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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 a 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 combus tor environments which either give 
smooth ignition or can be conducive to detonative processes. 
magnitude of the pressure waves can be computed a t  selected t i m e s  through- 
out the chamber pressurization transient. 

The potential 

A preli-pinary parametric study of vacuum starts determined the effect 
of initial conditions on chamber pressure, gas temperature, product species, 
and potential detonation pressure. The effects of various time steps, droplet 
s ize  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 a s  a function of the t i m e  between propellant 
injection and detonation and a s  a function of the initial conditions. 

f 

In attempting to add coherence to the understanding of random pressure 
waves encountered in hypergolic propellant sys t ems ,  a separate study of high 
pressure 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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INTROD UCTION 

A troublesome, and a t  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. 'I Hard starting charac- 
teristics have been encountered in both large scale  (Ref .  1) and sma l l  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 a s  "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 i t  was commonly assumed that 
explosions of accumulated propellant masses were the cause of the observed 
pressure waves. A s  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 5). 
vides evidence that detonative compounds and mechanisms, increasing the 
danger of initiating and propagating these pressure waves, m u s t  therefore be 
understood and described. 

This fac t  pro- 

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. 
of the propellant species during the low pressure startup history a s  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. 
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 wil l  allow theoretical parametric studies to be 
made. 
ber behavior most significantly and, thus, will give direction to the experimental 
measurement of these parameters. 

The model calculates by mass balances the condition 

The model thus depends on previous hypergolic research on ignition 

These studies can point out which parameters theoretically affect cham- 

The phenomena of steady-state popping and 

1 



starting spikes may be related to the basic nature of ambient or low temperature 
hypergolicity, thus, although the analytical modeling of these phenamena 
are separate tasks ,  mechanistic understanding of either may give insight to 
the other. 

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

1) transient flow equations, 

2) 
3) 

4) chemical reaction equations 

vaporization, freezing, and pressurization equations, 
chemical kinetic equations which include concentration 
and temperature dependence, and 

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 a s  one unit. 
have been analyzed and effects on pressurization, preignition chemistry, 
ignition delay and detonation potential were determined for certain parametric 
variations 

Typical start  sequences 

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. 
waves originating a t  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 

The amplitude of detonation 
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TECHNICAL DISCUSSION 

During vacuum starting transients and steady-state operation of 
hypergolic liquid rocket engines 
occur. Since both start-transient overpressures (spiking) and s 
over-pressures (popping) are often observed with hypergolic pro 
combinations both overpressure mechanisms may be due to the basic nature 
of hypergolicity. Two basic points are involved in the nature of hyperg 
first, low activation energies are involved, (often leading to complex in 
mediates) and second, the ignition reaction is exponentially dep 
temperature in the region of hypergolicity . Either overpressure 
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 temperatures. 
The popping phenomena may be initiated by injection transients involving both 
the mixing processes and sudden liquid phase reaction. 

high amplitude overpressures frequently 

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 u s e  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 a t  any t i m e  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 ( R e f s .  7 ,  8,  and 9). 

ficant data were also gathered from the identification of mix/separate phenomena 
during the recent hypergolic impingement work (Ref .  12 )  performed a t  Dynamic 
Science under contract to NASA/Lewis . 

Signi- 

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

so that parametric studies of the processes 
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Variable propellant mass flow rate ( t ime 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,  a s  well a s  allow inclusion of new chemical 
kinetics and u,xhanism 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 
posslble 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 1 2  that hypergolic streams m i x  a t  low 
temperature but exhibit roughness with large impingement contact t i m e .  
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. 
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Mathematical Analysis of Start Transient 

The interrela tionship 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 analys,is of the transient flow s y s t e m  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 a pressure 
surge in the propellant l ine between the tank and the valve. 
consists of a series of pressure and rarefaction waves which move up and down 
the propellant l ine and are eventually damped out by friction and reflection losses  
a t  either end of the line. 
transient problems (Refs. 13 and 14); each method being applicable to a particular 
type of problem. 
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 s imples t ,  does not need 
a computer for a solution, wil l  not add a great deal of complexity to the existing 
vaporization program and, therefore, wi l l  be adapted for u s e  in this analysis.  

