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PREFACE -

Tne snalysis described in Section IV was conducted for the Minuteman

Wing VI motor development program under Air Force Conuract JAT 0k (69L ) -258.

The compilation of experimental data and the writing of this report were
supported by company-sponsored independent reseerch and development funding.
Acknowledgment is made to O. J. Demuth, Assistant Venager, Advanced Design
and Technology Department, M. J. Ditore, Manager, Aerophysics Programs, and
S. A. Lorenc, Suvervisor, Fiuid Mechanics Section, for their helpful advice
and sssistance, which contributed significantly to tae completion of this

report.
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\ SUMMARY

The current available infurmstlon concerning liquid-injection thrus*-

vector control from the standpuint of both system performance and analysis.is‘ ’

summarized in this regcrt. A detailed description c2 the couplex flow field:
created by the injection of a .iquid into a supersonizc nozzle is given on the
pasis of both experimental information, including pressure measurements and
visual evidence, and the theory of compressibie fluid flow. Also included

is a brief discussion of the important individual processes, such as pene-
tration, atomization, vaporization, and chemical reaction, which are integral
perts of the overall flow interaction. Overall system performance>and the
effects of the many injection parametevs are then considered and illustrated
with experimental data from a number of sources. The final portion of the
report deals with analytical methods for predicting the performance of liquid-
injection TVC systems. In particular, a theoretical mo@el based on a detailed

e e e -—

. ey - — e s :
flow field solution_-whach has been under_developmenc gt Aerojet,)is described
in detailwf}ﬁecause of a lack of funding, this model was not fully sompleted.
Thus, the A section contains the specific tasks that will be undertaken to

complete the model when funding asgain becomes available.
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I.  INTRODUCTION

The objectives of this report are: ‘ N o
a. to promoze a better understanding of the complex flow interaction

assoziated with liquid-~injection thrust-vector control (LITVC);

b. to provide information that can be utilized for preliminery LITVC

system design; .

c. to indicate the present status of analytical efforts that have been

directed towards the development of a theoretical model for performance prediction.

Experimental data from all known sources to date have beep compiled with the first

two objectiﬁes in mind. These data, especially those of a more fundamental nature

such as measured pressure distributions and schlieren photogrephs, have been used to
supplement compressible flow theory in the discussions of the various facets of the
liquid-injection flow field. Actual performance data have heen carefully selected to
illustrate the effect of each injection or motor parsmeter on system performance. This
information, as presented in Section III, should enable the‘design engineer to deter-
mine approximately the performance to be expected from any given system and shauld
also provide a means for selecting the proper parameter velues for specific applica-

tions.

The sections of tke report devoted to the analytical aspects of LITVC have
been included to describe the approach taken here at Aerojet to develop a suitable
comprehensive model, the progress that has been made to date on that model, and the
steps required for its final completion. It is anticipéted_thét soon after the con-
clusion of a present independent research and development experimental program,
which will supply much needed flow field date, another report will follow; this

report will describe the finished model.

Page 1
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- I, Introduction (cont.) N G
The fgasibility of thrust-vector control by fluid injection was first demon- { i
strated in 1952 py G. F. Hausmann at United Aircraft.l By injecting a secondary gas ?:
- eross-stream in@o the divergent section of a supersonic nozzle, Hausmann showed that 3%
a lateral force exceeding the magnitude of the secondary stream nmomentum was produced. }%
The additional force was a direct result of the interaction of the two streams within gl
the nozzle, which caused the formation of a local high-pressure region along the 3
_nezzle wall, in the vicinity of the injector. In subsequent tests by a number of jﬁi
3Lvestigators,2’3%:and h it was found that this interaction force was strongly depend- ﬁé
‘ént on §uch injection parameters as the location ané configuration of the injector, ?;?
the injectant flow rate, and the properties of the injectant itself. These initial ‘ ?ﬁ
experiments were all performed with gaseous injectants, but because of material prob- %é
-lems with hot gases_and bulky svstem requirements for cold gases, the use of a liguid ”fﬁ
injectapt was proposed, which was proved fessible by NOTS in 195915 f%
The'fifst class of liquid injectants to be considered were those which readily éz
vaporized when encountering the high temperatures within the nozzle. Of all the i
" (A
~1iquids of this type tested, the Freon group emerged as the most successful. However, &g
it was soon discovered that injectants which chemically react wi%h the mein streanm 'if
gases to liberate heat would produce greater side forces per pound of injectant. This Ei
led to the investigation of such liquids as nitrogen,tetroxi&e, UDMH, hydrezine, ij;
bromine, and perchloroethylene, which, in addition to giving relatively high perform- e
ance, also created toxicity and corrosion problems. To combat these latter effects, T§
sodium perchlorate and strencium perchlorate solutions in water were tested at "
AerojetG’7 and were found to have completely acceptable storage and handling charac-
térisﬁics, while still producing higaer performance than the Freons. '
Initially, the injectors consisted only of & single port in the nozzle wall, $
but further efforts to increase performance, resulted in mulbtiport configurations in f
which the ports were spread circumferentially. This spreading of the disturbance -
along the nozzle wall proved to be successful as long as the distance between adjacent %?
ports was not excessive. 1;§
Page 2 7?
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1, Intrcduction (cont.)

The liquid-injection TVC concept emerged from the feasibility stage when it
s+ Wwas adopted for use on three major solid-rocket motors. Both the Polaris A3 and
Minuteman Wing V1 second stages have flown successfully with an injection system
*  using Freon 114B2 and a three-port injector. For the Titan III 120-in.-dia sclid

rocket booster, an N20h system consisting of six ports evenly spread over each 90°

quadrant was selected. Excellent test results have been reported for this configura-~

tion.

The liquid-injection system has a number of advantages cover other methods of
thrust-vector control. Since there are no mechanical parts exposed to the propellant
gases, the material problems usually associated with today's high temperature, particle-
laden propellants are minimized. Also, the injection of a secondary fluid causes an
increase in the axial thrust instead of a thrust loss as experienced with jetavators,
Jjet tabs, and swiveled nozzlies. Another very useful characteristic of this type of
system is a very fast response, or an extremely short time lag between the cnmmand
signal and application of tke full control force. Since there is no break in the flow
vassage from the chamber thrcugn the nozzle, as with gimbaled or swiveled nozzles,
nozzle design is simplified. ¢ome additional advantages include spplicability 1o all

nozzle sizes and a decreasing sy.tem weight throughout the flight as the injectant is

expended.

Of course, this systzm also has certain disadvantages. T m a performance
,’standpoint, the most serious drawback is the relatively poor performance gt high
jet-deflection angles. Deflections over 6° are usually difficuit to ouwtain, which
limits booster applications. The entire injection system carn become quite complicated
when such areas as pressurization, tankage, and valving are ca.efully considered.
Finally, the possibility always exists of the injectant supply being exnausted before

the end of the flight, leaving the vehicle without means of control.

The suitability of this system for a particular application must therefore be

det- rmined through trade-off studies considering system performance, weight, and

Page 3
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I, Introduction (cont.) n%

reliability. 1In such a study conducted by Space General for & typicsl vehicle, liquid
injection was not recommended for the first-stage motor, but was found to be very

competitive with other methods of thrust-vector control for the upper stages.5l

Page U4 o
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iI. DL;CUSSION OF FLOW FIELD o e e

LU

A.  GENERAL DESCRIFTION , _.\‘ ,:"’f .

- -

When a ligunid is injected cross-stream into a nozzle, it wi;i penetrate ‘
as & sclid jet a short distance into the supersonic gas streaﬁ before sﬂat%ering iﬁ@é
droplets. The drag forces acting upon these droplets carry them downstréam, while E
the high temperatures of the gases canse the injectant to vaporize. The vayor ﬁhﬁs ‘
generated forms & body along the nozzle wall, which szscts as'an4obstruc£ion ﬁo %he
primary flow. TIhe resulting flow field, shown schematically in Figure 1 for a single

port, is very similer to the interference pattern produced by a solid dblunt bvody.

The primary feature of this flow field is a three-dimensional bow shock
which stands slightly upstream of the injection port and spreads both radially and
circumfereatially as it extends downstream. At the intersection of t: e shock with the
nozzie wall, the disturbance can spread upstream through the subsonic portions of the
boundary layer. If the shock is sufficiently strong, the abrupt streamwise pressure

gradient can cause the boundary layer to separete from the nozzle wall.

In the vicinity of the injector, where the shock is strongest, the bdunaary
layer separates upstream of the bow shock and reattaches to the vapor body, thus modi-
fying the effective shape of the obstacle. The presence of this separation region at
the nose of the vapor body causes the shock patiern near the injector to differ some-
what from the pattern without & boundary l:z:yer. The bow shock is closer to tﬁe body,
and the ccmpression waves generated near tne separation point merge into an oblique
shock, which then intersects the bow shock to form the bifurcated pattern shown in
Figure 2a. The size of this separation region depends on both the height and width
of the body. At low injectant flow rates with little penetration, the separated region
merges rather smoothly into the vapor body, causing the separation shock to be the main
shock as shown in Figure 3a. At the other extreme, such as a single liguid jet pene-
trating far into the nozzle as in Figure 3b, the separation region will be relatively
small, with the bow shock the dominating-feature of the flow field. 1In addition, the \
5122 of the separation zone for a given body increases for greater boundary layer

- 3

thicknesses.
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B séﬁaration region depends on the shock strength, both decreasing as the shock moves

_ the. separation region and shock are more prominent than in the liouid nitrogen case

II, A, General Description (cont.} w%& '

Downstrean of the injector, the separated boundaf& layer reattaches to

vthé nozzle wall, as shown in figure 2b, in & manrer similar to the shock-boundary
layercinygraétion produced by the reflection of an oblique shock. The size of this

7éloser to the exit plane.

Photographic evidence‘of some of these flow patterns is presented in
Figures U through 7. The shadowgraphs shown in Figure b were taken at the JPL 20-in.
Supersonic Wind Tunnel during the injection of liquid nitrogen througﬁ & single port
in g flat pls.te.8 For free stream Mach numbers of 2.61, 2.61, and 3.26, both vapor
body and bow shock are plainly visible. The relatively small separation region can be
aftributed to the thin boundary layer and, most probably, to a body width much smeller
than the kody height. This last statement can cnly be postuiated, of course, since
there is no direct evidence of the vapor body dimension in the plane of the plates.
However, it does appear reasonéble becavse of the relatively small diameter of *he

éingle pért, the high injection pressure, and small_injectanﬁ flow rate.

Figufe 5 is a schlieren pﬁotograph taken at the same JPL wind tunnel for

M = 2.01, but with Freorn 12 as the injectant and a 3-pert injector-9 In this cese,

due to the greater laterel spreading of the vapor, relatively small penetration, and

a thicker boundery layer.

The effect of an accelerating free stream was included in the tests per-
formed at.Stanford with injection through a single port into a two-dimensional
noz'.'.le.10 The overall floﬁ pattern, Figure 6, for liquid nitrogen is quite gimiler
to the flat plate case. In additisn to the schlieren photographs, an indication of the
shock and body dimensions in the plane of the nozzle wall was also found in these
experiments by using a china-clay technique to show the flow patiern along the wall.
Thege dimensions proved to be much less than the corresponding ones in the plane of
the schlieren photographs, thus supporting the presence of the relatively small separa-

+tion region.

Page 6
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11, A, General Description (cont.) .

For en axisymmeiric nozzle, flow visualizstion techniques must be rep%géed
by thorough wall-pressure measurements, to determine deteils of the flow field. How-
ever, the Minuteman project at Aerojet, during an actnal firing, meu*fed a camera Jusf
outside and above the exit plane of a nozzle, looking down ﬁhe_inside of the ﬁozzlé'
towards the thro.t. Figure T is one of the photcgraphs taken during the injéction of "
Freon llhB2 through a single port, and shows the vapor hody and the sﬁ&ck aibng tﬁe

nozzle wall.

A typical pressure distribution for Freon llth injection through a 3-port ;
injector in the Minuteman Wing VI nozile is shown in Figure 8. This nozzle is con-
toured with an overall 24.8:1 expansion ratio, and the injector is located a2t an
expension ratio of 8.25:1, This pressure distribution is typical of most liquid-
injection cases with the smz2ll high-pressure region near the injector, the overall :
decrease in pressure in the axial direction approaching the undisturted value, and the
pressure increase from the injector centerline to the shock in the circumferential -
direction downstream of the injectof. The major portion of the total side force,
about 70%, is contributed by the downsiream region, while the high pressure separation
region accounts for 20% and the injectant momentum the final 10%.

