were stainless steel tubes of 0.013-inch (0. 033 cm) inside
dizmeter.

Three-dimensional effects were obtained by injecting gaseous
argon through a 0, 047-inch (0. 119 cm) circular hole on the center~

line of one wall. As shown in Figure 4, the injection port was sup-
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plied with gas directly from the 0. 083-inch ir.jelctor tube. This tube
was of stainless steel and, in turn, was supplied from the 1/4-inch
copper supply line. The plate itself again was of brass, wkile the
pressure tap tubes were stairless steel. Several typical siatic
pressure taps are shown. There were 65 static pressure taps ar-
ranged in various patierns on the plate in order f{o describe the
prezssure field as completely as possi"ﬁle.

In the twc—dimel'nsional case, wall static pressures and pitot
<otal pressures were measured in the vertical centerline plane of the
test section. Several off-centarline wall static-pressure profiles
were taken by Spaid(g), and it was verified that the fiow was indeed
two dimensicnal away from the side-wall boundary iayers.

For the three~dimensional jet, pressuraes were measured
both in this centerline plane and in planes off the centerline. This
was done by utilizing three-pronged rake probes with spacings of

1/8 inch and, for the shock shape determinations, 1/Z inch.

Test Section Conditions

-The general characteristics and operating techniques of the
GALCIT supersonic wind tunnel are described in cetail by Puckett(g}.
With the rozzle blocks instalied for this experiment and the two in-
jector plates used, Mach numbers of 2. 58 to 2.61 were observad.
The variation was due to slight differences in the plates and re-
alignment incident to changing them. Figure 3 is a plot of normalized
test-secticn Mach numbers for the turbulent anc laminar boundary

layers. It was found (Figure 4} that the boundary layer height along



T
the test section length was constant at about 0. 5 cm for both turbulent
anc laminar boundary layers, Within the main flow, the maximum
variation of Mach number was less thar 3 per cent, and all such vaxi~
ations from the m=an occurred guite gradually.

There were two very weak plane obligue shocks upstream of
the test section caused by the joints between the nozzle blocks and
the test section blocks. The variation of total head across them was
about 1 - 2 per cent and, as caxn be seen from the angles, they are
almost Mach waves. Thus, they were much weaker than the shocks
caused by injection, and introduced an insignificant error. They
can be seexn in Figures 5, 6, and 7, ard their position is also indi~
cated on the appropriate plots of three~dimensional data. During in-
jection, the strong bow skock almost completely overpowers this
weak wave.

The parameter h, which is used throughout to non-dimean-
sicnalize distance, is a thecoretical injectant penetration heighi. Its
derivation is predicated ﬁpon the following model = of the flow. The
injectant is a,ssumed\to enter the flow as & sonic jet flowing normal
to the main stream. This jetis allowed to expand iserntropically to
the main-stream static pressure within a two~dimensional or three-
c¢imensional space, as the case may be, from which free-stream air
is assumsd to be excluded. In the two~dimensional case, the space
is bounded upstream by a quarter of a circular cylinder, the axis of
which lies along the injection sltit, and downstream by a plane tangent

to the cylinder directly over the slit and parallel to the tunnel wall in

which the slit is located. The radius of the circular cylinder is h.
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In the three-dimensional case, the space is bounded upetrear by a
guarter sphere whose origin is at the injection port, and downstream
by a circular cylinder whose axis is slong <he centerline of the wall
in which is situated the injection orifice and which is tangent to the
guarter sphere over and cross-stream of the orifice. The radius of
the sphere and cylinder is h. In cach case, momentum and force
balances are made in determining h. The details of derivatiorn are
given by Spaici.(é’ 9). Ir the Schlieren pictures of the three-dimension-
al injection (Figures 6 and 7), the calculated penetration height of
about 0. 5 cm corresponds quite well with what appears to be the in-
jectant plume's height.

In the determinztion of the penetration height for the three-
dimensional case, a correction to the observed injectant pressure
ratio was required. The pressure drop between the irjectant supply
line and *he injection port due to fluid friction losses is the reason.
In this case, it amounted to a 3 per cent reduction in injectiorn total

pressure below the supply line pressure.
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order of a degrec or two} that the shock is too weak to he observed
readily. Whether laminar or turbulent separation occurs, the injece-
tant protrudes into the separaied boundary layer and appears as a
blunt okbject to the main stream. Since the angle between the free
stream and the fcrward face of the injectant suriace approaches 900,
a detached normal shock is formed in front of the injectant flow, The
injectant enters the flow normal to the main stream direction and im-~
mediately staris expanding in the upstrcam and downstream directions,
It 1s bent downstream by the maein Jdow and assumes the shape indi-
- cated in Figures 8 and 9.

. The main flow, in going thrcugh this shock system, is deflect-
ed upward, away from the slit. Because of the rounded top surface
of the injectant plum= and the source itself, the area just behind the
bow shock behaves approximately as a conical flow regime. The
main flow which was initially oent upward and decelerated by the bow
shock is gradualiy turned dowaward and accelerated somewhat. When
the Ilow reaches the wall cownstream of the slit, a gecond, or recom-
pression, shock resulits. This is caused oy the tlow's having been
deflected toward the wall in the conical flow area behind the bow
shock, Just downstream of this second shozk, the bourdary layer ap-
parently remattaches. As would be expected, the recompressicn
shock apparently is very diffuse in the region near the wall and cdoes
r.ot have a well-cefined point of attachment on the wall,

A slip line is present in the turbulent boundary laysr case

{Figure 8), This line originates at the intersection of the bow shock

and the separation shock, It is caused by the diffierence in total head
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I, TWO-DIMENSICNAL EXPERIMENTAL RESULTS

Description of Flow Field

When the injectant is introduced into the main stream through
z slit in the wall which is perpendicular to the mairn strecam, the over-
all effect is essentially two dimensional, since end effects are negli-
gible. The entire flow, including the boundary layer, is recuirec to
go over the injectant surface where it issues from the slit. The pro-~
trusion of this injectant surface into the main streamn establishes an
. adverse pressure gradient in the wall boundary layer which is felt
upstream since subsonic flow exists near the wall. This causes sep-
aration of the boundary layer forward of the slit, The distance up=
stream and the naturc of the separated profile depend upon whether
the voundary layer is laminar or turbulent prior to separvation. T}.le
dependence of the flow field geometry on the state of the boundary
layer is illustrated in Figures 5, 8, and 9. Figure 5 is a Schlieren
photograph taken when the free~stream total pressure was one atmos-
phere and the boundary layer was turbulent; Tigure 8 is a sketch of
the fiow field, The laminar boundary layer separation, at one-hall
atmosphere, was not readily obhservable on the Schlieren photographs;
Figure 9 is a sketch of the flow field.

