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FOREWORD

This is the Final Report covering work performed by Thiokol Chemical
Corporation, Reaciion Motors Division, Denville, New Jersey under Air
Force Contract AF04(611)-11650. The internal report number is Renort
RMD-5809-F., The work was administered under the direction of Capt,
Willhlam H. Summers, Rocket Propulsion Laboratory, Edwards Air Force
Base, under Project No, 3148,

The research effort reported herein was conducted during the period
1 June 1966 to 30 November 1966 under RMD Project 809. This work is
an extension of previous work performed bv Thiokol-RMD under Contract ‘
No. AF04{611)-9946 and reported in AFRPL-TR-65-257, dated February,
1366,

The principal investigator of the effort described herein is Mr.
T. F. Seamans. Other contributore to the program are Dr. M. Vanpee
and Messrs. G. A. Brown, B. E. Dawson, F. G, Hoffman, A, F. Lum -
and R, L. Storms. Dr. Vito D. Agosta, Professor of Aeruspace
Engineering, Polytechnic Institute of Brooklyn, served as a soasultant .
principaliy for the heat transfer aspects of the vapori.ation model.

Thie technical report has been reviewed and is approved.

W. H. £belke, Cclonel, USAF
Chief, Propellant Division
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ABSTRACT

By experimental and theoretical means, a workable, fundamental rnodel
of hypergolic ignition in space-ambient engines has been de..ioped by
refining an cailier incdei in three imporiant arc2e. The model appli=a to
propellant combinations whose dominant ignition reactions are gas phase
reaciions, specifically N,O, /'hydrazine-type fuels. The model is based
on both physical kinetics of propellant droplet evaporation and overall
kinetics of ignition reactions. The refinements made to the earlier model
are: (a) incorporation of propellant flashing effects within the injecter
manifold volume following valve opening, (b) accounting for pre-ignition
heat transfer between the thrust chamber walls and the vaporizing vapor/
drop system, and (c) accounting for formation of a reaction intermediate by
N,0O4/MMH during the ignition delay period. Fox two different engine
configurations, the resulting computerized mode. predicted pre-ignition
chamber pressure histories and ignition delay times that agree well with
experimental values. The N204/MMH reaction intermediate, which was
found to be a mixture of at least four ccmpounds the principal ones of
which are MMH* H0 and MMH* HNO3, evolves keat upon its formation
and consequently causes markedly shorter ignition delays than would
otherwise occur. From thermochemical deteimiaations, it appears that
the reaction intermediate plays an important role in severe ignition
pressure spiking and possibly oxidizer manifold explosions as well.

iii
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kj, k2

NOMENCLATURE

Frequencf factor, cc/mole-sec for bimolecular reaction
Nozzle throat area, ft2

Surface area of the thrust chamber, ft?

Concentrations of reactants 1 and 2, mole/cc

Heat capacity, Btu/ib, -°R

Molar heat capacity, Btu/lb-mole-°R

Constant, Eq. 3

Idealized path length of propellant drop from injector orifice
to chamber wall, ft. '

Energy of activation, cal/mole
Wall heating factor, dimensionless
Dimensional factor, 32.2 lbm-ft/lbf-sec?‘

Mass evaporated from one drop in the ith clags of the jth

ensemble during one time interval, 1b

Total mass evaporated from all drops in the system during
one time interval, lbm

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

Heat transfer coefficient, Btu/sec -ft2-°R
Isentropic exponent

Rate constants for first and second order reactions, sec-l.
cc/mole-sec

Thermal conductivity, Btu/sec-ftz-(oR/ﬁ:)
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Characteristic length, V. /A%, in

Idealized path length of propellant drop froi injector orifice
to chamber wall to nozzle throat, ft

Mass, gr, lbm

Mass of vapor in the thrust chamber, 1b,

Vapor mass efflux through the nozzle during one time interval, lb,
Molecular weight, 1b,,/lb-mgqle

Number of drops in ith drop class

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

Time interval in which the drop becomes frozen solid
Chamiber pressure, psia

Total pressure, ps + pox, mmHg, PSF

Gas pressure in the thrust chamber, PSF

Propellant vapor pressure corresponding to the drop temperature,
PSF

Propellant vapor pressure corresponding to the wall temperature,
PSF

Prandtl number, dimensionless
Heat of reaction, cal/mole

Heat evolved in one time interval due to formation of reaction
intermediate, Btu

Total energy reaching the surface of all drops in the system in
one time interval, Btu

Rate of energy transfer to one drop, Btu/sec
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Radius of drops in ith class of jth ensemble, ft.

Mass-median drop size, micron

Universal gas constant, 1546 1b;-ft/lb-mole °R, 1.987
cal/gr-mole °K

Reynolds number, dimensionless

Time, sec

Tirne {or propellant flow to l\-eéch nominal sfeady state level, sec
Temperature, °R, °K

Time interval during which f goes from fmax to £, 8sec
Chamber volume, ft3

Drop velocity (assumed constant and equal to liquid injection
velocity), ft/sec

Weight flow of propellant, lb/sec

Reaction velocity, mole/cc-sec

Mass of drops of iﬂ'l class injected in one time interval, lb,
Mass of propénant injected ir; one time interval, lb,

Mole fracticns of reactants 1 and 2

Fraction of a drop that is frozen, 0% X;. =<1

i
Heat transfer factors (Eq.12), dimensionless
Accommodation coefficient

Ratio of partial pressures of oxid‘=er to fuel

Heat of formation, kcai/mole

Heat of reaction, kcal/mole, Btu/lbm
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Length of time interval, sec

Drop residence time expressed in number of time intervals,
= Le/(VaAty)

Weight fraction of initial reactant in reaction intermediate
Heat of vaporization, Btu/lb
Heat of fusion, Btu/lb,

Heat of sublimation, Btu/lb

Absolute viscosity, lby/ft-sec
Density, lb.,/ft3, gr/cc

Calculated ignition delay time, msec

Tig
Subscripts:
d drop
f fuel
g vapor
i drop class, 1 £ i £3
ign ignition
int  reaction intermediate
j drop ensemble consisting of three drop classes, 1< j=N
1 liquid
N time interval
o initial
ox oxidizer
ss steady state
w wall
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SECTION 1

INTRODUCTION

A major problem of attitude control engines operating on nitrogen
tetroxide and hydrazine-type fuels is the repeatability and reliability
of the ignition of these hypergols. In high-response engines capable of
very short minimum impulse bits, ignition pressure spikes occur at
space conditions. The amplitude of these spikes can attain many
thousands of pounds per square inch and cause structural failure of the
thrust chamber. Thic is especially true for those chambers fabricated
of a brittle material such as molybdenum.

Ignition pressure spikes can also trigger combustion instability
which, if the pulse is cf cufficient duration, can likewise cause structural
failure due to excessive local heating. Even with short pulses, the impulse
developed is different with unstable combustion. Consequently, impulse
reproducibility is compromised, leading to potential control difficulties.

Another phenomenon occurring during the ignition interval concerns
explosions within the oxidizer injector manifold which can also lead to
failure of the hardware, especially the propellant valve. The genesis of
the oxidizer injector explosions is believed to originate during tail-off of
the previous pulse and involves propellant vaporization and condensation
and possibly the formation and subsequent rapid :reaction of a reaction
intermediate within the manifold.

Hardware ''fixes' and propellant additives to alleviate these ignition-
related problems have been only partially effective (1-3). A need exists,
therefore, for a mcre fundamental study of ignition of these propellants at
reduced pressures in order to provide informa tion from which to develop
r:.tional corrective and/or preventive measures.

This report covers a fundamental study performed by Thiokol
Chemical Corporation, Reaction Motors Division, during a six-months
program spcnsored by Edwards -RPL under Coontract AF0:1{611)-11630.
The overall objective of the program is to refine and verify a fundamentai,
mathematical model of hypergolic ignition delay in space-ambient engines.

The initial development of the model, for N;O4/kydrazine-type
fuels, was performed at Thiokol-KMD under Contract AF04{611)-9946,
Part lI. Reference | is the final report of the six months program. It
was found that at low ambient pressures the dominant ignition reactions
of N2O4/hydrazine-type fuels are gas phase reactions and strongly
pressure dependent. It was necessary, therefoic, for the model to in-
clude pre-ignition chamber pressurization due to propellant vaporization,
as well as chemical kinetics of ignition reactions.
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The resulting model consisted of two coupled sets of equations. In .
one set, the pre-ignition pressure-time history in a thrust chamber is
determined taking into account:

a) propellant physical properties,

b) rate of propellant injection,

c) physical kinetics of propellant droplet evaporation and vapor
condensation,

d) heat transfer between propellant vapor and drops,

e) drop residence time,

f) propellant vapor efflux through the nozzle, and

g) thrust chamber geometry.

In the other set, the chemical delay time as a function of pressure,
temperature and vapor-phase composition is determined. The needed
overall kinetic factors for the vapor-phase ignition reactions of these
hypergols were experimentally determined during the earlier program.

Yerification of the ignition delay model was precluded by twc
unexpected findings: appreciable pre-ignition heat transfer between

intermediate at sub-ignition pressures. Both of these affect the pre-ignition
prescure rise in a thrust chamber and thereby the ignition delay time as
well,

The objectives of the present program are to refine and then verify a
computerized mathematical procedure for calculation of hypergolic
propcllant ignition delay in space ambient engines, including the effects of
pre-ignition heat transfer and formatiun of a sub-ignition reaction
intermediate. The program consists of three closely interrelated phases
whose specific objectives 2re:

Phase I - Experimental evaluation of pre-ignition heat transfer
between injected propellants and thrurt chamber walls
for N,O,/MMH and two thrust chamber configuration.

Phase II- Investigation of the effect of pre-iguition furmation of
the N,O4/MMH reaction intermediate on ignition delay
and ignition pressure spikes including rate of formation,
heat of formation, shock sensitivity and contribution
to pre-ignition pressure transients.

Phase llI- Refinement of the mathematical ignition delay model
developed by previous AF04{611)-9946 contract efforts
0 include the effects of pre-ignition heat transfer and
formation of a sub-ignition reaction intermediate. .
Verification of the refined model by calculating
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ignition delays for N,O,/MMH in various different
thrust chamber configurations and comparing the
results with test values.

It has been necessary to expand the Phase 1 effort to include the effect
on chamber pressurization of propellant ''flashing' within the injector
volume at valve opening. The short but finite times required for the
propellant flows to reach nominal steady state levels slow the pre-igniticn
pressure rise in a thrust chamber and thereby affect ignition delay timses.

The results of the theoretical and experimental program are discussed
in the following sections.
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SECTION I1

SUMMARY

The overall objective of the program reported herein is to refine and
verify a fundamental, mathcmatical model of hypergolic ignition delay in
space-ambient engines. The model applies to propellant combinations
whose dominant ignition reactions are gas phase reactions, specifically
N,O,/hydrazine-type fuels. The model, which has been refined in three
important areas in the present program, is based on both physical kinetics
of propellant droplet evaporation and overall chemical kinetics of gas-phase
ignition reactions.

This report\ia the final report of a six-month program which was per-
formed in three interrelated p-.ises. The purpose of Phase 1 was to experi-
mentally evaluate pre-ignition heat transfer between thrust chamber walls
and the vaporizing vaoor/drop system in two thrust chamber configurations.
The propellant combi ‘ation of concern in this phase and throughout the
program is N,O,/MMH. Phase ] was exparnded to include evaluation of
propellant "'flashiag' effects within the injector volume following valve
opening. Both the heat transfer and the initial propellant flashing within
the injector volume affect pre-ignition pressure rise in a thrust chamber
and thereby affect the ignition delay time as well.

Phase II was an investigation of a reaction intermediate formed by
N204/MMH at sub-ignition conditions. The existence oi the reaction inter-
mediate had been established previously bui it remained for the present
program !0 u:termine its composition, properties, stability, heat of
formation and rate of formation in order to incorporate fo-mation of the
material during an ignition delay period into the furlamental hypergolic
ignition model.

The purpose of Phase Il was to refine the mathemaii al ignition delay
model developed by previous AF04{611)-9946 contract eiforts to include
pre-ignit:on heat transfer and formation of the sub-igmtion reaction
intermediate. Propellant fiashing effects within the inje.tcr volume were
included as well. The refined nodel was then to be verified by comparing
calculated and experimentally measured engire ignition delays for various
thrust chamber configuratious.

Tests were conducted with five 50-1b thrust erg: s durirg the program
at a sirnulated altitude of 185000 ft. The ranges of chamber design para-
meteras cover>d are: design charmber presscre, 20 to 200 psia: L*. 10 to 50
inches; and contraction ratio, 3.2 to 9.0. It was planne< to use two injectors
during the program: a one-on-one .mpinging stream doublet i1 ector for hot
firings and a self-impinging doublet injector for cold flow tests with each
propellant individually. The purpose of the cold flow tests. in which chamber

-4-
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pressurization due to propellant vaporization was measured, was to provide
a basis against which tc compare computed vaporization pressurization
curves for each propellant. The self-impinging injector was used in order
to obtain the effects of stream interaction on spray break-up for a singly
flowed propellant. This injector maintains the same manifold volume and
liquid injection velocity as one propellant side of the one-on-one doublet
injector used for hot firings. The two injectore also have the same im-
pingement angle and impingement length. Of necessity, however, the
internal surface area of the self-impinging injector is larger and the
propellant path is not as direct as would be desirable.

Despite the similarities between the injectors, chambexr pressuriza-
tior due to vaporization of each propellant singly flowed proceeded more
slowly with the self-impinging injector as a consequence of its higher
internal surface-to-volume ratio and the more tortuous propellant path.
The one-on-one doublet injector was therefore used for subsequent cold
flow tests and for all hot firings.

Experimental evidence of important pre-ignition reactions was obtained
in two ways from the engine tests with the one-on-one doublet injector. In
addition to chamber pressure histories which were rneasured in all engine
tests, chamber wall temperature histories were measured in several of the
cold flow and hot firing tests. With regard to the pressure measurements,
it was found that the pre-ignition cha:.iber pressure of a hot firing increases
markedly more rapidly and to higher levels than the simple sum of the
pressure histories of each reactant singly flowed. T.e chamber wall
temperature histories, which were obtained with a flush mounted, high
response, surface junction thermocouple, show that the walls cool in the
case of singly flowed propellants whereas they heat up during the ignition
delay times of hot firings.

The effects of propellant {lashing within the injector volume on pre-
ignition chamber pressurization were incorporated into the ignition delay
model by empirically determining time-dependent coefficients of injectad
mass flowrate for each propellant. For the feed systems/propellant valves/
injector assembly used during the program, a "bhest fit'' was obtained with
times from initial entry of propellant into the thrust chamber to attainment
of fuli steady state Zlowrates of 1. 6 and 0. 8 msec for NpO4 and MMH, respec-
tively. Using linearly increasing mass flowrates during these time intervals,
good agreement between calculated and experimental chamber pressure
histories during the flow build-up period was obtained for each prorellant.

The predominant mechanism for pre-ignition heat transier tetween
thrust chamber walls and the vaporizing vapor/drcp system was determined
by analysis tc be conductive heating of propellant droplets upon impingement
with chamber walls. Other mechanisms considered were radiant heating

-5-
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and convective heating of propellant vapor. The effects of conductive
droplet heating were incorporated into the ignition delay model by
empirically determining time-dependent coefficients for the time-
varying temperatures of the drops of each propellant. The tixne
‘dependent characteristic of the coefficients is required to account for
the experimentally determined fact that chamber wall surfaces quickly
cool during vaporization of each propellant. The wal. temperatures
level-off, however, as the walle become coated with condensed phase
propellant and, thus, the coefficients used to account for wall heating
are held independent of time after being initially time-dependent.

In practice, three coefficients had to be empirically evaluated to
.account for wall heating, They are related to the maximum heating rate
during a run, the minimum (steady state) rate, and the time during which
the rate decreased from the maximum to the minimum. Conductive
heating of each drop is permitted in the computer program only after the
drop has had time to travel from the injector to the chamber wall. Values
of the coefficients giving good agreement between calculated and
experimental chamber pressure histories were determined for NZO4 and
MMH in each of two engine configurations. It remained therefore to
incorporate into the ignition delay model the formation of the NZO4/MMH
reaction intermediate during the ignition delay period.

Reaction intermediates, or ''residues', formed by N,O4/hydrazine-
type fue’ have beca observed under various conditions in several
laboratories and during engine testiug, particularly at simulated aitituces.
Little was known about the material, and therefore, a number of analyses
and determinations were made on the liquid reaction intermediate which
forms from vapor N;O4/MMH at low pressure and room temperature,

The initial tests on the material were performed to determine its
stability and sensitivity., The material was found to be less stable
thermally and to impact than monomethyl hydrazi ne nitrate, CH3N,H3* HNO3,
synthesized in the labcratory from MMH and HNO3. The explosive strength
of the N204/MMH reaction intermediate was found to be close to that of
lead azide.

The density of the licuid material was determined at three temperatures.
1is density at 25°C is 1. 18 gr/cc. Vapor pressure measurements were
attempted but these were unsuccessful due to the slow but significant de-
composition of the material. Nevertheless, it could be ascertained from
the reaction intermediate production runs, in a low pressure apparatus,
that the vapor pressure of the material is less than 0. 5 mmHg at room
temperature,
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Various chemical analyses were performed on several samples of
the material. From the results of elemental analyses, an empirical
formula for the reaction intermediate was computed to be C4H24N90 6
However the fresh material appears to be a mixture of at least four
compounds, the principal ones being MMH' H;0 and MMH- HNO3. The
effect of the gradual decomposition, referred to above, is apparently to
reduce the percentage of MMH- HNO3 in the sample and to convert the
monohydrate of MMH to the dihydrate, MMH- 2H,0. Also CO; is produced
and it is believed to exist in the degraded samples as CH3N;H,COON,H,CH;.

The heat of formation of fresh reaction intermediate was determined
from measurements of the heat of combustion of the material with oxygen.
The heat of formation for the liquid material was found to be -0. 509 kcal/gr,
using the empirical formula given above. Then, for an overall stoichio-
metry given by:

3N02(g) + 4CH3N2H3(g) —DC4H24N906(1) + Nz(g)
the heat of this reaction for formation of the reaction intermediate during
an ignition delay period is calculated to be &H_ = -66. 2 kcal/mole of MMH.

This value is only 21% of the total heat of complete combustion on a fuel
basis.

To determine the rate of formation of the reaction intermediate, a
low pressure flow tube apparatus was used in which the reactant vapors
were greatly diluted with nitrogen. The temperature profile along the tube
axie was measured by fine wire Pt-10% Rh/Pt thermocoupies positioned at
known distances from the mixing point of the reactants. The overall order
of reaction for formation of vapor phase reaction intermediate was found
to be approximately two from tests at elevated (75°C) initial temperature
and various total pressures (30 to 60 mmHg). In the room temperature
tests, condensation of the reaction intermediate occurred and thus
activatlion energy for formation of reaction intermediate could not be
extracted from the effect of initial temperature on temperature rise along
the flow tube. The activation energy must be low, however, because the
reaction proceeds, and proceeds rapidly, at room temperature. Further,
the activation energy must be less than that of the ignition reactions since
the material forms at conditions under which ignition does not occur (in
the flow tube, for instance).

Formation of the reaction intermediate during aa ignition delay
period was incorporated into the ignition delay model by adding a heat
source and 2 vapor mass sink. The heat source accounts for the heat
evolved as the material forms and the vapor mass sink accounts for
consumption of vapor phase reactants as the condensed phase rcaction
intermediate is produced.

N e b et e Ay R [ e e s
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In the calculations for ignition delay in an engine, an activation
energy of 4. 5 kcal/mole was used for the formation reaction of the
reaction intermediate. Since the activation energy for ignition of these
propellants is 5.2 kcal/mole (determined in a previous program), the
selected value of 4. 5 kcal/mole for the activation energy for formation .
of the reaction intermediate is reasonable.

Ignition was determined analytically by summing over successive
50 microsecond time intervals of the solution the fractional degree of
ignition computed for each time interval. The fractional degree of
ignition for each time interval is the ratio of the length of the time interval
{50 microseconds) to the ignition delay time calculated for the conditions of
pressure, temperature and composition of the reactant vapors prevailing at
that time. The analytical expression used to calculate the ignition delay
tirne for each time interval (derived in a previous program) is:

2 3
RéT 1 Ejgn
(Ti )., = Sav L+ —lIC + BC, | expl——
SN PyEignlAQign| B J{ P ° RTg,v

where Pg =pf+ poxandp= 3;_:_(_. Poxs Pg and Tgav are obtained for each
time interval from the pre-ignition chamber pressurization analysis which
also takes into account formation of the reaction intermediate. The
fractional degrees of ignition are summed over successive time intervals .
until the fraction becomes unity, indicating ignition. The ignition delay

time in an engine is that time in the computer sclution at which the fraction

becomes unity.

