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FOREWORD

This interim report was prepared for NASA Jet Propulsion
Laboratory. Project Monitor on this contract was Richard M. Clayton,
Liquid Propulsion Section of Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, California

This effort was conducted for the Contract NAS7-467 for the
period May 1, 1967 to June 30, 1968. Dynamic Science number
assigned to this report was SN-95D.

This is the second interim report (14 months) covering a continuing
research program being conducted to develop @ meaningful model which
describes the interrelation of the various physio~chemical processes
in establishing the combustion chamber environment during the starting
transient and during steady operation.
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SUMMARY

The purpose of this work was to determine and der.cnstrate the effect
which rocket engine design and operating parameters have upon high amplitude
pressure waves (spikes) associated with vacuum starts using hypergolic pro-
pellants. Necessary calculations can be made by a computer program which
was synthesized for the solution of the sequence of processes from initial
propellant injection to propellant ignition. These processes consist of the
injected propellant flow transient, propellant vaporization, and preignition
chemistry and lead to early combustor environments which either give
smooth ignition or can be conducive to detonative processes. The potential
magnitude of the pressure waves can be computed at selected times through-

out the chamber pressurization transient.

A preliminary parametric study of vacuum starts determined the effect
of initial cond,itions on chamber pressure, gas temperature, product species,
and potential detonation pressure. The effects of various time steps, droplet
size distribution, heat transfer between the chamber gases and chamber wall,
transient propellant flow, and preignition chemistry on the pressurization
history were shown and their physical importance evaluated. Detonation
pressure levels were plotted as a function of the time between propellant

injection and detonation and as a function of the initial conditions.

In attempting to add coherence to the understanding of random pressure
waves encountered in hypergolic propellant systems, a separate study of high
pfessure waves produced during steady-state combustion (pops) was conducted.
The currently available literature and experimental data were used to perform
order of magnitude calculations. A possible source of engine roughness or

popping was shown photographically to involve injection mixing explosions.
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NOMENCLATURE
Arrhenius reaction rate constant, cc/mole-sec for a
bimolecular reaction
Thrust chamber surface area, ft2
Flow area through orifices, in2
Effective flow area through line, inz
Nozzle throat area, t’t2
Effective flow area through vélve, inz
Average valve flow area, inz
Acoustic velocity, ft/sec
Discharge coefficient
Concentration of fuel, mole/cc
Propellant header capacitance
Propellant line capacitance
Discharge coefficient through orifices
Concentration of oxidizer, mole/cc
Heat capacity at constant pressure, Btu/l1b-°R, cal/qgr-°C
Specific heat of reactants before detonation, Btu/lboR
Condensed phase material produced during vaporization
in chamber, lb/sec
Discharge coefficient through valve
Diameter of jet, ft
Diameter of line, in
Activation energy, Btu/lb-mole, cal/gr-mole
Modulus of elasticity of line lb/in2

Ratio of liquid propellant species to total propellant
(liquid and gaseous) species

Mass evaporated from a single drop in the system during
one time interval, lbm

Mass of vapor condensed on chamber walls during one
time interval, lbm

Gravitational constant, 32.2 ’lbm-—ft/lbf—secz
Enthalpy of propellants and products, Btu/lbm
Enthalpy of vaporization, Btu/lb

Heat transfer coefficients, Btu/sec—ftz—oR

ovii



I Intermediate condensed phase products produced by
preignition chemistry which leave the nozzle

I(t) Intermediate products produced by preignition chemistry
which ultimately lead to ignition

IV Intermediate vapor products produced by vapor phase
preignition chemistry

IV e Intermediate vapor phase products produced by

preignition chemistry which leave the nozzle

K Thermal conductivity, Btu/sec-ftz-(oR/ft)

k Specific heat ratio

k1 Specific heat ratio before detonation

k2 Specific heat ratio after detonation

L Length of line between valve and propellant tank, ft

L(t) Two phase flow from orifices, lb/sec

4 Wall thickness of line, in

M Molecular weight, lbm/lb—mole

Ml Mach number before detonation

m, Mass of vapor in the thrust chamber, lbm

mg Partial order of reaction with respect to fuel

m. .. Vapor mass efflux through the nozzle, lbm

N Number of wave reflections in the propellant line
during the valve opening time

ND Total number of drops in the system

n ‘Wave propagation index

Npp Time interval in which t_he temperature of a drop
reaches the freezing point

no. Partial order of reaction with respect to oxidizer

n, Time interval in which a drop becomes frozen

P Pressure, 1b/ in2

Pc Chamber pressure, lb/in2

Pc(t) Chamber pressure (time variable), lb/in2

PD Chapman-Jouquet detonation pressure, lb/in2

P d ?ressure <.iow1_'xstream of valve (?r vVapor pressure
if cavitation is present), 1b/in :

Pg Gas pressure, Psf, mmHg

Pg(Tg) Partial pressure of gas atztemperature Tg, Psf

P Manifold pressure, 1b/in
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Pressure upstream of valve at nth valve area change, 1b/in

Plﬁteau pressure (following a Chapman-Jouquet detonation)
1b/in

Prandtl number

Spike pressure, 1b/ in2

Tank pressure (time variable) lb/in2
Tank pressure, lb/in2

Propellant vapor pressure, lb/in2

Propellant vapor pressure corresponding to the drop
temperature, T,, for the jth drop, Psfi.

Propellant vapor pressure evaluated at the wall
temperature, Tw' Psf

Pressure before detonation, lb/inz-a
Pressure after detonation lb/inz—-a

Heat release due to chemical reaction minus phase
change, Btu/lb

Total energy transferred to all drops in the system in
one time interval, Btu

Rate of energy transfer to an ensemble of drops, Btu/sec

Universal gas constant, 1546, lbf—ft/lb-moleOR,
1987 cal/gr-mole K

Reynolds number

Two phase orifice resistance, lb/in2

3]

Orifice resistance for vapor sonic flow, 1b/in
Valve resistance, lb/in2

Reactor radiué, in

Radius of drops for the j‘Ch ensemble, ft
Amount of oxidizer that reacts, lbm

The reaction rate of a mixture before become compressed
The reaction rate of a mixture after being compressed

°x

Preignition gaseous chamber temperature, °R

Temperature, oR,

Temperature before deténation,OR
Time, sec

Valve opening time, sec
Velocity, ft/sec

Chamber volume, ft3
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Velocity of propellant through line at nth valve area
change, ft/sec

Vapor products produced by liquid vaporization which
leaves the nozzle

Effective velocity of the pressure wave in an elastic line,
ft/sec

Vapors which enter into the preignition chemical reactions
Vapor flow from orifices during sonic flow, 1b/sec

Vapor produced in chamber from vaporizing liquid in L(t),
1b/sec

Vapor products produced by preignition chemistry
Volume, ft3
Specific volume, ft3/lb

Propellant flowed in time At, 1b
Weight flow of propellant, 1b/sec
Weight of propellant, 1b

Mass Fraction, Wg/Wt

Fraction of drop that is frozen
Distance from injector face, in
Liquid mass fraction, %I,/wf%g)
Heat transfer factors, dimensionless
Line impedance, lb/in2
Accommodation coefficient
Volume expansivity of fluid, OR~l

Valve opening area char_lge in time At, in2
Heat of reaction, Btu/lb

Pressure drop through flow area, 1b/ in2

Initial rarefaction wave pressure change for nth

initial wave, 1b/in

Reflected wave press%ﬁe change originati.zlg with nth
initial wave for the m~ reflection, 1b/in

The increase in reaction rate due to an isentropic
compression

Length of time interval, sec

Fluid, yelocity change in pipe dur to valve area change for
the n~ valve area change, ft/sec

Absolute gas viscosity, 1b/sec~sec
Density, 1b/ft>



Te Heat of vaporization, Btu/1b

T Heat of fusion, Btu/lb

T, Heat of sublimation, Btu/1lb

o) Term defined by equation 34

i’n Area ratio factor between valve and line for nth valve
area change (see Appendix B)

zpm Wave reflection factor at partially open valve for mth
wave reflection (see Appendix B)

Subscripts:

f final

g vapor

i initial

dj drop ensemble

£ liquid

n time interval

n-1 time interval previous to time interval n

0 initial

ox oxidizer

t total (the sum of liquid and vapor)

' wall '

2p two phase

- xi



INTRODUCTION

A troublesome, and at the same time, highly complex phenomenon which
is observed during some engine starting transients is the occurrence of high
pressure waves, usually termed pressure "spikes." Hard starting charac~
teristics have been encountered in both large scale (Ref. 1) and small scale
(Ref. 2) space engine programs and their fixes usually involve trial and error
hardware testing rather than attempting to identify the mechanism which
causes the hard starts. Similarly, pressure disturbances, commonly referred
to as "pops," are known to occur during steady-state rocket engine operation
over a wide range of injection parameters (Ref. 3). Various attempts to explain
the source of these pressure disturbances have been made, however, most of
these attempts are qualitative. Originally it was commonly assumed that
explosions of accumulated propellant masses were the cause of the observed
pressure waves. As a result of more recent experimental studies, it has been
found that under certain conditions detonable chemical reaction intermediates
can accumulate in the combustion chamber (Refs. 4, 5, and 6). This fact pro~
vides evidence that detonative compounds and mechanisms, increasing the
danger of initiating and propagating these pressure waves, must therefore be
understood and described.

The main objective of this investigation has been to develop an
analytical model describing rocket engine chamber conditions during the start
transient. By necessity, the model is semiempirical in nature, that is, con-
taining several parameters which are best evaluated from experiments, or from
empirical correlations. Ihe model calculates by mass balances the condition
of the propellant species during the low pressure startup history as first shown
by Agosta (Ref. 7) and later incorporated into the models of References 8 and 9.
The extension which this work has allowed is the identification of individual
physical processes and the assignment of mechanistic coefficients of impor-
tance. The model thus depends on previous hypergolic research on ignition
mechanisms (Refs. 4 and 10) and on ignition chemistry (Refs. 5, 6, and 11).
Thus, the intent and contribution of the present study is to provide an analytical
mechanistic framework which will allow theoretical parametric studies to be
made. These studies can point out which parameters theoretically affect cham-
ber behavior most significantly and, thus, will givé direction to the experimental

measurement of these parameters. The phenomena of steady-state popping and



starting spikes may be related to the basic nature of ambient or low temperature
hypergolicity, thus, although the analytical modeling of these phenomena

are separate tasks, mechanistic understanding of either may give insight to
the other.

