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FOREWORD

This final report describes the development of various
analytical techniques to predict combustion instability
in l1iquid rocket engines. The report was prepared by

M. R. Beltran, B. P. Breen, T. C. Kosvic, C. F. Sanders,
R. J. Hoffman, and R. O, Wright of the Dynamic Science
Division of Marshall Industries, Propulsion Depsrtment,
1900 Walker Avenue, Monrovia, California. The work was
funded on Air Force Contract No. AF 04(611)-10542 under
Task No. 04 of Project No. 3505, during the period
January 1, 1965 through December 30, 1965. This contract
was administered under the direction of R. R. Weiss and
Lt. J. J. Stewart of the Rocket Propulsion Laboratory,
Edwards Air Force Bazz, Edwavrds, California.
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NOTICES

This report may be reproduced to satisfy thé needs
of U.S. Government Agencies. No other renroduction
is suthorized except with the permission of ¢ne U.S.
Air Force, Rocket Propulsion Laboratory; Edwards Alr
Force Base, California, .The distribution of this

report is limitsd because general foreign dissémina-
tion is not desired.

Qualified users may obtain copies of this roport
from the Deferise Documentation Center,
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ABSTRACT

This final report describes the work performed on

various combustion problems related to high frequency
instability in liquid rocket engines. Using the
steady-state and instability computer programs developed
under this study, s parametric investigation was con-
ducted. This investigation determined the influence of
droplet radius, droplet distributien, injection velocity,
chamber pressure, and mixture ratio on the minimum threshold
disturbance required to trigger combustion instability in

s Transtsge type engine configuration. The propellant com-
bination considered was monomethyihydrazine/nitrogen tetro-
xide. Results of the study show that increases in injection
velocity and droplet distribution increased stability,

An increase in chamber pressure, based on constant flow
rate, increased stability while increases in chamber
pressure, at a constant contraction ratio, decreased
stability. There appears to be a droplet size for

mininum stability, with changes in either direction
resulting in improved stability. Results also show that
due to the vapor phase reactions, monomethylhydrazine/
nitrogen tetroxide vaporize at approximately the same

rate. Thus, the oxidizer or fuel could be made to

control the combustion process by slight changes in the
injector and engine parameters. For the engine configura-
tion studied the oxidizer vaporized slower than the fuel.

A program review, work on droplet atomization, and a

study of hypergolic liquid phase reactions is also
reported. The review summarizes the work reported in

the Semiannual (DSC SN-68-51) and Special report
(AFRPL-TR-65-254) written under this program,
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NOMENCLATURE

coxbustor contraction ratio, Ac/At
cross-sectional area of combustor
ssplitude of pressure disturbance
nozzle-throat ares of combustor
amplitude of velocity disturbance
speed of sound in gases

specific heat at constant pressure
specific heat at constant volume
characteristic exhaust velocity
nozzle diameter

injection stream diameter

stream impingement energy

local fuel fraction vaporized

A A2
function of ganna\q 2 ¥7T
Y

acceleration due to gravity
momentum flux

instability index

mechanical equivalent
viscous-dissipsiion parameter
thermal conductivity
burning-rate parameter

molecular weight




Nu

hu-

R
Rax

burning rate of propellant, fractiom/inch
and mass of drop

Nusselt number, heat tramsfer
Nusselt nuaber, mass transfer

nusber of drops/second in each drop size
group and exponent -

pressure

Prandt number

pressure differeance

rate of heat transferred

liquid phase heat release with perfect mixing
universal gas coastant

Reynolds number

Reynoids number of droplet based on the speed
of sound

drop radius and radial direction
radial element thickness

radius of annular ring
decomposition flame radius
surface srea

Schaidt number

temperature

average film temperature (r‘-rl)/z
time

internal energy of liquid

gas velocity

velocity and drop velocity

iid




Pr iembiopk: o - g

T he

mix

- ©®

adselutive value of velecity difference
betveen gases aad dreps

. sselutive value of velocity differeance between

gases asad dreps is sxisl direction
prepellsst flev rate

vaperizatien rste of single drep (1bm/sec)
axisl pesitien (xse at imjector)

axial directien

axisl elesent thickmess

correction facter for mass transfer
dofined by

specific-heat ratio

del operater

efficiency based on charscteristic velocity
angular direction

heat of vaporization ind thermal conductivity
of gases

viscosity

defined by equation

density

mixing time of impinging streams
stress teasor

mixture ratio, O/F

defined by equation

locgl instantaneous burning rate
(l1bm/sec ins)

iv




Subscripts

s vapor
c combusted vr combustion chamber
d droplet
f fuel
g product gas
i index of summation
j at injector
L liquid
' » vaporization mantle
0 oxidizer, stagnation, or steady-state
P particle
s stability quantity
v vaporized
Superscripts

reduced parameter, defined in equation

average




I. INTRODUCTION

The work conducted under AF 04(611)-10542 has been directed
toward developing methods for designing stable rocket emgines.
The various aress investigated during this program are:

1) A steady-state combustion model for hydrazime type
propellants.

2) A combustion instability model.
3) A scaling criteria for stable engines.

4) An experimental program to verify the developed
scaling criteria.

S) A survey of atomization literature.

6) An experimental program to determine the
influence of propellant properties and hydraulic
parameters on atomization.

7) An analysis of the effects of solid particles
on damping combustion instability in gelled
propellants.

8) A parametric study of injector and engine
parameters on stability of a Transtage type
engine, '

9) A study to determine the effects of liquid
phase reactions nn atomization and combustion
of hypergolic propellants.

10) A correlation and prediction of dreoplet size
from an impact energy method by minimizing
surface enargy.

Items (1) and (2), i.e., the development of the steady-state
snd corbustion instability models, their application to pre-
dict instability zones and listings of the devsloped computer
programs are repo~ted in the Special Report (Ref.l) and
reviswsd in Section II., Items (3) to (7) were reported

in the Semiannual Report (Ref.2) and pertinent results are
alsc sumearirad in Section II. In Sections II1I, IV, snd Vv,
Items (8), (9), and (10) will be covered respectively. Thus,
this report wiil concentrate on the results of & parametiric
‘study on combustisn instability ir a Transtage type engine,
the effects of liquid phase reactions on atomization and
combustion, and a method of predicting droplet size from

an impsct energy method by minimizing surface energy.
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I1., REVIEW

This section will review the work conducted on the
subject contract and reported in detail in the Special
and Semiannual Report (Refs, 1 and 2). This section will
discuss: 1) development of the steady-state model; 2) devel-
cpment of a combustior instability model; 3) criteria for
scaling and an err~.imenta’! program to verify these criteria
4) an atomization literature review and an outline of an
experimental program to determine the influences of pro-
pellant parameters and triplet injector geometries on drop-
let size; and 5) an analysis of the effects of solid particles
on damping combustion instability in gelled propellants,

1. Steady-State Combustion Model/Hydrazine-NTO

Analysis of high frequency combustion instability
requires complete spatial knowledge of such parameters
as vaporization rate, relative velocity, and droplet
Reynolds number., To determine these paramecers, a
detasiled steady-state combustion model was developed
for decomposing type propsllants and additionsl informa-
tion was determined on hydrazine droplet combustion,
atomization and liquid phase reactions. To develop a
hydrazine combustion model, experiments were conducted
which indicated that a single diffusion flame front
model, as shown in Figu-~ 1, is not realistic and two-
flame fronts appear in the combustion of MMI and hy.
drazine in nitrogen tetroxide, as shown in Figures 2
and 3. It has been shown that existence of "two flames"
depends on the convective environment and the hydrazine
decomposition kinetics, The two-regime model of the
decomposition front position is shown in Figure 4, In
regime I the laminar diffusion mantle thickness B is .
larger than the distance required for decomposition( X*)
and two flames occur simultaneously, i,e., an outer
oxidation flame with an inner decomposition flame.,
Regime Il i{s the same as the laminar diffusion model
shown in Figure 1. Here the film thickness is thinner
than the distance required for the hydrazine to decompose
and a single flame exists., Profiles of combustion rate
and film thickness along the combustion chamber length
sre shown in Figure 5, When the propellant is injected
into the combustion chamber it is traveling at approxi-
mately the injection velocity, while the axial velocity
of the combustion gases is approximately z2ero, As com-
bustion takes place the gas velocity increases, while




Infinitesimal diffusion flame front (oaxidation)

Liquid fuel
droplet

Laminar diffusion mantle of thickness B where B is
determined from Nusselt number correlation

FIGURE 1. LAMINAR DIFFUSION MODEL, SINCLE FLAME FRONT
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FIGURE 2.
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Note: The liquid
drop is within the
wire support.

MMH Burning in still nitrogen
tetroxide, at one atmosphere

PHOTOGRAPH OF EXPERIMENTAL BURNING
DROP SHOWING TWO FLAME FRONTS
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Note: The liquid
drop is within the
wire support.

Hydrazine burning in still nitrogen
tetroxide, at one atmosphere

FIGURE 3. PHOTOGRAPH OF EXPERIMENTAL

BURNING DROP SHOWING TWO FLAME
FRONTS




RO Fiaite decompcaition
gaseous front where
L x* is independent of
\

. . \ flow
x¢
K Ditfusion flame front
(oxidation)
. 4 Y Y
" Laminar diffusion mantle of thickness B;

where B depends upon Nusselt number of
correlation -

DECOMPOSITION FRONT WITHIN
DIFFUSION MANTLE, REGIME 1

Decomposition and
diffusion flame front
together when x* 2> B
Note:

x* is independent of
flow while B decreases
with velocity

LAMINAR DIFFUSION MODEL WHEN
x* =B, REGIME I (This is the same
as Figure 1)

FIGURE 4. TWO-REGIME MODEL OF DECOMPOSITION
FRONT POSITION
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the liquid decelerates, uatil the gas snd 1liquid are
traveling at the sane velecity., As cosbustion proceeds,
the gas velecity imcresses further, with the 1fquid
sccelerasting towsrd the gas velocity. The convective
fils thickaness varies inversely to the relative veloecity
botween the gases and liquid., From Figure S it is shown
that when the propeliant is first injected into the chamber
the £film thickness is less than the decomposition thick-
ness bacsuse of tho high relative velocity and the droplets
sare buraing in regime Ii. The gas-liquid relative velocity
decresses to point A, where the oxidation and decompositior
sre the same. Up to this point the combustion rate follows
the single flame model solution as shows at point B, As the
relative velocity is further decressed, the film thickness
grows larger than the decomposition thickmess and thc
roegime I controls the combustion process. The incruased
rate of the “two-flame" model occurs at poiant C, After

the relative veiocity reaches s minimum, the gas passes

the droplets and che film thickness decreases to point E,
where the droplets re-enter regime I. The buraning rate
rensins relatively constant betwean C and D since ths
droplets have heated to their wet-bulb point. The inte-
grated result of the increased combustion rate is that

the fraction of propellant combusted near the injector

face is higher than would occur with propellant under

the same conditions, without decomposition.

To compute steady-state combustion profiles a
detailed knowledge of the vaporization rate of N;0, is
. also required. As shown in Figure 6, the entering
oxidizer droplet is assumed to be N;04. However, as the
N204 ovaporates it goes to approximately SO% NO,. Then,
since the temperature gradient is very steep, (Figure 6)
the vapor will be 100% NO, before it crosses even 10% of
the diffusion mantle. Thz spproximation that NO, is the
vaporizing species was thus made. Using this approximation
it was possible to account for chemical change by adding
tho.bolt of decomposition to the heat of vaporization
for N Since this reaction is endothermic the effec-
tive ﬁcat of vaporization is incressed and the vaporiia-
tion rate is slower than that prodictod vhen decomposition
is not taken into account,

A propellant vaporization model developed by
Priem and Hoidmann (Ref. 3) was used to compare calcu-
lated and experimental combustion efficiencies for s




The assumption making possible the inclusion of
heat of reaction with heat of vaporization is

Ar <10% of (R -t ).