Similar pressure distributions were obtained at JPLFO for Freon 12 injected
through a2 single port into a conical nozzle. With the single port, the side~force

contribution from the separation region was only approximately 10%.
B. EFFECT OF VAPOR BODY SIZE AilD SHAPE

The formation of the vapor body is an extremely complex phenomenon in

which the interrelated processes of atomization, vaporization, mixing, and, in scme

cases, reaction occur simultaneously. The size and shape of the vapor body is deter-
mined primarily by the initial penetration of the liquid stream, the rate of vapor ;
generation, and the injector configuration.' To produce the maximum side force, the 3

body height snould be large initially to produce a strong shock and learge separation 4

Page T

—_ ety —— R R




Pl

T

Y

i /,(1:.07‘

f4cd

. 'TM-16-SRO

1I, B, Effect of Vapér Body Size and Shape (cont.)
region, end condinue to increase downstream to prevent the pressure levels in this
relatively lorge area from falling too low. A stronger shock is also produced by &
greutér body wldth as the three-dimensionel flow over and around the body approéches
the l%mit}ng two-dimensional case where all the flow must go over the body.

\

The initial height deperds upon the combination of penetration and rate
of vapor generetion. For low penetration, the boundary of the vapor body is determined
primarily by the volume of vepor generated, which is then free to spread in the cross-
se¢ctional plane ﬁbth away from the wall eand along it. When the penetration is high,
hovwever, the bod& height is mainly & function of the trajectory of the liquid jet and
droplets, with a corresponding elongation of the vapor cross-section. For a single
port, this might ailow more of the primary flow to spill eround the vepor body rether
than being forced over it, which would then result in lower pressures along the nozzle
wall away from the body. For a multiporﬂ injector, this decrease in body width per
port might permit some of the primary flow to bleed between adjacent ports, also
causing lower pressures. This initial loss could be compenseted for, however, if the
greater mixing provided by this multiport configuration resulted in a larger vapor
body downstream due to improvgd vaporization and/or more complete chemical reaction.
Thus, there definitely appears to be an optimum penetration, depending upon the

injectant and injector configuration.

After this initial deflection and compression of the primary flow caused by
the "nose” of the vapor body, the flow expands again as it follows the body contour

and apprecaches its original direction. Thus the downstream pressure distribution is

_ governed by the slope of the vapor body boundary, which depends on the amount of

vapor generated, the mixing of the vapor and free stream, and the degree of chemical
rea~tion. The total side force is, therefore, largely determined by the vaporization

process.

For a relatively inert injectant, such as Freon, the maximum side force may
be produced by a controlled, rather than instantaneous vaporization, which would result

in an increesing vapor body size approaching the nozzle exit. If vaporization occurs

Pege 8
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1I, B, Effect of Vapor Body Size arnd Shape (cont.)
~oo quickly, the downstream pressure will fell rapidly and may drop below *he undisturbed
value as with gas injection. On the other hand, the maximum body size will p>t bhe

produzed if the vaporization is not completed before reaching the nozzle exit.

For a reactive injectant, however, vaporization and mixing must first take
place before the chemical reaction can be initiated. Thus it would be advantageous in
this case to vaporize the injectant quickly to give the vapor a2 chence to mix and react.

C. DETAILS OF INDIVIDUAL PROCESSES

i. Penetration

There are essentially three factors affecting the penétration of a

liquid jet into a cross-current high velocity gas stream:

a. the momeritum of the jet relative to the free-stream;
b. the break-up of the jet into droplets;
¢. the shape and solidity of the jet.

Fcr & supersonic free-stream, additional factors may enter due to
the shock-wave formation upstream of the injector. Also, vaporization of the ligquid

and possible reaction in beth liquid and vapor phases could produce significant effects.

The important penetration parameters can be found by considering

their effect on the above factor.. These parameters can be grouped generslly as free-

stream properties, injectant properties, and injector design.

The primary local free-stream parameters are static and dynamic
ressures, vhich, for s given gas, are functions of total pressure and Mach number.
The combination of low total pressure and high Mach number will produce low values for
voth Llocal pressures, thus promoting peneiration. The secondary effects of shocks and

vaporization depend on the free-stream total temperature and Mach number, while the gas

Page 9
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II, C, Details of Individual Processes (cont.) -

composition affects any chemical reaction. A slight reduction in penetration would
most probabl& result from these secondary effects. -
. ‘e

o =Y

Finally, the injector design can be quite significant since the velocity, .

and thus momentum, of the liguid jet is determined by the pressure drop across the g ;
injector .and the port-discharge coefficient. The penetration is also a direct funection

of the port size, and the exact form of this relation will determine whether a scaling f?
effect exists for. any particular case. Since a solid stream will penetrate farther
than a spray; the jet solidity, which depends upon the contour of the port internsl

flow passage, is also an important factor.

As mentiohed previously, there does appear to be an optimum amount of
penevration that will produce the greatest side force for any particular case. 1In
general, the optimum value should be greater for regetive injectants'and multi-port
injectors. If a scaling effect does exist, it will probably be more difficult to

attain this best penetration in the larger nozzles.

2. Atomization

After the initial penetration of the liquid jet, the stream is broken

up into droplets by the interaction of aerodynamic, viscous, and surface tension

forces. Experimental investigations of this atomization processll’12’13’lh have shcwn
that the size of these droplets depends on both free stream and injectant p}operties,

as well as the shape of the jet. To promote the formation of smaller droplets, the
free~-stream density, and the velocity should be high and the injectant viscosity and
surface tension low. In addition, the size of the jet, which is related to the port

diameter and injector configuration, should be small.
Small droplets are desirable since they result in greater amounts of

vapor being generated within the nozzle. This can be attributed mainly to the addi=-

tional total surface area furnished by s large number of small droplets as opposed to

Page 10 Ry
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11, C, Details of Individual Processes {cont.)

a smaller number of larger droplets comprisinz the same total muss. This largerfaﬁéa

- N
¢

S ey e

allows better heat itransfer to the liquid, <«nd thus faster vaporization.

3. Vaporization

Two different types of vaporization can occur within the nozzle: .

flash vaporization and vaporization due to heat transfer. ¥Flash vaporization takes

place when the liquid injectant is suddenly brought into an environment in wbich the

pressure is below the vapor pressure of the liquid at its initial temperature. The
for the injectant to reach an equilibrium state at the

tempersture thus must drop
9), with the heat loss by the liquid utilized for vapor }

given pressure (see Figure
generation.
initial injectant temperature, a low final pressure, and a reletively flat vapor

The amount of vapor produced in this manner will be promoted by a high
In mest instances, the final product will be a liquid—iapor mixture, j

prassure curve,
with the end state on the vapor pressure curve.
might be completely vaporized, so that the final state will be in the vapor regiorn,

However, in extreme cases, the liquid

and thus at a lower temperature than the liquid-vapor mixture al the same pressure.

The most prevalent form of vaporization 'is a Jdirect result of the
heat transfer between the injectant and the hot gases within the nozzle. It depends
not only on the injectant and free-stream properties hLut also the physical mechanisms

of mixing and atomization. In general, this vaporization will be promoted by:

2. High free~stream temperatures;
b. High free~stream and vapor thermal conductivity;

c. Low free-stream and vapor specific heat;
d. Low injectant temperature;
Low injectant heat of vaporization;
f. Low injectant density;
High relative velocity between the free stream and liquid droplets;
h. Good atomization (small droplets); '

1. Cood mixing between the frez stream and vapor.

e o = 8 A bt ) e e e et
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II, G, Details of Individual Processes (cont.)
For injection into sea-level nozzles, this latter form of vaporiza-

tion will be predominant, but flash vaporizatvion could become significant in high-

expansfon—ratio nozzles, and will be the primary form in cold-flow experiments.

i, Reaction and Mixing

If an exothermic chemical reaction cccurs between the species of
the free stream and the injectant (liquid or vapor), the heat generated increases
the amount of jet deflection by:

~

a. causing the vapor body to exband, thus forming a larger
obstruction;

’ b. transmitting heat into the primary flow, which has been
shovnl’ to be analogous to mass addition with resulting
higher pressures.

The molecular weight of the reaction products as compared to that of the reactants is
also important in determining the final body size. The choice of an optimum reactive

injectant will thus depend on the composition of the primary flow, the heat of reaction,

the free stream should be promoted, and since mest reactions occur with the injectart

vapor phase, vaporization should be accelerated.

As more of the free-stream gases mix with the injectant vapor, two

opposing effects occur. The vepor-body size is increased due to higher temperatures,

- greater vaporization, and greater reaction, but less of the fiee stream is heing

deflected. However, in a study cqnducfed at Aerojet using a computer program for tur-~

and the reaction pronducts. To encourasge this reaction,-the mixing of the injectant with . 1
i

bulent mixicg with chemical reactions,ls'the overall effect of greater mixing was the
production of a larger effective vapor body, and thus greater jet deflection or side -

force. This was especially true in.the case of chenical reaction.

Page 12
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A.  TYPICAL SYSTEM PERFORMANCC . : * o

<y

The final criterion to be ased in evaluating any given liquid-injection

thrust-vector-control system 1s, of course, the performance of that‘system, i.e. the

amount of side force produced by a given injectant flow rate, or cdnvgrsely, the o
injectant flow rate required for a given amount of side force. To-preéent system';,;

performance, either of the curves shown in Figure 10 are most frequently used.

The first, sometimes referred to as the "gain curve", shows side force -
as a funection of injectant flow rate, with the motof’thrust and mésé flow used to
nondamensionalize the variables. It is convenient to ffesent the performance in‘%erms
of these ratios since the side force ratio (FS/FA)‘is the arctangent of the resultant
jet deflection angle, and the mass flow ratio (ﬁs/wA) is a scaling parameter that

enables the performance of different size motors to be compared. e N

~ The seconé curve shows the injectant specific impulse, (I;)s, or she side
force per unit injectant flow rate, as a function of the side;force ratio. Since the
system requirements are usually stated in terms of jet defiégtibn, this letter curve

allows the efficiency of the L1.VC system to bve evaluated for given requirements.

Either of these two curves can readily be transformed to the other, since,
for a constant motor specific impulse, straight lines emanating from the origin
represent lines of constant (Is)s in the gain curve, and constant ﬁé/ﬁA in the Isi

curve.

The shape of the curves in Figure 10 are typical for a constant injertion’
pressure system. As the injectant flow rate incieases, the slope of the g;in curve
tends to level off, and in some cases, will actually become negative due to the
reflection of the shock off the opposite nozzle wall. Thus, for a given seé of

injection conditrons, there is a maximum side forece, which usually occurs at 8 very
high injectant flow rate.

Page 13
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IIL, A, Typical System Performance (cont.)
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[EN

e 2;‘The*loss in system efficiency at the higher mass flow and side force
ratios is indicated by the IS curve of Figure 10. The higher the jet-deflection

requirement, the lower the injectant specific impulse. Thus, at the meximum side-
force cendition for the system, the (Is)s is usually so low, that it would not be

S

"desirable to operate the system at this point.

B.  SIGNIFICANT PARAMETERS

- -

-

"+ Since -the mechanisnm producing the side force is so complex, it is not
- surprising to find that system performance is semnsitive to a largr number of para-
meters. These parameters can be grouped in the following menner:

1. 1Injection perameters

a. injectant properties

b. port diemeter and injection pressure
. c. - injector iocation

d. injec%or configuration

e. angle of injection

2. '~ Motor parameters

a. chamber conditions
b. propellent properties

- c. nozzle size snd shape

e M o
3

% > -

In general, the effect of each parameter can be deduced from experimental
data, and by considering the flow’field and individual processes discusseé in the

previous secvion, these effects can usually be logicelly explained. However, with sc

many parameters, it is sometimes very difficult to isolate a single parameter and its

%

effects, since a change in one parameter may necessarily cause a corresponding change

i
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111, B, Significant Parameters (-ont.)

¥

in some other parameter. .An example of this is the relationship‘bétween injectant flow

rate, port ares, and injection pressure. It is not possible to chauge only one of these

parameters for a given injectant. N

1. Injectant Properties ) .

.

Liquid injectants cen in general be grouped into three classes:

L] .

a. inert liquids, .

b. reactive liquids, : .
¢. monopropellants or bipropellants. - >

The inert liquids essentizliy do not react with the propellant gases
of the pramary flow, ard tnuc depend primarily uﬁon vapqrization to produce the body
of vapor which forms the flow ocostruction. Since the ‘raporization requires energy from
the free stream, the effective fluw 3deflection is somewhat reduced. In the inert
liguid class, the Freon compounds have been found %o produce the best performence due
largely to their low heats of vaporizstion. Freon 113 and llhBa have been extensively

used since their relatively high liquid density reduces ténkage requirements.

Reactive liquids, due to chemical reaction with the propellant gases,
usually liberate heat within the nozzle, which not on;y tends to increase the size of
the vapor body by increasing temperature and the amount ¢f gas'generation, but, in
transferring energy tc the primary flow, alsc tends to inerease the flow deflection.