This pressure surge 

There are several methods for solving these hydraulic 

Steady oscillatory problems can be solved by transient flow 

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 t ime  varying pressure upstream of the valve for 
the cases  when tvalve open 4 2L/Vs (Figure 3b) ("instantaneous valve opening) 

2L/Vs ("slow" valve opening), (Figure 3c). For most cases  and tvalve open 
encountered in attitude control engines, valve opening is nearly instantaneous. 
The procedure for determining the t i m e  varying pressure is a s  follows: 
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The valve is assumed to open linearily , i. e. , the valve open area 
varies linearily with t i m e .  For valve opening t i m e s  greater than 2L/Vs (the 
t i m e  required for a wave to travel from the valve to the tank and back again), 
the opening t ime is divided into t i m e  increments of 2L/Vs. During each t i m e  
increment, a rarefaction wave is sent up the line. The t i m e  varying pressure 
is the sum of these rarefaction (and reflected compression) waves 
The initial rarefaction wave pressure drop is obtained from: 

(Figure 3 c.). 

AVn i 
pa vs APin= - 

9 
Figure 3 a .  The first  initial wave, APfl is reflected from the valve end of the 
line unchanged in magnitude(to maintain continuity and simplicity of con- 
struction). , In reali,ty, al l  reflected waves lose some of their strength. 
a t  the valve end due to the partially opened valve (Aful ly  closed valve would 
reflect the wave fu l ly  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.). 

Al l  subsequent reflected pressure waves are calculated from: 

APrn ,m =PmAPin 1 (2 1 
Figure 3a. Initial rarefaction waves are sent out a t  intervals of 2L/Vs until 
the valve is fu l l  open. For valve opening t i m e s  less than or equal to 2Lfi,, a 
single rarefaction wave is sent out. 

Propellant flow through the valve is now controlled by a t i m e  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: 

which is related to the change in velocity by: 
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The orifice flow rate will be controlled by the upstream pressure a s  long a s  
the fluid is cavitating within the valve, i .e. ,  the static pressure has dropped 
below the vapor pressure due to low manifold pressure and/or high fluid velocity 
through the valve. As long a s  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 a t  zero pressure (hard vacuum of 
space). A s  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 wil l  s tay in suspension, As the manifold 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, a s  more mass flows into the manifold the 
suspended vapor bubbles will collapse, 

An analysis of the time varying two-phase mixture in the injector mani- 
fold is extremely difficult to perform. 
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 

Complicating the analysis is the depen- 
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mixture enters the manifold a t  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: 

For nonvariable flow conditions, the amount flowed in time A t  is: 

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

If the downstream pressure is constant but the upstream pressure changes 
linearily, then Equation (5) can be integrated to give the amount flowed as: 

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

Following the determination of the pressure upstream of the propellant 
valve, the manifold filling t i m e  is determined from the appropriate equation 
(one of equations 6 through 9) by substituting the weight of propellant when 
the manifold is f u l l  into one of equations ,6 through 9. 

equation by equating flow into and out of the manifold. If it is 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: 

The transient manifold pressure is determined from the continuity 
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Where eqn. (10) is substituted into the  steady orifice flow, the following 
res ul ts  : 

The injector propellant flowrate can now be expressed in terms of the transient 
pressure surge upstream of the propellant valve after the manifold is fu l l  of 
propellants and the chamber pressure determined from the vaporization 
program. 

Transient Propellant Flow, Experimental. - (I) 
The experimental effort was directed a t  investigating the effects 

of propellant cavitation on propellant flow rate. It was felt that transient 
cavitation a t  the  valve and later a t  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 
N 2 0 4 .  The propellant temperatures ranged between 32OF and llO°F, and 
chamber pressures ranged between .25 psia and atmospheric pressure. A 

discharge coefficient was defined by: 

Wmea s ured c,= . u 
Wtheoretical 

where 
= A. d 2g pRAP Wthe ore tic a 1 

and AP used in equation (13) is: AP=Pmanifold -P when Pc 

equation (12) varied between .56  and .86.  General agreement with the trends 
predicted by theoretical analysis of noncavitating orifices was observed. 