The abrupt ircrease in boundary layer thickness at scparation
locxs like a ramp to the remainder of the fiow, and an obligue shock
results, This, as mentioned above, is observed for the separation of
the turbulert boundary layer, but not Zor the laminar; the angle

formed at laminar boundary-layer separation is so small (of tae



=11~
between the two fiow areas which proceced through the bow shock; the
flow above the intersection has full free-stream total head, whereas
'the flow helow the intersection has had its total head diminished in
passing through the separation shock. The slip line results where

the two flows of different velocity must maet.

Discussion of Recaults

During injecticn of gaseous argon {and, in one case, gaseous
heiium} through the two-dimensicnal orifice, wall static pressures
and pitot total precssurcs at various axial and vertical (total prossure)
stations were recorded. Spaid(g) has made pressure measuremants
on off-centerline planes and found that the pressure pattern is indeed
two-dimensional ir nature.

A series of wall static pressures were obtained at each injec~
‘ticn condition studied. All of the profiles wera quite similar to that
sLhown in Figure 10, with the exception of the upsireamn poriion @f the
laminar bounda.ry.layer case. In the turbulent case illustrated, the
the rise in static pressure at x/h = - 10 is due tc the separation of
the boﬁndary layer and the resulting separaticn shock. The continued
increase in pressure is due to the interaction of the bow shock and
the houndary layer. The bottom of the bow shock intersecis the
boundary layer at about x/h = -3 ., Iathe laminar case, the initial
increase in pressure occurs much farther upstrea,rr;, about x/h =
-~ 30, and is considerably smaller in magnitude. There is a gentle
rise until the bow shock - boundary layer intersection is reachec,

and then the characteristic large rise in pressure is seen. The



-12~
downstream profiles with a turbulent or a laminar boundary iayer are
almeost identical.

The pressure belind the injector has a minlimumn value of
about 0.3 P’ and at x/h of about 3 starts to rise to the mainstream
value, p_ . The recompression zone covers the region 3 Sx/h£7.
Thls cownstream region described here is quite similar o that found
downstream of a rearward facing step at Much number 2,6, That is,
the pressure minimum is between 1/4 and 1/3 of ? s and the recom~
pression zone geometry is similar.

“he total pressure data were obtained throughout the flow field
cownstream of the recompression zone, Since the flow is supersoenic,
the pitor total pressures muct be corrected to take into account losses
which cccur at the bow shock which exists in Iront of the nrobe inlet.
The Rayleigh formula (ecuation 6~3 of reference 10) was employed.
Because concentralion data had been chtained by Spaid(g), account
couid be taken of the change in ratio of specific heats due ic varying
concentrations of injectant. It was assumed that the static pressure
wag constant vertically up to the recompression shock (Figures 5, &,
and 9), and equal to that measured along the wall (Figure 10) at the
appropriate poéition, As can be seen from Figure 10, the most for-
ward station at which this assumption could be made is about x/h = 6,

The stations investigated here correspond to those for which
concentration profiles were available from Spaid(g). For some of the
data {Figure 11), account was taken of the change of static pressure
across the recompression shock aﬁd, since conical flow seems to

exist betweern the shocks, a linear variation of static pressure be-
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twaen them was assumz=d. The static pressure behind the bow shock
was found from known free~sirecam conditions and the measurec
shock angle. The Mach number and fow direction were not knmown in
front of the recompression shock, but they were known behind it irom
the Rayleigh supersonic pitot formmula solution and the wall bDoundary
condition. By an iterative process involving matching the recompres-
sion shock angle from the wall and Mach number just cownstream of
the shock with possible Mach number and flow direction combinations
just upstrea.:m- of the shock (figures 2~1 and 2-7 of reference 11), the
upstream Mach number was found. Thus, the static pressure jump
across the shock could be calculated giving the static pressure at the
hottorn of *he conical flow regime. The flow direction just beicre the

%0 into the wall., This cor-~

recompressicn shock was Zound to be 32 +
rection was not made in most of the data (Figures 12, 13, 14, and 15),
go *the computed resulits above the indicated position of the recom-
pression shock could be in error by as rmuch as 10 per cent, The in-
jectant concentration, however, is usually close to zero in this area,
so the erroxr does not materially affect the results of this investigaw
tion. |

With the static pressure thus determined in the arca of inter-
eot, the Rayleigh supersonic pitot formula was applied graphically,
taking into account the injectant concentration. From the Mach num-
ber and the ratio of specific heats, the ratio of total to static temper~
ature was calculated. The total temperature was assumac to be

20 - .
constant at room temperature, 530 R. The local speed of sound for

the appropriate injectant concentration was calculated and tnen the
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lccal velocity found. In addition, the ratio of fotal pressure to free-
stream -total bressure was calculated. The specific formulae,
tables, and curves used are shown in Appendix A,

The data treated in this manrer ave presented in Figurcs 11
to 15 for 2 range ol test conditions, Plots of total pressure, concen-
tration, and velocity are presented as a function of distance from ike
wall for stations 6, 67,. 14,7, and 30.8 h downstream of the injector.

For Figure 11, the flow field was measured in considerable
detail, Tkis then gives a pocd basis from which to study the effects
of varying injection pressure ratic (Figures 12 and 13), boundary lay-
er condition (Figure 14), and injectant molcecular weight (Figure 15)
as well as the characteristics of the flow itself. ZTrom the data re-
lated to Figure 11, a mass continuity check on the argon at the three
stations was performed. The foremost and aftmost were within 1. 2
ver cent, while the center station was 15. 1 per cent higher than their
mean. “his is considered to be a good check of the calculations in
spite of the difference at the center station.

