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FOREWORD

This is the fourth quarterly report of work performed under Contract
AF 04(611)-11205, Program. Structure 750G, AFSC Project 3058. It covers the
period 1 Juna 1966 through 31 August 1966.

This program is being conducted by the Liquid Advanced Technology
Department of Researth and Technology Operations, Aerojet-General Corporation,
Sacramento, California. The program is being directed by Dr. C. M. Beighley,
Program Manager. Mr. M. J. Ditore is project manager, and Mr. J. O. Hartsell
is tha project enginesr. Lt. A. Tatkenhorst is the Air Force Project Engineer
at the Rocket Propulsion Laboratory at Edwards Air Force Base, California.

The authors wish to acknowledge the services of personnel of the Aerojet-
General physics laboratory, under the direction of Mr. R. Keith, during the
engine testing phase., In addition, the data analysis provided by Messrs.

R. M. Thomas, P. J. Petrozzi, and J. I. Ito is greatly appreciated.

This report contains no classified material extracted from other classified
documents. Publication of this report does not constitute Air Force approval of

the report's findings or conclusions. It is published only for the exchange and
stimlation of ideas.
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UNCLASSIFIED ABSTRACT

Studius were conducted to quantitatively evaluate the effects of liquid-
engine design and operating parameters on two-phase flow performance losses using
an N»0 /Alumizine=gel propellant combination. The theoretical-experimental
efforts, conducted concurrently, consist of performance evaluations covering a
range .of variables sufficiently wide to provide an adequate basis for specific
impulse prediction for. large-scale engines.. The theoretical analysis was made
of two-phase. flow performance losses resulting from the existence of aluminum
oxide in the nozzle exhaust. Particle samples, collected during each 2K engine
test, are being analyzed to determine the representative particle size and dis-
tribution data for the analysis. A one-dimensional gas-particle flow analysis
is being used to determine the performance losses. Preliminary computations
indicate that the use of the mass median for particle size classification yields
performance losses comparable to those derived when the particle distribution is
used. in the. analysis. Forty-two 2K engine tests were successfully conducted.
Soma of these tests were performed to resolve the feed system pressure-oscilla-
tion and hardware erosion problems encountered in early experimental testing.
Observed specific. impulse efficiency was nominally 87%. The range of efficiency
variation, with one exception, was :1% depending upon operating conditions. A
minimum specific impulse efficiency was observed for a chamber pressure of
500 psia, an.L¥ of 33, and a chamber contraction ratio of 3. Two-phase flow
performance . losses wera calculated to be nominally 2% of the theoretical specific
impulse and.further, the influence of design and operating variables on two-
phase flow performance were found to bein significant at the sea level expansion
ratio.. The single .most significant loss was determined to be energy release loss;
the absolute magnitude varying with engine design, but was found to be insensitive
to mixture ratio or chamber pressure.
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SECTION I
INTRODUCTION

A. OBJECTIVES

The primary objeetive of the program-is to demonstrate the altitude
performance of the Naoh/klum.zine-hS propellant at three different mixture
ratio combinations, three diffarent nozzle expansion ratios, and at the 15,000~
lb-thrust level,

The secondary objective is to quantatively evaluate the influence of
engine design and operating variables upon two-phase flow performance losses and,
also, overall peffomance. Two-phase flow investigations will be conducted at
the 2,000-1b-thrust level. The experimental results, in which two-phase flow
performance losses have been determined, will be compared with theoretical per-
formance predictions. Results of these correlation studies will be used in
predicting twe-phase flow performance lcsses associated with optimized 30K and
100K engine designs using Naoh /Alumizine propellant, BExisting analytical
techniques are to be refined as appropriate to enhance performance prediction
techniques.

