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FOREWORD

This report was prepared for the National Aeronautics and Space
Administration, Jet Propulsion Laboratory, Pasadena, California. Project
Monitor on this contract was Richard M. Clayton, Liquid Propulsion Section.

This is the final report of a research program conducted to develop
a mathematical model of how design and operating parameters influence combustion
chamber pressures during the starting transient of a rocket engine. As such, it
is based upon work completed and reported in two previous interim reports
published under this contract (NAS7-467); "Study of Random Wave Phenomena in
Hypergolic Propellant Combusi:ion, " ]‘ime’ 1967 (Ref. 16), and "Transients Influenc-
ing Rocket Engine Ignition and Popping, " April 1969 (Ref. 17).
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SUMMARY

The objective of this program was to predict the dominant engineering
parameters influencing the occurrence of start spiking in rocket engines. A
computer program was written to describe transient prope‘llant flow and the
pressure/temperature and O/F histories with the chamber prior to ignition.
Experimental tests were performed which confirmed the analytical findings.
Ignition spiking occurred with fuel leads at low fuel temperature, and even
at high fuel temperatures with long vacuum leads; while spiking was reduced
by controlled valve opening sequences at nominal temperatures.

The analytical study resulted in a propellant transient flow digital
computer program and a chamber pressurization transient digital computer
program which was used 'to' obtain the engine starting characteristics. The
data from the pressurization program is used in the NASA/Lewis chemical
equilibrium/detonation program to predict maximum pressures possible from the
transient chamber fuel/oxidizer mixture environment.
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NOMENCLATURE
Cross-sectional area of propellant line, in®

Total cross sectional area of orifices, in®

Open area of valve (which varies as the valve opens) in®

Area of valve when full open, in2
Compressive bulk modulus, 1b/in®
Discharge coefficient

Loss coefficient of orifices

‘Capacitance of the propellant manifold (which is variable

as the manifold fills), ft2 -in®/1b
Loss coeff{icient of valve

Diffusion coefficient of oxidizer vapors to droplet
ft*/sec

Diameter of line, in
Friction factor
Gravitational constant, 32.2 ft/sec®

Concentration of oxidizer vapor surrounding a
droplet, mass fraction

Local concentration of oxidizer in vapor surrounding
a droplet, mass fraction

Loss coefficient for bends and abrupt line
size changes

Inductance of the propellant line between the
tank and the valve, lb-sec®/ft® -

Inductance of the propellant manifold (which is
variable as the manifold fills), lb-sec®/ft3>~in®

Length of propellant line, ft

Length of line over which fricti_on acts, ft
Length of propellant manifold, in

Mach number

Number density of droplets with radius Gi



Ambient pressure, 1b/in®

Chamber pressure‘, 1b/in®

Final manifold pressure after filling, 1b/in®
Initial manifold pressure before flow starts, lb/in®
Pressure in the line upstream of the valve, lb/in2
Pressure in propellant manifold, 1b/in®

Vapor pressure of the propellant, lb/in®

Volumetric flow rate, ft®/sec

Volumetric flow rate of propellants through the
valve, ft®/sec '

Volumetric flow rate of propellants through the
orifices, ft3/sec

Resistance of the propellant line between the tank
and the valve, lb-sec/ft®-in®

Resistance of the orifices, lb-sec/ft*-in®

Resistance of the valve (which is variable as
the valve opens), lb-sec/ft*-in®

Radial distance from the surface of the droplet
Temperature of gases in the propellant maﬁifcld %R
Time, seconds

Time of final manifold pressure after filling, -sec
Time of initial flow into manifold, sec

Volume of propellant manifold, ft®

Empty volume of manifold (which varies
as the manifold fills), in®

Original empty volume of the manifold, in®

Flow rate of gases initially in the propellant
manifold, 1b/sec

Flow rate through the orifices, 1b/sec

Weight of gases initially in the propellant
manifold, 1lb
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1. INTRODUCTION