The transient start model accounts for complete nonuniformity in time
history and is uniform within the chamber space; it is based on time dependent
differential equations formulating physical and chemical processes governing
conditions. The set of equations consist of:

1) transient flow equations,
2) vaporlzation, freezing, and pressurization equations,

3) chemical kinetic equations which include concentration
and temperature dependence, and

4) chemical reaction equations

The actual solution of these equations is carried out numerically by
a finite difference method and the computer program is arranged such that each
of the cited sets of equations is treated as one unit. Typical start sequences
have been analyzed and effects on pressurization, preignition chemistry,
ignition delay and detonation potential were determined for certain parametric

variations

The modeling of steady—state popping involved order of magnitude
calculations which showed that observed waves could only be accounted for
by propagation through a detonable mixture. The amplitude of detonation
waves originating at different points in the rocket chamber was calculated
and a mechanism of possible detonation initiation was identified and is

shown photographically to involve injection mixing explosions



TECHNICAL DISCUSSION

During vacuum starting transients and steady-state operation of
hypergolic liquid rocket engines, high amplitude overpressurés frequently
occur. Since both start-transient overpressures (spiking) and steady-state
over-pressures (popping) are often observed with hypergolic propellant
combinations both overpressure mechanisms may be due to the basic nature
of hypergolicity. Two basic points are involved in the nature of hypergolicity:
first, low activation energies are involved, (often leading to complex intef—
mediates) and second, the ignition reaction is exponentially dependent on
temperature in the region of hypergolicity. Either overpressure condition may
result in hardware damage or may initiate combustion instability and thus it
is important to understand their causes and similarities. The spiking pheno-
mena apparently can occur with any nitrogen based hypergolic propellant and
may be associated with the formation of reaction intermediates under the con~
ditions of low initial chamber pressure and correspondingly low tefnperatures.
The popping phenomena may be initiated by injection transients involving both
the mixing processes and sudden liquid phase reaction. .

These two phenomena were investigated in a joint effort in order to
relate any understanding of hypergolic reaction, gained from one phenomenon,
to both problems and where possible to make use of interrleated data in the
literature which were recorded in the study of one phenomenon but which gives
insight into the other. A two~-fold effort was undertaken: (1) a model of the
processes involved in the vacuum start transient was formulated so that con-
ditions at any time could be calculated and (2) motion picture data and
mechanism calculations pertinent to the popping phenomena were made. The
majority of effort was expended in improving and parametrically demonstrating
the vacuum start model developed in previous work (Refs. 7, 8, and 9). Signi-
ficant data were also gathered from the identification of mix/separate phenomena
during the recent hypergolic impingement work (Ref. 12) performed at Dynamic
Science under contract to NASA/Lewis.

Specifically, the following modifications were to be made to the vacuum
start model of Reference 1, so that parametric studies of the processes
affecting the spike overpressure level could be made:



1)

2)

3)

4)

Variable propellant mass flow rate (time dependence can be of
any prescribed functional form, e.g., linear, nonlinear, step
function and may include system dependence related to pre-
dictable pressure surges caused by the propellant feed system
dynamics and chamber pressure feedback ; either propellant may
have a prescribed injection lead and transient).

Preignition chemical reaction of propellants (the stoichiometry,
reaction mechanism, and reaction rate were included to permit

parametric studies, as well as allow inclusion of new chemical
kinetics and iscchanism data furnished by experiment).

Heat transfer from the combustion chamber gases to the propellant

. droplets (Priem correlation), and heat transfer between the chamber

wall and the combustion chamber gases (by means of effective
heat transfer coefficients).

Prediction of the vacuum ignition overpressure and detonation
level based on what has been calculated to be in the chamber by the
flow vaporization, and preignition models. Since the program
now prints out the chemical species in the chamber it will be

~ possible to correlate not only the overpressure amplitude but

the species detonation sensitivity.

Insight into the popping phenomena was gained when it was noted in -
the concurrent research of Reference 12 that hypergolic streams mix at low
temperature but exhibit roughness with large impingement contact time.

High speed motion pictures of this phenomena demonstrated that this roughness

was due to injection mixing explosions which randomly broke up the spray pattern

and sometimes lead to complete spray detonation.



Mathematical Analysis of Start Transient

The interrelationship of the various physical and chemical processes
which determine the transient conditions during vacuum starting are shown in
Figures 1 and 2. The three main processes are described individually so that
mechanism models of transient flow, vaporization (heat transfer) and preignition
chemistry can be developed. While description of this overall interaction in-
volves a computer accounting model developed during previous work (Refs. 8 and
9) the controlling parameters of the individual processes were the subject of the

improvement effort reported here.

Transient Propellant Flow, Analytical (I)

The mathematical analysis of the transient flow system is herein described
from the propellant tank to the injection of propellants into the combustion
chamber.

The tank pressure can assume any function of time, for this analysis
it is assumed constant. The opening of the propellant valve sets up @ pressure
surge in the propellant line between the tank and the valve. This pressure surge
consists of a series of pressure and rarefaction waves which move up and down
the propellant line and are eventually damped out by friction and reflection losses
at either end of the line. There are several methods for solving these hydraulic
transient problems (Refs.13 and 14); each method being applicable to a particular
type of problem. Steady oscilla.tory problems can be solved by transient flow
equations, but transient-flow problems cannot be solved by steady-oscillatory
equations, therefore, the methods available for solution are: (1) arithmetic,

(2) graphical, (3) method of characteristics, and (4) algebraic. The method of
characteristics and algebraic methods require computers for solution, and are
therefore rather complex. The graphical method is developed easily by plotting
in a two-dimensional plane. The arithmetic method is éimplest, does not need
a computer for a solution, will not add a great deal of complexity to the existing
vaporization program and, therefore, will be adapted for use in this analysis.

The arithmetic method neglects friction and the procedure solves a
simplified, linearized form of the momentum and continuity equations. Figure
3 shows the construction of the time varying pressure upstream of the valve for
the cases when t < ZL/VS (Figure 3b) ("instantaneous valve opening)

valve open
and t

valve open > Z"L/VS ("slow" valve opening), (Figure 3c). For most cases

encountered in attitude control engines, valve opening is nearly instantaneous.

The procedure for determining the time varying pressure is as follows:



The_valve is assumed to open linearily, i.e., the valve open area
varies linearily with time. For valve opening times greater than 2L/V s (the
time required for a wave to travel from the valve to the tank and back again),
the opening time s divided into time increments of 2L/VS. During each time
increment, a rarefaction wave is sent up the line. The time varying pressure

Is the sum of these rarefaction (and reflected compression) waves (Figure3ec.).
The initial rarefaction wave pressure drop is obtained from:

pz Vs
g
Figure 3a. The first initial wave, L\Pl1

line unchanged in magnitude(to maintain continuity and simplicity of con-

APln = AV-n P (1)

is reflected from the valve end of the

struction). . In reality, all reflected waves lose some of their strength.
at the valve end due to the partially opened valve (A fully closed valve would
reflect the wave fully and a fully open valve, whose opening presents a
smooth bore to the pipe, would transmit the wave through it unchanged in
magnitude or direction.).

All subsequent reflected pressure waves are calculated from:

APry =W APL (2)

Figure 3a. Initial rarefaction waves are sent out at intervals of 2L/V s until
the valve is full open. For valve opening times less than or equal to ZI./VS., a
single rarefaction wave is sent out.

Propellant flow through the valve is now controlled by a time varying
pressure upstream of the valve and, for noncavitating flow, the pressure down-
stream of the valve. Although the flow through the valve is highly transient, a
steady-state type of flow rate equation will be used to determine the flow
through the valve. Since the instantaneous rate controlling pressures will be
used In the equation, this approximation should not introduce a gross error.
Accordingly, the velocity in the line upstream of the valve is determined by:

- F290p _py |
Vn CVQHL Y (Pn P d) J (3)
which is related to the change in velocity by:
i=n
v =V, o+ @1 AV, . (4)



The orifice flow rate will be controlled by the upstream pressure as long as

the fluid is cavitating within the valve, i.e., the static pres Suré has kdropped
below the vapor pressure due to low manifold pressure and/or high fluid velocity
through the valve. As long as the flow is cavitating, the downstream pressure,
Pd’ is constant and equal to the vapor pressure Pv'

Initially, the volumes downstream of the valve, the propellant
manifold and the combustion chamber will be at zero pressure (hard vacuum of
space). As the valve opens and the propellants become exposed to the vacuum,
the liquid accelerates toward the injector. As the liquid expands into the vacuum
a portion of the liquid flash vaporizes, filling the manifold, and flows out of the
orifices. The vaporizing liquid and the cold hardware reduces the bulk temperature
of the entering liquid, and in some cases solid propellant may form. The entering
propellants will continue to vaporize until the manifold pressure reaches the vapor
pressure corresponding to the bulk temperature of the 'entering propellants or until
the manifold is filled with the entering liquid. The vaporized propellant escapes
from the liquid surface to pressurize the manifold and also small gas bubbles
become entrained within the liquid to form a vapor-liquid suspension. If the
manifold pressure is low and the residence time of the suspension is long, the
vapor will stay in suspension. As the manifoid becomes pressurized, however,
the vapor may become dissolved in the liquid or may condense. The vapor-liquid
suspension has a low bulk modulus which results in a soft, pressure absorbing
element in the system, therefore, as more mass flows into the manifold the
- suspended vapor bubbles will collapse.

An ahalysis of the time varying two-phase mixture in tﬁe injector mani-
fold is extremely difficult to perform. Complicating the analysis is the depen-
dence of vapor formation on heat transfer from the hardware to the
mixture and the spatial orientation of the vapors and liquid within the manifold.

