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ABSTRACT

Solid rocket motor nozzle environment was studied in cold flow modeling
and in motor firings. The emphasis in the work was on the effects of the
condensed phase in well impingement and radiation. In motor firings using
H2 - 0p - Al203 - Hp0, emissivity values for the alumina were determined. Then
radiation heat flux scaling relationships were developed for application to any
size motor. Particle impingement was studied in firing witl a molybdenum nozzle
fitted with thermocouples from which local transient heat flux data were developed.
High heat flux rates due to impingement were determined. In cold flow studies
particle impingement rates and static pressure values for input to corrective
analysis were determined. Analyses of heat flux modes in a large motor nozzle and
in a gimballed nozzle were determined. A large part of the work involved technique
development in handling micron-sized particles in firings and in cold flow. A
particle sampler was developed for sampling motor exhausts.
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SECTION 1

INTRODUCTION

This report summarizes the accomplishments of a l-year study of the
nozzle environment of solid rocket motors. The work was sponsored by the Rocket
Research Laboratories, Edwards Air Force Base, under the technical cognizance of
Mr. Leonard Slegers. Emphasis in the work was aimed toward developing new,
practical understanding of the environmental effects of the condensed phase.

The work performed on this contract provides much useful information
which the rocket industry can apply in (1) formulating cold flow studies of new
designs, (2) determining particle sizes in engine effluents of alumina or other
condensed compounds, (3) performing particle cloud radiation studies, and
(4) analyzing heat fluxes in specific designs of motor nozzles.

The work focuses on the environment rather than on the complicated
environment-wall interractions. However, the techniques and new understandings
of this work can now be applied to studies where walls of graphite or plastics
are involved which interract to modify the conditions at the environment-wall
interface.

The radiation and particle impingement effects of alumina were studied.
The emissivity of alumina particles was determined from the melting point up to
SZOOOF, using a Hy-0 -HZO-A1203 combustion system in a 2-inch chamber without a
nozzle, The emissivity data was then arranged in a form to allow calculations
of radiative heat flux for specific design cases. The radiant energy emitted
from a particle cloud was derived from a volume element model developed by
R. A. DPobbins (see Appendix A). General expressions representing the radiant
interchange between a surface and absorbing media were developed using the method
devised by J. T Bevans and R. V. Dunkle (5.4) using A. K. Oppenheim's (5.5)
network method.
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Particle impingement on the nozzie wall was studied both in cold flow
modeling and in motor firings (1.25-inch throat)., Conversion of the hot firing
nozzle surface thermocouple measurements into heat flux data was done using a
digital computer program presented in Jet Propulsion Laboratory Report No. 32-257
by Powell, Howell, and Irving (3.1). It is basically an analysis for radial modes
of transient conduction. Thus, imposed heat fluxes from actual impingement were
measured during firings and indicated impingements in large motors were determined
from cold flow studies.

The cold flow studies used scale models of nozzles with tubular inserts
representing certain grain burn-time instants. Nitrogen and sulfur hexafluoride
gases were flowed in the models. Micron-sized polystyrene spheres were the model
particles. The analysis and assumptions used to specify modeling conditions are
a more thorough and sophisticated development of the work of earlier studies at

Philco in cold flow modeling and gas particle flow analysis (References 2.1, 2.2,
8.1).

In the case of both radiation and particle impingement, a large part
of the effort was devoted to technique development. The developments included
radiancy measurement and analysis; special rocket engine and alumina-water
slurry combustion operations; micron-size particles sampling, counting, and
measuring; uncooled molybdenum calorimetric nozzle design; nozzle surface
temperature measurement; nozzle wall transient thermal analysis to determine
instantaneous local heat fluxes; cold flow modeling facility establishment;
rocket nozzle model design; model particles handling, injection, impingement
pickup, and ¢ . anting; model wall static pressure contour measurement; time
integrated particle impingement rate calculations,

A significant achievement of the work was the development of a particle
sempler, This device collected by high velocity impact all the particles from
a very small sample of the motor effluent directly from the plume, and displayed
the particles in the complete size range distribution on one microscope slide.

Conve~ lve heat transfer analyses were performed using a computer
program of the t ‘iott, Bartz, Silver method (7.4). These were applied to the
hot firings for comparison with the total heat fluxes determined from a
calorimetric nozzle. Using the cold flow modeling wall static pressure data,
they were applied t infer the convective heat flux component for nozzles of
large motors.
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Experience in the rocket industry with the expensive and time consuming
cut-and-dry approaches to nozzle design has demonstrated the need for more ana-
lytical engineering design approaches. The lack of precise design inputs creates
both a high testing cost and a high burnout weight for reliability in large motors,
especially where man-rated requirements exist.

Test data taking to contribute to analytical understanding has usually
been very limited for two reasons: (1) It is difficult to justify instrumenta-
tion for analysis, if it imposes any jeopardy to the immediate hardware develop-
ment test objectives; and (2) The severe environment of the motor often obviates
meaningful measurements, Nevertheless, the rocket engineering industry is
obligated to develop the same sophisticated analytical approaches used to great
effectiveness in other engineering sciences.

Subjective materials screening tests and subscale motor tests have little
practical meaning, if there is a lack of scaling laws or aerothermochemical detail.
However, the level of effort devoted to analytical understanding has been small in
the R & D programs for rocket motors, and it has been negligible in comparison
with the magnitude of the major missile and booster programs. This is evident from
the fact that the level of effort has never been large enough to warrant a session
to present such work at a national teclinical meeting on solid rocket motors.

Cold flow studies conducted by contractors in support of their major
hardware programs have ylelded interesting results, but never quantit. tive data of
more value than post firing inspections. The work reported here should open the
way to more complete analyses and studies of current and future designs. The
detailed results of such studies could be the basis for new understandings of de-
sign parameters, which could be usefully applied to advanced designs.
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SECTION 2

COLD FLOW MODELING

2.1 INTRODUCTION

There are two main objectives in the cold flow modeling of a rocket
engine nozzle, The first is to determine the alumina particle impingement on
the nozzle wall. This points out areas of potentially severe erosion or heat
transfer and provides a quantitative figure for a detailed heat flux analysis.
The second objective is the development of static pressure contours over the
nozzle for input to conuective heat transfer analysis. In order to accomplish
this, a modeling analysis was derived to allow the setting of valid modeling
conditions using certain assumptions, and a Ja:ility was Jesigned and built to
supply the required modeling flow conditions. Finally, a technique was developed
for handling, injecting, picking up, and wmeasuring the model particles.