A series of calculations was made in which Ajnt, the frequency
factor for furmation of reaction intermediate. was varied in order to
obtain for one engine configuration (design chamber pressure of 200 psia)
the best fit between (1) caiculated and experimental pre-ignition chamber
pressure-time histories and (2) calculated and experimental ignition delay
times. A very good fit was obtained for A, = 1.7 x 10 11 cal. cc/molel-sec.
This value was then used in a computer run for a second engine configura-
tion (design chamber pressure of 75 psia) with the result that, again, a
good {it was obtained. For each engine configuration, the calculated and
experimental ignition delay times agreed to within 1%.

The calculations indicate that the reaction intermediate plays an

-important role in ignition of these hypergols. Although forraation of the

reaction intermediate removes mass from the vapor phase and thereby
tends to retard pre-ignition chamber pressurization, the heat which i.
evoived more than compensates for the vapor mass removal and finally
results in markedly shorter ignition delay times. A further consequence
of the evolvad heat, however, is that the reactant temperaturcs are
substantially raised during the ignition delay period to levels at which, -
first, condensation of the reaction intermediate will no longer occur,
second, the composition of subsequentiy formed reaction intermediate will
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likely differ from the composition of material formed earlier in the ignition
delay period, and third, the material will undergo decomposition or
possibly reaction wi.h additional oxidizer. Thus, although considerable
insight has been obtained into the many events occurring during an ignition
delay time, further ctudy of the latter part of the ignition delay period is
needed. :

The computed results predict that many of the smaller N,O, drops
cool evaporatively to a point at which MMH vapor will tend to condense
upon them, This previously unanticipated phenomenon raises a question
as to’what chemical reaction will occur at.the oxidizer liquid/fuel vapor
interface. The reverse sitnation was found not to apply, i.e. fuel drops
do not cool sufficiently to cause condensation of oxidizer vapor upon them.

From the thermochemical determinations performed on the reaction
intermediate, it is found that ine reaction between the condensed phase
material and additional oxidizer is very energetic and is a likely
contributor to severe ignition spikes. The calculations of ignition delay
in an engine indicate that sufficient oxidizer exists in the vapor state at
ignition to react with all of the computed amount of reaction intermediate
formed during the delay period. Therefore, for an increased understand-
ing of severe ignition pressure spikes, it is necessary to determine the
energy release rate of the reaction between oxidizer and the reaction
intermediate.

The present hypergolic ignition delay model, though not complete
in every detail, is nevertheless suitable for developing cesign information
pertaining to ignition phenomena. For example, the effects of propellant
leads/lags and various transient flow increase schemes for each propellant
from time zero can be analytically evaluated as to their effect on ignition
delay time and the amount of reaction intermediate formed. This
information can assist engine development procgrams by economically
defining specific development objectives.
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SECTION II1

PHASE 1 - PHYSICAL KINETICS ASPEC1S OF PRE-~
IGNITION CHAMBER PRESSURIZA'TION

The hypergolic ignition delay model deveioped previously under
Contract AF04(611)-9946 is based on both physical kinetics of droplet
evaporation and chemical kinetics of ignilion reactions. The resulting
model consists of two cou )led sets of equations (1). In one set, the
pre-ignition pressure-time history in the chamber is calculated taking
into account the physical properties of the propellants, the rate of
propellant injection, propellant evaporation and condensation, heat
transfer between vapor and droplets, droplet residence time, rocket
engine chamber geometry, and propellant vapor eiflux through the
nozzle. In the other set, the chemical delay iime as a function of
pressure, temperature and vaj vr~phase compoesition is determined.

In this section of the report, we are conceraed with the first-mentioned
set which deals with chamber pressurization.

It was found from the initial model development effort that the
vaporizing vapor/drop system is non-adiabatic (i, e., significant heat
transfer with thrust chamber walls occurs), and that a short but finite
time is required, following flow initiation, for the propellants to attain
their nominal steady-state flowrates. Both phenomena affect pre-
ignition chamber pressurization and thereby the ignition delay time as
well,

In this section of the report, the experimental and analytical work
performed to incorporate these phenomena into the ma:hematical model
is described. In the following sub-sections, the equations descriving
pre-ignition chamber pressurization due to propellant vaporization are
reviewed (from Ref. 1); then the experimental program which includes both
cold flow and hot firing tests is discussed. Finally in this section, the
analytical results to include injector flashing and wall heating effects in
the model are given.

A. THEORY - CHAMBER PRESSURIZATION DUE TO PROPELLANT
VAPORIZATION

The injected propellant spray is represented mathematically by a
three-drop-size spray model. The three drop sizes are obtained by
applying a logarithmiconormal distribution (with a specific geometric
standard deviation depending on the type of injector) to a given mass
median drop size and then selecting three radii such that 30% of the
injected weight flow is in drops of the smallest radius, 40% in the inter-
mediate size drops, and 30% in the largest drops (4). Thus there are
three classes of drops, 1=£i 3. The number of drops in each class is
obtained from

-10-
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3 Wi
Ny = 4w "!1 ” where x‘ = gi zj (1)
1=V j
Ws =0.3 Wj

and Wj = wd tn, the mass of propellant enjected during one time interval.

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 time interval, a new three-class ensemble of drops enters the
thrust chamber. These undergo evaporation during the time interval as de
the drop ensembles which entered previously. At any time, each class of

drops has a unique radius, temperature and fraction of an individual drop
that is frozen.

Each drop is identified by i, j and N numbers which indicate
respectively the class to which the drop belongs, the time interval in which
the drop entered the thrust chamber, and the time interval in question.

Thus the possible values of i, jand N are: 1=i%3, 1<j<N, and
N = l' Zo . E]

Based on the kinetic theory of gases, the mass evaporated from a
single drop in one time interval is given by (5);

= e - 2 x
G;;[P{Tain-1 pg(Tg)N-ll“(’ii)N“AtN'/LR—(::_z;_El- 2)

where pv(Tdij)N~1 is the va'}‘)or pressure corresponding to the temperature
of the ith gize drop of the jt ensemble at the end of the previous time
interval.

The assumptions involved are:

1. The aumber of molecules leaving the liquid surface per unit time
{when the ambient pressure is below the liquid vapor pressure)
is the same as the number which impinge on the same surface
when the liquid is in equilibrium with its vapor.

2. The gas evaporates at the same temperature as the liquid drop
from which it evolves.

3. The molecular weight of the vapor and liquid is the same.

4. Ideal gas law.

The total mass evaporated during one time interval depends in part on
the total surface area of all the drops in the system. The total surface area
depends in turn on the number and radius of the drops in each class.
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Multiplying Eq. 2 by Ni' the number of drops in each class as given by

Eq. 1, and then summing over the i's and j's, one obtains for the total

mass evaporated during one time interval:
N 3 N

3
Gy*r T G;Ny=Z Z [RITy..). .-P(T)
Nz M a1 =1[" difn-1"Pg' Te!n- 1}

Al )N 1 R R(Tg)

where C; = 0.3, C5 = 0.4 and C3 = 0.3 The density of the liquid,lz , is
assumed constant.

-

Condensation onto chamber walls can occur if the gas pressure exceeds
the propellant vapor pressure evaluated for the wall temperature. The
mass of vapors condensing on chamber walls in one time interval is given
by:

M

c
Gy, = P (T )y - P (T o A aty \J'—Tﬁ_an T (4)

but with the constraint O‘Gw4 ©o,

The mass efflux through the nozzle during one time interval for
constant k for the gas is given by

| " 37}
! = ¢ -1
! (PRly_, A*at R(TS)N.I( = (5)

m
noz

The mass of vapor in the chamber at the end of the NtP time interval
is obtained from the perfect gas law.

(mo) = VeM [Pg
N R IT (6)
g) N

; The temperature of the gas in the chamber at the end of the NQL time
! interval is obtained by taking a mass weighted average of the temperature,
| which includes the temperature of the gas generaied due to evaporation
during the time intervai plus the temperature of the gas left from the
. ! previous time interval minus the temperature of the gas which condenses
Co on the chamber walls and that which passes through the nozgle. For a
i single specie system and a constant vapor heat capacity,

= ' N 3 QN
‘ Tz ij(Tdij)N—t + (Ts‘N-lamc)N |‘(GW)N - (mw,)N] - Pl
) 1 izl

N 3
gN "-""l i§l Gij + (mchy.) - (Gwin - (mnot)N

(7
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where Qy is the total heat transferred from the vapors to all the drops in
the system during one time interval. Qp is derived subsequently.

A mass balance of the system yields the gas pressure in the chamber
at the end of the Nt® time interval.

b GGy (Mnozly™ (medy-(mely | (8)

3 The terms on the left hand side are given by Eqs. 3, 4, and 5 while the
| right hand side is £q. 6 evaluated at the end of the N and N-1 time
| intervals. :

The gas pressure in the chamber at the end of the N*®time interval
is therefore:

| p-to|Be] ¢ R (2 2 '(G)~'m)\
| aN TN T, T L Z G0N ™ Cwln ™ Mnos N)) (9

where TgN is evaluated from Eq. 7.

. New drop radii and drop temperatures must be calcuiated at the end
of every time interval to account for the effect of evaporation during the
time interval on the size and temperature of each drop. A new radius
for each drop is obtained from a mass balance on the drop together with
Eq. 2, giving:

PATaij N,y - Py(TgIn.1 ] a Aty Mg, 11/
(!’ij\N = (rij)N-l[l- ﬁ (rijTN_l ™ du N_U (lc,

O

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 energy reaching the surface of a drop from the gas during one time
interval is, according to (4}:

qy Aty sawh(r )} zar [T - -
V;j N iyN-1 N[ I)N-l (Tdij)N-]l (1i)

e T e
N

3 where 2.8 . Gj; ‘es

’:; '

K

L M = <

; - h=_8 _ R+0.6 Pr'/PRe!/?) pr [P (13)
: UrigIn.y .

-13.
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. 2rijInag Va M(Pgln.)
and kg R(TgIN-1 (14)

Gij in Eq. 12 is given by Eq. 2. Equation 14 omits drag effects.

An energy balance on the drop is then

4 .

from which the new drop temperature at the end of the time interval is

(16)
2
(’rd-~) ) le \ _3{PV(Tdij)N-l - PS(TQ)Nﬂl] u(rij)N-) )‘l‘AtN Mgc e
idn = Tainay - | .
YN 1)'N-1 fr cprirgyy V"Rﬁ‘“i’h}-l
Sh(T -IT,.. )2 t
wheie o - UTen.y - i Taign-1] (75N, Z Oty -

71 <py (T3l

The temperature within the drop is assumed to be uniform. The hezxt
of vaporization, Me, the heat capacity of the liquid, ¢ ,, and the liquid
denteity, /ol. are assumed consiant. Values of these quantities
corresponding to the mid-temperature of the range encountered are used.

A drop being cooled by evaporation can arrive at its freezing point.
Once_'l’dij equals Tpp, then Tdij remains constant as the drop freezes.

The fraction of the drop that fréezes in one time interval due to evzporaticn
and including vapor-droplet heat transfer effects is given by

- 4 JRY |
Gijre = Xyn 3 "A TN AF * 9y Aty (18)

The solid fraction of the drop, or its 'quality"” xij' increases in successive
intervals until the drop is frozen solid. X;; is given by

x - I:x 3Cij a4 ol

S I — - ®
! N=Nppii TijPNAE Ti-‘— (19}

with the constraint that 0€X; j€l. Gjj and ® are given by Eqs. 2 and 17

respectively. The uummauwn over successive time intervals {or the drop

in question begins when the temperature of the drop, Td ., reacues TFP
The summation ends when the drop is completely frozer. i e. X = L

Once the drop is frozen solid, further evaporation {subiimation) causes
the temperature of the drop to decrease. Equation i6, modified to reflect
the solid state of the droplet, becomes applicadle again. '

-14-
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The total energy reaching the surface of all drops in the system
y in one tim. interval, i.e. Qx of Eq. 7 is:

N3 N3 :
Qy 3 5 Yy AN jglzi:]ma(rij)\!_‘znmn HTnop - (Taipn,]  (20)

where N;, the total number of drops in each clares, is given by Eq. 1
and h and Z are given by Eqs. 13 and 12, respectiv ly.

The above equations together with the vapor pressure equation
for the propellant under consideration have been programmed for
an IBM 360 Model 50 computer. The length of the time intervals
AtN, used in caiculations ranges from 20 to 50 microsec .nds
dependi~g cn the particular propellant and 1.:0ot¢c geon etry inder
consideration.

Typical gas pressure and temperature histories calculated by
the above ejuations 2re given in Fig. 1 for NC4 and MMH in a
specific engine configuralion (Configurat’ - #1). The calculation
asrumes a step function increass in flov te at time zero and an
adiabatic vapor/drop system.

In the computer program, tae activ lifeuime of each drop is

! limited. The drop resicence tin.e used i defined simply as the

E -..me required for a drop, moving at ;. constant velocity equal to
the liquid injection velocity, to trave' _rom the injector orifice to
a point on the chamber wall and then to the nozzle throat. The point
ou tue cha~ber wall is ob.ained from the direction of the injected
propelian. -.ream and the radius of the chamber. Computer runs
in which .rop residence tirmes were vavied by a factor of two
showed inat this factor is uuiimportant for an adiabatic vapor/drop
system. The reason for this is that once a drop has been in the
system for one residence tirre period, its temperature is such that
its vapor pressur: is close to the gas pressure vrevailing at that
time. "~ accordauce with E£q. <, the amount of evaporation {cr
condensation) from tha® time onward is small.

%
I
@
;L
!
|
|
i

A:s3, it the compute: program, a drop is made inactive before
onz resideance time period iapses if it {reezes solid, i.e. Xi_i =1. It
is ass med that due ic the low conducti... of the solid, an exceasive
ternperature gradien: ex: ‘s in 2 soiid drop which markedly reduces
the evaporatior rate at thc surface of the drop.

B, EXPERIMENTAL FROGRAM - THRUST CHAMBER TESTS
1. Test Apparatus aad [nstrumentation

a. Experimental Facilittes
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All thrust chamber teste were performed in a large stainlzsa
steel vacuum tank to minimize the increase in ambient pressure
due to propellant vapcrization or combustion. The vacuum tank,
which is shown in Fig. 2, is 7 ft in diamet -r and 25 ft long, pro-
viding a volume of approximaiely 1000 ft3, The tank has four § in.
diameter ports along each side for instrumentation and observation
purpnses. :

The pumping system consists of a Kinney KD 780 pump having
a 625 cim pumping capacity at a pressure of 1 mmHg and a Roots
6000 blower which has a pumping capacity of 3250 cfm at a pressure
of 107} mmHg. All thrust chamber tests werz conducted at an
ambient pressure of 0. 3 mmHg and were less than 120 msec dura-
tion, so the ambient pressure was essentially constant for the
entire test period. Schlieren movies of the flow issuing from an
injectcr were taken at a higher pressure, 5 mmHg, to permit
bettar definition of the initial gas propellant flow which is difiicult
to detect at the lower ambient pressures,

The oxidizer and fuel propezllant systems consisted of a 300 cc
stainless steel tank, Jaumesbury safety valve, Fox propellant
solenoid valve, and associated hand valves and tubing as shown in
Fig. 3. Each set was mounted on a separate plate which contained
provisions for all necessary external connections such as pressuriza-
tion and vent systems. The propellani valves and chamber were
mounted under the plates with the injector facing downward as shown
in Fig. 4. Also visible in thie photograiph are the actuators for the
Jamesbury safety valves which are mounted out of view on the top
of the plates.

b. Experimental Hardware

The 50 1b thrust, attitude control thrust chamber consisted of
an injector-valve assembly, a chamber flange, 2 transparent
chamber section, and a stainless steel nozzle. An expivded view of
a thrust chamber assembly is shown in Fig, 5, although the particu-
lar chamber length shown in the photograph was not te:ted in the
present program. The Kistler water-cooled adapters shown in this
picture were replaced with the uncooled adapters shown in Fig. 4.
The diaphragms of the flush-mounted transducers were protected
with RTV silicone rubber. For short run times (several hundred
milliseconds), the coaling eliminates thermal effects on the trans-
ducers from either cold propellants or hot combustion gases which
wouuld otherwise lead to erroneous pressure signals.

-17-
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Five chamber and nozzle configurations were chosen from the
27 possible combinations available from the previous programas
under Contract AF04(611)-9946. The design parameters for the
five selected configurations are detailed in Table I. The trans-
parent chamber sections were fabricated from commercially
available sizes of acrylic tubing cut to the desired length.

TABLE i

THRUST CHAMBER CONFIGURATIONS

Configuration No. i 2 3 4 5
Design P, psia 200 75 20 200 200
Chamber I. D., in. 1.25 1.875 3.50 0.75 1.25
Contracticn Ratio 9.00 7.90 7.68 3.22 9. 00
L*, in, 10.3 10.8 13.0 10.0 50.0C

Chamber Length, in. ()  0.25 0.25 0.25 2.21  4.69
Nozzle Throat Area, sq.in. 0.137 0.351 1.253 0.137 0.137
(a) J.ength of transparent section only.

Each stainless steel nozzle section includea a 3/4 inch long
cylindrical pertion whose internal diameter is the same as the inside
of the respective traniparent chamber section. Kistler pressure
transducers were flush mounted in the cylindrical portion of the nozzle
sections. The volume of this section, as well as that of the convergent
portion of the nozzle, was included in the L* calculations for gizing
the transparent sections.

The entire chamber assembly was held together with 1/4 inch
threaded rods which were insulated from the metal nozzle to keep
the Kistler transducers ungrounded. Buna-N O-rings sealed the
flanges and the transparent chamber sections.

The propellant solenoid valves are 1/4 in. venturi valves manu-
factured by the Fox Valve Development Co., Inc. These stainless
steel valves have a pintle with a Teflon poppet which provides a seal
in the entrance of the venturi section. The propellant volume in the
valve downstream of the seat is quite small. The valves were mounted
directly to the back face of the injector to minimize dribble volumes.

A high voltage pulse circuit was used to reduce the valve opening

-20-
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time to about 1 msec.

Two injectors were used during the program: a one-on-one
doublet injector and a self-impinging doublet injector. Originally,
the one-on-one doublet injector was to be used for hot firings
whereas the self-impinging injector was to be used for obtain-
ing chamber pressurization data for vaporization ol singly
flowed propellants. This data would be the basis against which
computed chamber pressurization histories (without chemical
reaction) would be compared. The reason for using a self-
impinging injector for singly flowed propellants was to duplicate
the effects of stream interaction on break-up and atomization
of the injected propellants in hot firings.

Section views of the two injectors are shown in Fig. 6,
with the propellant valves outlined. The throats of the venturi
valves are approximately in line with the rear face of the in-
jector. The single-element doublet injector consists of two
#53 (0. 0595 in. dia.) drili holes impinging at a 90° angle 0. 14
inches from the injector face. The self-impinging injector was
designed to duplicate one propellant side of the single ~element
doublet injector, but provide stream interaction effects on spray
break-up. Therefore the impingement length, impingement
angle, injector dribble volume (0. 0021 cu. in. downstream of
venturi hole), and liquid propellant injection velocity (6%. 0 and
71.5 ft/sec for N204 and MMH, respectively) are identical in
both injectors. The internal surface area is unavoidably larger
in the self-impinging injector and the propellant path is not as
direct as would be desirable. The effect of these differences is
discussed in Section L. B. 2.

¢. Instrumentation

In addition to conventional instrumentation required for
propellant pressurization and system monitoring, special
instrumentation was employed to determine ignition delays and
monitor pressure transients during the ignition delay period.
This instrumentation included high speed schlieren movies of
the prorellant impingement zone, photomultiplier tube to detect
ignition, and high response pressure transducers and recording
equipment,

The purpose of the schlieren system was to investigate
propellant stream characteristics prior to ignition. Although
the schlieren instrumentation could not be used to detect
propellant entry during the actual thrust chamber tests because
of the poor optical properties of the plastic chambers, it was

-21-

e S i




AFRPL-TR-67-129
\ [~
\::::\‘
Figure 6,

Section Views of One-on-One Doublet Injector (top) and
Self-Impinging Doublet Injector (bottom).
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used to study the injection characteristics of both injectors without
a chamber installed. Times could be determined from valve signal
to vapor entry, liquid entry, and steady-state liquid flow.

A two-mirror, parallel-beam schlieren system was used
with a Fastax high-spesd camera tc obtain suitable time resolution.
The essential components of the system included a Unertl Model
BH 6 Ncrmal and Color Schlieren Source, a pair of eight-inch
froni-surface parabolic mirrors of 64-inch fccal length, knife-edge,
' and the Fastax camera capable of approximately 16, 000 picturcs
per second using split-frame optics. Time resolution when the
valve opened was approximately 7 frames (14 pictures) per msec
"as determined by a i000 Hz timing light. The Fastax camera and
knife edge are visible in Fig. 2.

A flame detector consisting of an RCA 1P28 photomulti-
plier tube was us< 1 to determine the time at which ignition occurred.
The tube is sensitiie to wavelengths from about 2200A to 6000&
but no filter was rccuired since the tank was not illuminated for the
thrust chainber tests. It could sense ignition through the plastic
chambers. A short-duration, single-flash strobe light was also
detected by the photomultiplier tube, as well as by the camera, for
a time reference to correlate the various instrumentation.