Since most propellant gases are fuel rich, the most successful reactive injectants have

been oxidizers, such as nitrogen tetroxide and hydrogen peroxide. Because of storability

and corrosion problems associated with these particular liquids, a new class of liquid
oxidizers arose ~ perchlorate salt solutions. Excellent performance has been obinined
with saturated water solutions cof sodium, strontium, and lead-perchlorates, and by
using a reactive solvent such as hydrogen peroxide, this performence was furthérA
increased. With a reactive solvent, however, the storability and corrosion problems
again arise, but would not be as significant as in the case of the solvent alone used

as the injectant.
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In the third class cof injsctants, the monopropellants and blpropellants,a
the injertant itself reacts as soon as it iz raised to a sufficiently high temperature.
Thus, the performance of these .njectants does not greatly depend on the composition cf
the propellant gases as vith the reactive liquids. In actual tests with typical llquld
and solid propellants the performance of such injectants as hydrazine, UDMH, Cavea-B
nitromethane, UDMH-hydrezine, and UDMH-IRFNA have in general been greater than the

inert liquids, but less thun the cxidizers. One scheﬁé that has been proposed to ;;3

e

L 3 %

IR

-~

"
o 5,
RIS

": Toe 3

increase the performance of monopropellants and bipropellants is the use of a pre- i

combustion chamber to initiate the chemical reaction just before tke injectant enters

be realizeq. ) . B
A wide range of liquid injectants have been tested at Aerojethl’h2, .%;
NOTSS, and Logkheed30 in actual hot firings and some of phe results of these tests are :
shown in Figu;es 11C*¥ and 12. 1In these figures, the relative performance of different
injectants can be compared for the ame injection and motor parameters. Tt should be
noted, however, that some injectants may be more sensitive than others to certair B}
parameuers which could cause a shift in relative perfcrmarce levels. A good example
of thls is the greater effect the propellant gas composition and temperature have on d;

the performance of reagtlve liquids than on inert liquids, monopropellants and biprozel- <

[
-

lants. :

- ~

In addition to performance, the final selection of an injectant for
a given applicabtion will depend greatly on such properties as density, corrosivenesé,
toxicity, and stcrability, which will affect.the size, weight, complexity, and relia-~
bility of the injection system. ‘ ' :

=

* Figure numders designeted with the letter "C" are contalned in the confldentlal
supplement. ®o-this report..s | L% .- : - . o S -
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IIZ, L, Cignificant Parameters {cont.) _ o o

2. Port Diameter and Injection Pressure

1

The effects of port diameter <nd injection pressure cannot be
determined separately, since at a given in,ectant flow réte one cannot be varied
without causing a corresponding change in the other. The poft diameter is an -
important parametef in the atomization process, with smaller droplet sizes, and
subsequertly faster and more efficient vaporization, resulting from the smaller ’
port sizes. The penetraticr of the liquid jet, which affects both the initial
strength«of the main shock and the size of the sepsration region, is primaiily a
function of the initial injectant velocity, which in turp'depends gfeatly on the .
injection pressure. Therefore, in most cases ip'wguld appear that the combination ‘
of a small port and high inJection pressure would produéé the best performence
at 2 given injectaﬁt flow rate. Tnis +rend is illustrated in Figure 13C, vhere
the lines of constant injection pressure and éonstant port diameter are shown in

tra Is plot for a single port injector.

The question that now naturally arisés is_which of the two metkods
of varying injectant flow rate is preferablev— constant port area with variable
injection pressure, or constant injection pressure with_?ériable port area. To
compare the performance of the two systems, they must be metched st some particulsr
d=sign point. The natural choice for this design point is the maximum injectant
flew rate, for which the highest injection pressure and largest port size would
be required. At the lower flow rates then, the constant pressure system would
have a larger injection pressure and smaller port size, thus producing éreater
penetration and higher -ide forces. ITh. performance of the constant area syétem- )
would be especialiy poor at the very low flow rates, wheré with the low injectfbn i

pressures, the injectant may barely penetrate the boundary layer. .

A good comparison of the two systems is given in Figure 1LC where
the typical performance curvee for each system are shown. Unlike the curves '

praeviously discussed for a constant. pressure system, the gaiﬁ curve for a qonstant'

-
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ITI, B, Significant Parameters (cont.)

< “

ares system hgs.an in}lec%ion point, with a correspoy@ing méximum in the Is cur;e.
Thus, in phe'low flow range, the efficiency of a constant aree system decreases

* . at the émaller,injecfanx flow rates, while the constant pressure system efficiency
increases. ‘ ' ' o

) The trend of increasing performance with increasing injection

pressure at a given flow rate does not hcld indefinitely as illustrated in Figure
15C. Iﬁ the previous section, it was concluded that an optimum emount of penetra-
tion did exist. This conclusion is sﬁpported by the,fact.that there_is an optimum
injection pressure, which varies with motor chamber pressure. For higher pressures
within the nozzle, higher ihjection pressures are required to reach the optimum
penetration. ’

3. TInjector Location

* . There are a great number of factors to be considered in determin-

ing the-opéimum injector location.. From an aerodynamic viewpoint, as the injecter
is moved closer to the throat, the shock wave becomes steeper, for a given flow
deflectioh) because of the lower free-stream Mach pumber. Taus the nozzle wall
&rea covered by the disturbance increases. Also, deséite the fact that the shock
strength_ié less at_fhe lower Mach numbers, the difference between the pressures
behind the sﬁock and the free-stue%m pressures is still greater for locations

- closer to the throat since the free-stream pressures are higher. The combination
of larger area und greater pressure differences would produée higher side forces,
s0 that from sirictly aerodynamic considerations, the optiﬁum imjector Yocation
should be as close to the throat as possible. However, two other important factors

must be considered - nozzle geometry and vapdr body size.

Due to the circular cross-section of a nozzle, the nozzle geometry

tends to reduce performance as the injector is moved closer to the throat. This

Page 18 ‘ '
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ffect can best be explained by first setting up a cylindrical coordinaté syg‘&em_' i
. (r, 0, x) with the nozzle center line as the x axis and the injector located on the

nozzle wall at 6 = 0°.

Since the pressure force always acts normal to the nozzle wall, a differentiagl force

dx
cos &

dF = PdA = Prd ©

acting at any point on the wall, will have the following component contributing

directly to the side feorce:

aF cos Scos a
(P r a6 dx)cos®

4dF

As Bincreases, dfs becomes smaller, and for 90°<8<270°, a =
negative side force component is produced. Therefore, as the pressure disturbance
spreads along the nozzle wall in the ¢ rcumferential direction, it becomes less
effective in producing a side force. as the disturbance spread; substantially into

the upper half of the nozzle, an actual decrease in side force may result.

This performance loss due to geometry, sometimes called "curvature
loss,” will become mora predominant as the injector is moved closer to the throat.
The steeper shock waves et these locations tend to further aggravate the problem.

Figure 16 illustrates a situation ir which the injector was too close to the throat

wu »

3

in a Minuteman nozzle ™" sand the shock wave was hitting the opposite nozzle wall.
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III, B, Significent Parameters (cont.)

Pressure taps were located at various x stations at § = 1806, and the shock
reflect;pn was clearly indicated by a sharp rise in pressure, which moved upstream .

as the injectant flow rate increased. The gain curve for this test is shown in

" Figure 2%, and is extremely "fiat" for w /w >0.15. .

The final factor that must be cons1dered in a dlscu551on of the

optimum 1naector location is the size of the vapor body, which determines the initial

flow deflect1on and the downstream pressure distribution. For a given flow rate and
injection pressure, the penetration of the liquid jet will be less at locations
nearex t@e throat and the volume occupied by the resulting vapor neaf the injector
will be smaller due to the higher free stream pressures. Thus, ‘the initial flow
deflection will be less. However, the higher free-stream temperatures and greater

distance to the nozzle exit will promote vaporization, mixing, and reaction, which
will tend to produce higher downstream pressures as long as these processes have

not been completed within the nozzle.

To summarize then, the injector should be located

Close to the throat to optimize the aerodynamic effects;

a.

b. far from the throat to minimize the losses due o the
geometrical effects;

c. at some intermediate point to optimize vapor body size.

Thug, there is @efinitely some optimum location, which willhdepend upon the
relative importance of each of the above three factors. Such en optimum location
is clearly shown in Fignre 17, where for this particular case, the maximum side
force for a given flow rate would be produced by 1n3ect10n at x/L = 0.h5

(x = axial distance from throst to irjector, L = nozzle length).5 As the flow rate
is increased,\the location of this meximum usually shifis slighqiy dowﬂsﬁream

as the geometrical effects become more significant.
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A multiport injector also tends to shift the op_timum location
downstream, since this injector opreads the disturbance more circumferentially
than a sgingle port. The curvature losses, therefore, become effecjcive' sooney
as the injector is moved towards the throat. Figure 18C compares the effect '
of injector location on a single port and multiport injector for:the same nozzle.

Cne point that has been a source of confusion for some time ig
the variation of optimuﬁz location frcem nozzle to nozzle. " This variation has been
quite significent, ranging from x/L = 0.2 to x/L = 0.6. The cause of such an .
inconsistency may lie once again with the geometrical effects. TFor a given x/L
shock reflectlon and curvature losses w:.ll be, more of a problem w:.th a long
slender nozzle then with a short stubby one. Thus, the ra.t:.o of nozzle 1ength to
exit dla.meter L/D, appéars to be g poss:.ble correlating parameter. Figure 19C
shows that such a correlation does ex:.s- » with the optimum 1ocat10n moving down-
stream as L/D increases. Of course, the optinmum x/L Wlll vary somevwhat for a
given nozzle, , depending on the various injection paramete:g's,,» and thus only the
general trend can be indicated. Also, in some cases. an >actua1 optimum was not
reached, but was elther upstream or downstream of the range tested. This is

o B

indicated by an arrow in Figure 19C. . .

=

»

k. TInjection Angle

Experimental data indicate that increased performence can be
gained by injecting the liquid upstream against the flow of the main stream, as
can be seen in Figure 20. One of the main effects of this_ npstream injection
angle is an increase in the size of the separation region unstream of the injector.
Actual pressure distributions measured at JPI.hO show that separation was initiated
more than twice the distance uupstream of the injector when tne injectioa angle v;as ]
increased from 0° to 4O° (measured ‘wi’c}i:‘:'espect to the plane'normal to the nozzle '
center line, with upstream values posi’cive) The pressures downstream of the
injector were found to 'be sllghtly hlgher and spread more circumferentially wi+h

the LO° angle. . 4 el e o e
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] Tﬁe larger separation region with an upstream injectibn angle )

' -can Pe attributed to a greater penetration with respect to the nozzle wall, as ,VJ

. ~relat1ve velocities. between injectant and primery flow near the 1n3ector,'and
?‘ ) longer stay time for the injectant within the nozzle, promote atomization,
vaporization, mixing, and reaction, which increase the vapor body size and thus

account for the larger downstream pressure ares. e Co. o

A ( f - ~ For _cases where the shock-reflectlon effects predomlnate, (1 e.u -
A hlgh flow rates and locations near the throat), the curvature losses ‘with the
1arger'upstream angles will ve greater, thus rever31ng the usual trend., This T
situation’is 111ustrated in Figure 21, which shows "3 .0° 1n1ect10n angle to be
super10r«to3§ 32; angle for x/L = 0.2, but the 30° angle to be better farther - -
) ;

dovnstream. _Also, the effect of flow rate is. ev1dent since the crossing

A

of the 0° and 30° performance curves occurs farther downstream at the higher

flow ra%es. >

Ed . M 1]

- 5. Injector Configuration

» 4 -

= The multiport injector usually produees hignef side specific
impulses than a single port due to the greater spread‘of the disturbance area.
Also; by distributing the injectant, the intermediate processes of atomization,
vaporization, mixing and reaction are greatly enhanced, so ?hat a multiport
injector would definitely be recommended for a reactive liquid. The only port
arrangement that has proved successful is a circumferential spacing at the same
axial coordinate. Therefore, it is necessary to comsider two additional variables
with multi-port injectors- -the spacing between ports and the number of ports.

Figure 22C shows that there is an optimum spacing for a given
port size and number of portis. When the ports are too close together, mutual

interference occurs between the disturbances generated‘from each port, thereby,

p .
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reducing the effectiveness of the interaction process. If the poits are too far
apart, some of the primary flow may go between the porté essentially uhaffected;
and the greater spread of the disturbance will once agaiﬁ'bring the curvature T

losses into effect.

Available data indicate that increasing the number of ports has

a much greater effect on reactive liquids than on inert injectants. This can be :x"f

attributed to the better mixing and mors complete chemical reaction that resnlts
from the greater dispersion of the injectant. Figure 23C shows the ‘incredse in-
the performance of a reactive liquid as the number of ports is incfeaéed.))ﬁowever,
since the curvature losses are also increasing asg the total spread of the ports

increases, a point is f£inally resched where performance will drop if additional

ports are added.

The best combination of port spacing and number of ports will
depend strongly on the particular injectant, apd will slso vary with certain

injection parameters, particularly injector location.

In discussing the injector, one factor that should be mentioned
is the shape and sclidity of the liquid jet as it enters the nozzle. This factor
will greatly influence the penetration of the jet, as well as the atomization process
to a lesser extent. Lockheedh3 stated that for both a constant area orfice and
variable area valve, the liquid stream may separate from the flow passage walls,

changing a solid stream to a spraylike jet, as shown below.