Modeling equations were derived from an analysis of the equations of
change for a compressible fluid and condensed particles in two-phase flow. The
equations, written in parametric form, represent conditions within the motor
and the model. For valid modeling, these parameters in the rocket and model
must be equal.

From the modeling equations, it was observed that for a reasonable
model size, model chamber pressure, and particles larger than submicron sizes,
the particles specific gravity must be on the order of one. This restriction
limited the choice of particles to a low vapor pressure liquid, atomized into
small droplets, or to solid polystyrene spheres (available from Dow Chemical
Company) in discreet particle sizes. The polystyrene particles were available
in 0.09, 0.26, 0.36, 0.56, 0.8, 1.3, and 2.0 micron diameters.
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The model chamber diameter was arbitrarily sct at eleven inches. The
scale factor was then set by the chamber diameter of the hot rocket being modeled.
It varied from one to ten for the casis studied, The ratio of particle densities,
model-to-rocket motour, was set using the polystyrene spheres. The working fluid's
speciflic heat ratio, viscosity, molecular weight and temperature ratios, model-to-
rocket, were set using unheated nitrogen or sulfur hexafluoride gas in modeling.
Geometric similitude was used {n 21l configurations. Thus, the remaining variables
in experiment design were chamber pressure and particle size,

In order tc develop model chamber pressures below atmospheric and to
study exit cones, the facility included an air ejector which could pump the exit
plane region to 1 psia with 5 lb/sec of nitrogen flowing through the chamber. All
rung were fed by blowdown from a tank farm of compressed gas.

Since particle impingement on the aft-closure is dependent upon the
approach velocity developed in the grain port, it was necessary to model a rocket
at several different burn times and then integrate the impingement over the total
firing time, At early burp times, the approach velocity to the aft-closure is
higher than at later burn times when the grain port is larger but mass flow is not
greatly different,

The main objective was to determine the total impingement from all
particle sizes found in a rocket engine. However, it was also of interest to know
where each size of particles would impinge, and how the impingement rate varied
from one particle size to another. Three polystyrene particle sizes, with differ-
ent discrete sizes in each batch, were used in different runs. The impingement
over the entire particle size range could be obtained by integrating over the
particle size distributi~n in a solid fuel rocket,.

Two fairly important areas where the modeling was limited were the
modeling of the boundary layer and the grain surface burning. Since it was im-
practical to have equal Reynold numbers in the model and rocket, the boundary
layer could not b>» modeled. However, the Reynold numbers were high enough so
that the flow was highly turbulent in both cases, and the stream line shapes
would be essentially the same.

The flow of gases from a burning grain surface was not exactly simulated
in the modeling of the grain port. However, uniform particle concentration distri-
bution across the model grain port cross section approaching the model nozzle was
an important criterion. The system geometry upstredm of the model grain port was
modified until an even distribution of particles was achieved.

The polystyrene particles were furnished in a latex form with 10 percent
particles. By weighing a sample of the latex for a test, the exact number of
particles used was known. The latex was diluted with methanol so that the atomized
mixture added to the modeling gas would contain approximately one particle per drop.
The diluting liquid evaporated, leaving the particles in the gas. This injection
of the particles iuto the gas was sequenced so that the gas flow was already sta-
bilized in the nozzle as the particles began flowing through.

2-2



Tapes that were stickv on both si{des were put on the nozzle wall to act
as collection receptors for the particles that impinged. After each run, the
tapes were removed from the nozzle wall, placed on glasy slides, and counted under
a microscope. Using the same two sided tape technique, bars were placed across
the grain port to check the particle concentration distribution. Duplicate runs
were made to verify the reproducibility cf the data.

The pressure contours were indicated on a manometer board, which was
photographed when the manometers had stabilized. Since the run time for the
blecw down system was only about twenty seconds, & prepressurized manometer system
wag used to allow rapid response. Prepressurizing of the manometer tubes requirad
the use of an auxiliary pressure supply, three-way solenoid valves, and bleed
valves, Each manometer was prepressurized by the auxiliary pressure supply to
approximately the height of liquid {(water or mercury) which was anticipated for
a given pressura meaauring position in the nozzle. During the run, ths three-way
solenoid valves were switched to read the nozzle static pressurss.

Three nozzles, which will be described in more detail later, were modeled.
A gimbelled nozzle was modeled in both a straight position, and in a 5-degree canted
positicn. A particle impingement study on the aft-closure of Aerojet-General's
100 FW2 was also made.

A total of 157 tests were made on the facility. Table 2.1 is a breakdown
of the runs. Seventy-six of the runs were technique development runs, and produced
modeling data.

2.2 COLD FLOW MODELING ANALYSIS

The modeling equations were derived by (1) considering the equations of
change through the nozzle for the modeling gas and particle cloud, (2) putting the
equations of change into dimensionless form, (3) setting the parameters of these
equationg equal in the model and rocket, and (4) applying assumptions which allow
a set of modeling equations to be derived from these parameters.

Please turn topige 2.18 for foldout nomenclature sheets.



TASLE 2.1

MODELING TEST

TEST OBJECTIVES

Number of Tests

Develop counting technique 20
Determine tapce collcction cificiency 17
Preliminary check out runs 8
Develop pressure reading technique 31
Check for uniform particle distribution across grain 29

Straight Gimballed Nozzle

Pressure contour using N2 6
Pressure contour using SF6 2
Particle impingement using N, 23
Particle impingement using SF6 2

5° Canted Gimballed Nozzle

Pressure contour using N2 10
Particle impingement using N2 3

100 FW2
Particic¢ impingement using N2 _6
TOTAL 157
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Equations of Change Through Nozzle

The cquations of change used were formulated first by
Marble (1) for general gas-particle flow in polar coordinates,
Marble, assuming Stokes law to be valid, defined two character-
istic lengths: the "thermal range' and the "momentum range,”
These may be viewed physically as the distances coverced by a
particle in reducing its relative temperature and velocity to e-1
of its initial value, The cquations have subsequently been re-
formulated for the axisymmetric case and the chavacteristic
lengths redefined Lo account for deviations from Stoke's Law.
These deviations were taken into account by defining f (force
exerted/particle) = K f where K. = ¢ _/C and has

b Stokes D ™D Stokes

been detcrmined at Philco Research Laboratories (2) to be given by

1+ 0.15 Re2* %87} | 1 4 exp 'OZ;“E; . g o ]
P M Re """ |
p P

KD= —_—

M
1+ 2 3.82 + 1.28 exp (-1.25 Re /M .
Re [ exp ( p/ p)]

With tihis correction,

M a
momentum range

11
>
1

m KD 37:Dpp

il
>
[ ]

temperature range Pr Km

ind
(X [%
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In addition, a correction for heat transfer effects was

introduced.
Nu = ZI(H
where

2 + 0.459 Reg'ss

K = M
2 +6.86 <~ |2+ 0.459 Re?>?
Re P

The axisymmetric equations of change were then applied,
The continuity equations, the momentum equations in the radial
and axial directions, and the energy equations of the gas and
particle cloud are presented for steady-state conditions and
neglect wall-gas and wall-particle interactions.