Chamber pressure was measured by Model 701A and 603A

Kistler pressure transducers and Model 566 Kistler charge amplifiers.

The two transducers were mounted in the same plane at the nozzle
end of the thrust chamber as shown in Fig. 4. The 7G1A transducer
with a rise time of & microseconds and high sensitivity was used to
detect chamber pressure rise due to propellant entry and vaporization
prior to ignition. The 603A transducer, with less sensitivity but with
a resonant frequency over 400,000 Hz and a rise time of 1 micro-
second, was used for the pressure transients Lt and after ignition.
Two additional 603A transducers in the propellant lines upstream of
the Fox propellant valves (Fig. 4) measured the feed line pressure
transients when the valves opened.
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Propellant temperatures were monitored at the propellant
valves using metal sheathed copper-constantan thermocouples.
A bare bead thermocouple on the back face of the injector was
used to measure initial hardware temperature. All temperatures
were recorded prior to a run on a single Brown strip chart
recorder using a selector switch.

The transient data were recorded on a Tektronix Type 555
Dual-Beam Oscilloscope with type CA amplifiers to permit
simultaneous display of four parameters. The four parameters
selected differed for the cold flow tests and the ignition tests.
For cold flow of one propellant, the parameters were the 701A
chainber pressure transducer, the 603A valve inlet pressure
transducer for the respective propellant, valve current; and
also the photomultiplier tube signal when the schlieren movies
were taken. For ignition tests, the 701A chamber pressure
transducer was used to rieasure pressure rise prior to ignition
due to both propellants vaporizing and reacting, the 603A chamber
pressure transducer was used for ignition spikes and transients,
the photomultiplier tuve for ignition detection, and the ccmbined
valve currents for valve operation. Oscilloscope sweep rates
varied from 1 to 20 msec/cm depending on the test information
desired.

2. Experimental Results

Experimental chamber pressure-time curves for vaporiza-
ticn of singly-flowed propellants in thrust chambers of various con-
figurations were measured to serve as ihe basis against which to
compare the computed vaporization pressurization curves. Two
injectors were used in the tests: a self-impinging doublet injector
and a single element one-on-one doublet injector.

a. Self-impinging Injector vs. l-on-1 Doublet Iniector.

The self-impinging injector was used in order to
obtain the effects of stream interaction on spray break-up for
a singly-flowed propellant. Although the self-impinging injector
maintaing the same manifold volume, impingement angle, liquid
injection velocity and impingement length as the single element
doublet injector, vaporization chamber pressure rise times
were markedly different for the two injectors, as shown in Fig.
7. The figure gives typicai ogcillograms of tocts with cach
propellant singly flowed through each injector in twc different
engine conf.gurations. In each oscillogram, the middle curve at

-24-
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Self-Impinging

Injector l1-on-1 Injector

Run No. 3 Run No. 53 Engine
Propellant ‘ Config.
N,O4 #1
MMH
MMH

Time Base = 2 msec/cm

Figurc 7. Osc:llograms of Singly Flowed N3Oy and MM Through Two

Inj. ctors in Each of Two Engine Conlfigurations
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the left side (start of trace) is the chamber pressure as measured
by a Kistler 701A transducer. The upper curve gives propelliant
valve ialet pressure (Kistler 603A transducers) and the lower
curve is propellant valve current. Deflection of the latter is down-
ward in the case of NyO, and upward in the case of MMH. Pertin-
ent data and scale factors for the eight oscillograms are given in
Table 1I.

With both engines and with both propeilants, chamber pressure
rise times are seen to be significantly slower with the self-imping-
ing injector. The four chamber pressurization curves for Engine

-Configuration Nov+2 are plotied on a common scale in Fig. 8. The

longer rise times of the self-impinging injector are pronounced.

The transient flow characteristics of each injector with each
propellant singly flowed were determined from high speed schlieren
movies (approx. 14,000 pictures per second). Because of the poor
optical quality of the zcrylic thrust chamber sections, the schlieren
™Movies were taken without chambers or nozzles attached to the
injectors. A summary of the results is given in Table III which
gives the average times from valve signal to emergence of vapor,
vapor/liquid mixwure, all liquid, and steady state liquid flow. The
transition from vapor flow to vapor/liquid mixture flow is suddern
and is ""caught’ in a single picture of the movie. By contrast, the
transi.ions to all liquid flow and to steady state liquid flow are
gradual. Consequently. the times {rom valve signal to these latter
transitions are subject to an error of perhaps one millesecond.
Nevertheless, it is clear that steady state liquid flow is achieved
more quickly with the one-on-one doublet injector. Although the
manifold volumes are the same {or each propellant in the two in-
jectors, the more tortucus path in the self-impinging injecto-

(Fig. 6) and its higher internal surface-to-volume ratio (which tends
to incre se propellant flashing) retard attainment of steady state
liquid flow. The reduced mass throighput du:ing the flow build-up
period with the seif-impinging injector causes a slower pressure
rise in a thrust chamber and wouid lead to a longer ignition delay
time. Thus. the self-impinginyg injector flow did not properly
simujate the hot firing flow of one propellant througk the ane-. 1-one
injector. The latter injector, then, was used subseguently for both
cold flow tests of singly flow ¥ .upellants and for hot firings as
well.
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Chamber Configuration No, 2
-©®— l-on-l injector
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TABLE III
SUMMARY OF SCHLIEREN CHARACTERIZATION OF INMJECTORS

Time from Valve signal {o:* K
Vapor/  All St. St.
Propellant Injector Vapor Liquid Liguid Liguid**  Run Nos.

msec meec msec msec
NpO4 l-on-i - 4.6 6.1 7.3 44, 44a, 45
self i.8 4.2 7.0 11.5 11-14,1%
impinging i
- N
MMH 1-on-1 3.6 3.9 - 7.6 46,47
i
relf 2.0 4.5 6.7 12.0 17-19 '
impinging

*Valve cpenirg times« (. 8 msec for each valve based on valve current
fraces.

*%Ge, St. = Steady State.

p. Cold Flon .d Hot Firiug Pre-ignition Charmnber Pressurization
Experimental charnher . - ssure-time curves were measured for
each prepellant singly fluwed using the one-on-one doublet injector
and all five engine configuraiions {(Tavle Ij. Similaxr curves for hot
firings in the five engines were also obtained. Figures 9 and 10 give
typical oscillograms for each propellant singly fiowed and for « hot
firing in each of the five engine coniigurations. Corresponding

oscillograms in each figure differ only in the time base, Fig. 2 having
the faster sweep rates.

A, TN ST e AP

For all cold flow tests in the two figures, the upper curve at the
left side {start of trace) of each cscillogram is valve inlet pressure
Kistler 603A transducer). The middle curve gives the chamber pressure

rise (RKistler 701A transducer) due to vaporization of the propeliant. The
lower curve is valve current.

For the ho! firinge, the two upper curves are chamber pressure.
The (irst of th.se two to rise is the signal from the 701A transducer.
When ignition occurs, this trace goes off gcale and is not seen there-
aiter. The second of the two upper curves is the signal from a 603A
tr- nsducer algo flush mounted ii1 the thrust chamber. The gain for
this transducer is reduced so that chamber pressure during combus-
tion is recorded. The icwer two traces in the hot firings are photo-

g e e A s
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N,O,/MMH
N20O4 Cold Flow MMH Cold Flow Hgt %iring
Engine Run No, 53 Run No, 55 Run No, 37
Config,
”1
#2
#3
#4
#5
Time Basc = 5 msec/cm for Runs 73 and 75
= 2 msec/cm for All Other Runs
Figure 9, Oscillograms (Faster Sweep) of Cold Flow and Hot Firings in

Five Engine Configurations
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N20O4/MMH

N»>Gy4 Cold Flow MMH Cold Flow Hot Firing

Engine Run No. 52 Run No, 54 Run No, 38

Config,

#1
#2
#3
#4

2 74 76
#5

Time Base = 10 msec/cm Time Base = 5msec/eom

_ Figure 10, QOscillograms {(Slower Sweep) of Cold Flow and Hot Firings
) in Five FEngine Configurations
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muitiplier signai and a combined valve current signal. The latter is
the one that remains on-scale throughout the runs. When the photo-

multiplier receives light from ignition or combustion, the signal
deflects off-scale downward. Pertinent data and scale factors for
the oacillograms of the figures are given in Table IV.

Ignition delays and pressure in the chambers at ignition were
obtained for the five eagine configurations from these hot firing
oscillograms and those of repeated runs. The results are summarized
in Table V. As noted in the table, the ignition delays are times from
valve signal to ignition. The valve current traces in the cold flow runs
indicate a valve opening time of leas than une millisecond. Because
the pressure in the chamber just prior to ignition is rising rapidly
generally, the pressure at ignition is difficult to specify with good
precision (for example, see Run No. 6] in Fig. 9). In a few cases,
the pressures at ignition as determined {rom repeated runs varied by
as much as 20%.

The two cold flow chamber pressurization curves and the hot
firing pre-ignition chamber pressurization curve for Engine Configura-
tions 1 and 2 are plotied on common scales in ¥Figs. 11 and 12 res-
pectively. In each figure, the dashed curve is simply the sum of the
cold flow chamher pressurization curves for each reactant. A com-
parison of these sum-of-partial-pressures curves and tneir respec-
tive hot firing pre-ignition curves shows good agreement for the first
millisecond of the rising pressures. A gradual divergence then begins,
the hot firing pre-ignition curves rising more steeply than the sum-of-
partial-pressures curves. For both engine configurations, the slopges
of the two hot-{iring pre-ignition curves increase with time vntil ignition
occurs, which causes a discontinuity in the curves (Figs. 9 and 10).
The divergence, which reaches 100-130 mmHg at ignition, indicates
appreciable pre-ignition reactions. The divergence and its cause are
the subjects of Section IV of this report. In the present section, we
are concerned with analytically predicting the cold flow chamber
pressurization curves of each propellant singly flowed.

-32-
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TABLE IV

PERTINENT DATA AND SCALE FACTORS r'OR
OSCILLOGRAMS OF FIGURES 9 AND !0

Propellant and

Scale Factors

Run No, Propellant Hardware Temp. P.-70lA P.-603A Sweep Rate
F T2° mmHg/cm psi/cm msec/cm
37 NTO/MMH 77 103 75.5 2
38 NTO/MMH 77 103 75.5 5
41 NTO/MMH 71 103 30.2 5
42 NTO/MMH 77 103 30.2 2
48 NTO 78 51.5 - 10
49 MMH 78 51.5 - 2
50 MMH 78 20.6 - 10
51 MMH 78 20,6 - 2
52 NTO 79 103 - 10
53 NTO 79 103 - 2
54 MMH 80 20.6 - 10
55 MMH 80 20,6 - 2
56 NTO 80 103 - 10
57 NTO 80 103 - 2
58 MMH 81 20,6 - 10
59 MMH 81 20,6 - 2
61 NTO/MMH 81 103 75.5 2
64 NTO/MMH 81 206 151 5
65 NTO 82 20,6 - 10
66 NTO 82 20,6 - 2
67 MMH 83 5,2 - 10
68 MMH 83 5.2 - 2
69 NTO/MMH 83 51.5 7.6 5
70 NTO/MMH 83 1.5 7.6 2
72 NTO 72 103 - 10
73 NTO 73 51.5 - 5
74 MMH 74 20,6 - 10
75 MMH 14 10.3 - 5
76 NTO/MMH 74 103 75.5 5
77 NTO/MMH 74 103 75.5 2
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Initial Ambient Pressure
Prcoellant Tank Pressure - NpOg4
Propellant Tank Pressure - MMH
Steady State N,O4 Flowrate
Steady State MMH Flowrate
Injector: 1l-on-l doublet
Scale Factors:

. Valve Inlet Pressure - Ox

b Valve Inlet Pressure - Fuel

w34

TABLE IV - cont'd
PERTINENT DATA AND SCALE FACTORS FOR
OSCILLOGRAMS OF FIGURES 9 AND 10

Parameters Common to All Runs of Figures 9 andl0:

0.3 mmHg
740 psig

710 psig

0.120 1b,,/sec
0.0751b_ /sec

nn

83 psi/cm
71 psi/cm
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TABLE V

SUMMARY OF EXPERIMENTAL IGNITION DELAYS
AND CHAMBER PRESSURES AT IGNITION

APPROX, AVERAGE

ENGINE AVERAGE CHAMBER PRESSURE
CONFIGURATION NO. IGNITION DELAY* AT IGNITION
msec mmHg
1 5.7 7 0.2 260
2 6.6 1 0.2 230
3 9.4%1t0.4 70
4 6.01 0.2 330
5 6.710.2 130

* Valve signal to ignition,
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Figure 11. Experimental Chamber Pressurization Curves for
Cold Flow and Hot Firing - Engine Configuration No. 1.
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Figure 12. Experimental Chamber Presesurization Curves
for Cold Flow and Hot Firing - Engine
Configuration No, 2.
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c. Cold Flow and Hot Firing Chamber Wall Temperature Histories

Experimental thrust chamber wall temperature histories were
measured for singly flowed N;O4 and MMH in Engine Configurations
1 annd 2. Wall temperature histories were also obtained for hot
firings in Engine Configuration No. 1.

The measurements were made using a high-response (approxi-
rmately 10 microsecond response time) chromel-alume! Nanmac
surface junction thermocouple flush mounted in the cylindrical
portion of the nozzle section and diametrically opposite the Kistler
701A transducer. The cold juncuou of the thermocouple was at
32°F. Cscillograms of cold flow tests with each propellant in the
two engines are given in Fig. 13.

In the oscillograms, the upper trace is valve curreat, the
middle trace is chamber pressure (Kistler 701A), bottom trace is
the inside surface wall temperature as given by the flush mounted
Nanmac tnermocouple. The polarity of the recorder is such that an
upward deflection of the thermocouple trace means a decrease in
temperature. Time bases for the oscillograms are 2 msec/cm for
the left-hand column and 20 msec/crm. for the right hand column.
Other pertinent data and scale factors are given in Table VI

Although the same tank pressures were used as in the earher
runs given in Figs. 9 and 10, the fiowcate of the oxidiz=r is lower in
the present runs as ingicated by the chamber pressurization curves
for N3O4 in Fig., 13 versus the corres-—onding curves of Figs. 9 and
'0. Apparently partial plugging ¢ the oxidizer passages occurred
during the interval between the two groups of tests. The reduced
N,O4 flowrate however does not negate tiie wall temperature trends
measured i1n these runs.

In the case of a singly flowed propellant through the one-on-one
doublet injector, the propellant initially impinges on the chamber wall
at a localized area. Chamber wall cooling 18 therefore non-uniform
as may be seen by comparing the top twoe oscillograms of Fig. 13
with the two directly below. The nczzle section, and th-refore the
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Engine

Config.

#1 N,O4 '
#1 MMH
#2 MMH

Figure 13,

Prorellant Run No, 83 Run No, 85

92 91

Scope Sweep Rate
2 msec/cm 20 msec/cm

Experimental Chambe¢r Wall Temperature Histories

Nanmac
T/C Location

Opposite
Propellant
Impingement
Side

On Propellant
Impingement
Side

On Propellant
Impingement
Side

On Propellant
Impingement
Side

On Propellant
Impingement
Side

for Singly Flowed N,O,4 and MMH in Engine Configurations 1 and 2
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thermocouple, could be rotated relative to the injector in 90°
steps. In Runs 83 and 85, the thermocouple was located on the
side of the chamber opposite the localized impingement area and
it registered only a slow, gradual decrease in wall temperature.
In Runs 87 and 88 as well as in the remaining runs of Fig. 13,
the thermocouple was located on the same side of the chamber as
the principal localized impingement area. In these cases, wall
temperature begins to decrease very soon after the pressure
begins to rise in the chamber. The extent of wall cooling near
the localized impingement area is markedly greater with N?O4
as propellant than with MMH.

The oscillograms with the slowe. sweep rates indicate that
the temperature of the wall near the localized impingement area
decreases fairly quickly to a level which remains approximately
constant until shutdown. With a given propellant the nearly
constant wall temperaturc during a run is slightly lower for 2
lower design chamber pressure, as may be seen by comparing
Runs 89 with 88 for Np;Oy4 and 91 with 94 for MMH.

At shutdown, wall temperature undergoes further cooling, as
shown most noticeably in Run 88. The increased wall cooling
during tail-off is attributed to vaporization of propellant which had
coated the wall surface during the run time. TLis behavior is
observed to a greater or lesser extent for both propellants and both
engine configurations tested.

The wall temperature histories of Fig. 13 indicate significant
cooling even during typical ignition delay times. The start of wall
cooling lags only slightly (approx. 1/2 msec) the start of chamber
pressure increase due to propellant vaporization. However, cooling
of the walls is non-uniform over the inside surface of the chambers. :
The curves suggest also that the walls become coated with propellant i
during the runs, the propellant acting as insulation to slow, together
with the coolcd walls, subsequent heat addition to the vaporizing
vapor/drop system.

Wall temperature histories were also measured during hot
firings of Engine Conu:guration No. 1. Oscillograms for these
runs are shown in Fig. 14 together with oscillograms of appropriate
cold flow tests from Fig. 13. In the oscillograms for the hot fiings,
the upper trace is a combined valve current trace, the middle trace
is wall temperature (Nanmac thermocouple) and the bottom trace is
chambe - pressure (Kistler 701A). As before, a decrease in tempera-
ture causes and upward deflection of the thermocouple trace. Also,
the NpOy4 flowrate is at a reduced level as in the cold flow runs of Fig.
13. Pertinent data and scale factors for the oscillograms of Fig. 14
are given in Table VII. J
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Nanmac Thermocouple Location Relative to Injector Orifices:

Ox Inlet Side 90° from Inlets Fuel Inlet Side
Ox Fuel Ox Fuel Ox Fuel
T/C
701A —»p T/C

T/C 701A

ProEellant : :
Run No, 87

Run No, 83

N;O4

MMH

1 msec/cm for Runs 97 and 98
2 msec/cm for All Other Runs

Time Base

Figure 14, Experimental Chamoer» Wall Temperature Histories for Cold
Flow and Ho! Firings in ©ngiue Configuration No, 1
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As discussed above, the cold flow oscillograms of Fia. 14
indicate gignificant wall cooling near the localized impingement
point for each propellant singly flowed. The wall temperature
traces for the hot firings of Fig. 14 exhibit a quite different
behavior. Regardless of the orientation of the thermocouple
relative to the propellant injection orifices, the wall ternperature
trace, during the ignition delay pericd, initially deflects upward
very slightly (slight wall temperature decrease) and then deflects
noticeably, though gradually, downward (wall temperature increase).
At ignition, a discontinuity in the downward deflection occurs,
indicating greater wall heating. The point of interest here is that
wall temperatures decrease in cold flow tests but, in hot firing,
wall temperatures decrease very slightly initially and then in-
crease during the remainder of the ignition delay period. The wall
temperature increase (obtained at all three thermocouple locations)
during the ignition delay period is clear evidence of heat evolution
from pre-ignition reactions.

C. INJECTOR FLASHING EFFECTS ON PRE-IGNITION CHAMBER
PRESSURIZATION

High speed schlieren movies readiiy record that when propcllane
emerges from an injector following valve opening, the propellant
emerges as a vapor initially, then as a vapor/liquid mixture. and
finally as all liquid flow. The reduced mass flow during this flow build-
up period slows the vaporization pressure rise in a thrust chamber
from the pressurization rates that would result from a step-function
increase in propellant flowrate. Injector flashing effects must there-
fore be incorporated into the chamber pressurization analysis given in
Sec. III. A. That analysis as presented assumes a step increase in
propeliant {flowrate at time zero.

A rigorous theoretical treatment of the problem of transient flow
increase upon valve opening involves flask vaporization, feed system
dynamics, complex heat transfer problems, two phase flow, etc. and
is beyond the scope of the present six-months program. Nevertheless
the transient flow period is treated empirically for the specific feed
system/propellant valves/injector (l-on-1) assembly used during the
program.

As a first approximation, the mass flow.ute is assumed to increase
linearly with time until the nominal steady state flow is reached. Then,
in Eq. 1 of Sec. 1II. A, the mass of propellant Wj injected during one
time interval Aty becomes:
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{

Wi = 'wsaAtN(-E‘;:) if 0= t<at,, {z21a)

and WJ

wgg Aty if tgy e tue 0O (21b)
where tgg is the time to reach the nominal steady state flowrate, wgg.

Since the mass of an ensemble (j values) of drops injected in one
time interval must remain constant (i. e. mass of drops plus mass of
vapors generated from these drops is constant) as the ensemble is
"operated on'' in succeeding time intervals (N values), Eq. 2la is
modified for use in the computer program giving:

: 2N -j'+0.5) . t
Wi =wge (Aty) (=L T Y-2) if 0<N<(Z88 +9) (22)
! s (3N ( tss ) <AtN

. .
and (N -Z—‘t—lstr-)<3'_<_N

where 6 = drop residence time expressed in number of tirne intervals
and j' =N -j + 1. (It is more convenient for the machine calculations
to use j'-values rather than the j-values as defined in Sec. IIl. A).