Pv, and 
- Pc, when Pc > Pv. Discharge coefficients described by 

= 'manifold 
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In order to check the experimental results, theoretical estimates 
of the discharge coefficient were made. A s  long a s  an orifice was cavitating 
the two phase mixture was flowing a t  the two phase sonic velocity. 
phase flow rate and acoustic velocity through an 0.30 inch orifice were 
plotted versus mass fraction, S' @ga s/'total ) for N204 and N2H4 for 
various temperatures, (Figures 4 and 5). 

tical flow rate and acoustic velocity are: 

Two 

The derived equations for theore- 

and 

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 . 

fraction, from Figure 4,lies in the range from 
therefore, that the two phase acoustic velocity (Figure 5) is near a minimum, 
and a t  high mass fractions, l f 4 ,  yields reasonable values of velocity through 
an orifice. At low mass fractions the velocity through the oriffce approaches 
the liquid acoustic velocity, that is, from equation (1 5),  

to It is seen,  

l im 1 

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

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

As long a s  X is small (of the order of 
to (Ti)', so for cavitating flow: 

or less) (Tf)a will be nearly equal 

VaB4 (Ti)Q (Pf-Pi) 

va PQ 
H X =  

Combining equations (14), (17), and (18a), eliminating aRand 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: 

W c = .  tual =-2p 
D 

Wtheoretical Wtheoretical 
By choosing an orifice discharge coefficient, C 

vs  Pc was constructed for various propellant temperatures (Figure 6). From 
Figure 6 it i s  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. 
scribe the transient propellant flow will be undertaken in the coming year's 
follow on to this work. 

of 1 .O and 0 .7 ,  a plot of CD 
0' 

Programming of those equations necessary to de- 

Va poriza tion Program . - (11) 
The pressurization of a thrust chamber is treated mathematically a s  a 

sequence of steady-state processes in  very short t i m e  intervals. At the start of 
each new t i m e  interval, a new set of drops enter the thrust chamber. These 
drops undergo vaporization during the t i m e  interval a s  do the drops which 
entered previously. At any t ime ,  each drop has a unique radiusI temperature 
and physical s ta te  (solid fraction). 
program (vaporization) were outlined by Agosta (Ref. 7) and later incorporated 
into computer programs by Seamans I et a1 (Ref.  8) and Dynamic Science 
(Ref. 9). 

The equations used in this part of the 
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Based on the kinetic theory of gases ,  the mass evaporated from a 
single drop in one t ime interval is given by: 

where Pv(Tdj)n-l is the vapor pressure corresponding to the temperature of the 

j 

evaporated in one t ime interval is obtained by summing all  G for that particular I 
interval. 

the propellant vapor pressure evaluated for the wall temperature. The mass of 
vapors condensing on the chamber walls in one t i m e  interval is given by: 

th drop a t  the end of the previous t i m e  interval. Therefore, the total mass 

Condensation on the chamber wall can occur if the gas pressure exceeds 

with the constraint 0 Gw < -. 
The vapor mass flow through the nozzle during one t i m e  interval for a 

constant k is given by: 
k +1 
k-1 
- 

2 (s) m - - (PgIn-p*Atn 
noz 

The mass of vapor in the chamber at  the end of the nth t i m e  interval 
is obtained from the perfect gas law. 

The temperature of the gas  in the chamber a t  the end of the nth t ime  
interval is evaluated by obtaining a mass weighted average. For a slngle 
species system with constant vapor heat capacity, the temperature is given 

1-1 G. J + (mc)n-l- (GWIn- (mnoz)n 

where Qn is the total heat transferred from the vapor to all drops in the 
sys t em during one t ime interval. 
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The gas partial pressure in the chamber a t  the end of the nth t i m e  
interval is therefore: 

where (T ) is evaluated from equation (24). 
9-n 
New drop radii and drop temperatures m u s t  be calculated a t  the end 

of each t i m e  interval to account for the effect of evaporization on the s ize  
and temperature of each drop. 
given by: 

The radius a t  the end of each t i m e  interval is 

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: 

where 

and 

z Z =  
e -1 

z =  

h =  
1/3 1/2 

Pr Re ] 

where the temperature of each drop 1s: 