DROPLET VAPORIZATION MODEL

FIGURE 6.
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large susber of prepellant combinations. (Shewa inm Figure
7). While excellent agreesent was ddtained with sany
prepelliants, hydrazise efficiencies were always calculsted
lover than messured. Usiag the hydraziae “twe-flame”
decompesition medel, cenbustion sfficiencies for hydrs-
zine aad gaseous exyges were recomputed as showa ia

Figure 7. The results showed that the decemposition

sodel predicted a mere sccurate and higher cosbuction

rate thaa the Zingle flame model used by Priem aand

" Meidsann (Ref. 3) ,correlating the data. It wvas also

shown that the maximum effect occurred for shorter .
chasber lengths, agresing with the decomposition model
which showed the increase is combustion mear the injec-
tor face at the misisum relative velecity regiom.

To obtain a complete spatial kaowledge of
vaporization rate, relative velocity aad droplet Reynmolds
assber the steady-state vaporizatios model with a vapor
phase docemposition flame was programmed amd solved on
a Contrel Data 3400 digital computer. Computer solutioas
are being used ia parametric studies to deteramine the |
effect of physical properties aad design parameters
uwpon combustion., The computer model treats decomposition
both in the nitrogen tetroxide and hydrazime systena.

The prograa cas compute vaporizatioa of a bipropellaat
systes, thus ensbliag a realistiz prediction of chamber
paraseters. .

_2. Instability MNodel

Dynamic Science Corporation has developed a
noslinear model for determining the zomes of a liquid
rocket engine ian which a tangential mode of high fre-
quency instability is most easily initiated., This model
has been related to hardware design parameters, i.e.,-
paraseters related to injector design, chamber con-
figuration, and propellants, thereby emabling the
influences of srztem dosign and stability rating devices .

to be determinmed. i
Combustion imstib.lity vones in a liquid rocket |
engise are doetermimed by combining ¢ nom’inear insta-

bility model with a steady-state vaporizsz:ion progranm.
The instability model comsiders the nonlinsar conserva-
tion equations with mass addition using a steady-state
expression for the burning rate, This model applies to
a one-dimensional annulus of small length (Az) and

i0
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thickness (Ar) shown in Figure g. Applying the

results of this model, as shown in Figure 9, a rocket
engine can be analyzed by incrementaily dividing the.
combustion chamber into annular nodes in the r and :
directions. Steady-state properties at each annular
node or position in the chamber are computed from a.°
steady-state vaporization program described in Paragraph
1. These steady-state properties, i.e., vaporization
rate, relative velocity, and dreplet Reynolds suaber,
and the curves from the instability modsl (Figure 9)
are used to determine the stability of the nods., This
process is repeated for each node to detsrmine s =ta-
bility mep of the entire engine, as shown in Figure 10,

From a nonlinear model important nonlinear
phenomena are predicted, i.e., (1) stsbility dependsace
on disturbance wave shape, amplitude, type (velocity
or pressure), and position; (2) the limiting smplitude
of the unstable pressure oscillations; and (3) ths shape
of the unstable wave forms. Major results of this analysis
show that the amplitude and position of a pressure dis-
turbance required to initiate instability can be deter-
mined, thereby defining a sensitive zone (and the bsst
place to disztuyt vhe engine), This sensitive zone
extends sevevs . .iches from the injector face and occurs
where the averagz. droplets are moving the slowes? relative
to the gases.

Dynamic Science Corporation has shown that an
annular combustor section will be more ztablis as the
droplet Reynolds number approaches zero. Thus, a signi-
ficant result of this work is that there are, :cr 2
vaporization controlled combustion process, thres
parameters affecting stability:

(a) Buring rate parameter - L
(b) Absolute value of relative velocity « Av

(c) Reynolds number of drop based on speed
of sound - Re,.

Such information is not only of use frowm the
preliminary design standpoint, but also as a&n invaluable
tool in understanding how rocket engines should be
disturbsd during thei:r development test prograss to
determine the degree of stability of an engine. The

[ 283
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Transtage Rocket Engire Meodel
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Chamber OQuter
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FIGURE 10, Pulse Pressure Contour Lines Defining Unstable Zones
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Dynamic Science Corporation model enables the engine
designer to determine the position to imtroduce the
disturbance, a reasonsble disturbance amplitude
criteria, and the most effective wave profile (pressure
and/or velocity disturbamnce). Since the injector design
varisbles can be related to threshold disturbance
amplitude, parameters can be modified to increase
stability of a given engine configuration or be

used in the preliminary design of an engine.
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3. Scaling.

Design and scaling criteria for stable liquid rocket engines
wers developed using a nonlinear combustion instability model with
a8 droplet vaporization model. The scaling parameters were formed
into an "Instability Number" which was used to correlate approxi-
mately 60 runs conducted by the USAF RPL aand Aerojet.

Rasult of the nonlinear instability showed that three para-
meters define the shape of a sensitive instability zone: (1) burning
rate parameter; (2) Reynolds number of the droplets based on the
speed of sound; and (3) relative velocity between the gas and.
droplets. The study further showed that a liquid rocket engine
is most sensitive when the gas-droplet relative velocity is a
minimum or zero. Thus, in developing a scaling parameter for
the tangential mode of high frequency, one of the three important
parameters can be eliminated and only the burning rate parameter
(L) and (Rey) Reynolds number of droplet, need be considered at
AVs0, If two engines have the same L and Rey at AVs=0, they will
have the same stability, that is, the same minimum threshold
disturbance required to trigger instability.

For most injectors built, the most sensitive region is
at the outer radius of the engine. Therefore, if there is a
small diameter low-thrust high-performance engine utilizing a
given propellant, and a larger thrust engine with the same
stability characteristics is required, scaling the burning rate
parameter and Reynolds number of the droplet at the outer radius
on the AVs0 plane will insure the same stability characteristics
(for L<2). However, since the injector variables will be changed
in this scaling process, length as well as diameter must be
scaled to retain Ncee As shown in Figure 11, scaling from a model

engine (1) to a full-size engine (2) required (€AV=0 and L<2):
R'dl : Redz

L 21
By scaling with conditions (Il-1) and (IJ-2) the full-size engine
has equal or greater stability, i.e., an equal or greater disturbance
required to trigger instability, By assuming that the propellant
and mixture ratio are retained in the scale engine L and Rey may
be related to engine parameters by

17




Disturbance Pressure Amplitude, AP/P

|

Minimum on
Stability Boundary

@ Av =0

&—

L I
L -Burning Rate Parameter
FIGURE 1J. STABILITY LIMIT CURVE
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These criteria are shown in Figure 12. For conditions II-1

and 1I-2 to be fulfilled the ratios must fall inside the box. To
combine these two groups a functional relationship is required
between L, Rey and AP/P such that:

3= = £ (Rey, L)

For L<2, such a relationship can be approximated by curve fitting
the computed stability limit curves, with an expression of the form:

AP 1
o
L Red“

where n=]1 to 3

Lines 1 and 2 of Figure 12 represent lécus of solutions for n=1
and 3 respectively, The conditions II-1 and II-2 guarantees (L<2):

a. The engine is more stable than the scale if
Ly Rey
— 2
Ll <l ; Redl <]

b. The engine is as stable as the scale if

L
—a s 1 ° R‘dz s ]

L ’ E.dl
c. The engine is less stable than the scale if
L Re
Ia >l ; __ii > 1
1 Redl

To facilitate experimental correlation, L and Re, are
formed into an "instability number." Engines with the same
instability number will have the same stability, i.e., they
will be triggered unstable to the same AP/P pulse, As presented
in Reference Z.two instability numbers are formed from the
product of Reynolds number of the droplet and burning rate
parameter.

19
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Where E is the summation of the impact energy which the streams
exert normal to each other. This term is am attempt to relate .
stream geometry and velocity to drop radius.

These "instability numbers" are used to correlate engine
tests as shown in Figures 13-17. 1In addition to the MMH tests
conducted at USAF-RPL, this relation correlated 57 out of 61
tests with pulse motors at Aerojet* using:

A o 2

a. MON-10 and U-DETA

b. Nzo‘ and N2H4

c¢. IRFNA and UDMH

Figures 13-15 show the usual stability decreasing with imcreasing
I_; however at a certaian value of I_ the tread reverses itself
c3rrespouding to moving to the L>2 Yide of the stability curves.
Pulse strengths from the RPL data are lower because they are
measured in a rocket engine, while the Aerojet* data was measured
in a shock tube. The Aerojet data does mot compare quamitatively
with the RPL data due to difference in measuremoats, however the

trends are the same.

NG, . ot baa ek, e o R R v

In conclusion, a2 set of scaling criteria have been developed
which enabl¢ retaining scale stability when buildimg a larger eagine
or changing operation conditions. An instability imdex or mumber.
is being derived which enable rating engines in order of stabilit;.
Several semi-analytical expressions, based on the product of Re
and L were successful in the correlation of the experimeatal da!a
however, more work has to be done before a complete urnderstanding
of the stability number can be obtained.

* Gray, P.D., and Krieg, H.C. "Pulse-Motor Evaluation of
Injector-Pattern Combustion Stability with Storable Propellants,
Aerojet Special Report for USAF-RPL, Confidential, AD-318667,

29 July 1960.
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FIGURE 13. Instability Number Correlation for MMH/NTO Tests

Performed by U.S. Air Force Rocket Propulsion Laboratory
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4. Droplet Atomization,

Numerous experiments directed toward the specification
of size distribution of liquid droplets after atomization
have been reported in the literature. Statistical distribution
functions have been developed empirically by fitting cxperi-
mental data. Spray distribution has been rclated to both
physical properties and injector design variables; however,
it is not possible to completely predict a realistic distri-
bution and determine its statistical parameters based on given
propellant properties and injector design,

Actual drop distributions are not uniform across the chamber
but have three-dimensional spatial characteristics. The
velocity of droplets is also distributed over a velocity
range. The initial droplet velocity is as important as the
initial size, However, information concerning droplet velocity
distribution is current not available.

The distribution of droplets varies with the mechanisms

of atomization., Two generalized categories may be used to
describe the wide range of liquid atomization element de-
signs., These are plain-jet injectors, and sheet atomizers,
The most commonly used rocket injector, the impinging jet,
combines the characteristics of the sheet and plain-jet
injectors, HHeidmann and Foster (Ref.4) and Bittker (Ref.S)
have suggested that the impinging-jet injector produces &
bimodal distribution of particles, this being consistent with
the hybrid nature of the impinging-jet atomization mechanisms,

Many statistical distribution functions have been empirically
fitted to experimental spray data. Bevans (Ref, 6) has
examined the three most commonly used distribution functions,
the Nukiyama-Tanasawa, Rosin-Rammler, and logarithmico-normal
and concluded that the Rosin-Rammler expression was most
successful at expressing experimental data from a pressure-
atomized oil spray. However, Ingebo (Ref. 7, 8, and 9) has
consistently obtained good results in fitting his excellent
experimental work to a Nukiyama-Tanasawa distribution. Priem
and Heidmann (Ref, 3) state that, "No criterion has been
established for choosing the preferred distribution function,
For convenience, therefore, the logarithmiconormal distribution
function was used in this investigation...." General
mathematical forms of these three distributions are:




Rosin-Rammler:

R s exp (-4irm)‘i
where - R is the mass fraction of drops larger than r

and Ty and s, are constants uhich determine the med:ian
sizc and dispersion of the droplets.