The effect of using Eqs. 22 and 21b in place of W; = ivAtN of Eq. 1
is shown in Fig. 15 for N,O4 and MMH in Engine Configuration No. 1.
The two solid curves in the figure are obtained from the equations
given in Sec. III. A applied to Engine Configuration No. 1 {(Table I)
with the experimental conditions given in Table IV. The equations
assume a step function increase in flowrate.

The two dashed curves in Fig. 15 are obtained using Eqs. 22 and
2lb to describe the flow increase. Values of tgg were obtained by
curve fitting, 1. 6 msec and 0. 8 msec (from propellant entry) for
N,04 and MMH, respectively, giving adequate agreement between the
initial portions of the experimental and computed chamber pressuriza-
tion curves. The discrepancies between the latter portions of the
experimental and computed curves are due to wall heating effects which
are described in the following section.

D. WALL HEATING EFFECTS ON PRE-IGNITION CHAMBER
PRESSURIZATION

From comparisons of axperimental and calculated chamber pressuriza-

tion histories for singly flowed propellants, it was corcluded in the

previous program that heat is transferred from the chamber walls to
the vaporizing vapor/drop system during an ignition delay period (1).
The added energy leads to significantly higher vaporization chamber
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pressures than would result from an adiabatic vapor/drop system
(Fig. 15).

In the present program, three poscible mechanisms for pre-
ignition heat transfer between injected propellants and thrust
chamber walls have been considered: radiant heating, convective
heating of propellant vapor, and conductive heating of droplets
upon impingement with chamber walls. Because of the low tempera-
turcs involved (0° to 85°F), radiant heating is insignificant. Also
convective heating of propellant vapors is relatively minor, amounting
to only a 5 to 10°F gas» temperature increase, depending on engine
configuration. The temperature increase was calculated by con-
ventional methods for convective heat transfer in a tube (6).

The problem of conductive heating of propellant droplets imping-
ing upon chamber walls is complex. A rigorous theoretical treatment
would take into account drop shatiering and the effects thereon of
various impingement angles and velocities, gradual wetting of the
chaniver walls and the resulting "insulation'' effect, contact area
between drops and the walls, varying total drop surface area over which
vaporization occurs, varying wall surface temperature, etc. 3ucha
tTealinin., vl course, 15 beyond the scope of the present program. The
effects ot conductive droplet heating have nevertheless been accounted
for by empirically determining time-dependent coefficients for the
time-varving drop temperatures of the three drop-size spray model.
The time dependent characteristic of the coefficients is required to
account for the experimentally determined fact that chamber wall
surfaces cool during the propellant vaporization period (Fig. 13).

Drop heating is caused to begin in the computer program once the
initially entering drops have been in the system long enough to travel
to the chamber walls. Once a drop reaches the walls, its temperature,
which has Leen and continues to be calculated by Eq. 16 of Sec. III. A,
18 increased by a fraction, {, of the :~mperature difference between
the chamber wall and the theoretical new drop temper-ture, i.e.

(Taijn = (Taijn + € [’rw - (Tdij)N] (23)

The fraction { is time-dependent initially to reflect cooling of the chamber

walls (T, in Eq. 23 is held constant at the initial hardware temperaturej.
The fraction { therefore starts at a high value, f

titne to a lower value. fmi

max’ and decreases with

n’ which thereafter remains constant 1. e.
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D,

1w
f - —
v D, / D, .
£ By = fmin) (| = o)+ fin i —2 ot L4ty (24a)
tdh Va Va
df=f i (Diw ) otco0 (24b)
an ~ ‘min Vd ch| -
Diw
For completeness, f =0 if 05 ts_v—f_ (24c)
Q

The factors required by Eqs. 23 and 24 to empirically account
for wall heating are therefore f . foin, ty, (the time interval
during which f goes from t .. to f,;n). and D, (the pathlength a
drop traverses from its injector orifice to impingement on the
chamber wall). The former three are obtained empirically by
curve fitting; the latter, Djy, is calculated from the chamber

geometry and the propellant injectioa angle,

The effects of using Eqs. 23 and 24 to accoun! for wall heating
are shown in Figs. 16 and 17 tor N,O, and MMH in En;ine Configu-
rations | and 2. The computed curves take into account the appro-
priate engine geometry (Table I) and the conditions of the appro-
priate expe.:mental runs (Table IV). The figures show reascnable
agreement between the experimental chamber pressurization curves
fcr each propellant singly flowed in eacn engine and the corresponding
clculated pressurization curves which include wall heatirg as well
as the linearized flow incriase discussed above. The empirically
determinec values for the coefficients and factors for i ~luding wall
heating and iinearized flow increase in the calculated curves of Figs.
16 and ! 7 are:

[V

Engine Configuration No. | Engine Configuration No.

N.O, MMH N,O4 MMH
tgg. Msec 1.6 0.8 1.6 0.8
fmax C. 1% 0.15 0.25% 0.2%
fmin 0.0< 0.02 n.03 0.03
tgh. msec 2.5 2.5 2.5 2 5

The calculations show that many NzO4 drops evaporatively cool to
the [reezing point, il. 8°F. and then progressively solidify as evapora-
tion continues. In contrast, none of the MMH drops reaches the freezing
ternperature, -62°F. In the drop heating calculations, those N,O4 drops
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having a frozen fraction X;: (Eq. 19) of less than 0. 6 when they
first reach the chamber wajll are first melted, upon impingement
with the wall, and then their temperatures are augmented (by Eqgs.
23 and 24) in subsequent time intervals. Those N,O, drops having
a frozen fraction of 0. 6 or greater at impingement with the chamber
walls are assumed to ricochet off the walls without being warmed.

The calculated curves wnich include drop heaiing and linearized
flow increase satisfactorily reproduce the chamber pressurization
histories of the singly flowed propellants. Thus, the calculations
satisfactorily predict the dashed curves of Figs. 11 and 12 {for
Engine Configurations 1 and 2, respectively. In addition, the
calculations give the gas temperature history in each engine. the
vapor mass histories of each propellant in the cnambers, time-
dependent propellant vaporization rates, vapor ilowrates through
the nozzles, drop temperature histories, etc. The next step in
the development of the mathematical model for hypergolic ignition
delay in space-ambient engines is to account for the disparity b=-
tween the dashed curves of Figs. 11 and 12 and their corresponding
experimental pre-ignition curves for hot firings given in the same
two figures. This step requires an understanding of the pre-ignition
reactions which occur during an ignition delay period with these
propellants. The next section of the report is concerned with these
pre-ignition reactions, the reaction intermediate formed. and the

method by which to incorporate formation of the reacticn intermediate

into the ignition delay model.
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SECTION IV

PHASE II - CHEMICAL KINETICS ASPECTS OF PRE-IGNI fION
CHAMBER PRESSURIZATION

In the case of nitrogen tetroxide/hydrazine-type fuels as propellants,
a condensed phase reaction product has been observed during engine
testing at simulated altitudes. This section of the report is concerned
with the role of thiz reaction product in hypergolic ignition delay. The
general experimental conditions under which the reaction product has
bean observed are briefly discussed first. Then, the explosive
characteristics of the material -s determined from standard hazard
evaluation tests are descril :a. l'ext, some physical properties of
the material are givei, .ullowed bv discussions of the composition of
the liquid reactica product, its heat .f formation, and its forn.ation
kinetics. Finally in this section of the report, the manner in which
formation of the reaction product uffects ignition delay time is analyzed.

A. OCCY.RKENCE AND APPEARANCE OF SUB-IGNITION REACTION
INTFRMETIATE

i. Laboratory QOccurrences

The overall kinetic tactors of ignition reactions of N204/hydra-
zine-type fa1els were experimentally determined at Thiokol-RMD during
a previous prograra on hypergolic ignition at reduced pressures (Contract
No. AF04(€11;-9946, Part IT). It was found that a condensed phase
reaction product formed from vapor-phase reactants under conditions of
room temperature and low (sub-ignition) pressures {1). The material
appe~—ed as a clear, yellow, viscous liquid of low vapor pressure. Sub-
ignition reaction intermediates were found for N;O4 in combination with
MMH, 50-50, UDMH and N2H4. The quantity of material formed depended
on the fuel: MMH and 50-50 giving approximately ten times as much as
UDMH, and N,H, yielding only very small amounts under the conditicas
of the experiments.

The occurrence of a reaction intermediate in the N204/N2H4 system
has been observed elsewhere under very different experimental conditions
(7, 8). Using infrared absorption spectroscopy, Weiss monitored low
tetnperature reactions of solid-phase N204/N2H4 at atmospheric pressure.
Upon gradual warming of the reactants from an initial temperature of
liquid nitrogen, Weiss found one reactiop with little heat evolution
occurring at temperatures as low as -208°F. A further reaction, in-
volving measurable heat evolution, occurred at about -75°F. The spectrum
of the higher temperature reaction was found to agree well with thai of
hydrazinium nitrate.
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In experiments conducted by the Bureau of Mines (8), mixtures
of granulated N,O4/N;Hy at liquid nitrogen temperaiure were per-
mitted to warm at atmospheric pressure. Ewventually, whiie the
mixture still appeared to be frozen, a violent reaction occurred and
cften a yellow, viscous, liquid residue : emained. From IR spectra
of the residue and other spot tests it was concluded that the residue
contains an appreciable percentage of hydrazinium nitrate which is
a moderately unstable explosive,

While the work of Weiss and of Christos et al corroborate the
existence of important reaction intermediates in N,O4/N,Hy systems,
the initial conditions of the reactants in their experiments differ
greatly irom those in an engine. In Section [II of this report, it is
found that the fuel (MMH) does not freeze during the ignition delay
period and that, although the smaller N,O, droplets Jo frecze, the
minimum oxidizer drop temperatures at near 0°F. Also, for a
propellant feed temperature of 75°F, the minimain averages gas
teraperature in a typical engine is about 25°F. Finally. the gas
pressure increases from near zero of space to 100-300 mmHg,
depending on engine configuration, during the ignition delay period.

2. Deduction from Experimental Engine Tests

Indications of appreciable pre-ignition chemical reaclions involving
substantial heat release are jound in Figs. 11 and 12. In these figures,
experimental chamber pressure-time hictor‘es of singly flowed
propellants in Engine Configurations 1 and 2 ar~ plotted together with
hot firing, pre-ignition P.-time curves. The dotted cnrve in each
figure is simply the sum of .hic pressure curves of each propellant
singly flowed. Good agreement =xists Leiween the sum-~of-partial-
pressures curves and the pre-ignition hot firing curves for the first
millisecond of the rising pressures. A gradual divergence then be;ins,
the Lot firing pre-ignition curves rising mozr: streply than the sum-of-
partial pressure curves. For both engine configurations, the slopes
of the two hot firing pre-ignition curves increase with time until
ignition occurs. The divergences which reach 100-130 mmHg at
ignition, are evidence of appreciable pre-igritinn rearticns

A further indication of pre-ignition reactions comes from the
chamber wall teroverature data given in Section [II.R. 2., The
oscillograms of Figs. 13 and 14 show that wall tempcratures decrease
in the case of singly flowed propellanis but that, in a hot firing, wall
temperatures begin .o increase early in the ignition delay period.
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3. Engine-Produced vs. Laboratory-Produced Reaction Inter-
mediates.

IR absorption spectra of engine-produced and laboratory-produced
reaction intermediates of N204/MMH are given in Fig. 18. The
spectrum of the laboratory-produced material is taken from Reference
1. The liquid-phaee sample was produced from an undiluted, stoichio-
metric mixture of the reactants in a pyrex flow system at low pressure
(6 mmHg) and room temperature (Sec.IV. A. 4, below).

The engine-produced material and its spectrum were obtained under
another program at Thiokol~RMD (9). The 100-1b thrust engine was
operated in a pulse mode at a simulated altitude of approximately
125,000 ft. The pulsing rate was 2 hertz with an electrical pulse width
of 10 msec. Firdware and propellant feed temperatures were 60°F.
Under these conditions of very shcusi pulse width and relatively long

off-time, ignition did not occur during the 160 pulses of the test sequence.

Consequently, sufficient material was available at the conclusion of the
pulse train to permit collection and limited analysis.

Asg shown in Fig. 18, the spectrum of this sample is very similar
to that of the laboratory-produced material. The only significant
difference concerns the absorptions between 1250 and 1500 em-l,

In this region, the laboratory material exhibits one broad absorption
band, characteristic of a nitrate. In contrast, the engine-produced
material has a weak absorption band at about 1325 cm™! plus another
band at about 1460 cm™l.

Other features of the two spectra are essentially identical, including
the absorption band at 1200 cm™!. This band is generally attributed to
nitrite; however, -o nitrite has been detected by wet cherical analyses
of the laboratory-produced material (see below, Section IV.D. 1).

It should be pointed out that the laboratory-produced sample was
protected irom environmental contamination at all times by collecting
and maintaining the sample under a dry nitrogen atmosphere. In
contrast, ambient air was used to bring the pressure to one atmosphere
in the 22-ft diameter vacuum sphere before the engine sample could be

withdrawn. Consequently, some contamination of the engine sample could
have occurred. Evidence in support of this is given below in Sections IV. B, ]
and 3. Nevertheless, despite some sample contamination or dcgradation,

the IR spectrum of the engine-produced sample is very similar to the
spectrum of the laboratory-produced material. The latter is therefore
assumed to be the same as the fresh material produced in an engine during
an ignition delay period.
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4, Production of Material for Analyses and Determinations

The N204/MMH reaction intermediate used for chemical
analyses and property determinations in the present program was
produced from gas-phase, undiluted reactants at low (sub-ignition)
pressure and room temperature. The experimental apparatus was used
initially in the previous hypergolic ignition program and is fully de-
scribed in the final report of that investigation (1). The apparatus is
shown in Figs. 19 and 20 of the present report, the latter figure being
a schematic diagram. Briefly, the apparatus consists of vaporizing
and flowmetering sections, a flow reactor and a low pressure houeing
with observation windows.

Gaseous NpO, was taken directly from a No. 3 shipping cylinder
(99. 5 mole % minimum purity, Matheson Co., Irc.) immersed in a
constant temperature bath at 30°C. The heat source was sufficient
to maintain steady flow conditions of up to 0.2 gr/sec. The gaseous
stream was metered in a Fischer-Porter 2F-1/4-20-5 flowmeter
(glass float) at 30°C and 600 mmHg pressure. Under these conditions,
the oxidizer exists as a mixture of NO,; and N,O4. Therefore, the
flowmeter was calibrated in terms of mass flow by collecting the
vapors in a condenser at liquid nitrogen temperature and weighing
the mass collected during measured time intervals.

The fuel, MMH, was flowmetered in the liquid state (08F -1/16-
20-4/36, sapphire float) and then vaporized drop-wise in a glass
coil heated to 90°C. The vapors expanded into a one-liter flask,
which was also heated to 90°C, and then passed through an all-glass,
heated line to the flow reactor.

The flow reactor shown schematically in Fig. 20 is a 47-mm
diameter pyrex tube opened at one end to the ambient pressure of the
low pressure vessel. The flow tube is housed inside a metal tube
which extends downward from the 1 ft diameter x 3 ft high vacuum
vessel (Fig. 19). The pressure in the latter is regulated both by a
throttle valve in the connecting line to a high capacity vacuum pump
(Kinney KD 780) and by an appropriate bleed of shroud gas (nitrogen)
which has the additional function of diluting the corrosive gases.

The procedure for making the reaction intermediate is as follows.
The apparatus is first evacuated. Then a bleed of nitrogen shroud gas
of about 1 CFM is admitted into the vessel and, by adjusting the
throttling valve in the vacuum line, a pressure of about 0. 5 mmHg is
obtained in the vessel. The desired flowrates of fuel and oxidizer
are then set. The ambient pressure in the chamber is then gradually
raised by bleeding room air into the vacuum line through an auxiliary,
downstream valve. If the pressure is raised sufficiently (5 to 15 mmHg

-56-
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depending upon reactant mixture ratio, initial temperature and flow
tube diameter) ignition occurs at a well-defined, reproducible,
minimum pressure.

If the pressure is heid below the minimum ignition pressure
smoke is seen issuing from the flow Lube. Some of the condensed
vhase material deposits onto the walls of the flow tube and eventually
collects as a viscous yellow liquid at the base of the vertically-
oriented flow tube. Six to eight cc of material are collected at a
{ ' time.

After shutting off the propellant flows, the vacuum vessel and
flow tube are filled to one atmcsphere pressure with dry nitrogen.
; The sample is then removed, maintaining a nitrogen atmosphere
over the liquid at all times.

Two N,04/MMH mixture ratios were used in making samples
for the various analyses and determinations performed during the
program. The stoichiometric mixture (O/F = 2.5 by wt.) and an
oxidizer-rich mixture (O/F - 5.0) were used, the latter is within
the composition range of the vapor-phase reactants in an engine
during an ignition delay period (O/F of simultaneously injected
liquid propellants of 1. 6). The lean vapor-phase mixture results
from the higher volatility of the oxidizer.

B. SENSITIVITY CHARACTERIZATION OF REACTION INTERMEDIATE

Because of the unknown composition and characteristics of the
N204/MMH reaction intermediate at the outset of the program, the
initial tests performed on the material were of the hazard evaluation !
type. The purpose of the tests was to signal any need for extra-
ordinary handling procedures and, as a by-product, to provide at !
least qualitative information on the role of the reaction intermediate !
in ignition pressure spiking.

The material used in these tests was made from the stoichiometric
mixture of NO4/MMH.

1. Impact Sensitivity

The impact sensitivity of a test sample is obtained in drop
weight tests by dropping a known weight from various pre-set heights
onto a carefully designed cup containing the material. A loud report,

: : puncture of a retaining steel diaphragm, flame or evidence of combus-
tion are all taken as signs of a positive test. The drop height which
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yields a 50% probability of initiation is determined. The 50% height
for the N2O4/MMH reaction intermediate tested is 10 inches using
a 2 kg weight. Table VIII gives results for several materials for
comparative purposes.

A portion of the engine-produced sample whose IR spectrum is
given in Fig. 18 was subjected to drop weight tests under a separate
program (9). The material was not sensgitive in the drop weight
tester at a drop height of 36 inches, the maximum height of the
apparatus. The stability of the material is attributed to sample
contamination and/or degradation, discussed above.

For comparative purposes, monomethyl hydrazine nitrate
(CH3N2H3-HNO3) was prepared in the iaboratory (9). The synthesis
route involved the direct reaction of MMH in aqueous solution with a
stoichiometric quantity of HNC3 followed by dehydration and re-
crystallization. The IR spectrum of the material is given in Fig. 21.

TABLE VIII

DROP WEIGHT AND MODIFIED TRAUZL BLOCK
TEST VALUES FOR VARIOUS MATERIALS

Drop Weight Traazl Block
Material __50% Height Expansion*
inch cc/gr

Nitroglycerir l 27
Hydrazine nitrate, N,Hy4- HNO; 4 20
RDX (explosive) 7 25
98% H,0; - 15
Lead Azide, Pb(Nj3), 3wk 10
N,04/MMH Reaction Intermediate 10 9
CH3N,H 3 HNOj 15 -

NH4CI104 18 0

* Corrected for volume increase due to blasting cap aione.
**Picatinny Arsenal Apparatus, 2 kg weight {10).
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The 50% drop height for the synthesized compound was found to be
15 inches, indicating that the laboratory-produced N,0,/MMH
reaction intermediate is more sensitive to impact than MMH- HNO 3.

2. Explosive Strength

Modified Trauzl Block Tests conducted routinely at
Thiokoel-RMD use a sample size smaller than in standard, full-
size Trauzl Block tests. Typically, one to three gram samples
are used in a lead cylindrical cup of given dimensions. A standard
No. 8 blasting cap is used for initiation. Detonation of the blasting
cap in contact with the sample causes an increase in internal
cylinder volume. Corrected for the blasting cap effect, the volume
change is related semi-quantitatively to the explosive s.rength of
the test sample. The modified Trauzl Block tests on the reaction
intermediate gave a vorrected expansion of 9 cc/gr for a 2.5 gram
sample. This value is close to that of .ead azide tested in the same
apparatus {(Table VIII).

3. Thermal Stability

The standard ICRPG thermal stability test was performed
on a sample of reaction intermediate produced in the laboratory.
The heating record is shown in Fig. 22 together with similar curves
of engine-produced mater:al and CH;N2H3- HNOj3 synthesized from
MMH and HNO3 (9). In each case, the heating bath was programmed
to increase at a rate of 8° C per minute. The curves are a racord
of the differential temperature (Tsamplc - Tpan! Plotted against the
temperature of the sample. Because of the polarity of the recorder,
positive peaks represent exothermic reacticn. The in:t:al dip in each
curve is due to the lag 1n heating of the sample when the bath heater
is activated.