Mixing of the argon with the air is seen to occur smaoothly and
fa.irlﬁr guickly., The velocity increases rapidly tc mean free-stream
magnitude,and by the aftmost station the weli-estabiished boundary
layer profile is present. The boundary layer thicknass here ig the
samea as the free st.ream value, about 0.6 cm. The total pressure
suifers somewhat in passing through the bow shock and even more
throupgh the recompression shock. It recovers to almost free stream
value at x/h = 30, 8; the deficit is that expericnced in going through

both shocks in this case. The very low total pressure near the wall
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is due to a combination of being in the boundary layer and the larger
amounts oI injectant present. Since the argon initially entercc the
tunnel normal to the stream. it had no rnomentum axially, and any it
gained was cue mainly to mixing with the free stream. The over-
shoot of total pressure ratio at x/h = 6. 67 at the kigher values of z/h
irdicates that the assumption of conical flow between the bow and re-
compression shocks was not completely justified that close to the
slit. Further aft it appears satisfactory.

By comparing Figures 12 and 13 with Figure 11, the effects of
varying injection pressure ratio, and thus the penetration height, can
be deduced. As was noted by Spa.id(9), the relative effectiveness of
injection appears to decrease as the injectant penetration height an-
proaches the boundary layer depth. That is, as h/& increases (6,
the boundary layer depth, being constant), ‘he injectant concentration
peneirates to a decreasging z/h height. This can be seen by compar-
ing Figure 11 with Figure 12, where the nenetration height, o, is
decreased, and with Figure 13, where it is increcased. The z/h
height oi, say, the 30 per cent concentration point steadily decreacecs
as h increases. It is to be noted, however, that the concentration
at the wall remains constant. This clearly indicates that h is not
the perfect scaling pa.ra;.meter for these purposes; rather, it chould
increase a little less rapidly with injection pressure ratio. Veloci-
ties and total pressures follow the same general nattern as the con-
centration profiles with the excoption that their valucs above the indi-

cated position of the recompression shock are net accurate, This is

so, since the jump in static pressure across the shock was not ac-



~16-~
counted for in computing the velocities znd pressures in Figures 12,
13, 14, and 15.

The cependence of injectiorn pattern oxn the ratio h/E is
rcasonable. For h << &, the forces acting to turn the injectant flow
are generated by the irmbact of relatively low encrgy flow of bourdazy
layer gases. However, as h approabhes 5, the energy of the »ria
mary streamn maferial turning the injectant increases rapidiy, and it
is to be expected that h will ther increzse more slowly.

The effect of having a laminar boundary layer instead of a
turbulent one can be seen by a compariscn of Figurces 11 and 14,
There is very little difference betweern the respective profilss. The
velocities are almost exactly alike. The mixing, indicated by con-
éentration and total pressure, appear to proceed more at higher lev-
els into the flow, but the dificrences are not large. The increase in
penetration of argon into the main stream is probably due to the
weakness ol the shock ¢if the boundary layer separation streamlinz.
tThis means that all the flow entering the bow shock is essentially z
iree~-stream total pressure, so that therc is a uniform Jrop with nc
slip line, The loss energetic air, relative to that existing in the tur-
bulent case, close to the wall alows the injectant to penctrate Jurther
into the stream. In addiiion, the thickness of the separated laminar
houncary laver at the injection noint is greater than that of the car-
respending turbulent layer. This effect cheuld also produce an in-
crease in the penetratioa height,

Compariscn of Figures 12 anc 15 illustrates the effect of dif-

Zerent injectant maolecular weights, HMere, there is litile or no effect
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upon the velocities or total pressures, but the concentration profiles
are markedly different. This is explained by noting that & consider-
ably lower mass flow of helium than argen was required o produce
similar physical effects at the same h . Note that the phvsical flow,
velocity, and total pressure, are nearly identical, as are the penetra-
tion neights, h . The calculation of h involves the reciprocal of

molecular waight, and this verifies the derivation in this respect.

Summeary

The salient features cf the effects of this two~dimensional case
can be summarized priefly as follows:

1. The entire flow upstream of the injector is required to go
gver the injectant plume mich as it would ovexr a solid, thin, rectangu-
lar plate standing normal to the wall,

2, The wall static pressures produced are guite similar to
those produced by such an obstruction, especially downstream,

3. Mixing and diffusicn of the injectant with the main stream
air proceed smocthly and fairiy rzpidly.

4, As the ratio of penetration height to boundary layer thick=
ness {h/8) increases, the relative effectiveness of injection in pro-
ducing useful pressure forces is reduced.

5.' The bow shock shape is rather insensitive to the state of
the boundary layer upstream of the injection slit. The pressure pat~
terns downstream and the recompression shock are almost entirely

independent of it.
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IV., THREE.DIMEINSTONAL INTECTION

EXPERIMENTAL RESULTS

Description ¢f Flow Field

The three-dimensional irnjection effects were investigated es-
sentially for one injection ratic and one Mach number. Zukoski and
Spaid(6) developed the scale parameter, or calculated penetration

height, h, which was described previously. They fcund that h is a
very good scaling parameter, For this reason, a complete definition
of the flow field in ‘erms of normalized quantities arnd distances madce
non~-dimensicnal by h for a few test conditions should give a good
.description of all similar flow fields, The conditions chosen for in-
%;ensive study here are M= 2,81 and po_/po =7.77.

j o

To obtain the three~dimensional effects of injection, a point-
like source, in the form of a circular orifice, is used. Since there is
orly a partial bleckage of the main strzam flow and bourdary layer
here, the resulting flow field is able to develop in all directions above
the wail. The injectant, instead of blocking the boundary layer entire~
ly, passes through it and expands in a plume whick remains primarily
off the wall and may be above the boundary layey. The surface which
it forms in passing through the boundary laver is essentizlly an in-
verted frustrum oI a cone, the small end resting on and coinciding
with the injec.tion pori.