Legazithaico-normal:

#ote{-g ]

g
vhere R is the mass fraction of drops larger thanm r,
and 8, is an empirical constant
while ry and o, are the mass median drop radius and the
standard deviation,
Nukiyama-Tanasawa:
dR ’GN 2ayT
I - ' 7Y T e N
where ay is an empirical comstant,

The values of the empirical constants shown in the above
expressions have been determined in Refs. 4, 7, 8, and 9
for specific fuels in various injectors, All of these dis-
tributions exhibit large errors when used in the small drop
size range. More experimental data are required in this
range so that a preferred distribution may be determined.

Ingebo and Foster (Ref. 7) used dimensional analysis to
study the effect of seven physical properties upon the volume-
mean droplet radius.

tard 11/3
Tio © In ]

They considered the following variables as having a possible
influence, :

r3o 'f(D0.01. u, ola Bl Dg. Ng)
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where: D° = injector-orifice diameter
u = free stream velocity
0 « surface tension
u = viscosity
p = density

After dimensional grouping of terms they fit their numerous
data with the esquation )

r l/‘O
30 o ]
r— - 1.9 l ) l
° O pg w2/ \p o, v

or
T30 We \!/*
—D— = 109 o——— 4
o Re )
where:
91
e = Weber Number, We
Do p, U
g
and
DO P u
I = Reynolds Number, Re
1

This data was recorded for cross-current break-up of liquid
jets in high-velocity airstreanms,

They also empirically determined the expression for the maxi-
mum droplet radius,

r wWe \ 0.29
max
5 * 1.1 (rs)

»)

and fit their sizo population with the Nukiyama-Tanasawa
distributin:

n e ol e o SEV pig.:
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TR

Bore()T e [as(R) ]

Tmax Re Twax

Priem and lileidmann (Ref. 3) used theses results (Ref, 7)
in the form

LA LD

T3g @ r, ®
Pl

where Ty is the mass median droplet.

However, if the standard deviation changes, the volume-mean drop
T,n, I8 not proportional to r_, the mass-median drop. Priem and
H&deann used this relation a¥though there is no experimental
proof of its validity, Using this form they compared the median
size for various propellants with the data of Ingebo (Ref. 8) for
n-heptane impinging-jet break-up in airstreams simulating the
velocity conditions in rocket combustors. The comparison
equation was - where: x is the unknown propellant

h is heptane

bh Ox )x/u

r = r A —
m, X b

Merrington and Richardson (Ref. 10) plotted data showing a varia-
tion of four orders of magnitude in uy/p. These data, shown in
Figure 18, determine that r_ a{u /p )V-2; this is very close to

the 0.25 power of Ref. 8 an@ canlbelused with confidence. The
surface tension of most of the liquids of Figure 18 was 30 dynes/cm
except for water and glycerine which have value: of 73 and 63
respectively. These two liquids produccd mean drop sizes

expected from their respective kinematic viscosities, and showed

no surface tension effects. Thus, the effect of surface tension

on mean drop size is not fully understood.

Griffen and Lamb (Ref. 11) studied the dependence of mean drop-
size on ambient gas density. They determined that the maximum
droplet size was reduced with increasing ambient gas density
according to the relation

0.2
Tmax © °g )
They comment that the apparent improvement in atomization (mean
drop-size) with increasing pressure is mainly due to a reduction
in the number of large drops and is probably raused by subdivision

of these big droplets.

30




*JoY) snipey UBIpON 8 uodn £ & .
Lo 7°9) PSSP RS 0 IR BIR Sradsiyjc 0ema a1 Funowd
0°t 1°0 10°0 1000 0
dqqqﬁqﬁ 1 T ~qqu- | § T i d.d.a-q T 1 k] ﬁ.cn%ﬁ

i

(pauayoiyy)
ayerfolres [AY1aN®
aUTIOIYD DUIZA
ayerhones 1Ay3aw O
J191em I Xe01
9p1IoTYOBIIS) WINJULIL]
§9]Z2ZON 3UjAOl

llllll A

3!

4

8pLIOIYd suelAyIoN 1)
9P1I01YORI}N) uoqae)
uopnjos deog

J9)em pue euIINdAID P

SUIILID 4 [0T X o01
p1o® dtuoydinsoaoiyd g

(peuaxomy)

orefoNres Ao X
opIIoIYd 2uIZ A
9%14011e8 1AQoN O
J01e\

oprIoydeIie) wnjuen L (]

89YZZON Aleuoneig

- — 00TXp01

11111 it

I8

[ W O |




Ingebdo (Ref. 8) correlated data obtained for heptane
sprays produced by pairs of 90° impinging jets over wide
ranges of orifice diameter, D,; Tiquid-jet velocity, v.;
and jet-airstream velocity difference, Av; according to
the equation

Do

1/2
Ty " 5+ 28 [uo vj] /2 4 1,94 D, av

Heidmann and Foster (Ref. 4) studied the effects of impingement
angles of 10° to 90° and jet velocities of 30 to 74 feet per
second, All their distributions showed bimodal characteristics.
The most significant effect of impingement angle and jet velo-
city was a change in the relative number of drops in each

mode. This is consistent with the hybrid nature of impinging
jots (i.e., drag instability break-up) and the fact that they
determined that sheet thickness, t, varied according to

t a (P vj)l/l

This data (Ref. 4) could be further analyzed, using an
inatability model to relate sheet thickness to drop size dis-
tribution, Thus a single model and semi-empirical equation
would be developed, using injector parameters to predict
sheet thickness, and physical properties to predict insta-
bility break-up and final size distribution,

In the absence of any general theoretical treatment of the
effect of mass flow rate and velocity upon r3zg, several
purely empirical relations have been determined for different
atomizer designs., Radcliffe (Ref, 12) determined the sur-
face mean radius, r;p, of the spray produced by a simple
swir]l atomizer. He devecloped the relation

ryp o WO*318 / ap0.s30




pam

nite B s fuel flow rate 1
and 8P = injector pressure drop.

Fraser and Eisenklam (Ref. 13) obtained the following correla-
tion for a fan spray nozitle

r,0 o w0.203; ,p0.343

For a somevhat different type fan spray (Ref.14 and 15} it
was determined that

rzo a uO.ZS/APOo 305

It can be concluded that while there are empirical correlations
for some special injectors, it is not possible to use data
obtained on one type for calculation of the operation of
another type. A complete understanding of the influence of
propellant variables on drop spray has not yet been realized.

D e T
. - N

o
N

An experimental program was proposed in the Semiannual
Report (Ref. 2), in order to supply needed atomization data.
The objective is to relate propellant properties and design
parameters to droplet spray distribution. Propellant pro-
perites which influence droplet distribution are density, 0,;
viscosity, u,; and surface tension, o. Design parameters o}
importance to impinging atomizers are injection velocity, vis
surrounding gas velocity, u; impingement angle, 6; and the
injector characteristics (diameter, D ; length ratio, L/Do;

and outlet configuration, i.e., burrs or rounded) .
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S. 8Solid Particle Effects ca Stability.

The stabilization of combustiom im solid rocket propellants
containing powdered metals has stimulated a great deal of
research in an effort to determime the aechaanisms of the
stabilization process., Some of the move important observations
conceraing the effects of metal powders im solid propellants
and solid exhaust particles are summarized in Reference 2, The
primnciple objective of this review of solid particle effects
on combustion imstability is to detsrmine possible applica-
tions of the same primciples to liquid propellant systems.

The basic equation for the calculation of the energy dissipa-
tion for coaditions applicable to liquid systems is given by
the equation of Epstein and Carkart (Ref. 16 ).

6wcrv lﬁl“
] (1e2)
162%¢72y23481y2(14224222)

The actual values for energy lcss due to particle attenua-
tion can be pros’ateq in several ways. The quantity B represents

the quastity % ?E/ ’;which corresponds to the fractional energy

loss per foot of wave travel, Division of this quantity by the
wave Jlength provides the energy loss per cycle, )

I dE .
In an analagous manner, the quantity, Bxq represeats E | /d;
or the fractional energy loss per second and division by the
angular frequency represents the energy loss per cycle.

In order to simplify the presentsation of results the quantity 8/c¢
is presented. This quantity represents the energy loss per
article, The total energy loss can be obtained by multiplication

Ey the number of particles per cubic foot of volume., For a

distribution of particles, the total attentuation can be

obtained from the following:

B = f Bi

The results for particles corresponding to aluminum, aluminum

oxide, hydrazine and mixtures of aluminua and hydrazine are

presented in figures 19 and 20 where B8/cw is plotted as a

_ function of w with particle radius as a parameter. When
multiplied by, q, the velocity of sound in the gas, the

quan}ity\alcw represents the energy loss due to attenuatior,

1 ‘dE/d per particle per cycle, It is evident that the

E t

actual attenuation per particle increases in the frequency
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range considered as the particle size increases, Particle
density also has an effect, the heavier particles giving
more attenuation., This is illustrated in Figure 21 for

10 micxon particles, The effect of particle density is
appreciable in the range 0 to 5000 and becomes negligible ot
frequencies above 15,000,

The results illustrated-in Figures 19,20and 21 apply for a
comparison when the same number of particles of each size or
type are involved. This can be misleading, however, since the
factor which is generally held constant is the weight of solid
materials, For a given weight of a specified material, there
are more small particles than large particles. To convert the
data per particle to data per unit weight, the values should be
divided by 4/3 nr3, In Figure 22,data for aluminum are comparei
on the basis ofB/cur? which is proportional to the attenuation
per cycle per unit weight, Multiplication of the factor plotted
in Figure 22, by 3 q would give the actual attenuation per

"o
cycle per unit weight of aluminum., Above a frequency of 2300, Su
particles show more attenuation than 10y particles simply because
there are 8 times as many 5u particles.

In order to compare the attenuation per unit weight for particles
of different density, the density terms should be xncluded. A
relative comparison is given in Figure23 where (B/cur?) & is
plotted against frequency. On this basis, the maximum attenuation
is almost independent of density although the maximum occurs at
different frequencies.

For the frequency range of interest in most liquid systems,
particle sizes of the order of 2-20 microns appear to be of
most interest, Although particle densiiy affects the actual
value of the energy loss due to particles, the differences
are not great so that hydrazine, aluminum, aluminum oxidc and
slurry particles have similar damping effects,
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111. PARAMETRIC STUDY OF COMBUSTION INSTABILITY

This section reports the results of a parametric study
of the influence of liquid rocket engine parameters orn combustion
instability. A basic configuration was chosen with a sinilar
geomctry as the Transtage. Results are based on a mono-
metinlyhydrazine and nitrogen tetroxide propellant combination.
This study investigates the influences of propellant mixture
ratio, injection velocity, droplet size and distribution, and
chamber pressure on the minimum pulse strength required to
H trigger instabilirv,

Results of this section are obtained by a method using
2 nonlinear model for determining the zones of a liquid rocket
. engine in which a tingential mode of high frequency instability
i is most easily initiated; A method for determining these
zones was developed by Beltran, et al (Ref.1). A rocket
engine is analyzed by incrementally dividing the combustion
chamber into annular nodes in the r and z directions. Steady-
state properties at each annular node or position in the chamber
are computed from the propellant vaporization program. These
steady-state properties and the stability limit curves from
the instability model are used to determine the stability of
the node., This process is repesated for each node to deter-
mine a stability map of the entire engine.