(33) 
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where 

The solid fraction of the drop, X., increases in successive intervals 
1 

until the drop completely solidified. The equation of X is given by: 1 

The total energy reaching the surface of all  drops in the sys t em in one 
t ime interval, Qn, is given by: 

n 

whereQs the total number of drops in the system. 

l.e., either fuel or oxidizer injection. However, the program has the ability 
to calculate both fuel and oxidizer injection with either propellant injected 
a t  a given point in t ime.  

and products are formed. From kinetic theory the amount of oxidizer which 

Thus far the discussion has been concerned with only one species,  

When fue l  and oxidizer are both being injected, reactions take place 

E - reacts,  r in a given t i m e  step, n, is given by: 

(3 7) 
(c x! (em) '(Tavera gel 

0 

(r =&AM J n - - q n ~  n - l j m f e  ox n 
C C 

where 

Several analytical studies were conducted to improve the opera tion 
of the vaporization program and to make it more realistic. These studies 
investigated the effect of (1) the t ime step size (2) the number of initial 
drop s izes ,  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 t ime  and/or an  orifice flow equation which depends on 
the chamber pres sure ) 
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Variable Time Step: Figures 7 and 8 show the effects of t i m e  step 
size on chamber pressure and gas  temperature for a stepwise flowrate of N 2 0 4  
only into the chamber. During each excursion the t ime s tep was held constant 
a t  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 a s  a result of employing a t ime increment of 2 5 ~ 1 0 - ~  sec. 
a s  compared to t i m e  increments ranging from 0. S X ~ O - ~  to 4 ~ 1 0 - ~  sec. Reduc- 
tion of the step s ize  from 1 . O X ~ O - ~  sec to 0. 5 ~ 1 0 - ~  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 t i m e  step size on 
the chamber gas  temperature. The t ime increments must be reduced to values 
less than 2 ~ 1 0 ~ ~  sec before relatively small temperature differences are 
obtained a s  a result of decreasing the t i m e  step. 

From these results it appears that a relatively small t i m e  step is 
needed, a t  l eas t  initially, so that the t i m e  step does not adversely influence 
the model of the physical process. 
step a s  small a s  1 ~ 1 0 - ~  sec is needed; however, a step this small results in 
high computing costs for reasonably long runs. As a result, a variable t i m e  
s t ep  scheme illustrated in Figure 9 was used. This scheme is a compromise 
between initially small t i m e  steps for modeling accuracy and eventually large 
t i m e  steps for low computer costs. 

These results a lso indicate that a t ime 

Drop Size Distribution: The vaporization model was initially set up 

with a drop size distribution containing three radii of 7 .  O O X ~ O - ~ ,  2 .  O ~ X ~ O - ~  , 
and 4 . 6 1 ~ 1 0 - ~  inches,  each radius representing respectively 30%, 40%, and 
and 30% of the total propellant injected. This scheme a lso  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.  O S X ~ O - ~  inches 
was made (Fig. 10). Nitrogen tetroxide only was injected and from these re- 
sul ts  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 .  O S X ~ O - ~  inches. 
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Heat Transfer: A s  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 .  

p vaporized p chamber gases  p wall to gases  p condensed p nozzle 
'le 

= Q  + Q  for the reactant product vapors, The term which has 

been added is Owall to ga ses which may be positive or negative, depending 

on the relative temperatures of the gases and the combustion chamber wall. 

The heat balances now appear 
Q + o  + Q  = o  + G  for 

and R'newly reacted + Q  R chamber gases  + Q  R wall to gases  

R condensed R nozzle 

- 

Preignition chemical reactions were considered so that ignition could 
ultimately be achieved. The analytical framework for treating preignition 
chemistry is a s  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 s o m e t i m e s  parallel or series 
paths along with the controlling physical mechanism l i m i t s  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 < 53OoR) have 
been furnished by the results of work under contract NAS7-438, Mod. 3 (Ref. 4) 
which involved the chemical quantitative analysis of the N2O4/N2K4 preignition 
reaction products A schematic representation of how the computer program is 
able to treat preignition reaction paths is a s  shown on the following page. On 
the basis  of chemical quantitative analysis carried out under contract NAS7-438, 
Mod. 3, and data from Reference 15, three temperature regimes were actually 
employed to check out the computer program. Although the stoichiometry and 
therefore AHreaction for certain temperature and concentration regimes for 