Bo TECHNICAL APPROACH

The ovsrall objectives of the program will be accomplished by combined
theoretical-experimental efforts directed towards evaluation of effects on perform-
ance resulting from hetrogeneous combustion products containing liquid-solid particles
of aluminum oxide. The primary objective will be accomplished through experimental
investigations using an existing 15,000-1b-~thrust chamber and injector design
developed under Contract AF OL(694)212. Actual testing will be conducted at

Page 1
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simlated altitude conditions. These tests will be conducted at an operating
chamber pressure of 1500 psia and at mixture ratios of O.l4sl, 0.631 and 0.,8:1,
For each mixture ratio, two tests are scheduled using a nozzle expansion ratio
of 50:1 ana 100:1, Two additional tests, to serve as system calibration tests,
will be conducted at a mixture ratio of 0,63l and a nozsle expansion ratio of T:l.
A1l tests of the 15,000-lb~thrust engine will be conducted in the altitude
facilities at Arnold Engineering Development Center in Tullahoma, Tennessee.
Testing of these engines at simulated altitude is scheduled during November and
December, 1966,

The major tasks necessary to accomplisn the secondary objective
includes

1. Design, fabrication and assembly of the necessary test equip~
ment, A major effort was expendsd in the aogquisition of a portable, fuel feed
system suitable for use with gelled propellants and capahle of providing mass-
flov requirements for both 2K and 15K engine tests. In addition, designm,
fabrication and assembly of 2K engine components along with manufacture of the
alumizine g=1 propellant was accomplished as part of this task. The 15K chamber
and injectors were available; however, chamber insulation and noszle components
Jere to be designed and procured in this effort.,

This task is approximately ninety percent complete in that

fabrication of the engine components required for the remaining altitude tests

will be complsted early in the next report period. The fuel feed system, engine
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components and other test equipment have been described in previous quarterly
reports References (1), (2) and (3), howrver, for convenience, a cursary descrip-
tion may be found in Section III,B.2. of this report.

2. A pre-experimental analysis to determine performance losses
other than those attributed to two-phase flow. This task was to be accomplished
80 a3 to.establish the parformance level anticipated prior to actual experimentasl
testing and to establish the magnitude of effects of chamber/injector inter-
actions resulting from the specific ccmponent designs. In addition, evaluation
of engine exhauat sampling techniques to determine both particle size and
distribution was included in this task.

This task had been completed early in the program. The numerical

procedures. used in the analysis and results obtained were reported in Reference (2).

3. Conduct experimental investigations, using 2000-1b-thrust engines,
to detarmine performance characteristica for various thrust chamber designs and
operating conditions. In particular, these experiments are performed at sea
level and simulated altitude conditions to experimentally demonstrate the influence
of both design and operating conditions on two=phase flow performance losses.
As such, exhaust samples are collected from each engine firing to determine the
size and distribution of aluminum oxide existing in the exhaust., These data
will then be used directly to compute two-phase flow losses and subsequently to
establish. performance trends,

L. Conduct extensive data analysis and correlation studies to evaluate
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the influence of each design and operating parameter. This task includes utility

of results of subscale experiments in conjunction with the interaction theory, -
described in Reference l, to predict the altitude performance of the 15K engines
tested. Also, the sea level specific impulse (or efficiency) of the 15K engine

tested during the Titafx Predevelopment program, Contract AF 04(694)212 will be

E predicted. Performance losses attributed to particles contained in the exhaust

will be determined for both 2K and 15K engine designs. The results will be
incorporated in the overall analysis to establish the effect of engine sigze and

thus allow performance prediction of larger size engines.

Included in this task is a supplementary effort dirscted towards
improvement or refinement of existing methods of analysis to determine individual
or combined performance lcsses. In particular, the one-dimensional gas-particls
flou-computer program was modified to include the influence of particle distribue-
tion and the effact of particle solidification. A complete discussion .of the
numerical procedure including the specific computer program modifications were
presented in Reference (3). Further, the method of determining performance
losses due to friction and heat transfer in the chamber have been improved. The
1 details of the present methods are presented in Section III.A of this report.

. Further refinement of existing methods of analysis is considered a continuing
effort during the period of this program,
5. Evaluation of maintainability and durability of engine components

used during the experimental phases will be documented for future reference and
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for experimental evidence of material integrity when exposed to the thermal
environment of Nzoh/Alumizine propellant exhausts,

SECTION II

SUMMARY |

To date, a total of forty-two test firings have been conducted, using a
2000-1b-thrust engine, to demonstrate the performance characteristics of
Nzoh/uumizine-gal propellant combination. These sea level tests were performed
at the physics laboratory of the Aerojet-Ceneral Corporation., Nozzle exhaust
samples were obtained from each test and analyzed to determine the size and
distribution of aluminum oxide particles contained in the exhaust. These data
were then used to establish the two-phase flow performance losses.