The resulting plume is then bent back to a flow direction
parallel tc the piate by the interaction with the main flow. General

pictures or sketches of the flow are shown in Figures 6, 7, 16, and 17,



~]1Gm
The most prominent featurces of the flow shown here are. the
bow shock waves. Near the intersection of this shock and the wall is
the complex separation regiomn.

Boundéry Layer Separation

Since the injectant passes through, rather than blocks, the
boundary layer, the resulting adverse pressure gradient in the bound-
ary layer is 2 local phenomnenca restricted to a reglon just upstrearn
of the injection port. Both furbulent arnd laminar boundary layer sep~
aration are observed. The separated regions can be seen guite easily
in Figures 6, 7, 16, and 17, where the difference between separation
- of the turbulent and laminar boundary layers is also evident., The
greater upstream seéparation distance in the laminar case is the re-
sult of the laminar boundary layer's lower resistance 1o separation
when under the influence of an adverse pressure gradient. The great
difierence in separation angles is also shown here; the laminar angle
is always less than 50, whereas,in the turbuwlent case, the angle is as
large as 30°. In the turbulent boundary layer case, an obligque shock
is set up by tne separation of the boundary layer; in the laminar case,
this oblique shock is present, but is toc weak to be observed.

When the injectant plume reaches the main stream and exs
pands, the detached bow shock is formed which becomes weaker as
‘the distance from the injection port is increased.

Note again that the first two obligue shocks which look like

-

semaration shocks are caused by slight imnerfections in the wall.
i [=] iy

See page 7.
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Shock Shape

A three~dirmensional picture of the shock shape was obtained
in the Zollowing manner. At three different injection pressure ratios,
and lhus al thr:e different values of i, the veriical znd horizontal
positions of the shock were measured. This was done by noting the
dip in pitot total pressure as a pitot probe passed the shock and then

-measuring the probe positioﬁ frem a photograph., These measure-
ments wers compared with the shock shape determinec from a Schlie-
ren photograph of the shock at the sams= axial {x) station and on the
same photograph. Comparison of these measurements indiczated that
the shock surface is axisyrmmetric about a c_enterline whkich is one h

irom the wall. Figures 18a and 18b illusirate this. In these figures,
(zS -h) is the height oi the shock, measured from the axis line which
is one h off the wall, zs measured from the Schlieren of the shock
shape. R is the computed radial distance to the point at which the
pitct probes met the shock measured from the same axial lire one h
off the wall. Both distances are normalized by h in these figurcs.
The correspondence is within + 4 per cent except for two points,
which are apparently cue to auxiliary cross~flows at that tunnel condi-
tion (laminar boundary layer) caused by boundary layer separation on
the tunnel side wall.

Shock shapes as measurad above are also comparad with those
measured from the Schlieren photozraphs (indicated as reference) in
Figure 19. The coordinate x' is the axial distance from the froat of
the bow shock insteac of the distance from the injection orifice used

elsewhere in this report. The correspondence is seen to be excel-
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lent. The maximum deviations are due to the above mentioned flow
anomalies.,

In these tests, the boundary layer is about 0. 5 cm thick., Itis
felt that the correlation of the data shown in Figures 18 and 19,with the
axis of symmetry located at h off the wall, indicates that h and not
the boundary layer thickness is the proper distance for the location of
the axis of symmetry. Use of 6 =0,5cm instead of h as the offset
distance for the axis leads o systematic errors in the correlation of

shock coordinates for the two higher values of h.

I'low Patterns in Boundary Layer

Further indication of the flow pattern was obtained by exami-~
nation of the secondary “low pattern in the boundary layer on the wall.
A mixture of instrument grease, cutting oil, and flake graphite was
spread on the injector plate,and injection pressure ratios of 7. 77 and
and 30, 2 were used to gain a physical picture of thé flow patterns on
the plate, F’gure 20 is a sketch of the flow pattern at po /PO =7.77,
and Figure 21 is a photograph of the plate itself after the run was
made. In the sketch, Figure 20, typical streamlines are shown. The
ﬁi‘st he‘a,v‘y 1"1n»e is the locus of points at which non~axial flow first oc~
curred; it is thought' that this boundary represents the line along which
boundary layer separation starts. The second heavy line is the locus
of points along which a second abrupt change in flow direction occurs.
It is judged to be the line at which the wall static pressure is a ma;xi—
mum aad hence is the intersection of the bow shock with the separated
boundary layer. If the axisymmetric shock shape were drawn on this

sketch, it would fall about one boundary-layer depth cutside this
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shock - boundary layer intersection curve. Thus, it falls in region 1.
It is felt that when the bow shock hits the top of the boundary lavyer, it
creates a lambda structure, as seen from the side, with one leg
bending toward the orifice and tha other away.

After thé secondary flow passes through the bow shock and is
turned, it exhibits a definite and strong flow toward the axis. Near
the orifice and hehind it,there is a back flow which was visihle during
the run by its effect upon the grease mixture. The grease could be
seen being swept forward and piled up in a small mound directly be-
hind the orifice at the vertex of the V-shaped region, region 3. This
mound of grease was blown downstream by the cOllapsing flow when
the tunnel was stopped, and hence does not appezr in Figure 21.
After crossing the V-shaped curve, bounding region 3, the flow pro-
ceads essentially axially, The angle formed at the vertex is about
15°, At the far aft end of the plate, the flow appearé to be turned in-
to the centerline by about 7°.  The most obvious interpretation of the
V-shaped boundary is that it is a wake shock caused by the impinge~
ment of the two flows which have gone around the sides of the plume.
waever, near the body, or around x/h = 2, the flow picture is con~-
fused and the boundary may only be an indication of the recirculation
pattern,

This same technique was used at a pressure ratio cof 30. 2 and
a laminar boundary layer. The same general pa.lern was seen except
that boundary layer separation took place at or upstream of the front
edge of the plate. Consequently, only one curve, the bow shock -

boundary layer interaction, was seen around the orifice. The same
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V-shaped region was present downsiream, and the flow pattern, from
the lines in the grease, was qualitatively similaz.