16 



400 I; T S  530°R 
O/FS .5 AH = 1123 Btu/lb 

2 

9N 0 +25N2H4 3 10N20+ NO+1SNH3+ 3f N Z + ~ H Z ~ + ~ N ~ H ~ N O ~  
O/F > .5 AH = 2220 Btu/lb 
63NZ04+64N2H4 -+ 80N20+1 6NO+1 1N2+72HZ0+28NH4N03 

2 4  

530 < TS 600°R 
O h ’ s  .S andO/F> .5 
2N 2 4  0 +4N 2 4  H -+ 2N20+NO+ 2iN2+2H20+NH4NO3+4H2 

A H  = 2605 B t d l b  

600 < T 5 10 ,OOOOR 
O D s  .S and O/F> = 5  
N204+2NZH4 3 3N2+4H20 

AH = 4860 Btq/lb 

E = 7500 cal/gmole 

T,, * T g  T2 

T < T s T 3  2 

Set of reaction products for 

complete reaction 

* Hcornplete reaction 

(Eact) 10 8 

T 1 O  < T g  

10 (Frequency Factor) 

where, T = gas temperature, 

S = stoichiometric oxidizer to fue l  ratio 
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N 0 /N H are presently known, the reaction rates m u s t  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 s y s t e m  then involve t i m e  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 .  

2 4  2 4  

Detonation Program. - 
Following the running of the vaporization program to ignition or for 

a specified t i m e  , detonation properties were computed for various selected 
t i m e s  Detonation properties were calculated by the NASA/Lewis detonation 
program given in Reference 16 .  

1 6  and 1 7 ,  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. 
for gaseous reactants while the reactants calculated by the vaporization 
program contain liquid droplets in a gaseous atmosphere. Table I1 is a tabu- 
lation of some of the data calculated from the vaporization program; the f 
listed in Table I1 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 a l l  of the liquid will be consumed in the detonation 
process. 

This program is wel l  documented in References 

The detonation program is written 

A l l  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, (?kA+aL /N ). 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 = HA+ HgpA/Wg ) 1 
Thus each liquid propellant species is converted to a pseudo vapor wherein the 
molecular weight and enthalpy are obtained a s  outlined above. 

g g  
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Start Transient Res ult s 

Appendix A is  a listing of the Transient Hypergolic Ignition Program 
a s  it currently exists and i s  described in this report. 
(chemical species,  species mass fraction, temperature, and pressure) from 
this program a s  input to the NASA/Lewis detonation program a t  specified t i m e s ,  
a profile of potential spike conditions can be determined. In order to establish 
the current capability of the program 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 a t  1, 2 ,  and 3 m s  (or ignition) used a s  input 
to the detonation program. Table I1 shows the data used a s  input to the 
Transient and Detonation Programs and the output from the Detonation Program. 
Figures 11 through 1 4  show chamber pressure and temperature versus time for 
the initial conditions given in Table I. 

By using the output 

With the current mechanistic stoichiometry and for conditions wherein 
there was no propellant lead, ignition occurred within 4.0 m s  if either the oxi- 
dizer, f u e l ,  or wall temperature was 580'R(120°F), Figures 11, 1 2 ,  and 13. 
When f u e l  or oxidizer leads were employed ignition occurred within reasonable 
t i m e  delay only when fue l  was lead and al l  temperatures (fuel ,  oxidizer, and 
chamber wall) were a t  l eas t  540' R, (Figure 14). 

