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SPECIFIC IMPULSE LOSSES IN SOLID PROPELLANT ROCKETS

SUMMARY

The discrepancy between experimental and theoretical specific
impulses of metallized propellants is partly due to the presence of
a condensed phase in combustion products. The theoretical analysis
and the experimental study of this condensed phase both indicate a
notevorthy increase in size of the particles during their evolution
within the motor. The two-phase flow general equations are estab-
lished and applied to a nozzle flow; the loss in specific impulse
due to irreversible exchanges betwecn phases is expressed an2lyti-
cally in a few particular cases. The condensed layer forming along
the nozzle has little influence on the wall loss. Analytical
oredictions of the overall specific impulse loss compare well with
measurements made on actual rocket motors.

1, - INTRODUCTION

The develonment in aerospace research over the last 15 years
could never have taken place without the progress achieved in chem-
ical propulsion. This method of propulsion is based on simple
physical princivles but implementation comes up against difficult
technological problems and demonstrates the existence of unexpected
operating states -- dangerous or simply unfavorable from the per-
formance standpoint,

The unsteady and periodic states (combustion instability) are
an important category of problems; instabilities are manifested
both in liquid-propellant rockets wherc they may be accompanied by
structural vibrations and unsteady response of pipes (Pogo effect),
and in solid-propellant rockets where the acoustics of the com-
bustion chamber play a large part. A second category of problems
concerns the permanent or almost-permanent ope "ating state; the
performances obtained arc generally inferior to theoretical pre-

dictions., Tris effcct, known as "specific impulse loss" is particu-
larly felt with solid propellants and it is the subject of this study.
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A solid propellant is made of an intimate mixture of substances
which, when they react 'in the combustion chamber, produce combustion
products at high temperatures. Solid propellants are generally
divided into two classes: double~base or homogeneous propellants
where the oxidizer and the fuel are part of the same molecule
(nitrocellulose, nitroglycerin) and the composite heterogeneous
group where the oxidizer and the fuel are two different chemicals.
Composite propellants give the best performances. Accordingly,
attempts Lave been made to define the optimal composition from the
enerqgy standpoint alone, it being understood that other consider-
ations will enter into the final choice (mechanical properties,
manufacturing cost, ease of manufacturing, aging, and safety of
use).

Using thermochemistry, we select the pairs of compounds with
the best energy potential. Specific impulse, which physically
represents the thrust producgd per unit weiqht of fuel, is the most
interesting overall parameter since it includes both the energy
released by combustion and the fraction of this energy recuperated
in expansion. The influence of the various factors involved in
specific impnlse may be defined by a simplified reasoning [l1]. The
study of isentropic expansion in a wozzle with the simplest hypo-
theses gives the following expression for specific impulse [2]:

T VER ()

where 'I‘o is the temperature of the combustion products
in the chamber,

Py and pg are the pressures in the chamber and

at the nozzle outlet,

Y is the isentropic exponent and Cp the mass heat
(two-phase mixture in equilibrium).

E;To can be cxpressed as a function of the nass enthalpy vari-
ation of the reaction at reference temperature T

G (o-Ta)= -AOhg,

R:
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The isentropic exponent of the combustion products is linked

to Cp by: - 2]

' U+ 2 & ’

where R is the universal constant of the gases,
M is the molar mass of the gas combustion products,

K is the mass flow ratioc of the condensed and gas-
eous phases.

For given operating conditions there is thus an advantage in
releasing substantial encrgy in the chamber and for the mass heat
of the combustion products, the mean molar mass of the gascous

products, and the quantity of condensed phase to be as small as
possible.

The energy AhR is linked to the endothermic nature of the
reactions by which the propellant components are formed and the
exothermic nature of the reactions by which the combustion products
are formed, the latter having to be more stable at high temperatures.
Solely from the enerqgy standpoint, a condensed phase and a high mass
heat of combustion products limiting combustion temperature and
digsociations can be favorable. Due to the effect of K and C;
on the frattion of energy recuperated in the nozzle it is desirable
to seek a compromise, and because of this we examine the rcaction

product formation energies and the components linked with their
molar mass.

In the reaction products the oxides and fluorides are the
most interesting. The hydrogen (1,0 and HF) occupies a privileged
position by rcason of the stahility and low molar mass of these
compounds., Also, the oxides BeO, MgO and A1203 arc characterized
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by great exothermicity and appear in the condensed form in the

useful temperature range. The components should be examined from

the viéwpoint of endothermicity and molar mass; the bonding energies
should be as low as possible while being compatible with safety.

The most interesting oxidizers are formed from S, O, Cl, and N while
it is useful for the propellants to contain hydrogen and light metals.

These considerations explain why the introduction of metal into
a classical composite propellant (ammonium perchlorate + plastic
binder -- polyvinyl, polyurethane, or polybutadiene) markedly
increases performance. Aluminum is the most widely used metal since
its energy properties are good and its price, in the powder form,
is moderate.

It was noticed fairly early on that the increase in specific
impulse due to the metal is always less than calculations had
predicted. This difference may be characterized by a general index
such that: '

el

The numerator is detemined by bench tests while the denomina-
tor is given by thermodynamic calculation.

For non-metallized solid propellants the index EI is on the
order of 0.97 while it is often less than 0.93 for metallized pro-
pellants.' This 4% decrease of €1 translates an extra loss of
specific impulse of about 10 seconds. Such a loss, if not pre-
dicted, can irrevocably compromise a space mission; one can con-
vince oneself of this by using the formula connecting the potential
velocity increase to the ejection increcase and the mass ratio.

AV ~ vy Leq E;"%

For a given payload, the incrcase in velocity is directly
proportional to vg or I and it must be controlled very precisely,
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particularly for injection into orbit. Calculation shows that a
decrease of one sccond ‘in the specific impulse of the third and

last stage of a launcher means that the apogee drops by more than
100 km.

Thus the problem is first of all to precisely predict the
performances of a given engine, which cannot be done without some
explanation of the differences found; the next probhlem is to opti-
mize the propellant configuration to maximize these performances.

2. ORIGIN OF SPECIFIC IMPULSE LOSSES

Since the total specific impulse loss results from the dif-
ference found between prediction and experiment we should inves-
tigate the two terms of the difference.

Calculation methods used have centered essentially on the
thermochiemical aspect of the phenomenon and have proved adegquate
for liquid propellant or non-metallized solid propellants. For
metallized solid propellants it is assumed that the condensed and
gaseous phases are in kinetic and thermal equilibrium,

For expansion in a nozzle we use the hypothesis of permanent
one~-dimensional flow in sections. Computer programs are distin-
guished by the number of chemicals considered and the hypothesis
taken for the speed of chemical reactions. Chemical relarations
in the flow can be introduced into the calculation but this gives
rise to large computing difficulties; for this reason the problem
is tackled by calculations for extreme conditions: €£rozen expan-
sion (reaction speeds infinitely slow) and equilibrium expansion
(reaction speeds infinitely fast). The correct value is between

the values calculated by the two hypotheses and actually depends on
the tire s»ent in the nozzle, and thus on the scale. Another hypothesis:

frozen expansion in the throat or at a given temperature is also
used.
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The specific impulse values calculated for a typical propellant
with 16.4% aluminum are as follows: (p. = 70 atm. Pg ™ 1 atm,).

o
Frozen expansion: 257.3 sec
Mixed expansion (frozen:in throat): 258.4 sec
Equilibrium expansion: 261.6 sec

The thermodynamic magnitudes at high temperatures are not
always well known and the manner of decomposition of certain com-
pocunds 1is a matter of controversy: this is the case of A1203 whose
existence in the vapor state is contested as chemical reactions in
the gas phase between Alzo, AlO, (Alo)2 produce the condensed phase.
These uncertainties may be at the origin of the slight differences
fron theoretical specific impulse.

However, the maximum difference between the values is about
2% and with small motors the experimental specific impulse is the
same as Lhe theoretical value. The uncertainty as to theoretical
specific impulse cannot thus explain the loss.

Experimental specific impulse is measured at the testing
station: the immobilized motor is fired and the evolution of
thrust and chamber pressure is measured. From these two curves and
the consumed mass one calculates a mean specific impulse and mean
characteristic velocity. These two magnitudes are defined from
formulas established for the ideal isentropic nozzle and adapted
for average operation:

F_ . _f"FAr

I~ S e
’ f:"so ) Am%o

c* .= P.-,Ac ~ 7\: fp¢‘“-
o rh Am

4

The measurement precision of these two magnitudes will be dis-
cussed below., We will point out briefly that it is essential to
take into consideration: -
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the precision of instantaneous pressure and thrust measurements,

- the precision of measuring the exhausted mass {(combustion of part
of the inhibitor and the nozzle heat shielding, desposits in the
chamber and on the nozzle, and unburnt substances),

- variation of throat cross section during firing,

unsuitability of nozzle, chamber pressure varies through time

(evolution of combustion surface, erosion of- nozzle throat).

With a fine analysis of tests it has been shown that the
experimental specific impulse can be ascertained with an accuracy
of 0.2%. The relative difference between the theoretical value
(fixed) and the experimental value on small motors :, which is about
7 to 8% or about 20 seconds, is thus significant.

The specific impulse losses of non-metallized propellants are
broken down in the classical way into elementary losses each attri-

butep to a particular phenomenon. One generally distinguishes the
£ollowing losses: )

- chemical loss

This loss corresponds to incomplete yield of chemical reactions.
It happens for example when the propellant mixture is imperfect.

- wall losses

The interactiions with the wall are mainly friction and heat
transfer,

~ loss by jet divergence

This loss is linked to the one~dimensional description of flow.

For a conical divergent this loss is estimated by the classical

formula (2]:
A+ coad

£

For the metallized propellants the importance of these various
losses must be examined in detaiui.
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2.1, CHEMICAL LOSS

.

We will first note that the oxidizer and plastic fuel of the
propellant are intimately mixed in the propellant matrix such that

the chemical reactions between these two components are likely to
There might be some question, however, as

Lave an excellent yield.
This efficiency

to the combustion c¢fficiency of the added metal,
has been evaluated by various methods.

A ]

2.1.1. Measuring Characteristic Velocity

The isentropic thzory of the flow of an ideal gas in a nozzle
enables the specific impulse tc be expressed by:

IT.. S¥ce-
o

C* is the characteristic velocity:

C* ffﬁ:f== Qfﬁi.
rh ncs)

This is thus a specific magnitude of combustion.

CF is the thrust coefi'icient.
: F \ X =4
= e N'OF) \ [25 (4 (2 adapted nozzle)
s "OVE[(-GYY] e

CF characterizes the quality of expansion in the nozzle.

Atéempts have been made to estimate the combustion efficiency

by comparing the theoretical and experimental values of the char-
The experimental value is always very close

acteristic velocity.
The same is found with

to the theoretical value, or even higher.
metallized lithergols leading to impairment of specific impulse
greater than that of metallized solid propellants (specific impulse
loss over 10%). Ve would thus be tempted to say that the combustion
efficiency is excellent and the specific impulse loss is only con-

nected with impairment of the thrust cocfficient.
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In actual fact this analysis is too simplistic; on the one hand
the measurement of C* is'fairly imprecise since little is known of
nozzle throat erosion during firing; on the other hand the theoret-
ical value of C* is very sensitive to the two-dimensional aspect of
flow in the throat region, to wall losses, and above all to the
two-phase nature of the flow: with respect to just this point the
condensed phase would be translated by an increase in characteris~-
tic velocity connected with irreversibleexchanges between phases and
displacement of the sonic section toward the divergent [62]. The
characteristic velocity measurement is thus insufficient for finding
out the combustion efficiency.

2,1.2, Direct Measurement of Combustion Efficiency of Aluminum

Analysis of the condensed phase enables the proportion of
unburnt aluminum to be determined directly. Two types of deposits
have been analyzed;

- a fraction of the condensed phase is deposited on the nozzle and
collected after firing. This finely pulverized deposit can be
treated chemically (attacked by average-concentration hydro-
chloric acid); postulating that alumina is totally insoluble in
acid and that the volume of gas released comes from attack of
free aluminum, we f£ind that at least 99% of the aluminum is in
the combined form; this result is in gocd agreement with that of
Cclucci [3].

- traps are placed in the jet to measure the grain size of the con-
densed phase., The trapped particles form a very thin film on the
glass plates and the mass collected is extremely small. For this
reason the X-ray diffraction method of analysis was chosen. The
particles are removed from the plate with a razor blade, mixed
with an amorphous glue, and the powder oObtained is spread in a
thin but dense film. The identification method (Debye-Scherret)
shows bands of different kinds of alumina (principally a, &, x, 7.

-9-
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The aluminum band is too small for direct quantitative assaying.
A quantitative assaying method was developed for comparing the
analyzed specimen with reference specimens composed of o alumina

and a small quantity of aluminum,

These results enable us to stat; that less than 3% of the
aluminum is in the free form.

i i -

The influence of a proportion of unburnt aluminum on perfor-
mance is sought by thermodynamic calculation. One need only modify ;
the computer program by considering the unburnt aluminum as an
inert substance possessing the the.modynamic properties of aluminum.
i : Figure 1 gives the variations in specific impulse and characteristic
velocity with the proportion of unburnt aluminum under standard
operating conditions (pg = 70 atm., Pg = 1l atm.) of a propellant
containing 16% aluminum, It is seen that the specific impulse
loss due to incomplete aluminum combustion is at most 0.4% or about

e chad

o RIS

one second.

D"‘» .f_l.l ac®
’r—g
w €

°
‘5555&::::::L-,___--~ ’ . Unburnt Al, %
! \ < Specific impulse

E Characteristic velocity

Figure 1. Influence of Percentage of Unburnt
Aluminum on Performance.
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2,1.3. Attempt to Improve Combustion Efficiency

An indirect determination of the combustion efficiency was
made with a series of tests on a particular combustion chamber ;
configuration. A grid made of tungstcn bars (the only metal with |
satisfactory resistance to heat at the propellant combustion
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temperature of about 3000°C) and placed between the propellant
grain and the nozzle is.charged %0 increase the turbulence in the
chamber and intensify reactions between phases; this type of
device has becen used successfully in Yithergol engines. The opti~
mum specific impulse gain is about one second.

These various approaches lead us to assume that the combustion

_efficiency is very close to 1 and the corresponding loss, if it
exists, is only a small fraction of the total specific impulse loss.

2.2, WALL LOSSES

The wall losses may, in a first approximation, be estimated
with classic claculations for non-metallized propellants. The
metallized propellants are characterized by a very high combus-
tion temperature and the nozzles are not cooled; the wall temper-
atures reached are thus higher and the heat flow must remain in the
same order of magnitude. The same applies to friction, far less
sensitive to the temperature level than are thermal phencmena.
Accordingly, the wall losses are comparable whether the propel-
lants are metallized or not.

Experiments have shown that the problem is actually more
complex due to formation of an alumina layer on the nozzle [3].

2.3, JET DIVERGENCE LOSSES

The nature of the problem is identical whether the propellant
is metallized or not but in the first case the calculation is more
complicated due to the non-uniform distribution of the condensed
phase in the gesewus phase and the relative movement of the two
phases. However, the condensed phase is rather concentrated on
the nozzlc axis so that the loss can at most only be equal to its
classical expression for a homogeneous fluid.
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This brief discussion shows that classical losses are at most
those of a nonmetallized propellant, but they do not suffice to
explain the differences found, the origin of which must be sought
in the existence of a condensed phase characterizing the metallized

propellants and able to correspond to a mass fraction of combustion
products greater thun 40%,.

Numerous studies on specific impulse losses have been con-
ducted in the countries interested in chemical propulsion, prin-
cipally the United States and the Soviet Union. 1In France the

first studies were undertaken under contracts between the Direction
of Powders and ONERA (Energy Direction).

Due to the large number of phenomena to be considered and the
.complexity and diversity of investigations to which they leed,
only a few publications give a good overall approach to the problem
[4]. On the other hand, ‘there is abundant literature on particular
aspects of the problem; in the field of multiphase flow we must
cite the work of Marble [5] and Soo [6].

Some section of more gen-
eral works also deal with the problem [7].

In the course of this study a number of developments proved
necessary in varying directions. This diversity, found in the
present account, led to the establishment of priorities of
objectives. The first target we set ourselves was to pick out the
most important phenomena and estimate by simple and realistic cal-
culations the order of magnitude of the various losses. This led
us to go more deeply into certaiin theoretical foundations and to
conduct theory and experiment in parallel; experiment supplied
physical data and enabled the calculations to be checked. It was
noticed at an early stage that there were uncertainties as to the
very description of certain phenomena and that we still have a
poor guantitative knowledge of certain magnitudes. W¥We did not thus
feél the need to go into involved computer calculations while there
was stil) uncertain+y as to the basic premises.
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The plan adopted here in describing the results obtained begins
with the study of the condensed phase since this plays the essential
part in specific impulse losses. Each loss is then analyzed on the
assumption that it is independent of the others, which is justi-
fied by their orders of magnitude, and corresponds to a small pertur-
bation in the ideal expansion of combustion products. We w . then
spmmarize the results and compare calculation and experiment.

3. STUDY OF THE CONDENSED PHASE

3.1. GENERAL

The condensed phase of the combustion products is formed by
alumina coming from combustion of the metallic propellant. It is
partly deposited on the chamber and nozzle walis but almost all of
it is in the form of very fine particles suspended in the gaseous
phase.

These particles influence all the phenomena to be taken into
consideration here., The flow is characterized by exchanges between
the gaseous and condensed phases: first of all, mass exchange due
to condensation of alumina, then momentum exchange connected with
entrainment of particles by the gaseous phase, then heat exchange.
Th2se exchanges are irreversible in nature and may be expected to
have great effects on expansion of the combustion products. The
particles do not exactly follow the gaseous flow streamlines in
zoncs with a high velocity gradient, the condensed phase is not
uniformly distributed in the gaseous phase, and the two-dimensional
effects of flow are modified accordingly. A fraction of the par-
ticles is deposited on the walls to form a layer of alumira which
modifies wall phenomecna and also corresponds to a loss in ejected
mass.

Each of these occurrences requires local knowledge of the
particle population., Since the number of particles iz very large
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(about 1014 for 1 kg of propellant containing 16.4% aluminum) we

must resort to statistical methods to represent this population.

At each point of flow we can define a particle distribution accord-
ing to one or more variables which may be the mass or a character-
istic geometric dimension, velocity, etc. The distribution density,
assumed continuous, gives the number of particles per unit volume
of the mixture of the two phases which possess a mass, a velocity,
etc. within the given intervals.

The particles, collected on the outside of the motor, are
essentially spherical in shape. The particles inside the motor
are also assumed to be spherical although they can be deformed by
sudden accelerations when liquid. We also noted the existence of
exceptional particles, usually large and very limited in number,
escaping this description; these were usually agglomerates. The
photographs of Figureés 2 and 3 taken under the scanning electron
microscope show that most of the particles are almost spherical
and that there is a large spfead of diameter (between 0.1 and 20 u
under the experimental conditions of our tests).

The alumina remains in the liquid state (T > 2317°K) for most
of the expansion, and solidification commences orly in the divergent
section of the nozzle. The liquid particles agglomerate by «o =
lision such that the particle size of the condensed phase is
neither uniform nor constant. Particle qgrowth is also accen-uated by
alumina condensation. The particle formation process, the c¢nlli~

siors, and condensation give rise to the wide spread in particle
diameter.

The condensed phase is thus characterized by the following
three properties: interaction with the gaseous phase, development
during expansion, (.0 wide spread. as particle size is one of the
most important parameters in calculating specific impulse losses
(it will be scen that the square of the mean diameter comes into
calculations of losses due to phase shifts), we can see that the
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particle size of the condensed phase must be known locally and
accurately. This determination proved difficult; we thus called
on both experiment and theory at the same time.

3.2. EXPERIMENTAL DETERMINATION OF CONDENSED PHASE CHARACTERISTICS

The condensed phase of the combustion products of metallized
propellants was measured a number of times: for velocity, for
temperature, for particle concentration, and for particle size.

The latter called for the greatest amount of work as the other
magnitudes werc more accessible by calculation., Experimental results
on particle size have becen summarized clsewhere [8). We will thus
confine ourselves to bricfly summarizing results obtained abroad
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with emphasis on the means used in the present study. We will also
mention the measurement'principles for the other magnitudes.

Thc first results on particle size of the condensed phase
were published by Brown and MacArty [9]. Other investigators then
took up the problem {10, 11, 12] but the lack of uniformity in

results and conclusions induced us to continue the work started at
ONERA in 1964 [13].

The experimental technicques may be classified into two groups:
direct techniques, wherein particles are collected and analyzed,
and indirect techniques where the particle size is deduced from
another physical measurement,

The indirect techniques are principally based on optical
measurements. These methods are particularly a*tractive since they
do not perturb the flow and have great potential, especially since
the development of lasers.

However, the measurements of Dobbins and Strand [12] showed
a number of difficulties. Determination of the monochromatic
flow transmission factor calls upon Mie's theory of light scat-
tering by a cloud of nmarticles. The calculation is extended to
a particle distribution and enablces a mean diameter to be calcu-

lated provided one assumes that the form of the distribution function

is given. This is still poorly known, in particular its bimodal
characteristic, and is still a subject of discussion although we
will show its origin later in the present paper. This uncertainty
probably explains the lack of coherence in results reported for
various wavelength pairs.

We should alsc note that the alumina characteristics at high
temperatures, particularly the complex refraction index, are still
very imprecise. Crabol [1l4] showed in particular that the values
of the absorption coefficients detcrmined experimentally differ by
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several orders of magnitpde from those predicted by Mie's theory
for saphire. Finally, as the measurements are usually made on
revolutionally symmetric jets, we must take into account the non~-
-uniform distribution of the condensed phase in the gaseous phase.

Optical methods are also used to measure the mean particle
velocity callirg on the Doppler effect [15]; the possibilities
offered by holography [16] to determine mean velocity and part™ e
size simultaneously secem to be promising. A spectropyrometer
enables the mean temperature of the particles to be found and infra-
red emission to be measured; from this one deduces the gas temper-
ature. The particle concentration comes into studies on radiation
of a cloud of particles; its determination is thus not independent
of particle size determination. These various techniques are fun-
damental in nature and have not yet reached a sufficient degree of
accuracy. They will thus be used to supplement direct measurements.

One can collect alumina particles either by firing the motors
in a box or by placing an obstacle in the flow. The box method
is widely used in the United States (Atlantic Research Company,
Hercules Powder Company, UTC, JPL); it is limited to small motors
and furnishes a mean distribution of all tbhe particles formed during
the firing and after solidification. The results obtained are thus
general. Sensing techniques permit a finer analysis of the pheno-
menon and were those mainly used in the present study.

3.2.1. Experimental Methods

The obstacles designed to pick up alumina particles can be fixed

or mobile according to location and the motor characteristics; ac-~
cordingly the exposure time is restricted by technological impera-
tives (particularly heat tolerance) as well as practical ones
(number of particles collected).

e

The simplest and most widely-used device is a metal cross on
which glass plates measuring 20 mm x 20 mm are placed. It is placed
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in fixed fashion in the jet when firing takes no more than a few
seconds and at a fairly long distance from the outlet section of
the nozzle. This type of device is represented in Figure 4. The

distribution of the plates on the arms permits spatial exploration
of the jet.

When firing lasts more than some 10 seconds, or it is desirable
to collect the particles near the outlet sectibn, it is necessary to
use a device not fixed in the jet. We built the retractable device
shown in Figure 5. This has a plate-carrying arm and a protective
arm cooled by water circulation. A kinematic system controlled by
a drum enables “he two arms to be placed in the jet, the protec-
tive element to be raised whereby the plates are exposed, and then
to be lowered before the two arms are raised.
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Figure 4. Collecting Figure 5. Collecting on

on a Fixed Obst'cle. a Retractable Obstacle.

Other devices have been developed to capture particles inside
the motor instead of in the jet. These are double~acting jacks one
end of which has a quartz plate measuring 6 mm x 6 mm and is exposed
for a short time (less than 0.1 sec.) in the flow.
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This collector can be mcunted either on the nozzle or on the
front bottom of the motbr (Figure 6). Particles can only be col-
lected near the wall due to the high chamber temperature. The
jacks were originally controlled pneumatically butare now controlled
pyrotechnically which permits the collector to be withdrawn and
emplaced more gquickly and gives better-controlled exposure times.
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Figure 6. Particle Collector
Mounted on the Front Bottom
of a Motor.

3.2,2, Statistical Analysis

Whether the particles are gathered on the walls of a box or

on collecting plates, statistical analysis raises the same dif-
ficulties,

The particles collected on the plates form a very thin film.
They can be removed by scraping, but industrial particle size
measurements (variation of the resistance of a particle suspension
in an electrolyte, for example) cannot be used because the particles
are too small. They must thus be studied optically.

The: magnification of a microscope is limited to about 3000 and
the field depth is accordinaly reduced such that particles with

different diameters are not seen sharply at the same time (Figure 7).

The scanning electron microscope permits better image definition and
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offers numerous magnification possibilities. The plates are vacuum-
-metallized (the thickness of the metal film is very much smaller
than the smallest particle diameter) before being placed under the
electron microscope. Photographs are taken at each point, examined,
and at different magnifications.

We attempted automatic photoqgraph analysis with the aid of
an image-analyzing computer (Quantimeter 720 by Metals Research).
This did not work, as the agqglomerated and superimposed particles
were not distinguished by the computer and completely distorted the
statistics, It was thus necessary to operate by hand. The parti-
cles were classified by an instrument of the sliding caliper type:;
the information was coded on punched tape then stored on magnetic
tape for processing by the computer.
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Figure 7. Particles Collected on Plates. !

We could not analyze all the particles on a plate since there
were more than 104 of them. We thus took a sample of about 1000
particles. This sample usually corresponded to the photographs of
the center of the plate.

This method of analysis led to rather large uncertainties for
the smallest and largest diameters. A large number of small parti-
cles are classified in the small diameter group (dp < 0,5u). The
large particles are limited in number and the probability of their
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appearing in the sample is slight. As a result, the high-order
moments of distribution have a fairly wide spread.

TR T, T T ———

3.2.3. Interpreting the Results.

All obstacles perturb the flow, and we may ask ourselves
whether thc sample analyzed truly represents the particle popula-
tion. The problem of capturing particles by an obstacle is a
classical one and was tackled at an early stage of aeronautics
[17, 18].

The two-phase nature of the flow is not usually taken into
consideration in calculating the velocity field of the gaseous
phase: one assumes that the number of particles is sufficiently

* limited not to ps-turb gaseous phase flow. In the velocity field
so calculated the particle movement comes down to a problem of
P point mechanics.
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For re.tangular obstacles such as those used, we come to the
classical velocity probiem. If we assume that the Mach number is
sufficiently small, the fluid may be considered incompressible;
at higher velocities calculations become more complex and two-phase
relaxaﬁ;on phenomena more important.

With a suitable transformation we can find the velocity field
analytically in implicit form:

X =4 Log L%zt1)% + 2y Yuta )
TT( L= J u@ﬂr‘«) Zve) !

The coordinates and velocity components are small (Figure 8).

A suitable choice of variable auxiliaries p and q enables us
to give the parametric cxpressions: ’
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Figure 8. Capturing Particles by an Obstacle.

Xz—#(Pi—Shpcvé’,q) ‘)
Y = ér(q+chpsmq)-1 ;

ue she )
chp+cosq
r= =09 @

chp +cosq
Tne streamlines and potential lines are written, respectively:

Y- #ths’«nq: Cte

CP = --_%_-chp@Sef = che.

The particle movement equations, in reduced variables are:

42 - @ L omen),

24
2% - D L P)
In these equations, <o is the drag coefficient and ReR the

Reynolds number based on the particle diameter and velocity dif-
ference between fluid and particle. The term EQ;%B thus charac-

terizes the flow regime around the particle with respect to Stokes

law.

the capturing conditions:

The parameter I is often called inertia parameter; it summarizes

=z 2‘:‘&.\‘—."‘2 S am 2u°
* g/iﬁeﬁ -l

where Tu is the velocity relaxation constant, Pg the particle density,
and p the dynamic viscosity of the fluid.
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A computer application for a moderate velocity values shows
that Rep < 1l and T << 1, It is thus leciil.mate to study the problem
4 with Stokes law for small values o% parameter I. A perturbation
method is thus very suitable for the problem.

The position of the particle at each point is well determined
1 , by the corresponding value y and ¢ or:

With order I we findrs

d= _ er =t

= TG T GEDR

We will assume that the particle impinges when the distance
of its trajectory to the obstacle is equal to i‘s radius; we thus
. assume that it neither slips nor ricochets. Theseé being the con-
ditions, we look for the relationship between the value Z at
infinity upstream, the partic}e diameter dp, and the small distance
k of the point of impact at the axis.

T

An approximate integration method may be found and we deter-

mine the relation 2_ (I, dp, k) by computer. For capturing
conditions:

Toowwm;

) -a
L é—L<4o )

[
f A <oz2 ,
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we have shown that the following analytic expression gives a good
representation of the phenomenon:

z = gﬁ@“‘“‘w )

! ‘ This formula may be applied to the problem of correcting the
experimental distribution of particles collected on plates. We

] will consider an elementary capturing zone defined by its position
1 k (k < 0,2) and its extent dk. At infinity upstream it has a
capture cross section defined by:

23~
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If we assume that particles of differing dimension are regularly
distributed at upstream infinity, the real distribution density
according to the radius will be deduced from the experimental density
by the relation:

-P(r'):.-C g‘;—‘%g‘?&gr) /
>

where C is a normalizaﬁion cocfficient and I is proportional to r2.

We find numerically that the correction to be made to the
experimental density is particularly large for the smallest particles
(dp on the order of 0.ly). The influence of this correction is thus
feclt only on deduced mean radii with rather low orders, i.e., the
least interesting ones.

We tried to verify whether the order of magnitude of the cor-
rection coefficient was exact by the following simplified calcula-
tion. For a mean radius value we sought the number of particles
formed in one firing and the corresponding number of the particles
which should be captured and observed on the surface of a plate
seen under the microscope. The calculation gives an exactly cor-
rect order of magnitude for this number of particles.

The correction requires knowing the velocity before the cap-
turing obstacle. It proved difficult to calculate this velocity
with the application considered:

- internal capturing (nozzle converging section); it was possible
to use a thecoretical value;

- cxternal capturing (motor jet); because of technological require-
ments we had to place the capturing apparatus rather far from the
nozzle outlet scction (distance 6 m with outlet diameter 60 mm).
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The jet structure is poorly known at a liarge distance from the
nozzle; from measuring the velocity with two Pitot tubes in the
center of the jet we concluded that the velocity is small and the
correction negligible. The flow is very turbulent in this zone;
the effect of this on particle deposition is not known,

3.2.4, Results

From a fundamental viewpoint, it is necessary to determine the
size of alumina particles to specify changes in the condensed phase
in the motor. We also tried to explain variations in the specific
impulse loss and particle size appeared to be a magnitude to be
measured systematically. Since the particle-size measurements
were very time -consuming we cannot make multiple captures with
each firing. The tests were thus specialized:

- a series of tests was specially directed to particle size measure-
ments. Particles were captured inside and outside the motor.

-~ tests wherein specific impulse was measured systematically included

capturing in the jet.

Preliminary tests enabled us to define the number and position
of plate adequate for determining particle size.

3.2.4.1., Presentation of Results

All the information is contained in the distribution density
as a function of radius or diameter. This datum is essential for
studying collisions, for example. On the other hand, for other
applications, it is useful to characterize the particle size by one
or more mean radius or diameter values, calculated from the moments
of the distribution law.