Constant Area Orifice Variable Area Value
. NI
Without Ll s .&////j
Separation _» - < (E;;> ’ -

2 T

Wwith \w/“ . /’//. )
S;paration \\\\ﬂ> - \\\* —
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-This separation is promi. i by & short flow passage, a high flow rate, or a low .,’Jj
back pressﬁi:e , end will greatly depend on the shape of the passage. In tests (*:
w:.th s constant area orifice at Lockheed, as the injection pressure vas increased, ‘ :,n’;

2

8 d:.scon’c:l.nuluy developed in the flow rate because of the onset of separatlon. & )

Such & phenomenon was also noticed at UIC for a var(la.ble ares valve , and could 7

explain some of the irregularity of liquid injection data. ':,.” %

, G This separsation of the liquid stream causes a decrease in side ' :"

force sincg., the jet penetration is drastically reduced. This effect appears to ”}l

. dominate over the petter atomization, which would improve performance. A good | #:
example of the separation effect was the loss in performance that occurred with “;,

the M:Lnu’ceman LI'.WC system when the shape of the p:.nt.Le in the \rar:.able-area velve ',,

was changed to give better flow control. Bench tests showed that the new valve :

. p;‘odﬁcgé 2 'd_ef':i.nite spray pattern, in contrast to a 's01id stream from the old valve. ;
It thus appears that the performance of any LITVC system can be o

X dlrectlJ affected by the flow characteristics of the l:.qun.d stream, and the evi- . g

dence t¢ date indi:etes a solid rod.-llke £low .to be best. % .gf:'

.. 6. DMotor Paramsters - , o o )

Performance of 1den‘clcal :Lngectlon s,;stems may still vary f‘rom :
one mobor to another, making it necessary to determine the effect of certain motor ",7‘,
parameters on TVC performance. These parameters can be grouped as: chamber '
conditions, propellant properties, and nezzle size and shepe.

The performanc‘ex of inert liquids h‘?:s been found to be qu‘ite .
sensibive to chanber pressure, as was indicated in Figure 15C, but ‘:»ri’ch some - ".;"
reactive injechants, little effect was nobiced. 0 A A, good example of the larger
variation in performance that can be experienced with inert injectaunts as the~ 5
chamber pressure changes is shown in Figure 2k, where’ Freon llll-B was 1njected o
at a constant flow raue ‘during motor 'l‘m.ll—off ,35 As the chamber Dressure droppea.

. . "
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W LIRS

from +50 to 250 p31a, ‘the side-force ratio 1ncreased by a factor of 5

1n3ectant speclflc 1mpu1se by a factor cf 2.

.occurred at the nozzle exlt, and ttan’ moved upstream into the nozzle as “the

chamber, pressure further decreased.

K TM-16-SRO e

B . R
. »
1 .4 &

At this p01nt, flow separation

This separatlon caused a snarp drop in per-

formance as the effective nozzle wall area covered by the pressure Jisturbance

was reduced.

Y

‘?‘.’

.2

. The 1ncrease in.performance with a decrease in chamber pressure

can most llkely be attributed ©o greater penetration ‘of the 11qu1d jet, inﬂreased

vaporlzatwon,~and.greater expansion of vapor,

5 end the - o

f“

resulting in greater 1n1t1al flow

.

deflection. &nd h1gher downstream pressure alfferences. §1nce the inert 11quids

appesr to be more dependent on chamber pressure than certaln reactlve injet tants,

the vaporlzat*cn effects must be the dominent

+
v

2

A

onesh . [P
- &L T -

.

. " Higher chamber temperat r2s would be erpected to increase the‘

performance_of all liquid 1n3ectants, s1n,e both tﬁe vaporlzatlon and"dhemlcal

reaction processes are . temperature dependent to a large extent.

Reactive

‘

injectants wrli,,ln additlon, be strongly dependent on the propellant comp051tion.»’

For instance,.a propellant producing large smounts of H%,gn@ CC will ‘contribute.

greatly to the effectiveness of an oxidizer-type injectant. g .

.

.

Size and shape ‘of the nozzle

v

is an important factor to be consid-

ered since the geometrical effects play cuch a2 large role 1n the side force -

prodvetion.  The dependence. of the optlmum injector location on the*nozzle L/D

.

has already been discussed.. -

o

.

P .-

-Another significant parameter is the nozzle expansion ratio.'

A

Figure 25 compares the performance at various

inaector 1ocations of a 30:1 i 3

contoured nozzle with another nozzre.nav1ng the same contoug, but cut off ab & & -

37

12:1 expansion ratio.

At a,given locatﬂon (e ..,,the nozzle with the greater

ki

expansion ratio w*ll generally produce the greater sid° force because of the “%

graater length frcm 1nJector to exrt, and thus greater available wall area for the

. ¥

'
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\l’x reflection and \.urve.ture losses, which would meke the Shorter nozzle more effectn.ve

*
€ - b4
N

However, the larger nozzle will also be more subject 5 shock R4

pressure disturba,nce .

at ,locatlons close to the throat. At the same relative loca’cion (x/L) ) the per-

,
z,

e
xl -

formance of the smaller expansion ratio nozzle will v greater because of smadler - 5
N ,'}‘ jfrf

Mach nam'bers, and thus larger pressure differences and steeper shocks. Both. of ¢
clleSe trends are substantiated by the data plotted 1n Figure 25. C H f'*é
JTL T e e ’ ! ' ' e et ;?-g;
. « - Toe actual nozzle contour also appeare to have 2 subs’can’clal effect 1&?%
‘on TVC, perfo*'mance. Figure 26C shows that at the opt:.mum ;o.naector loca’clon, consid-~ *‘é
erably hn.gher 1n3ectant specific impulses for both inert and reactive llq_ulds were ‘T;
’:“"“1

produced :m a contoured nozzle as compared with com.ca.l. nozzles. A possible reason fvj
ot

o

]

for ‘this may be the greater primary flow mass concentrat:.on aear the wall in s 4

contoured ‘nozzle » Which would allow a greater e:fecm.ve flow deflection by an

ohs,truct.:.or;j on the wall. It may be possible to actually optimize & nozzle contour » «f§

for TVQC perfomance and with such an objective, NESQO?9 has worked a great deal \«‘
with an adverse _pressure gradient nozzle. However, ‘\,here is usua.lly a loss in ’ ’;f
axial performance associated with such a change in contour, wh:.ch in mos%t cases w
cannot be tolerated. : g L ’ ":

: C.. AXTAL THRUST AUGMENTATION \ . 3

-

A favorable by-product of the secondary 1n;]ecta.on concept is an increase o

in axial thrust durlng 1ngect10n. Because of the d:werglng shape of the nozzle exit

cone, ,the pressure forhe acting normal to the nozzle wall also has an exial component

acting in the same direction as the thrust. This component is primarily a function

of the nQzzle divergence angle, d , and does not depend upon the azimuthg.l coordinate,
Thus, the axial thrust augmentetion will continue to

b

0 , as does the side force.
increage as the pressure ,qlsturbance spreads in the circumferential direction, and .

will be substantial when the shock reflects off the +Opposite nozzle wall Also »

the closer the injectoxr: 1§ to the throat, tne greater the pro,]ected wall area in

¥, .

the cross-gectionsl plane, so the greater the thrust augmentsaticn. ’

o

' .
. s 6

Page 26 - ' ‘ ' / P




J,;“‘ ks

m——ne—y e

g . - —_ T b oo e e e e
v < . — T
- . S hd s ha A ¥
- . - . . o . ¥
¢ N . K Ae ‘; B
K ; TM-16-5R0 o e
- - ]
v, h ;{ ORI ’) " E ”{;J
721, C, Axial Thrust Augmentation (cont ) ) o ~ P

A

The momsntum of the lnjected liquid may also have an sxial component,

N P S L e e e

deprending on the injection angle, Ilowever, since the momentum is usually less ﬁn

then 10% of the side force, this component would not be significant ix most cases ,
« Figures 27 and 28 show some thrust augmentation data for Minuteman o

2 . R
subscale nozzles33’3u’J5’ and 36 end illustrate the effects of injectant flow . - =
rate, injector location, and angle of injection. As would be expected , the

greater pressure differences and larger disturbance ares associated with greater

Pu e MR e L im e o Av—? ot

flow rates cause a corresponding increase in axial thrust eaugmentstion. Unlike
* the side force, however, at the locations close to the throat, the thrust increment
continues to increase at the higher flow rates, instead of leveling off and actually

decreasing because of curvature effects. Also, there is no optimum injector

location as with the side force, so that a location closer to the throst alweys !
results in greater thrust augmenfation. It can bg seen in Figure é8 that upstream
inj2ction angles produced greater thrust ir rrements. This indicates that the
greater pressure forces more then compensated for the negative momentum axial
components associated with the upstream angles. However, it is possible that at

locations near the exit this relation may be reversed and a negative thrust

inersment produced.

This thrust avgmentation characteristic of secondary injection is an

important point to be considered when comparing this system with mechanical methods

of TVC for which ther2is usually a loss in axial thrust. o,

D. SCALE EFFECTS AND DYNIAMIC RESPONSE L

A question that has yet to be fully answered is whether there is a

difrerence in the IVC performance between two different size motors with geometri-
cally similar nozzles and TVC system parameters. At first glance, it would seem
that such a difference would exist sinee such phenomena és penetration, atomization,
voundary layer separation, and chemical reaction would not appear to be directly
scalable . However, experimental dets from Aerojet, with Minutemen motors, and

Page 27
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- IIT, D, Scale Effects and Dynamic Response (cont ) . ;"‘f‘al,,n'.'.
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' .l
;, at Lockheed?’l’ 32 hes failed to indicate any definite scale effects. Such effects - ~s
B may still exist though for different parsmetcr ranges, and, on the basis of the above = B
Lo {
1 1« ° phenomena, & slight losc in performance with the larger nozzles might be expected. -
B - Additional experimental verification is needed to settle this particular question. ’
! r AN B . 'v,':
: « As ¢ mpared with mechanical TVC systems, secondayr injection has an ‘
. extremely fas‘b regpons 2, or a short time lag between command and appllcatlon of O

-

the control force. Because of test-stand inadequacies, actual measurement of this
response has been very difficult. However, a technique was developed at Aerojet

using ex::.‘t—cone pressure-tap readings instead of lcad-cell measurements. In tests
with a s:.nusmdal—;ngec’cant flow-rate variation, it was fuund that the phase lag N
between the side force and the flow rate, excluding valve dynamics, was negligible .

up to 20 cps. Also , the side force amplitude ratio varied little from unity for

this same .range.

»

It is hoped that the daté. compiled in thie section on performance
characteristics will lead to a better understanding 7of the liquid-injection
process, and that the parameter effects illustrated may be useful for preliminary
design purposes until an adequate analytical or empir_:ical’ performance prediction

method is developed.
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Although the liguid injection concept has been 4nVestiga%ed fBr a i ‘
] ¢ ~ nuarer cf yeurs, an analytlcal model for edequately predicting the performance ‘

) cf any LITVC system has.not been found. This is not surprising when one Lon31ders

PN intsvitatetgsa )

t.2 complicated processes of liguid-jet penetration, atomization, vaporization, . :‘ IR

S—

mixing, and rer.ction thec must be analyzed, in addition to the extremely complex i

7T
NS A

thrce-dimeﬁsional flow fieli. Lowever, from the modele that have been proposed,

s grester 1ns1gh+ into” the’ varicus problem areas has teen gained, whlch along,
wi*h the accumulat*on of additional experimental data, leads to the formulation of .

T —

i more realistic assumptions in future approaches.

kib! “1F Ry

i . Early in 1960, the first liquid-injection aneiﬁtical study was begun

ty NESZO (National Zngineering Science Company) under contract to Aerojet.lT

b

lgé . e mcdel propesed in this study is illustrated in Figure 29. fThe liqurid was

: sssamed to flow along the nozzle wall, instead cf penetrati ing into the main stream,
gi snd to form a vriform dlstrlbutlon of mass sources due to vaporlzatlon. Llneerized
Ay - tLeory for superscnic aerodynamics was used to calculate the side ‘Porce produced by
é the resulting wedge-shaped vapor body. This model produced fair agreement with
¥ experimental data for low injectant mass flow rates, when penetratidn was relati%ely

E smz1l, but the correlation was quite poor through the remainder of the mass flow
range. ; ) . .