It appears, therefore, that the most expeditious approach to this portion of the
analysis is to construct a typical manifold and perform a series of tests using
suitable instrumentation. The current analysis, therefore assumes that:

(1) immediately after the valve opens the downstream pressure influencing flow
through the valve is equal to the vapor pressure of the entering propellants and
that this pressure remains constant until the manifold is full; (2) the vapor-liquid



mixture enters the manifold at a constant quality until the manifold is full;
(3) the vapor-liquid mixture temperature drops to an assumed temperature due to
cold hardware and self-cooling from vaporization, and; (4) the manifold filling

can be calculated by integrating a steady-state flow rate equation. The flow
rate equation is:

W= G,.a,V 2g0,0P . (5)
For nonvariable flow conditions, the amount flowed In time At is:

W =G, A,"v2g P,AP At (6)

If the area of the valve is changing only, the amount flowed is:

W=C A V2g ppP At . (7)

If the downstream pressure is constant but the upstream pressure changes

linearily, then Equation (5) can be integrated to give the amount flowed as:

V gp 3/2 3/2 -

2 2t @=p) -(@-P) |obt. (8)

wW=3 (m “Ro1

Finally, if the upstream pressure and valve area simultaneously are changing
linearily, then the integration of Equation (5) gives:

5 n s,

3/2 3/2.
X, W ] At

w=2 [(P -P))  -(B,_,-P) ©)
Following the determination of the pressure upstream of the propellant

valve, the manifold filling time is determined from the appropriate equation

(one of equations 6 through 9) by substituting the weight of propellant when

the manifold is full into one of equations 6 through 9.
The transient manifold pressure is determined from the continuity

equation by equating flow into and out of the manifold. if it 1s assumed that
the fluid properties are constant and the flowrate is expressed by a flow type
equation, a reasonably simple expression can be written for the pressure
inside the manifold:



1
P = —err = 2 a2 2 a2 .
(CVAV+C vo) [CvAan+ CvoPc] (10)

Where eqn. (10) is substituted into the steady orifice flow, the following
results;

V.V @ )1/2 - CEOAZ v : ~1/2
1 = (2gp *z—z——-—z——z—caz+za—J
orifice 4 . (CVAV+Cvo) ( vAvEn COAOPC) P, , (11)
The injector propellant flowrate can now be expressed in terms of the transient
pressure surge upstream of the propellant valve after the manifold is full of
propellants and the chamber pressure determined from the vaporization
program.

Transient Propellant Flow, Experimental. - (I)

The experimental effort was directed at investigating the effects
of propellant cavitation on propellant flow rate. It was felt that transient
cavitation at the valve and later at the injector orifices controlled the

propellant flow into the injector during the start transient.

In order to experimentally define the cavitating injector orifice
discharge coefficient, a controlled set of tests was conducted. A single
stainless steel orifice with di =,030 inch, and L/D = 10 was tested with
NZO4' The propellant temperatures ranged between 32°F and 1100P, and
chamber pressures ranged between .25 psia and atmospheric pressure. A
discharge coefficient was defined by:

C_ = Wneasured (12)
D w
theoretical
where
Wtheoretical - Ao /2g pﬂ,AP (13)
and AP used in equation (13) is: AP:Pmanifold“ v when PC < Pv' and
AP = Pmanifol q- Pc, when Pc > PV. Discharge coefficlents described by

equation (12) varied between .56 and .86. General agreement with the trends

predicted by theoretical analysis of noncavitating orifices was observed.



In order to check the experimental results, theoretical estimates
of the discharge coefficient were made. As long as an orifice was cavitating
the two phase mixture was flowing at the two phase sonic velocity. Two
phase flow rate and acoustic velocity through an 0.30 inch orifice were
plotted versus mass fraction, S, Mgas/wtotal) for N204 and N2
various temperatures, (Figures 4 and 5). The derived equations for theore-

H4 for

tical flow rate and acoustic velocity are:

[¢]
W, = - = - (14)
P
2p al + (22 al X §1/2
and
o,
1+3£ X
8p =T e 9 . 15
2p 171 Py y® 1 i1/2 (1)
%——2+(__) X
.a a i
£ Py g

if it is assumed that X< < 1. For temperatures, pressures, and flow rates
characteristic of normal operation of a typical space start engine, the mass -

4401078, 1tis seen,

fraction, from Figure 4,lies in the range from 10~
therefore, that the two phase acoustic velocity (Figure 5) is near a minimum,
and at high mass fractions, 1,0"4, ylelds reasonable values of velocity through
an orifice. At low mass fractions the velocity through the orifice approaches

the liquid acoustic veloclity, that is, from eQuation (15),

lim 1
8y, = T =a, (16)

This velocity is not a realistic limit since the liquid acoustic velocity
approaches 6000 ft/sec. To correct this discrepancy the following substi-
tution was made in eqn. (14) and used in correlating the experimental data to
calculate the theoretical flow réte.

iP

a£=V£=Co 29 o

(17)

To determine the mass fraction of gas generated during cavitation
an lsentropic process was assumed so that:

10



Ty,
(Tf)chan m_ Vz B,@ (Tf)!, (Pf—Pl)

X=-
H (18)
vap,
As long as X is small (of the order of 10"4 or less) (Tf)/& will be nearly egqual
to (Ti)z' so for cavitating flow:
v,B,(T.), (P.~P.)
X = I,ZHLI, f i (18a)
vap,

Combining equations (14), (17), and (18a), eliminating a, and X to define a two
phase flow rate and employing equation (13) to define a theoretical flow rate, a
theoretical discharge coefficient can be defined as:

C = V.Vactual - 1”_2;) (19)

D W . w .
theoretical theoretical

By choosing an orifice discharge coefficient, Co’ of 1.0 and 0.7, a plot of CD
Vs Pc was constructed for various propellant temperatures (Figure 6). From
Figure 6 it is seen that the experimental discharge coefficients fall within the
range of the theoretical discharge coefficients and therefore nominal theoretical
coefficients may be used for cavitating and noncavitating flow alike. The
results of these analyses have not yet been incorporated into the Transient
Pressure History Program. Programming of those equations necessary to de-
scribe the transient propellant flow will be undertaken in the coming year's

follow on to this work.

Vaporization Program. - (II)

The pressurization of a thrust chamber is treated mathematically as a
sequence of steady~state processes in very short time intervals. At the start of
each new time interval, a new set of drops enter the thrust chamber. These
drops undergo vaporization during the time interval as do the drops which
entered previously. At any time, each drop'has a unique radius, temperature
and physical state (solid fraction). The equations used in this part of the
program (vaporization) were outlined by Agosta (Ref. 7) and later incorporated
into computer programs by Seamans, et al (Ref. 8) and Dynamic Science
(Ref. 9).

11



Based on the kinetic theory of gases, the mass evaporated from a
single drop In one time interval is given by:

8mMg
G, = [PV(de)n_l—Pg(Tg)n_ll a(rj)z’;l_ll.\tn\/ ﬁfc;f:l (20)

where Pv(de)n—l {s the vapor pressure corresponding to the temperature of the
th

j= drop at the end of the previous time Interval. Therefore, the total mass

evaporated in one time interval is obtained by summing all Gj for that particular
interval.

Condensation on the chamber wall can occur if the gas pressure exceeds
the propellant vapor pressure evaluated for the wall temperature. The mass of

vapors condensing on the chamber walls in one time interval is glven by:

_ Mg,
Gw =T Pg (Tg)n_l'-Pv(Tw)J OlACAtn m (21)

with the constraint 0 < GW < @,

The vapor mass flow through the nozzle during one time interval for a
constant k is glven by:

| K+1
kM 9, 2 k-1
= ud - - )
oz (Pg)n-lA Aty VR(Tg)n_l (1) (22)

The mass of vapor in the chamber at the end of the nth

time interval
is obtained from the perfect gas law.

VCM .- P

=S i_g9
(mc)n R E Tg Jn (23)
The temperature of the gas in the chamber at the end of the nth time
interval is evaluated by obtaining a mass welghted average. For a single
species system with constant vapor heat capacity, the temperature is given
by: n _ Qn
5. G (de)n-1+(Tg)n-1[ (m)y 1= (Gl =m0, Coe
i=1 pg
(T, = (24)

n
JZ')-‘-l GJ' + (mc)n-l‘ (Gw)n- (mnoz)n

where Qn 1s the total heat transferred from the vapor to all drops in the
system during one time interval.
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The gas partial pressure in the chamber at the end of the nth time

interval is therefore:

P n
= ._g_. _._B_ — - i
Cgn = Ty [ oy * 7w [ GGy (m )] (25)
where (T ) is evaluated from equation (24).

New drop radii and drop temperatures must be calculated at the end
of each time interval to account for the effect of evaporization on the size

and temperature of each drop. The radius at the end of each time interval is

given by:
M 4l/3
pegy |12 Ce, (T, jn 1P Ty Jott, o/ MG,
3~ %'n-11 pz(r ) 2wR(Ty,) ) (26)

The new drop temperature is obtained from an energy balance on the drop,
including the effect of heat transfer from the vapors to each drop. The heat

transfer rate to the drop is:

(@)= 47h()>_, z [ (Todpeg= (T, (27)
where Z = —-Z~——
e:-é (28)
=4 p9g
z 41IT<hAtn (. (29)
< 1/3 1/2
h = 2—&9)—— [2+.6 Pr Re ] (30)
I'n-1
Cp
Pr=[ <1, (31)
and = 2(rj)n -1 dropM(P )n-
Hg RT) ) 32

where the temperature of each drop is:

[ 3[p (de n-1"F (jLn 1]°‘(r)n 1WAt
p,@(r) Py

+ & J . (33)

(Tan = Tgpr- Jm(
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where

3h(T ), - (T ,)n 13 20y Bty (34)

$ = .
pz P4 (rj)

The solid fraction of the drop, Xj , Increases in successive Intervals
until the drop completely solidified. The equation of Xj is given by:

n -
x =5 : GiT% A TP (35)
j n=ngg L. 41rp£(rj)n'r T A

The total energy reaching the surface_ of all drops in the system in one

time Interval, Q 0 {s given by:
n
Qy =gy (av)A ty Ny (36)

where Npjls the total number of drops in the system.

Thus far the discussion has been concerned with only one species,
i.e., elther fuel or oxidizer Injection. However, the program has the ability
to calculate both fuel and oxidizer injection with either propellant injected
at a glven point in time.

When fuel and oxidizer are both being injected, reactions take place
and products are formed. From kinetic theory the amount of oxidizer which

reacts, ro in a given time step, n, is given by. _ E
_ R(T
( ) —\E;AMT o n 1:]0[ fu _IJ M average) (37)
where
®.).)
(c.) . = —gon-1 _c , and (38a)
oxn R(Taverag;r

(),
(Cedn- m). (38b)
Several analytical studies were conducted to improve the operation

of the vaporization program and to make it more realistic. These studies
investigated the effect of (1) the time step size (2) the number of initial
drop sizes, and (3) the heat transfer between the combustion chamber gases and
the chamber wall. Mechanistic additions to the program to make it more realistic
were (1) preignition reactions, and (2) variable propellant flow rate (by means of
tabulated flow rates versus time and/or an orifice flow equation which depends on

the chamber pressure ).

14



Variable Time Step: Figures 7 and 8 show the effects of time step
size on chamber pressure and gas temperature for a stepwise flowrate of N204
only into the chamber. During each excursion the time step was held constant
at the values indicated.