The thermogram of the reaction intermediate produced in the
laboratory indicates that two exothermic reactions occur: the first
starts at about 60°C. the second at about 110°C. The rate and
intensity of the second reaction are greater than that of the first.
i.i a sample temperature of 135°C followiag the strong excthermic
reaction, the pressure was sufficient to burst 3 rupture diaphragm
rated at 4700 psi.

The heating curve of the engine-produced material also shows
two exotherms; however. they are displaced to slightly higher
temperatures indicating somewhat greater thermal stability than
the laboratory-produced material. The greater stability is attri-
buted to sample contamination during retrieval (Sec. IV.A_3}). In

-61-

[PV




[ o @ % 2T U T S

"

067

CONIT -*HINFHD pue sajeipawuiaju] uorineay HWW/POIN pasnpol aurdury pue
Arcjeioqe T jo s18a] Aligers jewaayl DAWDI Pirpueis jo saain) Hupeay

D 'AANLVIAAWAL H1dNVS

(9]

rr2 eandrg

002 05 1 001 us 0
! ! T T T T T T T

3 z ] o} ey .

sinutwu/ Hg ajey duneal yied p s/ i

‘ONH - *HIN'1{D - —-
ajerpawizajul uoniveay HIWW /POIN pasnpoxd-autbuyg -----

ajeipawIai] uoidesy HWW /YON pasnpoad-Aioyesoqer

marg
wfeayde:q
mald |
wiBeayderqg
| — -
TN

AFRPL-TR-67-129

-62 -




.

AFRPL-TR-67-129 /

. addition, rhe curves of the two samples show that the intensities
of the two exothermic reactions are reversed, indicating that the
reactions are not sequential reactions of the same material but
ratner ave due to two materiale present in different proportions
in the two saraples.

Th. heating curve of monomethyl hydrazine nitrate prepared in !
the laboretory is sipgnificantly different from those of the reaction
intermediates (Fig. 22). MMH' HNOj begins to decompose exo-
theimally at 190°C. The greater thermal stability of this compound
over that ot the reaction intermediate does not preclude the com-
pound from being a constituent of the intermediates. However, the
curves of Fig. 22 indicate that MMH: HNQ is not the cause of the
two ¢xotherms at lower temperatures. !

P rom £ e e AR A B, A L M bt

DETUR

C. PHYSICAL PROPERTIES OF REACTION INTERMEDIATE

St st

Measurements of a few physical properties of the reaction
intermediate formed by stoichiometric N204/MMH in the lahoratery
apparatus were attempted: liquid density, vapor pressure, freezing
point and raoiecular weight.

= e s 8 e

1. Liquid Density

)

i The density of the material was determined at three ]
z temperatures. The results obtained are: !
E Temp. , °C Density, gr/cc i
§ 3.0 ~1.205 §
‘ 17. 8 1.189

A

25.0 1.180

Z. Vapor Precsure ’

oy

Vapor pressure raeasurementg of the material at temperatures
from 0° to 40°C were attempted using standard techniques. However, !
values could not be obtained due to gradual but significan{ decom-
position of the test sample thrcughout the temperature range :nvesti-
gated. Although the decomposition was slow, erough gas evolved to
obscure the actual {low) vapor pressure of the sampie.

¥r>m the laboratory production runs of the reaction intermediate,
it could be determined that the vapor vressure of the material is }ase !
than (. 5 mmHg at room temperature. This value is, of course, well
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below the vapor pressures of the reactants {760 and 41 mmHg at
70°F for N20O4 and MMH respectively).

Since it is believed that the reaction intermediate also forms
during tail-off of a pulse, it is desirable to know the vapor pressure
of the material at various temp 2ratures for cosiderations of its
removal between pulses by the oumping aciion of a space environ-
ment. In this regard, although ti.e decomposition of the sample
was sufficient to preclude accurate vapor pressure determinations
by conventional techniques, on a gross scale the decomposition is
very slow. For example, at the end of one month, the remainder
of a batch of material which had been kept in a dry box qualita-
tively underwent little change in volume, although the original
clear yellow color of the liquid did change to nearly water-white.

3. Freezing Point

The shape of a cooling curve of an unknown substance
can provide information on whether the material is a pure compound
or a mixture of compeounds. For this reason, freezing point
measurements of the laboratory produced reaction intermediate
were attempted; they were unsuccessful, however, due to the very
high viscosity of the material. In general, very viscous materials
tend to greatly supercool and, when this occurs, accurate and
reliable freezing point data cannot easily be obtained. In the
present case, freezing points ranging from -20 to -50°C were
observed but the data are not deemed reliable due to the viscosity
effect. For example, at -10° to -20°C, the material "poured" a
distance of one inch in about ten minutes.

4. Molecular Weight

An attempt to determine the molecular weight, or average
molecular weight, of the reaction intermediate by the freezing point
suppression technique in benzene as solvent was unsuccessful. It
was found that the reaction intermediate is not soluble in benzene.
Other solvents were not tested.
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D. COMPOSITION OF REACTION INTERMEDIATE

To determin2 the composition of the N204/MMH reaction
intermediate, a number of chermical and instrumental analyszs
were performed. The liquid samples were produced from vapor
N204 and vapor MMH at sut-ignition pressures (5-9 mmHg) and
room teraperature in the laboratory apparatus. Two mixture
ratios of the reactants were used in making the samples:

O/F = 2.5 and 5.0 by wt. The former is the stoichiometric
mixture ratio and the latter is within the composition range of

the vapor phase reactants in an engine during an ignition delay
period (O/F of simultaneously injected liquid propellants of 1. 6).
The lean mixture results from the higher volatility of the oxidizer.

The initial analyees of the reaction intermediates were made
over a pericu of a few weeks following production of the samples.
Because of gradual sample decomposition, which was learned
subsequently from the attempted vapor pressure determinations
(Sec. I1V. C. 2), the results of the initial analyses reflect changes
in composition Gue to sample degradation. These results, which
suggest that the cormposition of the reaction intermediate depends
upon the mixture ratio of the inilial reactants, are discussed
subsequently.

The results of analyses given in the next paragraphs were
obtained within two days of production of the sample and are taken
as representative of freshly produced material in an engine.

1. Results of Analyses of Fresh Sainple

A number of chemical and instrumental analyses were
made of a fresh sample of the N;O4/MMH reaction intermediate
and on the residue a.1d condensate of fractionation expcriments.
The sample on which the analyses were performed was made at
low pressure from N;O4/MMH at a mixture ratio of 5. 0 by wt.

The infrared spectrum of the rample is given in Fig. 23. It
is similar to the spectrum obtained under the previous program
(1), and reproduced in Fig. 18, except that free MMH is indicated
in Fig. 23 by the snapes of the absorptions between 1150 and 800
cm™!,
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A summary of the results of the chemical analyses, which
were performed within two days of sample production, is given
in Table IX. For the elemental analyses, the percentages of
carbon, hydrogen and nitrogen were determined; the values
given are averages of two determinations. The balance of the
sample is assumed to be oxygen. -

As given in the table, the specie analyses account for 64.1%
of the sample. However, it is reasonable to assume that the
measured N-N exists as MMH, NH3; as CH3 NH; and NO3~ as
HNOj. Adjusted to reflect these compounds, the specie analyses
then account for 85. 6% by wt., as given in Table X. Approxi-
mately 15% of the sample is therefore unaccourited. No nitrite
(NO,") and no CO, were detected in the freshly prepared
sample.

The water content of the sample (Tables IX and X) was
determined by gas chromatographic analysis. It was noted during
this analysis that the sample alsc contained free MMH. The amount
of the latter, however, was not determined quantitatively.

Two long term pumping experirnents were performed on
samples of the fresh material. The samples were maintained
at room temperature and any volatiles removed during pumping
were trapped at liquid nitrogen temperature.

In one experiment, the sample was pumped on for 40 working
hours at a pressure of 2 mmHg. The loss in weight of the sample
was 0.238 gr, or 2. 51% of the initial weight. IR analysis of the
collected liquid condensate indicated pure MMH.

Analysis of the residue after pumping gave: C, 16.53% by
wt.; H, 9.13%; and N, 40. 64%. IR indicated that the residue was
similar to the original material but with less free MMH. Gas
chromatographic analysis of the residue indicated no rignificant
change in HO content from the original material.

A second sample of the reaction intermediate was pumped on
for 24 working hours at a pressure of 0. ] mmHg. The condensate
and residue were examined by IR (Fig. 24). The condensate was
found to be predominantly MMH but with some nitrate present as
indicated by NO3~ absorption at 1350 cm-l. The spectrum of the
residue is similar to that obtained from the previous pumping
experiment.
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TABLE IX
SUMMARY OF CHEMICAL ANALYSES OF REACTION

INTERMEDIATE OF N,0,4/MMH (C/F = 5,0 by wt)*

Elemental Analyses (duplicates):

c 16.30 * 0,09% by wr.
H 8.60 1 0.10%
N 42.79 1 0.95%
O (by difference) 32.31%
Total 100. 0% by wt.

Specie Analyses

Total N-N bond functionality (duplicate) 32.75 1 0.04% by wt.

Total Aramoniacal functionality (NH3)

(duplicate) 0.24 t 0,02%
MNO;~ (duplicate) . 15.8110,18%
NO," none detected
CO, none detected
Hy0 (by gas chromatography) 15.3%

Total 64.10% by wt.

*Ali analyses performed within two days of production of sampla.
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TABLE X

ADJUSTED SPECIE ANALYSES OF N,O4/MMH

REACTION INTERMEDIATE

Total N-N bond functionality as MMH

Total ammoniacal functionality as CH3 NH,
NO3~ as HNO,

H,0

CO,

NO,

Total:

<89~

53.81% by wt.
0. 44%

16.08%

15.3 %

none detected

none detected

85.63% by wt.
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Attempts were made to remove water from a sample of the
original material by drying with molecular sieves (Type 4A).
Apparently, the water is tied up strongly, for it was not removed
by this method.

2. Comparison of Measured and Computed Elemental
Analyses

To gain insight into the 15% of the reaction intermediate
unaccounted fcr by the specie analyses, an elemental analysis
was computed from the specie analyses given in Table X. The
computed elemental analysis is compared to the measured
analysis in Table Xi. The iable indicates that the various specie
analyses do not account for significant amounts (> 12%) of carbon,
nitrogen and oxygen. Other species to account for the discrcpan-
cies have not been identified to date.

3. Possible Composition Derived from Specie Analyses

A possible composition of the reaction intermediate can be
deduced from the specie analyses as follows. First, it is assumed
that all of the CH3NH2 ( Table X) exists in the reaction intermediate
as CH3NH3N03. Next, the balance of HNO3 is assumed to exist as
MMH:' HNO3. Finally, all of the H;O exists as MMH- H;O. The
derived composition of the intermediate is given in Table XII. The
derived composition accounts for only as much of the reaction
intermediate as do the specie analyses, which, as stated, are the
basis of the derived composition. However, despite the still
unaccounted 15%, the composition given in Table XII indicates a
small but significant amount (3. 2%) of free MMH. In ccrroboration,
the IR spectrum of the original material indicates free MMH as a
constituent and free MMH was also indicated by the gas chromato-
graphic analysis. Furthermore, in one of the long term pumping
experiments {Sec. IV.D. 1), the cuondensed volatiles were found to
be pure MMH ard the loss in weigit of the original material amounted
to 2. 5%, a figure which compares favorably with the amount of free
MMH in the derived composition (Table XII).
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TABLE XII
REACTION INTERMEDIATE COMPOSITION DERIVED

FROM ADJUSTED SPECIE ANALYSES*

Derived Composition

Constituent of Intermediat2
by wt.
CH3;NH3NO- - 1.33%
MMH- HN03 26.28%
MMH- HZO 54.8 %,
Free MMH 3.22%
Total: 85.63 %
* Table X

Despite the reasonableness of the derived composition with
regard to the analytical results, an anomaly persists concerning
vapor pressure. The vapor pressures of MMH and MMH:' H,0
are very similar, being about 41 mmHg at 70°F. Although the
vapor pressures of MMH- HNO3 and CH3NH3{NO, are not known,
they are expected to be quite low. Assuming that the latter are
negligible and that no complicating molecular associations occur
among the four compounds, the vapor pressure of the four-
component mixtere can be loosely estimated by Raocult's Law and
is found to be 32 mmHg at 70°F. In the computation which
utilizes the derived composition given in Table X1, MMH and -
MMH: H;0 are treated as a single solvent (after computing their
mole fractions) since their vapor pressures are the same.

The very great discrepancy between the estimated vapor
pressure of the reaction intermediate and the experimentally
determined approximate value of 0.5 mmHg (Sec. 1V. C. 2) suggesia
for one thing that there is considerable molecular association in

- the mix'ire. Cf ~ourse, Raoult’s La’ assumes =qual sizeg for all

molecules and this condition is clearly not met. However, itis
considered unlikely that the size effect alcne accounts for the nearly
two orders of inagnitud2 encountered here.
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Despite the insights gained, the composition of the {reshly
prepared N,O,/MMH reaction intermediate is not yet completely
resolved. The specie analyses suggest that the material is a
mixture of four compounds: MMH-: HZO. MMH- HNO3. free MMH
and CH3NH3jNO3. In corroboration of this, the existence of free
MMH hus been independently substantiated by instrumental
anaivses (IR and GC) and by fractionation experiments.

The four compounds, however, account for only 85% of the
reaction intermediate. The balance of the material is as yet
unidentified, although the elemental and specie analyses indicate
that it contains about 14¢. by wt. C, 43% N aud 43% O. This gives
an overall empirical formula for the unidentified 15% of approxi-

mately C4N;¢Og.

It is ap; 1rent at this point that the composition of the freshly-
produced reasction intermediate is complex. The situation is
further complicated, however, by the dependence of composition
of the reaction intermediate on mixture ratio of the initial re-
actants, N,O, and MMH. This conclusion is reached, as will be
discussed, based on the results of analyses which follow in the
next sub-section.

4. Gradual Decomposition Effects and Composition Dependency
Upon Initia! Reactant Mixture Ratio

The chemical anaiyses performed izitially in the program
spanned a several week period following production of the samplee.
Because or gradual sample decomposition, which was subsequentiy
learned. the resalts of the initial analyses do not describe the
composition of freshly prepared material.

The chemical analyses discussed in the preceding sections
were made within two days of sample production; the ones to be dis-

cussed in this seclion a1e the initial analyses made on ''old" samples.

These analyses are of in!‘rest for two reasons. First, a compari-
son of the results that fol.ow with those given above gives some
insight into the effects of the gradual decomposition of the material.
Secondly, since the initial analyses were performed on two samples
made from two different mixture ratios of N,O,/MMH, the degree
of constancy of cornpositionr. of the reaction intermediate with

initial reactant mixture ratio can be ascertained.
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The resuits of the analyses of both samples are summarized in
Table XIII. In the specie analyses, the total N-N bond functionality,
ammoniacal functionality and NO4~ are given in terms of MMH, CH3NH,
and HNO4 respectively, as in Table X for the fresh sample analyses.

The most striking difference between Tables-XIII and X concerns
CO;,: none was detected in the fresh sample whereas significant amounts
we -¢ found in the degraded samples.

It is most probable that the CO, in the degraded samples exists as
methylhydrazinium-N-methylcarbazate, CH3N2H2COON2H4CH3. Other
constituents and their concentrations in the two reaction intermediates can
then be deduced as follows: The CH:,’NH2 {Table XIII) is assumed to exist
in the degraded samples (as well as in the fresh sample, Sec. IV.D. 3
above) as CHaNH3NO3. Then, the balance of the HNG; is assumed to
exist as CH3;N,H; HNO3. Finally, the remainder of the MMH, after allowing
for that in the CO7 ‘containing compound above, exists as CH3N,Hj3- 2H,0.

The test as to the adequacy of this model for the compositions of
the degraded reaction intermediates lies in whether the ''remzining MMH"'
in the di-hydrated state satisfactorilv completes the material balances
between the derived compositions and the specie analyses. As shown in
Table XIV, the agreement is very good. The derived compositions,
which consist of the same four compounds for each degraded reaction
intermediat2, are well within experimental error of the specie analyses.
It is to be noted that the amount of H,O obtained by the specie analyses
is juset sufficient for the '"remaining MMH" to exist as MMH' 2H0. That
is, the ratio of HyO - to - ""remaining MMH" is the same for both samples
despite significant differences in constitusnt concentrations {(Table XIV).

Although good accountability of the results of the specie analyses
is achieved by the four-component rodel of intermediate composition,
there remains an unidentified 7-8% pcrtion of the degraded samples. By
comparison, the specie analyses of the fresh sample leave an unidentified
15% (Table X). Nevertheless, because of the consistency of the derived-though-
incomplete analyses of the degraded samples and the independent, experi-
mzntal corroboration of one constituent in the fresh sample, it seems
reasonable that the unidentified portion of each sample is a fifth (and sixth?)
constituent and will not nullify the constituent compounds deduced above.

=
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TABLE XIlI

RESULTS OF CHEMICAL ANALYSES OF DEGRADED SAMPLES

OF N,04/MMH REACTION INTERMEDIATES

Elemental Analyses:

C
H
N
O (by difference)

Total

Specie Analyses:

Total N-N bond
functionality (ccmputed
in terms of MMH)

NO3~ (computed in
terms of HNO3)

NOz

Total ammoniacal
functionality (computed
in terms of CI—!3NHZ)

co;
H,0

Total

Sample A

(NZO 4/MMH' = 2.5)

17.4% by wt.

9. 4%

32, 6%

40, 6%

Sample B

100, 0%

50' 170 by wite

12.5%

none detected

0.88%
4.4%

25% (¥ 3%)

92. 9%
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(N204/M.N1H = 5,0)

15.5% by wt.
8.5%

30.7%

45, 3%

100. 0%

49.7% by wt,

12.4%

none detected

1. 00%
8.4%

20% (* 3%)

91.5%
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Although the differences between the results of the elemental
analyses of the two degraded samples are small (Table XIII), they are
larger than experimental error. If degradation effects are similar in
the two samples, then the originai compositions of the samples were
different. The implication, then, is that the reaction intermediate
composition depends upon initial reactant mixture ratio. Furthermore,
since the product is apparently a mixture rather than a single compound,
it is likely that product composition depends also upon pressure. Con-
sequently, the reaction intermediate formed early in an ignition delay
period may be different from the material formed late in the delay
period due to both changing reactant mixture ratio and pressure. Then,
since shock sensitivity, thermal stability, detonability, etc. depend on
composition, ignition pressure spikes are also affected. Further work
is therefore requiced to determine more completely the dependency of
product composition on initial reactant mixture ratio and on pressure
and to evaluate resulting changes in sensitivity characteristics.

E. Heat of Formation of Reaction Intermediate.

One requirement for incorporating the formation of the reaction
intermediate into the fundamental hypergolic ignition delay model is the
heat evolved when the material forms. The heat of reaction for formation
of the reaction intermediate can be calculated if the heat of formation of
the material is known. The heat of formation was therefore determined
experimentally.

The material used for the detcrmination was made at low pressure
from N20O4/MMH at a mixture ratio of 5.0 by wt. The material was taken
from tke same production batch as the samples used for the chemical
analyses reported in Se~- IV.D.1l. The heat of formation determination
was alsu performed within a few days of production of the material.

1. Method of Determination

The determination was made by measuring the heat of combustion
of the sample in the presence of pure oxygen. A Parr oxygen-bomb adiabatic
calorimeter was used. It was calibrated according to a standard NBS
procedure using NBS benzoic acid with a known heat of cornbustion of 6318
cal/gr.

Six runs were made in determining the heat of combustion cf the
reaction internediate. Corrections to the measured heats of combustion
were applied for the heat liberated upon ignition of a standard 10 cm length
of fuse wire and for nitric acid formed during the combusticr. The nitric
acid correction was determined by titrating the washings with a prepared
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solution of Na;CO3 where 1 mi of titrant equalled one calorie. Carbon
dioxide liberated during the combustion was determined by a CO2 train
of anhydrone and preweighed ascarite absorption tubes. The results
are reported in terms of % C recovered.

2. Experimental Results

The calorimeter constant was found to be 2443 cal/C%.

The experimental data of the six runs for the heat of combustion
of the reaction intermediate are given in Table XV, As shown in the

table, the average heat of combustion is 3,591 kcal /gr.

From the elemental analysis of the sample (Table IX), an

‘empirical formula for the reaction intermediate is found to be

0136Ho-0360No-030600'0202 for an arbitrary molecular weight of 1 gr.