” 1. Steady-State Aaalysis

The steady-state performance of a storable propellant .
liquid rocket engine. of Transtage configuration has been
investigated. Injector parameters were varied in a computer
parametric study which utilized the Dynamic Science Corporation
steady-state spray combustion computer program. This program
(Ref, 1) includes a dissociation flame model for hydrazine type
fuels., The propellant combination examined was MMl and N;04.

The fuel and oxidizer drop sprays are characteristized by &
logarithmiconormal distribution of drop radii about a specified
mean drop size, The spray is divided into five groups of equal
3 mass. The group of smallest radius, however, is divided into

{ five groups again, making a total of nine groups used to define
the spray. This was done to obtain more definition in the
region of smallest drop size.. The mean drop size, standard
deviation of the spray, number of drop groups, and mass flow rate
are the parameters used to define the spray distribution,

Table I shows the initial drop radii and number of drops in

each of the groups for the base engine spray (spray around which
the injection parameters werc varied). The values in Table I
correspond to a mass mean drop radius of 75 ( ‘03 in) a standard

PV IO DY
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TABLE 1 !

OXIDIZER SPRAY DISTRIBUTION
r, ® 75 (.003 in), o = 2.3, R = 18, lb/sec

Gzoup Radius Number
(mil)*
1 0.5420 1.641x10%°
2 0.8221 4.700x10°
3 1,0329 2.370x10°
4 1.220 1.431x10°
5 1.4024 9.470x108
6 1.9428 1.781x10°
7 3.0000 4,837x108
8 4.6324 1.314x108
9 8.7134 1.974x107

FUEL SPRAY DISTRIBUTION
r, = 758 (.003 in), O = 2,3, m = 9. 1lb/sec

n
Group Radius Number
(mil)
1 0.5420 1,039x1010
2 0.8221 2,976x109
3 1,0329 1,500x109
4 1,2220 9,062x108 1
S 1,4024 5.995x108
6 1,9428 1,127x109
7 3.,0000 3,062x108
8 4,6324 8.317x108
9 8,713. 1,250x107 !

® 1 mil = 25.4yp




deviation of 2,3, total flow rate of 27.0 lb/sec and a 2:1
mixture ratio,

The chamber distance [x] along which the governing equations
were integrated has its origin at the atomization point of the
impinging streams, Figure 24 shows a water flow simulation

of the stream breakup. The impingement diameter of the streams
is 0625 inches and its velocity is approximately 1200 in/sec.
The breakup into drops is seen to occur within 0.50 inches of
the impingement point, Therefore, the assumption of an
atomized spray vaporization model close to the injector face
appears justified,

The parameters were varied around values selected as typical
of a Transtage type engine. These typical valnes will be denoted

as base engine values. (Shown in Table 1)

Base parameters used for this study were:

Propellant N,O4 and MMl
Injection Velogity* 1000 in/sec
Chamber Pressure (initial value) 100 1b/in?
Initial Temperature* 530° R
Total Mass Flow 27.0 1lb/sec
Mixture Ratio 2,0:1
Specific Heat Ratio of

Combustion Gases 1.20
Mass Mean Drop Radius* +003 in
Standard Deviation® 2,3
Number of Groups*® 9

The chamber configuration was specified as conical with a
taper from 107 in® to 44 in? in a 17 in, distance,

A series of computer runs were made with specified parameters
varied around the base engine values shown above. LEach
parameter was varied independently of the others, that is,

the others were held constant at base engine values, This was
done to determine the significance of the parameters varied
and pinpoiut quantities that require accurate dctermination.

The first two runs were made with the base engine quantitics,
The runs were identical with the excepti~n that <he dissociation
flame was suppressed on the second., The variation of the
vaporization rate [fraction/inch] of the MMH spray with distance

*Both propellants,




WATER FLOW SINULATION OF STREAM INPINGEMENT

FIGURE 24. Water Stream Impinging at 90°,
Stream Diameter ,0625 inch
Injection Velocity Approximately 1200 in/sec.




TABLE 11

STEADY-STATE and INSTABILITY PARANETERS

o el e et ol 0 I
1 Case Engine | 0OX 0.24 0.94 520 | 0.40) 0.032
2 Without TF Fuel 0.75 0.75 379 [ 0.19] 0.050
3 25 0x 0.03 0.30 105 1 4.62] 0.080
4 225y ox 1.43 3.04 1021 | 0.05] 0.099
) lo 0x 0.76 2.95 1234 1 0.10} 0.C37
6 lo 1} § 0.03 0.24 93 | 3.24 | 0.087
7 300 psi ox 0.75 1.27 1361 | 0.12] 0.032
8 500 psi Fuel 1.53 1.68 3270 1 0.05] 0.052
9 | 500 in/sec (1) ¢ 0.07 0.88 305 |0.75] 0.032

10 2000 in/sec | OX 0.89 1.01 352 | 0.23 ]| 0.040
11 | O/F 1.6/1 ox 0.28 0.95 431 | 0.31} 0.030
12 | O/F 2.5/1 ox 0.25 0.93 316 |0.48 ] 0.031
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down the chamnber from the peint of atomization is shown ia

Figure 25. Imcludiag the exothermic dissociation flame produces
sppreximately a 300-400% imcresse im he imitial vaporizatiom

rate. After 2.5 imches the rates sre seen to cross as the higher
initial rate has caused the loss of the smaller drops from the
distribution leaviag only the slower vaporizimg larger size drops.

At the cross-over poimt (x=2.5 imches), the iaclusion of the two
flame ®odel has roised the total fractiom of the fuel spray vaporized
from 20% to 42%.

The variastion of the oxidizer vaporization rate with chamter
distance for these two rums is shown im Figure 26. The change
is rather slight, however, there is some veriatioa since:

8. The higher fuel vaporization rate causss the chamber
gas velocity to increase more rapidly affecting the heat and
sass transfer coefficients to the drop.

b. The local O/F ratio is altered by the high fuel
vaporization rate. This affects the adiabatic flame tempera-
ture (drivimg potential for heat transfer] as well as the
partial pressures of the species in the combustion gases
{driving potential for mass transfer].

c. The change in local O/F ratio between these runs
al30 causes chamges in the transport properties of the diffusion
mantle by altering the equilidbrium composition of the combustion
gases. Note: Thus the fuel vaporization rate is increased
signif.cantly by the two flome model and this effect, in turn,
causes an incresse in the oxidizer vaporization rate; the two
being interrelated. Of particular interest is the change in
the local O/F ratio with the inclusion of the two flames. The
calculat . values of O/F are shown in Figure 27 for these two
runs. The two flame model has caused the combustion process
to switch from fuel contrelling [0/F>2.5] to oxidizer controlling
[0/F<2.5). For reference, the machine plots of fraction
vaporized, gas Mach number, fuel and oxidizer drops radii,
and fuel and oxidizer drop velocities for the runs with and
without the two flame burning regime are showr in Figure 28-33
and 34-39 respectively. It was noted that the fuel drops were
at all times within the two flame regime for the base engine
TUn.
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FIGURE 28, Vaporization Profile (using dissociation flame model)
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Chanbsr pressure was varied from the base value of 100 psia

to 300 and 500 psia., The offects on the 7uel and oxidizer
vaporization rates aro shown in Figures 40 and 41, lncreasing
the chapber pressure from 100 to 300 psia incroases the vaspori-
zation rate of the fuol and the oxidizer with the greatast
effect being felt by the oxidizer. This can be seen in the

plot of O/F ratio shown in Figure 42. Through the scisitive
zone (zero rolative velocity) the O/F ratio at 100 psia is shout
1.0 while at 300 psia it'is 1,5. Raising the chamber prossuse
to 500 psia causos tho oxidizer vaporization rate to furthor
increoease. At 500 psia the boundary layer thickness over thoe
throe smallest drop groups is sufficiontly snall so that the.
oxidation and dissociation flames occur at tho sanc position,
This ncans the fastest vaporizing drops are out of the two

flape rogime and will vaporize correspondingly slower, In
Figure 40 tho fuel vaporization rato at 500 psia is soon to

be lower than at 100 and 300 psia until tho snallest drop

group [the group controlling the initial vaporization] is
consumed. At this distanco [x=0.35]) the drops are in tho two
flane regime since the boundary layer thickness appxoaches
infinity as the roclative velocity spproaches zero, Thorefore,
the fuel vaporization rate undorgoes zlmost a stop change,
decrecasing rapidly at x=0,40, as the controlling drop group

is consumed. The O/F ratio undorgoos large excursions in

this region as can be seen in Figure 42, Of particular interest
is tho fact that tho fuel has bocone the controlling propeliant
at tho sensitive zone. Thorofore, incrcasing oparating pressure
of tho ongine can switch control of the cerbustion procoss t

the fuel, .

Varying tho mass mecan drop size has a large offect on the
vaporization rate of both the fuel and tho oxidizor. Figures
43 and 44 show the fuel and oxidizer vsporization rates for
nass nean drop radii of 25, 75, and 225 sprays. Tho standard
doviation of tho distribution was maintainod at 2,3, The drop
radii and nunbor in the groups describing the sprays arc shown
in Table 111 for the 25y and 225y sprays. The fraction vaporie
zod of the fuol and oxidizor sprays arc shown in Figuros 45 and
46. The vaporization rato of tho 25u spray is scon to bo much
faster than both tho 75u and 225y sprays bocause of the large
nunbors of small drops. For roeforonce the variation in the
drop radii comprising the fucl spray distributions is shown

in Figures 47 and 48 for the 25u and 225u fucl sprays. The
oquivalont plots for tho cxidizer sprays arc shown in Figuros
49 end 50, In all throc casecs the O/F ratio plot [Figuro S1)
shows tho oxidizer to bo ccntrolling the coobustion prucoss.
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To f
-
,‘g >
L\
- TABLE I11
; OXIDIZER SPRAY DISTRIBUTION
o 02,3, By=18, 1b/sec.
! :ﬁ
‘ 3 Tn = 25y (,001 in) rn ® 225u (.009 in)
\\ by Group Radius Number Aadius Nunmber
b ; (nil)e (nil)
| o§ i | 1 0.1807 | 4.430x101! 1.6259 6,077x108
R 2 0.2740 1.269x101! 2.4664 1.741x10°
g L i 3 0.3443 6.399x1019 3,0987 8.,778x107
R g : 4 -0,4073 3,865x1010 3,6659 5.,302x107
2 H
N 5 0.4675 2,557x1010 4,2072 3,507x107
b ‘
i 6 0.6476 4,808x1010 5,8285 6.596x107
{ 7 1,0000 1,306x1010 9,0000 1.791x107
| i f 8 1,5441 3.547x109 13,8973 4,866x106
1%*% 3 Y 2.9044 5.330x108 26,1397 7.312x10%
?, ! FUEL SPRAY DISTRIBUTION
- g=2,3, ne=9.0 1b/sec,
A} f’ Yp = 25y (.001 in) . ry * 225y  (,009 in)
2 Group | Radius Nunbor Radius Number
- (nil) (pil)
4 .
{ ‘ 1 | 0.,1807 | 2,805x10!! 1,6259 3,847x108
S A 2 0.2746 8,034x1010 2,4664 1,102x108
i 3 0.3443 4,051x1010 3.0087 5,557x107
3 ‘ :
L :} 4 06,4073 2,447x1010 3,6659 3.556x107
Lo
§ 5 0.4673 1.619x1010 4,2072 2,220x107
Pod
? 6 0.6476 3.044x1010 5.8285 4,176x107
7 1,0000 8,268x10° 9.0000 1,134x107
8 i.5441 2,246x109 13,8973 3,080x106
9 2,5044 3.374x10° 26,1397 4,06292105