Subsequent to initial data analysis, the method employed for analysis of
particle samples was i'eviewed. Various methods of counting the mumber and size
of particles observed from both the electron and optical microscope were compared
to determine the optimum method of analysis. It was found that; in most cases,
elimination of particles having a size of 0.5« or less did not influence the
calculated two-phase flow performance and therefore can be ignored in arriving
at the mass median particle size. Further; it was determined that a minimum of
1000 particles are to be counted to insure survey of a representative sample.
The differences in mass median particle diameter between viewing the .gollected
samples using an optical and an electron microscope were significant. The
observed anomaly is attributed to the restricted field of scope (70 u ) when

using the electron microscope. In observing the samples with an electron micro=-
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scope, care should be exercised in selecting a field which is considered to contain

a representative distribution of all particle sizes. Since this approach would v

necessarily include a human bias, several locations of the sample should be

photographed and subsequently pooled to assure reliable results. T
Performance data observed from the sea level tests were selected so as to

avoid those tests which experienced either pressure oscillations and/or hardware

erosion, .In all cases, engine designs including ATJ graphite chamber and nozsle

inserts did not experience sufficient erosion to influence performance. Gain

stabiligation was effective in eliminating pressure oscillations for all engine
designs and operating conditions without component modifications, with the excep- i
tion of one condition. Stabilization of the 90 7 engine design operating at a
chamber. pressure of 1500 psia would require major modification of the design of
the injector., This modification would influence combustion characteristics and
thus preclude reliable performance correlation studies. This test condition was
therefore eliminated from the original test plan without loss of generality of

program results,

The performance losses attributed to a hetrogeneous exhsust were deter-
mined. It was found, based on analysis of exhaust samples collected, that per=-
formance losses Were nominally 2% of the theoretical value. Also, variations in
two-phase flow performance losses were, in most cases, observed to be within
experimental accuracy. Therefore; although trends in performance losses are
indicated, the results will require further substantiation. In general, the
influence of design and opsrating conditions on two-phase flow performance losses .
may be considered negligible. This conclusion will be verified during the

Page 6
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scheduled altitude tests which will be conducted at liarger expansion ratios. In
addition, the effect of particle agglomeration within the nozzle (if any) will
be determined by comparison of particle_size and distribution observed between

sca level and altitude firings,
SECTION III
TECHNICAL DISCUYSION

A.  ANALYSIS
1, General

The analytical techniques;, used in conjunction with quantitative
performance demonstrations, have the unique features ofs (1) evaluation of
individual losses associated with the particular injector/chamber configuration,
(2) determination of the interactions between each parameter contributing to the
inherent degradation of performance, and (3) establishing the variation in particle
size and subsequent two-phase performance losses as a function of design and
operating conditions,

The general methods adopted for numerical evaluation of individual
performance losses were presented in References 2 and 3, whereaa the interaction
theory is discussed in detail in Reference L. In general, the method of
analytical performance prediction is not dependant upon the thaoreticelly or
erpirically determined thrust coefficient and characteristic velocity. As such,
it provides more accurate determination of individual system performance losses
and;, thus; overall performance.

The basic elements of theoverall technique involve estimating

the magnitude of various performance losses and subtracting them from theoretical
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shifting-equilibriun performance. The resulting value is then compared with
experimentally determined specific impulse' to establish the magnitude of loss
attributed to incomplete mixing and combustion for a specific injector-chamber
design. This loss, which can not be computed directly, is identified as energy
release loss.

The correlations resulting from analysis of various engine
configurations provide the basic information necessary to evaluate the inter-
active influence of any one or & multiple of paramsters on_ system performancs.
Using these data, derived from studies of the interaction of design variables
and operating conditions, the performance of full-scale engines can be accurately
predicted. |

An important aspect of performance evaluation of the
uzoh/umsm-ha propellant combination is the loss in system kinetic energy
caused by formation of aluminum oxide in the combustion process. In particular,
the iiquid-so0lid particles contained in the exhaust, while increasing the thermal
energy of the system, will not remain in equilibrium with the gaseous species
and will; therefore, degrude performance.