4

The mean diamcter dpq is defined by the expression:
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The median diameter of order i, dmi is given by the relation:
I%S‘F(X)da‘aé_fa"?(a’)dx .
(-]
Different mean and median diameters are used in the literature,

which makes it difficult to compare results of different origins.
The most frequent are:

Ao, Sao , e, dea , A =t d"j" .

The mean radius d53 is the most significant for specific
impulse losses, as we shall see later.

Attempts are often made to fit the experimental distribution
law to known analytic laws. The most commonly used are laws of
the logarithmic or exponential types. These laws of unimodal
character today appear somewhat unsuitable for our problem: certain
indications seem to show that the law is bimodal. However, the
precision of the results is still insufficient to enable analytic
functions with more than three parameters to be used.

3.2.4.2. Qualitative Results

Some remarks must first be made with respect to the form of
the experimental distribution laws (outside capture).

In genexal shape this law is a decreasing one, extending from
0.1 u to some 10 p (Figure 9). There are s8till some uncertainties
at low and high diameter values.

A lower limit for small particles is observed (dp = 0.1 u).
We might be tempted to attribute this limit to a perturbing ecffect
of capturc. Tt is more logical to regard this as an effect con-
nected with the particle formation process: the smaller the particle,
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the more rapid the growth by condensation. The shape of the distri-
bution law at very low diametecr values is uncertain. Experimental
laws generally increase while calculations based on collision growth
give a decreasing law. This discrepancy can be explained either by
the capture conditions or by the fact that theory fails to take into
account a maximum particle diameter. 1In anvy case, it has little
importance since it is only neqligibly involved in calculations of
high~order moments.,

1(d)

Figure 9. Example of Experimental Particle Distribution Law
According to Particle Diameter (Outside Capture).

Large-particle statistics are imprecise. The existence of
particles with diameters of about 10 , has been observed experi-
mentally and a thecoretical cxplanation has been proposed (see
Section 3.3.2.). These particles occur only randomly in the
statistics due to the size of the samples studicd. High-order
moments and the corresponding mecan radii are thus nccessarily
imprecise. As a result it appears necessary to develop techniques
of analysis suitable for this class of particles.
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The growth of the particles as they change in the motor is a
phenomenon of primordiai importance and has been checked by experi-
ment; on the other hand, theoretical calculation methods are more
abundant. This disparity of effort has to do with difficulties of
measurement and measurement interpretation. Our tests prove the
reality of the phcnomenon and, despite their relative imprecision,
give the beginnings of quantitative estimation.

The table below shows the most characteristic results (¢c = 15 mm,
Py = 70 b):

CAPTURE FRONT BOTTOM CONVERGENT OUTSIDE
le um 0.35 0.54 0.90
630 ym 0.40 0.60 1.17
653 um 0.63 0.75 3.90

The measurcments in the bottom front are more significant than
those in the nozzle. Particles which are still liquid in these two
zones are partially crushed on the plate of the convergent captur-
ing device due to their great velocity.

3.2.4.3. Quantitative Results

The results presented here are confined to those obtained
under this study. For the bibliography of results obtained abroad,
see Reference [8]. The plates analyzed are those for outside cap-
ture; the values given are thus representative of the final state
of the condensed phase after solidiftication.

For each test about ten plates were analyzed and averages were
taken for all the plates. We took a mean diameter of d32 to'permit
comparison with forecign results. We established statically the
rel:ition:
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! We first sought the influence of the plate position on particle
size. These results are summarized in Figure 10. We chose the
plates arranged on the horizontal arms of the capture cross-piece.
632 incrcases with distance between plate and jet axis, which is
linked with the existence of more numerous large particles. The
means presented relate to plates situated less than 20 cm from the
jet axis and seem to be the most representative.
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Figure 10. Influence of Capturing Position on Mean Particle
Diamecter. (¢c =30mm; D=6m, Po = 40 b)

INFLUENCE OF THE NATURE OF THE PROPELLANT

The results in the literaturc indicate that the particle size
of the condensed phase is indecpendent of the propellant's composi-
tion, its aluminum content, and the aluminum or ammonium perchlorate
particle size. The conclusions are contradictory with respect to
the influence of thc aluminum content., Our tests compared two pro-
pellants with identical composition by weight (ammonium perchlorate-
-aluminum-polyurethane binder) but different as to particle size and
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ﬁ the origin of the alumingm. A 9% difference for d32 was found; this
is corroborated by a difference in specific impulse. This result
shows that each type of propellant must be studied from the view-
point of its condensed phase.

- aww

INFLUENCE OF OPERATING PRESSURE

The influence of operating pressure has not yet been clearly
established. Our tests on small motors showed a moderate variation
of d32 with P, (Figure 11). This effect is in good agreement with
§ conclusions of Dcbbins and Strand [12].

. dge - N
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o 0 20 0 4 %0 ™) 70 po (b}

| Figure 11. Influence of Operating Pres-
’ sure on Mean Particle Diameter (¢_ = 20 to
30 mm). ¢

INFLUENCE OF MOTOR SCALE
] The literaturc indicates a considerable increase of condensed
phase with the scale of the motor: d32 reaches 9 v for ¢c = 10 cm.

Our tests did not show any substantial influence of motor sizc when
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qcvaried from 1.5 to 3 ecm. Beyond these values collaboration with
other laboratories should be envisaged.

3 INFLUENCE OF MOTOR GEOMETRY

Our tests were done mainly on the influence of nozzle geometry.
For a biconical nozzle whose ccnvergent angle and throat radius of
curvature are made to vary, no variation in mean diameter is mani-
] fested. On the other hand, when the nozzle entrance ratio dimin-
ished or when integration of the nozzle and the motor increases,
diameter d32 increases (the proportion of large particles is higher).
This increased particle size is correlated by an increase in specific
impulse loss.

3.2.5. Conclusions

R 4

! Experimental determination of the particle size of the con-
densed phase thus proves difficult and relatively imprecise due to
the wide dispersion of particle diameters, their growth in the
course of expansion, and their irregular distribution in the flow.

i

The measures we made, however, enabled us to prove the reality
and importance of particle growth and to propose values for the final
mean particle diameter which seem substantially more realistic than
those found in the foreign literature. Some improvements still have
to be made- in these measurements, but they seem an essential tool
for designing a motor.

ey ey

k Despite our cfforts, the data gathered is too fragmentary to be
comnected quantitatively with specific impulse losses, and we at-

tempted to predict the evolution of the condensed phase by calcu-
lation.

3.3. THEORETICAL STUDY OF CONDENSED PHASE
The condensed phase must be know at each point of the motor
both with regard to local particle concentration ané with regard to

| -31-~
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particle diameter distribution. 1In principle, a study of these.

characteristics is inseparable from a study of flow. However, one
{ ; can, under certain conditions defined later, determine the particle
: movement and growth without taking the gaseous phase into account.
This approximation enables a first representation of the phenomenon
to be given.

A3

The mechanisms involved appear sufficiently varied for the
various motor zones to be distinguished. The specific impulse

AT e e e

loss mainly concerns the nozzle; the first studies were thus per-
formed for this type of flow and it appeared essential to find out
the characteristics of the condensed phase in the entrance section.
Accordingly, we studied the phenomenon in the chamber, then particle
formation in the combustion process. Here we will follow the par-

. ticles in their evolution at the same time as summarizing some
results published elsewhere [19, 20].

AL ol

3.3.1. Relative Influence of Different Phenomena

i e

The development of the particles is the result of a set of
phenomena whose importance must be estimated before a calculating
method is set up. 1In the first place one must study the combustion
mechanism of the aluminum particles in the propellant and the for-
mation of alumina particles. A large number of fundamental studies
hawe been devoted to particle combustion but most of them were
oriented to the kinetic aspect of combustion rather than to study-
ing the combustion products [13, 21]. The useful qualitative in-
dications can, however, be deduced from the results obtained at ONERA
by ultra-rapid cinematography of the solid propellant combustion sur-
; face. One notes the following particularities (Figure 12):

] - combustion occurs essentially in the vapor phase (diffusion of

4 combustive and combustible species) and very fine alumina parti-
cles appecar in the flame zone. These particles can form very
thin asymmetric bubbles due to the movement, with long tails,
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which may be collected by stopping combustion suddenly. These
bubbles can explode spontaneously.

= on the aluminum particle there is a brighter zone shaped like a
cap and is assumed to be made of alumina resulting from surface
oxidation of the aluminum during the particle heating period pre-

ceding ignition, and also from heterogeneous combustion near the
cap.

- aluminum particle
alumina cap
- alumina layer

S W N -
]

- wake of fine
alumina particles

Figure 12. Combustion
of an Aluminum Particle
of a Solid Propellant.

Three mechanisms are simultaneously invelved in this stage of
development of alumina particles: formation of condensed nuclei ,
growth of these nuclei by deposition of new alumina molecules, and
agglomeration of the particles by collision. Later only the latter
two mechanisms subsist.

The most simplified model for predicting the radivs and speed
of appearance of the nuclei is that of the liquid droplet (homo-
genecous nucleation). There is a limit value of the radius above
which the nucleus, formed by the fluctuations in the vapor phase,
is stablc and can continue to grow; the most generally used expres-
sion is that of Kelvin:
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where M is the molar mass of the gas and R the universal constant,
t the surface tension, Pe the liquid density, T the temperature,
and p and p_, thé partial vapor pressures of the liquid in droplets
and in mass. r* is always in the vicinity of about 100 & -and is
thus very much less than the particle radii observed experimentally.

The number of nuclei formed by unit of time¢ and volume is
givenbycxpressions of the typeé:

T- Mﬂsz<F-iﬁF) )

where V! is the work of formation of the nucleus, k the Boltzmann

constant and K a factor linked to the frequency of molecular
‘collisions.

The exponential term appears :0 be very temperature-sensitive,

explaining why condensation occurs very suddenly when the vapor
expands.

The growth of the nuclei wunder our conditions (generally
under high pressure) largely in the continuum domain (Knudsen
number << 1) where it is controlled by the diffusion of the species,
in particular the condensable species. On this point we should note
‘that the existence of alumina in the vapor phase is not proved:
alumina is probably formed through reactions involving other alu-
minum components, principally the chlorides. To take this uncer-
tainty into account we define a partial ficticious alumina pressure
in the vapor phase. Thermodynamic calculation enables the propor-
tion of liquid alumina to be found as a function of temperature upon
equilibrium: nearly 80% of the alumina is condensed in the chamber
(approximately 3300°K); condensation continues in the nozzle and
terminates before the alumina solidifies (approximately 2200°K).
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In our publication.[19] we established the particle growth law
by condensation due to the lack of clurity in the literature with
respect to the hypotueses used and how calculatiomswere made. The
equations are written for the 2Zvabh-Zeldovitch approximation [22]:
stationary mechanism, absence of viscosity forces and distant forces,
constant pressure, insensitivity of diffusion to the thermal gradi-
ent, Levis number equal to 1. 1n this way we come out with two
equations, a continuity equation for vapor and an enerqgy equation
which in this problem wiih spherical symmetry are simply integrated
and the linking of pressures leads to an expression for the growth

rj*_'f_: = (4_!:‘__*) .- Leg 7.8 J

-
Gefe Pote[ Zh o) on | trn

rate:

where the index 1 is reserved for condersable vapor and index 2
for the inert species.

When the radius is far greater than the critical radius we find

the classic r2

law. Gyarmathy [23] proposes that this formula be
extended to the molecular regime by replacing the second r member

by r + ae, where e is the mean free path and o« a numeric coefficient.

Collisions are induced by several phenomena; when the particles
are very small they have Brownian motion. This motion quickly be-
comes negligible when the radius exceeds 0.05 p. Other phenomena
are of random origin (vortices) or organized origin (acoustic field
or acceleration of flow). We try to define these different modes
of collision in a unique manner by defining a collision function.

We will call the particle distribution function according to mass,
for example, £(m). The frequency of collisions for the two classes
of particles (p, p + dp) and q, q + dq) is presented in the form:

F@FE) P(pa)=paq .
When writing colligion function ¢, only the masses of particles

considered appear but it is cvident that other variables implicitly
take into account the collision mechanism and the local conditions;
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we try to make these variables appear in the form of coefficients.
Thus, Jenkins and Hoglund [24] give:

- for Brownian motion:

. /
¢ (p, 9) proportional to 2 + (p/q)l'3 + (q/p)l/3

- for turbulent scattering:

¢(p, q) proportional to (p/3 + q1/3)3,

- for collisions of acoustic origin;

1/3 , M3y ,2/3 - 2/3,

¢ (p, q) proportional to (p ) |p

For collisions due to flow accelerations it is easy to show

in near equilibrium (see Section 3.3.4) that ¢(p, g) is proportional

to (pt/3 + g1/3)2 |p?/3 - ¢33,

To cach of the above phenomena there corresponds a charac-
teristic time, and comparison of the various times enables the
predominant phenomenon in each zone of the motor to be defined.
Nucleus production is almost instantaneous and quickly becomes
negligible.

For condensation in the continuum, the balance equation for

the condensable species is written:
:: P = - 47Tnpp2)rF'(f’a, {?...u,n’ﬁ‘e‘o) Y,
where up is the number of particles per unit volume and D the
binary scattering function. 1In the vicinity of equilibrium and
for a large dilution of the condensable specics, the expression
of F can be simplified to:
F o~ fh;?fﬁgﬁjEQ

mhe time constant is thus:
> 4 P’ o

- ué‘ﬂ‘n,.zr' - 3KP~3
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Marble [25] has shown that the characteristic cond=znsation
time in the molecular region is very much less than Toe

For agglomerations in the chamber it will be shown later that
it is advisable to use a collision function of the form:

CP(P/é]) - @(P-&-q)

The number of particles is then expressed by the relation:

S - e -fpet)

The time constant will thus be defined by the expression:

T, =4
Y
For agglomerations in the nozzle due to flow acceleration,
we can use the quantity already mentioned:
tgzr'g.
G/A
We see that TE and Tu are of the same order of magnitude:
condensation and two-phase disequilibrium between phases must be
studied simultaneously. In the chamber Ty May be calculated for
a reasonable variation in mean radius as to volume and an upper
limit of Te Can be proposed; Ta is always larger than Ta? which
indicates that agglomerations are always the most important
phenonenon in the chamber. These characteristic times are always
less than the mean dwell times in the .chamber and in the nozzle,
so the corresponding phenomena have time to develop.

These general considerations should enable us approach the

- study of the various motor zones.

3.2.2, Study of the Combustion Zone
This zone is a strongly heterogeneous medium due to the
existence of condensed phases and to that of strong variations in

temperaturc and concentrations., As far as we know therce is no
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theoretical model taking into account all the phenomena and in par-
ticular particle formation and growth. However we can advance some
observations enabling this problém to be circumscribed.

a) Extent of Combustion %one

The study of combustion mechanisms, that of rate of combustion
for example, is carried out in chambers with observation windows
(Figure 13).., Near the combustion surface we observe a very bright
zone whose thickness varies characteristically for metallized pro-
pellants (figure 14). We will show that this zone corresponds to
particlce combustion by studying particle movement.

The flow of the combustion products is characterized by fairly
substantial velocity gradients and particles under combustion whose
initial diameter reaches 100 u., As for a large number of two-
phase flows,we will define a reference flow and we will study the
trajectory of the particles in the calculated velocity field. 1In
the casc of a channel with a constant cross section the simplest
flow corresponds to the irrotational movement of an incompressible
fluid. In the plane we obtain:

a= Vo %? ) . v= - S )

with the notations of Figure 14 and'uo corresponding to the injec-
tion velocity at the wall.

Assuming that flow around particles takes place within Stokes
hypotheses and that the particles burn as soon as they lcave the
combustion surface in an r2 law, we can establish the differential
equations giving the particle position as a function of time rather
simply. Changes in variables bring these equations to Bessel
equations. We can thus give solutions of the form:
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Figure 13. Motor with Observation Window.
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Figure 14. Diagram of Com'miztiocii Zone.
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k . being the combustion constant.
dPo c

Taking into account the initial conditions we determine the
coordinates of the point where combustion ceases:

e = 22700) 1, (W), Yee — 225T06) 4., (),

. TN YT
po (_V b y-! b (‘{r’—)
We note that v - 1 is independent of the particle size while
Yo is proportional to the initial diameter:

V-4 = 4,.3. A‘. )
. (’,.e
b = L2-\(Vofo cle, .
e VA4 Bu b
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For rcasonable numerical values taken from the literature
(in particular, 1.25 x 10-3\cm2/sec < kg < 3.75 x 10”3
we calculate, starting from the border of the bright zone, the
initial mean diameter of the particles at each point of the combus-
tion surface. This result is plotted on Figure 15. The decrease
in dpo with abscissa x is to be connected with the influence of
flow which disintegrates the largest agglomerates. The order of
magnitude of the diamcter at low values of x is in good agreement
with experimental observations.
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Figure 15, Mean Aluminum Particle Diameter on the Com-~

bustion Surface.

Thus, the bright 2zone observed is indced the combustion zone.
This zone is rather thin because of the dimensions of the motor
with observation window and will be negligible with a real motor
such that the initial problem comes down to that of finding out
the alumina particle distribution on the combustion surface.

b) Particle Distribution

The alumina particles are formed very carly in the vapor phase
and their growth in the rarcficd domain is very rapid such that

there are no particles with diameters less than 0.01 py. This value

=4~

cmz/sec [21]),
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fits thc measurements of Caruso [26] and the results of captures
at the front bottom of a motor.

The large particles come from the alumina which collects on
aluminum particles in combustion. We estimated their mean diameter
from photographs such as that of Figure l6a, calculating the rela-
tive volume of alumina with respect to that of aluminunm,

The two liquids are assumed not to be miscible, so we write
the equilibrium equation of the internal surface and of the line
common to the three media as follows:

————
e i P e e s e e e+ i e

1 qTo - v_l_;_‘_’_ -4~ E‘.—-— = O
: = ; R /
f ¢ Rae Rzo <¢2

3 ; o S11%0 ~ Vo :grzog,-+'v73 Sin gy -:CJ/

f q_‘,o COSO(“O‘ 20 cos“’zo-ﬁ' qrg COSO(.Z = O J

with the notations and the internal surface concavity of Figure 16b.
X Eliminating le we can express the ratio R' of R12 to R, as a

function of the ratio R of RZO to ng, the ratio T of Tzo,to Tlo'
] and of angle §:
R - v 4495 D2Tcoc S
3 ! -
| =)
¥ the concavity.
H - v r o 7 -t oY L &ﬁm
1 ‘ ¥
1 v ’ [
E ; ) ® v
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‘ 3 on? B
)
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: / produ from
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a) shown by photograph b) section in the plane of
symmetry

¥

Figure 16, Alumina Cap Formed on an Aluminum Particle. '
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The relative volume for which we are seeking is determined in
a purely geometric manner:

oo (RVER) (2R REE) + (REVRTEY(ZRAVRER)
(1+ Vimre) ( £- V1= ) 3 (REVRZ ) (2R (")

= e .
o

For the same exterior geometry, u depends on the ratic Tt of
the surface tensions. At high temperatures these characteristics
are poorly known; for liquid alumina we find a value close of
650 dynes/cm and for aluminum 840 dynes/cm at 700°C. These data
lead us to taking a t/R near to l. To simplify, we will assume
that R' is infinite such that the expression of u is simplified.

The computer calculation, made for probable density values

which are also poorly known at high temperatures, enables us to
suggest:

- that the large particles have mean diameters between 8 and 16 u,

- that they represent a mass fraction of the condensed phase of
about 4%.

3.3.3. Evolution of Particles in the Combustion Chamber

Contrary to the case with the combustion zone, a number of
articles have been written on the chamber. The hypotheses of
Fein [27] are very much simplified: flow in sections, continuous
condensation, growth law with r. The analysis of Jenkins and
Hoglund [24] is a finer one except with regard to the flow pat-
tern, and uses an initial distribution which is scmewhat unre-
presentative of the actual phenomenon. We re-performed this
analysis in the light of the information in the preceding paragraph;
in particular we considered two-dimensional flow (cylindrical
channel) which enables us to hetter define the distribution in space

;
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%
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of' the condensed phase, and we assume that the particles fall into

two classes.,
a) Two-Phase Aspect of Flow

The velocity field is now:

’U'rﬁ"v;"‘%"'

The reduced movement equations of a particle of constant
diameter are
dx® | dxe oo
AT* T )
dTy 4 ody +~ Ty =0,
arer vz
avec: Two, se=y=1, GEwgr, 24 --T,
I= @v |
R
These equations are easily integrated to give:

- .
xp | scr(dx) p—F' T, 208D o7 E?

p, 2o -
o i) L puletDa #
R ~ 2p | £3

ol o = \/448T )

g = \i-ax .

Even for large particles, I is always very much less than 1.
Developing the above expression in the neighborhood of I = 0, we
find the movement of a fluid particle to the nearest second order.

We can thus say that the small particles perfectly follow the
streamlines of the gaseous phase while the large ones deviate from
it but little. Segregation of the condensed phase in the combustion
products flow is negligible; however, for more complex geometries
(machined blocks, one-picce nozzle) this effect could be more marked

locally.
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Since the characteristic condensation is of the same order
as that characterizing vélocjty disequilibrium, we deduce that
condensation is practically terminated in the combustion zone.
also know that compreésibility effects are small in the chamber;
the Mach nuuber is usually less than 0.2 while higher velocities
modify the rate of combustion of the propellant grain (erosion).

We

We can thus assume that the density of the condensed phase
is constant in the chamber. The problem thus comes down to study-
ing the agglomeration of particles in each streamline.

_ In the absence of experimental information on particle dis-
tribution at the combustion zone outlet, we will assume it can
be represented analytically, as a function of mass, by the expres-

Sion: .r.’(m) = A.S(m"MQ)"’ BF(M"'Z"&) )

where § is the Dirac function, my and m, are the masses of the
small and large particles (m2>>1n1) and A and B the numerical
fraction of each class of particles (A>>B, A + B =1 if the law

is normalized).
b) Particle Growth Pattern

Let £(m, t) be the normalized particle distribution law

according to mass and n_ the number of particles per unit volume.
The frequency of collisions between particles of classes (p, p + dp)

and (g, q + dgq) is written:
™ F0p, ) Ry e) d(pq) 4pdq -
The balance of particles in class (m, m + dm) can he written
by the equation:
2
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The first term of the sccond member represents the number of
particles formed at binary collisions, coefficient 1/2 resulting

b : from p and q symmetry.

The corresponding integral can be rewritten:
f £, &) £(m-p, €) S (P, m-p) dpeim.

We sec immediately how useful it is to use the collision

function form proposed by Golovin to simplify this production term:

D (pq) ~ Bra): :

E Accordingly:

L (rpFlmye) = "ELD (TR e)Fln-pst)

C
g | ) - g BFGrye) L CP'FT.P/"’)"{P*'"] )

AT .95 B A L W WPl s R

hence, by integration:

b d — > o 2- -
(.j_';"f: = nPPfPRp/L')c—‘P .

Now, we know that the density of the condensed phase is

T Y

constant:

PP = nprﬂlbqp,é‘)r—lp = Cle

4 From the last two equations we immediately get:

O = e"P(’ {BFPt)'

nPo '

The mean mass of the particles is given by:
= = @Xp (ﬁﬁ,,{-)

Calculations can be continued when all binary collisions

- - ————
N M, S D e e W R st AT KT o e s A e T R,

P—

are characterized by the same factor g8 [19]. However, as there
are two classes of particles with very different diameters, col-
lisions probably do not come about by the same mechanism.

T
—

As the small particles arce characterized by index 1 and the

large particles by index 2 we must define three collision functions:
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- ¢ (p, q9), for small-particle collisions. We will take;

- 022£p,q), for large-particle collisions. Due to their very small
number and their inertia the frequency of such collisions is very
siight and the phenomenon can be neglected.

- ¢12(p,q), for mixed collisions., A new parameter B' is defined
by the relation:

“Die(pa) = ppra) = P,

p being the mass of the large particles (p/q >> 1).

The equation of the balance for small particles is written:

2 (ns) = 25 m [ R Rimp, 020
_ ’,0,.-,‘,‘ £, (mtD [ m~ .(NP'F(P/Q“P]
"IB np, npy 3 Cry &) f pa(ptl)dp.

We deduce from this equation: _
o G ~
‘j.:..m = -F:npfr]:.ﬂ (p,t)dp- P’np,n,,‘ _{P ECP, é‘)dp/
and @-ct:- /-)’nPr m’ ‘( P (P,t)P(m—P,é')dP pnp, m 'P ('m)t')
$ = -Pon

Writing:
we obtain for £, an equation identical in form to that for a single

class of particles (¢ = 1/m):

;‘a?% + g’—i Apz) hm-pa)dp -mB(mz) ~o.

This intego-differcntial equation must be integrated, taking
into account the initial condition:

fio () = I(mM-m,.).
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We have shown that thc exact solution is:

RGQZ) = Z _L.——-Z‘-' -"2;(5(~1)

ST T TR AT AT AT e

:‘ LT
| with X= A _ y
: Mmoo
' F= M (3.-g) -
When t increases this distribution tends to6 a limit form
: which, for m >> m g corresponds to:
3

Z
i, =)~ & G—:ﬁ") -

This is a decreasing law.

, The large particles are constant in number and uniform in i
i diameter such that the equation of the balance is written:

/ .
an 3:‘!—:_-2 = é Oe, Ape M2 rP'PqC‘P,t>“P )

?E | or :jr:’ F’""’ Mz my .
e Using the fact that the density of the condensed phase is

constant, we come out with a system of differential equations:

5= (5?1 © )

e, = ~Bap.pe+ @B e e Me

e'm: - Ma ( = Mo rn‘")
T (5 PP y) |

with =90 : &=0 s e =Npe , M2= Mo,

_61-, = F - n mz - #
and M,

Thesc equations can be integrated analytically. We have shown:

- ) £y t‘ e: '2" 'U-‘_o-‘#
reduced tim - = )

Bt St

L

-~ reduced collision parameters:
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- the mass fraction of the large particles a(a (0) = ao),

- the‘numberle and N, of the particles of each ciass brought down
to their initial values.
We find finally:

“.’
ot (t-00) @xp C5D
o @)

<i Ny = A-ua (}ﬂ) N = 4/

(:4) Mz = 5 .
——-— =
&O

of =

To eliminate the time, we need only take the equations of
motion of a fluid particle. It is easy to see that:

@xp (-37%) = (- '
P32 - (5 )” ,
where R is thé radius of the cylindrical channel and r the distance

between the axis and the point considered in the terminal section
of the grain.

The simplest result relates to the mass fraction a of the
large particles:

& = [uﬁ(«_«.) e;_)" "

o is larger at the center of flow than at the periphery, since the
dwell time in the chamber is longer in the first case than in the
second.

R
The average value of a is given by: X = 'lTJ;' g «(r) Zcdr .

for &' << 1, wc get: Eyuo =1+ (1= ay)(s'/2).
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In the absence of data on the value of §', we sought for an

: order of magnitude assuﬁing that a longitudinal harmonic acoustic
field was superimposed on the average velocity field and that the
differential response of the small and large particles is the cause

{ . of the collisions,

The équation containing x for for motion of a particle is
: written:

P2

] i 4. dxp . EvUe = U sineot 3
| iy = TR y ;

with F=0, 3"?:3"?./3‘3"&.:’0/

oI s

and VvV, amplitude of acoustic velocity.

ot NN 4500 D

This equation can be integrated analytically. The difference i

g TR Y
i

; in instant velocity is at the origin of the collisions. The expres-
4 ' sion for this difference can be established by noting that the
small particles almost perfectly follow the motion of the gas:

Au‘,z [u,,-u?, | = Wsing ‘ cas(w"-\pa)\)
with 'é LP‘ = w%&y
or, on the average:

D = 2T
PT T T Vit eant

1] 2 * ¢ 2 »
The collision cross section is Tro. Ilementary reasoning

easily leads to:

5= 2  URpe: w,
£ 5 pe Va+@w)*

e e e i AR R ierin W s W i

% Computer application for acoustic intensity values and the

reference frequency [24] and our experimental data gives 6' = 0.06.
This value leads us to suppose that the diameters of the large i
particles vary little on the average if the acoustics are assumed

to be responsible for the collisions.
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The role playcd by turbulent scattering still remains to be
defined. The value proposed by Jenkins and Hoglund leads to a
valuc 8 on the order of 10° and a considerably overestimated value
for tile increase in the mean mass of the small particles.

¢c) Conclusions

By reason of the uncertainties remaining as to the numerical
coefficients of the collision functions, the results are still only
qualitative in nature. Despite this restriction, the calculation
method proposed shows that the condensed phase remains homogeneously
distributed in the ilow, that the distribution of small particles
tends to a decreasing law, and that the large particles tend to
develop in the center of the flow. We may expect a more marked
particle growth as the scale of the motor increases such that the
average dwell time in the chamber increases. For this method to
be improved a finer study has to be made of particle behavior in

real flow, requiring local paréicle size measurement techniques to
be developed.

3.3.4. Evolution of Particles in the Nozzle,

The nozzle problem is the most important from the viewpoint of
specific impulse lésses due to the two-phase diseqnilibrium due to
flow acceleration.

We asséme that the characteristics of the condensed phase in the
nozzle inlet scction are known either by computation or by measure-
ment. Determination of these characteristics from the preceding
results is not always immediate. We have to note that between the
terminal grain section and the nozzle inlet section is a connection
zone whosce influence can be substantial; this is the case when evo-
lution of the scction is very rapid or when vortices develop.

Nozzle integration also leads to complications. This asvect of the
problem, which depénds on the chosen acometric configquration, will
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be left aside; we can however state that from the condensed ophase
viewpoint alone it is always appropriate to avoid zones with sharp
velocity gradients.

The study of the flow of combustion products in the nozzle
is cxtremely complex in its general form. We will only note here
that two-dimensional effects are difficult to take into account even
for expansion of an ideal gas due to the existence of the transonic
zone. Most proposed patterns take the hypothesis of sectional flow
and do not take into account segregation of the condensed phase in
the flow, which must be studied separately.

a) Role of Condensation in Particle Growth

The same mechanisms act together to create particle growth in
the chamber and the nozzle. We can, however, look for the preponder-
ant mechanism.

We still assume that condensation, which will take place due
to displacement of chemical equilibria due to temperature and
pressure drops, occurs almost instantaneously (local thermodynamic
equilibrium) and according to an r2 law. An elementary calculation
was made to f£ind the effect of this phenomenon alone on the condensed
mean radius.

The rate of growth can be characterized by the variation in the
minimum radius r, or by the fraction R defined by the relation:
R°= "~ ns
Considering the particle distribution function according to
the radius, f£(r, t), we establish the cquation:

of o P Y o) - o
oF ""gfa“c?“’far":‘o'.

it
5y




Solving for §, we get:

(£)+ = £) =o,

faRl .
or F€)= r F(r-R*) |
The function F is determined from the initial particle dis-'
tribution:

()= rR(IFERe)

Ve e

f(q

The various moments of the distribution law come in the form:

T j NGR DR SP T

The function Rz(r) is obtained by establishing the condensed

phase balance, its density p_ being known at each point by thermo-

P
Ve get:

f(raa")%ﬁﬁ.‘)d“ - B
L‘ ARG A -0,

To simplify calculation we chose for fo(r) the decreasing

dynamic calculation.

exponential law which has the same shape as the small particle
theorctical distribution law:

B
oy

( r“s'o) -

Defining a functioi In(z) by the relation:

.7 - A2~
Cen

La)- [ Grg) EFedys,
we get finally:
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Calculation shows that condensation occurs principally on the
smallest particles and that high-order moments are little affected
by this, As these moments are the most important ones in practice,

condensation appears here to be a second-order phenomenon which can

be left out in the first approximation. This result is corroborated

by more complete calculation [24] which also show that the acoustic

effect is negligible. The only collisions to be taken into account

in the nozzle are thus those resulting from differential entrainment
by the gaseous phase.

b) Particle Growth Pattern in the Nozzle [20)

We study binary collisions between particles in a permanent

sectional flow. We generally assume that two particles encounter-

ing one another agglomerate instantaneously and definitively.