High pressures usually referred to as pressure spikes or detonation waves
can occur during the starting transient of a rocket engine. These high starting
pressures can damage the combustion chamber. High pressure spiking has been
encountered in both large (Ref. 1) and small scale (Ref. 2) space engines. Engine
fixes were made to eliminate the spikes in specific engines while little effort was
made to understand the mechanisms involved. At first it was generally accepted
that the cause of the pressure waves was the explosion of accumulated propellants
in the combustion chamber. However, as a result of recent experimental investiga-
tions, it was found that detonatable chemical reaction intermediates can form under
start transient conditions (Réfs. 3,4, 5, and 6) and Perlee (Ref. 4) showed that
observed hardware deformations could only be explained on the basis of the
presence of highly detonatable material. This information provided evidence for
a mechanism to explain start transient spiking; conditions within a rocket engine
combustion chamber, during the start transient, that are conducive to the formation
of these detonatable mixtures would lead to the magnitude of spikes observed.
Thus, what was needed was an analytical model describing the occurrence of
these unfavorable conditions and also describing how these unfavorable conditions
could be avoided by proper engineering design and/or controlled. The details of
this model are aimed at establishing temperature, pressure, and O/F conditions
which control preignition and intermediate chemistry, while the overall purpose
is to show how smooth starts can be engineered into a rocket engine.

The model developed is spatially one-dimensional and is based on time
dependent differential equations which describe the physical and chemical
processes governing the transient chamber conditions. The overall logic of the
model is based on the four processes shown in Figure 1. The equations must
account for the four processes shown by Roman numerals I through IV: (I) the
liquid propellant transient flow, (II) vaporization, condensation, and freezing
of propellants and their effect on the chamber transient pressure and temperature,
(I11) chemical reaction leading to the formation of detonatable mixtures with the
effects of species concentration and temperature considered, and finally (IV) the
strength of detonation of the accumulated mixture. The vaporization model incorpo-
rates the modeling work of Agosta (Ref. 7) and of Seamans and Dawson (Ref. 8).
The present model is unique in that it incorporates the results of previous chemical
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intermediate research on hypergolic ignition mechanisms (Refs. 3 and 9)
and on ignition chemistry (Refs. 4, 5, and 10). The model contains several

constants which have been evaluated from experimental data published in these
references. ’ ‘ '

The solution of the equations describing the model were performed
numerically on the digital computer by a finite difference method. The main
objectives of this project were to perform analytical and experimental investigations
to:

(1) Analytically determine the dominant parameters that influence

the production of starting transient chamber pressure spikes.

(2) Determine design criteria for the minimizing of spiking based
on study developments.

(3) Experimentally verify the analytical results and determine the

limitations of the analysis and of the computer programs.

In any practical rocket engine system, which relies upon hypergolic
ignition, the engine will start once the liquid entering the chamber meets
previously determined ignition criteria conditions of temperature and vapor
pressure. From this point of view, the starting of an engine involves two
characteristic flow delays:

(1) line and manifold filling, and

(2) the flow of enough liquid sensible heat to overcome hardware
and vaporization heat losses.

Essentially, once enough liquid has entered the chamber so that both the fuel
and the oxidizer droplet enter a chamber pressure either equal to or greater than

their vapor pressure, then they do not flash vaporize and the engine starts within
+ 5% of the added two flow delays above.

The individual components of the flow and heat balances are shown in
Figure 2. During the first phase of this work (Ref. 16), these components were
identified by calculating controlling time constants and from published experimental
observations; thus, the controlling model is formulated in the first interim report
of this work (Ref. 16). In the second phase of this contract (Ref. 17), the individual
components of Figure 2 were described by an analytical model, and the model was
'programmed for solution so that the characteristics of each component of Figure 2
could be demonstrated. Generally, the importance of the transient flow character-
istics was pointed out and it was shown that once enough liquid sensible heat
entered the chamber to overcome the hardware heat capacity, the engine started.



In Section 2 of this report, the line manifold and chamber flow (the first
delay) are described, while Section 3 describes the heat balances (the second
delay) and resulting chamber conditions which the entering liquid encounters
and Section 5 relates these flow and vaporization gituations to experimental
determinations of the occurrence and severity of spiking.