Reevaluation of individual performance losses, in compliance
with new techniques, as well as determination of the loss in two-phase flow,
has. comprised a major portion of the analytical effort expended to date.
Specifically, the methods of computing chamber heat transfer and friction have
been revised and used in the data analysis of sea level tests. In additiom,
the methods of determining particle disiribution and size have been refined to

Page 8
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facilitate accurate prediction of two=phase flow losses. The following subsections
present detalled discussions of modifications made to the analyses and to the
methods employed in particle size determination.

2. Methods of Loss Analyses

as Chamber Friction Loss

Viscous shear drag on the chamber wall results in a loss in
thrust for the total engine system. For most engines having practical utility,
the. chamber friction loss .can justifiably be neglected dus to the low subsonic
gas.velocities in the chamber and the low ratio of chamber surface area to engine
weight flow.rate. In the subscale hardware used in this program, however, this
loss is not negligible., The large characteristin lengths (L*) and small con-
traction ratio of the subscale hardware result in a large chamber length to
diameter (I/D) ratio for which boundary layer effects become significant. The
original estimate of this loss was calculated assuming one-dimensional pipe flow
through the chamber. A more rigorous method of analyzing tae chamber friction
effacts has. heen completed wharein determination of frictic.a drag is related to
boundary layer deve.opment which inturn is a function of chamber length. The
numerical method ie as followss

The incompressible flow vslocity distributicn in a pipe

for non-fully developsd turbulent flow iss

afr) £ |R=r R-5<r<R
US‘) S ¥hen G r¢R-§ (A-1)
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where
u(r) = Axial gas velocity at radius, r
U, = Free stream velocity
R

S1

n~1 = Velocity profile exponent

Chamber radius

Velocity boundary layer thickness

The velocity profile exponent (1/n) is dependent upon Reynolds Number as shown
in Table A-I.

TABIE A-1
Velocity Profile Exponent For High Reynolds Number Flows

2 x 10% o 3 x 10° to 8 x 105 to 2 x 10°
R
e | 34105 8 x 10° 2 x 10
n 7 8 9 10

The displacement boundary layer thickness, 8 1° in an
axisymmetric pipe is defined bys

R
Sl:f 1-5&?] £ (A-2)
0
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Subatitution of equation (A-1) into equation (A-2)

yieldss
2

g = & § (A=3)

1 %I W (m+1)

Similarly the momentum boundary layer thickness; 0, in
axisymmetric nipe flow ip defined bys

, R
_ ]
SR RS I )
(4] o Z

Solution of the integral using equation (A-1) yieldss

9“8‘,. n =i | n (*"5)
& LW+ Iin+2) 2R {m+1I){en +1j

The cusulative chamber wall drag, D, is taken to be equal
and opposite to the drag upon thg fluid in the cylindegy so thats

R R
-
D= f [Uo - u('r):l f’Lu(r) } 27T dr (a~-6)

(o]

where/a S fluid dengity.
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Equation (A-6) can be rearranged tos:

R
D= (gfﬁ’r)(fvog ( r)) [1 _Eél).} .Edr (A-17)
v/ o o

o

But the integral in equation (A-7) is simply the momentum boundary layer thickness.
Therefore, the following relationship was used to calculats chamber drag.

Dz (TR LU0 (a-8)

Equation (A-8) shows that the drag is only a function of the chamber wetted
perimeter, dynamic pressure, and momentum thickness., Furthermore, it should be
noted that the free stream velocity, Uo’ varies in its relationship to the mean
velocity, u, with the velocity boundary iayer thickness.