*1 Dil=28§,
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Tha cffccts of initial drop volesity on the fuel and oxidizer
oprcy voporitation zate arc shown in Figurcs 52 2nd S3, The

. §njcction volocitios of tho sprays wore varied sinultancously
around tho baso valusc of 100 in/sec, The sclected values

woro 500 and 2000 in/sec, Even at a 2000 in/sec. injoction
volocity ail drops of tho fucl distribution were in the two
fleco busning rogime. (ncroasing the initial velocity causes
the vaporization ratc to decressc as the drop dwell time in

cach sognont of ths chacber is shorter. The nmachine plots

of the fraction of the fucl, oxidizer, and total spray

vaporizod is shown in Figures 54, 55, aad 56 for injection
volocitios of 500, 1000, and 200G inches/scc. As an examplo
the oxidizor fraction vaporized at 1,0 inch is ,30, .20, and

.12 for 500, 1000, and 2000 inch/scc., respectiveiy. The
cquivalont valucs for the fuel spray are .34, .27, and .18,

The longoer dwell time in the chamber distance of 1.0 inches
with. tho 500 inch/scc. injection velocity is reflected by

tho largor vaporized fraction, Another effect of varia-
tion of the injoction velocity is tho distribution of the zero
rolative velocity points as the injection velocity is increased.
Tho pachine plots of the drop velocitics with gas vilocity
superinposcd arec shown in Figures 57, 58, and 59 for the oxi-
dizer sprays injoctod at 500, 1000, and 2000 inch/sec. The
corrosponding plots fer the fuel sprays are shown in Figuros
60, 61, and 62, Tho gas volocity incrcases sufficiently fast
so that all drops go through the zoro relative volocity point
at approxinately 0,10 inchos when injocted at 500 inches/secc,
At thig veolocity drag i» velatively low and the drops go through
the zero point [Figures 57 ‘asd 60] before slowing down, With
un injection velocity of 1000 inches/socond the drops go through
tho zoro point [Figures 58 and 61] at 0,20 for the smallest
group and 5,25 inchos for the largost drops. The distribution
still goos through the zoro point at reclatively the same point,
At a 2000 inchos/soec. injoction velocity, howecver, Figures 59
end 62 show the snallest drops to go through the sonsitive rogion
at 0,60 inches while the largest rcaches its zero relative’
velocity point at 1.0 inches. This offect of a sproading of
the sonsitive rogion complicates the calculation of combustion
stability by s single drop model and nccessitatcs the deter-
nination of an effective drop that characterizes the spray.

In tho next set of runs the standard deviation of the drop
radii distribution around the 75u mcan was varied from the
bese valuc of 2.3 to values of 4,0 and 1,0, A value of 1,0
proscribos a spray of uniferm drops. A summary of the drop
redii ond number of thoe groups describing this spray is shown
in Tabloe 1V. Onco again tho first five groups of the distri.
bution roprosonts 20% of the mass. The effoct of standard

72
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‘TABLE 1V

OXIDIZER SPRAY DISTRIBUTION
ra=75u(,003 in), ng=18. 1b/sec,

e

os 4,0 g= 1,0
Group Radius Number/ Radius Number
(ril) Sec. (mil)
1 ; 0.1739 4.970x101!! |1 3,000 _g_.qg_ﬂo{
2 0.3479 6.204x1010 i
3 0.5086 1,985x10% :
4 0.6728 8.575x109 | é
5 0.8462 4.311x10° 9,674x107
6 1.4557 | '4.234x109 | 4,837x108
7 3.0000 4.837x108
8 6.1827 5.526x107
| 9 |17.6943 | 2.357x10° Y i "4.837x108
FUEL SPRAY DISTRIBUTION
r, = 75u(.003 in), mg = 9.0 1b/sec,
o _-.*4.6“0 o aﬁ = 1,0 :
(Group |Radius | Number || Radius |  Number |
(mi1) | (qil)-_.-"w.‘_m ]
1 0.1739 3.146;1011 .; 3,000 1 _9,;2ﬁx}ol_
2 0.3479 3.928x1010 || f ! |
3 0.5086 | 1.257x1010 i i |
4 0.6728 5.429x10° : §
5 0.8462w | 2.729x10° ' 6.124x107
6 1.4557 2.680x10° ! _3.063:1Q°
7 3.0000 3,062x108 |
8 6.1827 : 3.498x107 y V
o Janesss | oaszace || Soww | TSosraed
84
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deviation on the vaporization rate of the total fuel and
oxidizer spray is shown in Figures 63 and 64, With a standard
deviation of 4.0 the radii distribution is spread out making
mere small drops. Therefore, the initial vaporization rate

is much higher for this case. ,As the smaller drops are con-
sumed, however, the rates approach cach other since the larger
drops become controlling, The fuel vaporization rate with the
deviation of 1.0 is relatively constant as can be seen in
Figure 63, The calculated variation of the local O/F with
distance down the chamber is shown in Figure 65, It is seen
that the oxidizer is controlling for approximately 4,0 inches.
Large differences in the spray fraction vsporized are noted
between these runs out to a chamber distance of about 2 inches,
After this length the standard deviation has little effect on
the fraction vaporized,
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2, Stability Analysis

Combustion instability resuits are obtained by 2 method
using a nonlinear nodel for determining the zones of a liquid
rocket engine in which a tangential mode of high frequoncy in-
stability is nost ecasily initiated. The méthod for doternmining
these zones was developed by Dynamic Science Corporation and
details are presented in Reference 1, This nethod uses s non-
linear instability model with a propellant vaporization progran,
A rocket engine is analyzad by incrementally dividing the cone
bustion chamber into annular nodes in the r and z directions as
illustrated in Figure 8, Steady-state properties at each annular
node or position in the chamber are ccmputed from the propellant
vaporization program, These steady-state properties and the
stability limit curvss from the instability model are used to
deternine the stability of the node, This process is repeated
for each node to deternine a stability map of the entire engine,
Details of the application of this method are presented 'in
Reference 1. This section will concentrate on the rosults of a
parametric study of the influence of liquid rocket engine para-
meters on combustion instability, This study investigates the
influences of propellant mixture ratio, injection velocity,
droplet size and distribution, and chamber pressure on the
minimum pulse strength required to triggoer instability,

Steady-state and instability parametors at the mnost sensi-
tive region in the engine are presented in Table 1z, The para.
meters varied were chosen as an average of what might be expoctod
on a "Transtage" type engine, rather than to represent exact
values actually obtained, These parametric variations around

the base configuration werec:

O/F 1,6 and 2.5
- P 300 and 500 psi

Mass median droplet

redius 25y and 225y

Droplet distri-

bution 1 and 4o

Injection velo-

city 200 and 2000 in/sec,

Results of the paramotric study show that, for tho conditions
considered, the oxidizer controlled the copbustion process

excopt where the "two flame" nodel was elininated or the

chamber pressurec was abovo 300 psi. The "two flanos" woro
supprossed in the 500 psi casc duc to the thin convective filn
thickness at high chanber donsitics, Tho study shows that tho
propollant vapor phasc rocactions revorse the vaporization rate
trend indicated by the heat of vaporization, i.o. the ozidizor
vaporizes slowor than the fucl, thus cnabling the oxidizor droplots
tc control the combustion process.
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Rosults show that under the conditions studisd droplet
sizo snd distribution have the largost offect on stability,

. Figuros 66 and 67 presont the variation of nininmun pulse

stzength vorsus nass moan droplet radius and distribution.
For 2 chacbor configuration of the Transtage there is an
cptinun mass nodian droplet size for instability around 75y,
Incsoasing or docroasing the droplot size incroases the sta-

bility. For very large droplot radii the burning rate paranster
. 82 vory snsll end the droplet Roynolds number is large; however,

the not cffoct is to fall to the .2ft side of the AP/P vs, L

cuzve rosuiting in incrosscd stsbility, For very snall droplet
radii tho burning rato parapster is large; howover, tho Reynolds
nucbor is low, thus any burning rate paraacter will have a high
AP/P. Therc is also an cptinun distribution for instability at
approxinately 20, incrcasing ths distribution to 40 snd docreasing

the distribution to lo incroasvd stability. Increases in stability

occur for the sanc roasons as for the effects of dropiet rzdius,
The greatost stabilizing offoct was obtainocd at the large dise
tribution ond., At 4g thorec aroc a great number of very small

and large droplots, with the smell ond controlling tho stability
charactor of the spray. Snasll droplets produco nore stable
corbustion since, while the stoady-state burning rate is high,
thoir burning rosponse w' is low, thus decroasing the wave-
conbustion rate coupling,

Incroasing the droplet size noved the mininum relative
volocity rogion further fron the injector face, wiile decreasing
tho droplot distribution had the samo offect, This is just the
rosult of incroascd dreplet surface area dus to a groater number
of snaller droplots for a givon flow rate, It is interesting to
note that a nass nod!an droplet sizo of 75u and a distribution of
2,30 corrospond to the worst conditions for stability and also
droplet sizoc and distribution produced by typical Transtage type
injoctors. Figure 68 has boen doveloped from the results of
Roforonce 3 with corroctions for MMH and NTO physical properties.
This figuro shows that parallel and impinging jets have distribu-
tions of 2,30, while in-line triplets have a distribution of 3,60,
For the study conducted, i.o0., base ongine conditions with a 75u
nass-nodian droplot size, a triplot injoctor would be norc stable
then parsllecl or doublet jots, From Figurc 68, droplet sprays
botween 50y to 100y are produced by jot diamecters for parallel
jots (-0,008 to 0,025 inches), impinging jots (0,035 to 0,095
inches), and triplots (-0.125 to 0,650 inches). Injecctor atomi-
zation photographs takon by Dynanic Scicnce Corporation indicate
that A positionod triplets produce a cearsor spray that in-line
triplots and X quadlots producc a coarscr spray thanm A triplots,
This is duo to tho fact tho doublots and in-line triplots produce
fens, Theso fans foxa droplots by tho fornation of shoot insta-
bilitics with finor droplots boing producod by thinner shoots,
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Quadlots end A tripleots tend to forn a strean which broaks
up sipilar to paraliel jots thus forning droplet sizos betwoen
the in-line triplet and parallel jets.

Cheobor prossure was the third nost important paranoter
affecting instability., Increasing chamber prossure noved the
pininun relative velocity position away from the injector
faco., This occurs due to tho fact that the gas velocity
increases slower than the incrcased mass addition, since the
gas density is higher, At 500 psi the burning rate was slower
sincoe tho MMH droplets burned with a single flame, At this
pressure thoe gas donsity is high thus the gas Roynolds nunmber is
high, rosulting in a thin diffusion film thickness., Since the
diffusion time is short due to the thin film tho MMH doecs not
have tine to deconpose., Thus tho heat transfer is iowor to the
droplot and the vaporization process becomecs slower, The effoct
of chanbor prossure on stability is shown in Figure 69. For
constant flow rates, i.o., the contraction ratio is increased to
incroage chawber prossure, stability romains constant with in-
creascd chanbor pressure botween 100 and 300 psia., Here the
stagbilizing effect of docreasing the burning rate paranetor by
increasing the contraction ratio oquals the dostabilizing offect
of incrcasing tho Reynolds number of the droplet by increasing
chanber gas donsity. For the conditions considered, increasing
the chanbor pressurc (at constant flow rate) to 500 psia pro-
duced a stabilizing effect, Since at this pressurc the droplet
spray considored burns in tho zlower singlo flame rogine., Thus,
the fraction vaporization rate docroascs, decrcasing the burning
ratoe paramoter offsotting the dostebilizing vffoct of the gas
donsity. For larger droplet sprays, whore the droplets would
continue to burn in the two flame roginec at 500 psia, or pro-
pocllants which do not decompose, stability woulJ’renain constant
or docroaso. Tho 500 psia case was thc only condition whero
control switched from the oxidizor spray to the fuol spray.