2. PROPELLANT TRANSIENT FLOW PROGRAM

Chamber pressurization transiefit, piédtcti-ons- require a knowledge of the
propellant flow into the combustion:chamber as-a function of time. Analyses
were made of the propellant feed system of a typical bipropellant: liquid fueled
rocket engine. This system is shown schematically in Figure 3. The feed system
and the analysis are general and can be used in any gas-pressurized injection
scheme regardless of the size of the engine. Likewise, the analysis can be
used tb predict the response of a future system design or analyze an existing
system,

Analysis of the feed system of Figure 3 is similar to a pipeline flow problem.
There are two general methods‘ of approach; the controlling parameters can be
assumed to be either (1) distributed along the flow line, or (2) lumped at one
point in the circuit. Solution of systems (Ref. 11) by a distributed approach
involves partial differential equations in space and time. Discontinuities in the
system, such as the valves and propellant tank of Figure 3, are the boundary
conditions for the problem. Solutions are obtained by methods of characteristics
(such as water hammer analysis, Ref. 1). The difficulties in applying this approach
are: (1) the solutions are difficult to generalize or only simple configurations may
be generalized, and (2) the flow downstream of the valve requires a separate
solution which must be matched at the discontinuity (the valve). This second
condition requires detailed knowledge of the pressure wave interactions within
the propellant manifolds which are difficult to obtain. The approach may be
applied to simple configurations where detailed information about the wave inter-
- action effects are desired but overall the more microscopic nonlinear effects of
unfilled vs. filled manifolds and time dependent valve resistance and cavitating
flow in the orifice are more important to the starting characteristics of the engine.

Solutions of flow systems by a lumped parameter approach are made by
considering solutions of quasi-steady-state flow (Ref. 11) or by use of an electrical
analogy model. Quasi-steady-state solutions assume (1) no injector flow until the
manifolds are full, (2) all loss terms are linear or constant, (3) no inertia or fluid
elasticity effects are considered, and (4) all pressure in and flow out of the manifolds
occurs discontinuously. Thése restrictions are quite severe and the results of such
analyses give trends only for design changes and minimal details of the flow transient.



By considering a lumped parameter model wherein each element of the fluid system
is considered analogous to those of a passive electrical system, the details of
the distributed system are retained with the simplicity of the quasi-steady-state
approach (Refs. 13 and 14). Basically, the analog model which was decided upon
is described on the following pagés . ‘

Electrical/Hyi,igaulic Aﬁaiog'Modél: The electrical/hydraulic analogy is
developed by considering all pressure loss terms lumped in a hydraulic resistance,
Rh' all fluid inertia effects lumped in a hydraulic inductance, Lh’ and all fluid
elasticity effects lumped 1;1 a hydraulic capacitance Ch. The lumped hydraulic
capacitance can be taken as the compressibility of the vapor because in the case
of vacuum starts there always exists a point of cavifation’ and, thgrefore, a com—
pressible vapor point. For one side (fuel or oxidizer) of the system shown in
Figure 3a, an analogous system can be constructed,r Figure 3b.

Writing the pressure drops around the loops of the circuit shown in Figure 3b,
the following differential equations result: '

dq
1 1
Ly 3¢ *Rg; +Rq + C—m J (ql—qz) dt = AP (1)
dq
2 1 o
Lnd@t TR+ . J {ayma;) at =0 (2)

Converting the analogous terms to fluid flow parameters as follows:

et
Ly= g, (for the line)

ot 2

m .
Lm gvm (for the manifold)

=B " B,

R, = —£ g (for the valve)

29 (CVAV)

I

“R=K, p =%z (for bends and line size changes)
A ZgAz

2
- f L
R=f T o ﬁq-(for friction losses)
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the final differential equations result:

dg L qzl o 2 Py
ot o4 £ + z 5+ J(q;-qp)dt = 2P
pL2  dg P
m 2 p P v
+ =q + 7 | (@,-q;) dt=0 (4)
ng dt Zg(COAO) 2 Vm jl 2 1,«,

Sudluti'd'h.' of the Modéi: Standard digital computer integration procedures are
available for solving nonlinear differential equations shown by Equations (3) and (4).

A standard integration subroutine was found to be perfectly satisfactory. The method
employed used a 4th order Runge-Kutta start and a 4th order Adams-Moulton fixed

step predictor-corrector method used to continue the integration. Comparing predicted
and corrected values at each step, the integration step size was halved, doubled,

or maintained the same so that the truncation error would remain within prescribed
error bounds. The time varying valve area, Av, is prescribed by either an inpﬁt

table or for valves which open nearly linearly, by the equation:

A=A )N (5)

VO

Within the framework of this analysis, the following assumptions are made:
(1) The liquid propellants are incompressible.