-y -~

e
[rtunptuive

A mu~h more sophisticated approach to the liguid vaporization process
D L apg ' X b

D
.

was presented by NESCO in 1961 under a subsequent Aerojet‘con,tract.l8 In this

.. ncdel, shown in Figure 30, the intermediate processes of atomization and droplet’
vaporization were in:ldded which, ’along with the droplet tvajeetories, determined
*he 'esu‘tlng vapor "body". The 11quid jet was assumed to break up immedvately on
entering the no.zle and & mean droplet size was ietermined from the emplrlcal reua-
tions of Ingeko and Foster,l based on_free-utream conditions behind a normel shock

. Jus*t upstream of the injeetor. The droplet vaporlza ion rate was taken from Penner 19 -

Ly et -

Pege 29
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and, by ccnsidering the drag'on the mean size droplets due to the primar& flow, the L
trajectory of these droplets was computed. The free- stream conditions governing

»%

§ A’ ~ the droplet motion and vaporization were taken as those existing at the 1ngeCuor

» before injection, end were assumed to be unaffected by the presence of the droplets
g;' ‘and vapor. The injected liquid was thus distributed within the nozzle as a’continuous F
' ' line of meay 31ze droplets along the calculated trajectory. The vapor from this line
source was assumed to form a blunt-nosed helf-body of revolutlon 1y1ng along thie
nozzle wall between the. injector and exit plane, and acting as a solid phJSlcal ) .
obstacle.‘ ’ 4' - ’ . ) . A

The separated region upstream of the 1ndector was assumed to have the

ST Ry T MOMT e A et N SR,
-
-

shape of a half—cone ,tangent to the nose of the vapor body. The equivalent obstacle
~ was then a;:harp-nosed body of revolution, with the axis of symmetry being the nozzle
element passing through the center of the injector. The resultiné shock and flow
g- field were assumed to be symmetric about this same axis, and were calculated by a
simple shock expansion method for uniform and constant free-stream condltlons. The

side force was then calculated by 1ntegrat1ng the wall pressures behina the shock
and adding the momentum component of the liquid Jjet. lhe effects of nozzle curvature
in the cross—sectlonal plane were ret included, althouét the nozzle divergence angle
was taken into consideration.

The side forces calceulated in this manner»ﬁere generelly 30 to 50%
below experimeutal values, but this anslysis contributed a great deal to the state
of thelart by indicating the basic processes that need be considered, ani by repre-
senting the actusl flow field within_the nozzle with an equivalent simplified model,

) This same model was later improved at JEE?O by including a more realistic

vaporization, rate and e relatively sophisticat~" Jiroplet drag coefficient. Also,
the separation zone was modificd uo more closely represent the observed double-shock
pattern as shown in Figure 2a. Calculated results were compared with experimental

-values for only two cases, being U% high in one cese, and 20% high in the other.
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IV, 2, Summary of Previous Work {ccat.) .
Bioadwellel in 1962 proposed an entirely different modd®l for seéondar&—
injection TVC, applicable to both liguid and gas injectants. This model is based
on the plasi-wave analogy, which transforms results derived from one-dimensional,
* unsteady flow to uvwo-dimensional, steady flow. Thus empirical relations found for
an expanding cylindrical shock wave produced by the explosion of a line charge are
zpplied to the problem of determining the steady-state axisymmetric shock sbout a’
blunt body of revolution. For a solid body, the drag forces on the bo?y are equétedf
to the

of the

energy released by the original line charge to determine the size and shape
shock. For seccndary injection, the injzctant momentum, alcong with energy

erther taken from the free stream to vaporize the liquid, or added to the free

stream dve to a chemical reaction, must also be included. -

Broadwell considered only the first-order blast-wave solution, which

15 limited to very high free-stream Mach numbers. A second-order solution has been

50

used by Dahm” at Vidya in an effort to improve the treatment.-

Unfortunately, the blast-wave anslogy is strictly applicable onily for
constant free-stream conditions in front of the shock, Also, since vaporization is
assumed to take place immediately as the injectant enters the nozzle, the effects of
the parameters which influence the atomization and vaporization processes (i.e., port
diameter, angle of injection, and injectunt properties), as well as the effects of
boundary layer separation and nczzle wall curvature, are not included, Conseguently,
the calculated results sgree well with data at the low injectant flow rates, but the
aualysis does not predict the decrease in side specific impulse with increzsing flow

rate, nor the correct variation oif side force with injector location.

At ferojet, the interest in & theoretical liguid-injection model con-
tinuwed after the initial investigations by NE80018 were completed. Using the same

ceneras approach as NESCO, modifications were first made to the vapor-body calculs-

tions w0 improve the portions dealing with the vzporization rates and drag coeffi-
20

“.znt3, Inese modifications werz very similar to those later published by JPL.
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IV, A, Summary of Previous Work (cont.)

Also, a method was sought for simplifying the tedious, time-consuming f16w field
f calculations included in the NESCO report. A dimensional analysis approach was
Tirst taken in.which the side force was related to the size of the vapor body and .
- several nozzle and motor parameters. With the vepor bedy assumed to form & hali-
body of revolution for a single-port injector, the vapor body radius at the nozzle :
. exit was taken as the significant body dimension. This radius was a function of
;? svzh variables as the inJectant properties, port diameter, angle of injection,
bt free-s%ream_propérties, and nozzle-wall "ength between the injector and the exit
plane, and was celculated with a computer program similar to the one described in
Appendix A,: Using dimensional apnalysis, the following expression was derived for

T4 a single-port injector and nonreactive injectant.22

F' Em & R_2
S T2 ,cosQ v
= 067 () (2% (Y ' Y
Ta & % R -
vhere F;' = the induced side force, or the side force caused by

_interference only (not including the injectant momentum);
= axial thrust;

»,
= mnozzle expansion ratio;

= expansion ratio at the injector;

SRUN

= nozzle divergence sngle;

Fa
Ep
€
i
(04
Cp = nozzle thrust coefficient;
Rv = vapor body radius at nozzle exit;

= nozzle radius at exit.

The total side force was found by adding the momentum of the injectant

éntering the nozzle, Fm, to the interference force, Fs’. The momentum can be

written as B

) vV
Fo= (Sgl‘ﬂei Ai) cos @ (2)
/ .
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vhere : w?rs = the injectant mass flow rate; N Coet e T T
) Vo= the velocity of the injectant entering the nozzle, Caner DD e
Q- = the angle of" injection with respect to ‘the normal to the : v
-t nozzle center line; . Lt el
. P; = the injectant pressure at the p01t exit, e i
N - o ) - o :
A;, = the ‘portierea., | : s - YR .
. . A B . C o oL e ‘

. - - .g.
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a m.de range of experimental data as shown in Figure 31.,
+ encouraging smce it ind:.cated the abiiity of the vapor-body model to predict the . !

Th:.s correlation was : 3'“‘-4

relative changes produced by a variati)n in 1n;1ect10n or. nozzle parameters.
—— - ,f', o , A Sa
' T et L . ¢ 3‘7_, S g o ’

Thn.s same approach was used in Reference 23 to :anlude ‘the effects of .
reactlve inaectants and multiporu mJectozs. The vapor body ra.d:.us s however, was
caleulated in a different menner.. An initial mixture of vapor and“ free stream gases
was determined by b penetration of the liquid ;]et‘ ard the volume. increase caused
by chemical reaction was calculated by. assuming the m:.xture to attam thermochem:.cal

This model, therefore s also includes ‘the effect of ‘the propellant -

equil librium.
properties B &5 well as additn.onai _n,jectant properties, and the cucumferentlal
extent of the 1ndector, Figure 32C shows that the correlation with experimental data
obtained with.this. moael is Similar to that found w:.th the prev:.ous model,. which wae
The resu] ts from both ‘models ’

<.

applica'ble to .4 single port and nonreactive m;;ectant

however, were' not suff:.c:.ently accurate for design purposes 5 espec:.ally in the high S

mass flow range and for 1n3ector locations far from the exit. As a consequence, -

cont:.nued efforts at Aerogeu have been directed “towards the, development of an :Lrnproved

‘I'he s:.de forces calculated in this manner correlated fairly well wrth‘ : ';’?'g ,
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IV, Analyticel Approaches (cont.)

T™-16-SRO

B,. CURRENT AEROJET PRELIMINARY MODEL
«1., " Description o S

Because of the compiexity of the interference pattern created by
the injqcfion ofla secondary fluid into a nozzle, a detailed flow-field solution
appears to Le the oniy way to properly evaluate the effects of the large number
of significant pardmeters over the effectiée range of eac¢h., .Such a solution would
have to be ﬁore sccurate and less cumbersome than the ones proposed in References 18

and 20,

" With this in mind, a method of characteristics computer program
was developed for calculating & two-dimensional (plane) or axisymmetric curved shock
wave and the rotational flow behind the shock. This program, vhich is discussed in
more detail in Appendix B, requires, as input, initial conditions along a start line
in the undisturbed region upstream of the shock, and the shafe of the solid body
producing the shock, ZIf the shock is detached, an additional start line must be
specified in the supersonic region between the shock and body, with the subsonic flow
upstream’ of that point caiculated independently. The start line in the undisturbed
region enables the program 4o handle nonuniform freetstream conditions before the

shock, and thus the actual iiitial conditions existing in a nozzle can be taken into

account.

9

If the shock strength does vary along the shock, the entropy rise,
and thus total pressure drop, across the shock will slso vary. Therefore, the
equations for rotational flow, in which the entropy is constant along a stresmline,
but may vary from streamline to streamline, must be used in calculating the flow

field between the shock and body. The general iogic used in propegating the solution

is described in Appendix B.
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v, B, Current Aerojet Preliminary Mcdel (con*.,) . - \@

The present preliminary analytical model for liguid-injection

V0 consists primarily of three parts:

(45
-
*

™ u
v e rmh 8 ok i

s« aamech oo

2w A) e e s
oy o ¢

i a, vapor body calculation;
i b, flow field solution;
| ¢, DPressure integration over nozzle walls,

~

The vapor-body calculation is based on the approach previously described in

connection with NESCO’s model,l8
rate and drag coefficlents described in Reference 22, An additional modification

but includes the improvements in vaporization

mes been made to include variation in free-stream properties in the. axial direction.
io oriefly review this approach, & mean-size droplet is found from empirical rela-
tions, and the trajectory of this droplet is calculated by considering the drag
forces acting on the droplet because of the free stream. The presence of the

droplets is assumed to have no effect on the free-stream properties used to cal-
Zulzte the drag forces. As the droplets travel along their trajectory, vaporiza-
tion occurs becasuse of the high free-stream temperatures.r The fesulting vapor
body is found by considering the injectant distributed along the mean size droplet
trajectory to act as 2 line source, and by assuming the vapor to form a half body
of revolution. This entire procedure, described in more detail in Appendix A
along with the derivation of the significant equations, has been incorporated into
& computer program on the GE 225, In Figure 33, calculated vapor bodies are
compared with erosion patterns formed by injection of Freon llll;B2 into a Minuteman
nozzle during 2 hot firing., If the actual vapor hody is exisymmetric, these com-
parisons indicate its size and shape are represented fairly well by the analytiqal
model,

Eefore the vapor-hody shape can be input to the flow field solu-

tion, 1t must te modified to include the separated region upstream of the port.

v cmp s e o

For the sake cof simplicity in tnis preliminary model, this region was first assumed

to be conicsl and tangent to the nose of the vapor body as in Reference 18, Thus
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IV, B, Current Aerojet Preliminary Model (cont.) -

only & single e,ttachecl shock results, as shown in Flgure 3&1‘2 end the entire flow -a
field cen be calculatea with the method of characteristics program previously
descrlbggl. Provxsi_.qn can be made later to mclude; the general two shock system © oA
shown m Figure 2a,'ior the limiting bow shock at the high 1858 flows as shown in »

Figure 3b. ' - P

To find the vertex angle of this conical separation region, the
relation derived hy Ma,ger 1+ was used in vhich the platean pressure rise assoc:Lated
with the separstion of a turbulent boundary layer, f/:%o, 1s given as a function of
the free-stream Mach number, Mg, the flow deflection angle, &, and the ratio of "
specific heats, Y. The resulting equation is

P 2 . 2
—13§= 1+(1éK) yloo 1+0.328 Ky Moo B )
w 1+ (L) ues |- 1+ k(= )Moo

[y

where K is the ratio of the square of the Mach number at the separation point to
Mo;,?, Experimental data indicates this ratio to be approximately 0.55.

~ For given values of My, and?y, the Ppressure rise seross a conical
shock can be found as a function of cone angie. By satisfying this additional
relation along with the above equation, the resulting value of Pf/Poo and d can be
found, Figure 3k shows the variation of these variables with M fory = 1.2, The
value of d determines the size of the separation region since it is assumed to be
tangent to the vapor body.

To utilize the method of characteristics flow field solution,
the assumption is made that the shock and flow behind it is axisymmetric with
respect to the nozzle element passing through tﬁe center of the injector. This
is probably the weakest voint in the present model, since the actual Tlow is
three-dimensional, However, it was felt that the axisyﬁnﬁe’cric solution should

f

4
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IV, B, Current Aerojet Preliminary Model (cont,) - T

-

represent the actual flow to & fairly good degree, andhcould be cofrecﬁed for the
major three-dimensional effects. A tyrical calculated vapor body, separated reglon, )

shock, and flow-field network is shown in Figure 35.

The last step in finding the side :orce is the integration of the

cslcualated pressures over the nozzle walls. By superimposing the given nozzle

7 shape upon the axisymmetric flow-field solution, the shéck and nodal éoints in the

characteristic solution can be located along the nozzle wall Figure 36 shows &
.yoical intersecticn of & calculated axisymmetric shock wave W1th g nozzle wall,

ic calculate the side force, these points are then projected into a plane parallel
to the nozzie center line and perpendicular to the plane formed by the nozzle center
lire and the shock axis of symmetry. Thus, when the calculated pressures are inte-
grated in this plane, the_effects of the nozzle divergence angle and wall curvature
in the cross-sectional plane are included. Also, provisibn has been made for
handiing the case of & shock intersection with the nozzle wall above the center line,

vhich producés a negative force component.

il

Theuaxial thrust avgmentation is found in the same maﬁher, except
the solution points are projected into a2 plane normal to the nozzle center line,
In this case, no reversal of force occurs when the shock crosses over the cénter
line.