To doternine tho differoncos botwoon MMH burning with a "two

flans" nodol and a single flame considered in Reference 3, a

caso was run at baso conditions with the decomposition flanme
suppressod, For this run the burning rate paramstor was roduced
fron 0,40 to 0.19 corxosponding to &n incroase of minimum throshold
disturbanco from 0,032 psi to ,050 psi. Thus additives which
would suppross the MMH docomposition would increasc stability;
howovor, this nay tend to decrease perfornancoe.

For conditions whoro the chamber prossure is incrcasod
by incrcasing tho flow rate, while koeping the contraction
ratic constant, tho onginc is destsbilizod, Undar thosc con-
ditions tho incroascd Roynolds numbor of tho dropleot ovorridos
the decroase of tho burning rato paranctor due to tho docrcasod
fraction veporized por inch,
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Injoction volocity offocts arc shown in Figuro 70,
Tho point of pinigun rolative volocity was moved away fron
the injoctor face by incrcasing thoe injection velocity.
Incroasing the injoction velocity decrcases the stay tinmo of

tho droplets rcquiring nore distance to vaporize the sanc

anount. As shown in Figure 70 incrcasing the injection
volocity slightly incroascs the stability. The increcased
injoction volocity, docrocasocs the fraction vaporized per inch
and thus tho burning rate paracotor,resulting in increased
stebility.

The offocts of nixturo ratio are presentod in Figurc 71,
Thoro is essontially no offoct of mixturc ratio on disturbance
eoplitudo which ronmains epproximately at 0.030 psi, It should
boc notod that this variance of nixture ratio only roprosonts
tho proporticns of propollant with the total flow rate kept
constant. Exporirontally,strong offocts of mixture ratio arec
notod on stability charactoristics; howover, when nixture ratio
is viviod in a givon configuration, changos reosult in droplet
spray, injoction volocity and chavber pressurc as woll as local
nixture ratio., Thus,the offccts of changing mixture ratio in
an ongino rosult from the influcnco on other parametors.

Bxgo%inental Corrclation P

Rogckot ongine tosts utilizing the MMH/nitrogen tetroxido
nrencllant combination wore conductod at the Air Forco Rocket
Prcpulsion Laboratory and rosults wore roported in Referencel7..
Tuonty throe tosts woro conducted using two Transtago engine
configurations. Tho two onginos consisted of the Titan IIl
Transtagoe combustion syston, i.0., thrust chamber, injector
and biprepollant valve. The stability cvaluation tost progran
used a workhorsc stoocl thrust charcbor having tho same conical
intornal contour as the flight nodel ablative chamber, Modols
Trax 211D and Trax 21-11B injectors werc tostod. Major effort
was oxpondod on the Trax 21-1D injoctor which was tested 14 times
with M at chambor prossuros betwoon 91-102 psia and nixture
ratios botwoon 1,75-2,56, Tho Trax 21-11B was tostod 4 tinmes
with MMH at chacbor prossures botweon 97-100 psia and nixture
ratios botwoen 1,78-2,33,

»

As doscribod in Reference 17,, the -1D injoctor has an
aluninun dishod faco, is 11.645 inches in diamotor, and possessos
four radial bafflo venocs oxtonding fron a snall diamoter center
fuol hub., All tho fuol is usod to regeneratively cool tho baffles
prior to injoction into tho corbustion chamber. Tho -1D injoctor
has a quadlot pattorn consisting of two oxidizer holes impinging
fr1ith tue fusl holes., The total includod inpingonont angles for
both sots of holos is 70 dogroes. Thorc arc a total of 8 rows
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of injector clements with three fuel holes in each baffle tip
and one row of fuel showerhead holes located around the pori-
phery of the injector provide for film cooling. There are

672 oxidizer orifices with an orifice diancter of 0,0360 inches
and 672 fuel orifices with an orifice diamoctor of 0.0292 inches.

The Trax 21-11B injector pattern also consists of 8 rows
of injector elenents of which the first, second, third, fifth,
and soventh rows, starting fron the injector conter, are the
quadlet pattern as the -1D injector. The fourth, sixth, and
cighth rows were changed to provide for A triplets with two
fucl holes izmpinging with one oxidizer hole., The fuel hole.

“‘dianeter has been enlarged to 0,0512 inches (0,0360 inches for

the quadlet pattern)., In addition, tho outor rows of fuel filn
coolant holes have been elininated,

The «1D and -11B injectors had approxinately the sane
performance, with the ~«11B being higher at a nixture ratio of
1.8, All 14 tests conducted with the Transtage -D injector
resulted in corbustion instability; three of these instabilities
weroc initiated by spontancous pops with a AP higher than 40 psi,
and the remainder of the tests were initiated with 10, 15, or
20 -grain pulse charges. The 4 tests conducted with the -11B
injoector also were triggered unstable,Thrce of the 4 tests
required a 40-grain pulse to initiate instability while the
fourth zeoquired only & 20-grain pulse, Puise charge size
required to trigger instability for the Transtage injectors
is plotted ir Figurc 72, All resultant instabilities with
tho Trenstage injectors wore of tho second tangential mode with
frequencies of oscillation of approximately 3700-3900 cps.
Peak-to-poak pressure amplitudes were higher for the -1D
injoctor (100-130psi) than the -11B injoctor (40-60 psi).

In goneral, the 11-B injector showed nuch greater stability
than the -1D injector,

To determino the droplet sizos produced by the -iD and
-11B injoctors, water flow tosts woro conducteod at Dynanic
Scionce Corporation. By taking spray photographs it was
deternined that X quadlets produccd larger droplets than
doublet injectors and 4 triplets produced larger droplots
then in<line triplets under the sano conditions. Largar
droplots arc forrned si.ce quadlets tond to produce a stream
rather than a thin shoet, resulting in wavo instabilities of
longer pericd on the liquid surface. In-lino triplets
forn fans, while 4 triplets tond to form thickor shoots or
stroans., Using tho photographs takon by Dynamic Science and
rosults of Figure 68 mass-nodian droplot sizos of the quadloet
and triplot are ostinatod to bo 65u and 20 respectivoly,
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The mass-median fuel droplets produced by the cooling film
parallel jets was estinated to be 115y, Since the outer edge
of the engine is mest sensitive to be pulsed unstable, the
effective droplet mass-nedian size can be estimated to be
approxinately 70u for the -1D injector and 30u for the «1iB
injector by weighting the outer elenonts heavier than the
center, From Figure 66 it can be secen that for the propolliant
and conditions of the Transtage engine the -11B injector would
be more stable. In addition, the -11B injector also has a
greater droplet distribution since triplets are being utilized,
Greater droplet distribution improves stability for the case
considered, As shown in Figure 72 there is a scatter in the
minimum pulse strength required to produce instability. Since
these runs were made at diiferent mixture ratios, variation
occurred in injection velocity, chamber pressure, and local
nixture ratio. Secondary effects also occur on the atonization
process., Thus for these two injectors considered, injector
patterns influonced the combustion characteristics considerable
more than operating conditions,

Conclusions

Before a detailed experimental correlation can be obtained
greater information about injector spray characteristics will bo
required. While .correlation was obtained with the two injector
tests considerably more work will be required to conciusively
evaluate the value of the outlined model., While tronds seen
to be predicted there is a large difference betwoen predicted and
measured AP/P required to trigger instability. It was experi- i

mentally determined that the pulse amplitude rsquired to triggoer
instability was 0.4 while calculated amplitudes are approximately
0,03, Greater rofinement of the nodel will be required before
quantitative results can be obtained; however a method which
gives qualitative results is of value from a design standpoint,

Significant results of this study show that: 1) the ‘two
flame model showed increased burning rate and decreased stability.
The oxidizer controlied the combustion process, except at 500 p=i
where the two flames were suppressed, thus the propellant vapor
phase reactions reverse the vaporization rate trend indicated by
the heat of vaporization. 2) There was a droplet size and distribu-
tion which produced minimum stability. Variation in either
direction produced increased stability. 3) Chamber pressure
variations resulting from changes in contraction ratio at constant
flow rate, increased the stability. Keeping the contraction ratio
constant and increasing chamber pressure by increasing flow rate
decrcased stability. 4) Stability increcased with increcasing injection
velocity. Spray characteristics were held constant whilc injection
velocity was varied., 5) Variance of mixture ratio, resulting from
changing the proportions of propellant with constant flow rate,
did not affeoct the stability characteristics. 6) Comparison with
experinonts showed that the nodel underestimated minimum disturbance
ljevels but correctly indicated stability trends with injector designs.
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IV, LIQUID PHASE MIXING AND REACTION

The anount of rcaction between impinging unlike strcams
nust be considered when calculating the combustion rate of hyper-
golic propellant systens, Liquid phase reaction and heat release
during impingenent would effect the droplet combustion rate,

The mazinup anount of reaction which might occur between
icpinging hydrazing/nitrogentetroxide streans was ostimated using
a congservative nixing model and the heat releasc data of Feiler and
Somogyi (Ref. 18). 1In conjunction with this nixing nodel, criteria
was established to predict the pressurc potential tending to .
separate & nmixed hypergelic onulsion. The porcentage of liquid
phase recaction and the subscquont separation of tho unlike hyper-
golic streanms was thus prodicted for tho hydrazine/NTO systen,
The physical nodol and the available dats also lead to the postu-
lation of am ignition index numbor suitable for rating the start-
up and operational characteristics of hypergolic liquid phase
contacting devices.

1. Liquid Phass Rezction,

a. lleat Relcase Rates,

Heat release rates of hypergolic iiquid systems have
been noasured by Feiler and Sonmogyi (Ref,18), Their experimental
procedurc consisted of a tangential mixing injector and 2 mixing
cup of length L. The reaction was quenched as soon as it left
the nixing length L. The heat relecase results of thesc experi-
nents arc shown in Figure 73,

The shape of these curves arc characteristic of the degrece
of nixing, F(M), occurring within the mixing length L. For
complote mixing the data determine the maximum rate of the
liquid phase heet rolcasc, Feiler and Somogyi explain the
shape of these curves in the following way (Ref,. 13):

“The incrcase in hecat-rclcasc rate with injection velocity at the
lowor velocities (Fig.73) may thus be attributed to an increase
in intorfacial area or in F(M). The rapid riso in heat-reclease
ratce obsorved at injection velocities of 20 to 140 feet per
socond is attributed to an increcase in temperature, In this
velocity rangoe it appoars that heat generated in the inter-
facial arca can no longer be dissipated to the surrounding

fluid at a sufficiont rato, and thercfore the temperature of

the rcacting raterial increascs, which results in an cxponential
insroase in hoat-rclcasc rate., At velocities grcatcr than about
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140 feet per second the heat-release rates attain constant

values or perhaps decrease slightly, which indicates that tempera-
ture has attained a constant value. This temperature is probably
a characteristic temperaturc of the propellant system such as

the flane tenmperature. It is possible that gas evolutics rates
accompanying the reaction are sufficient at the highest injec-
tion velocities to inhibit the mixing process. The resulting
decrease in F(M) (interfacial area) would thus account for a
decrease in the heat-release rate."