(2) The compressibility effect in the propellant manifold is due to
the vapor in the manifold and is equal to the bulk modulus of
vapor. The formation of vapor in the manifold is accomplished

adiabatically.

(3) Wave effects within the system have negligible effects on the
transient flow.

(4) The chamber pressure is constant.

Parametric Effects: Initial cases were calculated to determine the effects of
the various system parameters and empirical constants in the analysis. Figures 4
through 10 show the results of these initial cases. Table I shows those parameters
which were not varied for these cases. Most of the cases were performed withn =1.0

(linear valve opening); however, a limited number of cases were run for n = 3.



TABLE I

TRANSIENT FLOW PARAMETERS HELD CONSTANT DURING
INITIAL PROPELLANT FLOW TEST CASES

line diameter, inches DI = .1875 in,

valve coefficient Ccv = .7

injector coefficient cyg = .7

orifice diameter, inches DI = .02 in.

number of orifices XN@RF = 4.0

steady-state flow, lb/sec wss = .08 1b/sec (oxidizer)

.067 lb/sec (fuel)



Figure 4 shows the effect on flowrate of varying Kj&,the loss coefficient. Kzis

approximately 1,0 for one bend or abrupt area change (Ref. 15).

Figure 5 shows the effect on flowrate of varying the valve opening time from
2.5 to 10 ms. There is little effect on the transient shape in each case except
to delay the transient as the valve opening time is increased.

The effect of the manifold volume is seen in Figure 6§ where manifold
volumes of .05, and .025 in® were considered with a valve having an opening
time of 10 ms. For the smaller manifold volume steady-state flow is achieved
sooner, however, the overshoot of W o is greater than for the larger volume
(.0901 1b/sec vs .0857 1b/sec).

Figure 7 shows the effect of varying the valve area. The effect of
reducing the area is to throttle the flow.

Figure 8 shows the effect of varying the valve transient shape for two
valve areas. It is seen that by reducing the initial opening rate the valve

can more effectively control the flow through the orifices.

Figure 9 shows the effects of temperature on the start transient.
Oxidizer at 540 and 580°R was used for these tests. The differences in
transients noted here are due to the difference in vapor pressure (18.5 psia
vs 49 psia) of the propellant (N204) at these two temperatﬁres.

The calculations were made for fuel (hydrazine) at 500°R (Figure 10).
Both calculations show flow rate overshoot and extremely rapid flow rise
rates. Although both conditions show overshoots, the recovery to steady-state
flow is rapid.

Originally the analysis considered the compressibility of the vapors
inside the manifold to take place isothermally. Campbell (Ref. 14) showed
that rapid compression of gases occur nearly adiabatically. This effect
results in the following:

C = E‘L@.}_,Q)_/Zl__ (6)
m oy v+1
me

where Cm is the capacitance. For nonvacuum starts the propellant manifolds
contain air which is expelled as the manifold is filled with propellant. The
capacitance pressure term in the differential equation accounts for the change

i
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in the manifold volume due to the incoming propellants and the expelled air,

This differential equation is:

dP . - W q -~ q . KA
m 1 2
—— P}/ - Q_ "'Py . (7)
dt WOg ]“ngt Voo
) i = ) _}’_9 M
where Wy =4o V RT B . (8)

M = {5;2:1- [ (i—,r-n;) 4 —1]} (9)

For vacuum starts, the manifold pressure was the vapor pressure of the entering
propellants unti]l the manifold was full, Thus, the pressure rises from zero to
the vapor pregsure, remains at vapor pressure until the manifold fills, and then
becomes equal to the system fluid pressure. '

Vaivg "O;anihﬂq 'Efgg_a_g__g_s_ : Five calculations were made under these conditions
(Figures 11 through 15). These cases considered three linear valve openings and
two step-wise openings. Table II shows the conditions. The three linear openings.
are 10, 50, and 100 ms; Figures 11 .12, and 13 show the effect of these opening
‘rates. It is seen that no cohtrol of the propellant flow rate is achieved. When

the manifold fills a substantial pressure and flow rate overshoot occurs,

To simulate flow control, two step~wise valve openings were considered,
Figures 14 and 15. Figure 14 shows the results of a low level step. Under
these conditions a substantial reduction in the flow and pressure rise occurs.
For the oxidizer flow, no overshoot occurred, and for the fuel flow, the over-
shoot was reduced. Wheh a medium level step-wise opening was used the

results were equivalent to a 50 ms valve opening.