The early influence of the integration step size on chamber pres-
surization is shown in Figure 7. A significant difference in pressurization

history is obtained as a result of employing a time increment of 25x1 0-6 sec.

as compared to time increments ranging from 0. le()'-6 to 4x10"6 sec. Reduc-
tion of the step size from l.Oxlo"6 sec to 0.5x10-6 sec produces no significant
change in pressurization behavior during the early pressurization period

(0 to 0.2 msec).

Figure 8 shows the very strong effect of integration time step size on
the chamber gas temperature. The time increments must be reduced to values
less than 2;‘:10"6 sec before relatively small temperature differences are
obtained as a result of decreasing the time step.

From these results it appears that a relatively small time step is
needed, at least initially, so that the time step does not adversely influence
the model of the physical process. These results also indicate that a time
step as small as 1x1 0_6 sec is needed; however, a step this small results in
high computing costs for reasonably long runs. As a result, a variable time
step scheme illustrated in Figure 9 was used. This scheme is a compromise
between initially small time steps for modeling accuracy and eventually large
time steps for low computer costs.

Drop Size Distribution: The vaporization model was initially set up
4, 2.05x1073,
inches, each radius representing respectively 30%, 40%, and

with a drop size distribution containing three radii of 7.00x10"
and 4.61x1073
and 30% of the total propellant injected. This scheme also resulted in high
computing costs. In an effort to reduce these costs a comparison between the
three drop distribution and a one drop distribution of radius 2.05x10"3 inches
was made (Fig. 10). Nitrogen tetroxide only was injected and from these re-
sults there appears to be very little difference in chamber pressure between these
two distributions. As a result, the vaporization program now uses a single
droplet model having a radius of 2. 0510”2 inches.
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Heat Transfer: As a further refinement to the vaporization program,
heat transfer between the combustion chamber gases and the combustion
chamber wall was considered. Heat balances are performed on the vaporized
propellants before they react and subsequently a heat balance is performed-
on the combustion product gases. The heat balances now appear as:
vaaporized+chhamber gases"'pQ ¢
the propellant vapors, and RQnewly reacted+RQchamber gases+RQ

for

wall to gases= p condensed+pcnozzle

wall to gases

= RQcondensed+RQnozzle
been added is Q

for the reactant product vapors. The term which has
wall to gases which may be positive or negative, depending
on the relative temperatures of the gases and the combustion chamber wall.

Preignition Chemistry. -

Preignition chemical reactions were considered so that ignition could
ultimately be achieved. The analytical framework for treating preignition
chemistry is as follows: the vapor reaction stoichiometry, heat of reaction and
rate of reaction are governed by chamber temperature and reactant vapor partial
pressures which are continually computed and followed by the vaporization
program. Within this framework, the chemical findings of Stevens (Ref. 10)
and Weiss (Ref. 11) are incorporated in the sometimes parallel or series
paths along with the controll‘ing physical fnechanism limits measured by Zung
(Ref. 4). In order to analytically describe the experimentally determined
change of the kind and relative quantity of reaction products with vapor tempera-
ture and vapor O/F, ten temperature regimes, each of which consists of two

concentration regimes, have been incorporated into the computer program.

The numerical data for the low temperature regimes (T < 530°R) have
been furnished by the results of work under contract NAS7-438,Mod. 3(Ref. 4)

which involved the chemical quantitative analysis of the N204/NZH preignition

reaction products., A schematic representation of how the computer ;lnrogram is
able to treat preignition reaction paths is as shown on the folldwing page. On
the basis of chemical quantitative analysis carried out under contract NAS7-438,
Mod. 3, and data from Reference 15, three temperature zregimes were actually
employed to check out the computer program. Although the stoichiometry and

therefore AHreactio n for certain temperature and concentration regimes for
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400 < T =< 530°R

L

H, 10N20+ NO+19NH3+ 33 N2+4H' O+7N2H NO

2 5773

O/F < .5 AH = 1123 Btu/1b
9N204+25N2
O/F > .5 AH = 2220 Btu/1b

63N,O,+64N H - 80N20+16'N0+11N

_ 294 24
530 < T < 600°R
Of < .5and O/F> .5

2N O4+4N H, * 2N,O+NO+ 2

2 2774 2

600 < T< 10,000°R
O/f < .5and O/F> .5

N204+2N2H4 -+ 3N +4HZO

2
E = 7500 cal/gmole

O/F=<S

1

T, sT=<T

O/F >S

O/Fs<S

ol H

T.<TsT

O/F>S

T. <T=<T

10 11

where, T = gas temperature,

z+7 2H20+Z 8NH4N03
A H = 2605 Btu/1lb
7 N2+2H20+NH 4NO3 +4H2

AH = 4860 Btu/1b

(set of reaction products) la

~P (a Hreaction) la

(Eact) la, (Frequency Factor)la

(Set of reaction products) 1b

3] @H ) 1b

reaction

(E_ ) 1b, (Frequency Factor) lb

act

(Set of reaction products) 2a

rea ction) 2a
(Bac t)Za . (Frequency Factor)2a

(Set of reaction products)2b
(AH )2b
reaction

(Eact)Zb, (Frequency Factor) 2b

Set of reaction products for

cofnpl ete reaction

& Hcomplete reaction
(E

act) 10° (Frequency Factor) 10

S = stoichiometric oxidizer to fuel ratio



NZO4/N2H4 are presently known, the reaction rates must be estimated,

or their effect studied parametrically. Another possibility consists of con-
sidering chemical reaction of the vapors to be instantaneous, so that heat
release and pressurization by gaseous reaction products is governed by
stoichiometry and the kinetics of the system then involve time accounting
in stepping through the stoichiometric heat balances. The reaction paths
currently programmed and the values of the reaction constants are shown
schematically on page 17.

Detonation Program. -

Following the running of the vaporization program to ignition or for
a specified time, detonation properties were computed for various selected
times., Detonation properties were calculated by the NASA/Lewis detonation
program given in Reference 16. This program is well documented in References
16 and 17, so a discussion of the basic principles used is not needed here.
To fit the data from the vaporization program to the detonation program some
modifications to the data are necessary. The detonation program is written
for gaseous reactants while the reactants calculated by the vaporization
program contain liquid droplets in a gaseous atmosphere. Table II is a tabu-
lation of some of the data calculated from the vaporization program; the f
listed in Table II is the ratio of a liquid propellant species to the total pro-
pellant species (liquid and gaseous). This f factor is used to convert the
liquid propellant to a pseudo equivalent amount of gaseous reactants. Inherent

with this conversion is that all of the liquid will be consumed in the detonation
process.

All of each propellant species is converted to vapor reactants having
a molecular weight in the ratio: weight of liquid + weight of vapor propellant/
weight of vapor propellant, %-k%g/%g) . The new propellant enthalpy is
obtained by adding the gaseous molar enthalpy to the liquid molar enthalpy
which has been corrected by the liquid to vapor ratio: [H = H,+ Hg(%z/%g ) ].
Thus each liquid propellant species is converted to a pseudo vapor wherein the
molecular weight and enthalpy are obtaine_d as outlined above.
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Start Transient Results

Appendix A is a listing of the Transient Hypergolic Ignition Program
as it currently exists and is described in this report. By using the output
(chemical species, species mass fraction, temperature, and pressure) from
this program as input to the NASA/Lewis detonation program at specified times,
a profile of potential spike conditions can be determined. 1In order to establish
the current capability of the progi‘am and present spiking (detonation) data which
may be checked with experimental results, a series of trial runs were made.
Variable initial starting conditions were programmed (Table I) for the Transient
Program with the resulting output at 1, 2, and 3 ms (or ignition) used as input
to the detonation program. Table II shows the data used as input to the
Transient and Detonation Programs and the output from the Detonation Program.
Figures 11 through 14 show chamber pressure and temperature versus time for
the initial conditions given in Table I.

With the current mechanistic stoichiometry and for conditions wherein
there was no propellant lead, ignition occurred within 4.0 ms if either the oxi-
dizer, fuel, or wall temperature was 580°R(120°F), Figures 11, 12, and 13.
‘When fuel or oxidizer leads were employed ignition occurred within reasonable
time delay only when fuel was lead and all temperatures (fuel, oxidizer, and
chamber wall) were at least 540°R, (Figure 14).

Figures 15 through 18 show the detonation pressure levels achieved
after running the NASA/Lewis detonation program, the input being modified to
account for the presence of liquid propellant droplets. Table II also lists the
detonation pressure level (Chapman-Jouquet, PD) and the ideal-gas, constant
volume, plateau pressure level, Pp, following the detonation wave., The detonation
pressure, while being almost twice the plateau level, is of very short duration.
The detonation pressure is not steady but trails off exponentially, in most cases
stopping all further propellant flow into the chamber. The plateau pressure,
however, lasts longer and is therefore capable of more damage to the chamber
(greater work potential). The ratio of the detonation pressure to the plateau
pressure (PD/Pp) is nearly constant (PD/Pp ~ 1.87) for all of conditions in
Table II, therefore the detonation pressure level was used in Figures 14 through
18 to illustrate the trends obtained. Figures 15 and 16 show the effect of
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propellant leads on detonation pressure. The time scale indicates time from the
introduction of the second propellant, i.e., for a 2 ms lead, 1 ms on the time
scale indicates 3 ms real time, or 1 ms after the introduction of the lagging
propellant (for no lead, the time scale indicates real time).

For the same delay time following the lagging propellant an oxidizer
lead results in higher detonation pressures than does a fuel lead and a fuel
lead produces higher detonation pressures than does a no lead condition.
Furthermore, for all lead conditions, the lénger the delay in time to the
detonation the higher the detonation pressures that are produced. If it is
assumed that the probability of detonation is approximately equal at the
same delay time, detonation pressures will result in descending order with
oxidizer leads, fuel leads, and finally no leads.

Figures 17 and 18 show the effect of propellant temperature on
detonation pressure. Figure 17 is a plot of detonation pressure versus fuel
temperature, Indicated on the plot are the corresponding oxidizer temperature
and the sampling time used. As the delay time to detonation is increased
(Ims to 2ms, and 2ms to 3ms) it is apparent that the detonation pressure
increased with propellant accumulation. The detonation pressure decreased
with increasing full temperature (5000 to 58.0°R) but if detonation pressure is
plotted versus oxidizer temperature (Figure 18) no trend is apparent. Detona-
tion pressure was also plotted versus wall temperature and it was found that
detonation pressure was not a function of wall temperature for the range of
temperatures studied (500° to 580°R).
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Popping

Random high amplitude pressure disturbances, commonly referred to
as "pops" have been observed to occur during steady-state rocket engine
operation with hypergolic propellants. "Popping" is undesirable because it
is a possible trigger source for initiation of high frequency combustion insta-
bility. The purpose of this phase of the work was to‘ analyze existing "popping"
data and to postulate controlling mechanisms..