The naxinun heat release rates, with complete mixing, were
thus deternined to be 83,000 and 48,000 (kcal)/(sec) (mole HNOS)
for hiydrazine and UDMH, respectively, (Figure 73).

h. Interfacial Resistance to Reaction.

Experinents (Ref., 18) determined that the maximum liquid phase

heat release rate was independent of oxidant to fuel weight ratio
(i.e., concentration), as shown in Figure 74. It was postulated
rather that the maxinum heat release rate was dependent upon the
stoichiometric ratio of reactants for the following reasons: 1)

the rate of heat reiease appears to be independent of concentration,
2) four times as many molecules are required to oxidize a molecule
of UDMH as are required to oxidize a molecule of hydrazine, and

3) the heat of reaction per mole of acid for fuel is approxi-

pmately the sape for either fuel (UDMH-158, H-147, kcal/mole).

This treatnent of the data may-be justified by considering
an interfacial resistance mechanism. The following two observa-
tions lead to the conclusien that reacction kinetics are not the
controliling mechanism in liquid phase asixing:

(1) The observed rate of reaction is independent of
concentration (Figure 74), and

(2) ;he half-1ife of a mixture of hydrazine/NTO is on
the order of 10’ seconds, according to gas phase kinetics of
Glass and Sawyer, (Ref. 19). This kinetic rate is more than
four orders of magritude faster than the liquid phase mixing
reaction rate data of Figure 75. Thus a mechanism other than
kinetic reaction rate nust be controlling the rate of liquid
phate reaction. The mechanisn postulated here is one of inter-
facial resistance.

It has been previously pointed out that hydrazine/NTO
appear to be inmiscible (Ref. 20). If the surface rezction
tine is faster than tho characteris.ic mixing time and, if
there is sufficiont pressure potential in the products to
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naintain sopsration, thon this ipmiscidility sight be due to

tho fact that a drop of onc component, having its ouwa surface,

will tond to & intein this surface when contacted with the other
conponont. Under those conditions an interfacial resistance to
reaction will be established and will produce an effect analogous

to iomiscibility. Comparison of reaction time to nixing tine
indicates this intecfacial resistance nechanism, while the condition
of pressurec potential is treated below.

Considering this interfacial resistance to recaction, the
rate of recaction will be controlled by the stoichiometri¢ ratio.
This is duec to the fact that the two liquids, facing each other
across this resistance, are both pure. Thus reasction is dependent
on the stoichiometric ratio of ea:h fuel system and the maxinun
rate with perfect nixing will give a conservative estinmate of
heat rcloase for any hypergolic fuel system, based upon its
stoichionotric ratio and the assumption that its reaction rate
is slower than its nixing rate. Figure 75 presents an estimate
of tho naxinun heat release rate produced upon complete mixing
of hypergolic propellants. This maxinum rate is valid as long as
the propellants are confined together and are perfectly mixed.

c. Characteristic Confined Mixing Length.

The physical nodel of Figure 76 was postulated in
order to estinate the lengtlh of time during which impinging
stroans arce held together. An element of fluid is within the

*
L]

impingonent area for an average length of tinme, 'rnix
y u:.D—?. L
nix 8 Ve )

whereo: Do is the jot diameter, and v, is the forward velocity

of the jot as shown in Rigure 76. While the element of liquid

is within this arca of inpingoment it is confined in the same way as
if it were contained within a nixing cup similar to the experiment
of Reference 18. Although perfect nixing may not occur for im- |
pinging streans, as in the case of the nixing cup, the assumption
of porfect nixing sots a maxipun linit upon the heat generation
rate. Thus the average time within the area of inmpingenment

givos a consorvative ostinatc of the amoun: of forced nixing
occurring between two unlike hypergolic streans, Wthatever
happons. after the clement lcaves this area of influonce will be
indopondent upon a force balince between the clement's momentun
and tho pressure potential of roactant gases. This problen of
stroan soparation is discusscd in the next section of this

roport, in this scction the puspose is to calculate the naxinun
snount of propellant roactod during liquid phaso nixing.
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d. Nunerical Exanmple.

The following exampie is based upon the nodel of
Figure 4 and the naxinun heat release rate data of Figure 7S.
Consider the unlike hypergolic impingenment of hydrazine/nitrogen-
tetroxide. Typical parameter values are: jot diameter equal to
0.050 inch dianoter; jet velocity equal to 720 inches per second;
and inpingement angle equal to 90°. The characteristic tine
of aixing is '

» - g?o 1

i 7
mix £

The stoichiometric ratio of reactants for this systen is
0.5. hus from Pigure 75 the estinated maxinun heat release
rag?, aax? with perfect nixing is 62,000 cal/(sec) (mole acid).

The ‘heat generated by liquid phase reaction is givon as

N 53.14) 5x10°2
mix 8)(.707)(7.2x10

e 4x18'4 sec.

“ Raax Tgix
Thus Qliq = 2&,ca1/nole'of exidizer

Qliq

Wherees the heat of reaction which wiil finally be released for
the hydrazine/nitrogen tetroxide system is AH act " 248,000 cal/
nole oxidizer. Thus the anount of heat releastd 8§ring liquid
phase nixing of §4typica1 unlike iapinging doublet is estinated

at 0.01% or 1x10 ~ fraction of the total amount of heat available,
A similar inmpinging MMH/NTO doublet wiil have the sanc value for T
whilic its roactant mole raetio of 0.8 gives a maxinum rate of heat
releasc of 83,000 cal/sec. Thus the estinated liquid phase heat
release is 33 cal/mole of oxidizer and the percentage reacted
based upon a total heat rclease of 238 kcal/mole NTO is 0.015%.

nix

2. Liquid Phase Separation Potential.

When chemical reactien occurs there is a temperature poten-
tial. developed at the reacting interface which is characteristic of

a. The nagnitude of the heat of reaction,

b. The onthalpy cgpacity of the imnodiate surroundings.

¢. Tho thermal transport propertiss of the innediate
surroundings.
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If conditions of confinemont and transport properties are
dofined in the ipmedigte surroundings, a physical model may be
postulated so that absolute nucbors for the transient tempera-
ture rise nay be calculated. However, if the immediate zurround-
ings sro somcuhat undefined, an index nunber msy stiil be
dovelopod by pmaking use of known characteristics of the systenm.
For tho case of reaction between impinging hypsrgolic streaws,
the innsdiste surroundings are not well defined,

In this soction an ostimation of impinging stream separation
was devcloped for twe cases, ’

First, for the adiabatic case shich neglects thermal
transport in the sarrounding iiquid, and

Sccond, for the unknown theznal case whieh requires
definition of an index numbor, considering that the
thernal transport will be characterized by this number
and thus that the tendoncy of streams to separate may
be rated according to this index.

8o liypergolic Stream Impingement,

The two stroams of Figure 4 impinge at 2¢ degroes on
a conzmon plane., The common inmpingonont area is

A= %2%%h¢n aroa of ellipsa.

Tho nornal force of impingement is dotermincd from a momentum
balance on the stroan before and after impingement:
WV

Fp ® T sin o

This force rosults in a pressure at A such that,

Fp = 4P % A, Nots: Rupe (Ref. 21) has treated the dynamic
charactoristics of free liquid jots in doteil. However, detail has
boon onitted from this oxder-of-magnitude analysis.
Substituting: ,n (5in ¢)2
&> D
o &

For iopinging roactive liquids the tewpsraturs riss of
product vapor is givon by a hoat balane

AHgn - Ay AHL
Cp

AT &
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where AHp - heat of reaction

AHy - heat of vaporization

dHp - heat lost to the surroundings
This temperature potential may he related to the pressure
potential necessary to overccme the momentum of impingement

by the Clapeyron equation

AP = ( A"V\ AT = 'AHVP\,AT.
\T ig,’ \MRT2,/

where the coefficient (al,/T Vg) is the average slope of the
vapor pressure curve in the range of interest,

Substituting the temperature potential for pressure results
in the criteria that:

1f, AHp - &Hy -A&Hg , DRT 4ﬁ v (sin ¢)?
cp A“VP "Dg gc

the streams will be blown apart by reaction and thus cannot
be mixed by impact momentum,

b. Adiabatic Case,

1f it is assumed that no heat is lost to the surrounding
liquid, (i.e., the reaction time is small compared to the time
required for thermal transport - then Q is equal to zero.

Thus if

“ Mg - 8H,  ART? 4wy (sin ¢)2
>
Cp MHyP wDZ g

the sireams will be blown apart,

Aa example is made of the hydrazine/NTO system considered
previously, The numerical values are

bHp = &H, 2.6 kcal/mole of reactant
Cp = 8.6 x 10°% cal/(mole of products) (°K)

with 7 moles of products per 3 moles of reactant,

111

b it rmdibmane -



£ M“«-‘w»«fér
B

e

N et aa ey~

2

e

<

AR K s Ak A S
B
e

4
o
e

R e

o~

.
LS,

Thus the adiabatic teopersture potential (evaluated at 200°C)
availeble in this syston is '

3 __82.6
8Ty * 7 wexio-3 = 41x10

Hhercas the tomperature potential to be overcome in order to
soparate the streanms of Figure 76 with numerical values of
cexanple in paragraph IV-1.-d., evaluated at 200°C and 300
nzi, is .

k) K%

Tenperature-Pressure Conversion

notTe

RIS » 3.9 x 10*2 *k/atn
v

Moneniun Pressure

. * 2 N
s 4Wv(sin ¢) = 1.65 atm

AP "
lDo 8¢
Thus .
nRT  4Wv(sin 8)2 | o 400102 ok
AHVP «D2 *
o %¢
Since 4.1:10‘ > 6.4x102. the hydrazine/NTQ streans may be

prodicted to scparate after initial contact and surface
reaction.

c. Scparation Index Number.
Sinco the strean inpingement is not truly adiabatic
a scparation index based upon the Clapyron potential conversion
can be usod to ovaluatoe hypergelic stream separation.

This indox is

(AHR- AHV)

s nRTir 4ﬁv(sin ¢)?
AH_ P 2
v aDQ 8¢

so that the larger the valuc of IS the greater the tondency
gf tho stvoans to soparate.
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3. Characteristic Ignition Index.

The data reported by Feiler § Somagyi (Ref, 18 ) vhich is
presented in Figure 73, can be used to develop an index teo
relate ignition characteristics of different injector devices,
The words which Feiler uses to describe the rapid rise in heat
relcase rate ohserved in Figure 73 can be interpreted as defining
the beginning of ignition (Ref., 18):

"The rapid rise in heaterelease rate observed at injection
velocities of 120 to 140 feet per second is attributed to

an increase in temperature. In this velocity range it
appears that heat generated in the interfacial area can no
longer be dissipated to the surrounding fluid at a sufficient
rate, and therefore the temperature of the reacting material
increases, which results in an exponential increase in
heat-release rate,"

The onset of ignition in the terms defined by Feiler repre-
sents a microscopic view of the heat release per unit of heat
available., Macroscopically this heat relcased determines the
average rise in temperature of the liquid (i.e,, after thermal
transport has occurred,) The heat is released on a nicroscopic
scale at an immisible interface, causing local heating. When
sufficient contact time is allowed, heat is available to raise
the average fluid cemperature to an ignition level. The per-
centage of liquid-phase heat released is thus 4 guide to ignition,
It should prove that when this number exceeds a certain value
smooth ignition will occur. The percentage of heat releaseod
with impingement should thus prove to be a useful ignition
indexing system for rating the smoothness of start-up and
operation of injector devices. This index number is given by
the formula:

1. = Roax Tni x

I 8lip

where R .. (Figure 75 ) and Tnix 8¥e defined s in Section IV-1,
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4, Conclusions

{a) The percentage liquid phase heat release of typical
impinging hypergolic streams (MMil, Hydrazine/NTO) was estimated
at 0,01%, If this amount of hcat went to heat the remaining
liquid it would lead to a temperature rise of approximately
4°X, The percentage of liquid reacted upon impingement appears
to be negligible, while the amount of heat released may cause
a measurable liquid phase temperature rise. lowever, the cal-
culated 4°K temperature rise is not significant enough to warrant
its inclusion in state-of-the-art rocket chamber calculations,

(b) The data used to estimate the percentage liquid phase
heat release also lead to the postulation of an interfacial resis-
tance to mass transfer as the reaction rate controlling mechanism,
It was postulated that this interfacial resistance would pre-
dominate when reaction kinetics were faster than mixing times
and when there was sufficient pressure potential generated from
the reaction., These two conditions werc satisfied for the
cases of llydrazine/NTO and MMiI/NTO.