The flow pattern in region 2 suggests that two vortices are
shed irom the obstacle formed by the injection process. Their pres-
ence is indicated here by the sirong inflow suggested by the stream-
lines of secondary flow in this region. Tn addition ta this data, ex-
amination of concentration data obtained by Zukoski and Spa.id(é’ %)
also indicate that vortices are attached to either side of the injectant
plume, They are apparently arrangcd in such a manncr that air from
the free stream is swept from outside the plume into and under it.
These induced flows meet on the centerline and produce an upward
motion there. As observed from upstream, the right vortex rotates
clockwise, and the left vortex counterclockwise, The effects of this
can be seen quite clearly in the concentration and total pressure pro~

files to be discussed later.

Static Pressures

Typical variation of static pressure with distance from the in-
jector is shown in Figure 22, Upstream of the injector, -the wall
pfessure rises rapidly due to separation and the bow shock; dowr~
stream, the pressure is very low and gradually rises to the free
stream value at about 4h . These data are for the centerline of the
flow; off the centerline, static pressures rise more slowly and do not
reach the free~stream value until about 8h.

The low-pressure region downstream of the injector is ap-
parently a region of flow separation, and the gradual rise in pressure

suggests that the flow becomes reattached to the wall in this region,
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An attempt was made to find the re-attachment point of the
flow by a direct methed. A pitot probe was advanced along the wall
while the measured pitot total vressure was compared with corre~
sponding wall static pressure from the static-pressure taps. When
the two were just equal, re-attachment would be indicated. This was
attempted at injection pressure ratios of 7. 77, about 10, and about
15, The results were not very precise, but it appeared that re~-
attachment starts at about x/h = 2. This corresponds fairly well
with conclusions drawn from wall static pressure plots(é’ 9)0 The off-
axis pressure data also suggest that the re-;at'tachment region is con~ -
nected with the weak shock bounding region 3.

Comparison of the secondary fiow patterns, Figure 20, and
static pressure measurements such as those shown in Figure 22 conw
firm the general features of the flow discussed in connection with
Figure 20, This agreemsent is shown in more detail by the pressurc
contour map of Figure 23, Here, the contours have been drawn
through all the static pressure data which were available along cuts
at y/h = 0, 1.2, 2,2, and «t x/h = 1.2 and 2.3. Although consider-
able ihmgina’cion was used in certain areas, the map is in good gquali-
tative a.gr_eement with the observations. The map shows the pressure
rise along the boundary of region 3 and suggests again that downstream
of x/h = 2 this boundary is a shock wave which straightens out the
vortex-like Jow which is converging on the centerline from either
side of the injector. In addition, the adverse pressure gradient in the

separated region, region 1, and the pressure peak along the boundary
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between regions 1 and 2 are clearly shown. The pressure peak at
3 £x/h£4 is apparently due to the interaction of the weak recom-
pression shock, which boﬁnds region 3, and the flow in the wake.
Thus, this region is similar to the neck and wake shock found in super-
gsonic flow behind two-dimensional blunt bodies.held normal to the

flow.

Total Pressure and Veloci'ty Profiles

In general, the same technique was used to obtain the total
pressure and velocity profiles as was used in the two-dimensional
case. Again, the wall static-pressure data were used to detarmine
the velocity.

I: was found (Figure 23) that the static wall pressure ap-
proached the undisturbed flow veluc by x/h = 4 along the centerline
but not until x/h = 8 at off-axis stations since thes outboard probe
was at y/h = 1,22,

Thus, the station x/h = 8 was the most forward one at which
the static pressure could be assumed constant vertically into the flow
at all positions off axis. This pressure was required in order to ap-
ply the Rayleigh supersonic pitol formula. FPitot static pressures
were measured at various axial sfa.’r.ions downstream of x/h = 8 and
vertically into the flow., A three~pronged rake probs was used so thac
centerline and two off-axis pressure readings were taken at cach
" probe position. These pitot total pressures, the respective siatic
pressures, and concentration profiles taken by Spaid(g) were applied

to a graphical solution of the Rayleigh supersonic pitot formmula. The
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same technique was used here as was used irn the two-dimensional cal-
culations discussed earlier. Since concentration data were available
at slightly different aczial positions from those used here {5.77 and
11.81), 'intezrpola.ted arofiles were used., The results of thase calcu~
lations are plotted in Figures 24, 25, 26, and 27, where the inter-
polated concentration profileg are also shown. | The Mach numbers
are shown only in Fignre 24, sirce they have tha samea relationship
to V/VOo in all cases. The undisturked boundary-layer profile is
plotted in Figure. 26 to illustrate the effects of injection. The indi-
cated shock positions arc those of the shock fzom the cracl between
the nozzle block and the injector bl.oclc. They are not the bow shock;
in no case was it reached by the probe.

The concentration profiles {Figures 24, 25, 26, and 27), when
compared at c:enteriine and off-centerline stations, ‘illustra'&:e tﬁe ef~
fect of the two vortices in lifting the plume in the center. This is il-
lustrated even m.ore clearly in Figure 28, discussed below. Itis
seen that as the plume proceeds downstreara it rermains within about
the same vertical boundary, diffusing upward only slightly. Its cross=~
stream extent remains fairly constant. Near the centerline, the
vertical position of maximum concentraiion also increases somewhat,
while cross-stream, it decreases. This again indicates the voriex
motion. Consider Figure 24. At the ceatsrline station, y/h = 0, the
total pressure, velocity, and Mach number near the wall have been
reduced considerably below free-stream conditions because of the
shock system and the obstruction of the injectant plume itself. The

peaks near the wall and at the outer edge of the boundary layer are
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due to the fresh, energetic air swept in by the vortex motion. Note
that the boundary layer height here is only about one~half of the un~
disturbed value.