Engine Test Data. -

The "popping" data currently available is that of Clayton {(Ref. 3)
Marshall Burrows (Ref. 18) and more recently the work performed under contract
NAS7-467, Task 4 (Ref. 12) at Dynamic Science. Clayton's work was performed
using an 18 Inch diameter engine with variable propellant injection near the
chamber wall.

The "popping" was observed by Clayton during the course of a com-
bustion instabllity test program using NZO4/A—50. The hardware used on this
program consisted of a multiple doublet element injector with a set of outer
doublets manifolded separately to provide independent flow control near the
chamber wall. The outer ring of doublets was designed for an O/F of 1,27 to
provide a cooler boundary layer gas. The main doublets were designed for an
O/F of 2.11. Clayton observed the "popping” in the 18 inch diameter engine
after baffles had been added to the injector to eliminate combustion instability.
Prior to the addition of the baffles the engine was inherently unstable. The
baffles prevented steady-state instabilities from developing, however, the
random "pops" were observed.

The occurrence of the "pops" was found to be related to the oxidizer
concentration in the outer set of injector doublets which provides the boundary
flow. The "pops" could be eliminated by decreasing the oxidizer flow in the
outer doublets. It was found also that elimination of the boundary flow resulted

in the elimination of the "pops."

The "pops" were found to exhibit the characteristics of a detonation
wave, the same as the steady-state instability wave previously reported by
Clayton and Rogero (Ref. 19). The "pops" are steep fronted waves with rise

times of a few useconds and pressure ratios across the wave as high as 7:1.
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A modification to the boundary flow injector hydraulics was made
to insure hydraulically stable propellant streams but, although the severity
of the randomly rough combustion was reduced, spontaneous resonant
combustion still occurred occasionally when no baffles were employed.
Evidence of stream separation was also found by changing the manifolding
of the propellants in the boundary flow.

The results of this work show that:

1) "Pops” exhibit the chacteristics of a detonation wave.

2) Conditions in the boundary region exhibit a controlling
influence on engine "popping" and resonant combustion.

3) Injector hydraulics influence the "pops."

Two-Phase Detonations. -

If the "pops" are detonation waves, then they must have an initiation
source and a mechanism for supplying energy at a sufficiently high rate to drive
the wave. In a liquid propellant rocket engine, the energy source exists as
unburned vaporizing propellants near the injector face. It has been shown
by Nichols, et al (Refs. 20-21) that detonation waves can be supported by
buming liquid fuel sprays. They also show the effect of fuel drop size on the
detonation velocity (Ref. 21). Droplets as large as 940u give velocities very
close to the Chapman-Jouquet detonation velocities. This is much larger than
the average droplet size found in rocket engines, therefore, it is reasonable
to expect that detonation velocitiés within rocket engines would be close to
the Chapman-Jouquet velocity.

The detonation pressure ratio was calculated as a function of dis-
tance from the injector face, using Dynamic Science's steady-state combus-
tion program in conjunction with Ragland, Dabora, and Nicholl's detonation
model (Ref. 20). The calculations were made for the N204/MMH system at
an O/F = 2. The fraction of propellant vaporized as a function of distance
from the injector face is tabulated below:
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Distance from Face, X Per cent

Inches Unbumt Materijal
0.25 93.0
0.50 , 88.0
0.75 82.0
1.00 78.0
3.00 57.5
5.00 47.0
7.00 40.0
9.00 36.0

The two-phase detonation wave equations:

2
2 -
K2 " Q ,
M2 =2 ; (39)
1 NE ST G
and
.k -1
;2. - l___.EJr:' +1.‘ o (40)
1 2
where '
¥ = —ll_—Y Y = mass fraction of liquid. (41)

where used to calculate the detonation pressure ratio. Q was modified by
multiplying the heat of reaction by the per cent of unburned materials. The
value for kl was taken as 1.4. The specific heat ratio, k2' and the steady-
state temperature, Tl , were taken from the NASA-Lewis detonation computer
program. The value ofy was determined from the vaporization data tabulated
above. Figure'y 19 shows the large effect which unburnt material and droplet
number concentration can have on detonation ovérpres sures near the injector
face. |

It is evident that conditions for heterogeneous detonations are
present within the rocket engine and only require an initiation source,

Detonation Sensitivity and Temperature Zones. -

It is recogni'zed that the processes occurring during a heterogeneous
detonation involve both physical and chemical processes. However, it seems
reasonable to believe that the probability of onset of a detonation is determined
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by the chemical reaction rate of the vapor phase mixture because it is this
phase which is most readily combusted.

Considerable work has been aimed at defining the onset of a detona-
tion in premixéd gases (i.e. Ref. 22 and 23). The Results of this work show
that limits on the onset of detonation are imposed by reaction rate limitations
and there is some time, called inductance distance, required for the establish-
ment of a stable detonation wave.

It has been found that the induction distance depends on ignition
source, mixture composition, pressure and temperature, and the container
geometry at the point of ignition. Recently Busch (Ref. 24), has performed
an analysis of the initiation process for a heterogeneous detonation of hydra-
zine and gaseous oxygen. His analysis was performed by letting a simple
isentropic compression wave pass from the bumed gas into the unburned mixture.
The results show the dependence of pressure history on the mixture composition,
temperature, and pressure.

If the reaction rate of an unburned mixture determines the probability
of the onset of detonation then the probability of detonations can be described
by a sensitivity factor.

The ability of a reacting media to respond to a pressure pulse is
determined by the reaction rate sensitivity, which is defined as the increase
in reaction rate due to an isentropic compression divided by the undisturbed
reaction rate, i.e.: Sensitivity = Ar'/f.

We can determine this serisitiyity from order of magnitude calculations

as plotted in Figure 20. The sensitivity factor may be expressed as:
| p_ T2 (42)

I3 £ 1
where
x‘z/x‘l = the ratio of the reaction rate of the compressed -

mixture to the undisturbed mixture the expression for this ratio is:

A ERILI- e
§ 1/ E/RT!| 1-(P,/P
2o p) e P/ Py (433)
r1 2771
for a first order reaction and
' 1-k/k
r 2/k E/RT[ 1-(P2/P1) ]
T = (PZ/P].) e (43b)

1
for a second order reaction.
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A plot of the reaction rate sensitivity was made for a second order
reaction with an activation energ& of 40 Kcél/mol,e, (Fig. 20), A wave having
a pressure ratio of 1.2 was chosfen; ‘ ‘ |

The sensitivity is seen to increase rapidly with decreasing tempera-
ture. This indicates that a requir'émenf: for high sensitivity is a low reactant
temperature, which one might expect hea; the injeci:br face and valso along the
chamber wall, particularly in the case of fuel cooled walls. In any engine,
the gases adjacent to the wall near the injector face will, in genéral, be
cooler than the bulk as shown in Figure 21. The depehdence of sensitivity
on temperature may in part explain the rolé of the chamber wall and material
in this region on the "popping" phenomenon. It appears that low amplitude
pressure disturbances might be sufficient to initiate a detonation wave in the
regions of high sensitivity. | '

Shock Wave Decay. -

It has been postulated thét the "pops" may be due to the explosion
of pockets of unburned propellants. This possibility was investigated withv
a simplified analysis of the expanéion of a volume of explosiizes. A given
volume of explosive was assumed to bum to completion with_in the volumé and
then expand either isentropically or isothermally. It was found that in either
case the pressure decays extrem.el‘y rapidly and approachés the ambient pres~
sure within a short distancé. The results of these calculations were presented
in Reference 9. ‘

These results indicate that if the "pops" are the result of a blast wave
from an explosion of a pocket of unburned propellant, then, the explosion must
either occur very near the pressure transducer or the pocket must be very large,
otherwise, it would not be observed with high amplitude. It is, therefore,
unlikely that the. "pop" is a blast wave, but rather adetonationwave which

was initiated by a relatively low amplitude locai disturbance.

25



Hypergolic Stream Mixing and Explosions. -

At Dynamic Science injection mixing explosions were observed during
the atmospheric testing of an N204/N2H4 single doublet injector (Ref. 12).
The objective of this work was to experimentally determine the limit of hyper-
golic stream separation for impinging liquid N204/N2H4 streams using both
two-dimensional and circular jets. The two-dimensional apparatus allowed
photographic observation of both the impingement point and the propellant
spray from which separation was determined. An analytical model was
developed and correlated the streams mixing or separating regi&ms . However,
at conditions of low temperature and long interfacial residence time, it was
observed that the mixed ligaments tended to explode before full atomization.
The regions of separation/mixing and injector mixing explosions are shown in
Figure 22.

Injection mixing explosions (IMES) were found to occur when the
éircular jets are operated in the mix regime at D/V values greater than about
.9x10'4 sec. The IMES were characterized by loud repétitive noise similar
to machine gun fire. This phenomena was believed to be the same as that
observed by Marshall Burrows (Ref. 18),using a small rocket engine. High
speed photographs taken by Marshall Burrows clearly show repetitive explo-
sions occurring near the impingement point, however, the photographs were not
sufficiently detailed to allow investigation of the phenomena.

Based on the Dynamic Science work it was postulated that a chamber
"oop" is a result of a two-phase detonation caused by ignition and explosion
within the mixed liquid ligaments. ) These occur at lower velocities and propagate
into the impingement point. The ignition results in an explosion because the
propellants are well mixed. It is therefore postulated that two conditions for
injector popping must be met:

1) Propellant temperatures must be in the mix regime;

2) Jet breakup time must be long enough to allow ignition
within the liquid ligaments.
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Experimental Mixing Explosions. -

A set of injector tests were run to verify the postulations of
injection mixing explosions and subsequent two-phase detonations, The
tests were run using 0.050 inch diameter jets at atmospheric pressure and
high speed color photography to observe the impingement region. The
photography was accomplished with high intensity front and back 11ghting
using standard photoflood lights. The caméra‘was run at 2000 pictures/ second
with a 1/20 shutter which gave an exposure time of 25usec.

The propellants ‘were Hconditioned to operate in the mix regime.
Examination of the film shows intermittent violent explosions within the
impingement region. It was fqund that injection 'mixing explosions varied in
severity, but essentially two types were identified. These are shown in Fig. 23,
The first type occurred more frequently and was milder, it is characterized
by shattering of the liquid ligaments. The second and more severe explosions
appeared to result in complete detonation of the liquid ligaments aﬁd spray.