The condensed phase is described locally by the distribution
law according to the radius we will define here, and normalized:

f(r, x), and the velocities and mean temperatures of particles 7(
with the same radius: up(r, x) and Tp(r, X). ; '

Since collisions are due to differences in average velocities
the collision function is expressed simply; the collision frequency
between particles of classes (a, a + da) and (b, b + db) is written:

TT(a+b) n& F @) (b)) [uf.ér,x')-up( bac) dercdb J

and these collisions create particles with radius (a3 + b3)1/3.

A balance made for particles of onc and the same class leads
to the equation:

4
oF 1rn, [-EEreLe £ f ~FLecTe ] i
oxc tip up

i
e

The terms I and I, corresponding to disappearance of particles

in collisions and formation of new marticles are given by the expres-
sions:

| e stime e wims ok, i
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Evolution of the condensed phase is linked, through the inter-
mediary of particle velocities, to yaseous phase flow. -Computer
calculations can take this coupling into account; the distribution
function is made discrete and a differcential equation is set up for
each class of particles [28, 29, 30)]. These calculations require
a great deal of computer time; they show that pressure, nozzle scale,
condensed mass fraction, and initial distribution have a great
impact on the final distribution. Moreover, the imperfect collision
yield scems to be an important phenomenon [30].

Rather than developing this type of calculation we looked to
see whether, by an analytical route, the problem could be uncougled
from the flow problem. The simplification used is that of the near
equilibrium [31] and results from the following considerations: if
the particle velocity relaxation constant, Ty is much smaller than
the dwell time of the combustion particles in the nozzle, in the
first approximation the particle velocity can be determined as a
function of local gaseous phasce flow characteristics, and is itself
very close to two-~phase equilibrium flow of the combustion products
(index (o)) which is well known (thermodynamic calculation).

With this hypothesis we get:
LJP((‘,DC)= LJ(’>- %(t’)-u@) A @
Ao
provided that:
%{é‘_'—_{f’" << .
=

This ineauality is verified in most practical cases for the
majority of particles. Only the large particles (dp > 10 1) do not
permit such an approximation and require scparate trecatment. The
actual flow pattern around the particles can also have non-trivial

importance.
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Assuming that the u, cexpression is valid for all particles,
L the collision frequency is proportional to the difference of the
squares of the radii.

The distribution function can be defined by its different
moments,

The equation for moment of order n, r is written:

——

no’

j o - ,zij —— [E‘é‘%}’*@ﬁm&x) | e @yee)-nGad
* o ERATE - (e Ena) dudz

“r] ﬁ@*&-gf%x)q&x)l“P@P‘)‘UP@"Cngda] )
~JD

where K represents the ratio between the condensed phase mass flow
'and the gaseous phase mass flow, m the total mass flow, and A the
straight scction of the nozzle. The domain D is the first yuadrant

in the plane (y, z). The near. ecuilibrium hypothesis simplifies
this relation:

drig — kHmn da-“; [ ‘Kb ,@‘,*%)2(913:)&%33)&_ @wanz]-i—'qj,x)ﬂ'a,x){‘j‘%
6l fﬁ (u+a)yts) Ru=rR3=) ez |-

The domain D' is now between the y axis and the first bisector.
E To continue the calculation we must give an analytical expreéssion
' for f(y, x) and £(z, x). We chose the form:

VTR T Te—" T

Fryac) == -r?é;a ™", ao , b>-1 .
Taking b = 0, i.,e., the decreasing exponential law, we find
the mean radius expression provosed by Marble {[31). This one-
] parameter approximation is, however, insufficient to describe the
agglomeration [20]. We assume in the expression of £(r, x) that
4 a and b vary with x. It is useful to relate a and b to more physical
1 characteristics, We find without difficulty:




e et

L anit L i

o
ey e T AT =y

e ——— —y— i

T e T
rere #1m T R T S L TR TR
o

= (= ryy. mean radius in number),
-
T i"‘l" (root mean square).

We keep b and substitute the variable rn for a:

bt = _ G
Flox) = 4 ) _r:..) =~ &

e Pb+1) I

We chose to utilize the first moments to define the distribu-

tion law. We can show an auxiliary variable characterizing the
evolution in the section:

Gﬂ
~
3= _._ Vf'” m, f uﬁ)d =

2z does not depend on the nozzle geométry but only on the straight
section.

Replacing f by its expression as a function of b and r/rp then
coming back to a and b we find:

el e 2 ;- ~Ert)dG)]
2= = f:?@«).[@b 3)Ji(b).~Ere) G>)1)
de _

A3 b°+1
S(b)= C‘z*_‘)_z_f E G2z vhE".

P(bat) F’(b+4) . [V @) avaz
~’2(f> QT*") &.53)'@58‘)’\’%;;:
P (Co-9) M( m/) o EG’+ 2% GHa)rbz [SYaE.

The differential equations can be integrated and give:

e )’ [(@b+4)3ie)- B+ e ],

with:

=3 == b..__..__‘ -
380 = Lgbﬁ) [ M0y -MGa)] ,

:.—-‘!%— . -b-—t:!_. » L..Cé_g.)

Fne ber1 (b))
X2 bot 1
o = b+ J
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with:

LCb) = exp L ( @) ai=Ca)ls e ]

@b +4)h- (badz l>H

b
L(b) b .
M(b)= -g @1,.;4_)_\,-@1-1).3: 1)
Computation of Jl and Jy is analytical except for expressions

of the form:

oL

=‘(‘th(1-—§t‘)%dé' (nefoj-;ug))r

which are calculated by means of a development. Thus the initial
problem has been brought down to a series of quadratures.

o Computer application was done on a biconical nozzle. The
initial particle distribution is the decreasing exponential law
(b0 = 0). For simplification we¢ chose:

»<Yaofﬁn. =1
c*

Figure 17 gives the variation in the various mean. radii ralated
to their nozzle inlet value and to the relative spread of the parti-
cles along the abscissa. The following comments can be made:

a> The mean radius in number tends to decrease, which can be
justified analytically: the collisions disperse the parti-
cles toward the small and large radii.

8> High-order mean radii increcase rapidly in the throat region
independently of nozzle geometrv. This result disagrees with
the calculations of Crowe and Willoughby [28) which indicate
that the converginu section is a privileged agglomeration region
and that the geometry has a noteworthy influence. However

these effeets have not been deronstrated by other investi-
gators [29, 30].
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¥> Particle agrowth is moderate in the diverging section and
' practically negligible when the particles begin to solidify
with a section ratio on the order of 3.

Despite the orders of magnitude obtained which can be considered
satisfactory when compared to the experimental results (Paragraph
3.2.4.2.) this calculation method furnishes only a qualitative
approach to the problem and should be improved with regard to the
following points: representation of the particle vopulation in
the nozzle inlet section (bimodal law), co6llision yiéld, and expres-
sion of the velocity difference between particles. Whatever the
case may be, the primordial importance of the particle agglomeration
phenomenon seems clearly demonstrated.
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Figure 17. Particle Growth in Nozzle.

¢) Spatial Distribution of the Condensed Phase in the Flow

The particle drag is also manifested in the flow perpendicularly
to the nozzle axis and we often observe in the outlet section that
the jet central zone is far brighter than the peripheral zone (Fig-
urc 18) which would suggest that the condensed phase tends to
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group around the center ‘of the jet. The study of this phenomenon
requires a two-dimensional description of flow. We know that the

transverse velocity gradients are much greater in the throat region,
i.e., the transonic zone. Analysis of two-phase flow in the trans-

sonic zone is a difficult problém which has not been tackled as a

whole (collisions, particle growth); only Regan, Thompson and Hoglund

[32) treated this problem on the computer for particles of uniform

and constant diamcter.
F‘c-mwwmah L I TN O o o= w—xT

b

]
;:i Reproduced from
e e Adt e et s s it b S best available copy.

Figure 18. Segregation of
Condensed Phase in Flow (Motor
gith Observation Window).

A calculation method was developed to give an approximate
representation of the phenomenon. To give an account of two-
dimensional flow effects we used a system of natural curvilinear
coordinates in each nozzle zone (Figure 19): spherical system
for converging section (conical), toric spherical system for the
throat (with constant radius of curvature), svherical or toric
spherical system for the diverging section (conical or "eag-cup"
shape). Only the throat is examined here and particle motion is

* deduced by a perturbation method; the reference flow corresponds

to two-phase cquilibrium; the streamlines here are § = Cte lines
and the velocity depends only on ¢ (which means that the sound
barricr in this case is the plane of the throat and the approxi-
mation has greater validity according as the ratio between the
throat radivs of curvaturc and the throat radius is large).
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Figure 19. Systems of Coordinates for Studying Two-
| ~-Dimensional Phenomena in' the Nozzle.
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4 Motion of a particle in the reference velocity field is described
by the equations:

, . dU.o = Uy (sé:_".‘.pu,-o- 53_—?- UQ).g. 'v'(qz‘;“‘l )

o
Zp = (e o) -8

~ - /: - "B_?.
1 where a = V1 + 27=

4 . and I =1¥-gl , inertia parameter based on the maximum velocity and

the throat radius.

We write: Ly = v(W)+ o, ..
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Here we are only interested in the lateral phase shift due to
use u_. The position of a particle is noted by ¥ and ¥, so we estab-
lish the equation:

c_:i =- L vr@ddv,
or shy .
th 3 e -
Lo — == .:.-g. | .

For the numerical values we have taken we find the relation
between positions §; and T, in the throat inlet and outlet sections
of a particle wvhose diameter is denoted by I:

?ﬁ~?1 o~ —0/00453:.5‘\?1 .

This formula shows that the largest particles tend to approach
the nozzle axis and enables the limit position of a particle of
given size ( ?1='{p) to be defined in the section,

The spatial distribution of the condensed phase in the flow
is described by the density "o of the condensed phase. To calculate
pp we can start from the continuum,equation:

dl\/. F",Z.TP:“. o,
We will also write:

PP 3 P?"“ :E.PPG’+....

We will assume, to simplify uniform spatial distribution in
the inlet section 1l: o ‘°’(w1) is independent of §. The terms of

p
order 0 lead to:

epw(‘o/ z) _ (ch?—t—cos(P , frcostP,

ﬁ.“")(‘sol O)' B ch T+ cos\, d+cas \§ °

This relation indicates that even in the absence of two-phase
effects the density is greater at the center of flow than at the
periphery.
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This result has good agreement with what we know of the trans-
sonic zone.

The terms of order I lead us, for particles of uniform diameter,

to the relation:

IpP | 2T t+zh3eos\
ps? o hIres f v

Thus, for example, we have on the jet axis:

(E&) = 1+0googo T .
! I=o .

The two-phase effects thus contribute to increasing the density
of the condensed phase at the center of flow.

These calculations can be extended to an initial particle
distribution £, (r, y) (collisions left out of account). The
density of particles with radius r is, at one point:

i£027 7,
and dp = 0, if {L;?;?p.
where TL is the limit position of a particle.

At each point (y, V) we can conversely assign an uvpper limit
L’ such that the density is written:

n(43)
- f o2 £, >)(4f 2L tchTes@ vd“’)dr

ch3+asn ‘0« Y,

value of radius r

(D] Y
o f i@ 3)dr
©

The distribution law is given by:

=0, (wde)
). HOD EF by, (vav) |
S‘“? 0 ?) (4 4 2 1*6(\’00"\9 “:u'd\P) ae

A chs+cos

for r < r
=3

LI
and £(r, v, ) =0 forr>r

L.
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We applied this on the computer assuming that the initial
particle distribution was indcpendent of § and exponential:

O = A g~
Ty

Figure 20 gives the variation in density reduced as a function
of the position shown by the angle ¢ of the diverging section in
Section 2 for some values of I based on the mean radius rol (in
practice we find that I is on the order of unity). The curves are
characterized by a sharp downward slope in the vicinity of the
wall; this shape is to be compared with the variation in luminous
intensity of the jet (Figure 18). The curves giving the variation
in local mean radius and scattering function are similar.

We thus observe that two-dimensional phenomena are marked by
this type of two-phase flow. Segregation of the condensed phase
in the flow can increase particle growth at the flow center and
complicate calculation of divergence losses. It will thus be
necessary to develop a flow pattern which takes into account both
collisions and lateral phase shifts.

1 |- 1,2
|
I =03
M P U : -_:\m_.l
I =0
1
|
i
|
|
1
I
|
|
% > m T TR
axis wall

Pigure 20. Variation in Density of Condensed
Phase After the Throat.
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3.4. CONCLUSIONS

The condensed phase requires both experimental and theoretical
means of study. The particle growth, in particular, sets a limit
on the accuracy of the results since the fundamental collision
phenomena are still imperfectly known. Due to these difficulties
and although the qualitative description of the condensed phase
may be considered established the computer data still have a substan-
tial margin of uncertainty and we must expect this inaccuracy to turn
up again in the final estimate of speci:fic impulse losses.

4., STUDY OF TWO-PHASE FLOWS

The interactions between the two phases have thus far been
simplified when our objective was to find out more about condensed
phase behavior. To define their role in expansion of combustion
products in order to estimate specific impulse losses we must now
study two-phase flows more thbroughly. We will cite some data
from [33):

4,1, CONDENSED FLOW SCHEMATIZATION

The particles formed in the combustion process are very numerous
due to their small diameters. Although they represent a noteworthy
mass fraction of the combustion products, they correspond only to a
very small volume fraction. These two features: small size and
small relative volume of disperscd elements characterize the suspen-
sions [34). We can define elementary volumes which are very small
with resnect to the area considered but whose dimensions are far
greater than those of the particles and which contain a large number
of particles.

Application of homogencous flow methods to suspension comes up
againgst the difficulty of correctly defining the control volume or
voiumes. A volume for the whole of both phases is broken down into
a volume occupied by the gascous phase and the volume occupied by
the condensed phase. Due to the particle motion in the gaseous
phase these volumes are constantly changing such that, by nature,
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multi-phase flow is unstecady and threce-dimensional. From the theo-

| retical viewpoint alone we can study the gaseous phase and each
particle. This approach enables us to demonstrate the rules of
similarity of the flow but the very high number of equations to
which it leads is unsuitable for computation. We may believe that, $
when the dimensions of the general control volume become large g
enough while being much smaller than those of the enclosed area

Vo, T o2 A R s

considered, fluctuations in the gaseous phase and condensed phase
volumes will decrease and statistical methods will be useable. The

s, T IR TR ST I TSR ey TR TR A A TR T T ke R
- ~

basic idea is thus to try to represent the condensed phase as a
continuum mixed with the gaseous phase and interacting with it. i’

LA

The most demanding step in arriving at this result consists of

Pht e nhiae

defining a mean in time and space for each magnitude [35, 36].

b e e e s e s et i W bt e et

PRt

These magnitudes must be insensitive to the order in which the
means are made, which requires the following two conditions:

D

- The fluctuations in the number of particles in the volume considered ,
are very small in comparison with the average number of particles :
in this volume;

- The time it takes for a particle to pass a point is very much
smaller than the time interval used to establish the mean. :

A A

These two conditions establish the lower space and time limits g
below which continuum equations can no longer be used. In the '
equations for gas and the gaseous phase, terms appear due to parti-
cle velocity and temperature fluctuations and, analogously, to the
Reynolds terms of the classic turbulent theory. These terms linked
to the passage from real flow to its continuous description even
subsist if the gaseous flow is assumed to be laminar. A condensed
phase pressure exists which is independent from that sometimes
calculated when the varticles move in random motion. The supple-
mentary fluctuation terms are difficult to evaluate and make it
cumbersome to use general equations. llowever, it has been shown
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that, if the medium is very dispersed (volume portion occupied by
particles much less than 1), the fluctuation terms are negligible

as is the pressure of the condensed phase. If the gascous flow is

!
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A

4 s dre

turbulent, Reynolds terms exist in both phases, which must be

3

correlated.

The possibility of goimyon to a continuous description of the k
; condensed phase being -granted, the general cquation can be obtained '
| by two methods: either by studying separately the evolution of each
class of particles characterized by a diameter value, or by directly
establishing equations for the mean magnitudes of the condensed

S i

phase. In the first case we must expand the terms for interactions

2 0 P i

between the various classes of particles, which is possible when
the particles are solid [6] but notso easy when the particles are
liquid and agglomerate. The second attitude is more common [5] and

we have chosen it here.

.

Simplifying hypotheses were made with respect to interactions

< A . I A B o S

between particles and between phases. We neglect distant forces

1 and exchanges between particles by radiation. We assume that the
g interface between the gaseous phase and the particles is an ideal
| surface through which exchanges occur and on both sides of which ‘ |
properties can be defined for each phase. The interface is only a

pressure and density discontinuity. PFinally we will assume that

r—

the particles are always spherical, which was checked experimentally

e ML S

by the capture technique described in Paragravh 3.2, but which

e

fails in high-acceleration zones where the liquid particles are
deformed.

e A gt B
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4.2, CONDENSED PIIASE EQUATIONS

The condensed phase is described locally by a distribution
function f which depends on spatial variables Xss ON velocity
components cj, on the internal mass energy e c¢f the particles (the
temperature is assumed to be uniform in each particle), on the
radius 1, and on time t. This function £ may be assumed continuous
with respect to the different variables.

The quantity: ‘F(wu,cd )2, &) cl%c.,cl"ié de dv

represents, at time t, the number of particles contained in the
volume defined by Xio Xy + dxi and with a velocity whose components

are between c. and cj 4+ dc., an internal energy of between e and
e + de, and a radius between 1 and t + dr.

4.2.1. Fundamental Condensed-Phase Equation

The function f obeys a balance equation of the Liouville-

Boltzmann type, which is written:
F D )
e+ T5.(Fdd) = h@E,6).

In this equation, the q; are coordinates of the space occupied
by the phases. The derivatives 51 are functions of q; and t given
by outside phenomena while the function h(qi, t) is on the con-
trary duc to phenomena internal to the particle population.

a) Expression for derivatives in the phase space:

We note first of all that: :”;—’"F'f = C¢ .

Thus we get:
S OFEXD | i (F2) 5

B

e X
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W represents the force exerted on a particle of mass m, the particle

motion equation is written:

whence:

The force $ represents the resultant of the elementary forces

acting on an isolated particle; these are:
- the weight of the varticle: le = mgy,
- the force exerted by the gaseous ovhase on the particle:
npz.—-'rY.
The drad¢ force T depends on a large number of parameters such as the
shape, dimension, and surface condition of each particle, the velo-
city field in the gaseous phase, and the history of the ﬁaftic]e's

movement.

Experimental results obtained on particles of millimetric size
are generally extrapolated for microscowic particles. The simplest
expression for drag is obtained, for an incompressible fluid and in

tokes' reaime, when the Reynolds number based on the particle
diameter and the velocity difference between gas and particle is
very much less than 1. Duc to the great density differences between
the gas and the particle, we can neglect the transitory drag terms.
To take inio account the effects of inertia, compressibility, and
possibly rarefaction (diverqing section with a large expansion ratio), .
we correct the drag coefficient established in the Stokes regime by
a factor 2 established semi~empirically (37, 38) and depending on
the Reynolds number, the Mach number and the Knudsen number. Many
formulas are prescnted in the literature covering all operational
domains of motors. The differences in swecific impulse resulting
from using the different forimulas are fairly moderate for average
chamber pressures (39] and the uncertainty subsistinyg as to certain
phenomena connected with the condensed phase is greater than that
concerning drag laws.
~68~-
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and we will often use the simplification:

Likewise, as q is the heat flux received by a particle, we can write:

oD - 2 (eg).

In the absence of radiative exchanges between particles or
between the particles and the enclosure, the heat flux is only due
to the convective exchangé between the gaseous phase and the particle
whose temperatures are different. This condensation occurs on the
particles, the heat released in the process is entirely evacuated
‘by the gaseous phase., Calculation of flux q as a function of other
values raises the same problems as that of the drag coefficient; it
is treated similarly. With Stokes regime we have a heat transfer
by pure conduction which gives a characteristic value for the
Nusselt number:

This value is corrected to take into account real gas effects.

The corrective factor is noted % several expressions for this are

T;
given in the literature [38]. Finally we get:

d . G . (RT) o & ely)-e
24] Q'.‘- . Zr /

%= ‘r‘_x.a' = weRTixf

where

We will often take: p = 1.
M is the mass flow deposited on a particle, so that we finally have:
B | 2 (ans
o3 O N 33m
An expression for M can be deduced from the calculations presented
when considering formation of alumina particles (Section 3.3.1.).
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b) Expression of the second member:

The phenomena of the particle population which modify the state
of a varticle are collisions and disintegrations (formation of new
. particles is left out of count here).

The role and importance of collisions and their varied origins
have already been shown. We will remember simply that at a collision
between two so0lid particles, considered to be perfectly elastic, only
the velocities are modified while liquid particles can agglomerate.

Disintegration of a liquid particle is able to occur without |
: impact in a strongly accelerated flow. The most common burst cri-
terion is based on the Weber number:

We = P! ‘_’;*b:?’ =3 ‘

T T, T

where y is the surface tension.

When the Weber number exceedsa critical value of about 10 to

i 20 the particle disintegrates. Certain authors believe that this
phenomenon limits the maximum particle dimension [40], which would
secem to prove the experimentally-found variation of this character-
istic with nozzle size. 1In actual fact we know that the phenomenon
] is not instantanecous and that particles begin first to deform pro-

{ gressively under the effect of various surface forces; moreover the . ?
§ existence of an upper limit for the particle diameter must be con-
nected to the mechanism of formation and the dwell time in the noz-

3 ) zle. Thus, spontancous disintegrations are not systematic; at most
; they involve a limited number of very large particles, i.e., the ]
k population class which is still poorly known. The phenomenon will

thus be left out of count in the following remarks.

For collisions, we will consider first the case of solid par-
ticles and then liquid particles.

T ———
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In all cases we write the number of collisionsoccurring per unit
of volume and time between two classes of particles in the form:

; gy, 2,5 6) 6, <,<; t—>q>&'—)%;° ¢ el E) -
[ d% dfdQ‘d d@'dv. . 3

The function ¢ is the collision function. It is symmetrical
] with respect to the pvarticles and should in principle take the form:

gf(’F?LE?ﬂ/rrwtﬂlcfxT”z:xw,b).

i Nk

: The expression for ¢ results from studying the intimate mechan-

ism of collisions and ¢ must often be given a simplified form; several
expressions were given in Section 3.3.1.

b ¢ Bt o W2 o

e e e o s £l

All collisions of particles in the class d3gdedr with all
others are obtained by integration and are translated by a vanishing
tern in the second member of the basic equation, which is:

h(Cac,é) .-~-F‘K-F(xp, 5)2,778) DA% aerd s f

U DS U DU ) N

g T

———— e+ o

The other term of the secc .d member linked to collisions is
a production term; we must consider all inter-particle collisions
resulting in formation of a particle of the given class to be

binary. The form of this term differs according to whether the ;
particles are solid or liquid.

o T YT

IS P

- So0lid Particles:

The production term is written:

he (G, 6)= K FCoi, 5 2,0 ) FGegy 5,9, €). B
F 3 d’cé 4 a‘¢ ,6‘0' d‘a& )

-71~




p— S cha T T e e )
e e oy L
- et T a0 b T
e e gy 0 =
a o N i 2 " e = e e
- e BT AT ¥ Lt s a 1w Fria T, et TR ¥ ot sy g ]
e - 5 e ™

The domain of integration Dg being such that:

- / » a —y \
| N B [ty v -, |
_ Fl<1, ZgE-o§)=o .
- Liquid Particles:

i
|
The problem for liquid particles is more complex since colli~ !
sion may take place in several stages as pointed out by several $
auvthors [30). It has been noted that, if the velocity difference

between two incident particles is large enough, agglomeration is

s followed by a burst, i.c., the intermediate particle formed is

unstable. This phenomenon is said to depend on two dimensionless
numbers characterizing the impact conditions:

| % - £lz2llrlee

E . e
f — /¢°a .
b "= 2=l = pe

. We must thus define a new function G(c!''', e''', t''', Jr-1'],

“ légl) giving the number of particles in class d3c"', de'''dgr'"’

formed in the collisions of particles (t, ¢) and (t', ¢'). The ' ;
internal energy and the velocity of the varticles formed after the
1 burst are thosec of the intermediate particle and are calculated ;
;

guite easily. G is thus presented in the form:

, & (v e E-21),

and the production term is written:

hza.(q@)f-“)?afé"' P,y &yaior, ) F=ycf 2 w)6) B

L 6’(?)[?-— " |22 "'”))cia ) o]l Lis”,

the domain of integration DL being such that:

TR TN
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and the cocfficient 1/2 taking into account the symmetrical role
played by the collisions. In the condensed form, the second member
of the basic equation is written as follows:

h_:_.{::g P s, + LF’.;"@ dvs (solid particles)
1) &

hew 'PL £ av, 4‘_;:( Frd s, (liquid particles).
D, -

We must admit that the collision function ¢ and production G
are rather poorly known. These uncertainties have a direct impact
on the evolution of the condensed phase. On the other hand, in
equations charactexrizing the average behavior of the condensed phase,
these functions will not appear explicitly since the collisions
themselves obey certain conservation laws.

To establish these eqguations we proceed in the normal mannér:
after multiplying the two members of the equation by the same gquan-
tity, one integrates them over space (cj’ e, 1t). The mean magnitudes
thus apwear naturally.

4.2,2. Continuity Equation

The multiplying factor is m(t). We define the density of the
condensed vhasc an its velocity by the relations:

Pr = Kﬁwé&)fk&%a:ﬂz:du‘l

Up, = -P‘;-ffm(v)q-?d%atedc—. ‘
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Po represents the mass qf condensed phase contained in a unit volume
of the mixture; it is thus a fictitious density which is connected
with the true density of the particles P through the intermediary
of the volume fraction occupied by the condensed phase:

Pp"" ePc .

The first member contains first the termsinvolving the time
and space variables:

()
%(’Z_e + Z%ff’?‘-'w) .

Other terms involve other phase space variables (cj, e, t);
only that for the radius is not zero and is written:

-f((m?da%dczav =—-Wp .
This is a term corresponding to mass production by condencation.

As the mass is conserved in collisions, the second member is
identically zero such that the continuity equation of the condensed
phase takes the classic form:

© : st o
,5-%’- -+ v (fb“l’) - Wp-.

4.2,3, Momentum Equation

The multiplying factor is m(r)ck.

When the ecquation is integrated the first member (as well as
magnitudes already defined) has terms such as:

- the force cxerted per unit volume by the gasenus phase on the
condensed phase, the components of which are: ’

T T T T S S R R SAe
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Eﬁ ﬂ\p Fd"c‘ dez &l

= (da "" ﬁr"—"(u&"ck) m(—q-)-Pd‘ el
= Fpac + Feae P

- terms coming from particle scai:tering in barycentric movement.
We write:

Ba=-— ff@*‘“?c)(cv‘-\m) @) Pd-‘cé) cle=dT
Wep = K{ (ca-ups) MF g d=dr.

The momentum is conserved in the collisions such that the
second member is again identically zero. We thus obtain:

= * A &
r‘a@g( Prlipa) + Z ?,%,_(Fé“m“i’-) = Fea+ Wa“rez.‘* ?ra].g—i".;;‘_ - .KP& -

This equation can be combined with the continuity equation
multiplied by upk It thus appears in the vectorial form:

I imte — —p T —
H» +(.>‘,u‘> -grad Uy = Fp + v Dp + i -
When compared to the classical momentum equation for a homo-
geneous fluid we note the absence of apressure term and the presence
of a force term and a scatter term. In the absence of condeuncation

the suppleme; .ary term K; does not exist.

4.2,4., Energy Equation

The multiplying factor is m(t)e. The internal mass energy
is obtained by adding:

Co= F‘-— ﬁm(v-)epdnca elesiqr.
P
We define:

- the :eat transmitted by the gag to the condensced phase per unit
of volume and time:

Lad il
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~ scatter terms such as:

Gyp. = jr(q-u?t) (z-2p) M) 'F d?% deda,

[P TP INE R IDY e

Le =K M (e-zp) fog e .

We mote that energy is conserved in the collisions such that
the terms of the second member are zero.

- o~ w—

o sk

The energy equation is thus written:

,B’Qb—((zpcep)—t-,g :a%c.«_ (F"U""c‘) = Q“"‘:’Pev’ - %’OC‘::% + Lp-
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It can be combined with the continuity equation multiplied by ep to
give:

‘ PP%‘?: 4«:?,..5?.,3&;:{«:? = Q =Av a;-l- Le

TR TR T T YT

The form of this equation is that relative to homogeneous flow
with a heat source, yet the pressure term does not exist here.

; By coibining the momentum and energy equations we establish
the total energy equation:

Pri (@ L67)+ o Ton grded (@ + L)

—=— E]-;-? +q)+ UP-ﬁa—‘! *dl\lG?""l—‘_’:o—‘-‘.‘; -‘-L?o

T T

The general equations of the c. ‘densed phase are thus presented
in a classical form, where interacti ms with the gaseous phase are
translated by force terms and definition of the mean magnitude by

|
supplementary terms. We can define a derivative in barycentric move- i
rent bys ' 1
{

i

4
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4.2.5. Entropy Balance

.

‘ The muliplying factor is m(t)s. The mass entropy of the con- ! {
densced phase is obtained by adding:

; sp = %;K(m(w)sfaaca e,

The sp equation is cstablished like the other equations and
| new terms must be defined. This equation can be combined with
1 the energy equation such that:

o

3 .T_(’.t"‘?_? ._=d63
E gy = T

: G'D is a term linked on the one hand to dispersion of mean magnitude
and on the other hand to irreversible changes occurring during the

E collisions (liquid particles). The presence of this term is an
obstacle to studying the two-phase mixture by classic thermodynamic
methods since it throws out the local equilibrium hypothesis [41].
Fortunately, one can show that Gp is of the second order with respect
to temperature deviations; thus in most cases it will be neglected.

R T
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4.3, GASEOUS PHASE EQUATIONS

The gascous phase equations, even %or a multi-reactive mixture,
can be established in a more classical manner [42]); these equations
will thus pe cstablished more briefly. They must, however, be
modified to take into account the presence of the condénsed vhase.

] ' By comparison with eguations for a homogenecous fluid, a particu-~
larity resides in the definition of the density. We define a

E fictitious density Py for each species j which is assumed to occupy
the entire volume of the mixturc; this quantity is linked to the
real density pgj by the relation:

it ks i) ik e
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In the deneral balance equation the Py quantities are used
while in the equations of state the p j equations are used. We
must, however, note that in the type of suspension studied the
volume fraction ¢ occupied by the condensed phase is always very
small such that the differences between pY and P s arc negligible.

4.3.1. Continuity Equation

The continuity equation for each species shows the mass pro-
©
duction rates W The mass conservation principle in the chemical

reactions is translated by:

N
2 Wy =~ Wy .
g=+ 9 v

If Y is the mass fraction of species j in the gaseous mixture,

the corresponding continuity eguation is:
-—D o
. DE (kb\( ) *"ﬂ'\/(,f”*é (o) ) = Wg,
where p is the density of the gascous phase obtained by adding:
(>=: g=1 fh' )
The barycentric velocity of the gaseous phase is defined by:

N
O= 2 N, o
dn4 d d

The rate of scatter of specics j in barycentric motion will

be given by:

— — —
Vo= %-E
-8~

D e s JUr S -

e ———

Py

e

e apeiiap ot s

.

sk stk aakes St



B et L R e S R A e At = it gohic) 3 t a Laic e
"'",".' ~

e o —— T i T wiTae e el R R R st i T DK ol S T e e

i
¢
!