For the gas, the continuity equation is

~

éﬁ (pvr) + 1 %% (pu) =0 , (1)

the radial momentum equation is

IV v OP VE -V .
FLY S T U Sx -5t 'pc? A ! (2)
the axial momentum equation is
~ u - u
Qu Qui| o ._gk 2
{’(v ar +u ij ax + ppca >\m 3 (3)
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and the energy equation is

St 37 (v, - w? + (v, - v)?
,’:Cp v5;+u& = ’pca xm
/. ac¢ Kl T -T
+ Pc p_H. P %)
p A

For the condensed phase, which will be treated as a
continuum free of particle interactions, the continuity equation

is

5% (Fbc vo r} +r g% (Fﬁc up} =0 , (5)

thhe radial momentum equation is

vp ar + up Y = - g )\m ’ (6)

v 222 du u -u
Pa:*“pﬁ"““a"—xm , (7
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and the energy equation is

_ar—a oT acpKH TP-T
1V a:*“p'sﬁ " K A, (8)

In addition, perfect gas behavior is assumed,

% B Ml.zw. T (%)

Dimensionless Form Development

The equations of change may be put in dimensionless or

parametric form by making the following substitutions:

* * *

u = ufU x = x/D )‘m - Xm/D

* * *

up = up/U Tp = Tp/To r = r/D

%* * *

A P L. ™ o« /1
o

* *

Xc - lt/D vp = VP/U

The dimensionless forms of Fquations (1) through (8) are then

¢ * K ¥
—= (vr)+r -Q*— (pu*) =0 (10)
or Ox
* *
* % +* -
- S U T N N I T an
2 U >
or Ox or p A
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v = 4y - - + -
dr x w  F A
2
* D * * d * n 2 [u* - u*} - (v* - v*)
vl FoL e a _ U P 8 J
o™ dx" U cpTo A
T -1
JPoc a M (T T
p U 2
t

*
o Ts x or
o * K * 9 *
< vire |+ 2 ¢ =0
> | fec Vp NG (chup)
% OV Av vy
Rl SN Sl S I s
P 5r Pax Py
m
. 30 . 3 5o
Por P ax A
m
’)T* aT* *- %
v* B 4 U*‘—.% _-acQKH TP T
P or P ax Ue K \ k:
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It i3 apparent that the solutions of Equations (10)
through (17) will be identical for two different sets of opera-
ting conditions only if certain conditions are satisfied. The

solution of Bquations (10) through (17) may be expressed by

* % Ppoc a Ppca U? Poc a X vl
Solution = ¢ |r , x , =< &, Bea L _ P8 2
1 p U p Ue T, p UKy e, T’
a %°¢ KH X* \ (18)
U’ Ue KD 'm* ¢t ¢
But, since certain of the similarity groups on the right hand
side of Equation (18) are related, it is possible to write
Solutton = ¢, |r*, x*, ke & v 2o
Ou on 2 I‘,X.P 'U.CPTO’KD’C.,m’t )
(19)

Equated Modeling Parameters

Thus, 1if the parameters are individually equal ia two
different systems, the solutions in terms of the dimensionless
varisbles are equal, In order to simulate rocket performance in

& model, it is necessary that

e = T /iy = (Ry/Kpdp

of
L

(CP/C)M - (cp/c)R



-.':\ w !
U'pc”/)M " (Ppc”')R (Xm}l‘l " \m )R
@, = g (x: v (\: )R

2 2
(U /CP TO)M - (U /cp TO)R

Four of these similarity groups may be further simplified. Making
use of the ideal gas relationships and the appropriate defining
relationships, it is possible to demonstrate

2
2 U
U /cp To = 32 (y - 1)

and, since g is already constrained, we may state that Y " VR is

a4 necessary condition; a is also & function of 7.

KH/KD = f (Rep, Mp)

and thus,
(KH/KD)M = (l(ﬂ/l(l))R if
(Rep)M = (Rep)R and (Mp)M = (Mp)R .

= RY .
P MW. (y~-1)"'
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therefore,

if VM = 7R .

) R ey be replaced by

(M.W,). ¢ = (M.w.)R R

M M

. ¥ a W *
Since Km is conslraxned,( xr) M (At) R M8y be replaced by

(Pr)M = (Pr)R

The similarity criteria may be rearranged and presented

in the following form

Mo IR
Dy, Dy
—x—M- - iR-
Py Dp
L]
(/)C)M N 1—
)
(f pe R e
ool
MR
hy = g

-
=

X

]

1/2
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from (Rep)M - (ch)R:

U D
Sw oo PR MY Ty u
Gs Py MW, To R
R Py
from (MP)M = (Mp)p:
; 1/2
Swo o Tn | MMy
:S 'yR TR M.W.M
R
C
fﬂ . PM ) M.W.R
c c M.W,
R Py M
2
D p
T L R ', 'R
Dr D2 Pp B} Hy
Pp R

from )\‘: M x:\ R with (Rep)M = (Rep)R and (MP)M - (MP)R:

(Pr)y, = (Pr)R

Assumptions

(25)

(26)

(27)

(28)

(29)

It is apparent from tliese conditions, which should be

satisfied at all corresponding voints in model and rocket, that to

achieve an exact modeling condi: ion, the modeling fluid, modeling

particulate phase, and model geonetry must satisfy rigid
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conditions., To satisfy these conditions exactly may be impos-
sible, but an attempt was made to satisfy those which appear to
be most critical for effective modeling.

Similarity condition, Equation (24), muat be satiafied
in order to model fluid flow conditions. If-yM i model and
rocket area ratjos, pressure ratios and temperatura ratios are
easily related when simple geometrical scaling is used, In addi-

tion, taking

1.1
Pr = 9v-5

the Prandctl number will be equal in systems of equal y. Thus,
satisfying Equation (24), satisfies Equation (29), and makes
possible direct geometric scaling. Thus, conditions, Equations
(20) and (21), are easily met.