From the propellant transient studies it can be concluded that:

(1) ‘Propellant flow from the injector prior to the manifold pressure
reaching the vapor pressure is controlled by the valve opening
transient.

(2) Propellant flow from the injector prior to the manifold filling

after the manifold pressure rises to the vapor pressure, will

19
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(3)

be controlled by the injector orifices, the chamber p‘f‘es‘éure,

" and finally by the vapor pressure of the propellants in the’

manifold. The flow control which is poSsible,during this
period, theréfore, is by controlling the propellant temperature
and thus the vapor pressure.

Propellant flow from the injector can be controlled by valves
if the initial valve opening area is small.



Oxidizg;ﬁystg_@_ Fuelestem

density, lb/ft® R¢ = 88,9 R = 62.6
line length, ft XL = 8, XL = 8.
vapor pressure,

1b/in® PVI = 18.5 PVI = .32
resistance coeff. XKL = 16000. XKL, = 11000.
line dia., in ‘DI = ,305 DI = .305
discharge coeff, cv = .7 Cv .7
resistance length, ft XLF = 8, XLF = 8,
manifold length, in XILMI = 4, XIMI = 4.
discharge coeff. co = .86 CO = 1.
orifice dia, in DOoI = .02 por = .02.
viscosity, Ib/ft-sec XMU =  ,00026 XMU = ,00058
manifold volume, in® VMOI =  .1037 VMOI = .172
number of orifice. XNORF = 4, XNORF = 4.
heat ratio GAM = 1.2 GAM = 1.4
ambiegt pressure, .

1b/ft" PAMBL = 0. PAMBI = 0.

TABLE II

INPUT FOR_PROPELLANT TRANSIENT FL.OW TEST CASES
(See Figures 9 - 13)

21
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Model Applications

To explore the model's applicability to simulate the start transient of
real engines exploratory studies were undertaken to determine if the program
was applicable for larger éngines . higher density ambient environments, and
could predict the preignition pressurization transients.

To accurately predict the initial preignition pressurization transient, it
was found from last vear's effort that a very small initial step size was needed.
The step size was increased as time increased according to the time step-time
formula:

At = (t+.1) 51078

However, the step size had to remain small to accurately portray the transient.
It was found also in the propellant transient model where the step size was
controlled by error bounds, that the step size did not increase sufficiently

fast, if the valve opened rapidly, in order to calculate long transients. While
exploring these conditions, the propellant transient was programmed to simulate
a water flow test (Ref. 12) in an attemptto determine the empirical constants .
within the equation. The test was also performed at atmospheric pressure.
Figure 16 shows the experimental and analytical results of this study. The
propellant transient model was able to perform the calculation only because the
valve opening was very gradual. The calculations were not possible when the
valve transient of Figure 17 (Ref. 15) was used, since they program an inordinate
amount of time to perform. '

From a more basic standpoint, it can be shown that when the propellant
flow rate per unit volume of the chamber is low, it is possible for the program to
handle the calculations. For instance, if the flow rate per unit volume of the
chamber for the experimental engine used in this program is compared to that of
the larger engine of Reference 12, it is seen that the flow/volume for the larger
engine is twice that of the smaller engine.

Engihe Flow Rate Volume Flow/Volume
Large 85 1b/sec 1.169 ft3 72.7 1b/ft3-sec
Small .147 1b/sec .00376 ft® 39.1 1b/ft®-sec

Furthermore, the valve opening time and manifold volumes also contribute long
transient periods which are difficult to simulate by the techniques developed
here. Due to the large amount of computer time needed to perform these
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calculations (the propellant transient model and the chamber pressurization
transient model), it was decided that the basic program was not applicable

to large run times and was applicable only to short transient studies in its
present form. From Figure 25, it appears that the propellant transient program
will handle transients starting at other than vacuum conditiong. The chamber
pressurization program has been modified to handle other than vacuum starts

and, lacking confirmation from any experimental data, will handle atmospheric
starts within the framework of the model.
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3. CHAMBER PRESSURIZATION TRANSIENT PROGRAM

Vaporization Program

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. Af 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. 16).