Above the boundary layer, the total head decreases to a mini-
mum and then starts increasing toward near free-~stream values. The
decrease and very low value of total head at the minimum are due to
several factors. First, if the free stream had suffered a simnle
normal or near-normal shock, the total pressure would only have been
decreased to about one-half of its former value. With the injectant
entering at a total head ratio of about 8 , it would be expected that, if
‘anything, it would produce a slight increase upon the reduced (to about
one-half) total pressure profile, even with the right-angle turn the in-
jectant makes. Since the ratio of injectant mass flow to main stream
mass flow is of the order of several per cent, this increase, albeit a
localized effect, would not be extremely great, but it would at least be
an increase. However, the measuremeants show a decrease in this
sam=2 area. JThe other factor which must be considered here, and
which explains the drop in total head, is the aspiration effect of the in~
jectant jet upon the boundary layer. Just as an eductor, the jet car-
ries the adjacent boundary-layer air up with it. Since the boundary
layer is separated downstream, a considerable backflow up to and up
with the jet results. This flow was observed in the grease experi-
ment,. This very low energy boundary~layer air mixes with and de-
grades the energy of the injectant. Instead of the simple, normal
shock system upstream, there is a rather complex shock structure

which tends to decrease the total head even more. The sum effect is
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the dip in total pressure which is observed. In addition, the back
flow due to the aspiration effect tends to feed and maintain the vor-
tices.

Note that the minimum points of total pressure, velocity, and
Mach number approximately coincide with the peak of the concentra-
tion profile. This correspondence is a result of the above described
mixing of the injectant jet and the separated boundary layer.

Beyond the area of maximum injectant concentration, the to-
tal head steadily increases toward the free-stream valuss. Above
the plume, the flow has passed through the upper part of the bow
shock. This upper part is seen to have a more acute angle than the
lower portion and is not so strong; hence, the totzl pressure ap-
proaches more closely the upstream value.

In the cross-stream direction, the eifect of boundary layer
entrainment is seen to persist practically undiminished out to y/h =
0.6 , but the boundary layer itself has not been affected rearly so
strongly by the jet. At y/h = 1.2, the flow has not been seriously
affected by injection, and the extreme limit is probably about y/h =
1.5, The boundary layer at y/h = 1. 2 is close to the undisturbed
profile (Figure 26 emphasizes this); thus, it can be seen that the
plume itself possesses somewhat of the axisymmetric shape, one h
off the wall, which the bow shock was shown to have, with the excep-
tion of the dip to the plate near the centerline plane (much as a stand
or support).

As the flow proceeds downstream {Figures 25, 26, and 27),

the boundary layer is seen to redevelop until it reaches its former
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level of about 0.5 crn near the x/h = 12 station. The effects of the
jet's mixing are seen to diminish as the flow progresses; however,
the containment of the injectant by the vortices along the centerline
plane appears to persist rather strénglvn At best, it can be said that
there is a very complex flow field within and around the injectant
plume. The complex nature of the flow field apparently does not sim-
plify itself very rapidly; even at x/h = 12 or 15, it is far from uni-
form except above the plume.

Figure 28 is a comparison plot of argon concentration profiles
and total pressure-ratio profiles at x/h ~ 12. The concentration pro~
files are from reference 9. In this plot, the very direct relationship
between injectant concentration and total pressure within the plume is
seen. Note that the area of minimum total head corresponds almost
exactly with that of maximum argon concentration. GConversely, the
total head increases toward free-stream values ou: ide the plume
when concentrations approach zero. The effect of the two vortices in
sweeping fresh, high total head air under and into the plume can be
observed above the boundary layer.

The boundary layer is seen to have recovered its former, un-
disturbed height ‘of about one h ; at the upstream stations it was as
low as one=half h . The contour of total head in the boundary layer is
the normal one expected except on the centerline plane where the lift-
ing effects of the two impinging vortex flows is evident. The low total
head near z/h =2 is a combination of the low~energy boundary-layer
air which is swept up and contained by the vortices and the injectant

itself, which lost a considerable amount of its energy in being turned
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so abruptly through a right angle. Note that the disturbed region is
roughly circular in cross section, with a center at about 1.7 h and

a diameter of about 2.6 h. At x/h of about 1.6, concentration data
(Spaid<6)) show that the diameter is about Zh and the center is about
h above the wall. Hence, it is evident that the spreading rate of the
disturbed region is very slow.

At this axial station (x/h ~ 12), the axisymmetric shock has a
radius of 7.94 h with the origin at z/h =1 ‘rom the wall. The areas
of sigﬁiﬁca.nt injectant concentration and reduction of total pressure
are well within the shock envelope.

In addition to t};e measuremants described above, pitot total
pressures were measured at three axial positions between the orifice
and the =/h = 8 station. Since, in this area, there are quite large
static-pressure gradients both in the axial and ~he cross-strearn di-
rections, the assumption of constant static pressure vertically could
not be made. Nevertheless, these pitot total pressures follow the
same general patiern as those which were reduced. This can be seen
in Figure 29, where they are plotted along with the corresponding
pitot total pressures from station x/a = 8, which is the most forward
station for which computations were rmade. Particularly at x/h =2,
there is some doubt that the complete pitot total pressure was indi~
cated, since it is knowa that the injectant issuing from the orifice
causes widely varying flow directions within the plumse nzar its ofigin.

The fact that the pitot total pressures very close behind the in-
jection orifice (0.9 cm) were of the samse patitern as those discussed

above is interesting, It indicates that the general pattern of the flow
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field is established very quickly after the injectant enters the stream.
As poinied out previously, this pattern persists beyond the limits of
measuremaent in these experiments, or x/h = 15, The very low val-
ues of pitot total pressures near the wall close to the orifice indicate
the separated and reverse flow which was actually observed in the
grease film experiment described earlier.

The increase of pressure through the boundary layex and then
the dip close to the vortices is of the same pattern as further down=~
stream. Particularly at x/h = 1.75, the rapid rise in total pressure
as the probe moved through the injectant jet (which at this point is

still quite energetic) is apparent.

Summary

The most important cffccts of three-dimensional injection as
investigated herein can be summarized as follows.

1. The injectant plume peneirates through the boundary layer
and into the main siream, essentially allowing the boundary layer to
flow under and around it.

2. The bow shock standing upstream of and above the plume
is axisymmetric in shape. Its axis 1s a straight line lying in the
centerline plane and parallel to the tunnel wall at a height of one h .