The specific heat ratios encountered in hot rocket

firings are low (y = 1,18 for gas alone, 7y = 1.1 for gas

effective
and condensed phases) as is the molecular weight of the hot prod-
ucts, Unfortunately, at the relatively low tempcratures (ambient
or slightly higher) desired for cold-flow modeling, only high

molecular weight, polyatomic molecules (e.g., CCA2F2 and SFb) have
specific heat ratios of the necessary value., These high molecular

weights will make it difficult to satisfy condit.ons, Equations

(22) and (27), since high-particle cloud density and extreme low-

particle specific heat will be required. High-particle cloud
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density requires the use of a large number of particles which is
an undesirable modeling condition, since it complicates analysis,
A modeling particle with low specific heat (as compared to that of
A1203 in rocket firings) will be difficult to find, siace it
appears that the necessary molecular weight ratio (M.H.R/M.W.M)
will be on the order of 1/6 in order to satisfy Equation (24).
The effect of failing to satisfy the conditions imposed by Equa-
tions (22) and (27) appears to be less severe than if the equal
Y condition, Equation {24), were neglected. While 7y determines
the fluid flow field, particle cloud density and specific heat
serve to modify the field, In addition, if it may be assumed that
individual particles hehave independently of surrounding parti-
cles, neglect of the particle cloud density as a parameter is
reasonable,

The final governing modeling relationships can now be
stated from Equations (20) to {29) considering the limitations of

not being able to satisfy Equations (22) and (27).

From Equations (20) and (21),

D r

R X R

Scale Factor = == = == a — (30
Dy Xy Ty )

That is, there is geometric similarity in all directions.
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By equating Equations (25) and (26), the model pressure

can be expressed as

D 1/2
A W T I Rt S
M Dy wg | Ty MW vy

and Equation (28) can be arranged to give

D a 7
o ( Dy e R My
D D a M
Py L R pPM xR

which is the particle scale factor,
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2.3 FACILITY

To accomplish the modeling, a facility had to be designed and built which
would satisfy the previous mentioned requirements. Figure 2-1 showe a schematic of
the modeling facility. The particles were mixed with 35 cubic centimeters of
methanol and fed from two tanks during a run. The indicated valves were opened for
the modeling gas with the pressure regulator controlling the flow to maintain the
desired model chamber pressure. After the flow was stabilized, the valves on the
bottom of the alcohol-particle tanks were opened and the mixture was atomized into
the mixing chamber. The particle atomizing system consisted of two sets of pneumatic
atomizing spray nozzles, one set of six on each side of the "I" shaped spray mixing
chamber.

As can be seen in Figure 2-1, there were baffle plates over the two
primary gas inlets located with the atomizing nozzles. These baffles, shown in
greacer detail in Figure 2-2, directed the primary modeling gas to envelop each
spray and keep the spray from wetting the walls.

Figure 2-3 is a view of the part of the facility just described and also
shown is the ejector gas valve which regulates the fluow of pumping air to the air
ejector.

In the spray mixing chamber, the methanol was evapcrated leaving the poly-
styrene spheres entrained in the modeling gas. The particle laden gas then flowed
on to the propellant grain port and nozzle. The test chamber and a nozzle model are
shown in Figure 2-4. Figure 2-4 also shows the manometer prepressurizing system,
while Figure 2-5 shows the manometer board and camera used to record the data. If
care were taken in prepressurizing the manometers, the time for the manometers to
adjust was approximately twe seconds. A typical run length was twenty seconds.

Prior to a run, the sticky tapes for collecting impinging particles were
placed on the nozzle wall and the propellant grain port put in place. A rubber seal
was used around the tubular grain port to ensure a leakproof intersection between
the grain port and model. The grain port was attached to the model nozzle by a
system of springs and the assembly was then inserted into the test chamber.

Figure 2-6 shows a grain port and nozzle being assembled; four particle collection
tapes can also be seen. The air ejector, used to pull a vacuum on the exit cone,
is shown in Figure 2-7 along with the other components of the cold flow modeling
facility, '

All modeling was accomplished by using the blowdown method. Air, sulfur

hexafluoride, and nitrogen were used for the modeling gas. Table 2.2 shows the tank
farm gas storage capacities.
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CDStokes

fStokes

A Hsubl

%p
%

M
M

4
M.W.

Nu

Pr

Re

Re
P

NOMENCLATURE

Area

Local sonic velocity
Particle specific heat
Gas specific heat

Particle drag coefficient

Particle drag coefficient
predicted by Stokes law

Characteristic dimension
Particle diameter
Force exerted on a particle

Force exerted on a particle
as predicted by Stokes law

Heat of sublimation

As given

As given

Fluid Mach number

Particle Mach number z :a/a
Molecular weight

Nusselt number

Pressure

Prandtl number

Gas constant

Fluid Reynolds number
Particle Reynolds number = Dp:s e/u
Local radial dimension
Local static temperature

Stagnation temperature z Tc,
chamber temperature

Particle tempersture

Characteristic velocity

Axial component of fluid velocity
Axial component of particle velocity
Particle slip velocity

Radial component of fluid velocity
Radial component of particle velocity
Mass flow rate

Local axial dimension

Greek Letters

v'b

C

Specific heat ratio
Momentur range
Thermal range
Fluid viscoaity
Fluid density
Particle density

Density of particle cloud
(mass of solid/gas volume)

Subscripts

c

Condition in chamber
Condition at exit plare
Model condition

Rocket condition

Condition at nozzle thrcat
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FIGURE 2-6.

Rusol»

ASSEMBLY OF GRAIN PORT AND NOZZLE MODEL (WITE TAPES)
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TABLE 2.2

TANK FARM CAPABILITIES

Max. Pressure No. of 25 ft.3 Total Volume
Gas (pei) Cylinders (fe.3)
Alr 1500 21 525
Nitrogen 2200 18 450
SF¢ 300 3 75

2.4 MODEL PARTICLES

At the outset of the program, both dyed atomized liquid droplets and
polystyrene spheres were considered for model particles. The liquid droplets could
be picked up on blotters placed along the nozzle model surface. Particle size
sampling and analysis would have been required. A demister would have been used to
remove over-sized droplets.

The polystyrene spheres were selected because their size was predetermined
nc sampling, measuring, or counting were required to establish this. Sticky tape
wes found to be very effective in picking up the impinging polystyrene spheres for
count ing.

All counting of the polystyrene particles was accomplished with the use of
a microscope at 430X. An attempt was made to dye the particles for easier counting.
However, it wes not possible to get the particles to absorb enough dye.

Figure 2-8 is a photograph of the 1.3 micron particles at 500X; These
particles had been impinged on tape.

2.5 TECHNIQUE DEVELOPMENT FOR PARTICLE IMPRINGEMENT

Before meaningful data could be obtained from the modeling facility,
considerable technique development was required. The five main areas cf technique
development were (1) dispersing of polystyrene particles in the modeling gas,

(2). establishing the correct number of particles in each run, (3) developing an
even particle distribution across the grain port, (4) obtaining a leak-free
precision,grain port-nozzle intersaction, and (5) counting the particles.