- [ 2
u__ §, 2 1
3: -Ll-ﬁ(n+1;*(§) (2n + 1)

For the purpose of this preliminary analysis, one additional
sinmplifying assumption was made that the velocity boundary layer grows at the
same rate as.for the velocity profile with the 1/7 power law (validity of this |
assumpticn requires further evaluation).

o2

8§ (x)= .37 xR, " (A-9)

b 4

Page 12




Quarterly Report Ne., 11205-Q-L

where
- R - ./oﬁx
Ox AL
A = viscosity
and

LT = g/

Equation (A-9) was therefore rearranged in the forms

W% 57 S

]

2 _6 .8
.37 (7—%“_-‘—) B x (A-10)

8.0 _

R =

The velocity boundary layer thickness calculated by
equation (A=10) was then substituted into equation (A-5) to determine the

momentum thickness for equation (A-8).

? Evaluation of chamber gas flow Reynolds Numbers indicated
the use of the following values of n for given test conditions.
P
—Ci B
1500 9
1000 8.5
500 8

Frictiomil drag in the convergent portion of the noszle
was evalusted by dividing ths convergent portiom into four conic frustums. A

mean diameter was gelected for each frustum and treated as a cylindrical section,
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Mean gas densities and gas velocities were selected corresponding to the mean
coantraction ratio of each saection. Incremantal drag due to each segmesnt was
then calculated in the abova manner and added to determine cumulative drag.
Although incompressible flow equations were used, the error is not expected
to be significant since adjustments were made to the densities in each of the
convergent segments. Cumlative cylindrical and convergent chamber drag force
was then divided by total propellant flow rate to determine specific impuise
loss due to chamber friction.

b. Chamber and Nozszle Heat Loss

A major performance loss inherent in the particular subscale
hardvare being used in this program is that due to heat absorption by the
graphite chamber and noszle components. The net effect of this absorption is a
lowering of the stagnation enthalpy of the combustion products and, thus, a
reduction in the potential energy available for the nozzle expansion process.

The calculation of this lose has, to date, been accomplished
by considering the chamber and nozzle regions separately. Chamber heat loss was
evaluated by incrementally determining the transient chamber wall temperature in
one radial co-ordinate and multiplying the gas side heat transfer coefficient
by the temperature differential between this wall temperature and the gas recovery
temperature. Assumptions made in this analysis were:

= Axial heat transfer through the graphite chamber walls

as insignificant in comparison to the radial component

Page 14




Quarterly Report No. 11205~Q-k

since the radial temperature gradient greatly exceeds
that in an axial direction.

= The graphite wall is initially at a uniform (ambient)
tempersture throughout.

= The heat flux determined by the heat transfer coefficient
and the driving potential at the graphite surface is
edual to the produéf of the graphite thermal conductivity
and the radial temperature gradient at the inner wall,

- The outside wall of the graphite is insulated. (This
lagt assumption is valid due to the thick walls of the
graphite liners and the short duration firings.)

The total chamber heat loss was calculated by summing the local heat flux and
incremental chamber sx;.rface area. Total performance loss was derived by expand-
ing the reduced -~ enthalpy chamber products to the exit area ratio of the nozzle,
and_comparing thess results with theoretical calculations assuming 100% com=-
bustion.efficienty. .The equations used in this procedure are as followss

The gas side heat transfer coefficient was determined from

Barts's equation

‘20 w T .8

h = 026 A T e
g = -——g b L8 (B-1)
WP VL R
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0
[[]

vhere Gas side heat transfer coef., Bm/ing-sec-'R

Diameter, in.

X =

Viscosity, 1b m/f't.o-sec

= Specific heat, Btu/lb -°R

'ﬂ,uo

= Prandtl Number

e ]

3

W. = Gas flow rate, 1bm/sec
A 2 Area, ing
’1'“ = Free stream gas temp., ‘R

Tam - Arithmetic mean temp., °R (Ir ; Twg)

Tr = Oas recovery temp., °R

ng = GQas side wall temp., °R

and where the transport properties are evaluated at the arithmetic mean
temperature,
Having calculated the heat transfer coefficient by

equation (B-1), it was used to determine the dimensionless Biot number:

Bi = (hg r,/k) (B-2)

where r, = Outer radius of graphite wsll, in.
k = Graphite thermal conductivity, Btu/in.-sec-‘R
The time variable is also made dimensioniess by introducing
the Fourier Numbers

g
(1}

< t/rg (B-3)
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where oC = Graphite thermal diffusivity, in2/sec
t 2 Time, sac

One additional parameter; the inner wall radius to outer

wall radius ratio, is required.to graphically determine. the. inner wall temperature
from Reference ( L ) using the Biot and Bourier Numbers.