Then, an equation for the combustion reaction of the ma.tenal in the
presence of oxygen is:

Co. 0136H0- 0860 0306 0+ ozoz(l)+J O (g)=K HO (1) +L CO (8)+ M N (2)

for which AH., the measured heat of combustion, is -3.591 kcal/ gr.
The coefficients K and L in the equation are found to be, in units of mass,
0.744 gr and 0,598 gr, respectively, for one gram of reaction intermediate,

The heat of formation of the reaction intermediate is then obtained
from AHc=Z AHf products ~AHf reactants Where AH¢ = -3.591 keal /gr
and the heat of formation of H20 (1) and CO) (g)are -3 793 kcal/gr and
-2.137 kcal /gr, respectively. The heat of formation of the liquid reaction
intermediate is therefore -0.509 kcal /gr. "A "per unit mass' basis has
been used, rather thau the conventional '"per mole' basis, because the
molecular weight of the material is unknown. The latter can be postulated,
however, as shown below,
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TABLE XV

EXPERIMENTAL DATA ON HEAQ OF COMEUSTION OF

N204/MMH (O/F = 5.0) REACTION INTERMEDIATE

Sample
Weight
gram
0.4249
0.7659
1.0223
1.2139
1.0140

1.0630

% C Recovered

as COz2 A H Combustion
cal/gr
--- 3686
-—- 3672
15,35 3679
14.66 3465
14,87 3606
14,79 3440

Average 14,92 3591

P
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. 3. Heat of Reaction for Formation Jf Intermediate

For calculating the heat released due to formation of the reaction
intermediate during an ignition delay period, the ovarall stoichiometry of
the formation reactions is required. In the ahser :e of rdditional informa-
tion, it is necessary to estimate the stoichiometry as follows.

From the elemental anslysis of the material {Table IX), zn
empirical formula is found to se CHy 35N5 550 4g4+ OT very nearly
C4H,;5NgO4. Since the hydrigen and -~arbon must come from MMH, the
H-to-C ratio must be 6:1 2 4suming no gaseous product involving either
of these elements is forr.ed. Thus, an empiric.l formula of C4H24N906
satisfies the H-to-C rrcio and is very close o the empirical formula given
! by the elemental ana'ysis. The overall stoichiometry for formation of this
1 specie is given by"

The heat of this reaction is calculated ro be & H_= -66. 2 kcal
per mole of MMH using the value of the heat of formation of the inter-
mediate determined above and 7. 91 kcal/mole and 22. 8 kcal/mole for
the heats of formation of NO, (g) and MMH (g) respectively.

For complete combustion

10 NC,lg) + 4 CH3N,H;3(g) —> 4 CO,(g) + 12 H0(g) + IN,(g)

: for which the heat of reaction is &4 H,= -310. 0 kcal per mole of MMH.

For the stoichiometry given above, ti.e heat released upon formation of the
intermediate is Z21% of the total heat of complete combusticn, on a fuel
basis.

F. KINETICS OF FORMATION OF REACTION INTERMEDIATE

Overall formation kinetics are also required for incorpcrating the
reaction intermediate into the fundamental hypergolic ignition delay model.
An acdiabatic, low pressure, flow tube system was used in which the
reactant vanors were greatly diluted with nitrogen. The dilution technique
was used in order to provide known gas velocities and stream properties,
particularly heat capacity, along the flow tube. The temperature rise due
to reaction along the flow tube axis was measured.

1. Experimental Apparatus and Instrumentation

The apparatus consists of propellant vaporizing and flowmetering

. sections 2nd an instrumented flow tube which exhausts into a low pressure
: housing. The apparatus is shown photographically in Fig. 25 and
. schematically in Fig. 26.
-81-
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(5809-5)

(5809.¢)

Figure 25, Apparatus for Study of Formation Kinetics of
Reaction Intermediate, Fuel Vaporizing and Flowmetering
Sections {top} and Instrumented Flow Tube {bottom).

-82-

-




*Apnig sonsuly uonvurog 103 sniwaeddy jo wesrferq suyeweyds 9z aandh g

: aur] ssedig
1e m,
| . aqn]l molg Wcmw !
‘r D‘ -w T W - . - - %
| a1zzoN
r|® sardnosowaau] "ol g m 7
. |
yied 81912 WOUCH -
_ Do0€ e
X0 13j32wmo 4
: Yyiedg
M } 1 20% )
: duing : UN
wmndoe : 7
oL
e
, e 1932WIOUeH £Omm
D
A S aqnimor g )
‘ v M ajeulIally o1
m 19382 1l ‘ 19183H
[ ] —
B,
m 193e3H @
<
w . 4
1 L[] . [] -

r‘ . e e e e e e e s e e : r— ; ~————




AFRPL-TR-67-129

r The oxidizer vaporizing and flowmetsring section of the
apparatus were used for both the kinetics study and the sample

. production runs. The oxidizer feed system is described in Sec.
IV.A.4. The oxidizer transport liae to the flow tube was wire

l wound to permit preheating of the vapor for runs at elevated

r initial temperatures. The gaseous oxidizer stream was pre-mixed
with the diluent nitrogen stream prior to entering the flow tube.

In a new fuel feed system built for the kinetics study, MMH
vapor was taken directly from a 300 cc stainless steel cylinder _
immersed in a 65°C temperature bath (Fig. 26). For the highest ‘
filows, two cylinders connected in parallel were used in the single
temperature bath, Steady vapor flows of up to 0.1 gr/sec could
be maintained. The gaseous stream was metered by a calibrated
nozzle sized to produce choked flow at the desired flowrates. The i
pyrex nozzle was jacketed permitting hot water {65°C) to be circu-
lated continuously. Except where jacketed, all fuel feed lines were !
wrapped with nichrome heating wire (Fig. 25) in order to prevent
condensation of the fazl vapors.

Downstream from the metering nozzle, a two-way stopcock o
directed the fuel stream either to the flow tube or into a line which '
oypassed the flow tube. The latter was used while setting the desired
fuel flowrates (below). When an established fuel flow was shifted to
the flow tube, the vapor passed first into 3 manifold (near-end of flow !
tube, Fig. 25) which fed eighteen pyrex tubes of 2 mm bore. The tubes
distributed the fuel vapors across the inlet of the flow tube (Fig. 27)

to promote rapid, complete mixing of the fuel with the premixed nitrogen/
oxidizer stream.

Diluent nitrogen gas (Extra Dry Grade, Matheson Co. Inc.)
was flowmetered at 9. 8 psig and 25°C in a Fischer-Porter FP-1/2-27-
Gi0/80 flowmeter with an SVT-44 float. After expansion to low
pressure, the nitrogen was heated to the desired initial temperature by

} flowing the gas through copper coils in a large constant temperature water
bath.

The pyrex flow tube, 1.93 in. diameter x 48 in. long, has six {
fine-wire thermocouples located along the length of the tube with the
beads positioned at the tube's centerline. The thermocouples were made
from Pt-10% Rh and Pt wires 0. 002 in. in diameter. Uncoated thermo-
couple beads were used, based on experience gained in the previous
program. In that program, temperature measurements were made in
undiluted, low pressure streams of N2O4/MMH with coated and uncoated
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Pt-10% Rh/Pt thermocouples. No catalytic effects were found (1).

The cold junctions of thz thermocouples in the flow tube were immersed
in a single ice bath. The signals of any four of the thermocouples

were amplified by CEC DC Amplifiers and recorded simultaneous‘l)y

by a CEC oscillograph. The system provided a sensitivity of 12C

per inch deflection.

The flow tube was wire wound (Fig. 25) and insulated for
runs at elevated initial temperatures. Thz flow tube exhausted into
the low pressure housing and vacuum system discussed in Sec. IV.
A.4 (Fig. 25).

A summary of the experimental param.ewers anc their ranges
is given in Table XVI.

-,
TABLE XVI
SUMMARY OF EXPERIMENTAL PARAMETERS AND THEIR
RANGES N THE KINETICS STUDY

Total pressure, mmHg 20 - 60
Total flowrate, gr/sec 1.75 - 3. 286
Reactants to total flow ratio, wt. 0.05-0.13
Reactant mixture ratio, O/F by wt. 0.58 - 5.1
Initial temperature, °C 23 - 75
Flow tute diaineter, in. 1. 93
Flow tube length, in. 48
Flow velocity, ftisec 3% - 170
Flew Mach number less than 0. 1S
Reynolds number {diameter) 2500 - 4800

tInder the conditions of the experiments. the minimum equ:li-
briara prrcent dissociation of (the oxidizer is 95% according to data repo’ led
in {11). Because the disscciation and assoc ation reactions are sxtremely
fast, the 2quilibrium mixture is a‘tained prior to oxidizer entry into the
flow tube Furtue: dissociation inte nitric oxide do2s not occur at the
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temperatures encountered in the experiments (80°C maximum). In
view of the above, the oxidizer is taken as being NO, only.

The general procedure for making the kinetic measurements
at room temperature was as follows. Afte. evacuating the apparatus,
the desired nitrogen diluent flow was established. The pressure in
the flow tube was then adjusted to the desired level using the throttle
valve in the vacuum line downstream from the low pressure housing
(Sec. IV.A.4). Ther, the signals fr _m the thermocouples were
recorded to check for temperature unifcrmity along the flow tube.
Next, the desired oxidizer flow was established and the pressure
in the flow tube readjusted if necessary. The temperature profile
along the tube was agaiu recorded to check for uniformity. Then,
utilizing the bypass line, the desired fuel flow was established.

With the fuel flow set and the recorder on, the fuel flow was shifted
to the flow tube Ly quickly rotating the two-way stopcock in the fuei
feed system.

From the continuously recorded thermocouple signals,
it was found that steady state conditions were attained within a few
seconds after shifting the fuel flow into the flow tube. The short
time to steady state conditions is due to the low temperature rise
(generally 5 to 10C°) from the reactions in the diluted system.

For runs at elevated initial temperatures, the procedure was
the same although pre-heating of ths flow tube and the three gaseous
streams and their linzs was of course necessary. Considerable care
was required to ubtain Variac and heater settings which would provide
uniform inlet temperatures for the three streams and also a uriferm
temperature profile along the tube axis wher the diluent and either
reactant were flowed.

2. Ex: erimental Results

A total of 68 runs were made in the flow tube apparatus,
including the initial check-out tests. The ranges of experimental
parameters covered in the tests are given in Table XVI.

The output data was recorded in the form of thermocouple
signals versus real time. The thermocouple signals were converted
to temperature by manually measurine the deflection of the traces.

As a rule, temperature values were obtained from the records when
(1) nitrogen alone was flowing, {2) nitrogen plus oxidizer were flowing,
and (3) nitrogen plus oxidizer plus fuel were flowiug at a point in time
following attainment of steady state condition (usually 2 seconds).

-87-




L
i
|
N
|
i
i’
|l
!
i
i

AFRPL-TR-67-129

For the cases of nitrogen and nitrogen plus oxidizer, temperaiures
were reduced to check for uniformity of the axial temperature
profile without reaction.

From the known flowrates, temperature, pressure and
flow tube diameter, gas velocities were computed for each run.
Then, using the computed velocities and the known thermocouple
positions relative to the final mixing point of the reactants (Fig.

27), the time from mixing to the thermocouple stations was computed.

The data is presented below in the form of temperature rise due to
reaction versus time from mixing.

Figures 28 and 29 present results of similar runs at room
temperature and elevated temperature for two reactant mixture
rativs. In terms of complete reaction to CO,, H,O and N,, Fig.
28 is for a fuel-rich mixture and Fig. 29 is for an oxidizer-rich
mixture.

The most striking feature of the two figures is the small
temperature rise of the high temperature runs as compared to the
large temperature rise of the room temperature runs. The signifi-
cance of this is discussed in detail in the following sub-section,
Discussion of Rezults. In short, the large temperature rise of
the -oom temperature runs includes condensation phenomena which
do not occur in the high temperature runs.

1t should be noted in the two figures, particularly the high
temperature runs, that the temperature rises immediately from the
mixing point and that the temperature rise increases linearly with
time during most of the staytime of the reactants in the flow tube.
The implications of this behavior are three-fold. First, mixing
is accomplished very quickly. Second, reaction starts immediately
without any induction period. This point is important with regard to
the mechanism of reaction as it indicates a pure thermal mechanism,
without chain branching. Thirdly, the linear temperature rise
indicates that only small amounts of reactants are consumed. The
local reactant concentrations, then, are very nearly the initial
reactant concentrations. Advantage of this point is taken in inter-
preting thc data in the next section.

In all of the high temperature runs and in some room
temperature runs (those at the lower pressures), the temperature
rises do not exceed 5C°. Thus, the temperature difference between
the gases and the flow tube wall is everywhere small in these cases,
maxing the system very nearly adiabatic. For the room temperature
ruans al the higher pressures, the excessive temperature rises lead
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Figure 28, Effect of Pressure and Initial Temperature on Temperature
Rise due to Reaction of NO,/MMH (O/F = 1. 2) in Flow Tube
with Diluent Nitrogen.
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Figure 29. Effect of Pressure and Initial Tempeirature on Temperature
Rise due to Reaction of NO/MMH (O/F = 3.5)
in Flow Tube with Diluent Nitrogen,
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to non-adiabaticity which tends to cause a downward bending of the
A T-time cuarves.

The results of room temperature rung at four reactant mixture
~ ratios are given in Figs. 30 through 33. The concentration of the
reactant not in excess (in terms of complete combustion) is con-
stant for all runs at the same pressure. The interrelationship of
the reactant concentrations in these tests is given below, where
X is the concentration of the propellant not in excess:

(E_?_Z_ .. Concentration

Figure No. MMH] ‘. MMH §9_2-
30 0.. .58 1.7 X X
31 1.0 X X
32 2.5 X 2.5 X
33 3. ‘5 X 3.5 X

3. Discussion of Results

A compzrison of the runs at elevated initial temperatures with
similar runs at room temperature (Figs. 28 and 29) suggests on the
surface a negative temperature coefficient. This is not the case,
however, since an additional process was operative in the low
temperature runs only. Visual observations of the flow tube re-
vealed that condensation occurred in the room temperature runs
but not in the runs at elevated initial temperature. Condensation,
when it occurred, was readily apparent as the flow tube became
quickly clouded. This was the case in all room temperature runs
but in none of the elevated initial temperature runs.
rige of the lower temperature runs includes, then, the heat of con-
densation of the reaction intermediate.

Coneidering first the runs at elevated initial temperatures where
condensation effects are absent, the overall order of reaction for
formation of vapor phase reaction intermediate can be determined
from the effect of pressure on temperature rise due to reaction.

For a volume element of reactants in an adiabatic system, the
heat equation is:

- - dT
Acp I =AW

The temperature

k]

(25)

Ty et |
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Figure 30. Effect of Pressure on Temperature Rise due to Reaction -
of NO,/MMH (O/F = 0.58) in Flow Tube with Diluent Nitrogen.
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Figure 31, Effect of Presaure oa Temperature Rise due to Reaction
of NO2/MMH (O/F = 1.0) in Flow Tube with Diluent Nitrogen.
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Figure 33, Effect of Pressure orn Temperature Rise due to Reaction
of NO/MMH (O/F = 3.5) in FTlow Tube with Diluent Nitrogen.
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For a perfect gas, Eq. 25 may be written

PM¢cp dT
'*TER < I = QW (26)

For a first order reaction, Eq. 26 becomes

PM¢,, dT
PMép dT 27
RT° @ - ke (27)

and for a second order reaction, Eq. 26 becomes

B2 I . koo (28)

Since consumption of the reactants is very small as discussed
in the preceding section, the concentrations of reactants can be considered
constant. Then, expressing concentrations in terms of initial pressure,
temperature and mole fractions, Eq. 27 for a first order reaction becomes:

-d—T_‘ = Qk,xl dt
T ﬁf'pTo (29)

where x; is the mole fraction cf specie 1 and P is the initial pressure
which remains constant in the run. Equation 29 can be readily integrated
if k;, tae first order rﬁ&e constant, can be considered constant. By

definition, k = Aexp {- Tl—'f\‘ The pre-exponential factor A is considered

a constant. * For the high temperature runs now under consideration, T
varies by ao more than 5 C° during the runs (Figs. 28 and 29). Also. a
low activation energy E is indicated by the fact that the reaction proceeds,
and rather rapidly, at room temgerature. Under these conditions of a
small temperature change and a low activation energy, say 4.5 kcal/mole
which is close to the activation energy (5. 2 kcal/mole) of gas phase
ignition reactions of NO2/MMH(1), the rate constint k varies by less than

10%.

- ® e e e m om W W e @ ® e w = w e wm w ow w ® = w o=

% Strictly speaking A is only constant in the case of a reaction of the
first order. When the order of reaction is greater than one, A is
a weak function of temperaturc.
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Taking k as constant and noting that T = T, when t = 0,
Eq. 29 can be integrated, giving:

T wkyx
— = H-L-L— t

Expanding In(T/T,)and neglecting terms other than the first since T/T,

is close to unity, Eq. 30 becomes:

Qk,x
T-To = OTreaction= & t 31)

It is seen therefore that, iu the case of a first order reaction, the
temperature rise as a function of time is independent of pressure. Since
the high temperature runs of Figs. 28 and 29 indicate a significant effect
of pressure, it is concluded that the overall order of reaction for forma-
tion of vapor-phase reaction intermediate is not one.

Again expressing concentrations in terms of initial pressure,
temperature ."d mole fractions, Eq. 28 for a second crder reaction
becomes:

(32)

Equation 32 can also be integrated under the above conditions giving,
after expansion:

Qk X|X3.

T-To = &Treaction = n—l——-c.pn.r Pt (33)
o

in this case, for a second order rcaction, the temperature rise depends
directly on pressure. Also, the second order rate constant k, canin
principle be calculated from the slope of the A T-t curver if the heat of
reaction Q is known for the vapor-phase formation of the reaction
intermediate.

Analogously, it can < shown that for a third order reaction,
tite temperature rise unde: i\i.e above conditions depends on the square
of pressure.

As a consequence of the above, the present experimen’al system
provides a rather sensitive method for determining the overall order o
reaction if condensation effects are absent. The latter -ondition was found
4 to be met only in the runs at elevated initial temperat:re. From thege
runs, it is found that, since the temperature rise increases directly with
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pressure, the reactions for formation of gas-phase reaction intermediate
have an overall order of approximately two. As stated above, in prin-
ciple the second order rate constant can be calculated. Houw . ~-, in the
present case, the required value of Q for the gas phase = ..y, with-
out condensation, is unknown.

Activation energy is conventionally determined f:0m measure-
rnents at various initial temperatures. The same reactions mus. of
course occur at the various temperature levels. In the present case,
an additional process, namely condensation, occurred ;- the room
iernperature runs only. Since the condensation effects cannot be
adequately separated in the present limited data, activation energy
cannot be extracted.

G. EFFECTS OF FORMATICON OF KEACTION INTERMEDIATE ON
PRE-IGNITION CHAMBER PRESSURIZATION

Formation of the reaction intermediate during an ignition
delay period affects ignition delay time in two principal ways. Forma-
tion of the intermediate liberates heat which tends to increase the rate
of pre-ignition pressure rise and to shorten the ignition delay time.
Also, formation of the intermediate consumes reactants. If the
reactants are vapors, which is taken to be t.e case here, then pre-
ignithion chamber nressure tends to rise more slowly and the ignition
delay time tends to increase. Thus the two effects are in opposition,
the heat evolved tending to increase pre-ignitron pressure rise and
the vapor mass coasumed tending to slow pre-ignition pressure rise.
Figures 11 and 12 indicate that the dominant effect is that of heat
evolution. However, both effects are analytically treated.

1. Mass Sink

Because of its low vapor pressure (less than ! rmHg) at the
teraperatures encountered during an igmt;on delay period {(sec. il M,
the reaction intermediate ;s treated as ex:sting wholly :n the condensed
phase. Thatis, the react:~n intermed:ate 15 {reated as forming in the
vapor phase from vapor phase reactants but then imimnediately condensing.
The controiling process, then, is formation of vapor phate reaction
intermediate. Surface catalyzed reaction< on the droplets formed are
2z3umed to be neghigibie.

9%
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For a second order reaction (Sec. IV. F. 3) with partial
orders with respect to fuel and oxidizer of unity, the rate equation

is
dc E
-._.idt = W = AcgCoy ©XP (--—-—Rt - 4)

For a small but firite time interval, & ty, Eq. 34 becomes

E (35)
RT

Expressing concentrations in terms of mass of vapor phase reactants

in a thrust chamber, m_, for compatibility with the squa.ions of Sec.

1l1, and relating the amount of fuel consumed to the amount of reaction
intermediate formed utilizing the stoichiometry given in Sec. 1V.E. 3,

Eq. 35 becomes:

- Bcp= Acgegy Aty exp( -

A
m 2 e

E
ity ™ ' ox Oty exp (- RT) (36)

C

Equation 36 is used to calculate the mass of reaction intermediate
formed in each time interval Aty during the ignition delay time calcu-
lation.

Sirce the reaction intermed:ate .s formed from vapor phasec
reactants, the mass of vapors ot each reactant are correspondingly
reduced in earh iime interval. g -t 6, in Sec. IIl. A., is there-
fore replaced by

V.M P

N (-T—-S} - ¥ (muat)y (37)

where 8 - 0.571 and 0.429 for fuel and oxidizer, respectively, as gaven
by the zioichiometry of the formation reaction derived 1n Sec. V. E. 3.