An sdditional item calculated is the center of” force, or the
effective poiﬁt of application for the induced side force, Fs'. _This axial distance,
Xq2 (using the nozzle throat plane as the reference plane) can be found from the

following expression:

As As
. L x (P-B, ) A J x (P-B,) dA o
C - = o \%)
AS F t s rl
I (P-R,) aa s
o)
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34‘ S L= l . DRI ' s TR ,,,';_w ":u*"..‘ ':fk R s

bl e e CAs = . the nozzle wall area behind the shock in the pléne ;t L

5% I A DR Lo perpendicular to the side forces, .. . B

! NREREE . - x = _the axial distance of dA Irom the reference plane R

g . . A . S the average static pressure acting upon dA during - ) ~'

e o T . ©, injection; o i Cd ‘
® b e . L r

2,& o Cac Y 0 By = 'the average stacic pressure ths,t would act on. dA T

S O ‘ = ) . wit no *n.,ech.on. ) e : - S,

3 ,: ‘ ) ‘)‘3‘ L K N e " o ,ng}' ‘~ ‘:‘)‘l -

N e AR ‘I'his pressure mtegration routine has been combined with the flow Y
g -, ’ i‘ield solution into a single computer progrem, which takes less than 1 minute~ per \i 5 g‘
*i ' rian on the IBM "(09l+ The calculation of the vapor body and separation region wil] . ‘?';,";
: . also be included in this one program when the final form of the body shape has been ' J
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e To evaluate the performance prediction capability of this model,

.

side forces were cai.culated fo,. 8 number o:. different motors encompassing a wide .
AP,

range of injec.t:.on- and noz.zle parameters. Axial thrusts for these motors varied i
from 1, 000 to 100, OOO 1b, nozzle expansion- ratios from 6’+ :1 to Eh 8:1, Jinjectant
mass flows'ior Freon 113 a.nd 11’+B from 2%. to 22% of the primary flow, ard injector -}
“locations at expans:Lon ratios from 3:1 o 12 5 L. When these calculated results “ ke
T = k'y"f

were Lompared with the *measured data for these motors 3 :Lt was found’ that the model oo

predicted side forces tha+ were generally L0 to 50% too low. - However, the rauio - ‘
of calculated “to measured side forces did not appear affected by the ’Jide parameter -
‘variation. - e r T Y s 4
PN . v Sne . St ‘\;11, o0
- ?ﬂ;, .T‘ne main reason for these 1ow values can be found by' comparing' i r
the calculated and measured pressure distributions. Figure 3"{ shows that the 1-;,5 a i
theoreticai axial pressur' &ist*- b tions long th 1 aw'r bodv "tsﬂf agree fair’.l.y
well with the measured values 1 but the circumferential .spread of the calculated X y
disturbance is much less thap indicated by experimental data. Th“?s latter result ‘ 7,
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1V, B, Current Aerojet Preliminery Model (cont.)

is more evident in Figure 38, where the traces of both the theoretical end experi~‘
+ mental shock waves along the nozzle wall are shown. The largest devietion between

the two shock patterns occurs in the separation region, as might be expected, with

th.e measured disturbance hyperbolic shaped, while the calculated shock and separe-

tion form a vortex of a triangle. The assumed conical shape for the separation

region is thus obviously incorrect. Farther downstream, the difference might be

attributea to three-dimensional effects and/or too small a calculated vapor/body;

In addition, boundery layer separation may also occur in the area downstream of the

port due to the impingement of the shock on the nozzle wall. This would tend to

spread the disturbance farther upstream from the shock itself. Since relatively

high pressures occur in this additional area not covered by the theoreticai shock,

the difference in area causes a substantial difference in side force. This pre-

liminary model has thus indicated definite areas that must be improved before the

final form of the model is determined. -
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V. RECOMMENDATIONS FOR FUTURE WORK - ‘ Th
. -~ BARY

4 N:-\fég

r £k

Although the results from vhe preliminary model are not satisfactory at
present, the consistency of the relation between the calculated and measured
side forces is very encouraging. This .nodel thus no¥ -only forms a firm basis for +
fubure work, but also indicates the specific areas needing improvefnent and the
definite directions %0 go in each area. It is estimated that the model in its present
form is approximately 70% complete. To bring it to full completion, the following * '
tasks will be undertsken:

1. = better representation of the separation region; ) -
24 correc.ions to the flow field solution for three-dimensional :
. effects; 2y
3. ' more realistic vapor-body calculations, s

These tasks will depend greatly on basic experimental date in the form of
rressure distributions and visval evidence, such as shadowgraphs and/or schlieren photo-
graﬁhs of the flow. A current IR&D program for gas-injection TVC has been designed
to provide specific ir;forma’cion of this kind, which will be directly spplicable to

the first two tasks.

Wb
f
RN

&

According to data now availsble, the separation region apparently spreads

’ out‘; along the wall much more than would be 1 licated by a simple half-cenical .

shape. Thus, the flow over this region is three-dimensional, and caimot be included u

in the axisymmetric flox»f field solution. Therefore, it will be necessary to calculate a

this region separately, possibly by semiempiricsl means. In addition, in the higher

injectant’flow ranges, when a strong shock is produced, the valeilation of this shock

and the subsonic flow behind it must 2lso be included, If this subsonic region is

relatively small, a simplified approach such as the method of Moeckel’ might be o

adequate for defining the initial conditions for the supersonic solution. If a more

sophisticated subsonic solution is required, the method of integral. :z'ela.‘.;ions2 has )*
provea successful for calculating detached shocks wi th the accompanying subsonic flow,YZ‘-"‘:iﬁ-
I't 2 ?*4_ ‘,A

."

and can be combined with the method of characteristics to give the entire flow field. P
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., Recommendations for Future Work (cornt.) B N L T

‘
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The,ths’major three-dimensional effects for which the axisymmetrlc flow-fleLd \aﬁ (?ﬁ

7R

Jlatiou shsuld be carrected are the initial cond.t ions tn the nozzle-before the ~A=-ﬁ

T

A
.

£L2 'z, which are no* syemetric with respect to the shock atls,,and the rozzile wall R :

1
.

- azvature in the cros=-sectlonal plane. In this partlculsr area, ‘the’ data obtalned B

g

“ from the a-oremen 13ned gas injecticn program will be quite vanuable since g g1ven

AN S

set of 1nJect10n condltlons will be kept constant for *ngectionx

) 4 ' PP - -
- - - -, . N B - .
] . A ~ Py :,} . P L § “ O
., [ e, : PN , "
l'- . vt . ‘ \

S l{h thro h a flat plate into a uniform free—stream, o LA

g { vt

Pl asianl

ROV DR
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- v o P
- 25 1nto a cwo-dlmeq51onal (plane) nozzle, eI . . Lo

N
e
-
.
1
4
.
.

¥

T3 1nto an axisymmetricd ‘nozzle. T

o

Wogki N
B
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~
P

N . Yo N ‘3«4 v A ‘s
. Coe v - . = PR S -
. - Fe s : ‘)g;, - . - PR i

Ey compazsnb the shock shapes and pressure distri butions obtalnea for each case,‘ o,

-

the three-dlmen51onal effects w111 "be ueterm;ned. “Q £, S
. . il o o :<" *i' ‘;’%yfn.ﬁ o

. . ~ [ .

The ultlmate answer to the problems An thls drea is *he ue2 of the three-

dlme:s;onal method o; CharanerlStICc in the flow-fleld solutlon:‘ The logic involved
§ in program;ng each a8 solution is much more 1nvolved in’ comparlson with the two- )
iimensional or ax1symmet:1c method of characterlstlcs, but thé approach presented : ,

ty Mbre+t128 has been successfully programed. Since the three dlmen31onel subsonlc

- snlutlsn ‘cen aiso be 1ncluded, as shown in Reference 27, the entire flow field sbout

RN @ A

.ne Jody w1tb its attached three-dimensional separatlon reglon could once again, be
; Z - caleulated in cne step. Also', the vapor body would no ldnger be restricted to a. ‘ ; ; |
half-bedy of revcla’ ion, and could tims include the effects of llquld—aet penetration ) :
anl multiport inject,rs. Because of the great value of a tnree-d1mens10na1 method of -

!
4 !
' |

otv-x supersonic flow problems as well, work has been initlated here for the develop-

characterlstlcs Pregram, not only for a secondary injection model but ror many -

+ -

ment of such a program. . . a '
The vapor body calculatloﬂ “the’ heart of the llquld 1pJectlon model, ‘has ff ' f .
or= tig weakness--the use of the zree-stream condltions outside the body to determine s
droplet tra] =°tor1es, vaporlzatlon, etc. In realicy, the droplets are trawel ng in -
a melium wkich is a nixture of vapor and free-stream gdses. In a model proposed‘by .;"
‘ | RV C o 4" & }
: 1 Page ll ‘ Lo
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( produced, resulting in a greater side force,

TM-16-SRO

Mayekr, 29 the d.roplet behavior is based on the properties of such a m'lxture s and ‘the
resul‘cmg d.rople’c velocities are much lower than those cal. cula*ed by the present
method. Tor a given amount of vapor generated, a larger vapor body will thus be

The presen“b vapor body caleﬁlatlon w1ll
therefore be modified to include this more realistic treatment of the interaction

between the liquid droplets, vapor, and frec-stream gases.

Once sa‘blsfacuory results have been obtained for 1naect10'1 of an inert
liquid through 8 single port, the model will be expanuad to include reactive liguids
and rrmlt:;—port injectors. The chemical reaction between the injectant and free
stream can probably best be handled by thermochemical calculations similar to those
described in Reference 23. With the three-dimensional method of characteristics,
the vapor-tody éhai)eﬂ can be made dependent on the number ani spread of the injection
ports, as well as\ the Yiquid-jet penetration.

The tasks proposed herz, with the exception of the three-dimensional method
of characteristics, will not amount to major efforts, but, for the most part, must
await the forthcoming experimental data. When the three-dimensional characteristic
solution has been completed, and each poriion of the model satisfactorily checked

with experimental data, the entire model will be combined into & single computer

prograi,
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vi. CONCLUSIONS

Liquid injection may now be considered a proven reliable method of thrust- ~
vector control as a result of its performance on the Polaris and Minuteman test
fiights, Although LIIVC appears best suited for upper-stage applications, sta%iéb .
te:* results for the Titan ITIC 120-in.-dia solic hooster have shown the perforﬁance
of a system using Naou as the injectant to be entirely adequate. Also, becausejof ips
tast response, LITIVC has been designated for the upcoming Sprint anti-missile missile.
Therefore, this type of thrust-vector control will most likely be nsed extensively in
fitare designs, with performance increases coming as the technology grows. Although
greater performance can be attained with gas in,ectanis, it will be some,tihe yet before
a system with a hot-gas valve wil® reach the stage of reliability currently associated

with liquid-injection systems.

Despite the faéf that LITVC systems have proved successful in meny
appiications, there is still relatively little known gbout the complex flow
interaction whicn produces the side ferce, The present system designs have been
regched only after extensive and costly testing, and still may not be completely
ophamum, There is thus a great need Zfor s method of predicting the performance of
any LIIVC system, which can be used in liew. of many tests to determine more realistic

-

preliminary designs. Such a method would t.e used for:

1. evaluating the performance of a given system;
. optimizing system parameters for a given application;

. extrapolating subscale test data to full-seale designs;

= Ww N

. sizing system components,

The simplified analyticel models and empirical meﬁhoés that have been
attempted to date do not include sufficient detail for design purposes. Only a
model which actualliy represents the flow within the nozzle during injection can
1nciude the frrst order effects of sll paraméters, while contributing tc a greater
knowledge and understanding of the associated phenomena.
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i L I wes towards ‘this objective that the development cf the model deseribed ) .
=  in this report was initiated. When completed, this model will Have the additional ’
| ; ) .
b ¢ ° advantage of providing detailed pressure distributiong for nozzle s‘bress:mg, heat- -
. -
. . ijransfer studies, and. injector design. Also, individual portions of the “Solution can . o
§ ’ be-eas? 1y' mod.lf:.ed as -additional. information becomes avallable. ) .‘ h g X
] . L : %
4 ’ . - s
, 7' In the very neax future, when the experimental results from the current gas- _ j
:Lnaec’c:.on cold-flow’ ;.est program are available, this model should be completed.for - . B
. inert :mqectents and single port injectors. Add:.t:.onal znod:.f:.ca.tlons to handle SN
¥ = reactive l:.q_ulds and’ multn.port injectors do not appear +o be ma.]or undertaklngs. RS H
! ‘.
: The' final" obaective is a sn.ngle computer progrsam i‘r‘at w1ll include .any injectant, C
ii ) 'gas or l:z.q_uld for any kind of maector » in any type of. 'nozzle. N
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Mach number, squared
L - Nozzle lergth

L - Injectant latent heat of vaporization
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NOMENCLATURE ™