= -
Expressing vg as a function of U and Vj in the continuity
equation of species j then adding all the species, we arrive at the
overall equation:

TF R T

-

,(-)@—E +iv Pl = ~,

This equation is distinguished from the classical equation
only by the source term of the second member. It can be rewritten
introducing the particular derxivative in barycentric motion.

; j_E + Pc{f\/—: .= - \:!P .

4,3.2. Momentum Bguation

The variation in momentun of any volume is due to surface

.
] stresscs, volume forces, production of species, and action of the
condensed phase. Accordingly, terms such as the following enter
the momentum ecquation:
, - the scattering tensor whose components are defined by:
] N
[‘ . = e v *
:Db& P dZt.‘ Yd d" Vdgl
; - the stress tensors which break down in the classical manner into
{ a pressure term and a viscosity term:
| T g, T
L Ve = g e T o
3 hence by adding:
“’b =R i
T ==——F§B 4+ T
3 Finally, after combination with the continuity equation, we get:
\‘ (_.(aav - — > rEP mn) - Frdh W1 ¢
| P G +ga p = div (T4 F) o -Fo s @RI~ K,
3
i -79~
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This equation differs from its classical expression only by the 7
existence of terms due to the condensed phase. We will note that E
it is only the component of ianteraction between the two phases which
intervenes in the forces.

B daiesi

The equation for kinetic energy is deduced without difficulty f
from the momentum equation. %

4,3.3. Energy Equation

1 To establish the encrgy equation we operate with the total
energy. Its variation in any volume results from the work of the
surface stresses and the volume forces, the heat transfer by con-
duction, and exchanges with the condensed phase. The classical
.terms appear:

b -~ the dissipation function: £

%

3 - the heat flux density g* modified to take scattering effects

into account.

With the usual simplificationsand after combining the equation

A TR

obtained with the continuity and kinetic energy equations, we finally
obtain:

Fj‘ﬁg wpAN D — D +ANGH =

T

™

= VS,P (‘Z‘%‘f» ~4- u::é‘iff --B(‘:""Zr?))*'@*za’)'(FF:*?P)-C&L—P) *

R PTTI T

The first member of this eguation is .classical; the sccond
groups all the tecrms of interaction with the condensed phase.

The enthalpy cquation is easily deduced from the above
equation:

k, 50
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4.3.4. Entropy Balance

-

Between the entropy, the internal energy, the density, and the
mass fractions exists Gibbs relation:

N
3 | ' cﬂa:::‘T:Ass-+-i§% c5f>%' ZZ:/AB cfwg )'

: |
dﬂ
2 ‘
i where My is the mass chemical potential of species j.
é The mass entropy equation is thus deduced from the equations ?
1 established above. It appears that the entropy flux is not modified
1 by the présence of the condensed phase which, on the contrary, is i
rmanifested as internal production, which corresponds well to the ‘
irreversible nature of inter-phase exchanges. ; (
{
i
3 4.4, MIXTURE EQUATIONS

.y TIPS

Although the equations of the two phases in principle are

sufficient for describing the flow, it could be useful to study the
1 average bechavior of the mixture.

As with the condensed phase, we
necd first to make a suitable definition of the mean magnitudes,
then establish the corresponding cquations.

4.4.1. Continuity Equation

e o oA

The density of the mixture is simply written:

1)
D

P=pee
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The barycentric velocity is defined by the relation:

—

;f £ H = pd+pin.

P

1 The scatter vclocities of the phases in barycentric motion
§ can now be introduced:

f i

By adding the continuity equations of the two phases we ‘
obtain the overall continuity equation directly:

! | §F€;2+-<va<]5'z?') =

A new particular derivative in the barycentric motion of the . :
mixture can be defined by: j

ek AL i dmte e

fad

T AT T TR T T

such that the overall continuity equation is written:

C;{" +P€leu ::O . :
i

4.4.2. Momentum Equation

e

The momentum equations for the two vhases can be presented
in the: form:

é%%:(kppzf;)@4-657:'(%b‘B: @ Z§'> =
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We will define a two~-phase scattering tensor by:

E ; ﬁ:—(ﬁV@V—\-PP—\z@\—Z))

i N st R

and a generalized scattering tensor by:
-y -
LD = :D-&- ‘,.;,.5_

e bt A

By adding the two above equations we arrive directly at the
equation we are looking for:

cad et Gl

CIG - w1 —
13¢_<kDLJ )-FcﬁlV’(%>LJGDlJ‘>==—Ejé;;EQ}>-ff>éfLL¢§:;<;§:~:SiQ/
or again, by combination with the continuity eguation:

p‘j_‘%r; wgimlp-pg -G E+D)=0.

L]

) RSV

e

The kinetic energy equation is deduced from this:

Ps(Zd) = Fg-% -T.g=ap+T- aR (T .

4.4.3. DJEneray Equation

P YT TR TR Ao T

The internal mass eneray is obtained by adding:

F&:-g— (:Pz? .

The mass enthalpy may be deduced immediately:

F::.———F %. |

e e T ause i hont e i) S S

]
The energy equations for each phase can be written: '

’gﬁ“(ﬁ"’?) iy ((o,,zr Z:?)) = Q -r v'/’Pz,. --da\'/é.-("L_P )
/‘) (Pe)-q(huécu) = —Pdl\lu +d) dl\l“ ’ : 4
-pr(—ﬁ:p-bu._“i-'J'-u (u-u r))-b-&-“l—lp) (F;"'Q'U(p) @"'Lf)

- - e g ST T T T
o + oo o -

~83-

o PO

3
b <

e e s A AT e e T



1y

By adding, we get:

1 ) . —— — =P . P o o—— . - i
Pa%(-frg;).;.ahv([) & u) = -pdvd +d>-:JNq" —-civ (FcV—t-chpr)

] « Wp (“:f_,-‘:‘i"-a°(3°"-7})) -‘@‘-&’f)(l":;,-o-k;)- dw‘a .

o
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; It is thus appropriate to define a gencralized dissipation
function and an overall heat flux density with the aid of relatiors:

e et

B = b+ Vegmap +ilp (LS T(B-T)) LT-T). (Fer K2 )
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The energy ecquation then takes the classical form after com-

bination with the continuity equation:

I F)j_é; & ~ Fdfvf-ka——dl\‘l 3

1 The enthalipy equation is’ deduced immediately:

y dT;.__.A *—-d‘-—.
PaF = SF 2 79VT .

4.4.4., Entropy Balance

The two-phase mixture is to be considered a composite system
made of two sub-systems which are not in mutual equilibrium but are
in individual equilibrium and can thus be described by an equation

T Y

3 of state.

We can write equations of state for any qguantity of mixture.

L Expressing internal energy and entropy as additive magnitudes we

arrive at the mixture equation then at the Gibbs equation. Goimgon

to barycentric motion in the mixture, then cxpressing the particular ;
g derivatives with the aid of the ecuations already established, we {
arrive at the general expression of the form: '

‘,~ » ————
p <8 =—div +J3 .
T J= +5=

i
|
}
j
i
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The entropy flux J has a heat-transfer term and scattering

terms. The productidn 1. is broken down mainly into terms relating

s
to the gaseous vhase (dissipation, chemical reactions, and heat flux)

and in terms due to two-phase exchanges.

It is useful to establish the relative order of magnitude of
these production terms. We will take the case of permanent flow in
sections. Viscous dissipation in the gaseous phase is given by:

CP ~r _g_/a, @;.;)g , ) (stokes hypothesis).

The friction term of the condensed phase is approximately:

(u-u,,)-- 18pp p (-uip)® (stokes 1law and
fe "TP ’. uniform particle
diameter),
i.e., using the near equilibrium hypothesis:

Y Fplo-ue) = pbPPdF “@"'

The ratio between the production term due to the condensed
phase and that due to the gaseous phase finally comes out in the
form:

2i€ A

For realistic operating conditions, the Reynolds number appear-

ing between parentheses is always greater than 1l; € is accordingly

very small, We could thus say that in suspension flows the irrevers-
ible exchanges between phascs are almost exclusively & the origin
of the cntropy growth within the flow,

The\performance degradation phenomena must thus be studied first
from the viewpoint of two-phase effects. It is certain that these

|




oo T Ty e e s e s m e Bl e TR R AR R e TETRTRRTRE T T R e e R WA T dhbimthe St e il il iy A b

e R R R T 0 SR T ¢S W o e ) e -

*"'*@"%?*ﬂ%ﬂ%ﬁdﬂﬁ%wwfwﬂmmmwm

effects are more marked in zones where there are sharp velocity and
temperature gradients, in particular in the nozzle.

Yy e aE

4.5. APPLICATION OF GENERAL EQUATIONS TO FLOW OF A SUSPENSION IN
A NOZZLE

Besides the two-phase effects we are txying to define, which '
are linked to the existence of a condensed phase with complex char- f
acteristics (wide spectrum of particles, growth by agglomeration), |
we must, in principle, take into account in our flow pattern more
classical phenomena such as wall losses and chemical reactions in
the gaseous phase, since the flow studied here is at a hiagh temper-
ature and at high pressure., 1In practice, these phenomena also ;
partly depend on the condensed phase, and even if it is possible
to establish the most general flow equations, the associated comput-
ing problem exceeds present computer capabilities [30]. We are
thus compelled to make simpl@fications on either the condensed

T X RTRTRTTETE T T T AT T  SAT FE AN TN e e TR TR R R TR A T T T T T Jae s TR

phase or the jaseous phase, or the number of dimensions considered.
Due to the large number of possible simplifications, a great many

articles have been written on flow of suspensions in nozzles.
However, very few calculations methods reported are realistic enough
to give firm results.

There is something to be said for beginning from the most
3 elementary basis in order to bring out certain characteristics

common to this type of flow. We will briefly report results from
the most simplified model before attempting to define the require-
ments of a recalistic model.

4.5.1, Simplified Flow Model
; The following hypotheses arc made:

- permanent flow is in sections,

N




- the particles are of uniform diametér and are regularly
distributéd in the gaseous phase; they undergo neither collisdns
nor phase changes, their volume is negligible in the mixture, and
their physical properties are constant;

- the gaseous phase is made of a non-viscous ideal gas (ex~ept
with regard to its effect on the particles) whose properties are
constant;

- exchanges between phases are calculated for the Stokes
law;

- the interactions between the flow and the nozzle wall are
neglected.

R At LRI

Equations for this type of flow are fairly classical [5]. There
are three conservation equations for each phase, ocbtained easily from
the general equations of Segtién 4, and the gas equation of state.

It is useful to combine the momentum equations and energy of the

two phases equations to eliminate the F and Q exchange terms. We
come out with:

o
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We can eliminate the volumé¢ masses and p.oessure by noting that
the mass flows are in a constant ratio K, and integrate the overall

energy equation., We will denote:

- H, the mass enthalpy of the mixture under generating conditions
(phasc equilibrium),

_1an
T=3i&
the straight section.

, the abscissa function characterizing the evolution of

‘

The system reduces to: - ':..r).é_ gty AT
Yy J @ ‘:Lz P (2 ).{-('J_i ._.._r—Tm—- Wudug

C%:rq—iéf “+ V(ééyﬁ;-+§g£:) = H (1+) ,
3 =g Ceme)

dp dlr = & ().

=

.

Rather than eliminating T in the energy equation to come out
with three differential equations containing u, u_, and Tp' we
preferred to show reduced magnitudes and phase disequilibria by

writing: e A = T )
o ’UMIE =
= ,‘Q—E— J
(5]
= Tee

The function m was preferred to the Mach number M in the gas
to facilitate writing the equations; it is casy to pass from m to
M. A reduced variable can be introduced, as well as a new function

F:
X o= = ———
' % \/ZH (kD

. 4d4A .
F = A A%
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After the transform, we obtain:

=1 -n K.
B _m_(%ﬂ_igz) F—-('mm +&£.n(4+“ﬂr3) ['n*&"*‘)(%" 1) "’30.—- tszm ]/

. £, o) 10 S50
42 - 28 P (g o - v B )42--«7

* e ]
)

| % & n e
cj-ﬁ»: b’!‘ P ~F «+ (44Wn’+%m(4+wﬁp>) E‘C%F—%% {q-n ) 5 I)’L.-O- 5

4 -
z =™

These equations define a class of flows characterized by the
loading parameter X, the thermal factor B8, the Prandtl gas number
(often taken as equal to 2/3) and the function F which depends on
the nozzle contour, its scale (established by the throat radius
Ly for example) and the adimensional parameter:

e Uy 5
Te.
where uy is the limit velocity of the mixture in equilibrium
= /2.

There is a single point for m = 1/y, i.e., when the speed
of sound is recached by the gas. At sonic velocity we must check:

Fri (e & (i) (42w 7 b2 (b oed) ) =0 .

In a nozzle, velocity increases upon expansion, while temper-
ature decreases, which makes it necessary for:

n<1’rp>1-

We deduce the condition for M = 1:
1-p A (64
A TR (Fle-t) <o

This inequality implies that the sonic section is always
located downstream of the geometric throat (F > 0).

A st o gimsn s

[P

e

e s e e e

—, -

e o i el Kottt culn e it i




TR O YT SR TR, T

W

M TenT TnEArT weespEsTm el b ~vwmm“m7%

PRRIIRREERE ]

et e e e

AAAAAAA

The singularity for m = 1/y corresponds to a boundary condition.
The two other conditions necessary for completely defining the prob-
lem are data for values n and p at the nozzle entrance for example.

All the flow values are deduced from m, n, and p, in particular
the specific impulse delivered by the nozzle:

V7H0+K { 1+ K j .
-3

go (14 ( (4+ Kn®+EZ m GiriBp))

L LY

The specific impulse is thus affected by the values of magni-
tude m, n, and p taken in the outlet section, which in their turn
depend on the whole history of the flow since its eantrance into the
nozzle, if for no other reason because of displacement of the
sonic section due to phase shifts.

Variation in mass entropy of the mixture is given by the relation:

LdE . K _ £3 e[‘ 2 ]
1& 3 v 1+ UA*-2 -4ﬂ(?+K FQ) C;:L”ﬁsa‘ es%;

The local increase in the mixture's entropy does indeed depend
upon the square of the kinetic and thermal deviations.

An important simplification occurs when we assume that inter-
phase equilibrium is produced locally at every point in the nozzle.

Starting again from the initial system of equationg -~ without
the condensed phase equations, replaced by the two kinetic equi- . q
librium and thermal equilibrium hypotheses -~ it is easy to show
that the mixture behaves like an ideal non-viscous gas; this feature
may be found from the general mixture equations (Section 4.4.): the
mixture obeys the equations of a gas whose apovarent viscosity becomes
negligible wlien the phase lags are small, The properties
of the equivalent gas are easily calculated:
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A new Mach number for the mixture can then be defined, based

on the speed of sound at equilibrium (ai =

YIT). The relation

between the straight section of the nozzle and the Mach number
upon equilibrium is given by the classical relation:

A o 4

P

Ac ™

i

(=5
Fa1

-

F«’”) Zen

Z

Between the two Mach numbers we have the relation:

= ™ \[@r“)é’““/%?-

This relation shows that at the geometric throat:

1+ WP

M =1 and

M < 1; the sonic section for the gas is indeed situated in the

diverging section.

The point of simplifying the two~phase equilibrium is to come

out with a definition of a reference flow:

this flow is the limit

of the real flow when, at a constant load rating, the particle

diameter bhecomes infinitely small; this fixes the upper limit of a
nozzle performance for a given suspension.

We will briefly examine calculation methods when kinetic and

thermal ‘phase lags

a) Analytic Solutions:

are taken into account.

Analytic solutions to the problem are known for certain types

of nozzle.

The contours are not known a priori but deduced from
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other magnitudes assuming a given variation law for one of these
magnitudes; the problem i1s thus one of squaring.

The most classic solution is that of "constant phase-shift"
nozzles [44, 45). We will assume that the ratio n of the velocities
of the two phases is constant. The equation of particlz motion
is integrated to give:

If we also assume that the ratic:

9 _——E—T,-'r J

is constant, the heat ~quation of the particles and the overall
energy equation are consistent provided that n and q are linked by
the relation:

This gives:

. W2 {-tr 2 . )
s e ) e
ptiCaq -

The nozzle is between the abscissas x = 0 and x = for

" which the limit velocity of flow is reached: the nozzle section

for these two abscissa values is infinite. 7Tt is easily 'seen that
the corresponding nozzle contours have very open converging and
diverging tections; the throat is very long,

It is possible to show that a mixture behaves like a gas;
the properties of this gas depend upon n the choice of which estab~
lishes the nozzle length,
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Due to their shape, "constant phasc-shift" nozzles are not used
a great deal for propulsion; they would lead increased losses, prin-
cipally because of thc sharp divergence of the jet. However, this
theory is sometimes used to make a rough .estimate of loss due to
phase shifts for a qgiven nozzle: we know that phase shifts are at
their maximum in the throat rcgion; we thus call the nozzle's throat
a "constant phase-shift" nozzle. The following relation will be
used:

do, | 2 \/’«f‘r‘-F - A =g 4an
dcl, T = Re e N* gxc

Y and r are dependent upon n; we thus obtain an algebraic equation
for n which is resolved according to the problem data.

This calculating technidue can be extended to other nozzle
contours, either considering a given function n(x) [33] or a given
up(x) function [46, 47). 1t i§ generally essentigl to use
the computer except for laws: u, = kx and u, = kvx.

b) Approximate Solutions:

The equations proposed are valid whatever the flow loading and
particle diameter. The flows studied here are characterized by a
moderate loading and particles of microscopic size, and it is legit-
imate to investigatc whether these features can give rise to useful
simplifications,

‘The general equations can be brought down to an adimensional
form. The parameter characterizing the varticle size is written:

E = @,
e

the throat radius, for instance, being chosen as the refercnce
length. ‘This parameter is, at most, about unity for large motors.
If absolutely necessary it can serve as a perturbation rarameter
{5, 48). The principle of the perturbation method is to assume
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that all the functions can be developed according to a certain

sequence of ¢ functions (the whole powers of ¢, in a large number

of problems). For example, we write:
vwib+Eu,+EM L,

.

Ues= U-Up = U+ Elig, + ESug, 4. ... .

The initial system of equations leads, by identification of
the powers of ¢, to a system of new equations enabling us to deter-

mine, in succession, the functions of Uy, W sp °°° etc.

Calculations are rarely taken beyond the first order due to the
increas.ag complexity of the expression. The particle motion
equation is written; in reduced variables:

s es o ul, i)}

E g™ dug _ ut-u =ad
‘ %

.

or, after substituting for u* and ug their developments with ¢ and

ordering the power of ¢ in each member:

» * \ 2 TR YT Y. A_ N * «
_E(u,-— so'ld.é)z (U:-.-U_r:) *8 [@1 u..,‘)d—-k-(u: u&)""@o us,)d_f_:z(u‘ al-\s.‘)J.
4 e = (_132-4,‘5 u;‘ -+ EzL,Is: At oae e

We immediately get:

*
ug, =o ,
then: U = aX dug .
s ° dx

In the same way, we find:

1=, =

° o
30+ 2 416
’Q§‘== -z %

These relations signify on the one hand that non-perturbed
flow (¢ = 0) is that corresponding to two-phase equilibrium and,
¢n the other hand, that the first terms of the perturbation are
déeiduced from the loca) state of non~perturbed flow. This is an
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asymptotic theory when it is limited to the first order: the two-
phase relaxation times are sufficiently slow compared with the
dwell time in the nozzle for the condensed phase to reach almost
instantaneously a state fixed by the refercnce flow gradients. We
judge the validity of this hypothesis, for example:

E Y51 <.
Ho

For classic nozzles the velocity gradient is at its maximum in
the throat region. We must thus verify:

= e )
fiﬁ? T . e .
T+ e Re
This condition is fulfilled for fairly large motors and the
great majority of particles. This method can thus be usefully
applied; we must, however, note that the phase shifts calculated

in this way have discontinuities of slope linked with discontinuities
of curvature of the meridian (biconical nozzles, for example). These

calculations are unsuitable for certain contours (nozzles with
cylindrical throats).

When the particles arce no longer small enough for the néar
equilibrium theory to be applicable, one can proceed by successive
apprcximations [49]. Since the rceference flow corresponds to phase
equilibrium, we study the evolucion of velocity and temperature of
the particles in this flow. We can thus calculate the inter-phase
interaction terms in the first approximation, then give a second
approximation for gaseous flow, etc. In this method, which takes
into account inter-phase relaxation phenomena, it is necessary to
make numeric calculations,

c¢) Computer Solutions

Computer procecssing of a svstem of reduced differential equa-
tions is made difficult by the existence of a single point for

-95=
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m=1/y (M =1, in the gas) and by the fact that the position of this
single point is not known a vriori. For a given nozzle, there is
only one initial value m, which permits passage of the single point;
all the different values of this value lead to solutions with infinite
branches, physically unacceptable. Little work has been done on the
computer problem linked to investigating this initial value [50, 51,
52}. It is possible [53] to use a different variable, of the form:

Z:(%—-m)z )

A computer program was developed with the aid of the ONERA
computer center. It has the following three parts:

- search for initial value m,: this is done by successive approx-
imations. If the value chosen is too high, dm/dx cancels out in
one computing stép. If it is too low, 1/y - m cancels out in one
computing step without the n, p, F condition being fulfilled.
Starting from the two extrem¢ values given by the two hypotheses?
two-phase equilibrium flow, and flow of just one gas, One progres-
sively rcduces the interval in which m, ma: be found. The calcu~-
lation is done in double prec¢ision.

- passage of single point: when one estimates that the value m,
is sufficiently approximate, namely that integration can be done
up to a very close value without difficulty, one passes the sin-
gle point by an analytical method, for example assuming that up
is @ linear function of x. Values are thus defined shortly after
the single point.

- integration in the nozzle's supersonic zone.
The computing time is fairly long, even for a high-capacity
computer (IBM 360). For this recason, and also because of the poor

representativeness of the model used, these calculations were not
run systematically.
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Figure 21 shows rcsults with n and » under the given operating
conditions. Approximation of the near equilibrium is indicated
for comparison; discircpancy with calculations is substantial despite
the high ratio between the throat radius of curvature and the throat
radius. Indeed, we find that ‘the near equilibrium theory is not

applicable in this case:

2% rf = ,
= \/ Clo —_g7Z.
31 = Re

dp = 2,4

K =04
~nP R y = 1.25
' ..gonic ﬁ’ - 03.25
t -
pgi.&\ " T = 3200°K
P | ~ -
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Figure 2]. Kiretic and Thermal Phase Shifts in a Biconical
Nozzle (Simplified Model).
4.5.2. Representativencss of Simplified Model

We need to investigate whether the simplified scheme presented
is realistic enough for the suspension being st .died. We must
examine, first, whether the behavior of the gaseous phase or theé con-
densed phase i$ truely represented, and secondly whether the

hypothesis of flow in scctionsis adequate.
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a) Behavior of Gasceous Phase:

The gaseous phase is not an ideal gas, rather a multi-reactive
high-temperature and high-pressure mixture. The chemical relaxations
make it difficult to process this type of flow on the computer. In
principle, we can take chemical relaxation into account by assuming
that the gaseous phase is comparable witha Lighthill gas; we .showed
that the system then has four equations for gas temperature and velo-
city and phase shifts n and p, and that the single point is reached
when the gas velocity is equal to the speed of sound f£ixed in the
gas. Unfortunately this comparison is far from realistic here.
Accordingly, we generally confined ourselves to calculations with

the hypothesis that the reactions were frozen in the chamber condi-
tions (infinitely slow rate of reaction) or the hypothesis of con-
tinuous thermodynamic equilibrium (reaction rates infinitely fast).
In both these conditions, and taking into account the actual thermo-
dynamic properties of the combustion products, the system of equa-
tions cannot be reduced as in the simplified scheme, but its
processing does not raise any further problems.

We must also take into account the variation in transfer para-
meters with temperature. This can be included when viscosity p and
conductivity A are substantially proportional to the square root of
the temperature, which is a good approximation to Sutherland's law
at high temperatures:

o —_r-—.-
/U'*"-'/u"’ V=5 )
T .
A= )‘Q \("r,
We can then define the characteristic relaxation length of the
flow using the speed of sound in the gas:

A.‘..“_'a,?:‘r =ao’z:r'g [

e R e el

v v ek~ -




T T TSy T, Ty TEEtis s an memme e TS D TR e i
z o

W R IR T TR Y T

T

T

P U —

B o S e b e o e

The xeduced equations are very much comparable in this case to the

case when y and A are constant. The only changes are the substitu-
tion of:

— A 4.
2% W \% 5 2, 2% ‘)3

G, \2raw) 3 e \(=Henw) |

and:

Finally we should note that flow around the particles can be
considerably different from that of Stokes law The correction
coefficientszu and fap to be made to the drag coefficient and the
Nusselt number bring in the relative Reynolds’ and Mach numbers:

&“.z r;"dg x L. = A-n_
i /aoAc Ao %c )
Mg= 4=0 .

We see a new parameter of similitude for this type of flow. This
corresponds to the coefficient Re

no_) AP o Po dP
Ao Ac C’}“o

where C* can be calculated in the first approximation for
equilibrium.

)

The equations are only slightly modified by introducing 5
and Lope The effects of these corrections can be fairly striking
since in the Stokes law - the draq coefficient is under-estimated
and the particles actually drag less than this hypothesis predicts.
These effects, of course, depend on the nozzle size.

b) Behavicr of Condensed Phase:

The hypothesis of particles with uniform and constant diameters
is unrcalistic since we have shown that the particles have a broad
diamcter distribution and agglomerate during expansion. We must
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also check whether the volume fraction of the particle is indeed

negligible, and modify the equations to take solidification into
account.

The equations can beé established without too much difficulty
taking account of the volume occupied by the condensed phase. When
the general equations were established it was shown that a fictitious
volume mass of the gaseous phase had to be established and the equa-
tion of state had to be modified as a consequence. The two-phase
equilibrium flow is no longer eguivalent to that of a gas; the sonic
point for the mixture is situated upstream of the geometric throat.
The relaxed two-phase flow is again described by three relations

containing n, m, and p. A new parameter of similitude appears:

(<
J— L o~ Po

B Kpe Ac Vaz i) W Cpe \[2H0k)

The single point corresponds to:

. < 2
2, 2% : 23
m=4L-g (#1en®e 25 m (uigep))
¥ n £
Ac
Rudinger [55] integrated the equations for different suspension
loadings. These calculations showed that the particle volume
became large only when ¢ was greater than 0.01. For all metallized
propellants and all utilization conditions, € is always far lower

than this value. Thus the volume of the condenscd phase is indeed
negligible.

When alumina sclidifies in the diverging section of the nozzle,
the equations giving the temperature of the condensed phase can no
longer be used. The condensed phase temperature is constant during
solidificetion and a new variable f, corresponding to the volume
fraction of the condensed phase which is solidified, must be intro-
duced. The heat balance of a particle ¢ ves the eguation for f:

Ll? .d...ﬁ per 9“ %-r
dox T L-P

(T'-—rpc) ,' CO 5:“'\64)’.
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The general energy equation must also be modified:

Cia'r.'-&-‘%f+ W (CTpg + t.;_z'_n‘)g HOA+)x KF Le.

After solidification, one uses the initial equations again,
but with a new value for generating enthalpy. Reference [33] shows
the equations with m, n, and p to be used during and after solidifi-
cation. To find out the influence of this phenomenon on
phase lags we used a perturbation method. The non-~perturbed
flow leads to knowledge of function f(o)(x) which depends only on
the section ratio; u varies much more slowly than in the d&bsence
of solidification, which is favorable from theviewpoint of kinetic
phase lags. In the first order it appears that
temperature deviation tends to increase. The influence of solidi-
fication on specific impulse must thus be determined by calculation.

We must also take into consideration the particle distribution
and evolution. This eveolution is not independent of the flow of
the combustion products as collisions are principally due to dif-
ferences in average velocity hetween particles of different sizes.
The most complete calculations are those in which the particles
arc divided into a limited number of classes, a series of equations
is established for each of these classes, and account is explicitly
taken of collisions and agglomerations [29]. The precision of
these calculations is limited by uncertainties as to collision
yields [30]. When the near equilibrium theory is applicable,
in the first approximation the flow problem is separated from
the particle agglomeration problem; indeed the particle veloci-
ties can be calculated from the flow characteristics in equilib-
rium and the changes in the various mean radii calculatcd in
expansion, as shown in Section 3.3.4. In these circumstances,
local particle distribution is a datum to be inserted in the
flow calculation and it is useful to be able to characterize
the condensed phase by a single mean diameter. Attcempts in
this direction are limited [48) and a wide varicty of "cffective"
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diameters are found in the literature: thesé¢ are d32, d43, d53 cone
It is however possible to show that a single definition agrees with

the initial hypotheses.,

Let us go back to the expressions for up and e ¢

bp =

f’ ﬂgrnér)cﬁ:c! gy AT
o
zp = __'Lﬁm@—)¢Fd c:leckr

If we assume:

c u@>(1-— %j‘.h‘ﬁ’)

. @) Co)' )
e = 2P (-5 gy 4T,

we immediately gei:

‘-lP -— u@)(1 ,27-4— du@) )

’r.-_-‘r@)1eu@crr@’,
P <' T d=c

/

where ?ﬁ and 1f are bascd on the mean radius r53
5(( Q"S'Pdacddcz:c‘f

relation:
ﬂ'g 3013 ’
q—-q-f = C! dcdv-'

With the same hypotheses, the between-phase coupling terms are

written:
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In fact, all we negd to do isito find out the change in rgqy as
a function of A/Ac or x to perform the calculation in the classical
manner. It has been alrcady .shown that high-order moments of the
i : distribution law are those most poorly known experimentally and
' that they undergo considerable variation during expansion. Because
of this, particle agglomeration appears to be something which cannot
be left out of a realistic calculation method and incomplete know-
ledge of the condensed phase will necessarily result in fairly
large uncertainty in predicting specific impulse losses.

c) Two-Dimensional Effects:

; The hypothesis of flow in sections must be considered as a
first approximation; this description is known to be inadequate

; even for a homogenecous fluid (calculation of wall pressures in the
throat region, optimization of contour, etc.). This inadequacy is
even more marked for suspension flows due to the non-uniform dis-
tribution of the condensed phase in the gascous phasc.

This distribution is generally uniform in the chamber due to
the reduced particle size, the low flow velocities, and the small
geometric variations of the cavity. On the other hand the nozzle

i | flow is characterized by contraction then expansion of the jet,
' considerable accelerations, and particle growth. Differences
; between the velocity components normal to the nozzle access are thus

produced. - Their effect is that the condenscd phase tends to concen-
4 , trate in the nozzle axis. This scgregation is amplified by the fact
that when the particles concentrate, collision frequencies and their
1 mean dimensions increasc as a consequence.

To our knowledge there are no two-~dimensional calculation
mcthods which tak2 particle growth into account; introduction of a
particle distribution according to particle diémeter is very rare

h k)

] [43). The particle diameter is almost always assumocd to be constant
and uniform, and collisions are accordingly neglected.
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All the nozzle zones are not treated identically. The converg-
ing section flow is treaféd like a well flow with uniform spatial
distribution of the condensed phase or in one-dimensional analysis.
Analysis of the transsonic zone requires us to resort to some sim-
plifications due to its complexity. We can calculate trajectories
in the velocity ficld determined by phase equilibrium; this is an |
extension to the two-dimensional problem of the perturbation method
132, 56, 57).