For the temperature T in Eq. 36, the average temperature of
the reactant vapors in each time interval 1s used:

m }

c“pg  glox ( 381

(mecpgls + Imecpglox

{m

I
T : Tg,, * <Cpgfglt " |
av

T_for each reactant ;s obtained from Eq. 7 but modified, as shown below,
to reflect warming of the vapors by the heat evolved from formation of
the reaction intermediate.
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2. Heat Source

Formation of the reaction intermediate evolvee heat which
raises the temperature and pressure uf the reactants i. a thrust
charaber and ihereby tends to decrease the ignition delay time. Since
the reaction intermediate is considered to exist in the coi.densed phase
due to its low vapor pressur<, the heat e,olved is both the heat of
reaction fc~ formation of the gas phrue react'sn intermediate and the
heat of condensation combkined. The overall reaction is taken to be
the cne given in Sec. 1V.E. ?, namely:

3ND,(g) + iCH3N Hi(gl ~~» CuHp MlyO (1) + Nyfg)

The heat of tuis reaciion was calculated to be AH_, = -66.2 kcal
per molc of MMH, using the experimentally determined value of the
heat of formation of the liquid reaction intermediate (Sec. IV.E. 2).

Neglecting sensible heats, the heat evoived in each time
interval due to formation of liquid reaction :ntermediate, Q,, is
therefore:
Qp ==(mintln AH; (39)

where AH, is the heat of r-action per unit mess of reacticen inter-
mediate, -0.900 kcal/gr, .nd (mint)N is given by Eq. 36.

The heat evolved in ezch time interval, Q.. is apportioned
to each reactant in relation to their vapor phase massas in the thrust
chamber during the interval. The energy which raises the tern.perature
of the oxidizer vapors, for example, is:

( Meox ) Qy (40)

Qr .
OX mcox+mcf

Equztion 7 for the temperature of the vapors of one reactant at the end
of the N'™ tinie interval is modified, giving (for the oxidizer):

N Q. -Q
vv ~z Gi_j(Tdij)N-l + (Tg)N‘l[{_;Tnc)N_l-(G\y)N - (mnoz)N].’. rgcx N
T .30 =] vg (41)
. N 3
R '21 El Gij + (mC)N-l - (Gwin - (mnoz)N
)= 1=

The effect on igniticn delay time of formation of reaction
intermediate is given in Sec. V. which follows.
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SECTION V

PHASE III - REFINEMENT AND VERIFICATION
OF MATHEMATICAL IGNITION DELAY MODEL

In this section of the report, the total model is descriptively
summarized and the general method for obtaining solutions is outlined.
Then, computed results are compared to experimental results. Finally,
some considerations concerning the role of the reaction intermediate
in ignition pressure spikes are given.

A, INCORPORATED REFINEMENTS

In the present program, the hypergolic ignition delay model
developed under the preceding program has been refined in three areas.
Firstly, the initial build-up of propellant flowrate in a thrust chamber
following vi.lve opening has been incorporated into the model in the
manner given in Section III. C. Secondly, heat transfer between
thrust chamber walls and the vaporizing vapor/drop system has been
incorporated as given in Section III. D. These first twc refinements
uffect pre-ignition pressure rise due to vaporization of each propellant
independent of the other. The third area concerns reactions between
the two propellants to form a reaction intermediate which also affects
the pre-ignition pressure rise in a thrust chamber. Formation of the
reaction intermediate during an ignition delay period is accounted for
it the manner given in Section 1IV. G.

B. GENERAL METHOD OF SOLUTION

The analytical pressure-time curves given in Sec. III were
calculated ior the single propellant under consideration using the
propellant vaporization model of Sec. IIl. A., modified as described
in Sec. III. C and D. For calculating ignition delays, the vaporiza-
tion model is used twice, once for each propellant, and the calcu-
lations of each are performed simultanecusly. That is, the calcu-
lations are performed for one time interval for MMH (AtN = 50 &
sec) and then for two time intervals for N,Oy4 (AtN = 25 W sec).

This pattern is repeated throughout the solution. The shorter time
intervals in the ~ase of N2O4 are required due to the oxidizer's h.gh
volatility.

At the ernl of each 50 microsecond time interval, the amount
of reaction intermediate formed and the heat evolved during that interval
are computed. As discussed in Sec. IV.G. . the evaived heat is applied
to the reactant vapor masses in the ~hamber. The mass of rea-tants
which are consumed in the formation of the reaction interm=diate are
also determined and deducted from the vapor masses remaining in the
thrust chamber.

-:00-
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Also calculated 2t the end of each 50 microsecond interval
is the fractional degree of ignition which occurred during that interval.
The fractional degree of ignition is eimply the length of the time
interval (50 rnicroseconds) divided by the ignition delay time (T ig)N
calculated for the conditions of pressure, temperature and composition
of the reactant vapors prevailing at that time. The fractional degrees
of ignition are summed over succeeding time intervals untii the
fracticn becomes unity, indicating ignition,

The analytical expression used to calculate (Tig)N for
each time interval is:

R#73 1 ( E; )
. - ___%ax__._. B —ign_.
(Tig N = PoEign AQ) jgr (1+ B—) (Cpt * Cpox) exp RTgay taz)

where P_= pg + Pox, B Pox/Pgand Cpgand C
capacitids. 'I‘gav is obtained by Eyq. 38.

pox are mdlar heat

Equation 42 is derived in (1) from the heat equation for an
adiabatic volume element of vapor phase reactants undergoing thermal
bimolecular ignition reactions. The derivation involves the Todes
approximation (12) for sclution of the differential equation. Although
the approximation applies to valucs of E;,./RT > 17, we use the re-
sulting equation 42 in the present case, for which Eign/RT =9,
in the absence of a better criterion of ignition.

The values of E, . and (AQ),,, required by Eq. 42 were
gn
determined experimentally during the previous program (i1}). The
values appropriate to _the present pro&ellant combinaztion are Eign:
5. 2 kcal/mole and (A-Q)ign = 3.4 x 10 cal-cc/mole” -sec,

The fractional degree of ignition fcr each time intervai is
simply AtN/(T‘ig)N where (T;.)N is calculated by Eq. 42 at the end
of each 50 microsecond interval. The ignitior fraciions are sumnmead
over successive intervals. The ignition delav time in an engine, then,
is that time .n the computer solution at whichZ[ﬁ\ tN/'{ ﬁ’ig)Nf becomes

unity.

C. COMPUTED RESULTS AND COMPARISONS WITH EXPERIMENTAL
RESULTS

1. Ignition Delay Times

Igaition delay times were caiculated for N,O4/MMH in
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space-ambient engines in the manner outlined above. The actual
computer program listing is reproduced in Appendix A.

The value of activation energy for formation of reaction
intermediate used in the calculations is 4. 5 kcal/mole. Although
the activation energy could not be determined from the flow tube -
temperature rise measurements because of condensation effects
(Sec. IV.F. 3}, the activation energy is known to be low since the
reaction intermediate forms at room temperature. Furthermore,
since reaction intermediate forms at conditions where igniticn does
not occur fin the flow tube experiments, for instance), the activa-
tion energy of the former must be lower than that of the ignition
reactions {5. 2 kcal/mole}. A value of 4.5 kcal/mole was there-
fore chosen for E;n,,, the activation energy for formation of the
reaction intermediate,.

With Ejnt = 4.5 kcal/mole, a series of calculations was
run in which Aj,¢, the pre-exponential factor of the Arrhenius
equation, was varied in order to obtain for Engine Configuraticn
No. 1 the best {fit between (1) calculated and experimental pre-
ignition chamber pressure-time histories and (2) ignition delay
times. As shown in Fig. 34, a good fit was obtained for At =
1.7 x 10! cal-cc/mole 2-sec. This value was then used in a
c>mputer run for Engine Configuration No. 2 and, again, as shown
in Fig. 35, good agreement resulted. The calculated and experi-
mental ignition delay times (from valve signal to ignition) for the
two engines are:

Ignition Delay Time
Calculated Measu red

msec msec
Engine Configuration No. 1| 5.9 5.9
Engine Configuration No. ¢ 6. 55 6.6

The computer input data used in the calculations for Engine
Configuratior. No. 1 are given in Appendix B. The conditions for the
corresponding experimental test (Run No. 37) are given in Table IV.

Also plottd in Figs. 34 and 35 are chamber pressurization

curves calculatea withcut permicdting formation of reaction intermediate
during the ignition delay periods, i.e. with Ajpt = Ejpn¢ = 0. The
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Figure 34. Calculated and Experimertal Pre-ignition Chamber Fressure

Histories for N,O4/MMH in Engine Configuration No. 1|
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Figure 35'. Ca;culated and Experimental Pre-Ignition Chamber Pressure
Histories for 1‘4204/MMH in Engine Configuration No. 2
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difference between these curves and the other calculated carves of
the figures indicates the significance of formation of the reaction
intermediate on ignition delay time. Although formation of the
reaction intermediate removes mase from the vapor phase, the
heat which is evolved more than compensates for the vapor mass
removal and finally results in markedly shorter ignition delay’
times. In both cases in which A, , = -0 the caiculated
ignition delay times were greater than 1‘%) msec.

The heat evolved when the reaction intermediate forms
raises the vapor-phase reactant temperatures substantially, as
shown in Appendix C, Printout of Computed Results for Engine
Configuration No. 1. In the case given in Appendix C, the average
gas temperature TGAV reaches 800°F as computed by the present
model. Even at temperatures well below this level (i. e. above
approximately 150°F), condensation of the reaction intermediate
does not occur. Consequently, it is improper to use the heat of
reaction for formation of liquid phase reaction intermediate
(AH, = -66. 2 kcal/mole MMH, Sec. IV.G. 2.) throughout the
entire igrition delay period. A further consequence of the indicated
high temperatures during the latter part of the ignition delay time
is that the reaction intermediate which formed in the earlier part of
the ignition delay period will decompose, as indicated by the heating
curves nf Fig. 22, or possibly undergo reaction with the warmed
oxidizer present in the chamber. In summary, the good agreement
shown in Figs. 34 and 35 between calculated and experimental ignition
delays and also pre-igrition chamber pressure histories is misleading.
Our understanding of events occurring throughout the entire ignition
delay period is not complete and further study of the latter part of the
ignition delay time is needed.

2. Fuel Vapor Condensation onto Oxidizer Drops

Ir accordance with Eq. 4 (in Sec. 1II. A.), propellant vapor
will condense onto a surface if the partial pressure of the propellant
vapor exceeds its vapor pressure corresponding to the temperature of
the surface. The computer program predicts that many N,0O4 drops

~evaporatively cool to A level such that MMH vapor will tend to condense

on these cold N;Oy4 drops. Expressed in another way, the partial
pressure of MMH vapor exceeds the vapor pressure of MMH corres-
poading to the temperature of many of the N;O4 drops. Thus, MMH
vapor will tend to cordense onto the colder oxidizer drops. The reverse
situaticn was not found to apply. i.e. the fuel drops do not cool enough
to cause condensation thexeon of oxidizer vapors.
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The computer program as it presently exists does not
allow for fuel vapor condensation onto oxidizer drops but the com-
puted results do predict that this phenomenon will tend to occur.

A question is therefore raised as to what chemical reaction will
occur if fuel vapor does penetrate tha evolving oxidizer vapor
surroundir.g the cold N,U, drops. The reaction can lead to forma-
tion of additional reaction intermediate or to comvplete oxidation of
the condensed fuel. Studies of the reactions of a fuel droplet (N2H4)
in an oxidizer atmosphere (NO}) are presently underway (13); how-
ever, the reverse situation of a (cold) oxidizer 3r~p in a fuel vapor
atmosohere has not be¢en investigated to the authors' knowledge.

D. IGNITION PRESSUKE SPIKING CONSIDERATIONS

Some qualitative insight into the possible role of the reaction
intermediate in igrition pressure spiking can be gleaned from the
sensitivity tests discussed in Sec. IV.B. To obtain further insight,
the energy .elease upon sudden decomposition of the reaction inter-
mediate has been calculated as well as the energy release upon re-
action with additional oxidizer.

Using the empirical formula deduced in Sec. 1V.F.3
for the reaction intermediate, an equation for self-decomposition
to H,O, CO,, N3 and excess MMH may be written:

5 C4Hp4NgOg (1) —> 6 CO,(g) + 18 HpO(g) + 8 1/2 Np(g) + 14 CH3N,Ha(g)

Using a heat of formation of the reaction intermediate of AHg = -0.509
kcal/gr {Sec. IV.F.2), the heat of reaction for the above decomposition
is computed to bz AH, = -0. 365 kcal/gr cf reaction intermedizte,
indicating a relatively unenergetic reaction.

For reaction with additional oxidizer, the following equation
can he written:

C4Hz4NgO¢ (1) + 7N02(g) ~— 4CDOy(g) + 12H,0(o} + 8N, (g)

The heat of this reacrion is computed to be AH, = -3. 32 kcal/gr of
reaction intermediate which is similar to the heat of combustion of TNT
with oxygen {10). Thus, the reaction of the reaction intermediate +ith
additional oxidizer possesses considerable energy but the rate at which
the energy is rel~ased is nct known at present. This parameter is of
course all important for ignition pcessure spiking and for Z0T's
{ox:dizer maniiold explosions) too.
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[ . The total quantity of reaction intermediate formed during
the ignition delay period of Engine Configuration No. 1, according
. to the present computer model, is given in Appendix C under the

column labelied TMINT, LB. If this quantity, 2. 33 x 10”°1b,, does
react with additional oxidizer in accordance with the preceding
equation, 2.55 x 107~ lb,, of cxidizer are required. As given in
Appendix C, the amount of oxidizer in the vapor state in the chamber
at ignition is 2. 84 x lO'Slbm, which exceeds glightly the required
amount for complete reaction of all of the reaction intermediate

; formed. Because the reaction possesses sufficient energy and

; because gufficient oxidizer is present to permit the reaction to
proceed, it is strongly suspected that the reaction intermediate
plays a critical role in severe ignition pressure spikes. Further
work is required in this area.
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SECTION VI
CONCLUSIONS

A workable, fundamiental model of hypergolic ignition in
space ambient engines has been developed and verified. The com-
puter model satisfactorily predicted the pre-ignition chamber pressure
histories and ignition delay times of two different engine configuratiors.

In developing the rnodel, considerable insisht has been
gained into the physical and chemical processes operative during the
ignition delay time. Both thevretical and experimental evidence has
established that a reaction intermediate of N;O4/MMH forms during
the igrition delzy period and markedly affects (shortens) the delay
time,

The composition of the N2O4/MMH reaction intermediate
is very complex. It appears to be a mixture consisting of at least
four compounds, the principle ones of which are MMH" H,0 and
MMH:- HNO3., The material is more sensitive, both thermally and
te impact, than MMH: HNO3 prepared in the laboratory.

Based on its fuel conte: , the liquid reaction intermediate
still contains approximately 79% of the energy of complete combus-
tion. The reaction of the material with additional oxidizer which is
present in a thrust chamber i1n sufficient amounts at ignition is very
energetic, being similar to that of TNT burning with oxygen. By
comparison, self-decomposition of the material is relatively un-
energetic.

Due to gradual decomposition and its hy roscopic tendency,
careful sampling techniques and prompt chemical analyses are required
to vbtain meaningful “ompusition ‘ata.

The computer model predicts that during the ignition delay
period MMK vapor tends to condense onto the colder N,O, drops.
The kind of reactions which occur {formation of reaction intermediate
or complete oxidation) if the fuel vapor does penetrate the evolving
vapor from the cold oxidizer drops has not been determined. The
model predicts that the reverse situation, condensation of ox:dizer
vapor ontc cold fuel drops. does not occur,
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SECTION VII

RECOMMENDATIONS

Several factors pertinent to hypergolic ignition of N2Og4/
hydrazine-type fuels in space-ambient engines that were either
outside the scope of the present program or require further study
beyond that which was permitted during this six-months effort
are enumerated below:

1. Specie analyses of the N,O4/MMH reaction intermediate
identified approximately 85% of the material. Further work is
required not only to identify the remaining 15% but also to eliminate
anomalies that exist between the present deduced composition of the
material and its measured thermal stability, impact sensitivity and

vapor pressure.

2. Because the reaction intermediate is a mixture of compounds,
the effects of initial reactant mixture ratio, pressure and temperature
on its composition, properties and sensitivity should be investigated.

3. Further work is required to determine formation and con-
densation rates of the reaction intermediate over the temperature
range encocuntered during ignition delay periods in space-ambient
engin::s. It should be noted that the composition of the rezction
intermediate undoubtedly varies from the start of an ignition delay
period to igrition.

4. To further define the role of the reaction intermediate in
ignition pressure spiking, reaction rates of the reaction intermediate
with additional oxidizer need to be determined.

5. To obtain a basis from which to develop preventive/corrective
measures to eliminate ZOT's (oxidizer manifold explosions), it is
necessary to determine the mechanism by which fuel enters the
oxidizer manifold and to determine the state of the fuel (unreacted or
partially reacted in the form of reaction intermediate) just prior to
entry of the oxidizer.

6. Considerable progress has been made in identifying the
N204/MMH reaction intermediate and in determining its physical
and chemical properties. Similar characterizations of the reaction
intermediate formed by NpO4 with UDMH, N2H4 and 50-50 need also
be determined.
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7. The effects of NO-inhibited N 04 on the formation and
properties of the reaction intermediates remain to be determined.
It has already been determined that as little as 1% NO in N,O, at
least doubles the ignition delay time of N,04/UDMF in an unconfined
impingirg stream apparatus (2}.

8. A mathematical model of ignition pressure sgiking during
start transients should be developed to permit evaluation of chamber
geometry and ignition hydraulics from a pressure spiking viewpoint.
The present hypergolic ignition delay model becomes a major part
of such a pressure spiking mndel since the ignition delay model gives
the cona.tions in a thrust chamber at ignition, that is, the conditions
from which ignition preesure spikes result.

9. The present hypergolic ignitior delay model should be
expioited to develop design information by first isolating the main
~aran. cters and then determining the rate of change of igniticn delay

.:e, mass of intermed:ate formed, etc. Parameters such as
propeliant lead and lag, transient flow increase from time zero
Jdeed system/injector effect), inii:al propellant temperature, initial
nardware temperaiure, etc. can be investigated analytically using
the rresent model to economically assist engine development programs.
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APPENDIX A, COMPUTER PROGRAM LISTING

C HYPERGOLIC IGNITION SIMULATION
DIMENSTON R(3,231),TD(3,2¢1)¢x(3,271)
DOUBLE PRECISICN DELTN,
1 TGC oWDOT 4VC JASTAR JAC (Vo ILLCoPYW M ALPHA,RKOL ,LMBDAE ,LMBDAS,LMBDAF,
2 CPLICPLTDFP s KyMEWG KGN sD2+ND34D4405,064D79DR,09,010 D11
3 D12¢TIMEPGoTGoTEMPGGNyHNUNLCU3),PV,GAM,Q,2)OMEGA,SIGMA,
@ CHI2FoMCo GWoMNOZ, TGPRM,PGPRM, SQPTRE JMINT
DIMENSION OR(3,401),0T0(3,401}),0X{3,421)
pouUBLE PRECISION ODELTN,
1 OTGTyOWNOT 4OVC yOASTAR,DAC, OV, OLC,OPVW, O™, DALPHA . DRHOL yOLMBDE,
2 OLMBOS ,0LMBDF ,UCPLOCPGLOTOFP,OK yNMFUWG,NKG,DD1,002,303,00440D5,
3 DD640ODT,008,D09,0D01:3,0011,0D12,0PG,07G,0YFMP,0OGN,OHN,0QN,0PY,
4 0GAMy0Q,0Z,00MEGA,OSIGMA, UCHT ¢OF ¢ UMC ¢ NGW ¢ IMNOZ, OTGPRM, OPGPRM,
5 OSORT
LO0 FORMAT(L1F8,4)
1C1 FORMAT(1)FA,4/2F16.4)
162 FURMAT(I5,0PFL1f  2,F12,3,F14.342X,1P4E15.5¢)PFB8.2,F1N.2¢F9.4/1}
103 FORMAT(I15,1P3E15.5,3(0PF13,3,2X),1PE]15.5)
1C4 FORMAT(//IXy'TIGe yFT,4,1X,MG0/1HT7)
105 FORMAT{IH]1 66X, INPUT DATA'//)
106 FORMAT(SOX,*INITIAL CONDITIONS - FUEL'//)
1166 FORMAT{ /76X, *INITIAL CONDITIONS - NX*//)
* 1CT FORMATIOX ) "NELTA=T* 9 sTGU*-9Xy *R{LyLDI*yRY,'RI2,1),BX,*RII,1)?,
1 By PTDUL L) i Xyt TD{2,1),TX,tTD{Y, 1047/
1C8 FORMAT({1PIEL4,5)
! 109 FORMAT(//6%,'CHAMBER NATA')
L1N FORMATU/Z/7TX, *WDOT g L1X " VO 120, PAS? 12X, *ACT 13X,V 13%,;'LC’,
1 12X 'PYM* yBX, "SSFLT?,9X, "FRCTH')
111 FORMAT(//6X, 'PRIPELLANT DATA')
112 FORMAT(//9X s *M? 1 1Ko "ALPHAY , X, *RHOL "y B8X, *LAMBDA-E* ,6X, 'LAMBDA- S,
1 66Xy 'LAMBDA=F ! 49X,y 'CPL 411X, (PG 411X, 'TNFPY)
113 FORMAT(//BX K g 12X o=t PLX,,*K=6G* 11X, *D1,12X,
1 0274 12%,037,12%,"D6°%,12X,°'05¢}
114 FORMATL/Z//9X o PN J4 X CTIME MST SY, 000G MUK S5Y,'TG,DEG.R®,8X,
1 "MNOZ LA y8X "ML yLR 410K 'GNyLR'//)
115 FORMAT(//7/730K 0% 0 oSN o "RUJe 1Y oFT? 5K, 'RUJe2V4FT 60, REJyIVFT,TX,
L "TOC o)y 8Kyt Tl J02) 0 eBX o TD(Je3s 4R, X(J,120//}
116 FORMAT(IHYL o IX g ONY G, *TIME,MS!,5¢,'PG,MMHGY ,S5X, ' TG,DEG.R? 48X,
1 'MNOZ LB 98X o "ML LB 10K, 'GNoLB? B8, ' THMINT LB*,3%,*TICN,MS5",
2 SNe'TGAV,R X, 'SMIGFRY /)
P17 FORMATU/Z/77X o067 125,070 ,12Y,*NARY,12¢,'N9?,12%,¢D10',11X,
1 DL, 1IN D12 11K, ']V}
118 FORMAT(//TXe DIW® 49X, *FRCTL? 90X, *TNHT?)
119 FNRMAT(1ET,2,1X,1ET7.2)
12" FORMATILIPEQ,2.1K,1PEQ,?/!
READ(S,119) AQIGN.AEINT
WRITE(O41200 AQIGNAEINY
READ(S,10C) RCAL,THETA,OTHETA,DFELHR,EATGN,EAINT
WRITE(6,108) RCALyTHETA,QTHETA,DFLHR ,EAIGN,EAINT
C READ CHAMBER DAYTA
1 READUS, 100} DELTN TG o MDOT ¢VC o ASTan , AC,VoLC PYM, SSFLTFRCTH,
1 DIWFRCYL s TDOMY
C READ PROPELLANT DATA