Figures 15 through 18 show the detonation pressure levels achieved 
after running the NASA/Lewis detolaation program, the input being modified to 
account for the presence of liquid propellant droplets. Table I1 a lso lists the 
detonation pressure level (Chapman-Jouquet, P ) and the ideal-gas , constant 
volume, plateau pressure level, P 
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 a l l  further propellant flow into the chamber. 
however, l as t s  longer and is therefore capable of more damage to the chamber 
(greater work potential). The ratio of the detonation pressure to the plateau 
pressure ( P d P  ) is nearly constant ( P d P  M 1.87) for a l l  of conditions in 
Table 11, therefore the detonation pressure level was used in Figures 14 through 
18 to illustrate the trends obtained. Figures 15 and 1 6  show the effect of 

D 
following the detonation wave. The detonation 

P '  

The plateau pressure, 

P P 
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propellant leads on detonation pressure. The t i m e  scale  indicates t i m e  from the 
introduction of the second propellant, i .e.,  for a 2 m s  lead, 1 m s  on the t i m e  
sca le  indicates 3 m s  real t i m e ,  or 1 m s  after the introduction of the lagging 
propellant (for no lead,  the t i m e  scale  indicates real t i m e ) .  

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 longer the delay in t ime to the 
detonation the higher the detonation pressures that are produced. If it is 

assumed that the probability of detonation is approximately equal a t  the 
s a m e  delay t ime,  detonation pressures will result in descending order with 
oxidizer leads fuel leads,  and finally no leads.  

For the same delay t i m e  following the lagging propellant an oxidizer 

Figures 17 and 18 show the effect of propellant temperature on 
detonation pressure. Figure 17 is a plot of detonation pressure versus f u e l  
temperature. Indicated on the plot are the corresponding oxidizer temperature 
and the sampling t i m e  used. As the delay t i m e  to detonation is increased 
( l m s  to 2 m s  and 2 m s  to 3 ms)  it is apparent that the detonation pressure 
increased with propellant accumulation. 
with increasing f u l l  temperature (500' to 58OoR) but if detonation pressure is 
plotted versus oxidizer temperature (Figure 18) no trend is apparent. 
tion pressure was a l so  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). 

The detonation pressure decreased 

Detona- 

' 
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Random high amplitude pressure disturbances, commonly referred to 
a s  "pops" have been observed to occur during steady-state rocket engine 
operation with hypergolic propellants. 
is a .possible trigger source for initiation of high frequency combustion insta- 

"Popping" i s  undesirable because i t  

bility. 
data and to postulate controlling mechanisms. 

The purpose of this phase of the work was to analyze existing "popping" 

Enqine 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 
MAS7-467, Task 4 (Ref.  12)  a t  Dynamic Science. 
using an 18 inch diameter engine with variable propellant injection near the 
chamber wall. 

Clayton's work was performed 

The "popping" was observed by Clayton during the course of a com- 
bustion instability test program using N204/A-50. 
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. 
provide a cooler boundary layer gas .  
O/F of 2 . 1 1 .  
after baffles had been added to the injector to eliminate combustion instability. 
Prior to the addition of the baffles the engine was inherently unstable. 
baffles prevented steady-state instabilities from developing, however, the 
random "pops It were observed. 

The hardware used on this  

The outer ring of doublets was designed for an O/F of 1 . 2 7  to 
The main doublets were designed for an 

Clayton observed the "popping" in the 18 inch diameter engine 

The 

The occurrence of the ttpopsI1 was found to be related to the oxidizer 
concentration in the outer set of injector doublets which provides the boundary 
flow. 
outer doublets. It was found also that elimination of the boundary flow resulted 
in the elimination of the "pops. I' 

The Itpopsl' could be eliminated by decreasing the oxidizer flow in the 

The "pops I' were found to exhibit the characteristics of a detonation 
wave, the same a s  the steady-state instability wave previously reported by 
Clayton and Rogero (Ref. 19). The Irpops" are steep fronted waves with rise 
t i m e s  of a few pseconds and pressure ratios across the wave a s  high a s  7:l.  

2 1  



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: 

I) 
2) 

3) 

t'Pops I' exhibit the chacteristics of a detonation wave. 
Conditions in the boundary region exhibit a controlling 
influence on engine "popping" and resonant combustion. 
Injector hydraulics influence the "pops. I' 

Two-Phase Detonations. - 
If the "pops" are detonation waves , then they  m u s t  have an initiation 

source and a mechanism for supplying energy a t  a sufficiently high rate to drive 
the wave. In a liquid propellant rocket engine, the energy source exists a s  
unburned vaporizing propellants near the injector face. It has been shown . 

by Nichols , et a1 (Refs. 20-21) that detonation waves can be supported by 
burning liquid fue l  sprays. They also show the effect of fue l  drop size on the 
detonation velocity (Ref. 2 1). Droplets a s  large a s  9 4 0 , ~  give velocities very 
close to the Chapman-Jouquet detonation velocities. This is much larger than 
the average droplet s ize  found in rocket engines, therefore, it  is reasonable 
to expect that detonation velocities within rocket engines would be close to 
the Chapman- Jouquet velocity. 