The constant phase lag hypothesis can also bé generalized to
the two-dimensional problem [43]. These calculations enable
initial conditions to be defined so that we can start a calculation
of characteristics in the supersonic portion of flow [58, 59, 60].
The results of this calculation can be compared to those of the
one-dimensional approximation when corrected by the jet divergence
effect: we £ind that this underestimates the loss linked with the
condensed phase [56, 61]. The influence of non-homogeneous dis-
tribution of the condensed phase is thus injurious.

The actual behavior of combustion products of a solid metal-
lized propellant is thus incompletely described by the simplified
scheme of Paragraph 4.5.1. A realistic scheme must take into
consideration the multircactive nature of the gaseous phase (in one
or the hvpotheses, frozen or in equilibrium), particle growth, and
segregation of the condensed phase in the flow. Formulas can be
established to calculate the specific impulse loss due to tlie con-
densed phase under the most general conditions provided that the
particles are eithexr very small or very large; an estimate of two-
-dimensional effects can also be made.

4.6. YORMULAS FOR CALCULATING SPECIFIC IMPULSE LOSS |

Specific impulse loss depends on the entire history of the
particles and exchanges between phases starting from the nozzle
entrance, which explains why the flow must be fully calculated before
we can find out the specific impulse. Apart from the case of nozzles
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with a constant velocity gradient, not useable for propulsion, there
are no absolutely generél formulas for calculating losses. If we
assume, however, that the particles are very small, their velocity
and temperature will be very close to those of the gaseous phase
(near equilibrium) and we may seek a valid formula under these
conditions. Also, if the particles are very large, they virtually
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do not participate in expansion and a formula can also be sought.
The usefulness of these approximate formulas is to permit a rapid
estimate of the specific impulse loss for very small or very large
s ! motors and relatively simple discussion of the influence of the
various operating parameters.

o

4.6.1. Specific Impulse Loss in Near Equilibrium

Near equilibrium calculation is relatively classical [5, 7]
although it still needs to be extended to a condensed phase whose
particles are growing and a multireactive gaseous mixture. This

i YRR St A ar

was done in [62], The demonstration calls upon the mean entropy
of the mixture as a characteristic of irreversible exchanges

between phases. Here we propose to establish the same formula by (
a slightly different route. f

We will take the general equations for a chemicallyifrozen

] gaseous flow:.
L ]

puA:ma)

pr

FPUPA= he)?)

{ »
(s +W2gr)+4R 0, |
h) + —%34- (¢ [-q(—r;,)q- l:l.a’.'].___ G+w) -

P=prT,

+ condensed phase equations.
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We will definc some hew functions:

E,.l:l.-\ )

‘1<1~0_, P\CT)*JAQZPCH{)
1+ K

Pl= P

) ’__ .

= A+

This is not only a change of functions: the magnitudes marked
the ' are different from the average magnitudes of the mixture.
When we group the terms depending on ug and Ts in the second member,

we obtain:

(7QJ,/\:=
h )+ ‘-'"—- M+ K
Pu’é‘.‘i’+‘—i&

/
/cﬂus

1+v( )

doc asc L+V( F. S D
P p’r»"r

+ condenscd phase equations

with

For infinitely small particles the velocity and temperature

differences between phases u

' magnitudes reclate to the mixture at two-phase equilibrium,
the particles arc of finite size, the temperaturc and velocity dif-
ferences between phases which arise perturb the flow of the mixture,
as the equations show. We can define an entropy variation by:

“dh’= Tds’y dr’

From this we get:

¢J£§’==

{)

K Csﬁj.Tg;"' “5du}-—uSdu€

ey T
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The momentum equation can then be replaced by:

K ( csdm-«-usdu l-psdus .
s N T’

&/Cr')-s(T) =

Calculation is done as follows:

- A first approximation of Ug and Ts' anotated uéo) and Téo) is given
by studying the condensed phase equations. The result is classical:

= ) ALt &) aa¢d‘re9
LISG,-":C(L‘—‘ Z;‘,) -T-Sc.f'; dm

The variables with an overbar correspond to the two~phase mixture
and the (o) indicates that we are talking about the first approxima-
tion; E(o) and T(oy are evidently the velocity and temperature of
the reference flow (two-phase equilibrium). ?u and 7; are calcu-
lated with the local mean diameter Ygqe

- We enter terms u(o) and téo) in the preceding equations, neglect~-
ing the second-order terms, and calculate the ' magnitudes. A
linecarized method is still used. We define the differences:

The linearized system is written:

5%/ —+- 3-:‘:‘“) == Sm )
©) e thJ

z;;?)ZFT‘-k OSu’/ = (23§T? ~19L1t7) (Enh/)

¢+b(

=) 3T 13 p’ Ce T ,d____ o5 Ja
O Ho - AR~ i | SRS 3,
(]
/’ _ 6—/ e uld
o T T '
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We get:

Resolution of the system by matrix calculus leads to expres-
sions for ¢ép', éu', etcs In particular:
RN Y Q:_h')
Su’= —O% T2 =g
e

. mrm— S

5

.- C‘:(b) ), 21—
5pl= BO_E e, + S TG ), Gk

/

(_) “h
o _
aF” ()
The denominator cancels out at the geometric throat for u a,°

The common condition for cancelling out the numerators of the second

members is written:
@f_
Q
rn“° ‘-}?2¢

Variation in chanracteristic velocity is dircectly connected to
variations of mass flow. We find, assuming that Cs varies bhut
little: '

4
{_:f_;) - -E.:'.:—h; o ..z.i ——@) : AT\ ""r

~& [("&: ~@(&~1) 'cr)z'ge *,

The two terms have opposite signs, so that we can conclude only as
to the sign of the characteristic velocity variation.

Specific impulse is defined with the hypothesis of a suitable
refercence flow corresponding to:

To . o
= =2 . &
“ 8" ) /. (? ?ﬂ) 0
The actual specific impulsc is linked on the onc hand to the velo-

city difference in the outlet scction and on the other hand to the
pressure dxffernncc translating the uns ultabllxty 0f €the nozzle.
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The sought-for result is obtained by substituting for su', 6p', uéo)
their expression as functions of u(o) and T(o). Meny te 3 are
eliminated and, extending calculations to the solidification case,
we finally obtain, neglecting variations of Cs:

pe

o
-y TP & N2
L__.L-..-EI—-E’- \ 2o &= é‘f‘_{o) [44—-; @’pi__‘ oo |
Ie ag” TFe \&= E27
xﬁ

‘where k = 8 without solidification, ‘
and k - 1/¢ during solidification.

a) Domain in Which Formula is Valid

The prcposed formula generalizes the results obtainzd by the
same process but with far less realistic hypotheses {[7]). its
accuracy is, however, limited by the necessary simplifications.
local velocity of the condensed phase is obtained in ncar equi-
libriuw and as it has becn demonstrated that this hypothesis over-
estimates the phase laos (Figure 21) and the influence of the
largest particles. This effect is accentuated by the increasc in
the drag coefficient with respect to the value calculated with
Stokes law when the Reynolds number in question is greater than 1.
Linearization of the equations around the cquilibrium values also
introduces an approximation, which can hcwever be avoided by directly
determining the magnitudes rather than théir differences with
respect to equilibrium. We should finally point out that the uscful

diamcter e is rather poorly known due to the fragmentary anélysis
of the large particles.

Strictly speaking, the proposed formula should only be used
when the following condition is fulfilled:

7 ‘éﬁi <=4 .
~1.09- clec
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This formula relates to large motorsonly. We might try to extend

it empirically to smaller motors in view of experimental results.
b) FPractical Calcuiation of Specific Impulse Loss

In the calculation, ?u is a magnitude which varies with x due

to narticle growth in the nozzle and can be brought back to its
nozzle entrance value:

Q:— ; ) x L:y“
'ZZ,‘ dﬁd o e

" The quantity characterizing the particle size changes is:

_ (dss Y
qéx) 4&*530)

Figure 16 gives an example of function ¢(x); variations in q(x) are
large in the present problem and cannot be neglected.

the formula is written in the form:

I@) LJAG"" l‘ )ﬁ:ff"”p/zo o‘-“‘)w Ax) [4*“_ § ;,n@zg‘)‘;]‘Lc

- 2}&‘, ._..... r&(ﬂr/fg( ) du*’)’[‘,‘*;}_oﬂ" 273@‘""»_)&8)

5 a=( g= . °
od  BHF j:j < G:c)

Particle growth
intcrval. This
from the nozzle

is transloted by a distortion of the integration
distortion particularly concerns the areas furthest
entrance; where the particles are largest. Although
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in the expansion of a solid particle suspension the throat plays a !
é predominant role, in the case of liquid varticles the diverging
section is the important element.

To simplify calculation it is useful to intrcduce non-dimensional
magnitudes into the formula. We will write: |

et el i e

——— -—Q)

x = x/L, where 1, is a characteristic length, M= u .

S

We get:

(‘6.]:' & a'&""’ -5':9 ?'2“(9) (21

==~ 22 3-O™
© T W :’*“?»«C)Q) RS

1+ 04T AT\

2% A AT

% jax,

- e
—— A3 2 FT
7 - 3 (o) 2 — . * 2 . . : - s
where =5 T.g k® and § = 1 during isentropic expansion (k = £),
6§ = 0 during solidification of the condensed phasc.

The influence of the operating parameters of the motor can be
summarized briefly [62]:

- This loss is directly proportional to the metal charge of the
propellant by means of &,

- The influence of the geometry will be examined latexr on when we
investigate the possibilities of reducing soecific imoulse losses.
The nozzle cntrance section ratio should not have any substantial
effect although the organization of flow in the entrance zone :
acts on the particle size.

~ The nozzle outlet scction ratio is linked to the expansion ratio.
Calculation enables us to plot the curve of Figure 22 which gives,
as a function of expansion ratio, the rclative specific impulse
loss brought to ite value in the reference conditions. We see
that it increases with the cxpansion ratio but remains in the
same order of magnitude. I
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~ The scale of the motor is manifested explicitly by L; in thé first
analysis the loss will be inversecly nroportional to the motor. scalc.
In artual fact when the motor scale increases the dwell time also
increcases as docs growth in the mean particle size at the nozzle .

i entrance (therc is possibly morce marked growth of particles in

the nozzle [28] but this cffect has not been confirmed). The

scope of validity of thc formula is limited, but its application

to estimating total specific impulse losses permits surprisingly

good coxreclations [(62).

E Ehfen ‘
{ 1'%/
3  faud |
pe = 70 oim . Q
E Joua oLy Buds, cast N
Te e .
i + experimental measurement (total loss)
3
: .
i
2 —
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'
'
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+ 4 L3 [ o ’
Figure 22. Influcnce of Expansion Ratio on Specific Impulse '
Loss Due to Phase Laygs.

F 4.6.2. Specific Imnulse Loss with Near Frozen Flow

Calculation for large particles or a smal) motor is useful for
many practical applications (micro-rockets) but far less classical
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than in near equilibrium since there is no publication on the subject. -
We will show that, nevertheless, a formula may be arrived at by a !
process comparable to that used in the preceding paragraph. |

TWSETITS TR PR e RO P AT TR T

We depart from the same system of equations, namely:

- PU’A == t‘?ﬁa ) '

! ’ PPQ?A.-;-. P(n:"g)

; pu (G + W ger)+ 58 =0, |
: h(*r/-i— *4 U [z ()t " Y=G+OH,

; + condensed phase equations.

We are looking at the case where the particles are large, i.e.,
y they are only slightly accelerated by the gaseous phase and only

i slightly cooled in expansion. .We keep the functions describing the
gaseous vhase, but for the condenz2d phase we vrite:

Qa = He )

Ta=To"Vp-
The terms containing magnitudes U4 and tp are grouped in the second
members of equations: i

PuA: ma)
| P St + S8 = - Wpu

her)+ 25 = ho+ w(cs—m-%l))

P=Pr‘—r}

+ transformed condensed-phase cquations.

For very large particles (small in number) the magnitudes uyq
and T4 are practically zero. The referxence flow is thus here the
flow of ¢gasecous combustion products onlv. When the particles are
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such that Uy and Td take on substantial values, gaseous phase flow

is perturbed. A variation in entropy is defined by:

ds = W0 _SsTA+uduy - du,

We get: .
T

The momentum cquation in the latter system of equations can be
replaced by:

=
CeTd +udug — naddag
sC)-s(Te) = W — '

(4

A first approximation of ug and T3 is given by éxamining the con-
éej are then introduced into the
gaseous phase equation and we calculate the resulting perturbations

of gaseous flow.

dénsed rhase equations; uéo) and 7T

In its general form the momentum equation of the condensed
phase is written:

‘D‘, N ﬁ_‘;{; = JT( -—g;_‘f— (u-c)m(v)‘?d%dzd?.

Near frozen flow is expressed simply in the second member, considering:
c << u,

u l-J("’).

Thus we get:

Prtlp ity u@)ﬂ% m(q—)-s"’-a’cd Az i
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The corrective coefficient certainly has grecat influence due to the
high Reynolds number values. We will thus define a mean value for

the time constant ?ﬁ by the formula:
T = Pe )

ﬁ G m & “Pc‘gcdde:dq-
T

An identical formula defines the mean quadratic diameter to be
used. Ve will merely note that if we assume Cu 1, ?ﬁ must be
calculated with the diameter d31.

The equation enabling uéo) to be calculated is thus reduced to:
o dup . u®
=d (A

Integration gives:
%

&) - T
uf = A Zf -@u@;ﬂ*
Ve, o e )

.

Likewise the energy equation of the condensed phase is at
first:
T B <C
P p alp - e ¢___»____‘T?a)~z G- *
g e o qziﬂ()ﬁd%dedr.
Near frozen flow leads us to take:

e 2 C. T )

az(%é) ~ . T®

A mean value for the time constant ?£ is given by:
E =
— v )
B &) T dercta
(2

and Tt is calculated with d31 if Cp & 1 (Nu = 2):
. . . (o) . ",
The cguation giving T is finally:

S =
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Integration leads to: Z. C;b [!Z_jj°?zm u®

(o)

Putting ug and Téo) in the gaseous phase equations, keeping
to first-order terms and linearizing the system, we obtain:
[
, +3u - 3
| G2 3T+ 090 = KT =(Gh).

- -® 3T 30 - a_.-,'n‘r—;.u@@d
P T2y = L _@=),
(-]
S .‘Z{?) T 5e -
;ﬁ% =
Resolution of the system enables us to explain each lag su,
§p, etc. explicitly. The geometric throat is a single point which
]

enakles us to find the variation in the gas flow mg; however no con-~
©
‘clusion can be found as to the sign of &mg.

The reference smecific impulse corresponds to a suitable gaseous
flow and is calculated for the total flow of the combustion products.

T _ _u®
G+ g.

The specific impulse lag is written in the form:

3L _ 3u . AsSe Thy
To - Se ‘é e T

Calculation leads to:

== = e T 4 (1 22 ) D) AuCe
I@) Y e)-’ TE C('i T@) .Tm & | A G
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We sce that 6I is positive, which is natural because in the refer-
ence flow the condensed phase does not participate in propulsion.

As with the near equilibrium, we may wonder to what extent the
formula is valid. The condition is established fairly easily:

\/éz: ‘AGa

{22 J{x %%%-u‘%ﬂa{]%

We must also note that the formula remains valid only if solidifica-
tion of the condensed phase does not occur in the nozzle (Té°)<

TO - Tpf) .

>4 .

The discussion on the influence of the operating parameters
on specific impulse is made complex since uéo) and Téo) take into
‘account the entire history of the particles. We note that the
increase in specific impulse remains provortional to the metal

concentratica of the propellant.
4.7. INFLUENCE OF FLOW STRATIFICATION

As a first approach to the phenomenon of condensed phase
segregation in flow, we proposed [63) to consider the flow as per-
fectly stratified, where the density of the condensed phase varies
from one streamline to another. We also assumed that there is
always kinetic and thermal equilibrium between phases, which enables
us to define an equivalent gas in each streamline, and say that
the gaseous phase is made of a thermically perfect gas. The con-
nection condition which enables us to define the problem fully
is the uniformity of vressure in each straight nozzle section.

Only local pressure depends solely on the abscisec: along the

nozzle axis. We will thus express all magnitudes as a function of
the reduced pressure by classical formulas:
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The isentropic exponent of the mixture Yy depends on the streamline
considered by means of K:

¥ - ¥ 1+ KB

. A+ KBS

Radeiota o

As a résult, the minimum streamline section (drz)c is not reached
by a common value of the reduceéd pressure and it is thus appropriate
to refer all magnitudes to values in a reference section such as
the entrance section. Writing:
; Pe = 1-E , E<=<4,
f Pe
: we get, for example:
- dre

S-VE@ R @t

Expressing the elementary flows of the two phases in each
streamline then integrating over the straight section we obtain
the mean value for the ratio between the flows of the two phases

o [ rtac

K:
F ' roFace?)

L

c * = =
where r r/rwall’ R po/p.
In the entrance section we have, more simply:
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For computer applications we chose a law with a shape com-

parable to that of the Figure 20 curves and characterizing the
particle concentration in the center of flow:

M= Wm ('("f'.:‘) .

We deduce from this the relation between Km and Ke:

Wi = %(4+275~\/4¢.§-?; ) .

This enables Km to be calculated from the propbollant's metal
concentration.,

To obtain the evolution of pressure aloang the nozzle we also
proceed by integration:

£ -w (Ve ¥ g

However ¢ is not known a priori. To determine it we must, after

referring A to is value Ac at the geometric throat, write that its
derivative with respcct to the reduced pressure at

the geometric
throat is zero.

An approximate method cnables the critical ratio

(p/po)* to be calculated in the case of stratified flow; numerical

application shows that this ratio is very close to
homogeneous flow.

of stratification.

its value for

The distribution of the velocity, temperature, or flow in the

jet can be found in each section. We first establish the relation

giving the position of a streamline characterized by the paramcter
K, where the pressurc ratio comes in as a parameter:
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The pressure appears insensitive to the inteusity
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If we compose r* at this corresponding value re* in the
entrance section we find that:

™~ > e /_k’V(.

This inequality signifies that expansion of the mixture increases
‘in proportion to the size of the condensed phase.

Each magnitude is referred to its value on the axis and is:
plotted against distance from the axis for three sections: the
entrance section, the throat section, and the outlet section
defined by an expansion ratio of 70:1. The wall velocity is
greater than the axis velocity; this difference tends to decrease
upon expansion. This finding agrees with the more precise calcu-
lations [64). The wall temperature, on the other hand, is greater
than the axis tempzrature and this effect tends to increase in
expansion. The mass flow at the periphery of flow is greater than
that at the center but the difference tends to disappear. The sound
barrier Zor stratifiecd flow (M = 1 in gas) has a shape comparable
to that of two-dimensional homogencous flow.

The influence of flow stratification on the performance param-
eters appcars as an application of the above calculations. We
show first of all that the characteristic velocity is not sensitive
to strati’ication. For speccific impulse of a suitable nozzle we

estahlish, wvith the hypotheses of stratified flwo and non-stratified
flow, the cxpressions:
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The loss fo. infinite expansion appears to depend on B: it is

zero if B = 1 and positive if B # 1. Figure 23 gives the evolution
of specific impulse loss due to stratification as a function of the
expansion ratio. The rclative loss for realistic expansion ratios
is about several thousandths, i.e., the limit of values worthy of
being considered.

{
|
The loss by jet divergence was also calculated by integration, g
assigning to the momentum of ecach streamline a locally-calculated o
1 corraection coefficient. It seems that the general classical formula 1

for homogeneous flows with l—i—%gé—ﬁ is still applicable to strat- !

ified flow as long as the divergent angle does not exceed 20°.
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Figure 23. Spccific Impulse Loss Duce to Jet Stratification
as a Function of BExpansion Ratio.
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These approximate and somewhat elementary calculations thus
prove that segregation of the condensed vhase in the flow is an
i unfavorable phenomenon. They enable us to verify the fact that the
classical one-dimensional calculation tends to under-estimate
specific impulse loss, as shown by two-dimensional calculations.
Although the order of magnitude of the svecific impulse loss due
to imperfect distribution of the condensed phase obtained with this
simplified method is correct, it can only be considered a first

approximation as phase lags play an active role in the phenomenon.
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5. FEXAMINATION OF WALL PHENOMENA

The wall phenomena are responsible for the greatest specific
impulse loss when the propellant is not métallized. The effect
of these exchanges on the flow make us question two hypotheses:
the flow is in actual fact neither adiabatic due to heat transfer
nor isentropic due to wall friction and heat loss. In the case of
a metallized propellant we must add a mass exchange between the
flow and the wall due to deposition of the condensed phase.

Even with a nonmetallized propellant it is difficult to
estimate heat flow and wall friction: differences of as much as
50% have been found between experiment and theory. The difficulties
come from the unsteady nature of the heat phenomena and the complex
configuration of the boundary layer developing on the nozzle wall.
First of all "outside" flow is accelerated with the negative pres-
suré gradient and the nozzle section varies rapidly. Due to the
temperature level of fhe phenomena we must take into account chem-
ical reactions in the boundary layer; even neglecting concentration
variations, the high temperaturc differences between outside flow
and wall make it difficult to estimate the average fluid properties.
We should also take radiation exchange into account. The nature
of the boundary layer is in itself somewhat poorly known; experi-
mentally, observations give it a turbulent character. We know,
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however, that stabilization of flow tends to occur in the throat,
i.e., in the zone where éxchange coefficients are highest [65].
Also, the thickness of the boundary layer ¢an be large enough to
have a substantial impact on outside flow.

Metallized propeilants result mainly in formation of a con-
densad layer on the wall which has a ¢great -effect on heat trans-
fer. We must also point out that the particles perturb the laminar
sub-layer; in the very schematic case of a laminar layer of the
plane sheet for a suspension in an incompressible fluid, it has
been shown [5] that the friction and heat transfer coefficients
calculated for the fluid alone must be multiplied by the correc-
tive factor to take the condensed phase into account:

‘ Vi+ic [4-»943 o Tt _K-__] ,if 22 s> 1.

For more general hypotheses we would have to develop the theory of
two-phase boundary layers: as'yet, little is known about these.

The existence of a condensed layer which complicates already
difficult calculations and very strict experimental conditions
(temperature in particular) explain why the literature on wall
phenomena when the propellant is metallized is so scanty. We
are thus stepping into the almost-unknown.

The approach we made consisted, in order to simplify calcu-
lations, of trying to uncouple the phenomena. FEmphasis will be
laid on new phenomena and we will use theory and experiment simul-
tancously. The nozzle examinced here does not represent large
motors but, when we choosea nozzle fully machined in a graphite
block for calculations and tosts, we ¢et rid of phenomena such as

ablation of heat shields which would complicate the problem still
further,

5.1. EXAMINATION OF BOUNDARY LAYER

The problem of the boundary layer for a metallized propellant
is stated in the same manner as for a non-metallized propellant
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except that the surface temperature can be that of the condensed
phase and the gas-condensed layer interface has a velocity which

can generally be ncglected. We must also calculate the heat flow

and friction coefficient to take momentum and energy contributed

by particles into account. The radiation exchange, which could
be quite substantial in the converging scction if the results of
[65] are extrapolated, is estimated.

As the heat problem is unsteady by its very nature, the
density of the heat flux at a point changes with time. Thus we
are trying to show a characteristic value for heat exchangye which
would be a constant quantity with the simplest hypotheses. The

heat transfer coefficient h is defined by:

qe= £ (h{;“ h’?))
where q is the heat flux density,
hp is the wall enthalpy,
h, is the friction enthalpy (athermanous wall).
To coefficient h arc linked two important non~dimensional nmbers:
- the heat flux coefficient or enthalpy transvort coefficient:

Ch = A . =

— — i w——

F‘u" (g.‘{?..h?) Pt (Margoulis or Stanton number),

~ the Nusselt number:

LCoL
Nu = —-3f1-- where L is a reference length.

For wall friction we use the friction coefficient:

Peic”
Z

The problem is to calculate C, or Nu and Cf locally. We can

either start from general boundary layer equations or use formulas
of a more or less empirical character,
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The formufas are due to the work of Bartz [67) and are pre-
sented in the ¢general form:

Nu = C R." 7=

r

where the constant C is 0.023 or 0.026.

Nu and Re are based on the local diameter D of the nozzle and accord-
ing to Colucci [3] the Prandtl numberx T, is near to 1 under our

i experimental conditions. fThe reference temperature to which the

, gas properties must be calculated is the static temperature:

NLJ¢ o 0/023 t@c"/g.

The major drawback of this formula is that it is fully independent
of the nozzle entrance conditions and in particular of the boundary
layer thickness. The formula was thus extended by theoretically
justified considerations to give:

t O B "A" co il
: u = Qo: g zﬂ J>°

28

—— s 4 Y o on

provided 24/Do is sufficiently large. The reference temperaiure
T* is in the first approximation the arithmetic mean of the local

static temperature and the wall temperature while the gas properties
are calculated with the outside flow pressure and composition but
1 with temperaturce T*,

This formula was developed for liquid propellant motors and
gives a generally satisfactory representation of the phenomenon
since the nozzle is preceded by a fairly long combustion chamber.

The case is different for solid propellant motors where the origin i
of the boundary layer is very near to the nozzle, and strictly
speaking only elementary formulas can be uscd.

In principle, the general equations would give more general
and morec complete results (simultaneous examination of heat trans-

fer and wall friction). Althoucgh it requircs more complex computing,
this method was chosen for these applications and we will summarize
the principal stages of the theory [67, 68, 69].
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The boundary layer is assumed to be entirely turbulent and
to remain in the thréat region, which would probably lead to the
heat transfor coefficient in this zone being over-estimated and,
for simplification, we grant that its thickness is always very

small at the local nozzle radius.
Karman's integral momentum cquation:

S A2 3, (HE2 s ,j_do.,,.
- 2(Lsz2?c*‘o¢

8, is here the momentum thickness and H a shape paraméter, the
quotient of the displacement thickness by the momentum thickness.
The outside flow magnitudes are given index e and R is the local
nozzle radius; x is the abscissa along the boundary layer.

We consider this equation as a differential equations for
62, which can be integrated provided we know the velocity profile,
the law giving the friction coefficient, and the origin of the

boundary layer.

~Ce¢ is assumed to be given by relation [68):

& = kg,
2 @52_:'-

where b is a numerical coefficient,
m

of recal gas.

With Michelt we will take:
b=gooss

4
mMe = — )
° i? x\{r
a= g g

Presumably reference [68). Translator's Note.
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o is an exponent depending on the velocity profile used,
g is a corrective coefficient taking into account the effects

The basic equation -is from Von
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The asterisk here relates to a reference temperature; Monaghan's
relation will be uscd:

h% he = g 54 (he-he) +016 (he-he) .
- The friction temperature is calculated from the'wall heat factor:

- = :Eé:_ﬁé-
—-TI¢ -Tﬁ

The classic expression r = Ti/3 leads, with T, close to 1,

to Tf = Tla’ the local stoppage temperature of the outside flow.

~ As the pressure gradient is negative we can assume that the
velocity profile varies slowly enough for H to be determined
by the expressions established for a plane sheet; moreover, as
the role played by H is not very important we neglect the real
21 3 o S H - 2 5 - -
aas effects bl thc.+°( Mo -s-(B Th="T¢
Tea

H‘m._ &= F= 222 ; = QE2L.
with

Writing: Mo+ 4
Y= 5™
the inteqral ecquation takes the form:

ji + PGY = QG-

This equation can be integrated analytically. The origin of the
layer was taken to be at the nozzle entrance, because of the geo-
metric configuration of the motors we tested where the terminal
face of the grain is in the nozzle entrance plane. We assumed
that viscosity was proportional to YE.

Finally we get:
e~
_..::.> F E(R = C)/O'IOS(&) e RE 'R c.{ 25_
Re I ' ®
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where Fl, F2' and F are given by expressions:

, 4,08
F= 1= - ¥= 420)
G-+O/4 ’\1: )G,?b.a J C . /
= &"/%
2 = )
1401 M2 :
E o~ MO

Ly is a parameter characterizing the flow-generating conditions and

is homogeneous at a length of:

é? ==~?§%§—T—

Since we have calculated 62 we can deduce C)e and Ch.

- Cf is calculated with the aid of:

Ce .. QOOBE g (.«Ze_' " .‘é‘g_)'"
Zz Fe Re Re

We deduce the tangential friction stress at the wall by the -expres-
sion:
Th = peus &8

o

. | “ -
whence: Le. = goio32 ) G
P Givapi 72)° 3 RJ

- Ch can also be calculated from an integral equation:

“p AA _'L. Aoz A dpe A 4R )
— = oy =" e )
P,-.Ue huz + A = Fe ‘:{x R

where 4 is the . ~qy thickness.
We write, to integrate this equation:

e B __ )
- = —=I
f)zu.z Mee Bp®

G
r=4
with: B - 0100866 (o b—%gf-) .

Whence A(x) then Ch and h.
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1 We prefer to assume that the Reynolds analogy subsists,
% rather than ropcating the calculations, i.e., that we can define "
' a factor s such that:
3 :
1 £
E.,
E If Colburn's foumula: s = 1;2/3 is extended to our problem we
: immediately got, with the hypotheSes already made:
-4
: Cix G - oscBeg (g ey ™
.! 8 e )
f i We deduce % o1 Ii', the heat transfer coefficient based on a tem- |
1 7 _ s . R . .
3 . perature dévintion and thus more directly usable in the rest of
E
] ; the calculaticn;
- B~ ; Me f%? 'é /5
E -»-_f--—0,0S‘iG‘ - — A £ @) ClPe,
% Tee<Tp 7 \R e

T

Calculations were done for the following reference conditions:
] - = biconical nouzle: entrance ratio: Re/Rc = &,
f outlet ratio: Rs/Rc = 3,
3 throat raduis of curvaturec: 2Rc,
= 7 converging angle: B = 45°,
diverging angle: « = 15°,
throat radius: 10 mm.
- metallized propellant with 16.4% aluminum,

T, = EBEQS()’D<2
P“-:- ‘7051

A, = .4§53»<4§)”s Kgm's"

1 Calculations were first run for a uniform wall temperaturc
of 2317°K, the alumina melting point, then at two other temperatures
(3300 and 1400°K), It apoears that k' and T, are fairly insensitive
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to wall temperature which only comes in when calculating the refer-
ence temperature. A posteriori this finding justifies the possibil-
ity of uncoupling the examination of heat transfer coefficent and
wall friction from examination of the condensed layer.

Figure 24 gives the variation in &' and Tp as a function of
the abscissa taken along the nozzle axis. The coefficient A' is
compared to its value calculated by the formula:

NUQ = 0/023 &38 .

This formula rather clearly under-estimates coefficient k', mainly
in the throat region. This discrepancy probably comes from dif-
ferent hypotheses in the two calculations for the thickness of

the boundary layer at the nozzle entrance. The two curves come
close to each other in the diverging section as the initial con-
ditions have less and less influences

‘WﬂWmtw) . T, () 1
4 |—0'r = - 10°'x —] 4
' -
3 13
[ J—
integral
methnd A
Figure 24. Heat
Transfer Coefficient
and Wall. Friction in
.2 | e K a Nozzle.
/
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To £ind out the influence of thc .otor operating conditions
on the values of h' and T, We need only notec that:

ai Pi ( Ti )0.166

- ' 3 i —
h' is proportional to Ti Rc Pl with constant

- . . ., Ti 0.166 nozzle geometry
tp is proportional to pl(ﬁa—ﬁz—)

Since Ti changes but little with the operating pressure, we can
conclude that h' and o are substantially proportional to the
group: o83g

et

’Fifﬁea
Wall exchanges thus vary rapidly with pressure but decrease
relatively little when the motor scale increases.