Basically, the vaporization program accounts» for massive operation rates
during each time interval to compute the chamber pressure for an arbitrary and
transient fuel and oscillator input. Condensation on the chamber wall and mass
loss through the nozzle are calculated and used to correct the chamber pressure.
The temperature of the gas is based on the mass wei‘ghted average of gas, while
the different temperatures of each droplet of both the propellant and the fuel for
each time interval is accounted for. In accounting for each time interval drop
temperature, the radius and also the fraction frozen is accounted for.

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 previous year's program of Reference 16 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).

The ability to use variable time step was particularly important during the
initial or zero pressure starting of the calculation. Reduction in time increments
from 25x1()“6 seconds down to the range of 5x107°% seconds showed
significant influence on the solution. Reductions from one microsecond to one-half
microsecond showed no signiﬂcant change in pressurization solution. Calculations
based on this short time step can be speeded up by drop averaging of drops which
have been in the chamber for 5 to 10 time steps because all of these older drops
behave in an average way.
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The vaporization model was initially set up with a drop size distribution
containing three radii of 7 .00x10_4, 2,.05x10-3, and 4.61x10"° inches, each
radius representing respectively 30%, 40%, 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 distributipn and a
one~drop distribution of radius 2.05x1 0.3 inc‘hes was made. Nitrogen tetroxide
only was injected and from these results there is very little difference in chamber
pressure between these two distributions. As a result, the vaporization program

3

now uses a single droplet model having a radius of 2.05x10 ° inches.

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 shown in Figure 18, the chemical and the controlling phy.sical
mechanism limits measured by Zung (Ref. 3) were used. ‘ '

Preignition reaction intermediates (Refs. 3, 4, and 6) provide both the
initiating mechanism for the detonations and the chemical energy to sustain
them. Combination of hardware designs (valve configurations, propellant
manifolds and -manifold volumes, injector configurations, feed system configura-
tions, etc.) combined with the proper operating modes of the system could
produce those conditions which are most susceptible to ignition detonations.

To reduce the number of the engineering variables other studies were
performed using the Chamber Pressurization Transient Model. Reference 3, a
study of NZO 4/N2H 4 ignition mechanisms, indicates that hydrazine temperature
controls ignition. As the hydrazine temperature is varied, distinct regions (Fig. 19,
Ref. 3) are encountered wherein the ignition's mechanisms are different. At the
lower temperatures (below approximately 560°R) , reaction between liquid hydrazine
and vapor nitrogen tetroxide occurs by reactions on the surface of the hydrazine
leading to detonable reaction intermediates.

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. TablelIllis a tabulation of some of the data calculated
from the vaporization program; the "f" listed in TableIII is the fraction of a liquid
propellant species to the total propeliant species (liquid and gas}eo“us_) . This £
factor 1is ﬁsed to convért the liquid propeliant to,a‘p‘seudo equivalent amount of
gaseous reactants. Inherent with this conversion is thaf all of the liquid will be
consumed in the detonation process.. o

All of each propellént sp‘ecies is converted to vapor reactgnts having a
molecular weight in the ratio: weight of liquid + weight of vapor propellant/
weight of vapor propellant (9/"+9fg/9fg) ." The new propellant"enthalpy is obtained
by adding the gaseous molar enthalpy to the liquid molar enthalpy which has
been corrected by the iiquid to vapor ratio: [H=H 1,‘+H g (9}2/?6 ) 1. Thus, each
liquid propellant species is converted to a pseudo vapor wherein the molecular
weight and enthalpy are obtained as outlined above.

Results

Ignition transient studies were conducted using the Chamber Pressurization
Transient Program where the propellant temperatures were varied (Ref. 17). In
Figure 20, reproduced higher detonation pressures occur as the temperature is
decreased. Further, as the time to detonation is increased, and more reaction
intermediates are produced, the detonation pressure is increased.