As mentioned earlier, the polystyrene particles were mixed in a liquid and
sprayed intc the spray chamber where the liquid evaporated leaving the particles in
the gas. The two problems in accomplishing this were (1) spraying small enough
liquid droplets to preclude settling out before evaporation and (2) obtaining
unagglomerated single particlers in the gas. To get a fine spray into the spray



FIGURE 2-8.

1.3 MICRON POLYSTYRENE PARTICLES IMPACTED ON TRANSFER
TAPE, 500 X MAGNIFICATION. VIEW REPRESENTS 0.012 SQUARE
INCHES ON 100-INCH ROCKET MOTOR WALL
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chamber, twelve Spraying Systems Company No. lA pneumatic atomizing nozzles were
used, In the beginning, the particles were mixed with water, but inspection of the
collection tapes indicated that not all of the water was evaporating. This problem
was solved by using methyl alcohol instead of water for the mixing fluid in order
to increase the evaporation rate,

To indicate whether or not the spray nozzles were spraying excessively
lerge drops, or were wetting the chamber walls, a run was made using dye in the
alcohol ., Blotters were attached to the inside of the spray chamber. No large dye
urops were found, indiccoting the spray was very fine, and no appreciable wall
splashing was indicated. It was interesting to nnte that the dye gave a good visual
picture of particle impingement on the nozzle aft closure and indicated clearly the
point ¢¢ separation in the exit cone.

In order to have no particle agglomerates in the gas, it was first
necessary to assure that no agglomerates existed in the aicohol-particle mixture.
1t was found that by placing the alcohol-particle mixture in an ultra-sonic vibrator
directly befcre each run, the particles in the mixture would be deagglomerated. The
mixture of alcohol and latex was proportioned so that there would be only one
particle per drop of atomized liquid assuming an average drop size of twenty microns.
Examination of the tapes then indicated no apprecisble agglomeration.

At first, the number of particles in each run was determined by weighing
the particle latex for that one run and then mixing it with the alcohol. It became
apparent that small errors 'n the weight of the sample could cause rather large
errors in the aumber of particles. Therefore, it was necessary to mix a large
quantity of particle lacex with the alcohol and then divide the alcohol-
particle mixture into smaller samples, In this manner, small errors in measurement
mide negiigible errors in the number of particles,

Obtaining an even particle distribution in the grain port required that
the particles be thoroughly mixed 1n the modeling gas and then having a flow
path which would nolL cause particle-gas separation ahead of the grain port model.

At {irst, the paclicle concentration was very high near the grain port
wall. Tnhree changes were then made in the test racilit; to correct this. The first
change was to put baf ‘e piates (Figure 2-2) over the two gas inlets near the pneu-

matic spray nozzles e batfle plate divided the main gas inlet stream into six
streams, one sur' ' - -~ each spray nvzzle. The second improvement was to turn the
center gas inlet . the rear as shown in Figure 2-1. When the inlet was towarc
the test nozzle, ¢ ontly produced a core of particle-free gas., The third im-

provement was to put 4 .-ffled; tubular insert into cthe entrance to the modeling
chamber, also shown in Figure 2-1. This device was designed to break up any
boundary layer particle concentrativns developed in the 6-inch pipe approaching the
test section., Tnnse three improvemenis resulted in a very even particle concentra-
tiop across the grain port flow.
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Two grain port wall configurations were tried before the above improve-
ments were made, One was a solid wall tube and the other was a perforated wall
vwhich was intended to simulate more closely the flow from a burning grain. After
an even concentration distribution was found in the solid wall grain port, it was
chosen for testing. Furthermore, it was much easier to check the distribution
across this type of grain.

For the first tests little attention was paid to the grain port nozzle
intersection, It soon became apparent that this intersection had to be a leak-
free precision fit to avoid secondary flow disturbances which would upset particle
impingement, A leak-free seal was obtained by placing the grain in the nczzle and
then pouring in a polymerizing liquid rubber behind the grain port,

Various attempts were made tu ease the job of counting the particles, Ini-
tially, the particles were photographed by use of a microscope, and the particles
counted on the photograph, However, this left too much room for error since a par-
ticle slightly out of focus would look like a blotch on the tape, Also, a speck of
dirt out of focus would look like a particle. For accurate counting, the plane of
focus had to be changed while counting which meant the particles had to be counted by
eye directly with a microscope, The microscope used had a 43X objective with 10X eye
pieces, A grid in one eye piece was used to give a constant known counting area,

2.6 PARTICLE IMPINGEMENT CALIBRATION TESTS

To monitor particle flow through the grain port for uniformity, impinge-
ment samples were obtained along 1/4-inch diameter bars placed perpendicular to the
flow, Figure 2-9. This data also lent itself to a compariscn of particle size and
velocity effects on impingement.

Figure 2-10 shows data obtained from the vertical and short horizomtal bars
in the largest diameter grain port used (7.8 inches), which gives the most severe
test for a uniform particle concentration across the port.,

Table 2.3 shows conditions for five of the runs which used the calibra-
tion bars. The actual data taken from these bars are shown in Figures 2-11 through
2-15. For all five runs, the total number of particles in each run was 10 billion.
Therefore, when Runs 041575 and 041576 are compared to the other three runs, the
difference in particle flux due to different grain ports must be considered.

By comparing Run 040971 to 041678 and Run 041575 to 041576, the effect of
paificle size can be seen on impingement at the stagnation point on the bar at the
sam. velocity. This shows that impingement is proportional to the third power of
the particle Jiameter. The velocity effects on impingement can be seen by comparing
runs at differvnt velocity with the particle size constan. By comparing Run 041574
to 041678 and Run 041574 to 041575, it will be seen that 1~ ,ingement is approximately
proportional to the first power of the velocity.
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TABLE 2.3

CONDITION OF RUNS WITH CALIBRATION BARS

Polystyrene Grain Port Size Grain Port Impingement at
Run No. Particle Size Dia., in. Velocity, ft/sec. Stagnation Point
040971 2.05 W 5.2 165 160
041574 1.3 K 5.2 258 75
041575 1.3 u 7.8 113 18
041576 2.05 7.8 113 75
041678 1.3 52 165 40

2.7 PARTICLE IMPINGEMENT TESTS

Particle impingement studies were made on four nozzles: (1) a model of
the nozzle used in hot .iring studies of particle impingement, (2) a gimballed
nozzle (straight), (3) a gimballed nozzle (canted 5 degrees) and (4) a model of the
aft closure of the Acrojet-General 100 FW2 angine.