3. Two vortices are shed from the top front area of the plume.
These vortices are associated with considerable back flow along the
wall behind the injection port.

4, The above~mentioned vortices and back flow aid in mixing

of the injectant at the boundaries of the plume, but somawhat contain
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it also. M:ixing progresses less rapidly than in the two-dimansional
case.

5. The parameter h appears to be a good scaling parameter
for shock shapes as well as for wall pressure profiles. This is in
spite of the comple:x nature of the éhock systerms and flow field.

6. The shock shapes and downstream pressure patterns, in-
deed the total pressure patterns, are quite insensitive to the state of

the boundary layer upstream of the injection port.
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V. CONCLUDING REMARKS

The flow field which is produced by secondary injection has the
following general features. When the secondary flow is introduced,
it appears to the main stream of gue as a blunt object. A shock wave
is produced with the forward portion being a normal or near-normal
detached shock and the upper portion an oblique shock of gradually
decreasing strength. The main flow which passes through the upper
p.art of the oblique shock is little affected by it; however, that part
traversing the lower part is greatly decelerated and deflected. This
deceierated flow is then required to make its way through and around
the injectant plume; this results in rather rapid mixing and diffusion
of the injectant gas into the main gas flow.

The presence of the injectant jet and the interaction of the bow
shock with the boundary layer cause an adverse pressure ‘gradien”: in
the boundary layer, which, in turn, cause separation. In both types
of boundary layers (turbulent or laminar), the separation forms an ef-
fective ramp, and a shock results forward of the how shock at the
point of separation. Since the turbulent separation cccurs later and
foi’ms a larger eifective ramp angle, the separaiion shock in this
case is considerably stronger and more readily observable than in the
laminar case. The separated boundary layer re-attaches within a
moderate distance .downstream of the injection orifice, and it quickly
re-esiablishes its former depth and profile. The state of the boundary
1ajre-: upstream oi injection has little effect upon the flow field down-
stream except in the severity of oblique separa'tion shock which the

main flow traverses prior to meeting the bow shock.
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In the case of an injectant line source across the direction of
main flow, the flow field is essentially two~dimensional in nature.
The entire flow, afier passing through the bow shock, ls required to
go over the injectant plume in one direction (the vertical) as well as
partially through it, rj’.‘his ensures rather rapid mixing of the twa
streams, especially at the top of the plume. The flow, in being lifted
over thé plume, is accelerated and deflected back toward the injector
plate, tending to hold the plume close to it. An obligue recompres-
sion shock'resul‘.cs in turning the flow parallel with the plate once
more,

The separated boundary layer, which must also go over the
plume, becomes mixed with tae main flow and injectant. There is a
small region of back flow just downstream of the injection orifice fol-
lowed by re-attachraent and growth of the boundary layer. As can be
expected, the separated flow consists largely of injectant gas.

Mixing near the plate, in and hear the boundary layer, is much
slower than at the top of the plume.

At lower injection »ressures, the injectant plume is eatirely
within the boundary layer and looks somewhat like an aggravated sur~
face roughness. As the pressure is increased and the plume height,
or penetration height, approaches the boundary layer depth, the rela-
tive effectivencss of injection in producing disturbances ia *he main
fiow per amount of injectant employed decreases. In the limit of very
large pressure, {he injectent acts merely as the exhaust of a converg-
ent nozzle, and the‘jet reaction effect overrideas the flow disturbance

effects.
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When the injectant enters the main stream through a peint-like
orifice, the resulting flow field is three—dimensional. in character.
The jet forces its way through the boundary layer and almost entirely
remains above i't.‘ It expands into a nlume which is semi-axisymmet~
ric with the horizontal plane of symmetry, above which the plume re-
mains, being above the boundary layer., Since, in this case, the
plume has fiaite dimensions in all directions, the flow can go around
it as well as over and tarough., As a result, the mixing of the injec-
tant gas with the main stream gas is not quite so rapid as previously,
As the injectant goes through the boundary layer, it drags much of the
low=-energy air with it, particularly from the area be'hind the jet.
This aspiration efiect, along with the result of the flow'!s going around
the plume on each side and the top, creates a pair of vortices much
like wing~tip vortices in reverse. These vortices tend to contain the
plume on top, but help to mix main strearn gas into it from the sides
and bottom. The effect is a somewhat mushroom~shaped cross sec=-
tion.

Because the.boundary layzr is able to go around and under the
jet plume in this case, the separated flow behind the jet is largely
main flow gas. Re-~attachment of the boundary layer occurs fairly

close behind the jet and it guickly reaches its {orimnsr depth,
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WALL STATIC PRESSURES

ARGON 3-D INJECTION

. M= 2.610 Pggp= 7369 cmHg.
Poj /Pogy = 7-77 h=0.520 cm
Po= 3.63 cm Hg

Fig. 22. Typical Wall Static Pressure During Three-Dimensional
Injection with a Turbulent Boundary Laver.
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Fig. 28, Comparison of Total Pressure Ratio and Concentration
Contours at x/h~ 12, M_ =~ 2.6, Py = 74 cm Hg,
Py /p0 =17.77, and h=0.52 ecm. "0
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APPENDIX A

Formulae:

¥ m.Cp:
1 2’: L

b m; Cy,

2, Rayleigh Supersonic Pitot Formula

Z

- (TE:HMZ-)?'I

A S i

P 27 ME_ T-I\FT
i M=)

3. T, = Ko(3994) + (1 - KJ(28.97)

]

g = My (4-00) + (1- K, X28.97)

o @ T BT - LE AN/

7. . T} a2
S AR

L . 2 , :
9‘ Yoo 2 _f:; J % an ?"Ha Ahawﬂ

74

= 550°R.