If the wall temperature thus calculated does not agree
with the assumed wall temperature used in equation (B=1), further iterations
may be required until convergence is achieved.. It should be noted thet all
transport properties are temperature dependent. _ ‘

The heat flux in the nozzle.convergence was calculated

by dividing the zone into. four segments and calcnlating the heat flux at each
section and nultiply‘ing by. its corresponding surface area.
The total chambar heat loss was then calculated by summing

the local heat flux and incremental. chamber surface area.

QO = Z hgi('rr = ng)i &i

To svaluate the effact of chamber heat loss u,on engine

spacific impulse the reduced temperature option ef the Chemical Composition
Program (Ref. L ) was used to determine the effect of enthalpy decrease in the

chamber (at Mach number zero) to reduced flame temperature (AH/AT).

Q
AT T Gl (B-kt)
cham, ht. loss wT ( AR/ AT)
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The reduced 3pecific impulse at the applicable exit area

ratio corresponding to the temperature reduction of equation (B-l4) constitutes

the chamber heat loss in terms of specific impulse. Since specific impulse loss

increases in the nozzle with increasing exit area ratio for a given temperature
reduction, chamber heat loss is one of the interaction losses.
ce Kinetic losses

There is a performanze loss associated with the condition
that chemical equilibrium is not maintained throughout the expanaion process.
In rocket engines, the temperatures in the chambers are such that many of the
species present dissociate. In the ideal case, these species are assumed to
recombine as the temperature decreases in the expansion process. In practice,
however, the temperature and pressure change in thg expansion is frequently
too rapid for recombinztion reaction to be completed; thus, the useable energy
. 1s not returned to the system and a performance loss results.

With the chamber pressures of interest in this study,
it was originally assumed that recobination losses would; in all cases; be
insignificant. The data of Reference 5, however, indicated that significant
losses could occur in the cases of low chamber pressure (500 psia) and high
area ratio (50:1 or 100sl). To verify or refute the original assumption, an
analysis was conducted during this report period in which the recombination
losses were calculated for the cases in question,

The method of analysis employed consisted of a modified
form of the Bray Sudden Freesing Criteria discussed in detail in Reference 2.
Essentially, this newer method calculates the nossle freesing point through
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a consideration of the reaction rates. of each specie in the expanding gases,
This technique, as oppased to the former method in which. the reaction rate of a
single "dominant® reaction is considered, was found to provide a nozszle freezing
point nearly in agreement with the rasults of a more exact non-equilibrium flow
program developed by United Aircraft under contract NAS 3-2572 (Reference é )e

Once the nozzle freezing point was known for the desired
conditions of chamber pressure and mixture ratio, the differences in performance
between the case with freeging and that withoutf freezing were established at each
of the higher area ratios. Figure 1 shows the respective curves of specific
impulse versus area ratio for a chamber pressure of 500 psia and mixture ratio
of 0.6. It may be seen.that the total performance loss due to incomplete recombin-
ation in the expansion process is approximately 0.16% at area ratios of both
50s1 and 100:1.

Similar analyses were performed for engines operated at
chamber pressures of 1000 psia and 1500 psia., In both cases, the performancs
loss due to incomplete species recombination was found to be less than that for
the engine operating at 500 psia. It was thus concluded that the original
assumption of insign;ficant.kinetic-losaes.was valid for the engines under
consideration.