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 a t  
an O/F = 2.  The fraction of propellant vaporized a s  a function of distance 
from the injector face is tabulated below: 

The detonation pressure ratio was calculated a s  a function of dis- 
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Distance from Face, X 
Inches 
0.25 
0.50 
0.75 
1.00 
3.00 
5.00 
7.00 
9.00 

I 

Per cent 
Unburnt Material 

93.0 
88.0 
82 .0  
78.0 
57.5 
47.0 

40.0 
3 6 . 0  

The two-phase detonation wave equations: 

and 

a 

Mi = 2  \ k  L 
1-1 C P I T l  

x 2 - 1  . 

1 + Y k  *Id2 ++ p2 
p1 2 
- =  

where 

y = 1 - y  y = mass fraction of liquid. 

(39) 

- 
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 k was taken a s  1.4.  The specific heat ratio, kZ, and the steady- 1 
state temperature, T1, were taken from the NASA-Lewis detonation computer 
program. The value ofy was determined from the vaporization data tabulatcd 
above. Figure 19 shows the large effect which unburnt material and droplet 
number concentration can have on detonation overpres 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 recognized 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 a t  defining the onset of a detona- 
tion in premixed gases (i. e. Ref .  2 2  and 23). The Resul t s  of this work show 
that l i m i t s  on the onset of detonation are imposed by reaction rate limitations 
and there i s  some t ime ,  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 a t  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 burned 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 a s  the increase 
in reaction rate due to an isentropic compression divided by the undisturbed 
reaction rate, i.e.: Sensitivity = Are/* . 

We can determine this sensitivity from order of magnitude calculations 
a s  plotted in Figure 20. The sensitivity factor may be expressed as: 

where 
f2 / f1  = the ratio of the reaction rate of the compressed 

mixture to the undisturbed mixture the expression for this ratio is: 
1 -k/k 

f ih E/RT C i-PZ/P1) 1 .A= (p2/p1) e 
r l  

* 2  2/k E/RT[: 1 -(P2/P1) 1 
*1 

for a first order reaction and 
1 - k/k 

- = ( P / P )  e 2 1  

for a second order reaction. 

(43 b) 
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A plot of the reaction rate sensitivity was made for a second order 
reaction with an activation energy of 40 Kcal/mole, (Fig, 20). A wave having 
a pressure ratio of 1 . 2  was chosen. 

The sensitivity is seen to increase rapidly with decreasing tempera- 
ture. This indicates that a requirement for high sensitivity is a low reactant 
temperature, which one might expect near the injector face and also 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 general, be 
cooler than the bulk a s  shown in Figure 21 ,  The dependence of sensitivity 
on temperature may in part explain the role 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 that the  llpops" may be due to the explosion 

This possibility was investigated with of pockets of unburned propellants. 
a simplified analysis of the expansion of a volume of explosives. A given 
volume of explosive was assumed to  bum to completion within the volume and 
then expand either isentropically or isothermally. It was found that in either 
case  the pressure decays extremely rapidly and approaches the ambient pres- 
sure within a short distance.  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 local disturbance. 
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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 l i m i t  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 stream$ mixing or separating regions. However, 
a t  conditions of low temperature and long interfacial residence t i m e ,  it was 
observed that the mixed ligaments tended to explode before f u l l  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 
circular jets are operated in the m i x  regime a t  D/V values greater than about 
.9x1 Om4 sec. The IMES were characterized by loud repetitive noise similar 
to machine gun fire. This phenomena was believed to be the same a s  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 
"pop" is a result of a two-phase detonation caused by ignition and explosion 
within the mixed liquid ligaments. These occur a t  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) 
2) 

Propellant temperatures must be in the m i x  regime: 
Jet breakup t ime  must be long enough to allow ignition 
within the liquid ligaments. 
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Experimental Mixinq Explosions. - 
A set of injector tes ts  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 a t  atmospheric pressure and 

high-speed color photography to observe the impingement region. The 
photography was accomplished with high intensity front and back lighting 
using standard photoflood lights The camera was run a t  2000 pictures/second 
with a 1/20 shutter which gave an exposure time of 251,tsec. 