It s obvious that this phenomena would be very detrimental to stable )
engine operation because the injection mixing explbsions are triggering sources
for spray detonation as seen in the more severe "pops." Also the severe '"pop"
causes flow transients as shown in Figure 24 which is a complete history of
the spray detonation "pop." The propellant flows are Shutoff for several milli-
seconds which in itself is detrimental to smoqth'engine operation.

To get a feel for fhe pressure field around the injection mixihg explosion,
a pressure decay calculation was made. The explosion pressure was calculated
by assuming that all of the liquid propellant within t_ﬁe ligament breakup region
burns to completion within that volume and then expands‘ isentropically. The
results plotted in Figure 25 show that the pressure felt by the injector face is
very high, whereas the pressure at a 1.0 inch radius has decayed to about
300 psig These results are consistent with the initiation of the previously
postulated pop mechanism, B | y \

The results of these obsefvatlons indicate that injection mixing explosions
are indeed capable of initiating spray detonations and thai the “pop" observed
in large engines is likely a spray detonation ipltiated‘ by an inj éctlon mixing
explosion. - t
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CONCLUSIONS

The following presents significant conclusions obtained from the
- experimental and computational work performed during this study:

1)

2)

3)

4)

]:‘:xperiments have shown that cavitation and two-phase flow is
;{resent in the injector and orifices during the space start transient.
Further experiments (confirméd by theoretical analysis) show that
a discharge coefficient based on cavitational flow does not differ
significantly from a discharge coefficient based on noncavitational
flow. Howéver, the effect of cavitation will be included as a
variable bulk modulus in the transient flow equations and the
percentage vapor, due to the cavitation, must be accounted for

as input vapor flow.

The solution to the system of finite difference equations used to
model the vaporization process has been found to be affected by
the size of the time step used. The time step size appears to be
particularly important during the initial phases of the chamber
pressurization. Also, the chamber gas temperature is more
noticeably affected than is the chamber pressure.

It was shown that changing from a three to a one drop distribution
had very little effect on chamber pressurization, even during the
initial stages of pressurizatioh. This appears to be true because
the solution is the result of sensible heat input rather than
vaporization kinetics. The drop radius used for the one drop
distribution was the central drop radius of the three drop
distribution.

Detonation pressure levels are influenced by fuel temperature

and subsequent preignition reaction mechanism. For sample times
exceeding 2 ms the detonation pressures de’crease as the fuel
temperature increases (between 500 and 580°R). Detonation
pressures were uninfluenced by the wall teinperature (between

500 and 580°R) and no trend was observed with oxidizer
temperature (between 500 and 580°R).



5)

6)

For all propellant lead conditions, the detonation pressures are
greater as the delay time to the detonation is increased.

Based on the avallable data it is concluded that large engine
"oopping" is a detonation wave oriented such that it is damped out,
whereas, an undamped wave would grow into a steady-state
instability wave. The detonation wave is triggered by low
amplitude pressure waves generated by injection mixing
explosions.
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PROGRAM PREDI (INFUT»QUTPUT»TAPE 5mINPUT»TAPE 6=OUTPUT)

C TRANSIEN] PRESSURE HISTORY PROGRAM

L .. . . . ,

i cOMMON /A7 LFP(2) 9 TAU(2) 9y TAUF (2) s TAUS (2) s XM (2) 9GAM(2) 9 TG (2)
10G(2) " M(2)19GEVAP{R) o X1(2) s XR(2) o ROL (2) sCPL (2) 9TO(2)

COMMON /ABCUEF/A(1000+2)9T(100092) 9P (1000+2)9R(100052)
o em BIMENSION PLANK(Z) 9PCPV(2) 9PVV(2) yCONSTT (2) 9 YREAGTALO02) ~ v v
‘ DIMENSION TIABLE(10)4a(12+1092) sEACTT(10)9YK(2002) 9PCT(2002),
—- = 1PTAN(2092)¢ 1P (2092) sAAT(10)
NIMENSION PY(1n)y TD(10) 9 TAB(2) sPVW (2) JPVF (4) 4 TDK (4)
PIMENSION Wi(209€)9T1(2002) 9W(100092) .
DIMENSION TA(4)9CPLA(4)9G(2) 9GCOND (2) 9 XMNOZ (2) 5 TG (2)
-NIMENSION POL (21 s XMMM(2) 3RR2 (2)
: NIMENSION RUF(2) .
. DIMENSION YUROP(2) 9 XMU(2) 9CPB(2) XK (2) 4HC(392) 'REACT (2) 9RE (2
1) ePR(2) 9H(2)9Z(2) +QBIG(2) 9PHE (2) yPROD(10)
DIMENSION wluTAF‘Z)'GAN<2)vCVG(2)aEPCOE(Z):ﬁOROP(zlyE(Z)
DATA (ROP(1)=89¢93) 4 (ROP(2)=256,32) .
~BATA ((PV(1)9]1=2119)33894299720491324,85212823242733412,4419,36,
18561,2896940456910673.28)
— e HATA  L{TD (T )'131'9)'471 084‘94?0"5100 9530-95‘!09 1560q 570, ’580-_ v6l0.
1 _
DATA. ((PVF (,l" Y Igl94’-‘79-29300.9697200! 10510?).
DATA ((TOK(L) 9I=194)=4T7449528,41564495824)
e e DATAL L ACPLALL) 0131 96)2,36679236969,3752944168)
DATA ({TA(I)21=194)38524489530¢9540496004)
e NAMEL IS T/0UL L /QBLGYREOsPG TQ9C19C2 9 DENOM 9 XMNUZ s Iy JoN oL » GCOND
NAMELIST ZINPUT/ NNsMyNSTOP, VDROP s XMU s CPG 9 XK 9 XMP ¢ CPGP 9 AA 9 RNy
wmme e - ARM EAGT ¢ BAME 4 HREACT 9 HCy A9 TFPy TAUS y TAUF XM GAM, TG, PGy PV 4 ASTAR,
2VCoACHIALPHAIDELTNGXRyRC TTABLEIEACTT, YREACTYKsPCTsPTAN, TP
- BeTH
CALL SECOND(EXTAME)
e WRITE (B94444) EALIME
4644 FORMAT(IHOSIGXo®IIME IS*9F1243)
} READ(599004) NN#M(1) 4M(2) +NTRANs TMAX,OTMIN,UTMAX o CFORPR
~8ToP=529)
See 002 L=le2
N0 2 I=leNSIOP
RS & 3 STIER TIg8
T(leL)=20,
T = § | sh)mOe
2 R(Iy)=0,.
e 30- 6 IBlgl0
6 PRON(]I) =0, V : _
—~*&~-~w9849¢5199954-VDBUP(Ir;VDRO€(2y;XMU(1),XMU(Z),CPG(1Q.CPG(2),XK(1),X
"K(2) s XMPyCPOPyRMIRNs XR (1) 9 XR(2) »GAMP o TWeCVG (1) sCVG(2)
~ READ(5+90051 W 101) sw(192) 9 TEP(1) 9 TEP(2) s TAUF (1)
lTAUF{Z)9TAU§(});1AUS(2)vKH‘1)’XM(Z)’GAM(1)7§AM(2)9I§¢1),IGCZ)Q
o= PREL e PB(2) $PYW (L) 9PYW(2) s ASTARIVCIACIALPHASDELTN
READ (599005} L(HC{T9J) 9 I2193) s Jml,2)
T RESD Sy 90T A RUE P 1) TR (192D o T L DY 9 T (1 92)
¢ , :
e -READ (S YI005 (A Iv1) yImY912) s Im] oNN)
PEAD (590052 ((A(J9T92) oJm1912) 9Im]oNN)
e = HEAB S Y9005 tEACTT (1) 9 I=] oNN)
NN1=NN+]

T READ TS Y9005 TTASLE (1 s Rl oY)
~ 32 "




EAN (%99005) (YHEACT (Tol) e I=19NN)
khAn(Bygﬂﬁ%)(YHtACT(I,Z),IzleN)
FEAD (S99005) (YK(Lgl) o I=leNTRAN)
CEAD (5990058) (YK(Le2) 3 1219 NTRAN)
CEAD (909uns i (PCILT o] ) 9I=] oNTHAN)
CEAD (S99 00% (RCILTe2) o=l enTRAN)
<EAD (999005) (PTAN(L9e1) s I=laNIRAN)
PEAD (5890050 (PTAN(I92) 9I=1 sNTRAN)
JEAD(SOQU‘")(TP(IQI)!I 1oNTRAN)

HEA (599003 (TPUL92) o I=) o NTRAN)

CEAD Be90CR) LARL(T) 9]z 1 9NN)
kORMAT(416°&&12"d)

S FORMAT(6E12.8)

FORMAT (4E12s0)
POMPUTE UINIHlal cONDITIONS
nO 15 K=leHd

TFAT(1al) W9E, [u(K) ¢aNDe T(lel) oLEe ID(K*+1)) GO Io 10

FONT TNUE

BVV (1) = (PV(N) «PVIK+1) ) #(TUK*1) =T (Lo1 1)/ (TOIKe1)=TD(K) ) +PV(Ke1)

COE=T(192)/Le8=4D,46
PrOEF=T+80R/B(=168.4/COE
PYVY(P)S2,930% ) n e ¥#COFF
RR2 (1) =R (1 4) %3
RR2(2)BR(]e8) 883 .
TF (XA (1) o3ie fm) XMMM (1) 2SQRT (XM (1))
IF(XmM(2) «Gle o) XMMM(2)=SQRT(XM(2))
RC = 1245,

GEVARI=4.
GEVAuR=(.

wEacT(l)=0.
HEACT(2)= W
:T10n0=10052%DELIN
PNz,

XMNQO 7P S0,
GCONN (L) =0,
CCONM(2) =,

THRUE=

TNDTCA= o

GCOMDP=h,
fﬁ(l’zT(lo?{
Ta(2y=T()e2)
WRITE (be INFUT)
TGP=TG(])

TUP=TGP
TFINaL=1,.
FOTOTAL=U.

NENQuP=R) .