3. Particle Sisze Analysis

One of the primary objectives of this program is the determination
of the effects of variable engine parameters on particle size and the resulting

two=-phase flow performance loss. As a consequence, considerable effort has been
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expended in pax‘-fhicla collection and particle size analysis., The method adopted
for exhaust plunilia sampling has been discussed in detail in psst reports
(References 2 and 3) and is reviewed briefly in Section III.,B.2.d. The purpose
of this section is to present recent findings in the area of particle size and
distribution determinati-..
a. General Sizing Technique

In all subscale sea level tests, particles were collected
on three Gelman GM-li Metricel filter papers. After each test, the three filters
were prepared for particle counting in. the following manner. First, a nariow
wedge, extending from the edge to somewhat past the center, was cut from each
filter. This wedge was then placed in an evacuated chamber (Vacuum coater)
where a thin film of carbon was deposited normal to the filter surface. (This
carbon film was applied as a support for the particles and not for particle
shadowing.) Next, a small sguare was cut from the carbonized wedge. Acetoiie
was apblied to this square to dissolve the filter paper, leaving only the carbon-
particle film,

A 1/8 inch diameter circls of 200 mesh copper screen was
then placed under this carbon substrate containing the oxide particles. This

copper grid assembly was placed directly in the slectron ni'croscopee

The sample was enlarged 1600 times in the electron microscope.

At this magnification, one mesh in the copper grid filled the viewing screen.

Photographs were made of the first mesh encountered in the viewer which was com-

pletely covered and whose particls concentration was thin enough to allow resolution
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of the individual particlas. Sufficient pictures (four) were taken to completely
cover the one mesh. The negatives obtained were printed on rectanguiar glass
plates designed for use in a photograph. enlarger. Adjustments were made so that
a 1 micron particle measured.l cm on. the enlarger projection, thus giving an
overall magnification of 10,000,

Particles were counted from the enlarged projection using
a centimeter scale to measure particle diameters. Each diameter was recorded
directly on a computer input sheet and the image of that particle marked on the
projection to ensure against recounting the same particle, In order to further
minimize any tendency toward biasing the sample through selection of the picture
to be counted, all counts were made on the first picture in a plate, beginning
at the left side and counting to the right until sufficient particles were
recorded. In most cases, less than one-half of the first photo was used to
complete the count.

Initially, 500 particies of all siszes down to and includ-
ing 0.05 microns were counted from each filter sample. It was found, however,
that the clarity of the picture affected the number of particles counted that
were of a size large enough to affect the calculated mass median (0.2 microns
and larger). In those cases where the smallest particles were clearly defined,
the majorit:r of the particles counted fell within the 0.2 to .05 micron range,
This was due to the normal presence of a far greater number of smaller partigles
on the samples. When the small particles were agglomerated or less clearly
defined, the count included a greater distribution of particles 0.2 microns and

larger. This latter situation was statistically desirable, since the calculation
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of the mass median could then be made from a sample contsining a moderate amount

of large size particles.

To ensure that the pariicle -~ount of irsiuanlia’ particles

(those that are large enough to significantly affect the mass median) was con-

sistent, a procedure was adopted whereby a minimum of 3zl particles of 0,2 microns
and larger were counted per filter sample. A background counuv of the smallest
particles was then obtained by counting the smaller pariicles in a representative

area and then extrapoclating this data to the total area over which the larger

particles were evaluated.

The particle sizes recorded on the computer input sheets
were transferred to punched cards and processed on arn IBM 1130 computer. The
program utied first sorts the particle diameters into groups with 0.2 micron
increments and then calculates particle statistics from this classified data.
The statistics calculated are the number (En) and mass (-&m) means as wall as the
calculative percent mass for each diameter classification. The mass median (am d)
is determined graphically by plotting a cumulative mass versus particle diameter
~urve.and reading the diameter corresponding to 50% of the mass.

The procedure described in the preceding paragraphs was
that employed in deriving the paiticle size information presented in Section

III.¢. Following completion of the sea level tests, several aspects of particle
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sample measurement were investigated for the final analysis phase of the program.
The results of some of these studies have been instrumental in bringing about a
re-svaliation of the techniques employed to date. The areas of analysis and the
results. obtained are presented in the following sections,

b, Effect of Small Particles on The
Calculated Mass Median

The objective of this study was to determine the effect of
the smaller particles on the particle mass median derived empirically from plota
of sample distributions, To accomplish this objective, the original particle
counts for tests 2K-1-117, 2K-1-126, and 2K-1-136 (Figures 2, 3, and L respectively)
were modified by progressively deleting the smaller particle classifications. The
modified distributions were then analyzed to determine the relative change in
particle mass median.