The propellants were conditioned to operate in the m i x  regime. 
Examination of the f i l m  shows intermittent violent explosions within the 
impingement region. It was found that injection mixing explosions varied in 
severity, but essentially two types were identified. These are shown in Fig. 2 3 ,  
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 and spray. 

It is obvious that this phenomena would be very detrimental to stable 
engine operation because the injection mixing explosions are triggering sources 
for spray detonation a s  seen in the more severe "pops. I' Also the severe "pop" 
causes flow transients a s  shown in Figure 24  
the spray detonation "pop. 'I The propellant flows are shutoff for several mil l i -  
seconds which in itself is detrimental to smooth engine operation. 

which is a complete history of 

To get a feel for the pressure field around the injection mixing explosion, 
a pressure decay calculation was made. The explosion pressure was calculated 
by assuming that all  of the liquid propellant within the ligament breakup region 
bums 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 a t  a 1 .O inch radius has decayed to about 
300 psi .  These results are consistent with the initiation of the previously 
postulated pop mechanism, 

are indeed capable of initiating spray detonations and that the "pop" observed 
in large engines is l ike ly  a spray detonation initiated by an injection mixing 
explo s ion. 

The results of these observations indicate that injection mixing explosions 
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CONCLUSIONS 

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

1) Experiments have shown that cavitation an two-phase flow is 
present in the injector and orifices during 
Further experiments (confirmed by theoretical analysis) show that 
a discharge coefficient based on cavitational flow does not differ 
significantly from a discharge coefficient based on noncavitational 
flow. However, the effect of cavitation will  be included a s  a 
variable bulk modulus in the transient flow equations and the 

e space start transient. 

percentage vapor, due to the cavitation, m u s t  be accounted for 
a s  input vapor flow. 
The solution to the system of finite difference equations used to 
rqodel the vaporization process has  been found to be affected by 
the s ize  of the time s tep 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 pressurization. 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 t i m e s  
exceeding 2 m s  the detonation pressures decrease a s  the fuel 
temperature increases (between 500 and 580OR). Detonation 
pressures were uninfluenced by the wall temperature (between 
500 and 58OOR) and no trend was observed with oxidizer 
temperature (between 500 and 58OOR). 

2) 

3) 

4) 
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5) 

6) 

For all  propellant lead conditions, the detonation pressures are 
greater as the delay t i m e  to the detonation is increased. 
Based on the available data it is concluded that large engine 
'popping" 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 
explos ions . 
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APPENDICES 

APPENDIX A - TRANSIENT PRESSWRE HISTORY PROGRAM 

APPENDS B - SUPPLEMENTAL EQWATIONS FOR 
TRANSIENT PROPELLANT FLOW 
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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: 

12 v =  

The number of wave reflections between the tank and propellant valve 
during the valve opening t i m e  is: 

(B- 2 1 Vstvo 
N =  2L 

A wave is reflected a t  the valve with less intensity than the incident 
wave when the valve is partially open. This reflection factor is: 

where 

03-31 

03-41 
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TABLE I 

PARAMETRIC STUDIES FOR BPACE START TRANSIENT 

Computation Oxidizer Fuel Temp. Wall Temp. Lead Lead Time 
msec Number Temp. ?R) e R) e R) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

540 
540 
540 
580 
540 
540 
500 
500 
500 
540 
540 
50 0 

540 
540 
540 
540 
5 80 
500 
5 40 
so0 

500 
5 40 
540 
5 QO 

540 
5 40 
5 40 
540 
540 
5 40 
5 40 
540 
5 40 
5 80 
so0 
540 

0 
Fuel 
Oxf d . 
0 
0 
0 
0 

F u e l  
Oxid. 

0 
0 
0 

0 
2 
2 
0 
0 
0 
0 
3 
3 
0 
0 
0 
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