PGTOTL=,

“TOTAL(L)= o
vIOTap(2) =0
COROP (L) =0,
PURQRP(2) =0,

XMNOZ (1) =0,
AMNO7 (2=

TFIRST=0
FGP=: i '
CONSTI= 4,%ALPHA# 3¢1415/50RT (6.2831R534RC/32.2)

CONST22 3, #ALPHAY/ SuRT(6.2831853*R§/32.21
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oG

R ok o

AONST3= CONDI2%ac/3,
rONST4 = ASIAR#SQRT(32¢2/1545.)
cONSTSESQRT((32e2#XMP/RC)® (2e/ (GAMP+14) ) ## ((GAMP+1l o)/ (GAMP=1,)))#
[ ASTaR
~PAGE=]

TIMEV=DELTN
TIME=DELTN#L14u00e
nNE22snQwWe]

WSTOP = NSTUFe]
TAG(1) =i,
TAG(2) =0,

SELECT IME CURRECT PROSLEM

PP = oo

pF =

TF (ML) eEQeu) NPF = 2

IF(M(2) abQev) NPF = 1

1F(NPF sbkQ, .) NPF=3

IFIM(]) sQ@aMi2)) NPF =4

TF((M(1) el Ee(2)) e ANDe(M(]1)«GEel)) Nex)

TFCIM(2) oLEaM(1)) o AND 9 (M(2) oGES1)) N=g2
IF (mPF oL Tod) NENPF

THE TIME LOUP

=10
€3 =L+
GEVAPZ2=GEVAr]
aBlG1) =0,
OBI1G(2)=20,.
TAG(m) =0,
GEVA“‘I) Biie
GEVAP(2) =4,
X141y =,
Xl(z) ='u‘.
IR Y 1N
IF (nPF W NEL4) GU TO 2-5
29 -=1
TAG(n) =0,
LXz| =M(]) 1
TF (L XeGE1 ) e aNUe {M(])46T«0)) GO TO 205
lvd ne? '
ToG(N) S0
i Kb M{(2)+1 .
TF ((LXeGEo1)sANDe (M(2) o GTe)) GO TO 205
=0 To ROQ
2.5 RE=XMMMIN)
rcaw (LXeN)
N0 760 NNN-~lsX
Sl X NNNe
TT=T (JeN)
RR2R(.1eN)
xX=X (JoN)
IF (r1.EQe1) @0 1U 259
COE=TT/14R=42,406
COEFB?QBQbB?-IQSQ0745/COE



PR=2 ,985#] +¥#CULF
Pllen) =PP
TAU(R2) =00 T
ROL(2) 26244%1,7203% (] 4=400085% (COE=227.74))
PL(2)=.75 ' ‘ ’
<0 To 2L

€o: . ~QNT [nuc
FO 267 Kaleb
TFITT «GE. IU(K) sanne. TT oLks TD(K*1)) GO (0 270
20y rUNTTNUE
WRITF (89261)
201 FURMAV(JHchA.H4HVAPPR PRESSURE CANNOT Bt CUMPUTED BECAUSE THE TEM
1RERATURE 15 NOT in THE PROPER RANGE)
i pP= (PV(K)-VV(K*L))*(Th(K*l)-YT)/(TD(Ktl) =TU(K) ) +PV (K1)
H{Je1)=RP
50 T 299
€9 TAU(1)=173.
TFITT obTe L4na%) ROL(1)=122449
IF(TT PRCTAN l&U'b e AND o 1T vL!o 4717.84) ROL(1)='108433“TT‘134033
TFATT oGEe 471e84) ROL(1)E=,u7934TT+13]1.98
TFLTT «OE 32&.51 GO 1O 3u0
TFATT «GE e 4/ 184 oabile T! olls 5?4.&) CPLIL) = 0000£325*T1*02446
TF(TT «0GE, 1uS5s7i oANDs TT ebkTe 471eR4) CPL(I)-.0004909*TT0.0569
TFATT o7, dugaevi) CPL(1)=.04125*TT-.02349
20 Tn 314
3u0 NO 3295 K=13 . ;
TF(TT «GE, 1A(K) oJANPD. TT oLk, TA(K*1)) GO [0 377
3vE CONTTNUE
WRITE (693000
346 FORMAT(1H +EXy70MCPL()) CANNUT BE COMPUTED BECAUSE THE TEMPERATURE
1 18 ~NOT IN IME PHOPER RANGE)
37 rvL(,,=<cp;A(K)-LPLA(K¢1))ﬁ(Tn(K¢1)-TT)/(TA&&+1)-TA(K))*CPLA(K*!)
315 ONTINUE
TF{XXx «0GE. le) WU TQ 312
GINY = ((PP-VU(N)D*RR“*?/SQRT(TT))*CONSTI“BB“UELTN
IF(G(N)uL")-’ G{n)y=n,.
GU 1O 316
312 t(N)=its
316 TUG= (G (N)#CL¥(RIN) / (ROL (N) #RRZ (N)) ) #,2387
GEViP(N) = WVEVAF(N)e+ T0G
TAG (1) 2TAG(N) s TUGHTY
TFAXX «GEe Ls) A‘J*IQN)=10
TF(PE oLk, Fo(N)I GO TO 319
TF(XX oBE. 1s) GU TO 315
FJe1 oN) ZRR¥ (1, ~dB% (PP=PG (N) ) #DELTN#CONS T2/ (ROL (N)#SQRT (TT)
1#KK) ) #®,3333
=0 Tn 320
195 m(JeyeN)=RR
323 wE (N)y=2#RREVDRUE (N) # XM (N) #PG (N) / (XMU (N) #RC® TG (N) )
PH(N)y= CPG(N) #XMUIN) /XK (N)
PRO = PH(u)“* 33533
ﬁFU = Rt( )“*05
H{(N) = AR(N)*(datgé*PRO“HEO)/(Z #RR)
7(N) = GINIPCRGIN)/(12,560%H (N) #*DELTN#RR##2)
TFAZIN) oGTe 3Uel ZINI=300
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TFAZ(NY oLTs let=1l0) GO TO 32%
TAN) = 2N (2,71B28#8Z(N)=)s)
~Q Tn 3726
325 7(N)=zle
326 PHE(M) S #d () #LiG(N) =TT) #RR#*#2 $Z(N)®DELTN/ (ROL (N) ®
1CPL (a1) #RR#%3) S
GBIG (N)=QB LY (N) *3,%n (N) #RR#82 #2(N)#DELIN®(TG(N)=TT) &~
IXR{N) #CC / {rRZ2 (N) #ROL (N))
TF(XX oGEe de) LV TO 360
TF(Pp ,GT, Yo(N)) GO TO 340
T(J#1eN) =TT
TEAT(J*1eN) «LEs TFPIN)) GO TO 35

=0 Tn 37y
340 T(JereM)=z i1 ~CONSTZ#DELTN#TAU (N) # (PP=PG (N) ) / (ROL (N)
#CPL (N) #RR #SURT(TT) ) #BB*PHF (N)

TF(T(JeLlaN) oLTe TFP(M)) TULYU*1oN)=TFP(N)
TF(T(J+1eN) «GT=: TFP(N)) GO 10 37n

393 x(Jey1aN)=XX + (GIN)*TAUS(N)/(RUL(NI*® RR®#38TAUF (N)))
1#a23RT=CPL (W) #PrE (N) /TAU (N)
GO 10 370
360 T(Je1oN)=TFF(N)
315 CONT INUE
(v CcONT [NUE
PRG=RG(N)

TF (NPF +EQs 4) Pre=PGTOTL
N0 2800 Kl=dsNTRAN
IF(PPG oGEs PCTIRjoN) ANDe PPG ,LEs PCT(K1*1y9N)) GO TO 2507
K1=K1 .
vau rONT INUE
ZbV7 FUNST7(N)-(Yh(Ki’laN)-YK(KIaN))*(PCT(Kl*lcN)~PPG)/(PCT£K10N>
1ePCT(K1*1enil) aYRIKI#]oN)
) 2400 KslasNTRAN »
IF(TIMELoGEe TP(ReN) waNDe TIMELL.LEs TP(K+l9N)) GO TO 2607
- K=K '
2000 cONTINUE
2607 PTANK(N)-(ViAN(h*loN)nPTAN(K’N))*(TP(K*lvN)’TIMﬁl)/(TP(KoN)
1=TP(reloN) ) *PTAN (K41 4N)
RCPV (N)Y= PG IN) '
TF(PGIN) oLEe PVYV(N)) PCPVIN)aPVV(N)
IF (NPFLEW,1) GO TO 800
IF (NPFaEW,2) GO YO Bou
TF (NPF4EW,3) GO TO T10
IF ((NPF.EW,4) s AND, (NsEWe2)) 60 TO B00
IF((NPF-;Q.4’.AND.(N Ed.i)) GO TO 100
Tiq IF(NGEQds]) MPF=2
1F (N, FQ'E) MPF=]
IF(M(MPf).E“-L) NPFa4
: TF(NPFNEL4) GO TO BOC
TF (MPFL,EQ,2) GO 10 100
TF(MPF.EQ.1? GO 10 59
B0 cONTINUE

TF(NPF tQ,4) Na‘
219 GCOMD(N)=K‘PG(N)-PVW(N’)*COYST3*DELTN/$QRT(TG(N)))*BB

IF (GCOND(N) o Teua) GCOND(NIZg,
| X2l «M({N)+:
wTOTAL(N) =W JUTALIN) W (LXsN) =AMNOZ (N) «REACT (N)
TO(N) =WTOTAL (N)
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«DROP (N) 2w (LXgnl)  =GCOND (N) «OEVAP (W) ¢ WDROP (N)
FAN) =WDROP (V) /7w i UTAL (N)
AMNNZ(NY = (PGLN) /SORT(TGIN) ) ) #CONST4#BBH#SURT (GAMIN) #(24/ (GAMIN) +
l‘n))”*‘(bﬁ"N)¢l1)/(GAM(N)‘10))) ‘
XMNO7Z (N) 2XANUZ (N) #OEL TN | : '
hENOM=GEVAP‘W)*VL*XM(N)*P&(N)/(RF*TQ(N))*GCUND(N)'XMNOZ(N)
1(N) =DENDM
Cl=n
c2=n,
CTE(PB(N) LLl. 44,) GO TO 4
TFtTueBTLTEINYY GO TO 3
C2SHC(Z2aN) #nl® (10 (N) =Tw) #DEL IN/CPG (N)
tl=n,
=0 Tn G -
3 Cl= HF(I:N)*“V*(‘“-Tb(N))*UtLINICPG(N)
Ce2=n,
4 TQ(N)-(TAG(N)tVL“XM(N)*?G(N)/Rc-(GCOND(N)*XMNOZ(N))*TG(N)OC]-CZ)/
10 ENQM