Ai - lInjector port diameter )
’ As - N?zzie wall area behind shock projected into plazne perpendiculaf‘to
, side force . -

CD - Droplet drag coefficient

(Cp)v - Vapor specific heat

Cp - Axial thrust coefficients ‘

Cw - Injector port discharge coefficient ‘

di - Injector port diameter

D0 -~ TInitial mean droplet diameter

D - Nozzle exit diameter

L* ~ Nozzle throat diameter

EA ~ Axidal thrust

(FA) o - Axiel thrust without injection

FD - Drag force on droplets

FM ~ Component of injectant momentum contributing t& side force

FS ~ Side force

Fs' ~ Side force excluding injectant momentun

Is - Motor axial specific impulse

(IS)S - Injectant side specific impulse

K - Ratic of Mach number at separation point, squared, to free-stream
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1 o e NOMENCIATURE (cont.) R R ’E
: I \ Mass of vapor generated per droplet . = - *
’ . . MI Mach'numbér ) |
A.-F - Number of ﬁém-size droplets entering nozzle per uni’;; time T “
» - . 4
* n’ - Ndrma:!:--to‘ streamline N %
1 P _St;a.tié pressure - ) ! . SR
* Chember ‘préésure | ” s o . =
"~ Platesu pressure in separation region R o . . ?
- Injection pressure ) -
] ?otgl pressure ] N
-It’_randt]l number, (cp pw/N) ~ ;
Ratd.ial choordina‘be ' } ' ~ oy
- .D;.'oplet radius h !
- | Init‘ial mean droplet radius ‘ ‘
- Gaé constant By
- Nozzle exit radius, ) '
- \fabor body radius - : ' )
- Reymolds mmber (p¥ a/p)
- Entropy ol 5
- Time "
- Chamber tén;p;rature o ) 4 A‘
- 1Injectant boiling ‘l;empefature k ' i
- Axial velocity cc;mponent ‘ . ’ \ g . ‘
~ Radial velocity'component. X o
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‘ NOMENCIATURE (cont.) ) . ~

Total velocity

Total droplet welocity
Initial injectant velocity - S
Relative velocity o
Motor propellant mass flow rate

Injectant mass flow rate

Weber number.

Axial coordinate

Distance of center of force from nozzle thoat
Cartesian Eégrdinates

Cylindrical coordinates —

Nozzle wall angle (Mach angle in Appendix B)
Vaporization rate

Vaporization rate in a stagnant atmosphere ’
Ratio of specific heats —
Flow deflection angle across shock

Shock angle

Nozzle expansion ratio at injector

Nozzle expansion ratic at exit

Azimuthal coordinate (Flow angle in Appendix B)

Vapor therral conducstivity

Absolute viscosity

Kinematic viscosiﬁy 7 ' . P
Distance along droplet trajectory‘

D) - ' } g




T dhics

s g“: i ,;1*—:,:_&:'__ S - “:‘:’:"‘: T K AT s e e - s s
* ) SR A e
o ‘ 3 » » ‘}"k(
- ' TM-16-SRO e
i - N N + r »
} NOMENCIATURE (cont.) .
1 v * » v 14 '
i Z Q - Density . -t
T Y .
booy e 6 -~ Burface tension ’ : !
E .o (I)-‘ Injection angle ] '
oo .
" Superseripts '
. (—- ) - Denotes ‘average quantities in finite difference solution
e s . S .
Subseripts - - . ' R S P
'} A, Ay, ~ Denotes pom’hs in shock point solution . . | T U e, "
[« A B, S S ST
3 By, Bf2: : . . o . ﬁ
H T C, D: E’v . ' T ’ ] ’ 7".’\!?
il F : . _ LT %
; ; . ' : Ce , %
i d ~ ~Pertains to droplets ' ST T )
i s . - L N i )
; i - Denotes conditions at injector port . S C .o )
i - T, . N - . - t
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. : 1M-16-SRO, Appendix A

" The portion of the present liquid-injection model that calcuiia.tes the -
equivalent sclid body formed by the injectant vapor follows the general approach
described by NESCO in Reference 18. A number of modifications have been made R
however ; to include the effect of variable free-stream conditions, and to im;:rove

* the vaporization rate and drag coefficient. PFurther work is required to properly
evaluate the coupling effects between the free stream, vapor, and di‘olilets , and

$0 include the effects of liquid-jet penetration, -

Sinc_e the inj‘ectant is assumed to break up into droplets immediately on
entering the nozzle, the first step in the present model 'is the calculation of
the mean size droplet trajectory. By considering the droplets aloﬁg the trajectory
as & line source of mass, the distribution of vapor is then founci by assuming a
semicirenlar cross-section. .

To determine the diameter of the mean size droplet, an empirical relation
derived by Ingebo and Fost‘.erl2 for injection of a liquid perpendicular to a
subsonic free stream is used. The free stream conditions are taken as those

behind a normal shock located at the injector.

.\ 0.25 0.25
6’o ﬂe gGL vl'.
. = 39%\x = 39175 v 4
i e PV 4. n %
nn 1
oxr
0.25
[ O’L vy \
} -
a = 9.3 ~a 3} (A1)
° iley Vi

This relation was considered more realistic than the well-lmown HNukiyama-Tanasawa
atpressionll, which was derived for injection parallel to the freestream and includes

no effect of the port diameter.

Page 1
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T T T T '?'\\IIITIIIIITI-
vV
L }

The equation of motion for a single particle or droplet can be written as

-

—
av — ~> - -
3 3 d 1 2
—_ = = =0
(5-mx7PL) 3 2 7 PoaCy (mx ) [V, |V,
oY
& . “
{ Poo
a 3 D
Wiy, 8 o Ta % (62)
rl 'y L -

In Reference 45, Iagebo formed the following empirical correlation between
the drag coefficients for accelerating dropleis and the Reynolds: number based on

the relative velocity between the droplets z i free-steam,
-0.84 o

27 (Be),, = o7 = |
foo V. 274 g (£3)

0.84

—
CD =

for 6 <|(Re)r|< 400

The rate of vaporization is assumed to be proportionel to the surface area

of the droplet, or

a (rda) arg
B= - & ~ T "Tiwm (a%)
‘ Page 2
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TM-10-SRO, Appendix. A

An expression for this vaporizaticn rate is given in Reference 46 for

quesi-steady-state evaporation of a spherical droplet in a stagnant atmosphere,

= 2 AV

Too -~ \TL -
. B, = C—-—~——Pv or 1n [1 + ITJ—CPV ] (45)

»

) An»empi;'icalv correction can be made to this equation tc make it applicablz

for £luid motion with respect to the droplet,
. /2 1/3
‘s — " . \
B= B, _(; + 0.276 Re Pr ) (a6)

To arrange the trajectory equations into their final forms, equation (ak)

is first rewritten as

erjdr, = -pat | (AT)

Writing equation (A2) in component form, and substituting equation (Al)

into it giw_res:

du 3 Poo - (Cp)y o .
= - ar (48)
(Uoo - u)° B P, B & . :
av _ 3 Peo -(CD)y
F = dry (A9)
v2 P B

L

Equations (AT), (A8), and (A9) form a set of simltaneous ordinary
differential equations to be solved for the droplet radius ,' Ta and the droplet

velocity components u and v as a function of time, t.

N e v Mt e Sk o i

[P




—-— e ——— | b et e o

; TM-16-SRO, Appendix A _ N ,
To describe the actual droplet trajectory, the iollowinz two equations

are then needed,

¢

dx = udt , ‘ (A10)

. . -
B

dy = vat o © 0 {an1)

After determining the droplet trajectory, the next step is the calculation
of the becdy formed by the vapor. The mass of vapor generated per drop in an
interval dg along the droplet trajectory is

" am = - b7z 2 gr v (a12)

~

dm _ g -
= 2Ry P
and
i an o 2TPnTeb ' (a13)
& & . , / '
a

N = , (A

Multiplying equation (Al3) by equation (All) gives the total mass of vapor

per unit time generated in the interval 4%,

d‘:l_ dm _ '
w - Y& - (A15)
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T™-16-SRO, Appendix A .

Since tﬁe d:;‘oplet )tra.jectories are =2y close to the wé.ll, as shown in
Figure Al the droplets are assumed to form a Lin.: source lying alons the nozzle
wall. The vapor thus forms a half-body of revolution also lying along the wall.

__—*Nco
- | ]
-(.__/__.__’l
g Rl T
e | U
v ar
R‘V‘ RV+ h's

| l 1iteees l
. dx |

The radial velocity of the vapor at the surface of the body due to the

.

line scurce is -

1 aw 1 dw
V = o———0— = = (A16)
T
v Pv TTRV dax pv Rv ag
and the slope of the vapor body is
dR - -
v Voo
= Al
ax Uco . (a17)
NESCO in Reference 17 shows by a Taylor series expansion in pv
that at the body surface
P,V = Poo Voo (4i8)
v
Page 5
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%

Therefore, substituting equations (A16) and (A18) “into (A1T) gives

®, 1 1 aw - (A:fé)
ax ) TR, ‘14 - :
and with equation (AlS)
v r. B s
2R R = e —2d ax ‘ (a20) =
oo r, Vd . ’

Ce

Equations (AT) through (All) and equation (A20) constitute 6 equations for
the 6 unknowns, v, v, X, ¥y, T a’ and R_as functions of tae independent variable 5.
Since this is a "marching type" problem, the equations can be put into finite-
difference form, which allows the mumerical solution to édvance from given initial

values at successive aiscrete intervals of time.

As an example of the procedure used for deriviag the finite difference

equations, equation (A8) is integrated across a given interval in the following

manner.
un —_— (r.) . ]
Gu o~ _3 Poo ((iD_)x on ar (A21)
u- o (r d)n-l

where the quantities foo , U0, (C';)}c , and P ar- taken as constant average
values in each interval. The above equation can then be integrated to give

P& (-
(('D)x

1 1 3 p )
—] | = T = {r,) - {z;)
U - u \UR - u 5 g p1 B [ Tpo1 dn]
(a22)
or —
w =G -1/ |1 ) L3 Oy ey - )
\Uoo - un-l L P1, .ﬁ— n-1 n-J
Page 6
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-

S and are listed below
v - L
1 . _ 2 _ /e
| - T (rd)n - [(rd)n-l - B - tn"l)]
2 » o (_)
y : 1 3 y
5 . w=1/{ - [ -G ]} a2
5 n / v - PRI
+u
. ' _ n n~1
1o X = Fpa ¥ 2 (tn - tn—l)
J
. v o+V
- = n n-1
*n T Yna 2 (tn -l)

2 3
{(Rv) T =
. n-l

where 1 /2
2 2
vd = (11 + v )

The initial values used @t = G) ere

Ay e - .

3 4 = -V.sin®
Rk o L

i

v = V_cosVY
g o I

I B

| |8

x =7 = (R =0
3§ o JO (V)
1 o
4

! r = do

o - ‘Yo T 2

i

where do is calculated by equation (A1)

e

Page T

The other finite difference equations can be derived in a similar menner, \

(a23)

(a27)
(a28)

o A it < s
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L
=6

For the solution, an iteration technique is used in which the “values for’ - ‘

feo , oo, 'B-‘-, .(——)‘CD , and ((g)
x ¥y

the form

for the first pass in a given interval, take .

o

o,

8 = 8
n-l ,

v

5

After the first pass through equations (A22) (A27), a new value is given to

these terms,

s

(830)

+ g . -
- _ ®n-1 n
& = P
where a  1s calculated from the results of the first pass, and the solu ‘on is
repeated. This procedure continues until successive values calculated for w,

[

satisfy the following criterion

(A31)

(1o sy

1 - 'G;—'Sl— .0001
Ria

The converged values of the dependent variables, A , are then used as the initial

values, A(n-—l)’ for the next interval %o continve the solution.

This solution has been pz;og,rsmmed for the GE225 computer and takes

approximately £ minutes per run. This program requires the following input:

1. Propellant Properties ' - -

o a29)

a) Y, ratio of specific heats

b) R, Gas Constent, (£t-1lbf/1bm-°R)
¢) Pe, Chamber Pressure, {psia)

d) Te, Chamber Temperature, (°R)

Page 8
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T™-16-SRO, Appendix A
2, Injectarit Prope ~ties

a) P 1, Diquid Density, (lbm/ft3)

b) v, Liquid Kinematic viscosity, (f‘ta/sec)

¢) O, Liquid Surface Tension, (1bm/£%)

a) de Vapor Thermal Conductivity, (BTU/sec-ft-°R)
g) . L,, Latent Heat of Vaporization, (BTU/ 1om)

£) T;, Boiling Temperature, (°R)

g) Cy» Vapor Specific Heat, (BTU/lbm-°R)

3. ~ Injector Parameters

a) xks, injectant mass flow rate, (1lbm/sec.)
p) @, injection angle (degrees)

c) d;, Port diameter, (in.)

a) Py’ Indection pressure, (psia)

e) C,» Port Discharge Coefficient

k., Table of Free Stream Mach Numbers vs. X.