As mentioned earlier, both nitrogen and sulfur hexafiuoride (SF.) were
used as the modeling gas. A summary of N, and SF6 properties is showa in Table 2.4.

2
TABLE 2.4
SUMMARY OF N, AND SF6 PROPERTIES
Gas ! e
Temperature (TM)OR 480 500
Y 1.4 1.1
Molecular Weight 28 146
Viscosity (u,) 1b/ft sec 1.2 x 107 1.01 x 107°
2-37
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2.7.1 SIMULATOR NOZZLE

The simulator nozzle (Figure 2-16) was a full scale model of the nozzle
used in the hot firing part of this program. All impingement found on this nozzle
was negligible when 3 u  particles were modeled. This indicated that large
agglomerated pavticles must have been produced in the hot [iring to produce the
impingement indicated in those tests,

2.7.2 GIMBALLED NOZZLE

In the gimballed nozzle {(Figure 2-17), there was no impingement in the
gimballing section of the nozzle in either the straight or canted 5 degree position.
Therefore, a full impingement study was made only on the entrance section of the
straight nozzle.

It was questioned whether or not the absence of impingement in the gim-
balling section was due to no particles impinging on the tapes or the velocity was
too high and the particles bounced off the tape. A Y0 degree wedge and a bar were
placed in the exit cone (Figure 2-18) of the gimballed nozzle to check whether or
not any particles could be picked up in the supersonic region. Two runs were made,
one with sulfur hexafluoride and one with nitrogen as the modeling gas. A high
concentration of particles were found on the wedge and bar for the sulfur hexafluo-
ride run, but none was found for the nitrogen run. Since the molecular weight of
sulfur hexafluoride is larger than nitrogen, the sonic velocity would have been
lower and thus the velocity at the wedge smaller. This indicates that the higher
velocity particles in the nitrogen flow may not have been picked up. On the other
hand, impingement was also negligible on the gimballing part when sulfur hexafluo-
ride was used. (One explanation of the difference in impingement on the shapes in
the exit cone with the two gases is that the differences are a function of the
differences in shock lines produced and their effect on the particles.)

The gimballed nozzle which was modeled had a 63-inch diameter chamber
with a 15-inch gimballed thrcat. It was assumed that the rocket had a total burn
time of 90 seconds, a burn rate of 500 lb/sec., and an alumina loading of 32 percent.
Since for subsonic flow the impingement is nearly the same when nitrogen and sulfur
hexafluoride is the modeiing gas, nitrogen was used for the study.

From the modeling equations (Equations 2.31 and 2.32), the particle dia-
meter ratio and model pressure can be deterained for the case of nitrogen as the
modeling gas and Dow polystyiene spberes as the particles. Since the model chamber
is 11 inches in diameter, a scale factor of Dg/Dy = 5.73 is dictated. The other
valies needed to s.lve Equations(2.31)and(2.32)are:

p. = 2.28 gm/m T. = 6360°R
P R
R

p. = 1.05 gn/cm T, = 480°R
B, M




a g = 4100 fps Wi, = 20.4
a*M = 992 fps M, = 28
Mg ™ 6.7 x 10-5 1b/ft sec. YR * 1.18
my =1.06 x 107 1b/ft sec. Yy = 1.4
Pp = 613 psia

Therefore, from the modeling equations, the particle diameter ratio and
the model chamber pressure are

D - 1/2
f 4100 . 1.06 x 107>
M 1 2.28 . X
7 573 * T.05 * T992 X -5 = 0.496 (2.33)
Pe 6.7 x 10
and
1/2 (2.34)
-5
S | 1.06 x 10 480 20.4 1.18
PM 0.496 X - . .5 X [%536 X T X 1.4 x 613 psia = 42 psia
6.7 x 10 ,
p oy
In Equation (2.32), Pp and DP correspond to the conditions in the
R R

rocket at 6360°R,and when a certain particle diameter is being modeled, it refers to
the diameter of the particle at room temperature (530°R). For example, if a 2u
diameter particle is being modeled, the diameter of the particle in the model must
be determined with the knowledge that the hot particle in the rocket is actually
larger than 2j1. The hot diameter can be determined by conserving mass.

Mass of hot particles = mass of cold particle

4 Dr? 4 °p3
3 7 T8 Pp 13 ™ 5 Pp (2.35)
hot cold
or
{DPB (2.28). = (2)° 3.7 (2] - 2.354
1h0t hot
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FIGURE 2-18. PARTICLE IMPINGEMENT TAPES ON WEDGE AND BAR FOR SUFERSONIC
REGION OF NOZZLE
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3Therefore, to model a cold 2#-d15m¢tor particle with a density of
3.7 gm/cm”, Pp and DP must be 2.28 gm/cm” and 2.35¢, respectively.
R R

The density for nlumigu? oxide at 6360°R was taken by extrapolating the
data of Kirshenbaum and Cahiil.*-

. For the three sizes of polystyrene particles used, Table 2.5 shows the
sizeg of aluminum oxide particles being modeled.
TABLE 2.5

MODELED PARTICLE S1ZES FOR GIMBALLED MOZZLE

Polystyrene Hot Aluminum Oxide Particle Cold Aluminum Oxide
Particle Dia. Dia. in Rocket rticle Dig. from Rocket
0.8 u l.opu l.4u
13 u 2.5M , 2.2
2.054 4.1 3.5

As shown in Figure 2-13, three grain port sizes representing three
different instants in burn-time (0, 23, and 58 perceat of burn-out) were needed to
show the variation of impingement with time. Since three grains and three particle
sizes were used, nine runs were made to develop the overall impingement picture.

Figures 2-20, 2-21, and 2-22, present the impingement data of the 1.4u ,
2.2, and 3.54 particles, respectively. The ordinate is expressed as the weight
percent of that particular particle size, at that particular instant of time,
impinging on the aft closure. Each data point represents the average of from 6 to
12 ccunts of impinged particle density in the region of the particular position
slong the aft closure.