The two-phase nature of flow has been ignored thus far. We
can take the condensed phase into account by defining the kinematic
viscosity of the mixture [5).. We must also take into consideration
the momentum and energy produced by the particles which stick
against the wall. These contributions modify expressions for
h' and rpfby correction terms:

’tpa @-P)o"“()cqv Ue .
R = @_’)o"" Pe Cy<_Qv u

where dy is the flux density of the condensed phase (in volume)
intercepting the surface.

We applied this to the computer assuming that 5% of ‘the nozzle
mass flow is collected in the first half of the converging section,
the flow being a decreasing exponential function of the curviiinear
abscissa along the wall. We find (Figurc 4) that corrections are
only largc at the nozzle inlet; this hcat phenomenon will be
studied in grecater detail bhelow.
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5.2, FORMATION OF CONDENSED LAYER

Although it is sufficient to know T, to determine friction
loss, to find out the hecat flux we need to know not only k' but
also the wall temperature. This temperaturce comes out of a balance
set up between the heat transmitted to the wall by the flow and the
heat transmitted by conduction and we know that it is affected by
the presence of an intermecdiate layer between the flow and the wall,
We find, after cutting off the engine, that there is an alumina
layer; this layer is formed by the impact of alumina particles
(and aluminum particles in a smaller proportion) on the converging
section of the nozzle, as shown experimentally. The possibility
of impacts on the final portion of the diverging section has also
been shown in the case of contoured nozzle [52] but this phenomena
is mainly of structural importance (resistance of nozzle to erosion)
and will not be considered in this study.

Besides the need to study impacts in the converging section
to determine the nozzle surface temperature, it appears that this
phenomenon has a direct effect on performance: the mass captured
is not ejected (or is ejected in the form of sufficiently large
droplets for the propulsion yield to be mediocre) and the ejected
mass defect leads directly to specific impulse loss.

Despite its interest the impact problem has been given little
attcntion.' Zeamexr [70] givesacriterion for the ability of a particle
approaching the wall to strike it; the relation is established by
comparing the stopping distance of a particle moving at some dis-
tance from the wall with a velocity component normal to the wall
and the thickness of -the boundary layer. This theory docs not
properly explain the particular role played by the boundary layer:
the impact problem is in fact linked to the particle trajectories
throughout the flow. Thus the phenomenon is particularly sensitive
to the flow pattern in the nozzle inlet zone (inlet ratio value,
converging section progressivity, and nozzle integration).
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We can 3ee that impacts are due to gaps betwcen the streamlines

of the gascous phasc and the particle trajectories at the flow
periphery. Qualitatively, impact intensiity depends both on the
suddeness of flow contraction which has a repercussion on the cur-

vature of the strecamlines, and on the velocity level, itsclf linked

to the section ratio. Abrupt converging sections and low inlet

section ratios are thus unfavorable; morcover, the loss can be
accentuated by more numerous particle collisions and greater
particle growth, but this effect will be left out of count here.
The case of the integrated nozzle is more complex due to the

confluence of flows coming from upstream of the grain and from the
zones situated behind the integrated part of the nozzle.

Impacts must be studied by two-dimensional analysis of two-~

phase flow in the inlet zone. In order to find out the order of

magnitude of specific impulse loss due to impacts,which loss is
unknown at present, we propose a simplified method of calculation
for a nozzle with a conical .converging section of moderate inlet

ratio. The flow between the grain lisle and the nozzle throat is
schematized as follows:

- Gaseous flow in the grain hole is a sectional flow;

- Gaseous flow in: the conical converging section is conical (well
flow);

= The link betwecen these two flow types is a flow of the same
nature as that defined in Paragraph 3.3.4.c for the throat with
constant radius of curvature {(Figure 13); the streanlines in this
zone beclong to a group of secant circles while the lines of a

meridian planec on which the magnitudes are constant are portions
of circles of the conjugated group.

The particle trajectories are examined in this gaseous velo-
city field (Stokes law).
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magnitudes are first reduced by choosing a reference velocity u
and writing:

TR

a) Examination of trajectories in the intermediate zone

In the grain hole, kinectic phase lags are very small, and
the streamlines and trajectorics are comparable to parallels to
the motor axis. It is in this intermediate zone, described by
the system of toric-spherical curvilinear coordinates, that the

divergencies between streamlines and trajectories begin to be
manifested.

Before determining the particle motion equations it is essen-~
tial to procced via the following steps: write the transformation
formulas for the curvilinear coordiantes in rectangular coordinates,
establish expressions for the natural base vectors then those for

unit vectors of the ordinary base, and give the ordinary velocity
components.

With the notations of Figure 25 we finally come out with the

two following equations for components u and v of the velocity of
one particle:

du - U sh¥vw sy _ 4 (ua,_u))

dr T &
c-.‘.}-’: -l Sh?'u‘—kc,m\()q ,____.__1__@— J
- =
withs at= (z and v&:o hypothetical
u= = AX y
chT4cosP At
Y= <A 49

cﬁi{T+FbS¥9 aSF
To resolve this system we use a perturbation method. The

R

Te= é' Hp
e

2T
S T

We get a dimensionless and very small quantity which will be chosen
as a perturbation parameter:
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Figure 25. Schematization of Gaseous Flow in the
Nozzle Inlet Zone for Studying Impacts.

The reduced equations are written:

s j—z‘i“-c- Eu® (s‘a? r¥ersin® u"‘) = ‘-‘3—-“"; ‘

E f‘—(-c,’"—:&-&u“(sh?v‘..t. 5m\Pu“) = =%,

With order 0 we obtain:

u@)“___ % o %

7’8 ) - = o -
With order ¢, the calculations give:

o _ dug
buo=- Iz

z 7
Ua)* o= ugzs‘n\P . -

b
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We are mainly interested in lags due to the transverse velocity
v. We will thus confine‘oursclves to a approximation of order 0

for u and an approximation of order ¢ for v. Coming back to the
non-reduced magnitudes we have:

ch?+aos‘? At 8
— a AP o _C g fsinP .
V= chTAcosP b A 8

Thé latter expression shows that v increases with particle size
through the intermediary of the relaxation parameter Tyt with the

velocity and proximity of the wall (v close to x/2) and decrcases
with the inlet ratio.

Dividing the two equations member by member we obhtain the
trajectory equation in the differential form:
a9 s 22i£él:sanip)
3% ,
or, after integration:
J" _
LOS L === %‘, Ua({)d%
_P =t
‘5 : %

This implicit relation cnables us to calculate the trajectory lag
locally and to calculate a strcamline, these being characterized
by the same initial conditions ( Yy 71)-

b) Examination of trajectories in the conical converging zone

Calculation is performed in this zone as in the intermediate
zone. The particle motion oquations are here written:

. .
j__l_-!F _JL’... - .é (uaf-u))

dvu= Lys - - 3T
AE = C2e

®
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with: vg = 0 (hypothetical),

aF 7

_ g9 |
v= RET

Ty obtain the reduced equaticns we chose a velocity up and a
refercice length Ly and write:

Calculation shows that v(lkts zero which indicateées that the
lateral lags are at most of the second order with respect to e.
This renult is logical: in conical flow the streamlines are
rectilincar; a lateral velocity v, is spread over a distance pro-
portion.l to 1, multipled by v,. Ve have shown that the initial
velocily at the point where the two zones meet is itself proportional
to Tu® 'The lags in the conical converging scction are thus of the
second urder and will accordingly be neglected; the formula set up
in the intermediate zone is thus sufficient.

c) Caliulation of captured mass and specific impulse loss

Oni:» again we will take the formulas

P, »
log 82 o 2 ( w@ax.
T LY T

We must first expand the variations of ug with ;. To do this we
can astiume that to simplify the ihcompressible reference flow:

Ug (kA= e (3) A .
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Calculation of area A leads to:

£LNa® ) L
chy (1+<h ) | 3
U, (7)== v, G, Gh?("“d”{) C

{:sh +- Zifﬂfﬂf__;]ﬁh

-
—

whence:

.and:

Te .

o ¢=h§1(a+¢ﬂ’?1
We will consider that conditions 1 and 2 correspond to lines
connecting the zones and that a wall impact is considered, i.e.:

fi=0 , Fe= Arg SH(‘@,‘B) J

- TL Y. - 5.
e 2/ %.2 e

cvrﬂ:]

This relation determines the initial position of a particle of
given radius meeting the wall at the inlet of the conical con-
verging section. Conversely, considering an initial position
characterized hy ry, we can calculate a radius value rpm such
that all particles of greater radii must necessarily be captured.

4
@ g, g+ & [lgtepiis)
(- -2

In a streamline of sectioanwrldrl, the mass flow of the
condensed phase is:

" ,
A = pptip. 2T = 2T ( f £-1Trfp. R @d"r) relm
. b _
The mass flow captured by the wall iss
dm‘,c = ZTTu - (j -—-1'1 e PG-PG )drr) f‘cl .
qmn) : ,

The total captured flow is obtained by integration:
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Now:

relative non-cjected mass which is less than the mass captured by
the nozzle. Moreover, it is useful to bring velocity u_ down to

and radius r, to throat radius L. After transformation we finally i

e o n
rFch mn Uac ' ( .—t—'nf", PG'FG"P)C‘ P ) qd e

r».-Cr)

Tl 1, (( “(g;—)-rrrp P,_Prq,)ar,,) = (-4—)

Or, bringing the captured flow back to the total flow:

]

i

e o L[

Mp

>
PR ) <b

r r.p3 ;F (-r'p) = 'NP

(]
where ¢ = I’%’K , ratio between the condensed phase flow and the
total flow.
The integral of the numerator can be transformed by permuting the

order of intearations:

/

‘ '
-( ( : s ‘Fﬁ‘p)dr‘P)db = f(f d b) () Ay ‘
° bCry :

fm(b) ',)

il

o[&-b(’ “?)J e GO R

©

- = - .,C': e 4 ==

Integration thus shows the mean radius r_,. In fact wec can write:

53
Fee _ o &
e = P —— *"éLT EI(F5:>

where the index 0 indicates that this is the mean radius in the
chamber where the significance of g(8) is obvious.

The relative specific impul'se loss is proportional to the

- , Jo
the speed of sound aéo) at two-phase cquilibrium in the chamber

get, when re/rc remains fairly large: . %

f
!
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This formula resembles that established for loss due to phase
lags in near equilibrium: it is proportional to the metal content
of the propellant through the intermediary of ¢, to a dimensionless
factor which brings in the mean particle relaxation content, a
velocity 56(0) characterizing the condition of the combustion pro-
ducts in the chamber and the scale of the motor by the throat
radius, and finally a geometric factor depending principally on
the inlet ratio and the converging section angle. To extend this
formula to more difficult inlet conditions (inlet ratio close to 1,
very abrupt converging section) it is probably sufficient to modify
the geometric factor.

5.3. DEVELOPMENT AND DESTRUCTION OF CONDENSED LAYER

Development of the condensecd layer depends both on the flow
and the wall heat problem. Flow intervenes by the impact of the
particles; the mass flow deposited locally devernds on the time
by reason of modification of the nozzle inlet geometry due to com-
bustion of the propellant grain and increase in the mean hole
diameter. Wall heating no longer depends not only on heat transfer

due to the boundary layer but also on transfer through the cordensed
layer; the thickness of the layer and its physical conditions (liquid

or solid according to temperature), and heat properties are thus
involved. The condensed layer does not always develop over the
entire surface: the nozzle geometry seems to play an important
role as shown in Figure 26. The alumina film does not develop
beyond the throat when the throat radius of curvature is small as
compared to its radius, at least for small motors. We therefore
need to look for the phenomenon which disintegirates the alumina
layer and the results of this disintegration.

-
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The condenséd layer has not been studied to date, except for
some very fragmentary results from Colucci [3] and Unger [71]. We
will try to bring out certain general features of the problem which
can have some impact on estimating specific impulse loss from the
wall. Some simplifications will be made to permit a local heat
transfor study: accumulation of heat in the layer is neglected
by comparison with the quantity of heat transmitted {71]); conduction
of hcat parallel to the wall is a second-order phenomenon due to
the intense flows, and the nozzle is considered to be infinitely
thick which excludes external influences. The problem of conduc-
tion in the nozzle is brought t6 that of a semi-infinite wall with
variable surface conditions; in actual fact we should take surface
curvature into consideration but in the first approximation this
phenomenon is neglected. Even for constant heat properties the
relation betvieen the wall flow temperaturc and density is not
simple in form. Classical calculations [72]) enable us to come to
the integral equation:

TE-To = <9(c-),.____ Sg e
eYTT

where ap and Ap are the diffusivity
and heat conductibility of the
nozzle material.

. 10 x (:m)
Nozzle with very long throat - Propellant B
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Figure 26. Thickness of Alumina Deposit
Collected After Firing.

The flux density can also be cxpressed by mecans of different
heat transfers. With the notations of Figure 27, we get:

2 ~ A Ae / _ a—ep
£ (O,-05) = £5-(6%-0n) = 5= (Op-r) = = +A~
Y S As
Eliminating the wall temperature Tp, we obtain an inteqral equatlon
for flux:

L -y €)=, .
M—{ Vo I G PR e & .

T2 < 237K ' | Ty > 237K
R e ——
R o e XY 1 Ta ‘; [ ERRRE A 1 Ta »-237°K
T
nozzle nozzle
solid layer soiid and liquid layer ~

Figure 27. WNotations uscd for Studying the
Condensed Phasec.
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In this equation thicknesses 6§ and A and to a less extent coefficient
h' (ignition phase, modification of inlet geometry over time) must
be considered as functions of time. We may try to find out whether

the presence of the layer is truly important; it could be neglected

provided, for example, that:

A<<?i>\§7 .
Computer application leads to:

A << 0,2 ym in the throat,
A< 1.7 mm in thce middle of the

converginag section (Figure 26).

These are in actual fict the order, of magnitude usually observed;
we must thus study the phenomenon in a more precise fashion.

a) Thickness of negligible or non-existent deposit

Calculation is then done’'in the classical way as for a non-
metallized propellant. If we consider h' constant we come out

analytically to the solution:

9@ @gp'(e&%% )-efe(\EEZ) ,
%.. = 1 ~axP(¢_L§£~'zc;).,¢r{E (\/m&";)

We note that t“cse formulas can be extended to the case where
a layer of constant thickness A and exchange by radiation between
the combustion products and:ihe wall exist,. the layer being
transparent to radiation and the wall temperature rather small as
compared to Ti. We then define an equivalent heat exchange coef-
ficient 7 by the formula:
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* G, + ATl : Ap Ay
3 A‘ ' .
Figure 28 shows the shape of the flux and temperature curves
. for small magnitudes. Temperature increases with time while flux
e decreavez. 2 changé in A is translated simply by dilation of the
1 i Lime scale.
E .
L b _att) 6» -
£ LR YA T T A
3 [
v 4 l - |
3 growth of layer
5 12u0,2-Fuk)
1 Tempéroturo
%‘5‘:?2::-9/’ !
Ll \""‘\...__ Flux
' i
] . {
4 2re
_ ’ |
o o - ' - N : j
] Figure 28. Change of Wall Flux and Temperature Through :
4 Time Without Variation of the Condensed Layer (h = cte). i
d
i
Rather than the instant flow value it is the mean value during ‘

motor operation which enables the total heat loss to be estimated.

We thus write: 4 B
am——— A ——— __}
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Calculation gives:

_a \/eh g i-zBerfeg)
r@m-cwrr" 'F( ..l:X_.. )) whereﬂ’a)-“f% (32 : 8 .

The function £(z) can easily be tabulated; it decreases with com-
busiton time tb (wall hotter on the average) and with the heat
exchange coefficient 7 (morc rapid wall heating).

b) Deposit thickness non-negligible, as layer is always solid

The layer remains solid if the.surface temperature, in contact
with the flow, does not exceed the alumina melting point; the par-
ticles solidify at their impact point which to some extent facili-
tates calculation of layer thickness.

' The density of the flux transmitted to the nozzle wall is com-

posed of the radiation flux density and the conduction flux density,
through the solid layer, due to convection and to the heat energy
introduced by the particles. We will call the mass density of the
captured flow £, i.e., the condensed mass arising per unit time

and surface on the layer. As the layer is solid, £ is linked to
the layer growth rate; the particles solidify almost instantaneously
at the impact point, so that we have:

e p. 44 .
T oat

The energy introduced by the particles is broken down into a large
heat term and a change-of-state texm (the kinetic energy of the
particles, moderate in the converging section, is neglected):

g, = F [cCe-T)+1e],

where C_. is the mass heat of alumina, L¢ its mass melting enthalpy,

Q

and T, its temperature ch is closc to Ti in the converging section).

We thus get.:

q-avTé= 2o (0,-0p) = K (©.-0n)+p 28 [0 1) le ]
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0, is first eliminated to obtain op. To simolify we also assume
that A varies linearly with time:

A=l
This hypothesis implies that f is constant, i.e., the transient
phenomena due, for exaiple, to variations in inlet geometry linked

to combustion have little effect on the impact.

The equation for flow q is finally written:

-~
e gz (1| & a<l‘1“°‘"+"°'ﬂ*P'Lp°< .
M | NET  \Fhpas As)77 R+ peCe

It is interesting to write this equation for small magaitudes.,
As we are trying to compare q to its valuc without a condensed
lager we will bring g to the quantity oih' + at$i4 and t to

1%

The calculations show the existence of dimensionless paraméters:

-4 = g—;%— , the ratio between the perceivable heat introduced
by the particlesand that introduced by the boundary
layer,

a }.2
- B = EEJ'TE—I* ! heat paramcter linked to the nature of the materials
ce s (alumina, wall),
a'r'l‘i4 i - . . .

- R = IR ¢ parameter characterizing the relative importance of
radiation,

-4 = EE__ + reduced melting enthalpy.

Cefs

The reduced equation is:

..'L.( ez L teRed(18) | R
VFTJO A= f 7 +f ]" %irg(:-u) - jorpAr
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We can deduce from q the wall and surface temperatures 0_ and 6

— B = N - = T T £ = T TEEER ¥
mmnm = m e san e e T g - e i T L= X

Computer calculation shows that d is on the order of 1 at most and
less than 0.1 when the scction ratio is less than 4. In the absence

of an analytical solution we look for a solution by the perturbation
method where d is the perturbation parameter.

We first use the Laplace transform to come down to a differential

equation:
L c«r e G2RCe® 474 BB A .
/b (4 rrery F= (t+ =) (1+4) \p mRr PP

At order C we get:

(2] 1l ical
Fo= V‘_; (’H-\SF) or qF= 2 zr‘f‘a(\f“ ) :oitszf:;og in the

absence of layer.

With order 4, we obtain:

F§3)

C—i'\r_)t é[(j‘\r-)j F(Cl-i\P)] 'H-R _P.?z;__ 4B£ P\f"@,,\r-)
Inversion -of function p{1)
the final result:

g -B(L~+ 4~|R)+\r—£l—ﬁr+ﬁ”+1+l? 2] [P“’ &"'B)b' R *IBGQL‘r‘%)]K
© x eterfe{F)

The approximate expression for flux density will thus bhe:

is fairly long; we will only the give

|
‘PP b = b |

P A
(reduced to ei(l + R)):

é%.== e;(; G)
6, = € 408
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We must check that the surface temperature 0, does not exceed
the alumina melting point, namely, with a reduced value:

Q,A < —F.Ejﬁ,— 2. -
(e (14 R)

It is also necessary to calculate the mean flow density through

the time interval (0, t). We brought this value to its value without
a layer:

é“;,,';' /+d{ Pr+(-+§)r+1+R o 1
T o —pr (2- 88 )h\"’!?@“(ﬁr))ﬂ}
.Z'VF‘- (%-cz r*E(f“?)

For computer application we chose for A' the value relative
to a mean ratio between the grain hole radius and throat radius of
about 4, which aligns well with our tests and we chose for a the
valuc of 0.1 mm/sec which appecars fairly realistic. We deduce:

- [P e el I TR TR TR R T R e - WS e T T T T memeeeeee—.
o g e e - F T et s i |

dxog - B4 . Rad . =021 -

We note that the value of d matches the domain of application of
the perturbation method and we note the size of radiation at this
point.

- " ——
e o et et s

The results of calculation are shown in Figure 28:
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- The flux is slightly greater than in the absence of a layer and
the difference ténds to diminish through time. This result is
due in the first instance to the energy introduced by the particles.

- The wall temperature incrcases slightly faster than in the absence
of a layer. This result could not be known a priori since the two
effects offset each other: increase of flux due to impacts and

blocking of flux by the condensed layer.

- The mean flux differs from its layer~-less valuec only by about 10%
at the beginning of the phenomenon; this difference is less than
the accuracy one could expect from heat flux calculations.

We also observe that the alumina melting point is quickly
reached in this place; calculation gives tz = 1,2 sec,, a time at
~ o ~ -
which eps = 1000°C and AS = 0,12 mm.

c) Solid condensed layer on nozzle wall, liquid at the flow interface

The surface temperature of the condensed laver exceeds the
alumina melting point but the wall temperature is less than this.
Thus there are actually two different layers: liquid and solid.

To simplify we will say that the change of state is frank and with-
The relation

out density change. The same time scale is retained.

between surface temperature and flux is thus:

r
QP:'-:— GP5+ \r.f‘-_—a—‘( q@_.).__.dm

= b .
AT = :

g is broken down into a radiation term ar'ri4 and a conduction
term through the solid layer:

AQandg = ‘%"‘(9\*4"9?) .

This flux density is cqual to that due to conduction in the liquid
layer plus the heat relcased by solidification:
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The conduction flux density in the liquid laver corresponds to
the convection flux density and to the perceptible heat introduced
by the particles (their kinetic energy is necglected):

(o -©5) + fC.(6.-S5).

Elimination between the various 04 and op equations (OA is a
constant, the solidificatien temperature) enables us to write the
two final ecuations:

- t

& (a@er | 4

NV, Nz As

. b
Jﬁéé& e aT T - (&,-O @+R%' —
& i , v (’ ¢ A) 4ﬂ.§€%(1?4~PC2)

Since £ is assumed to be known these equations contain only

three unknowns: q, 8§, A; we arc thus missing one eguation obtained
by studying the liquid layer. The heat eguation of this layer has
alrcady been used and uncoupled from the other equations; we now
only need to exploit the continuum equation and the momentum
equation. Here wa will leave out transient effects and assume

that the local variations in layer thickness are moderate.

The momentum equation is used implicitly assuming that the

velocity profile is parabolic in the liquid laye¥. This law
results from studying the equilibrium of a liquid element:

412&}-.g ‘iﬁl (x: curvilinear
aY Aoe  / abscissa)

where pressure p is known from the £low.




When we assume that dynamic viscosity is constant, integration
of this relation leads to the contour of which we spoke. The inte-
gration constants are determined by the velocity cancellation con-

dition at the liguid-solid interface and the connection of tangyential

forces at the liquid-gas interface:

™ being determined by examination of the classical boundary layer
‘(the interface velocity is small compared to the flow velocity) and
the momentum introduced by the particles being neglected.

We thus get:

This expression enables us to calculate the local instant flowrate:

R

oy, = 20RPe (7872522 ), B ocen.
&u, |

The continuum cquation indicates that the increase in flowrate

according to x is due to the arrival of particles at the liquid
layer minus the rate lost by solidification. Hence, finally:

ap =T (-2 )

This is the third equation for which we were looking., The problem
is thus fully defined by the three equations and the boundary
conditions:
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melting point, this layer should theoretically cover the entire

We see that there is a coupling betwecen the local time varia-
tions of the characteristic magnitudes of the layer and their
spatial variations due to the liquid flow. Resolution of the
problem thus implies a thorough description of impacts and 4
rather cumbersome computation, We might think that streaming of !
the liquid would first limit the thickness of the layer; tempera-
tures continue to grow, the solid layer will melt until it completely
disavpears when the wall temperature reaches the melting point. It
is thus probable that the condensed layer does not increase in sub-
stantial proportions with respect to its value Aé and that, as a
consequence, perturbation introduced by this layer into the flux
and wall temperature calculaticn remains moderate.

Equations can also be established in the case of a fully
liquid layer (0p > eA)

V bggfr)et* -

. ‘-,‘ —— [ =) T
Xp\m ¢ N&-T (327 T )‘L)q = QS ke ﬁ-h“cc /\c.)) 2
£ = g_;.m[sa%‘, S A txt,

with: t = ‘LL_, § = 6L"
In this case the second equation can be integrated:
P
B33 -25ERE = St F e
=l c J
_ =@, [
26,(f) Sont dfini par =0 -
xoit) is defined by 6 = 0.

B vy ¥y yeoe

Xy can be determined only by a complete study of the entire con-
densed layer.

e -

e

d) Destruction of condensed layer

P

As the surface of the layer rapidly rises to the alumina
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nozzle surface, which in fact It does not (Figure 26). There thus
exists a phenomenon which limily flow of the liquid alumina under
certain conditions; this phenomcnon reclates to the stabilicy of the
liquid layer and has been studieq in some depth [73 to 76}. Our

objective here is to find out (he conditions under which the liquid
layer is unstable and the resull of its destruction.

We will briefly set out the method of establishing the stabil-

ity criterion. We first assum: that the surface equation is of the
form:

§= 7 a—q“(’c:os [&x-wé') J

where k is a given wave number (wavelength A = 2n/k) and w and 1
are real constants which we wil) determine. First considering
the case of a non-viscous laycr of infinite thickness in contact
with a non-viscous gas [74] we write thé linear continuum and
momentum equations of the liquid layer which must be integrated
with two conditions: one relales to an infinite depth and the
other is of kinematic nature al the interface. In the gas we
can define a pressure perturbatjon due to interface variations;
we must then find out whether Ihe flow is subsonic or supersonic.
The expressions for 1 and w as a function of k are obtained by
writing the interface equilibrium under the effect of pressure
and surface tension forces. The calculation is: then extended

to the casc of a viscous layer of finite depth taking the boundary
layer and volume forces into account.

Applying the results of Chang and Russell, we can for example
plot, as a function cf the Mach number, the wavelength characterizing
the limit of stability. We sec from Figure 29 that at the nozzle
throat all perturbations with wavelenqths greater than 1 micron
are amplified; since the scale of phenomena in a moto: is always
greater than the micron, if for no other reason because of the

mean diameter of particles likoly to deposit on the liquid layer,
we must assume that this layer is naturally unstable.
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Figure 29, Stability of Boundary Layer.

To explain the discrepancies between the two results of
Figure 26 we must remember that impacts take place almost exclu-
sively in the converging section and that the physical condition
of the layer depends on heat transfer. For the nozzle with a very
large throat radius of curvaturc, the exchange coefficient A
remains moderate in the throat region such that the surface temper-
ature does not reach 0, during firing; alumina progresses in this
direction by streaming over the wall but solidifies there before
being destroyed by instability; the alumina deposited on the con-
verging section passes the throat by this process and can then
accumulate on the relatively cold wall of the diverging section.
For the nozzle with a small radius of curvature at the throat the
high value of the exchange cocfficient implies that the surface

temperature very quickly rises tq—oA which is checked experimentally
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by heat measurements; the whole layer rcaching the throat is liquid,

it is destroyed by instahilities and is not found in the converging
section.

T P -mwm,mwmmmrwwmm
-

E
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: The fragments of the liquid layer reinjected into the flow
F take on a spherical shape unless

: : ensure stability in acceleration
disintegratc. The particle size
: poorly known; the most we can do

their diameters are too large to
in which case they are likely to
of the new formed particles is

is to cite the results of Sherman
and Schetz [75]) whose ¢onditions, however, are somewhat removed
from those of our problem:

¥ e st s et

the observed poarticle diameter extends
up to 100 microns with an average diameter between 20 and 30 microns,
which would correspond apvroximately to the wavelength giving the

% maximum instability rate of growth. In the absence of more precise
information we will say that the order of magnitude mentioned

é applies to alumina particles formed from the condensed layer; these
: particles are only slightly accelerated by the flow which justifies
v deiinition of loss duie to impaét. - We will note that experimental

g observations indicate that destruction of the layer cannot be an

4 entirely continucus phenomenon:

films of the jet show that, from
time to time, flashes pass by -- probably formed from alumina.

1 5.4 EXPERIMENTAL STUDY OF WALL PHENOMENA

The various phenomena involved in the preceding calculations
: are insufficiently known and it appears essential to perform measure-

ments to supplement theoretical developments. Among the magnitudes

! . that can perhaps be determined by coxperiment comes first thickness
of the alumina deposit on the wall.

Tests were made for this pur-
pose; cutting off a motor after different operating times; cutoff

by expansion is a sudden phenomenon, adhercnce of the layer is
imperfect, and rapid cooling of the nozzle often causes the solid-~
ified layer to detach and fragment such that it is a rather difficult
matter to run these tests. Today we have only fragmentary qualita-
tive information; for the operating conditions chosen, characterized

E by the type of vropellant, motor, and nozzle (geometry and materials)

TW‘W‘

1.




ST b T I 4 T AT [ e ﬂw:’;nm""‘mﬂmﬂvﬂwm
b
-
“ E

e, T AT

T

T

Ty W T

Y g

e i

i g &

T RN
T i T

el S i g

" bad e T o ¥ S o

]
1
the alumina layer appecary very rapidly at the nozzle throat then )
subsists only in the inlut zone of the converging section. Tests P
on a simulation assembly to define the instability of a liquid

layer in a nozzle throal have also been undertaken but have not

yet yielded practical )ognults; during these tests one could study

the particle size of thin qroplets formed by disintegration of the
liquid layer.

Measurement of tho temperature or heat flux of the wall, which
magnitudes are linked by conduction in the later, is more classical. }
These measurements have often been dore for the chamber or hozzle :
of liquid propellant rowket. ,notors [67] but are far more scarce !
for solid metallized prupellants; this is because the technological
problems are more difficult in the latter case (higher temperatures)
and the heat shield prollem is different (utilization of ablating
materials). Utilizatioy of special metal nozzles designed for
these measurements enahles the total heat transfer coefficient of
the combustion productsi o the'nozzle to be determined ([3, 71] but
we may -ask whether the condensed layer here develops in the same
way as under real condiljions, We thus choose to use flowmeters

built into the real nou:;le giving a local measurement and disturb-
ing motor operation only glightly.

The demands placed on the flowmeter are severe: very short ,
response time (rise frow 0 to 1000°C in less than 0.1 sec when the |
motor ignites), high-tcwperature behavior (2000°C) under very
intense flux densities (on the order of 10%kw/m%), small dimensions
in order to have the lcust possible perturbation of nozzle conduc-
tion and remain integrited in nozzle which themselves are small.
The type of flowmeter cliosen is that performing according to the

heat well principle; in fact we are measuring the temperature or

a phenomenon linked to temperature and with the aid of conduction |
equations in the s0lid we go back to the wall flux., Platinum f£ilm i
{
j

thermometric probes [77, 78], developed for somewhat similar problems,
were used without succceys as they were of inadeguate resistance. A

special material had to be developed.