U
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TM-16-SRO, Appendix B

The method of charscteristics has long been recognized as a Vvalusble method
for solving hyperbollc partial differential equations, and has been used extensively
for compressible, inviscid, supersonic flow field solutions. Mathématically{ this
method transforms parcial differential equations that describe the flow over fhe
entire flow field to ordinary differential equations which apply only along
characteristic lines in two-dimensional flow, or characteristic surfaces in three-
dimensionsl flow. The general theory of the method of characteristics and the
actual derivation of these ordinary differential equations, sometimes called
compatibility equations, will not be discussed here, but can be found in a number -

k9

of texts, such as Courant and Friedrichs 7, Ferriu8, and Shapiroc “.

Since the flow field for LITVC, as shown in Figure 35, will include curved\
shocks, the flow behind the shocks will be rotational, i.e., the entropy will be
constant along a given streamline, but will vary from one streamlire to the other.
From Shapiro, for rotational axisymmetric flow, the characteristic lines are the

Mach lines, described by the equations,

(g"'l") = tan (0 + q) (B1)
ax
I
(& - ¢t (8-a) | (22)
J
I Characteristic
r
X Velocity Vector %
] i
x o |
|

J Characteristic

o ISR e
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and the compatibili'by equations applicable along these lines are L

sin € ¢’na (dr)I sin @ cos &

|

i

1

] ‘ cot o

g (dG)I - ¥ (dV)I + -sTn_@ " - - SR (dS)I =0 (B3)

| ' ' -

j (a0). + cot & (av). - sin © sind (dr)J , sinGcos & (as). =0 (B4) -

| J v J sin (0 - ) T TTYR Sig*= '
» . .

{ .

i The subscript I denotes the left-running characteristic and the subscript -~

J the right-running cheracteristic. It is usually more convenient to work in
3 terms of Mach Number, M, and flow angle, O, and the above equations can be transformed

to these two varishles through the following relations:

LIPS S

? sind = M (BB)
o -
and, for adiabatic flow
] -1
L - av Y-1 : daM
.‘ ¥ = (1 + = M2 ) W (36)

‘ Using these relations, and the corresponding expressions for cos(( and

tan Cl, equations (Bl) through (B4) take the following form:

sin e “ I'/—f -1 + cos e ' (B..()

»

E .'{i . "(.d~—r) ) ;
r {E de 'cose_\/l\if*—.l -Sine
|
] : & - sin OV - 1 - cos® (28)
3 : _ & cos OV - 1 + 5in®
) ; (a8). - v 1\12-1 (dM)I + 'iia_e (dr)I (B9)
., I @+ 3%; Mz) M sin OV -1 + cos T
§ Vifo1
! :‘ - n (dS)I =0
L YR ‘ .
§ IE
b 1 | 8 N '
A }a (a0). + —=2 (a) 5 ) sin O (@) (R10)
I @+ I;—l I-?) M sin®V 1f-1 -~ cos® ¥
) Vi
2L (as); =0
4 R

T T e o= doaun e hen
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The numerical solution of these equations covers the entire flow field

through a combination of three basic solutions - the interior point,lboundary” :

¥

point, and shock point.

1. Interior Point Solution

Given M, 0, and s, as well as tﬁg cooriinates x and y, at two initial
points, the solution can be extended %o a thiri xoint located at the intersection
of the characteristics of opposite families from the original two points. Actually,
the characteristics are curved for a non~uniform flow .field, but are approximated
by straight lines between successive points with a slope based upon the average
of the flow properties at each point. Thus, for accuracy, the size of the

characteristic net should be kept relatively small.

For the step-by-step solution to this "marching" problem, equations (BT)
through (B10) must first be put into finite difference form. Using the notation
in the above figure,

5 52 . =
r3 - T, sin SI MI -1 + cos GI

- (B11)
x3 -X2

— AR, =
cos SI ,/Mi -1l - sin GI
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r, -"rl sin 'éfJ. \/ W -1 - cos -G-J .
- (B12)

J
X, = X, — =~ _—
3 1 cos QJ—\/I‘Tli -1 + sin QJ

"R/ -1 (M, - M) sin © 2(r, - r,)
(0, - 9,) - i U e Tl I %:3+r2)_
. 1+ I‘é) Yp sin —O-I\/—M_:Loql+cos o 3 2

R E 53~ 8p) = 0 (B13)

M -1 M, - M) sin © 2(x,-r
(05 - 0,) + " 1 - GarT

La+ l_;_-l %) My sin EJ\/ﬁ? -1 -cosd 371

778 Ei- 1 ) . -

S, - S =0 BLU

— 3 1
YR )

61 and F’I denote average values along the I characteristic between points 2

and 3, whil: ©
3.

T and ﬁJ are average values along the J characteristic between 1 and

An additional eguation is required to permit a solution for the five unknowms
x3, r3, M3, and 93 and s3. By appropriately interpola;’cing between points 1 and 2 to
locate the streauline passing through point 3, s, can be expressed in terms of Sy
and Sy Following the approach of Shapiro 9, an-d’~ again referriung to the last sketch,
normals to the streamline through 3 can be drawm from points along the characteristics.
Since the entropy can change only along the normals, the change in entropy along the

I characteristic can be expressed as

(as); = aq'fz (an); (15)
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sin E
I (ar).. = i (dr)

I- . F .z I — . T (s15)
sin (6p +ay sin QI'\/N]?L -1+ cos B

The normal entropy gradient can be approximated by the difference in entrcpy
of points 1 and 2 divided by the distance between the streamlines through 1 and 2

vhere (dn)

measured along the normal to the stream line through 3, or

b

" s2_ S " Sp » . ’(1316)’

gl

7, ‘T
cos (GJ~ - ) cos (9I + a*I)

Therefore, substituting equation (Bl6) into (Bl5), transforming to the vari-

ables M and 6, and writing the result in finite difference form gives:

r 51 7 o

8o T (x - x (x?) - x2)

L .*- e M ‘ e
cos -\/—1 l + sin QJ cos QI-\/Tﬁ -1 - sin GI

3 (B17)

—_— p— 1 -—
sin GI-\/?- 1l - cos QI

Equetion (BL7) added to equations (Bll) through (Bllh) constitute the complete

set of simultaneous equations to be solved for x3, r3, M3, 93, and s3‘

This solution proceeds in the following manner:

a. Setting EI = M, §I = 0,, ’175_1. =M, 63 = 0, , equations (B11) and (B12)

are solved simultaneously for x., and r3.

3
b. Equation (BL7) is solved for S5

c. Equations (Bl3) and (Bil) are solved simultaneously for M, and 6.
o -

M, + M, e, + 0 M+ 9. +9©
d. Now setting'IVJI:—g—z——?’-, 'Q'I:—g_é—?l, 'ﬁJ:'l'é'ﬁ’ anda-r=—:'l'—-2—-3',
Page 5
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A

Equations (Bll) and (B1l2) are again solved for new values of x, snd r

3 3’

TSR

Steps b, ¢, and d are repeated until successive values of M3 satisfy the
" following criterion:

e 045),, - (), o[ < .0001
;Q The total pressure at point 3 is a function of the entropy at 3 and the
?% " total pressure and entropy at some reference station
; [ 718(s, - 53) ]
1 P, =P Exp [ —p—= (B18)
& 3 o
& For the LITVC flow field solution, Pto is taken as the chamber pressure
and So is set equal to zero, The static pressure can now be calculated from the
1 isentropic prezsure ratio based upon Pt’ which is constant along the streamline
through point 3.
: 2 X
1 = XY-1 1y Q
; 1>3,79,c (1 + 5 M3 ) 1~y (B19)
3 3
% i 2. Boundary Point Solution
| J+|
i I
1 .
|
B
;,
LR
I
BB
o
4
§
. ~
B
i
if £
i
i
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i In the LITVC flow field solution, the pressure must be calcuiated along

‘ the solid boundary formed by the vapor body and forward separation region.

| :

51 . ‘

4 Knowing the flow properties at two points, along an upstream I characterishic,

| ; and X, r, 9, and s at the solid boundary point, the Mach number at 1 can be calcu-

w lated by the following procedure.

- M, + My,

p a. The initial values for Ml and M3 are set equal to .

it '

1. M, + M e, + 0 M + M 9, +0

By o o2 h —~ F2 " Fh = 1773 = _ "1 73

4 b. Setting MI = 5 OI = 5 LJ = 5o and OJ = 5
point 3 is located by solving equations (Bll) and (B12) as in the interior point

solution.

c, M3, 93 and s3 are calculated by linearly interpolating slong the T
characteristic between points 2 and 4, i.e.

(x3 - x2)
M3 = M2 + W (MLI' - Mz)

d. Equation (Bl4) can now be solved directly for M,, and steps b, c,

and d repeated until successive values of M1 satisfy the criterion
| @), - 1) | < .o001
The static pressure can then be calculated with equations (B18) and (B19).

3. Shock Point Solution

Page 7T
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Yor a given Mach number before an obl:.que shock, Ml’ and.a given flow
deflectlon, d, through the shock, the Mach number behind the shock, M,, the shock

-

2
{ angle, €, with respect to MZL’ and the entropy rise across the shock, 8y = 85, can
" | s be calenlated with the following relations:
> | e - - -
L 14, 2 - S -
] s cot » = (12 = - 1) tan€ (220)
. 2 2 .2
i . M,” sin" € -1
( 1
e 1 Y+ 1 ten € _Y-l]‘l/z (B21)
T2 ~ sin(€-3) 2  tan (€-0) 2
j
’ .. _ _R 2y 2 .2 y-1 i
% A sz--sl—.Y————_l in L T M sin” € Y I (B22)
YR r 2 Y-1 ]
+ 1n +
¢ T Y-t - (y+ "')Ml s1n28 Y* ll
F ‘\E
. T CRONT AT CHPYR
| © T CHARACTERISTIC INFRONT OF SHIXR 5,
|
% B
%
: 3
§ ¥

PN A

J CHARACTERISTIC PE-IN) SHTLK
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To calculate the shock point B, the flow. properh.es must be known at point E
in front of the shock, at poimt A both in from of (ALl) and behind (A?\ the shock(”

and at point D on the same J characteristic behind the shock as A2. The followmg\

oy
AR

& procedure is then used: - Do ~

a. The imaginary point F is calculated with the interior point sélution

~

using the properties at E and Al. >

b. For $=6,, - 9,, and M =M the shock angle at A, € A? is calenlated

A2 Al Al?
witk equation (B20) using an itera’c:.ve procedure. IS

c. Point B is located at the intersection of the J characteristic between
E and F and %he shock extended from A at the angle (€ At gAl) with the horizontal.
d. At B, the flow properties in front of the shock (Bl) are calculated by

interpolating between E and F.

e. From Equation (B20) with M, =My, and €= €,, b, is calculated, and

o,, =0, + 6B . My, is calculated from equation (B21) and s, from equation (B22).

B2 Bl B2

M, . + Q,. #0
- = = M ~ 2 *9 .
f. For MI = MB2’ OI = 9B2’ MJ = 5 , and QJ = 5 , equations

(B11) and (B12) are used to find point C.

-

g. The flow properties at C are found by interpolating between A2 and D.

3 + M + @ i
—4—'12?-——‘3, 0. = —}2——9, equations (B1ll) and (Bl2) are again

h. For M‘I = T 5
used to find a new point C.

i. Steps g and h are repeated until | (M) - (My) .| < .0001

T ——— . . " N =
= e N N . BT 2 .
,(' % . O g m - T et et B e R Y St i i, e et 21

Ll;‘r.
M T e

e o

—————

P
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3. Equation (B13) is used to calculate a new value for 65,, which is
veraged wi i i a =0, -6_..
averaged with the last value to caleculate a ney E)B, 63 932 g1,

k. ~ The shock angle at B, €p, is calculated with Equation (B20)‘ for
‘\ - " X = E
Lil hBl and \e B’
1. . A new point B is located by extending the shock from A now at the

€A +€3B . . e s s
angle (-——72—-——) + gAl to the horizontal and intersecting the J characteristic
between E and F. _ -

m. S“l;.eps: d through 1 are repeated until successive values of M}32 satisfy
the criteria | (fy,), - () o, | < .o001.

Once the flow properties at B2 are found, they are usedl, along with the

'( - properties ét D, to find a new interior point and continue the solution.
; .

The three basic point splut:‘fons Just described have been combined into a
computer program for the IBM 7091#, which tekes less than 1 minute per casze for a
‘typical flow field, The input required for this program iz M, 6, s, x, and r at
2 number of points in front of the shock, and 6, s, x and r at points along the

lower bouhg&gxy. Tiie losie followea by the program is:
.- a. Calculate the shock point;

b. Continue the solution by calculating interior points along the J
characteristic from the shock point until the lower boundary or last I character-
istic is reached;

c. Calculate the next lower boundary point, if there i3 one, and the

.:i.nterior point at the intersection of the I characteristic from the boundary

point with the J characteristic being compuied.
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d. Repeat 8, b, and ¢ until all the initial points in froni of the - .
shock are used. - ’ ’ - : -
Figure Bl compares the shock shape and pressure distribution calculated .
by this program with experimerlal data. Very good correlation has been obtained. 5
i
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