An example is given to illustrate how the particles which are impinged on
the tape of the model can be converted to weight percent impinged on the aft closure
of the rocket. Assume counting by use of a microscope gives N particles/sq. in. on
the tape at some point along the aft closure. Also, it is known that 1010 particles
were originally injected into the gas and the scale factor from thz model to the
rocket is 5.75. Then the weight percent impinged is

N 1

X x 100.
1010 7 (5.75)2

It is also interesting to note how reproducible the dats are by comparing
one person's particle count with another's and by comparing two tapes from the same
run or from duplicate runs. These comjarisons, shown in Figure 2-23 indicate
reproducibility of the data.
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WEIGHT PERCENT IMPINGING (7/IN?) x 10%
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FIGURE 2-21. WEIGHT PERCENT OF 2.2u PARTICLES IMPINGING
ALONG THE AFY CLOSURE
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From Figures 2-20, 2-21, and 2-22, it is now possible to develop a curve
of impingement versus grain burc-time for each part’cle size at any pcint along the
aft closure. Figures 2-24, 2-25, and 2-26 present such curves for points A, B, and
C, of Figure 2-19, respectively, The ordinates of fhese curves have been changed to
weight fraction impinging per square inch instcad of weight percent impinging per
square inch as in Figures 2-20, 2-21, and 2-22.

From the curves in Figures 2-24 through 2-26, an average weight fraction
impinged can be found from each particle size at poinis A, B, and C by noting:

; 10C ..
éwi <'D} 6“1 (D} )
(100-tb’ —— —_— 1t} de (2.36)
dw (D} 6w {D)
- &, N

where D is a particular particle size

Ow, (o)
— = average weight fraction impinged per sq. in. for
ow {b} this particle size

éwi {iz ,

W

weight fraction impinged per sq. in. for the same

dw {P} particle size as a function of time
tb = time, percent of burnout when the point on the aft
closure is first exposed to particle impingement
160 A
6"1 (D}
Tne integral - {E) dt is the area under the curves of
Sw {D}
b

By {D}
Figures 2-24, 2-25, and 2-26. Table 2.6 is a tabulation of

ow {ﬁ}
oW, {0}
~————— gg a function of par-
sw (D)
ticle size for points A, B, and C. These curves are shown in Figure 2-27. As will
be explained later, the particle size range of interest is from 0.5u to 5.5 .

From Table 2.5, it is possible to obtain
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FIGURE 2-27..

CALCULATED POINTS

POINT A

POINT B

POINT C

1 1 1

1 2 3 4 5

PARTICLE SIZE (D) M R05628

AT POINTS A, B, C: ALUMINA WEIGHT FRACTION
IMP INGED AS A FUNCTION OF PARTICLE SIZE
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TABLE 2.6

W {D)
TABULATION OF ——‘-——{
&w {p)
100 .
5w, (D} 6w, {D}
Yy 4w (D) éw {p}
tb (% of D (% of Bu;nout) ‘—lfl
Point Burnout) () in in
A 0 1.4 254 2.54
A 0 2.2 285 2.85
A v 3.5 168 1.68
B 23 1.4 49.6 0.65
B 23 2.2 59 0.77
B 23 3.5 115.4 1.5
C 58 1.4 2.1 0.05
C 58 2.2 4.6 0.115 %
C 58 3.5 16 0.4 §

The next step is to integrate impingement over the size range of particles
found in a rocket. However, to do this the weight fraction of particles as a function
of particle size inf be known. This function can be obtained by differentiating a
curve of Sehgal's “*” data for a 500 psi chamber pressure. The differential of his
percent total volume below curve is shown in Figure 2-28 with units of the ordinate

as 1/ since
5
q (w{oz)

oW (D) '
W, dD
T
where wT is the total weight of all the alumina particles.

By multiplying the ordinate of the curves in Figure 2-27 with the ordinate
of the curve in Figure 2-28 st each particle size and plotting as a function of
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FIGURE 2-28. PARTICLE SIZE DISTRIBUTION OF ALUMINA SAMPLE OBTAINED
FROM MOTOR FIRING AT 500-PSI CHAMBER PRESSURE
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particle size while still keeping points A, B, and C as parameters, Figure 2-29 is

W, : 5 é"
obtained. The ordinate of Figure 2-29 will be %;—QL ’ W {0 = i (o) with
D

¥p Wy

e ]
units of 1/u in®.

For any one of the three pcints (A, B, C) it is now possible to integrite
lmpingement over the entire particle size range. The area under these curves can be
expresced us

r

[« -]
o
/_"up_ A
w
B T
[o]

which is the weight fraction of alumina that impinged at any point. For s run time
of 90 seconds, a burn rate of 500 lb/sec., and 32 percent of the propellant as
alumina, the total impingement in lb/sq. in. can be calculated as a function of
position. For example:

Y (1 ) /500 lb.) (0.32) (90 sec.)
2
b

Impingement = W 7 ‘ sec.
T G.
wi
ol (14400) 1b/sq. in.
T

This curve for impingement along the nozzle wall integreted for the total firing is
shown in Figure 2-30. This is the final result desired from the cold-flow modeling
test data.

|
'
?

2.7.3 100 FW2

The model of the 100 FW2 consisted only of the aft closure. Therefore,
nitrogen was used as the modeling gas. As shown in Figure 2-31, the aft closure was
modeled at two burn times, 16 and 54 percent of burnout. Three particle sizes were
modeled, making a total of six runs.

Again, from the modeling equations (2.31) and (2.32) the particle diameter
ratio and model pressure can be determined. Since the modei chamber is 1l inches in
D

diaweter, a scale factor of 35 = 9.1 is dictated. The other values which are input
M
to the equations are as follows:
pp = 2.28 galen’ T, = 6360°R
R
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2.7.1 SIMULATOR NOZZLE

The simulator nozzle (Figure 2-16) was a full scale model of the noczzle
used in the hot firing part of this program. All impingement found on this nozzle
was negligible when 3 particles werc modeled. This indicated that large
agglomerated particles must have been produced in the hot {iring to produce the
impingerent indicated in those tests.

2.7.2 GIMBALLED NOZZLE

In the gimballed nozzle {(Figure 2-17), there was no impingement in the
gimballing section of the nozzle in either the straight or canted 5 degree position.
Therefore, a full impingement study was made onl» on the entrance section of the
straight nozzle.

It was questioned whether or not the absence of impingement in the gim-
balling section was due to no particles impinging on the tapes or the velocity was
too high and the particles bounced off the tape. A Y90 degree wedge and a bar were
placed in the exit cone (Figure 2-18) of the gimballed nozzle to check whether or
not any particles could be picked up in the supersonic region. Two runs were made,
one with sulfur hexafluoride and one with nitrogen as the modeling gas. A high
concentration of particles were found on the wedge and bar for the sulfur hexafluo-
ride run, but none was found for the nitrogen run. Since the molecular weight of
sul fur hexafluoride is larger than nitrogen, the sonic velocity would have been
lower and thus the velocity at the wedge smaller. This indicates that the higher
velocity particles in the nitrogen flow may not have been picked up. On the other
hand, impingement was also negligible on the gimballing part when sulfur hexafluo-
ride was used. (One explanation of the difference in impingement on the shapes in
the exit cone with the two gases is that the differences are a function of the
differences in shock lines produced and their effect on the particl:s.)