PP —
-
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C
11l

C

51

READ(S5,171) M ALPHA,RHOL+LMANDAELMRDASLMBNAF:CPLICPGoTOFP (K,
1 MEWG,KG

SET INITIAL CONDITIUNS

READ(S,100) (RUJeLD oI5l 43)o(TD(Is]1)0J=1,3)
0121546,

02=32,2

D3I=sDSQRTI(M®V2/(6.,2831853¢D1}))
D4=sALPHASACSDELTNSD)
D6«DSQRT(KS(2,L/(%Xel.CrIos( (Kol ()I/(K=-1.T)))
DI=ASTARSDFELINSDA*NSQRT(M*D2/D1)

D8 .vCem,/ D1

D9=2,AeVeM/(MENH*D])
BIC={(PGSMEWG/K(I®e(],.C/3.0)
DUlsLC/7(VSGELTN)
NEZ=2,F$RHOLOCPG/ (2, ISKGHDEL TN)
DI3asDIWS/V/NELTIN

READ CHAMBER NATA NZO4

READ(S,10C) ODELTIN,OTGY,IWDOT ,OVC,NASTAR,0AC,OV.OLC ,OPVW,
1 OSSFLYWNFRCTH, NDIW,NFRCTL ,OTONHY

READ PROPELLANT DATA N204

READ(S,171) OMeNALPHANRHOL 4NLMBBE, DLRBDSSLMBDF 4OCPL TP G,0TDF P,
2 NK,CMEMG,0KG

SET INITIAL CONNDITIONS N204

READIS,1NCH (URLJe1) s Jsl 3D, (0TDEY 10931,
003=NSQRT( 04D/ (6,2831852en1))
DD&=NALPHASOHACSUDELTIN*ND)
UDOsDSQRTIENKS (2,1 /LK el VP Yoo rel )/ (NK=1,0)))
INTsGASTARSONELTNSNDSSNSNRT((MED /] )
0N8=0OvCeidu/D1

oNgs2 cenye( )My ({IMERGONT )

DRIC s (COCONMENG/OKRGIES (] , A /1,000

GO =NLC/COVEGDELTNG

ONLIZ=s2. "SURKILOUCP /L 3,7 *x, s L TN}

ANL s ey s

Nal

LLLD

TIMES, "

LA £ gl

1G=YGR

NOGe? ¢

OIGsQTLN

MINTe, P

THiMTar

SHIGFRs" 0

FQis=’ ¢

Ngksr ¢

nn 8 ji=,3

no S° 12=1,20]

nX{il,12)s0.C

DUllLle12027) el ,)

I, 027 .0

Cliter (A

Cl2Ve” s

C',".’.c‘q

MRITE(6,.]75)
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31N
55

30
ws

™
75
an

WRITE(6,1CH)
WRITE(6,4107)

HRITE(69128)0ELTNoTGOsRIL o 1) 9R(2o1I4R(391)aTO(Le1)sTO(2,1)T0(3,1)

WRITFE(6,4169)
WRITE(6,119)
WRITE(6,1C8)
WRIYE(H,118)
WRITE(6,108)
WRITE(6,1111}
WRITE(H,112)
WRITtvo,108)
WRITE(6,113)
WRITE(6,108)
WRITE(6,11T}
WRITE(6,1C8)

WRITE(6,1106)

WRITE(&,10T)
WRITE(6,1C8)

WDOT ¢ VC o ASTAR,AC,VyLC )PV SSFLTFRCTH
DIWsFRCTL,TOHT

My ALPHA yRHOL ¢ LMBDAE ; LMBDAS ) LMBOAF,CPL,CPG,TOFP
Ky MEWGyKG4sD14D2,03,04,D5

06,07,08,09,010,011,012,013

ODELTN,OTGC sOR(1¢1)40R(2,1),0R(3,10,07T0(1,1),

1 0TD(2,1),0TD(3,1)

WRITE(6,129)
WRITE(6,110)
WRITE(6,10.8)
WRITE(6,118)
WRITE(6,118)
WRITE(6:111)
WRITE(0,112)
WRITE(6,1C8,
WRITE(6,113)
WRITE(6,11.8)
WRITE(6,11T7)
WRITE(6,4108)
WRITE(64116)
GNs=i' , 0
HNs 0

UNa( ,0

JuNe]

OWDOT yNVC,CASTAR,OAC,0OV,0LC ¢ OPVW,OSSFLTOFRCTH
COIW,0FRCTL,OTDHT

OM, GALPHA, ORHOL 4 OLMBODFE , OLMBNS,OLMBOF,0CPL,OCPG,OTDFP
OK s OMEWG s OKG4D1 40240034004 ,DDS

pD6,0D7,0D08,009,0D17,0011,ND12,0013

IF (J-D11~-210 3,3,5%5

JsDl1e21
Jng-1
e

OSmuwD(TONELTN

IF (N={SSFLT/OELTN+OLLY) INN,4,4
IF (J=NSSFLI/DELTN) 4,464,308
DSeNSe{N-Le5,5)0DEL IN/SSFLT

fsle}
GAM=k{f,J}
TEWP=TO((,J)

IF (TEMP-TDFP) H0,65,68

TEMPTDFO

PYSPFUNCT{TILI™P)

~
Qe 7

IF (J-0111 70,170,5

IF STEMP=TOFP) T75,7%,8"

IF (X{1ed)=1.0) 80,%,5

Q) 0 (PV-PLICALPHASOELTIN/(RHNLSGAM)ISDIENSQRT(L. N/ TEMP)
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85 [F (PG) 545,9¢C
9C SQRTREsDSQRY(CI*GAMSPG/TG)
18D)26GAMSB28Q/ (2,04 ), 6%DIC*SQRTRE)
IF (1-30,0) 205,205,277
200 71830,
205 OMEGA=CPGR{TG-TEMPI/(DEXP(L)=]1.0)
SIGMA=OMEGASDSSC( [ ) Q
QN=QNsSTGMA
S R{L,Jel)aGAMS(] ,u=-Q)es(],n/3,0}
TOPL,J+1 ) =TEMP=LMBDAE/CPL#Q
IF (X{T,00) 21C0421C,277
207 T0(],J¢]1)=YDFP
IF (0.,60=-X{[oJ)) 225,225,4L0
210 IF (Q) 215,225+215
215 IF (PG) 225,225,227
220 TDUL,Je1)=TEMPLQ/CPL*(OMEGA~LMADAE)
4CC IF (J~D13) 225,401,401
Nl §F IX(Ted)) 4n5,405,236
4C% IF (N=(D134TDHT/DELTNIY 17,415,415
410 FRCYS(FRCTH=FRCTLIS(LI-{N=-D13)&DELTN/TDHT) +FRCTL
GO 10 420
415 FRCTYsFRCTL
420 TDU[, )1 sTOL s e ) eFRCTS(TIGO-TD(T,Je¢1))
22% CHI=C.(
15 (TO(1,J¢L)=TOFP) 239,230,235
230 CHI=Q/LMBDAFS(LMBDAS~OMEGA)
235 X{I,Jelisx(l,4)¢CHI
IF (X(1,0¢1)) 236,237,237
236 X{leJ#1)=0,0
237 IF (X([,J¢1)~}.0) 239,239,238
238 x(l,Jd¢l)=],2
239 FeC(])*05%Q
GN=GNeF
HNSHNeF &Y FMP
TlT=Y) 4024M,240
“oar du=b) 245,245,3
245 MC=DB8PG/TO~-THETASMINT
GW=r ,0
{F (PG-PV]) 252,252,299
250 GuEDLs(PG-PYN}/DSARTI{TG)
252 MNNL=DT¢PG/DSQRTITGH
TGPRMe (HNeTGE (MC~GW-MNOZ ) ¢ (FQR-ON) /CPG) /(GN+ML~GW=NDT )
PGPRM=sTGPRUS({ (GN~GW~MNDTI ) /DAPG/TG)
1172 OGN=,f
GHN=e ¢
OQN=G
JJshNel
1319 IF (Js-0D11-21) 1C03,30C03,105%
1785 Jy=D011¢21
1903 JJedy-|
{1=0
DOS=ONOOTSNDELIN
[F (NN-{OSSFLY/ODELTINSODLI) ) 130U, 1NN, (7%
1360 [F (JI-NNeNSSFLT/ODELTNY 10C4,10C4,13C05
1305 DOSsNOSS(NN=SJrISIONDELTN/OSSFLY
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14

1767
1765

127C
1975
1ose
1185
135

12cy
l12¢5%

1905

1207

121¢
1215
1227
140
141
1415
IS

1415
1429
122%

1z
122y

1236
1237
17238
1239

12«
1245

125«
17252
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I1=s[1+])
OGAMa0R([§,44)

OTEMP=OTD(IT,44)

IF (OTEMP-OTPFP) 1161,1065,1565

CYEMP=UTDEP

OPV=VAPIOTEMP}

00=( ,0

IF (Jg-0011) 1L72,1%70,1975

[F (UTCMP-QTIDRP; i1 iL 19,8980

IF (OX(iledyr-~1,0) 18P, 1006,10"5 b
OO*S.G*(OPV—OPGOOOALVHA'ODELIN/IORHOL'OGAM)‘DD!*OSOﬂY(l.(/DTEMPi
iF (0pG) 19354129%,15
USOR!=DSQRYIDDG*OGAM*OPG/OYC)
oz=narztnnAuvtztoollz.04).6t001'*Ct”qr'

IF (j72~37,0} 1295,129%5,1290

0l=3n,r

aaMFGA-0f°thQIG~OrEM93/(0£x9(01:~1.€)
OSIG~A=OONEGA*ODS*C!ll!*OC

OON=0GN+OS I GMA

ORlll.JJOIl-GGAHt(1.0—00"*(I.OIB.ﬂ)
OTO(I(.JJ*I’-OTEMP-OLMBDEIOCPL¢UQ

IF (OX(I1,441) 121r,5210,0207

OV0(I1,444)5=CTDFP

IF 47,66-0x011,44)) 1225,1225,1407

IF (0Q) 1215,1225,1215

I[F (QPG) 122%,1225,122n
nrut((.JJell=nt£ﬂ=»oulocoLt(QnMEcA-GLMnoca

IF {J4y-0013) 1225,140),140;

IF (ox(11,501) leT%,14%%,123¢

1F (NN-(OO!!#UTDHYIHUEL!N!) 1412,1419,1415
0FRCV=(0FRC?H~0FRCIL1*(1—!&&—99:2:*?nELfN/qrourlonfkcrL
GO TU Lée2¢

OFRCT=OFRETL
uro(ll.JJol!xutnllI.JJ*lo«urwct*(oraﬂ-urvlll.JJollo
OCH =,/

1F :Gvutll.JJOID-UYDFP) 1230,1237,123%
OCHlsﬂoluLMnnrtdw'Mnnso"D“'GA!
OX(l!.JJOX)-ﬂlIII.JJﬁoﬂCHI

IF AAOX(fL,44e1 ) 123641237,4227

OXtIfydgelyue g

UF (UXCIT,098))~1,0 1237,1239,1228

MEIL o) )my, 0

GF= (1 1)80D580Q

OGA-CGNeQF

UHN:- CHN+OF e TE Mp

LE S 00=3) 19¢4,1267, 124

IF t49-1) 1245,1245,1701
oucuOOBOUPGIQTG-UT&FTA&H]NY

NGwz",n

IF (0PG-0Py4) 1252,1252,1260
Ucu:nnbtdoﬁc-uovu)/nsonrtnrcp

NN 2sDDTROPGLDSQRTLATG )
qrccQu.(nunoutct(ukc-ncu-nnunl0o¢nQR-00NI/ﬂﬁ?Gi/(OGMOOMC-nGH-
1 OMN97Z)

u#cpnu.nrcouutt(nc~~ocu—0nuozi/nneonvc/nlct
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TIME=T[ME+QUELTN
TIMFUS=LACO,C 6T ME
PGMMHG=C, 359131 #0PGPRM
MRITE(6,1C2) NN, TIMZMS, PGMMHG, QTGP RM, OMNOL , OMC o OGN
NN=NN+
NPGeNPGORM
OTG=0TGPRM
IF (NM=]1<28N) 1202,3900,1072
33CL PGUMMGE) , 259 31 $PGPRH
TGAY=(ONCSOQCPGROTGEMCACPGHTGPRM/ { OMCSDCP C+MCSCPG)
MINT=Z ,)320680MCHMCSAETNTEDEL TNSFXP(~) ,B5CEATAT/RCAL/YGAY)/ (OMs
s+ THETASYC)
TMENT=THINT&MINT
QRe-MINTSOELHR
OQR=0MC/ (OMC +MC ) #QR
FQRe4C/(NMCeMC ) 8QR
TIGN=19,24%RCALSNI*TGAYVSSI/{ (GPLePGPRM)SAQIGNSFAIGNIS (], L +PGPAMY
1 OPGIS(MeCPGe(IM/2%0CPG/10%NPG/PGPPMISEXP(] ,B2EAIGN/RCAL/TGAY)S
2 100(,¢
FRCYIG=1DGURDELTN/TIGN
SHMIGFR=SMIGFR¢FRCTIG
WRITE(E 10 2) NyTIMEMS ,POCMMHG o TGPRMGMNNT ,M(,GN, THINT,T1IGN,TGAY,
1 SMIGFR
IF (SMIGFR=1 D) 264,280,428
264 Nsh+]
265 1F (N-1121) 271,28 ,28)
271 PGePGPRM
TGe VGPRM
60 Y0 2
28 YAITE(bL,iC4Y TIMEMS
60 1Tn 1
END
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APPENDIX B, COMPUTER PROGRAM INPUT DATA FOR
CALCULATION OF IGNITION DELAY IN ENGINE CONFIGURATION NO. 1
(Calc. NZO4/MMH #5809-1-17)

Init:al Conditions - Fuel

Bty

To

r(1,1)

r(2,1)

r(3,1)

Taliiy - Tgidiii - Tq 2.1
Chamber Data - Fuel

w z 0.075 lh,,/sec

Ve = 8.16 x 1074 cu. ft.

A% = 9.51 x 1074 -~ o

Ac = 4.60 x 1072 sq. ft.

Vq = 71.5 ft. /sec

Le = 0.167 ft

= 5 x 1072 sec

= 538 °R

= 5.83x10 -5 ftw Calculated from

mass median drop

= 1.71 % 10'4 ft ) size of 50 microns

as discussed in

= 3,84 x10°% ftJ Sec. I1I.A.

- 528 0Rp

-117-

143 PSF
8.0x10°% sec
0.15

0.02

0. 0852 it.

2.5 x 10'3 sec

) .
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APPENDIX B - cont'd

Propellant Data - Fuel

M

1]

>
i

Ap =

46 lbp,/lb-mole
0.5

55,65 1b, /cu. ft.
389 Btu/lby,

486 Btu/lb,,

97.5 Btu/lb

Initial Conditions - Ox

AtN
T,
r(l,1)
riz V)

r{3,1)

Ta(1,1)=Tq (@2, 1) =Ty (3,1)

Cbamber Data - Ox

=
n

0.120 1b, /sec
8.16 x 10°% cu, ft.
9.51 x 10”4 oq. ft.
4.60 x 10-2 gq. ft.
©9.0 ft!sec

0.167 ft

H

= 0.694 Btu/lb_"°R
= 0. 34 Btu/lb,"°R

397.7 °R

= 1.13

-6

= 4,91 x 10 lbm/ft-sec

= 1.9x10'6 Btu/sec-ftz-(oR/ft)

2.5 x 10'5 sec

537°R

5.83 x 10'5 ft ] Calculated from
mass-median

1.oa et drop size of 50

microns as

3,84 x 10°% ft | discussed n

7 Sec. UL A,

537°R

2558 PSF

"

1.6 x 10-3 sec

L

= 0.1%
x 0.02
= 0.0852 ft

P 2.5 x 10-3 gec

[

i
!
%
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APPENDIX B - cont'd

Propellant Data - Ox

M = 92 by, /lb-mole cpl = 0. 36 Btu/lbmy, -°R
= 0.1 cog  © 2.0 Btu/lb -°R
2 _ o

1 = 92.51b_/cu. ft Typp ° 471.8 °R
Ne - -

e = 173 Btu/lb__ k = 1.08
N 3 -6

8 = 237 Btu/lbm Mg : 7.9 x 107°1b_ /ft-sec
“F = 68.5Btu/lby, Kg = 2.4x107 Btu/sec-{t2-(°R/ft)

Reaction Intermediate Data
8y = 0.571
Oox = 0.429
BH, = -1619 Btu/lb,,
Aint = 1.7 x 10} cc/mole-sec
Eint = 4500 cal/g-mole |
]

Ignition Data

(AQ)jgn = 3.4x 10’4 cal-cc/molel-sec

Ejgn - 5200 cal/g-mole

1

|
Real 1. 987 cal/mole-°K j

-119-
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APPENDIX ©, PKRINTOU] OF COMIUTED RESULTS FOR
ENGINE CONFIGURATION NO. 1}

The first column of the printout which follows gives the
number N of time intervals through which the solution has proceeded.
At any given time inte thin calculation. second column, the N for the
oxidizer is twice the M for the fuel since the time interval step used
for the oxidizer is one-half that of tlie fuel. The times given in the
second column do rot include the time from valve signal to initial
emergence of propellant from the injector into the thrust chamber.
This time was deiermined from schlieren movies and oscillogram
traces to be 3.5 msec for the feed system/propellant valve/l-on-1
doublet injector assembly used in the program. Thus, 3.5 msec
must be added to the times given in the second column of the print-
out to give the total time from valve signal.

The third column of the printout gives the partial pressure
of the appropriate reactant and the fourth column gives analogously
the temperature of the reactant vapor in the chamber. The f{ifth, sixth
and seventh columns give respectively: the mass efflux of vapor phase
reactant through the nozzle during the time interval in question, the
mass of reactant vapor present in the chamber at the end of the time
interval, and the net mass vaporized during the time interval.

The calculated results are given in the printout in groups
consisting of three rows. The first two rows in each three-row group
pertain to the oxidizer for which smalier time intervals are required
as a consequence of its high volatility. The third row of each three-
row group pertains to the fuel, MMH. This row also gives: (a) the
total mass of reaction intermediate TMINT formed from the start of
the calculation to the time interval N in question, (b) the ignition delay
time TIGN calculated for the pressure, temperature and vapor composi-
tion prevailing at the end of tiie time interval in question, (c) the
average gas temperature TGAV for the fuel and oxidizer vapors in the
chamber at the end of the time interval in question, and (d) the sum of
ignition fractions SMIGFR from the first time interval of the calculation
to the time interval in question.

Additional calculated quantities which have been printed out
in otk :r computer runs (and which made the printout voluminous)
includ.;, the radius, temperature and frozen fraction of each drop class
(3) in each ensemble {}, 2..... N) in each, or every tenth, time interval.

-120-
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APPENDIX C - cont'd.

The computer printout for the ignition delay calculations
for Engine Configuration No. 1 is reproduced on the following pagss.

-121-
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APPENDIX C - cont'd.
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