(c) Therefor:, based upon conclusions (a) and (b), typical
MMI/NTO or llydrazine/NTO streams will separat. without significant
heat recleasc under conditions of simple impingement,

(d) Feiler and Somogyi explain their heat release curves
in terms of a tendency to local ignition at the interfacial sur-
face. Based upon their physical description and their measurement
of maximum heat release rates, an index
for rating ignition and start-up devices was devcloped,
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V. ATOMIZATION

Combustion calculations based upon droplet vaporization
models require that the distribution of drop sizes be known,
Many experiments have becn performed and empirical distribution
functions have been determined., However, there is little current
agreement on which distribution function is most satisfactory,
Since all the empirical distribution functions have particular
shortcomings, & theoretical distribution function has been
derived here, Among other advantages, this thcoretical dis-
tribution allows relation of the droplet size to the physical
injection process. Derivation of this distribution involwves
determining the most probable way in which a given amount of
surface energy would be distributed among s group of drops
having a given total mass, The derivation is presented
here; and it is shown that the theoretical distribution fits
cxperimental data and can be rclated te atomization efficiency.

0f the several better knouwn distribution functlions
commonly used to describe atomized drop sizes none have been
related by theory to parameters of the atomization process,
The Nukiyama-Tanasawa, (Ref. 22 ) Rosin-Ramsler, (Ref. 23),
Logarithmic-normal, (Ref, 24 )and Upper-Limit distributions
{Ref. 25 ) are primarily useful for fitting curves to observed
data. The first three contain twe distribution parameters,
one represcnting some mean diameter and the other the dispersion.
The values of these parameters are adjusted to fit the data in
question, The last function, the Upper-limit, is a wmodification
of the Logarithnice-normal distribution to give the distribution
an upper limit to conforwn better with some observed data., The
former three distributions allow for infinite drop diameters as
a possibility, The -Upper-limit distributicen includes 2 third
parameter, which, however, may be related to the conditions
of the atomization process, At best, then, with any of these
distribution functions the mean drop size and dispercion can-
not be characterized except through obsevvation, lowever,
there is a distribution that might be related to the atomizavion
process, That would be the anssy probable thermodynamic dis-
tribution., Attempts to apply a thermodynamic distributien
to atomizeu dispersions has n.t been reporied proviensly
and should be cxamined,
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1. Theoretical Development

Consider an atomizer or nozzle which in a given increment
of tinme discharges Ny total number of drops, having associated
with thes a quantity of energy Et, where

wharé K{ = number of drops possessing a particular energy

level/drop.,

€ = energy level of a single drop belonging to the

ith group.

If all energy states have oqual probability of occurring and
the drops arc distinguishable with no degeneracy, with the two
constraints of N. and E.. being fixed the most probable thermo-
dynamic distribution is the MaxwelleBoltzman distribution

Ni - °-X0881
where A and 8 are Lagrangian multipliers,

Then Np = %o'}'eei

Ep = § 4 c-A-Bej - |

Now if the encrgy of each drop €; is related to the size
of the drop, the drop size distribution can be determined. For
exanple suppose that the distributed cnergy is that of surface

energy, then,

€ = oﬂDf
where o is the cnergy per unit surface arca of the drop.
For large numbors of drops wo can write,

Q
Np » | o-A-BomDiyy

0
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These equations yield values 8 and 1.

N

8 . ¥
GET
H.,.o
A = - 1n N.r ET
T
Now D20 is defined by
2 2
wbzg.r = ?DiNi
where: 1/2 and generally, " 1/m
D . = (zbzn p |30
20 In no NT A
2
Then ox DzoNT = }i:ouDiNi = Ep

The number cunulative distribution function F(N), the number
fraction of drops with dianeter cqual to or less than D, is
given by -

2 .
F(N) ‘/— 20 e "7 % dt or F(N) = erf (‘f%- -g—-
20

and the probability‘density functio] f(§) associated with F(N) is
D

W = Ty

The volumetric distribution function F(v), the volune fraction
of the total drops with diameter cqual to or less than D is

1 5 A2
F(v) = 3 Zzo tle™2 dt

2

or  F(v) = ?(P) = 1-¢"F(P+1)

where P =
(Dzo
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and the probability density function associated with F(v)

is
, ) 2
dF (v 3 1D )
f 1 D - e
20 20 :

Furthermore the total volume Vp of the Ny drops canm be
shown to be : '

1 -
Vp = 3 127 Np Dgo
which since D3y is defined by

leads to a relationship betwoen Dy und Dg,.

3
D
) - /&
D2g n

From this the Sauter-mean diametér can ve found to be

D.n3 i
D = 30 ‘8
52 Dap2 * v e Dzo

and the ratio of total energy to total mass

Er .8 .6 T o
EVT 9032 v 8 9020

The last cxpression is a most significant one in that
it rilates tho ratio of total energy per mass to the average
surfaco dianoter of the atomized spray through the physical
propertics of the fluid systom, Thus if the onergy per mass
could be dotermined from the physical circumstances for a
particular atomization the drop size distribution would be

completely describod,

Up until now no limitations have been placed on tho
possiblc dianctors of the drops. lowever, another distri-
bution can be devolopcd by an identical approach which limits
tho pussiblo diamotors to a range botween & lower and upper
dianotor Dy and Dy, The resulting equations are,
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erf{/P}) = ezf(#PL)

F(N) = . :
erf(/Py) - erf({PL)

where P
; ¢( 20)

, o) ool
g )

where y(v,x) is the incomplete gamma function defined as

Y (v, X) =f tV-1 oot g

and

Note that V% erf(x) = & ) so that F(N) can bz written
finally as Cumulative number’distribution

( P y(E,P
F(N) = :(%'p)u\ - ;1..?3

and the Probabilicy donsity becomes

2
V2 - ¢ \ /3 =P
D - 2 e
Y'TPy - *'2' ' *zo"u/ Y0Py

The remaining final equations corresponding to those developed
for no maximum or =minimum diametor are

Cunulative volume distribution

Fevy » WB) = w(P)
) y(Py) - v (PL)
Volume probability density

, 1+ 3 .,D\Z
£(v) » 202 L ")

D290
2 v (Pg) - v(Pp)

1ig

£

e i o O R T o ) T

L

A

ey v
o B s T D e e o

RN

P T N o KU



) aidm s

‘g",’::m:;,}ggwg S
Beosompl.

(28

PN l,ﬂ/zaﬂ
"

Mo vERL

-
T

/SN,

L O

/.
72
A

e 1

.
%
5
K
> A\
1
b e
P %
N

Roletionship between Dyg and bsg

(,3 "30')3 . u(Py) - y(Py)
D \
20 '/%""u} Y{%'F"/

Sautor noesn disnmoter

2 Prete
é D32 = Dzo *(IU) ¢'(p[,;
Y (-znpu) Y(‘f.l")

When Py * G and Py »
case given before.

these squations reducs to the simpler

2. Thoeorotical Distribution Function Compared to Experimentsal

'ﬁatﬂo

At the present time only a preliminary evaluation of the

usefulness of the derived distribution has been made,

nontally measured distributions by several investigators have
boen compared to the distribution functions above as shown in
Figures.Vv.1,2,3Thsse comparisons pertain only to the abilivy
of the functions to account for the observed dispersion of
drop diamctors pureiy as a function of the obserwed mean

drop diameter, in this case the surface average diameter,

In othor words the comparisons are merely tests of the distri-

bution function to 'fit" the data.

The rosults of those first comparisons are very encouraging.
In some cascs the theoretical distribution does an oxcellent
job of predicting the numbor of drops oven at the sziremes
of tho diamotor rangos, Furthermore, in situatisas where.
only sone noan diameter wore known and nothing known about
the disparsion, the tisorstical distzibution might provide
a roasonablc ostinate of the distribution for many ongineering
problens. (Note: a ncan dianctor bazed upon zny dofinition
is suitable since for a givorn distribution function all mean
dianotors can bo relatod), VWhere this is possible the theore-
tical distribution hes a distinct advantage ovor the cempirical
distributions which havo beon proposod, sincoc various investi-
gators have dotornincd ompirical nodels for predicting mean
dianotors for sonc nozzls types, but in nmany cases have failed
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to relste the drop size dispersion to any usefu) physicai
psraseters, snd therefore cannot determine the distribution
where needed.

A second significant feature of the theoretical diztzi-
bution is that it opeons an avenue of investigation for pre-
dicting drop sizes heorstofore only briefly explored, Accozd-
ing to the development of the distribution function the zscan
surface dianoter should be related to the spocific surface
énergy of the spray. This isplies that examination of tho
oenergy exchangos involved in the atomizatirn process of sone
nozzles night be used to predict drop size distributions,
7hus 8 therpodynanic spproach rather than 2 fluid mechanical
one may prove fruitful, Certainly for somo nozzles,K formplae
tion of a8 fluid mechanicsl nodel is almost hopelessly complex,
whea for tho same nozzle s thernodynspic exanination is feasible.

In tho developmont of the distribution funceion
prosonted here , only the surfaco onorgy of tho drops
wgs considored., Actuslly other forns of energy such as
kinetic and vibrational enérgies night bo distributed as e
function of drop sizo snd would affoct the thernodynanic
distribution, Somo considoration of these factors should be
includod in any future investigations of the relation between
drop size distritution and the distributed energy. -

3, Correia-ion of Atonization to Process Paranotcr;.

Considoring only the surface energy it has boon shown
that the sprays fron sone nozzles can be "fit" very woll
by the theoreticsl distribution, Two questions for immediate
investigation would appear to be:

(a) Can the deviations of somo distributions fyrom tho
theoretical distribution bs related to nozzle fypo, oxperimental
pethod usod, or other physical parameters of the systen?

(b) Can the surface energy of tho drops formed by a
nozzle bo calculated from exanination of the onergy exchangos
in the atonization process with sufficiont accuracy to be
usoful in predicting pean drop diameter? If so, then tho
officioncy of an atomizer in converting kinetic energy into
surface onorgy could be corroclatod diroctly to give nean dia-
poter end thus droplet distribution.
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" catt be said that 8 theoretical distribution of drop sizes

5 e can be devived which is related to the physical process of .
. atosizativy and the proporties of the fluid. These parameéters

3 detsraine the cfficiency of surface energy production by

particular stomizer devices. Preliminary tests of this dis-

tzibution for "fitting" data are encouraging. Ability to

s, predict the surface energy from the cnergy exchanges in the
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