— et o pr—y S TIRRE T S} X 7 ¢ A e e Ty st an s SR

T e e

T T g

o i e

o

N J—— S i LY AR L TR i

The flowmeters developed and tested had the approximate shape
of a cylinder 4 mm in diameter and 13 mm long made of graphite,
i.e., the same material as ‘the nozzle (grade 58-90 by Carbone-
Lorraine). The two types of flowmeters designed one after the
other differ only By temperature measurement, In the first type
(Figure 30) the temperature is measured at two dio*ances from the
wall by small-diameter thermocouples (Chromel-Alumel thermoccouples
clad in stainless ste€l 0.5 mm in diameter of the Philipps Thermo-
coax type). Condvction is only slightly perturbed by the longi-
tudinal arrangement of the two thermocouples, as the thermal
conductivities of the graphite and the metals are of the same order
of magnitude. The very precise position of the hot weld of the
thermocouples is determined after the flowwmeter is completely fin-
ished by an X-ray photograph. This type of flowmeter proved to
have two major drawbacks: it implied a fairly imprecise method
of analysis becausc one had to go back from the temperature to
the point measured at the wall temperature, i.e., extrapolate in
a zone vhere the heat gradient'is particularly intense; also. it
is limited as to temperature (1200°C) because the Chromel Alumel
nouples are destroyed. Use of stronger couples, for example
hﬁlatinum and platinum-rhodium could only bhe considered when the
couples are available in a smaller clad diameter. It should,
however, be noted that this type of flowmeter is the only type
that can be used in the case of wall erosion, particularly in the
nozzle throat, provided that wall displacement can be arranged
for clsewhere.

Thermocouple

Thermocouples .
; vire -

L. -refractory -~ o i
éﬁf Aluming tubes ~f§ii‘ } - -
! gﬁu - T
"’ é}“ Lad = - ‘,‘Q\{",‘.’“‘

TrpeA . C Tree8 . .
Flowmeber Diagrums Finished {lowmeter (typs B)

Figurc 30. TFlowmeters Arranged on the Nozzle.
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The second type of flowmeter aims to determine the surface
temperature dircctly making the hot weld of a thermocouple by a
very fine surface metal deposit. To permit operation at very high
temperature the tungsten-rhenium 5% -~ tungsten-rhenium 26% couple
was uscd. The two wires axe separated by alumipa tubes themselves
built into the graphite. The tungsten deposit proved to be the
most difficult; several methods were tried: deposit of molten
metal with the aid of a plasma jet, deposition in the vapor phase,
and cathode pulverization. The latter method gave very encouraging
results since, for an 8 1 deposit, a total operating time greater
than 8 seconds was. obtained; however, the technique seems inade-
quately mastered to give correctly reproducible results from the
adherencestandpoint. When these difficulties have been smoothed
over this type of flowmeter should give substantially increased
accuracy compared to the preceding type.

The final accuracy of the results is not only due to measure-
ment but also the method of analysis which is delicate here due
to the wide temperature differcences found in one test. These
differences arc translated by a noteworthy variation (from 1l to 5)
of the graphite heat properties, particularly heat conductivity.
The heat conduction problem in the material is thus non~Xinear,

which makes it :necessary to resort to the computer or to approximate

methodsof calculation.

The computer must be used to determine the flow density when
the surface temperature is imposed. TFor non-linear one-dimensional
conduction it became possible to develop a finite-difference calcu-
lation method of the explicit type; the stability criterion is
then given by relation ([79]):

The computer program for this has not vet bdecn developed; it will
be as soon as the technological problems in building the flowmeter

-159-
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have been overcome and the heat properties of the material have been

defined over a suitable temperature intexrval.

Approximate calculation methods were developed to analyze
the measurements made by both types of flowneter. Reference [80])
summarizes all the analytic method developed for unsteady non-
linear conduction problems. The two methods developed are hoth

bascd on an algebraic representation of temperature.

The first method is an adaption of the variational methods
established by Biot [81] to the problem connected with the second
type of flowmeter and extended to the case of variable heat
properties [82]. The mathematical problem comes down to seeking
the solution of a partial derivative ecuation:

‘:'a"/\ -:._/.L- ’..a.../.l J

ox= AN oL L xe)ar
. N\ == 'Y e

~ - pA
o
‘H ‘ Ae Tp
A= a(l\) )
‘%{b) « laap
X= 2 ) E="T")

and with boundary conditions:

(o) Y, N =0 b/a;)
t*so , s==0 , N=Np.

We assume that A is of the form:

Mo Ao (o) 2B, m3E,

where p here represents the thickness of heat penetration. We
establish that p is defined by the differential equation:

T, (Ap) + -‘2“7\“; dle 1, (Ay) = —hra(/\&'))

PaE i
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AlzAp)

This equation can be integrated taking into account condition:
p =0 for r* = 0.

The explicit solution for the flow density is deduced:

- n/\p o
a7 | 2 (M. dp Tig Ap Yl 3
(Frr b (5 ) (B FE{E ]

The initial problem thus comes down to a series of squares. In
practice calculations will be done by the computer.

The second method corresponds to the problem linked to the

first type of flowmeter. In the vicinity of the wall we represent

A in the form of a polynomial development such that:

A= ofe ot Xk oty X5n 0y X 2.

The partial derivative equation is extended to the case where the
surface has a radius of curvature whose reduced value is R*:

VN A DA DA .
- OX=2 R"" oxX A(A) Y

Coefficientsao,,al, ayr and a, are determined from the four fol-
lowing conditions:

0(°+‘(1—)‘|:‘!~—0(3 )(1‘-\'- °<as)<'1’ = Al (7)‘ )
+ o Xe +o XS A X2 = A (®)

L TR 5?(34 .4~)*k:>Céxp»!§__)

(N) @A) =L (‘_)

2 -2 (4 2-32%,_:... AN = L, (Z).
o+ 2 (1o ) B(ntr )“’ A(A.)(’?'E')Q )
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3 Resolution of the system leads to the explicit expression for the
sought-after results as a- function of the measured quantity Al and |

A2 and the quantities deduced from the preceding ones, Ll and L2.

We have, for example:

ab = _p= - MM

T R T e

} R._‘-‘! A .
4 —— - - N: M
] /\ = tl = N ™M, 2
'E P . ' A / i

with: N, = X (12+ %35 6Xx .+ B%xs - r;m) , f
1 6(3"‘ )G+5(z+)41§(p)— :'

E R+

N  Xe(1ze G aPE- ) |

Wyt Y X3 Xz o

. 6 (24 e _[,{‘) :

| Moo A- x® L(3e @) 26 On &) - Lax (4 &)

‘ ' . A RN ? [

R ' ‘ T\ o \ i

f M, = As—Xt 2% (£ E2)- Lz(%(’z*ar -2% (i %)) p §§

63X, (B+ KT ks )

An  Gexd[ie- &Y

6 (2+ 2 fgfé;)

Figure 31 gives the characteristic shape of the results
obtained by these calculations for a measurement in the diverginyg
section to get rid of the condensed layer problem. Qualitatively
the surfacg temperature and flow density change -as predicted by
: theory (Figure 28), if we exclude the ignition phase. On the other
% ' hand the heat exchange coefficient only stabilizes to a constant
value after a fairly long time; its order of magnitude is indeed
that predicted by calculation (Figure 23): the difference shown
could come from differences in the nozzle geometries used.
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Figure 31. Results Given by Type B Flowmeter.

Flow measurements were made in an almost systematic manner
over a large number of tests and it ic not possible to reproduce
all the results here. We will merely note that, despite the
manufacturing difficulties, operakion of Type A and Type B flow-
meters was satisfactory and we are trying to improve it. The
accuracy of the results obtained is still fairly poor and this

characteristic is common to all measurements of this nature; the

results are in good qualitative agreement with theory as to the
shape of the flow density and tempecrature curves although the
latter sometimzs stabilizes after a few seconds operation. The

equivalent heat exchange cocfficient %, in the converging section,
decreases with time, which conforms to the increase in the condensed

layer thickness as shown in the formula:

— /
R= . -
4+-je;§ﬂ/
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The thickness A deduced by this formula of the theoretical value
h' and the experimental value his completely comparable to that
; determined'experimentaliy (A = 0.3 mm), Finally we will note the
‘ existence of tests on shielding the nozzle converging section by
a gas film supplied by a non-metallized and therefore cooler
propellant (2400°K instead of 3300°K) which confirm both the good
operation of the flowmeters and correct interpretation of the
phenémena; the heat flow is small when firing begins, i.e., in

the most active phase of this system, as indicated in Figure 32,

and the layer deposited on the converging section of the nozzle
is far less abundant.

! J%l netalized nonmetalized

4 ! L Lg/L‘ . - \ ] . / ] 7

A Z "m "0 .!:4‘.',;2\ Ny S2 e e AL ™ f;l.ovn‘neter (typc B)
0.0% j SREEZHDEE AN R TR -

b ) Joo0t2 . :

£ 1o.4 N R -

: ' 16 b 5 5 73 Dy

= i

i 1000

O O.?' 03 04 0.5 06 07T 0B 09 t 1ts) *

Figure 32. fTemperature Rise of a Nozzle Protected by a
Cold Film.

To summarize, the exverimental study of wall ohenomena neces-
sitated development of a specific material, a development which
proved difficult and must be pursued. Although the results are
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still scattercd they are still close to those predicted by theory.

If we rcmember that the objective of this study is to find the

; specific impulse loss due to wall phenomena, which loss does not

E exceed a few percent in relative terms, this simple statement is
sufficient in the first stage as it validates the calculations

3 employed.

i 5:5. ESTIMATE OF SPECIFIC IMPULSE LOSS DUE TO WALL PHENOMENA

"

Since, strictly speaking, the wall phenomena arc linked to the !
% condensed phase problem, in principle wé should study successively

‘ the particle trajectories in the flow, the particle impacts taking

into account any rebounds and desegregations, and wall exchanges

coupled to development of the condensed phase. Due to the com-
plexity of the general problem we will confine ourselves to a
simplified approach. We calculate a priori the heat -exchange

D Sl §

] coefficient %' and the friction stress o without being concerned
about the condensed phase. The impacts produce supplementary

mass, momentum, and energy contributions. The captured mass enables
us to define a specific impulsc loss as if the captured mass remained
on the nozzle; in fact we know that it is reinjected into the flow
in the form of droplets slightly accelerated due to their size,
which authorizes the preceding interpretation. The development

1 of the condensed flow perturbs the flow transmitted to the wall

and the friction, but this laver is poorly known and we have shown
that perturbation is moderate as long as the layer is solid. We

i ‘ will thus leave it out of count in the material following so that

we come back to calculating impulse loss due to friction tp and
flux q., With regard to the latter, the mean value d decvending on
the operating time must be considered as shown in Paragraph 5.3.a.

The equations for ohe-dimensional flow perturbed by heat trans-

fer and wall friction are written:

i i e
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- ‘ The area Ao relates to the lateral surface of the nozzle while A
is the area of the straight section; 6 is the angle made locally
between the meridian and the nozzle axis such that: ’

cos QG‘AP = LPTTrd=— .

Dl

It is interesting to transform these equations to show the
non-adiabatic and non-iscntropic character of the flow. The energy

s SR

equation gives:

. - .
P+ Ot =4 FaAp = -4 q—féA?:@x,)q .
- 2 h . ) ) . '

i

. From the Gibbs equation for frozen flow:

1 C'F == :ng’"l' 4_._{?-_: )

we deduce, with the aid of energy and momentum equations, the
expression,

S T e A [ TeasC24r  Fahe
ds 1&[ AP@ "qﬁﬁ

We thus form:

Lo s i o il bl o T
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The increase in entropy is
friction.

Bringing out the differences su, ép, 6&p,

the unperturbed problem as
the system of equations:

Su

e

thus due both to heat transfer and to

§t with respect to
in Paragraph 4.6.1, we come back to

=Y S
P )] nﬁ'@) J

Resolution :of this system by a matrix method leads to the
following explicit solutions:

'Sm - @_}« (Sh)a

EﬁJ = —-tJGg ¢g$ . )
Lﬁ””
a$*® .
P 1 ”"f;;‘“ &= l thl
5 — ) rn(?))
P= f> us? i
- et
_ - @t aﬁm v 6.-‘;0 @)
5 < @) “gn m’@) . 7 ]
13 - —P oﬂ b ’ »)
a‘@" -
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ad*
The geometiric throat (u(o) = aéo)) is a single point for which

the numerators of the second members cancel out simultaneously
if the following condition is true:
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We thus get:

.

om _ . Al uP=sO 2
3 ,‘3,'6) ..1_&.* qu?-i’ f w;?){’ ~g A

The relative variation in the characteristic conventional
velocity is deduced immediately:

et __am _ Gala _(GBhHL .

C% l';'l@)' — “?n«-

Friction tends to increase the characteristic velocity in an
obvious manner. The heat flux influence is linked to the sign of
the quantity:

| _
= o (TreTs =)

In view of the range of temperature variation 7 (0) we can estab-
lish:

ST A4 < EEND2(ET)
vert agt o 2@ Vo T

Thus the characteristic velocity decreases with heat f£lux and the
simultancous influence of the wall phenomena is not known a priori.

The specific imoulse loss is calculated as in Paragraph 4,6.1.
with respect to a suitable reference flow. Once more we obtaims

2L Bus ,BPs .

=

= u&" e“”u

:Replacing—aus and—sps:by their expressions, we get:
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as we might expect, each of the wall phenomena has a positive con~-
tribution to make to specific impulse losses.

6. PREDICTION OF SPECIFIC IMPULSE LOSSES

e My s por Mo e

‘ In this final section we vropose to apply the results estab-
£ , lished above to a concrete :case and compare the estimate thus
obtained of total spcecific impulse loss to the value determined
experimentally.

Tests were performed on a design motor represented schemati-
cally in Figure 33.

the following:

The reference operating conditions chosen are

T P

. - propellant:

TN

The propellant is a polyurethane binder composite containing
16.4% aluminum. It is used in the shape of a cylindrical grain
with a star hole (Olive type bv SNPE), with outer diameter 121 mm

and lenqgth 430 mm (throat diameter ﬂc = 20 mm and chamber pres-
1 sure 70 atm.).

- nozzle:

The nozzle is wholly made of graphite and supported by a metal
ring, 1Its contour is biconical with a constant radius of cur-
vature at the throat; the half-angle of the converging scction: :

1eo- |
'
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is 45°, that of the diverging secction 15°, and ‘the throat radius
of curvature is equal to the diameter of the nozzle (20 mm). The
ratio of the outlet section is 9 which approximately ensures that
the nozzle is suitable for chamber pressure of 70 atm.

?’
E
E Neither in scale nor configuration is the motor representative '
] of flight motors fox which the specific impulse loss problem arises. '
3 We are forced to operate on a small scale for obvious financial g

L

E reasons; utilization of the one-piece non-integrated nozzle was by
i : due from a choice made to simplify the phenomena as far as possible '
1

]

]

F

in the first analysis. \

e e e

Inhibitor Propellant grain - Nozzle
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Figure 33. Motor for Studying Specific Impulse Losses -
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6.1. THEORETICAL ESTIMATES

Falawe

In view of the importance of the particle size of the condensed
phase we must start off from fairly certain data. The values taken
i are the rcsult of numerous measurements made by caoture. We give
the values of the principal mean diameters at the nozzle inlet and

i

gl
e e . e e e eee | e

:
; 1
‘ after particle solidification, the latter values being far more é
4 precise than the preceding values: ;
E |
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inlet outlet
le fim ’ 0.5 1
d30 nm 0.6 : 1.3
§ d53 um 0.°p ’ 3.6

Each loss will be calculated in succession. We note to begin
with that loss due to incomplete combustion of aluminum is 0.4%

R L L e L

at most.

i

ot e o et S s thencte ) Wt it oo o

6.1.1. Loss Due to Phase Lags

We first of all looked to see whether it was possible to

apply the formulas of Paragraph 4.6. here. In the near equilibrium

R R LE R T o h

the condition to be checked is written approximately at the geo-~
metric throat:

1 éi_’_?i__o f ?—F:Z <z==A' .

] B+1 ) e Re

Computer application was performed with the following values:

1 . déa = 479/u.m, in the throat (the variation in d..
] between 0.8 and 3.?3;,1;1
PG - 2/47%403 by [ , are deduced from Figure 17),

(Yiquid alumina according

- /“* = ‘4/9,‘40—,5 k& /m__5 ) to [831),

3 . - ?-.:. 4/18" J
1 ™ o= 3 S oL
; - ~ LOB & ~ /ks K )

- Re = ch & 2')(40-"?,177 .

We get:
1 = — e
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It appecars thus that the near frozen hypothesis is not respected
for our small motor; we note that the hypothesis would begin to -
be valid with constant particle size for a throat diameter greater
than 100 mm. Awplication of the proposecd formula would thus lead
to sharply over-estimaiing the loss due to the condensed phase (in
fact, calculation gives a value greater than 20%).

0

The condition to be checked for the near frozen theory is

[}Zj;x:-eaz C&»ckxi] b3

Vi 0@

<< 1 .

(o)

particle growth with the same hypothéses.

as a function of x and
g(o), a local velocity

Calculation requires us to know u

of the gaseous combustion products in the nozzle, if they éxpanded
on their own, is not given by existing computer programs. Calcu-~
lation must be performed as iﬁéicaﬁed in [84]1 for frozen expansion:
the JANAF thermodynamic table and composition at equilibrium in the
chamber enable us to calculate the mass entropy, the mass enthalpy,
and the mass heat at constant pressure for the mixture and each
temperature; thé isentropic hgpothesis enables us to connect tem-
perature to pressure, and conservation of energy gives the velo-
city as a funcdtion of temperature and reasoning on the flow deter-
mines the Section ratio. In the preceding formula we neglect
particle size variations upon expansion and we calculate Tu with

a mean diameter.

The wminimum value of the left member of the inequality for the
largest mean diameter than can be ¢. 7sen is 0.54. This says that
the near frozen theoxry is not applic-ble and the motor regime cor-
responds o mean rclaxation between phases which makes it neces-
sary to calculate on the computer.

We note that ncar frozen flow furnishes the uvper limit of
two-phasce loss. Indeced, specific impulse is alwavs between the
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value corresponding to two-phase equilibrium (thermodynamic computer
programs) and that corresponding to expansion of gaseous products
only (considering the entire mass of burnt propéllant). If we

agree to calculate the loss with respect to two-phase equilibrium
(frozen chemical composition) we find that it cannot exceed 35.7%.
This limit results from numerous differcnces in the two extreme
flows; "gaseous" flow is characterized by slight inadaptation at

the nozzle outlet, a far higher isentropic exponent (1.26 < y < 1,32
instead of 1.19 < ¥ < 1.21) and especially by the fact that the heat
of solidification of the particles is not recuperated in expansion
which explains why the maximum specific impulse loss exceeds the
maximum flow loss.

Development of a realistic calculation method should be the
logical follow-up to the detailed examination of the physical
phenomena constituting the greater part of this study. Estimation
just of the specific impulse loss due to phase lags, which it is
possible to make at this stage, is based on the simplified model
nf Paragraph 4.5.1. whrich gave rise to development of a computer
program. Due to the low representativity of t..- simplified model,
we can only hope to obtain an order of magnitude. To chose the
most representative constant mean diameter we based ourselves on
a series of calculations performed for the near equilibrium theory
with both solid and liquid particles; this reasoning led us to
take d = 1.3 u. The loss so calculated is:
1=l » g4%

—

Iq}):

6.1.2, Loss Due to Two-Dimensional Effect:

The loss due to non-uniform distribution of the condenscd
phase in the combustion products does not exceed 0.4%. That
connected with jet divergence can be calculated by the classic
formula: g

Bl - Axcomer = 4,7%

£ 2

*
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6.1.3. Wall Losses

The maximum loss due to impacts of alumina particles on the
,converging section is estimated with the aid of the formula in
Paragraph 5.2. Calculation gives:

\ .L‘ o/
%) < 0/4 (o

This loss is thus practically negligible. It corresponds to a
mass deposited on the nozzle on the order of 5g: these are on

the average masses of deposits measured after firing.
3 Losses due to friction and heat flow on the nozzle are obtained

1 ‘ with the formula of Paragraph 5.5. The friction contribution is
written in the reduced form:

Q’td<}§§) )

where Un is a reference velocity and 1% is the reduced friction
given by the expression:

1 N /”'é_:_—‘n_
Z'":: 2 7:2'.6’ ] e)\f‘

E P(¥) P

T is known from Figure 23,
 eulation cives £ ickion 1 Fxl . 49
Calculation gives for the friction loss: o) Jj e -
A
Contribution of the hcat flow is cxpressed by:

- Ao, - : .
E Bl _maN?(T e _ (Nl = q* G2 ) L
=, el o 1= e \CTe e > e,
3 -K@ 73 A .

3 Jo

where g* is a mecan rcduced flow density given by:

) e
ool —

& _. ENz2¥ 9
D= "=
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The exchange coefficient h' is known from Figure 23. We go from h'

to q by the formula alteady given:
7= #o. #(VEEE)
: ?

For the loss due to heat flow we get:

‘SI-( - 40A

We will now recapitulate all the results in a table:

Origin of Loss ] Loss

Combustion < 0.4 %
Two-Phase Flow Effects ) 2.4 %
Two~Dimensional Effects:

- segrecation of condensed phase < 0.4 %

- jet divergence 1.7 %
Walls:

- impacts < 0.1 %

- friction ‘ 1.7 % 5 a4

-~ heat flow 1 %

The total specific impulse loss which is most probable is
close to 6.8 %. The accuracy of this result is limited by the
inaccuracy of data on particle size of the condensed phase and at
the nozzle boundary layers; it could not be more than 10%.

The most important losses are, for the application given and

in decrcasing order:

-~ wall losses;
- losses due to presence of condensed phase in flow;
- loss due to: jet divergence.

The latter can be stronglyv diminished by adopting a contoured diverg-
ing section; in this case and in thc absence of two-phase cffects

we find the order of magnitude of the minimum losses of a non-metallized

propellant.
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There are but few results in the literature to which this loss
breakdown can be compared. The work of Kliegel and Nickerson was
done on nozzles with diameter 67 mm but practically without a
diverging scction. The results of Miller and Barrington [85] under
fairly comparable conditions:

/3*60../“___49/6-/ Res=fe ) Po-s GGOpsia 'qu“.‘:' =LG8 ,
seem to indicate a substantial over-rating of two-phase effects
(more than 6%), however to the detriment of wall losses (less than
1%); the effect of *he condensed phase is calculated with a constant
particle diameter and values for this diameter resulting from cap-
tures and cannot thus claim to accuracy. Recent attempts made in
France by various manufacturexrs have similar defects.

6.2. CCHMPARISON OF TIHEORETICAL RESTIMATES AND EXPERIMENTAL RESULTS

By measuring the thrust and mass of propellant consumed we
determine a mean specific impu}se in the laboratory, a result to
be compared with the theoretical values. Here we find two main
problens:

-~ While the theory was established in well-determined conditions
(operating pressure, nozzle geometry, etc.), the experiments
are not usually performed under the same ideal conditions; we
have to live with the fact that the operating pressure is not
strictly constant dve to variation of the combustion surface
with the hurnt. thickness and throat erosion, and with spurious
phenomena such as partial combustion of the inhibitor for example;

- We are trying to find out the influence of various operating
parameters on specific impulse. Since the expected deviations
represent only a small percents~ - of specific impulse we can

only expect to demonstrate them if measurement accuracy is
excellent:. Despite the difficulties inherent in laboratory
measuvrements, our target accuracy was about 1% or a little more
than- 0.2 sec. on ‘the specific impulse. As the results will

show, this target was almost reached; this success was achieved
only he mneticulous choice of equipment and measuring and analysis
techniques.
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6.2.), FREquipment

The thrust-testing bench oroper was a modification of an
existing assembly (PL32 motor). It is shown schematically in
Figurc 34: the motor is suspended on a very rigid frame by a

set of flexible blades and its thrust is transmitted to a sensor
calibrated by a physical system.

With this type of assembly it is desirable to use extremely
stiff sensors. fThe fléwvibility of the suspension blades must not
be too areat to avoid spurious undamped vibrations when the motor

is ignited.

frame suspension blades

\

calibration device thrust sensor [ motor

Figure 34. Diagram of Thrust-Testing Bench

The sensor used is a gauge sensor made by Baldwin-Lima~Hamilton,
One must sce that the motor axis and the sensor axis are perfectly
aligned; also, to avoid measurement perturbation by spurious torques
the sensor is connected to the frame and the component to the motor
by joints. The asscmbly is such that the scensor is always slightly

prestressed,

»

For calibration we chose a phvsical system. A screw and
thrust bearing device ensured that a standard dynamoretric ring
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and the gauge sensor were placed under traction simultancously.
The assembly was calibrated before and after firing for each test.
The hysteresis found upon calibration was generally small. The
front bottom was equipped with pressure gauges which could reccive
a wide varicty of sensors (C.E.C. gauge sensors in general).

To remove random effects, each seriecs -of tests for studying
one parameter was performed in a small length of time, i.e., under
the same climatic conditions. If need be, when the outside temper-
ature fell too low, the motor temperature could be maintained at
15°C by a heating band wound over the main ring and a heat regula-
ting system. All the grains used in the same series of tests were
machined in blocks from the same casting. The operating conditions,
except for the parameter studied, were maintained as constant as
possible from one firing to another; in particular the nozzle was
changed for each test, the ignition charge was always the same,

and the motor was always cleaned bétween firings.

We are interested here only in the principal operating chanr-
it the
outputs of the measuring bridges, for the gauge sensors, we had

acteristics of the motor, namely pressure and thrust,

voltage signals representing the instant phénomena with excel-
lent precision if the sensors were of good quality. The problem

was to roeord them with sufficient care for their later use. This

question is not independent of the operxating method used of which

we will speak further.

The viewpoint adopted was the following: the phenomenon must
be exactly reproduced but there was no point in going down to time
rzales that were too small for fluctuations of physical origin
would then appear (non-homogencity of propellant) or of electronic
It. was sufficient to bhe able to confex on the
regular time intervals a very precie easurement representing the
integr1) of the signal over these intervals, i.e., the mean value

plus or minus a known factor.
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Analog processing of the sianal was limited from the accuracy
viewpoint. Thus digital '‘processing was chosen. The mcasuring
system is shown in block diagram form in Figure 35. The first
elements are voltage-frequency converters (Hewlett-Packard 2212 A)
which deliver impulses at & frequency proportional to the input
level; these converters operate around zero and have three measur-
ing ranges: 1V, 0.1V, and 0.6l V. Synchronized digital counters
(Hewlett-Packard 5325 B) give, for each time interval, the number
of impulses delivered by the converters, which numbers are propor-
tional to the integral of the signal over the time interval.

The zero reset time of the counters is less than 100 microseconds;
it can thus be neglected without making an error greater than 10—3
sec. The practically conticuous time intervals, plus or minus the
zero reset time, were chosern within the range of the counter which
was of the universal multimeter type; this choice was simple since
in practice one is limited by the performance of the Hewlett-Packard
5050 B rapid printer (20 lines per second at maximum rate): the
interval is 0.1 sec. This valﬁezpermits excellent reproduction of
the almost-peérmanent firing phase but does not authorize repro-
duction of the transient phases (ignition, thrust decav); we then
used a classic grarhic recorder of which the accuracy was sufficient

in this case.

The other measurements necessary for determining the pexrfor-
mance parameters were:

- measurements of masses; the propellant grain was weighed after
machining and after inhibition of its front surface; the masses
of inhibitor urburnt after firing, the deposits in the motor or
on the nozzle before and after firing were also measured;

- measurcments of throat diameter before and after firing;

- atmospheric conditions (pressure and temperature).
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Information: voltage . impulses coded digital signal printed state

E thrust - >
3 . synchronization T e
E pressure ——g—p—n- poms ’f”"/””’
! . .
4 voltage~-frequency dieite ' high~gpeed

i Apparatus: converters g al.counters printer

i

; graphic rccordef

RE S

Figure 35. Block Diagram. of Measuring System,

6.2.2. Method of Analysis

Since we knew the changes in thrust and pressure during the
] test, th¢ problem was now to go back to specific impulse. Analysis
proceeded in several stages, the quality of which increases:

] a) Overall-analysis

The first information on specific impulse is given by average
application of the definition formula. We write:

I‘ ~r (.Ft:):mqt_.,c;zn‘

(.[1?1 );11.5&0‘;— 8°
s .('.P,’Fdir
Aim 610

Ll &

b g
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The total thrust impulse is calculated {rom the data recorded
by the printer by adding, after corrections if necessary for zero
drift (assumed linear through time).

“The mass Am is the mass of propellant consumed. In actual
fact part of the inhibitor has bzen burned; tov take this into
account we assumed that the mass of burnt inhibitor and half the
mass of propellant were the same [86]. We then calculated suc-
cessively:

for a given grain, the masses of propellant and inhibitor (lateral
inhibitor and front surface inhibitor),

- the mass of inhibitoxr burned during firing,
' the equivalent mass of consumed propellant.

The characteristic velocity is also given in the first approx-
imation by the formula:

tr " e
Cpo <) mean ~ .,( P‘C“. * Ac-

e —a st 2 &5 T e —

Q‘n ) mean Ar

We note that since we do not know the variation in time of the

throat diameter we have to separate the terms p _ and Ac. The
total pressure impulse is determined by adding the printed data
after correction, and the average throat section is calculailed
from the arithmetic mean of the diameters before and after firing.

The first rough results I and C* correspond to average oper-
ating conditions and a correction is nccessary to bring them to
the theoretical operating conditions., The first problem arising
is to definec an average combustion time and average relative oper-
ating pressure. The two values are connected by:

e hryed £
%Mf’" cz‘jA-F%nA alr . ’
o
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f; Thére is some arbitrariness in calculating the means values. Vari-
- ous- conventions can be adopted [85]); in France the Powders and
E " Explosives Study Committee standardized the definition of the self-

;
%
2

i3
2

24

E

B N

7 -propulsion parameters; the standard determines Tt as the time é
= interval between the passages of the curve at B, ..,/2. i
= 5
fgrbeing calculated in this way and atmospheric pressure 2% 3 g
befpg known, we bring I and C* to the ideal conditions (paR and g é
Ppr) by formulas whose coefficients are deduced from thermodynamic -
calculations. Thus we establish: >
. , T qifg = Lo
| T = @':) corrected = it i s J

T eP(m-rm -
= : C* - . - )

e P(F;"Bﬂ) | : -

e M R —

cte (S correctea =

X T T L T I .
s ol e b 8 8 o sl i B B

% We -can also calculate an &pproximate value for the rate of
% combustion by a conventional burnt thickness and a mean time E;
%@ a pf@sSure correction, based on a known coefficient, enables us
% to bring u to the reference pressure. ) .

fuies i

b) Mean analysis in the almost-permanent phase

b a1 gt b ot B ¢ Y

Overall analysis furnishes rapid information whicﬁ, however,
haS a systematic error: in the transient phases a certain mass o3
of propellant is consumed but it does not contribute very effec- ‘
tively to propulsion (low pressure, unsuitable nozzle). In this
second analysis we propose to use the preceding calculations,
but taking into account only the portion of the test for which the
values are stabilized. The problem is then to calculate the mass
of propellant consumed during the transient phases.

s o

i P iRy it i AT FM“‘“R‘ bR

FR

Let t, and tz be the limits of the almost-permancnt firing
phase; these times arc to be taken as a function of the data from
the printed state. For ignition, and as pressure varies rapidly

~132~
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(the time for rising from 0 to 70 b is about 0.1 sec) we chose to
use the combustion rate of the provellant as the basic datum (ub
is determined as a rclative value by a standard curve and as an
absolute valuc by the first analysis). At the beginning of the
test the change in the combustion surface is well known as a func-
tion of the burnt thickness and we calculate the mass flow taking
into account corrosive effects in the central channel, if any. The

mass consumed during ignition is taken as being equal to:
- - Ts
— © -
C)m“ = -( m <t )
0

where is the dwell time in the chamber at the beginning of

firing.