From an empirical standpoint (Refs. 2 and 18), the occurrence and level
of spiking is influenced by the sequence in which propellants enter the combustion
chamber. Figure 21 from Reference 19 shows the results of these tests. These
tests were performed with NZO 4/UDMH—NZH 4- These results can best be
explained by considering the analytical cases shown in Figure 22. When
NZO 4 is injected into a vacuum atmosphere, its high vapor pressure result'_s in
a low vapor temperature. The subsequent injection of hydrazine into this low
temperature results in the formation of liquid phase reaction intermediates.
Figure 23 (Ref. 3) shows the effects of oxidizer vapor temperature on the ignition

w
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of N 04/N2 4 Ifthe N,0,

to a level indicated in the preignition transient of Figure 24, no immediate

temperature regions in this figure are lowered

ignition will occur, but reaction intermediates would form until the heat of
reaction raises the temperature to a level high enough for ignition. Further-
more, it appears that for colder propellant temperatures and for longer fuel
leads, the time to detonation increases, as well.

In conclusion, from the analytical studies using the Propellant Transient
Flow Program and the Chamber Pressurization Transient Program, the following
are considered to be the dominant engineering parameters influencing the
occurrence of start transient spiking.

(1) The fuel temperature should be high enough to prevent the
formation of detonable reaction intermediates.

(2) Short oxidizer leads are conducive to spiking if, during the
lead condition, the gaseous chamber temperature is reduced
to a level where reaction intermediates may form.

(3) Cold propellant fuel lead conditions become more conducive
to spiking than do other lead conditions.

(4) Controlled propellant transient to achieve rapid ignition will
reduce transient spiking.
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400 = T < 530°R
O/F = .5 AH = 1123 Btu/1b
1
9N,0,+25N,H, + 10N,0+ NO+19NH+ 35 N
O/F > .5 AH = 2220 Btu/1b
63N, 0, +64N H,+ B0N,O+L6NO+11N,+72H,0+28NH,NO,

2+4H20+7N2H5N03

274 2774 2
530 < T < 600°R
Of < .5and O/F> .5 AH = 2605 Btu/lb
) .
= +
2N204+4N2H4 -+ ZNZO+NO+ 22 N2+2H20+NH4N03 4H2
600 < T s 10,000°R
O/ < .5 and O/F > .5 AH = 4860 Btu/lb
N204+2N2H4 - 3N2+4HZO
E = 7500 cal/gmole
O/FsS (set of reaction products) la
—P @ Hreaction) la
(Eact) la, (Frequency Factor)la
T1 = T=< T2 ;
(Set of reaction products) 1b
2 (AHreaction ) 1b
O/F>$S (Eact) lb, (Frequency Factor) l1b
(Set of reaction products) 2a
<
O/FsS N e 12
reaction
(Eact)Za . (Frequency Factor)2a
T2 <T= T3
(Set of reaction products)2b
> (AHreaction) 2b
O/F>8 (Eact)Zb’ {Frequency Factor) 2b
Set of reaction products for
corhplete reaction ‘
To<T=1, » AH
complete reaction
(Eact) 10 (Frequency Factor) 10

where, T = gas temperature,

= stoichlometric oxidizer to fuel ratio

Figure 18, Temperature and O/F Dependent Reaction Paths
Measured by Zung (Ref. 3)
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4. EXPERIMENTAL PROGRAM

Experiments were performed wherein engiheering assumptions and
engine parameters influencing spiking could be evaluated in erder to
determine the applicability of the Start Transient Programé (the Propellant
Transient Flow Program and the uhamber Pressurizatlon Transient Program)
to predict engine starts.

Hardware and Experimental

From the Start Transient Programs, the following variables were important
in 1nfluencing the start transient and the start transient spiking behavior:
(1) propellant temperature, (2) propellant leads, and (3) the transient behavior
of the entering propellants. (length and shape of pfOpellant transient). In an
attempt to accommodate these assumptions in‘the eéxperimental hardware, two
injectors were fabricated. The first injector (Figure 25), Iﬁjefztor Pattern A
(like-on-like) attempts to accommodate the assumption of ‘vapor phase mixing.
Pattern A consists of four like-on-like doublet elements which impinge such
that the fuel and oxidizer fans do not intersect (Figure 26). This injector
keeps the liquid propellants apart while they are being injected and vaporiz-
- ing, but allow mixing of the propellant vapors. Injector Pattern B (unlike),
on the other hand, consists of four mixed