10, For continuity of argon check in two~dimensional case:
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TABLE A-I

-69-

Specific Heats and Ratio of Specific Heats as a

Function of Injectant Concentration

K( %) f, m;Cp. ‘2; ml, . x
0 7.00 5,00 1, 400
1 6.98 4,98 1. 402
2 6.96 4,96 1. 403
3 6.94  4.94 1,405
4 6.92 4.92 1. 406
5 6.90  4.90 1. 408
6 6.88 4,88  1.410
7 6. 86 4, 86 1,412
8 6. 84 4, 84 1.413
9 6.82  4.82 1. 415
10 6.80 4,80 1,417
11 6.78  4.78 1. 418
la 6,76  4.76 1,420
13 6. 74 4.74 1.422
14 6,72  4.72 1,424
15 6.70  4.70 1, 426
16 6. 68 4. 68 1. 427
17 6. 66 4, 66 1. 429
18 6,64 4,64 1,431
19 6,62 4,62 1, 433
20 6.60  4.60 1. 435
21 6. 58 4, 58 1, 437
22 6. 56 4, 56 1. 439
23 6.54 4. 54 1, 441
24 6. 52 4,52 1. 442
25 6.50 4,50 1. 444
26 6, 48. 4, 48 1. 446

K(%) g,mccp. i,'n;Cv;

P3
27 b, 46 4. 46 1. 448
28 6.44 4. 44 1. 450
29 6.42 4. 42 1. 452
30 6.40 - 4,40 1. 455
31 6.38 4,38 1. 457
32 6. 36 4,36 1. 459
33 - 6,34  4.34 1,461
34 6.32 4,32 1. 463
35 6.30  4.30 1. 465
36 6.28  4.28 1. 467
37 6.26 4,26  1.469
38 .24 424 1. 472
39 6.22  4.22 1. 474
40 6.20  4.20 1. 476
41 6.18  4.18 1. 478
A2 6. 16 4.16 1. 481
43 6.14  4.14 1,483
44 6. 12 4,12 1,485
45 6,10  4.10 1. 488
46 6,08  4.08 1. 490
47 6.06  4.06 1. 493
48 6,04 4,04 1. 495
49 6.02 4,02 1. 498
50 6.00 4. 00 1. 500
51 5.98  3.98 1. 503
52 5,96  3.96 i. 505
53 5,94 3,94  1.508



K(%) SmCr SmCe Y
54 5.92  3.92  1.510
55 5,90  3.90 1,513
56 5. 88 3,88 1,575
57 5.86  3.86  1.518
58 5.84  3.84 1,521
59 5.82  3.82  1.524
60 5.80  3.80  1.526
61 5.78  3.78  1.529
62 5,76  3.76  1.532
63 5,74  3.74  1.535
64  5.72  3.72  1.538
65 5.70  3.70  1.541
66 5.68  3.68  1.543
67 5.66.  3.66  1.546
68 5.64 = 3.64  1.549
69 5.62  3.62  1.552
70 5,60  3.60  1.556
71 5,58 3,58 1,559
72 5.56  3.56 1,562
73 5.54 3,54  1.565
74  5.52  3.52  1.568
75 5,50 3,50  1.571
76 5.48  3.48  1.575
77 5.46  3.46  1.578
78 5.44 3,44 1,581
79 5,42 3,42  1.585
80 5,40  3.40  1.588
81 5. 38 3,38 1,592
82 5.36  3.36  1.595
83 5.34 3,34 1.599
84  .5.32  3.32  1.602

70

K(%) 2mCn ZmCe O
85 5.30 3.30  1.606
86 5. 28 3. 28 1. 610
87 5. 26 3,26 1. 613
88 5.24  3.24 1.617
89 5. 22 3.22 1.621
90 5. 20 3.20 1. 625
91 5,18 3,18 1.629
92 5.16 3,16 1. 633
93  5.14 3,14 L, 637
94 5,12 3,12 1. 641
95 5,10 3,10 1,645
96 5. 08 3.08 1. 649
97 5,06 3. 06 1, 654
98 5.04 3,04 1. 658
99 5.02 3.02 1,662
100 5. 00 3. 00 1,667



“7l=
TABLE A-II

Mean Molecular Weights of Argon and Air and

Helium and Air Mixtures as Functions of Concentrations

K(%,) Py n,, e +Air
28. 97 28, 97
5 29.52 27.72
10 30.07 26. 47
15 30. 62 25,22
20 31.16 23.98
25 31.71 22,73
30 32.26 21.48
35 32.81 20. 23
40 33.36 118,98
45 33.91 17. 73
50 34, 46 16, 48
55 35.00 15. 24
60 35.52 13.99
65 36,10 12.74
70 36. 65 11. 49
75 37.20 10. 24
80 37.75 8.99
85 38,29 7. 75
90 38, 84 6. 50
95 39, 39 5. 25

100 39.94 4, 00
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PLOT OF RAYLEIGH PITOT FORMULA
FOR VARIOUS SPECIFIC HEAT RATIOS
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Figure A~l.



73w

28

2.7

2.6

2.5~

2.4~

2.3

2.2

2.4

2.0 r—

PLOT OF RAYLEIGH PITOT FORMULA
FOR VARIOUS SPECIFIC HEAT RATIOS

L 1 ] |
8 9 - 10 i
p02 /P,

Figure A-2,




4.8

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

2.8

PLOT OF RAYLEIGH PITOT FORMULA
FOR VARIOUS SPECIFIC HEAT RATIOS

f |
10 14 18 22 26 30 34

Figure A3,

38



L¥ 0l

(%) V'3 7
00! 06 08 oL 09 0s ov 0f oz ol )
T T T T T T I T
8 NOSHY B HIV 40 SIUNLXIN n
ONNOS 40 ALIDOT3A
40086 =
<¥ SA O.—-

0sol

0901

0201

o801

060!

oon

oW

(988 /43) °D

Figure A-4,



N fi‘/sef:)

2800

=76

| ! ! l3ziat] |
HELIUM
- R
a,.= JUNH . SE—
o '\/I'(Kne)q T (Kpo) To
2600~ .
VSs.
KHe
2400 (— = -
°=«\/7r: 9 ; To =530°R |
2200 .
2000 -
1800~ —
1600 (— —
1400 — —
VELOCITY OF SOUND
" MIXTURES OF AIR AND HELIUM
1200 | | i |

0/ 20 40 60 80

%
Figure A«5, KHe (%)

{00