The thrust decay is slower (the time for decending from 70 b
to 0 b is grecater than 0.5 sec.). The instant mass flow is calcu-
lated with the aid of the characteristic velocity given by the
first analysis and corrected as a function of pressure and the final
nozzle diameter: by integration we obtain:

: te
E-m;, == cnh Al .

The propellant mass to be taken into consideration is thus

herec:

4Arn’a= A~ (5?n44-“hﬂa> .

Analysis proceeds as in a) above; the time, however, is per-

fectly known now such that the correction is more significant.

These second values for specific imnulse and chearacteristic velocaty

will be denoted I, and C*2.
c¢) Local analysis

We could be tenvlod to push correclions further and apply them

to instant values. The theoretical expression for thrust is:
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The first correction would be calculating the thrust in the

case wherc atmospberic pressure is standard:
3
F = F- As (FKR*TZA)

The second correction is due to the unsuvitability of the nozzle

for instant pressurc Pe However we know that thrust is at its max-

imum when the nozzle is suitable, i.e., for a certain value rsa(po)
of the ratio of the nozzle outlet section; as in practice one never
departs very far from suitability one can show that the correction

can be naglected,

The last correction is due to the difference between Po and

the referesnce value Por* The correction formulas used are respec-

tively, for the thrust coefficient and the characteristic velocity:

Ce (Pc’) == CF(POR) [4"' °<(P°“va)] J
c(p.) = C*For) [_’l 4—/5(;:0- P°R)3 .

The coefficients o and f are given by thermodynamic calculation.

Writing:

Apo= Pe-Pon )
we can thus write:
F'% fige T(pe) = MgeTr [1+6D Apo] ,
or: - ~fb L ar .
T = LI

)
Am? e,
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Calculation shows that this third specific impulse value differs
very little (less than 0.2 sec) from 12; this new determination
should rather be considered as a chock.

We also have:

F_h- == AE... C. .
Cfl-’. ocAp‘D Po Aco Aco ' ®

We thus determine the variations in time of the throat section;
we must check that Acf/ACO does indced correspond to the measure-

ments talen before and after firing, and we finally calculate
CFR then C

%
Ro

Figure 36 gives an example of the various curves that can be
plotted. The first analysis gives:

L= 226,8s , Cle184Sm/s

The sccond analysis leads to:

I, = 23%%s , Co= AS53mis

We sec that Iz is greater than Il by 1 second: the transicnt

phases correspond to 4% (ignition) and 5.1% (thrust dccay) of the
consumcd mass bhut only to 8.7% of the thrust imnpulse. This result
is very general: for all tests the relative differences found
between Il and I, are betwoen 0.4 and 1.2%. The rough experimental
values must thus not be used without precautions and standardization

of methods of analysis is thus desirable.

~-185~

]
.
I
I

sl gt

b o g

it Pl A

Sl B

A wdrn S Lyt Sl e 0

¥
H

EXYRIRTE "I RO

Ta e T

W e e




TR P T SOTRIRRTY . P

Lt L

Test PL 32 I No, § ﬂc =z 20 --

& 4~A . Star-shaped grain -- reference nozzle ‘
Crafl : -
e 1] P ' =47
0 -ﬁ“ : ““J___,...::-—'-v-—!&l'v".‘ - I ‘Zo " ?.4 '
Qe NS S gl I — M = 6089 ¢
g t,col :‘ -_.._.._-——-/ ! Sm‘ = 242¢
: ol i L : Sty w 312 ¢
| i\
L ¢ 7
- /
%0 ;w A"Cl’ - )
? K; LI g
J
© ;oo ,4/ —
_ ~ F s —,
‘. - D B0 vy G et T
: j‘xﬂ!' e _

S J S - s - - - PR Lo
oly-v¢ ' 2 3 F fg sl s

Figure 36. Examplc of Analysis

6.2.3. Experimental Results

We can first of all nention that the accuracy finally obtained
is about that for which we aimed: the maximum difference between
the smecific impulses of the two tests carried out under identical
corditions is about 0.2%. '

With respect to the total specific impulse loss, we agreed to
calculatec it with respect to thermodynamic calculation for a chem-
ically frozen flow; this hypothesis seems the most realistic due
to the small size of the motor. We may note that the result in
the "frozen in throat" hypothesis differs from the preceding result
only by 0.4% while the result for thermodynamic equilibrium is
greater by 1.7%.

-186~

;
|
i
|
[
|
i
!

e

ey




T T T T R T T R T e v e e ali i s o S pa- o il

S
[

- ————

The average of the experimental results in the reference
conditions is: '

C il s

——e

I corresponds to an experimental loss of 7.4%. This result differs
only slightly from the theoretical estimate (6.8%); it leads one

E to assume that the loss due to phase lags was under-estimated and
would be 3% rather than 2.4%.

TR TR TR,

Several series of tests were run to determine the influence
of various operating parameters on the svecific impulse loss. We
investicated only one propellant, only cne motor size (20 mm ¢ )
¢c & 22 mm), a constant operating pressure (70 atm., expansior
ratio 70:1). We report the results obtained briefly with
Lo respect to the influence of the loading design, the geometry of
’ the inlet zone, and the nozzle geometry.

O Ly

ke

it o v
- T AN AT T gt o e

a) Loading design

o) e, p—

1 To ensure neutrality of motor operations, i.e., an essentially :
constant chamber pressure, we made star-shaped cylindrical perfor- ‘
ations; the blocks were obtained by casting the propellant around : 1
a star-shaped core. A new method of grain preparation consists of ]
beainning with a circular cylindrical perforation and machining a i
number of notches into thc propellant; optimization of the geometric i
elements of these notches enables satisfactory nceutrality to be 3
obtained. This technique is relatively flexible but the structure

of the flow in the perforation is distinctly more complex than in

the cylindrical case; thus we tried to find out whether the specific

impulse loss was affected by this.

o T

7 T vy

IR, T

; The nozzles used have the following characteristics:

2 P=£1°30 " w1 . (P~ 22 - ;‘}e... 1936 .
< , -
E 1
E . E
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For a star grain the loss is 7.9% while for a machined grain
we find 8.4%; the difference between these two losses is 0.5% and
it is significant. Analyses of the corresponding particle size

have not been done thus far,

Another loading design aimed at reducing wall losses las
already been reported (Paraoravh 5.4. and Figure 32). Figure
37 gives the variation in specific impulse loss with the proportion
of non-metallized and metallized propellant (same nozzle character-
istics as before). The reduction in loss that might be expected
by this system is very small and the increased motor complexity
cannot be offset. No systematic particle size variation in the
condensed phase was found in this case. We would also note that
the variation in characteristic velocity can be cxpressed by a
suitably weighted mcan of the theoretical characteristic velocities
of the two propellants, and that nozzle deposits decrease with
increasingly heavy shielding but throat erosion is more or less

.

independeat of this,

tegts | Le/L, metalllzed /- nonmetalllzed

[ 0
2 ot ? 0,550
J [ 0,022
13T "N ] 0,44C
" gt 4 o0 0,152
0%
0
+ experimental results
‘e,
+
’ - 7

- b
0 0,05 040 ) ” 045 T 0,20 Le

Figure 37. Rcduction of Wall Losses by a Cold Film.
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b) Geometry of inlet zone

The motor's outside dimensiorscan be reduced by using nozzles f
] with a very small inlet ratio, i.e., practically without a converg-
] ing section, or by arranging the converging section inside the

! g motor itself ("integratcd" or "submerged" nozzle). The existence
of a "dead" zone in the first case and the flow around the inte-
grated part of the nozzle in the second case could be the cause

of changes in the condensed phase.

TR

The nozzle used for studying the inlet ratio have the follow-
ing common characteristics:

e

L4 - o = . P_‘:-...-)Z. E
Pr a5, x=18°. =20 . Ee 1

L b L

Figure 38 shows that the effect of the inlet ration becomes
] large only below the value of re/rc = 4. The extra loss in specific -
! impulse could exceed 1% for iniet ratios slightlg above 1. 3

et

The results on integration of the nozzle were obtained for a ﬁ

; nozzle with the following characteristics: :
i

H

{

-
(e

F:_‘c,‘,oso '- oz 1,80- ci)cgzz. B____g:"'as . r'_-_'i-as E.‘;ss_- i

0y T 2T S e

R T S T 4 e

(relative integrated length: LI/Lp = 0,094).

The exéra specific impulse loss due to integration, in com=-
parison with that of a reference biconical nozzle, is 1%. We can
compare this result with that of the formula proposed by Kordig
and Fuller [87) which would be written with our notations:

RI!.ogracioh & (ke \7% L‘e.)“f e Y'Y (Rl )™
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Figure 38. Influence of Inlet Section Ratio on Specific ' :
Impulse lLoss. i;
i
|
Computer application leads to: §§ ]
1 ) o5 . !
? & k
: ')
|
P , To this value we must add the extra loss due to the low inlet ;
3
: ratio, or 0.2% (Figure 39) which gives a total of 0.7%. This is ; i
f the order of magnitude obtained experimentally. ki 2
: 3! 3
f .
¢ Particle size measurements confirm that the extra loss is .
4 indecd due to action on the condensed phase. When the inlet ratio '
v » + + K3 4 "
é varies from 6 to 2, the mean diameters increase regularly; in this ? }
¢ case vc observe that le varies vather little while the variation ' ;
in dg; is more than 30%; this difference is due to the increase in \f j
] the number of large particles as xf,e/rc decreases. 'The increase in ‘
3 i
=190~ |
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mean diameters for an intcgrated nozzle is more uniform, Ll for
4, to 13% for d,0+ thesc values enable us to £ind the extra
specific impulse loss if we assume that this loss is proportional
to the square of a certain mean radius. The growth mechanism of
the condensed phase appeurs rather different with regard to: the

respective influence of Lhe inlet ratio and integration of the
nozzle.

+experimentel points

= ' N -
— l 1. e
L z BE) 7] 6 fe

Figure 39. Influence of Nozzle Geometry on Specific Impulse
Loss,

g AR N T AT

In the case of integration, hcat losses are probably increased
due to the very design of the nozzle. We try to protect the nozzle
£ by the cold £ilm method mentioned above. The gain obtained for
Llﬁbz = 0,082 is 0.2%, i.e., the 1imit of significance; the influ-
ence on particle size is not clear either.
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c) Nozzle geometry

The loading design and geometry of the inlet zone play an
active part in initial particle size and pessibly in loss due to
particle impacts on the wall, which loss is always very small.
The nozzle geometry, on the other hand, has a direct influence on

the most important losses: phase lags, wall friction and heat flow,
and of course jet divergence.

" Tests were limited to biconical nozzles to minimize the
number of gzometric parameters. The first run of tests was on
nozzles with a constant throat radius of curvature, and constant
throat diameter and diverging section half-angle (20 mm and 15°).

" Pigure 39 gives two curves. The first is for constant nozzle
length and simultancous variation of the convergent half-angle and
throat radius of curvature. The secbnd relates to a constant con-
vergent half-angle, the increase in the throat radius of curvature
implying increase in nozzle length. We find that short nozzles
and small radii of curvature are always vreferable. The increase
in Yoss with the radius of curvaturé cannot be linked to the c¢on-
densed phase since no systematic variation in partisle size could
be demonstrated and the most progressive throate reduced the phase
Iags; thus the wall locs influence must be substantfal. The char-
acteristic velocity varies little with constant nozzl!e length; it
decreases regularly when the radius of curvature of the throat
increases.

With the aim of reducing phase lags at the throat we performed
some tests withrnozzles identical to the reference nozzle from the
standpoint of converging section, diverging section, and total
length but with a cylindrical throat of 4 mu connected by two
sections with constant radius of curvature tc the converging sec-
tion and diverging section instead of a throat with constant radius
of curvature (Rc/rc = 2), The difference found between the two
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series of tests is less than 0.2% and is thus not significant.
Throat erosion is also marked in both cases; the cylindrical throat
thus has no advantage with respect to performance.

6.2.4. Result of Comparing Theory to Experiment.

The theoretical analysis of the problem appears to bé good
since it is well borne out by the experimental results bolh qual=-
itatively, enabling loss increases to be explained under certain
conditions, and gquantitatively. With respect to the latter point
accuracy is still limited by the absence of a reélistic flow pattern
in the nozzle and by particle size data for the condensed phase.

Good knowledge of the condensed phase at the nozzle inlet
is essential; other investigations will be necessary before the
particle size can be predicted at thelpreliminary design stage,
not only as a function of operating pressure and motor scale but
also according to the loading design and the nozzle inlet zone.

6.3, OPPORTUNITIES FOR REDUCING LOSSES

The problem to which we will now address ourselves relates
to motor optimization, i.e., choice of operating parameters

7enabring,losses to be minimized. All optimization is subjected

to some limitations: we wili assume that the principal dimensions
of the motor are well defined and that the nature of the propellant,
the operating pressure, and the throat diameter are given. We can
vary the propellant composition and the motor's geometric charac=
teristics.

6.3.1. Variations in Propellant

We must first note that the practical optimum for propellant
metal contert is always beyond the value given by thermodynamic

calculation; since condunsed phasc losses depend both on the metal

content and motor size, the gap between theoretical optimum and
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practical optimum depencs on the application’'in view. This gap
can be as much as 5% for small motors.

O Y AT R o

Since the performance level is established we can diminish
losscs by reducing cither the proportion of condensed phase in the
combustion products or the particle size,

T T

To reduce the condensed o
phase beginning from an essentially constant metal content we can b

first think about forming a maximum of volatile components.

This
aspect of the problem is linked to the choice of metal:

a body
such that, in this respect, the borc would have some advantage

(oxide vaporization temperaturc about 2400°K) although it is

. . |
s 1 T

somewhat unfavorable from the enrergy standpoint (formation of

) products with high molar masses somewhat unstable at high temper-
: atures and difficult to burnj.

compromise.

Bl g,

Th» choice of metal is thus a

When metals difficult to burn arc uséd, metal mix-
tures could be tried 38]).

il g

Another means of reducing the condensed
phase is to add to the propellant an additive likely to produce

volatile products; fluoride compounds are interesting from this
viewpoint (they can also accelerate propellant inflammation).

bl

et W R

An example of the effect of fluoride products has been supplied

by modulation studies. The basic propellant has a polyurethane

] binder containing 16.4% aluminum; the functioning of this pro-

é pellant with an injection of LF4 (mass fraction 10%) reduces the %

metal content to 14.8%. The proportion of cordensed phase in the

chamber at 70 atm. is on the other hand reduced by 42% such that
the 2.5% impulse loss due to injection should only now be 1l,2% if

we assume that Lhe loss due to the ¢ondensed phase is about 3%
for the reference propelant.

I

T s R

T

s

Due to the considerable influence of particle size it would
be desirable to reduce thc proporiion or size of large particles. ) !
Accordinyg to the presumed mode of formation of the laf:ter the mass i
of aluminum particles entrained by the gaseous phase should be g'

wolsl a0

b ] i

bl

reduced; this could be achieved by avoiding agglomeratiosn of liquid

aluminum particles to the propellant surface by an appropriate }
surface treatment.

T T P,

Moreover, it is always desirable to avoid surface
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oxidation of mectal paxticles in the propellant, which may be achieved
by deposition when the particles are made [89]; this technique would
also permit lithium to be used -- userful from the energy standpoint.

6.”.2., Variations in Motor

The first eclements for a response were furnished by tests and

- could also be given by a paramcetric study [57). The objective

herc is to determine dirccetly by calculation what the optimum motor
design would be and the gain entailed. The influence of loading
design and inlet zone is translated by modifications in condensed
phase particle size in the nozzle inlet section. This influence
has been found out by experiment but thus far we have no theory

to predict it; we may ccnsider, qualitatively speaking, that it
would be useful to limit the velocity gradients and avoid overspeed
zones, jet mixtures, and any device likely to increase turbulence
in the chambcr. Optimization will thus here be limited to the
nozzle. )

a) Relative influence of various nozzle zones

The loss due to phase lags slresses the primordia'! importance
of the diverging scction if we consider particle growth, since
it is at the nozzle outlet that these particles are the largest.
This is confirmed by near equilibrium calculations done with the
formula of Paragraph 4.6.1. for biconicali nozzles: the contri=-
bution of the converging section to loss is negligible and that of
the throat is small; an appreciable part of the loss is produced
during solidification of the alumina in the diverging section.

The role of various nozzle zones in wall losses is fairly
complex. In the example taken and for heat loss the diverging
section is responsible only for 25% while for friction loss this
iS 94’%.
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-nozzle a concave converging section should be chosen with a mod- ?

‘in the ncar equilibrium, considering a more realistic flow.

wm i

The jet divergence loss is directly linked to the diverging
section contour and there arc classic techniques in homogencous
fluid for choosing contours more suitable than the conical con-
tour [90, 91); the maximum contour half-angle must not exceed a
calculable limit value, failing which the expansion waves would
be focusei -- unfavorable from the flow stakility standpoint. s
We must also take care that these particles cannot encounter the g é
terminal part of the nozzle [52). :

It thus appears that the diverging section is the most impor- E
tant part of the nozzle and that flow must be studied from the
two=dimensional viewpoint. ’

ovp—
oy W“‘W g by 5

The difficulty of calculation forces us to proceed by under-
optimization, i.e., considering only one nowuzle zone or one type
-of loss. Nozzle contour optimization with respect to wall losses
is a problem upon which little work has been done; tkhe most that
we know is that for a constant'leﬁgth of the subsonic part of the

bl

Al

erate throat radius of curvature [92). Existing studies may be
broken down into two groups: the first studies the loss linked
to the condensed phase throughout the nozzle in one-dimensional
flow and the second relates to losses in the diverging section
taking the condensed phase and the two~-dimensiocnal aspect of flow
into account.

. .
y

b) -Optimization of entire nozzle for two-phase loss

i e bt sl ot b b ot

- o .
[RRES————— T

The first result in this direction was obtained by Marble (93]
for the simplified two-phasc flow model (constant and uniform
particle diameter) and by application of near equilibrium methods. i%
We extended his calculations and began from more exact equations ‘

)
m

-

Analytical optimization methods are fairly numerous [91];
among them variational calculation has been succescfully applied
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to nozzle problems ([95]. Here we chose to apply the maximum
principle (Pontryagin). .To avoid cumbersome calculation we included
only kinetic phase lags (p = 1) which leads us to use the isentropic
exponent of the mixture in equilibrium (denoted here simply by ¥y

for simplication in writing). The reduced equations to be used

are thus:

dm o _m(2mn+ *)r:‘ G*Z._—ma-b(n) [4 _...QWD@_:L_——])

p—

3%= _.QD___% ,4,(44.{ m+l4’n) [1:!‘. ©n foﬂ_l)__]

For the optimal problem the control function will not be F but
an auxiliary function able to eliminate the singularity ol the

equations. The function chosen is linked to pressure variations:

= £0) o g (1og £2) .

We then get:

[T e S— Y

3%1¢-WMZm*ﬂ‘)u4J464 ‘rﬂHﬂﬂ)[2m+W'Gmf\

A0 e nen e (10 2 mewn)E (1) o ;
Y e -+ (“%—T’rﬂ + KN (11‘%’1) = .

Here optimization is performed with a constant nozzle length

o e am———

and constant outlet pressurc (adapted nozzle). We then show that
specific impulse is proportional to the integral:

E

s
I
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the problem can pe written out in the following form:

nGiven the system:

O
& e Al tbm

il

0 vwmn‘meﬂnw?«‘wvu‘vw\anu g my

s

g

g = H
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We

‘ sub'iected to the conditions: 7
»
¥

/
z!‘ qa donne»/ /, et

P g v

find the control wix) 2 0 which makes S(X y a maximum.”

We form the adjunct s "vstem-

S‘ =~Am (B.ffmu-v ) pN (__.!.Lu-t-e..c) —-)\. ue-&-)

= -/\m(")ﬂmu-{-'abm)—-/\nm u»-'a-—”) )\sU,E& )
A q = Cle ‘

" f
A

As = Cle
It must satisfy the conditions:

xm(xa) = 0 )
)\n (Ka)?= o’ )

Me =~1 )
Aé‘ . indeterminate but not zero.

A o

TR

T
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The Hamiltonian 18 written:

H = A, bm + Aabn +u ()\mdm*)\ndn"g”')\ﬂ)
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The principle of the maximum indicates that at each point H must
be minimum with respect to the control. Now since H is a linear
function of u we must impose restrictions on the control; we will
take:

O <u <€ Hyax -

Optimum control thus breaksdown into a series of arcs which
belong to the following three categories:

- arcs u

max if Amam + Anan -g+ 2, <0;

g

- an 3 i +
arcs 0 (constant pressure) if Mo LI

- arcs u variable if Amam + xnan - g + Ag = 0,

-g+7\c>0,

Calculation gives:

H 2 9 1
eg;?' —-Lt(a&nc?m'+:\n¢hvf€j4‘A;L>
H is thus coastant on each of the arcs; as the arc changes by
cancelling the coefficient of u ih the latter equation we may
conclude that H is continuous and thus constant throughout the
interval.

From this result we show that the first anud the last arcs

can only be u arcs and that the intermediate arc is a variable

u arc. Of al?athe—possible soutions there is the solution rela-
ting to u constant corresponding to an éxponential increase in

pressure, which bears out the results of Marwle [93). The nozzle
shape deduced is known: it has a short convex converging section,

a long throat, and a very open diverging section ("trumpet" contour).

The second type of calculation begins with the formula estab-
1ished for ncar equilibrium for specific impulse loss:
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In this formula we assume that the growth function ¢q depends
only on the section ratio or on u(o). Adimensional variables can
l'e introduced [62] which lecads to minimizing an integral of the

form:
Je= fa(‘ﬂ-@)) A H@’)

Here optimization will be performed with constant nozzle length

3
E
E
£
13
E
£
£
3
£
£

and given outlet section ratio (ﬁioﬂ fixed).
E The Euler equation for the extreme problem leads to the
1 solution:
i - @)\
| gAY (7Y e
§ A Hiﬁ(oa) function can be defined by: %

with the conditions of the simplified model, the H function is
expressed in terms of incomplete elliptical integrals [93]) and ’ ;
in the general case we must resort to the computer.

Ll ulog uh o gttt

The optimum solution is such that:

i, i i

% X & @tﬂszfz,_

i H (D)

c= [HFED)) = Join. - L

% Calculation was conducted under realistic conditions with 5 ;
or without particie growth. The contours corresponding to these ; 3

] two hypotheses are relatively close (Figure 409 and the optimal 3

E ) : 3

1 nozzle characteristics are accentuated by growth and solidification \ ]

% of particles. This shape is not usable in practice since it would i ;

é lead to unacceptable heat and jet divergence losses., :
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Calculation can also be performed with biconical nozzles and
compared to the minimum two-phase loss. We form the ratio:

(sxl _f §(7) (2E) ax

5T - (P
l Ilmm L L» 8(%) 6‘8]

N - without particle growth
T === particle growth
pa » 70 ctin 5(.”- fatm
4’

-wiiidificotion

_ - b . - aul o . » X
o of ’ 0S5 - o o ) ) L

Figure 40. Optimum Nozzle Shape for Two-Phase Loss.

The results are summarized in Figure 41 and should be compared
to those of Figure 39, With constant length, two-bhase loss
decreases as the radius of curvature increases; simultaneous
increase of thz heat loss can explain the upward turn of the curve
representing total loss beyond Rc/rc = 3, With constant converg-
ing scction angle, two-phasc loss increases with radius of curva-

ture as does heat loss which causes a sharp increase in total
loss.

We also find that the loss for a conical nozzle is about double
that of the minimum loss; we can thus expect to recuperate, by noz-
zle optimization, only half of the two-phase loss at most, or 1.5%
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of variations [97, 98); we can also use nozzle contour paramcters
[96]. The nozzle paramcters can be the length, surface, perimeter,
or weight. Existinc calculations assume that the pariicles are

of constant diamcter; nevertheless this simplification leads to
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Figure 41, Influence of Nozzle Geometry on 'wo-Phase é
_ Loss. 3
, {
for the experimental motor. This gain will be more difficult to | 3
obtain due to the compromisc that must be made for wall losses and § E
jet divergence losses. i E
<) Diverging section optimization ;
The method for calculating the flow in the diverging scction -
is that of characteristics. 1t Yends itself well to calculation b

L —————
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3 useful results since we show that the optimum nozzle contour is
relatively insensitive to particle diamcter.
; ‘ Calculations show that with constant nozzle length and a
? moderate throat diamcter (about 60 mm) optimization of the diverging
section enables us to gain only 0.8% with respect to the conical 3
: nozzle with half-angle 15°, This result, together with thcoretical i
g indications in necar equilibrium, show that the hoped-for gains can i %
§ only be small ones. f %
; . . ]
i by
;| 7. GENERAL CONCLUSIONS 4
, : .4
3 The increase in specific impulise losses of solid metallized i %
2 propellants proves to be linked to the existence of a condensed é
: phase in the combustion products. The influence of this condensed %
- phasc appears to be rather general and the main difficulty of the i
3 problem is that the particle size changes duriny expansion of the é
g combustion products. We thus had first to specif{y the character- : é 3
: istics of the condensed phase before undertaking a flow analysis. ’%
% The experimentzl techa. que used for determining particle size L
% is fairly classical but the cfforts made to improve the method of :
% analysis and interprctation of the results brought about a clear i
% gain in accuracy; usc of the electron microscope proved particularly -
§ ureful. The particle distribution function is now better known é
2 throughout the span of diamcters; captures made inside the motor 1 ,%
% showed the importance of particle growth; the influence of the f g
% notor's operating paramcters is better understood qualitatively. ? :
: L
1 Theoretical analysisa of condensed phase behavior in the motor : |
g was performed for cach zone of interest: propellant combustion zone,

nmotor combustion chomber, and nozzle. In order to separate the flow
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problem from the condensed phase evolution problem we schematized
the behavior of the gascous phasc in each of these zones; this

schematization led us to relatively simple models and enabled us

in the first analysis to reach qualitative conclusions and estab-

lish orders of magnitude. We demonstrated the formativn, during

combustion, of two classes of particles with very different diamecters;

the dwell time of the combustion products acts more on distribution

of ti2 condensed phase botween the two classes than on particle
distribution within cach of these classes.

The phenomena causing collisions are diffcrent in the com-
bustion chamber and in the nozzle. 1In

the nozzle, acceleration
of the

gascous phase is the preponderant phenomenon. In the
combustion chawmb2r the collision functions are still poorly

known; they secm to be differcent for small and large particles.

The moin offect of the condensed phase, from the spoeific
impulse lewe standpoini, is that conccyning expansion of com-

bustion products in the nozzle. The two-phase nature of the

flow led us to set up condensed phase,

gaseous phasc, and mixture
equations.

These basie equations rest upon very general hypotheses
but hypothesces which are adapted to flow af suspensions showing

the existence of relaxation phenomena deriving from irreversible

exchanges hotween phases and degrading the quality of expansion.

The cquations were first of all applicd to a very simplified nozzle

flow (uniform and constant particle diameters in an ideal gas) in

order to show the essential characteristics. This pattern was

pr.gressively medificd to represent the real vhenomcnon. In all

cases fairly complex computation was necessary. However, we

showed that the analytical formulas for specific impulse loss T

could be establishad in extreme cases for very small or very large
motors. . The sccond case, fairly representative of existing motors, -
is the most interesting; the analytieal formula enables us to pre-=
dict simply the influcnce of the operating paramntor? of the motor )
on the spoecific impulse loss. o /
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The condensed phase also acts upon the more classic losses
which still subsist when .the propellant is not metallized: jet
divergence loss and wall losses. The divergence loss, which is
not physical in nature but results from the nced to calculate on
4 sectional flow, is more difficult to calculate for a suspension
é tharn for a homogeneous fluid due to seqregation of the condensed

phase in the center of the flow. We showed, with the aid of a :
calcvlation method for perfectly stratified flow, that this g
3 phenomrnon, although it only slightly modifies the classic divar-

' gence lcss formula, causes a slight extra lcss in specific impulse.

AT T,

R -

Wall losses are affected by the formation of a condersed alu-
mina layer on part of the nozzle. This phenomenon, about which
little had been known, was studied from the viewpoint of its
formation, its evolution, and its effects.

L kU

Wbyl

The alumina layer is
formed by impingement of alumina particles in suspension in the

I

SRR

corbustion products; this is a capture problem linked to flow in
the inlet zone of the nozzle.

-~

‘This capture, corresponding to
an ejected mass defect, causes no significant specific impulse
loss. Development of the alumina layer is linked to its heating

R

S
bty

PO ——

and its physical conditions; when its surface reaches the alumin:
melting point the coffect of friction forces becomes substantial.
The layer ~dheres to the nozzle throat in fine dromlets by a liquid
film instability mechanism. Calculation showed that despite the

alumina layer the wall losses can be calculated in the classical
manner:

—
D o s e,

W w

friction is only slightly sensitive to velocity and to
the layer's surface temperature, and the heat exchanoe coefficient
between combustion products and nozzle changes only slightly.

TN T

oo e o kW

Lue

to the transient nature of nozzle hcating we established an original , 3
formula giving the mecan flow density at a point of the wall over k
time.

Surface temperaturc measurements and the flow calculations ? 3
derived therefrom are in good agreement with theory.

A formula
: was uiven to express the specific impulse loss due to wall i E
; phenomena. ’

e
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: The results were applied to a small motor for which we
determined the total specific impulse loss in the laboratory.
This measurement nccessitated @ judicious choice of experimental
mear:s and method of analysis; the accuracy finally obtained was i
close to 0:2% and permited a comparison between theory and exper-
iment. 'The cross check was satisfactoxy as discrepancies came
within the margin of accuracy due to the simplifying hypotheses
used and to the still imperfect knowledge of the condensed phase.

il il

Ml el it ik

Tests conducted to find oul the influence of the motor configura-
tion on specific impulse "uss confirmed the close link between

1 the latter and the partiele size of the condensed phase, We
demonstrated thot it is difficult to reduce svecific impulse

loss by optimizing motor gcometry, but it is a more attractive
propcsition to vary the propellant.

vt

~ The improvemen: in predictions necessarily has two inter-
nediate stages: better knowledge of the condensed phase and
more precise description of thé expansion of combustion products.
The main obstacle slowing down progress in particle size derives 1
from theixr growth, which growth is expressed theoreticaliy by C :
the necesuity of Laking collisions into account and experimentally :
by the nccd for nevw measuring methods. These measuring methods f !
must give local knowledge of particle distribution without per- N
turbing the flow and enable the collision functions to be defined i
and the particle size at the nozzle inlket to be predicted as a : 5
function of the operating parameters. The nozzle calculation must
be two-dimensional and the condensed phase must be described
reakistically; the first stage will be to define the behavior of : :
the combustion products in the throat region of the nozzle since '
this zonc hos proved very important from the ~<tandpoint of the
gaseous phasc as well as the condensed phase (xapid parcicle growth, ‘
condensed phase seqregation). At this stage we must _xnect compu- i
ting difficulties which should partially be resolved by the successive
approximation method. Calculations must be able to take into
acconnt the inertial forces resulting from motor acceleration (we
know experimentolly that the combination of centrifugal inertial

- .
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forces due to rotation of the motor about its lengthwise axis and

longitudinal inertial forccs is the cause of the supplementary
specific impulse loss; this particular aspect of the general prob-
lem could not be dealt with here).

ey

The threc preoccupations which gquided us through this study
werc: to take stock of present-day knowledge; to contribute by

| TR TR

theory and experiment to better understanding of thesce phenomena;

and to lay out the paths for future work. An answer was given

to each of these thrce points and it avpears that new progress has
been contributed to presen:-day investigatiorn in both the funda-
mental and experimental domains.
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