PG IN) 2BEVAR L) #RCRTA(N) / (VORAR (N) ) =RCHTQ(N) ®GCOND (N} Z/(VCRXMIN) )
1-ucuTQ(N)%me02£N)/(Vc*XM(N))¢Pb(N)*TQ(N)/Tb(N)
PGY (N) PG (N) /)44,

k (LXsloN)= (UNSTI(N)*QQRT((PTRNK(N)~PCPV(N))“93677“DELTN

IF (NPF oNEL#) GO TO B2y
Nz2
GO TO Bl
6815 BGTOTLEPGY (1) +Pul(2)
G0 To 825 ‘
82) FGTOTL=RG (W) ;
825 F (NPAGE LEWe 1) wRITE(é;ﬁuoU)
TF(NoF WEe 4) G TO 900 ;
IFAN E4, 1} GO iO 929
RITE (69203¢) TLME'PGI(Z)’uEVAP(?)’GCONU‘7)’iG(?)owTOTAL(Z),F(a)
rPAGF=NPAGE* |
IF(NDAGE.G&:UQ)’NPAEEsl
GO Th 99y , ‘ |
929 WRITF (692030) TIMESPGL (1) 9GEVAP (1) +GCOND (1) 916G (1) «WTOTAL (1) oF (1)
NPAGE =NPAGE * . .
TF(NRAGE 4GE«51) ~PAGE=] ,
GO Tn 99¢ o
Fud WRITE(Ae205u)  1LMESPGL(1)9PU1(2) 9GEVAP (1) sOEVAP (2] 9GCOND (1) » GCOND
112) 9 TG(1) o TR (D)
MPAGESNPAGE*L
IF (NRAGE (B3EeL() &PAGF;I |
Y99 CONTTNUE 3
2109 %OHMAT(lHlQQX,AﬁiIMEQQX»?HFG!LZX.SHGEVAP,QXgSHGCQNQ,gx’ZHTG’12x'6H
APnTOTAL9BXy 21F )
19(2) 95Xy BHGELUND (4) 95X s BHGCONU (2) 4 5X9SHTG (1) 96X 9SHTG(2))
200 FORMAT(IH +E13.4913X0E1344913X9E1304913X9E1304913X9E1344)

2udl FORMAT(IH »E13.49€13, 4913K0E13.4913X9E13-6g151vE13o4.E13 4)
2030 FORMAT(LIH 4951304)

36vd CONTINUE
TGINY=TQ (M)
LLLLLLsL» ' R .
TFO(NPF JEQs 3) sAND. (M(MPF) oEQas LLLLLL)) NPFa4
GO 10 11%
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lluﬂ

1lip

1189

1139

1135
11‘?5)

- 38

rONT TNUE

TAVEQ@-(P@(lhankl)ﬂcPG(l)*Pu(a)#XM(a)*CPG(aioPaP“XMP*CPGP)/(PGll)'
1*x4(1)*CPG(L)/Tuxl)ope(a)*xM(E)*CPG(?)/fu(a)+PGP#KMP¢cPGP/TFINAL)
?-(u816(1)¢w516(£))/(x1(1)*CPU(1)+X1(?)*CPG(4)+DENUMP*CPGP)

rONsRG (1) 2L/ (RLFTQ(1))
rEN=RG(2) #VE/ (RLHTQ(2))
0 1199 K=ioNN
F(TAVERG »9t, 11ABUE(K) eANWU, TAVERG LE. |TABLE(K*1)) GO TO 1107
1.4
rONTINUE
AA=AAT(K)
FACT=EACTT(6J
« 3=
IF(CON/CFN 0T LFORPR) K3s2
WREAATSYREACT (K9R73)
nEACT(1)st“M*KW(l)“(CON/vc)**RN*(CFN/VC)**Hmug 718284# (=EACT/
(RC*TAVERG))“DEL!N

o

;‘?P'i=" .
Cl=qa,
2=n,

TF(REACT (1) «GTse CONuXM(1)) REACT(1)=CON#XM(1)
REACT(2) =A (oo NI) *REACT (1) ZA(19K9K3)

IF(REACT(2) o . Te CFuaXM(2)) GO TO 1110
REACT (2) =aFn®xMicg)

BEACT(L)=A(LoKoaNI)HRFACT(2) /A(29KeK3I)

N0 1120 I=lelp

NPRAN=REACT (1) #A(1+2eKoK3) /A(19KIK3)
CTF (T 6T B 60 10 1120

WPNZRPN+DPRIN

FRON(T) sPROVIT) *uPRN
*ENﬂ%R:(X}(1)-RtACT(1))*CPb(1)+(X1(2)-REACT(2))*CPG(Z)#DENOMP’CPGP
RELTRE=REAC! (1) #IREACT/DENOMR’

TFINAL=TAVERGLDELTRE

60 1135 Nxalep

RPGINX) SPE(NA) #TEINAL/TQI(NX)

RGINK) ZPG (NA) =REACT (NX) #RC#TF INAL/ (XM (NX) #VC)
1F(PGINX)  oLl, Ue) PGINK)=0,

EGT (WX) PG (NKY /i%g,

cONT TNUE

PGPaTFINAL® (KPN#RC/ (VCHXMP) «RC#XMNOZP/ (VCHXMP) +PGP/TEP)
XMNOZP= (PGPHASTARDEL TN/SART (TFINAL) ) #CUNSTS#OELTN
NENOMP = RPN’VC*AMP*PGP/(RCQTGP)-XMNOZP

IF (PGP oLTe 144,) GO 10 ll4¢

TF(Tw,GT,TOF) GV TO 1135

cl=0,

C2aME (392) #ALH (19P=1W)#DELTN/CPGP

0 Tn 114

o3 11

ClsHC(39]) #ALR(IN=TGP) #DELTN/CPGP

TQP = (RPN#I0P+VU#XMPAPGP/RC = XMNOZP#TGP=C2+C1 ) /DENOMP
TG (1) =TFINAL

T6(2)y=TFINnAL



TGP =TF [ AL
PP =PGEP /144
CETOTALSPGRLI*PGLIL1) +PGBL(2)
HOTOTLEPG (1) +PG () +PGP
JF(PATUTAL sYE L0e) GO TU 1 - - ‘ ‘
2uul FORM@T(IHI,“K,QH'IMt,lnX.IEHPb(l)/pRﬂ(B)92X012HPG(2)/PRD(4)OZX’IZH
1RGTOL/PRO(S5) 12X L HPGR/PRU (6) 14X414HREACT) /PRD(7) 914HREACT2/PRD (8
2) o1aHPRD(1)I/PRUI9) 4 14HPRY(Z)/PRDI1IN) 9/ 919K96HTFINAL 98Xs6HTAVERG
0K OHDELTRE v BX 9 IAWTOTAL (1) 9 SA,IHWTOTAL (2) ¢SA94HF (1) 910X 94HF (2) 919X
421TQp) '
2.:31 FORMAT (LH s9E14,4)
2:32 FORMAT(IH +14Xe8E1444) ,
IFCUIFIRST scQe o) «0ORe (NPAGE ofQe 1)) WRIIE(692001)
wRITE (6e2031) TLME;PGI(1)¢P61(2) PGTOIAL.PGPI;REALT(I)vREACT(Z),
CTRROD (1) o PRIV (2)
WRITF (69203c) (PRUD(L) 9 I=3010)
ARIT: (692032) rr1NAL.TAVEHb.ugLTREaTo<1) y T0(2) sF(1)sF (2)
17QP . )
YFIRST=1
MPAGF=NPAGE+3 ;
IF (NPAGE LULe 57) NPAGE=]
1190 cONTTNUE -
TIMF=TIME+U 11000
TIME =TIME ) YUEL I
Luvwvo COnNTINUE
DELTAN=SURT (T IME*401)/1eE*LD)
IF(TIME]l .GEa TMAX) GO TO 1}
IF L L «GE. BOTOP) GO TO 1
LTI0n0O=DEL THN#1QUG,
=0 To 25
FND
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APPENDIX B
SUPPLEMENTAL EQUATIONS FOR TRANSIENT PROPELLANT FLOW

The effective velocity of sound in a liquid filled line is determined by:

vV = 12 (B-1)

° "Pe1,d 172
. .
. g Ez Ep'q)
The number of wave reflections between the tank and propellant valve

during the valve opening time is:
e . (B"‘Z)

A wave is reflected at the valve with less intensity than the incident
wave when the valve {s partially open. This reflection factor is:

1- Qn
\I’m 1+9 ¢ (B-3)
where A .
={ Ly B -
Qn""\ » \N./ - (B-4)
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TABLE I
PARAMETRIC STUDIES FOR SPACE START TRANSIENT

Computation  Oxlidizer Fuel Temp. Wall Temp.

Number Temp. CR) CR) CR) Lead L;Zig e
1 540 540 540 0 0
2 540 540 540 Fuel 2
3 540 540 540 Oxid. 2
4 580 540 540 0 0
5 540 580 540 0 0
6 540 500 540 0 0
7 500 540 540 0 0
8 500 500 540 Fuel 3
9 500 500 540 Oxid. 3

10 540 540 580 0 0

11 540 540 500 0 0

12 500 S00 540 0 0
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Figure 1. Schematic Diagram of Transient Ignition Model
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Figure 15. Effect of Propellant Leads and Initial Temperature
on Detonation Pressure
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Figure 17 . Effect of Fuel Temperature on Detonation Pressure
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Figure 19. Detonation Pressure Ratio Versus Distance
From Injector Face
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&

(1) TYPICAL SPRAY (1) TYPICAL SPRAY

%

(3) LIGAMENT SHATTERING (3) SPRAY DETONATION
INJECTION MIXING EXPLOSION INJECTION MIXING EXPLOSION
CAUSING LIGAMENT SHATTERING CAUSING SPRAY DETONATION

N,H, VELOCITY = 25 ft/sec N,H, ORIFICE DIA = .050"
N204 MELOGITY = 20 ft/sec NZO4 ORIFICE DIA = .050"

PROPELLANT TEMPERATURE 60°F
25 usec EXPLOSURE AT 2000 pic/sec

Figure 23. Injection Mixing Explosions Leading to Either Ligament Shattering or
Spray Detonation (Pop).
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t =1.5 millisec
TYPICAL SPRAY ELOW SHUTOFF

E= .5 millisec t =5.0 millisec
INJECTION MIXING EXPLOSION N204 FLOW RESUMES

t=1.0 millisec t = 9.0 millisec

SPRAY DETONATION N2H4 FLOW RESUMES
N2H4 VEEGCITY = 25 ft/sec N2H4 ORIFICE DIA = 050"
NZO4 VELOCITY = 20 ft/sec N204 ORIFICE DIA = .050"

PROPELLANT EMPERATURE 60°F
25 usec EXPOSURE at 2000 pic/sec

Figure 24. NZO4/N2H5 Injection Mixing Explosion Leading to Spray Detonation.
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Figure 25. Pressure Decay of an Injector (POP).
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