Having obtained the mass median for each modified distribu-
tion, the one-dimensional two-phase flow computer program was employed to
caln;ulate_ the variance in specific impulse loss as a function of the size
particles deleted. The results of this work are shown in Table 1. The maximum
change in mass median due to the elimination of all particles 0.5 microns and
smaller was found to be 0.31 microns, corresponding to a change in specific
impuise loss of O.4L%. (As shall be seen in Section III.C. a variance in
specific impulse of 0.50% represents the maximum deviation due to eiperimental

data scatter. Elimination of particles less than 0.8 microns would in some cases
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TABLE I

EFFECTS OF SAMLI, PARTICLES
(A1l particles £ D, deleted)

= Mass PFraction of £ Is
Dp 9med  Particles Doleted Loss (Nom.)
0 1.1 0 2,17
o2 1,72 0004
A 1.73 .0100 2.20
6 1.75 0360
8 1.78 0779 2,28
0 1.29 0 1.51
2 1.31 0210 1.56
A 1,37 0711 1.65
6 1.4k 1517 1.7h
.8 1.52 2393 1.86
o2 1.11 ,0319 1.43
N 1.21 «1255 1.56
o6 1.37 2389 1.80
8 1.56 3503 2,07
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" exceed this limit.) Based on these results, it was concluded that the small
particles could be ‘estimated, rather than actually counted. This was further
substantiated by additional analysis, Table II shows the results of an analysis
in which the estimated number of particles 0.5 microns and smaller. was varied
by +50%. It may be seen that the maximum change in measured mass median was
only 0.12 microns. Further, it was established from the modified curves of
Figures 2 - L that an estimate of smaller part’.cles need only be made for a
distribution in which there are few large particles.

c. Effect of Counting Technique and the
Number of Particles Counted '

The objectives of this study were first to determine the
effect of the method of counting a particle sample on the calculated mass median
and, second, to determine the effect of the number of particles counted. To
accomplish the” first of these gosls, two methods of counting were employed. The
first consisted of a total count of 972 particles (0.2 microns and larger) from
a randomly selected portion of the entire photographed sample. A comparative
count using this technique was obtained by analyzing a different portion of the
photographed siample.’

‘ The second method of counting consisted of a count of all

particles 0.5 microns and larger present in all of the particle sample photographs.

The distribution obtained in this fashion was then. compared to these obtained
using the former technique. This comparison is shown in Figure 5.
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TAELE II

EFFECT OF BACKGROUND ESTIMATE ON MEASURED MASS MEDIAN

Test No, Particies }2'035:« Disnoter
2k-1-13h 10302 1,554
. 10302 + 25% L.L9u
» 10302 + 50% 1h3u
L 10302 - 25% 1.594
» 10302 - 50% 1.66 41
™ " none 1.77/A
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The second objective was accomplished by comparing different
numbers of varticles from the count obtained using the latter of the methods
discussed above. One distribution was derived using only the first 324 particles
from each of three filters; the second was vased upon all 2597 particles counted.
The results of this comparison are also shown in Figure 5.

It may be seen from Figure 5§ that significant deviations
in the measured mass median are possible when the methed of counting employed
considers an actual count of particlas 0.5 microns and smaller and only a small
portion of the photographed sample. These deviations cccur depending upon whether
or not a full range of particle sizes is present in the portion of the sample
counted. It is apparent from the Figure that the method of counting which allows,
as a minimum, sizing of 1000 particles 0.5 microns and larger provides the most
consistant calculation of mass median.

d. Comparison of Optical Versus Electron
Microscopy Techniques

In all analyses conducted to date, the electron microscope
has been,used exclusively in the sizing of the particle samples. The decision
to use only this microscope was made early in the program and was based upon the
results of a comparative study conducted on the samples obtained during test
2K-1-107. This data, shown in Figure 6, was obtained using both the optical
and electron microscopes. As may be seen from the Figure, the variance in mass
median derived using the two techniquss was not sufficient to warrant exclusive
use of the more difficult optical method of analysis.
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