The gimballed nozzle which was modeled had a 63-inch diameter chamber
with & 15-inch gimballed thrcat. It was assumed that the rocke: had a total burn
time of 90 seconds, a burn rate of 500 lb/sec., and an alumina loading of 32 percent.
Since for subsonic flow the impingement is nearly the same when nitrogen and sulfur
hexafluoride is the modeiing gas, nitrogen was used for the study.

From the modeling equations {Equations 2.31 aad 2.32), th2 particle dia-
mecer ratio and model pressure can be deter.nined for the case of nitrogen 2s the
modeling gas and Dow polysty.ene spheres as the particles. €Since the model chamber
is 11 inches in diameter, a scale factor of Dglrﬂ = 5.73 is dictated. The other

valies needed to s.lve Equations(2.31)and(2.32)are:
p. = 2.28 gm/um T_ = 6360°R
P R
R
3 o
P = 1.05 gm/cm T, = 480 R
PM M
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ap= 4100 fps MWR = 20.4

&* = 002 fng MW = 28
M TS PR M

pg ~ 6.7 x 107> 1b/ft sec. Yp= 1.8

my = 1.06 x 107 1b/ft sec. Yy = 1.4

PR = 613 psia

Therefore, from the modeling equations, the particle diameter ratio and
the model chamber pressure are

D - 1/2
P -5
. S x 2.28 4100 = 1.06 x 10 '] - 0.496 (2.33)
L 5.73 1.05 932 -5
P 6.7 x 10
R J
and
1/2 (2.34)
-5
| 1.06 »_ 10 480 20.4 1.18 -
Py 0496 * . .5 X [;360 x 58 * T x 613 psia = 42 psia
6.7 x 10 i

4

P correspond to the conditions in the

R

rocket at 6360°R,and when a certain particle diameter is being modeled, it refers to
the diameter of the particls at room temperature (530°R). For example, if a 2u
diameter particle is being modeled, the diameter of the particle in the model must
be determined with the knowledge that the hot particle in the rocket is actually
larger than 2;t. The hot diameter can be determined by conserving mass.

In Equation (2.32), pP and D
R

Mass of hot particles = mass of cold particle

(4 DP3 [ Dp3
3 8 P hot k3 8 P cold
or
(np3) (2.28). = (2)° (3.7 (%] - 2.354
: hot hot
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FIGURE 2-18. PARTICLE IMPINGEMENT TAPES ON WEDGE AND BAR FOR SUPERSONIC
REGION OF NOZZLE
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3Therefore, to model a cold 24 dismctet particle with a density of
3.7 gm/cm”, Pp and DP must be 2.28 gm/cm” and 2.35K, respectively.
R

Ths density for iiuﬁigu? oxide at 6360°R was taken by extrapolsting the
data of Kirshenbaum and Cahill.<-

~ For the three sizes of polystyrene particles used, Table 2.5 shows the
sizes of aluminum oxide particles being modeled.
TABLE 2.5

MODELED PARTICLE S12ES FOR GIMBALLED NOZZLE

Polystyrene Hot Aluminum Oxide Particle Cold Aluminum Oxide
Farticle Dia. Dia. in Rocket Particle Dig. from Rocket
0.8 u l.op 1.4
1.3 u 2.5 . 2.2
2.054 4.1 3.5u

As shown in Figure 2-19, three grain port sizes representing three
different instants in burn-time (0, 23, and 58 percent of burn-out) were needed to
show the variation of impingement with time. Since three grains and three particle
sizes were used, nine runs were made tc develop the overall impingement picture.

Figures 2-20, 2-21, and 2-22, present the impingement data of the 1.4,
2.2, and 3.54 particles, respectively. The ordinate i{s expressed as the weight
percent of that particular particle size, at that particular instant of time,
impinging on the aft closure. Each data point represents the average of from 6 to
12 ccunts of impinged particle density in the region of the particular position
elong the aft closure.

An example is given to illustrate how the particles which are impinged on
the tape of the model can be converted to weight percent impinged on the aft closure
of the rocket. Assume counting by use of a microscope gives N particlo.{lq. in. on
the tape at some point along the aft closure., Also, it ie known that 10°Y particles
were originally injected into the gas and the scale factor from tha model to the
rocket is 5.75. Then the weight percent impinged is

N, 1
10 7 (5.95)2

x 100.

It is also interesting to note how reproducible the dats are by comparing
one person's particle count with another's and by comparing two tapes from the same
run or from duplicate runs. Thess comjarisons, shown in Pigure 2-23 indicate
reproducibility of the data.
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From Figures 2-20, 2-21, and 2-22, it is now possible to develop a curve
of impingement versus grain burn-time for each part‘cle size at any pcint along the
aft closure. Figures 2-24, 2-25, and 2-26 present such curves for points A, B, and
C, of Figure 2-19, respectively. The ordinates of fhese curves have been changed to
weight fraction impinging per square inch instead of weight percent impinging per
square inch as in Figures 2-20, 2-21, and 2-22,

From the curves in Figures 2-24 through 2-26, an average weight fraction
impinged can be found from each particle size at poinis A, B, and C by noting:

10C

bu, Dy u, (D} .
(1oo-cb) —_ . L ’g‘} de (2.36)
dw (D} 6w {D)
g ¢, X

where D is a particular particie size

6“1 {ﬁ}
—— = average weight fraction impinged per sq. in, for
Ow {b} this particle size

6w1 {h}

weight fraction impinged per sq. in. for the same

{®

Ow {P} particle size as & function of time
tb = time, percent of burnout when the point on the aft
closure is first exposed to particle impingement
160
nt
r 5wi {Dj

{g} dt is the area under the curves of
Swy {D} ‘

ow {ﬁ)
ow, (B

From Table 2.5, it is possible to obtain —=—=— as a function of par-
sw (D)
ticle size for points A, B, and C. These curves are shown in Figure 2-27. As will
be explained later, the particle size vange of interest is from 0.5 to 5.5 .

The integral ‘J

Figures 2-24, 2-25, and 2-26. Table 2.6 is a tabulation of
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TABLE 2.6

‘W n's
” “J
TABULATION OF —-}—2

sw {o}

100 5 5 5\
| ‘_'.D) {.t} de —"&i-"
“ty  SW (D) &w (D)
tb (% of D (% of Bu;nout) ‘—lf
Point Burnout) () in in
A 0 1.4 254 2.54
A 0 2.2 285 2.85
A v 3.5 168 1.68
B 23 l.4 49.6 0.65
B 23 2.2 59 0.77
B 23 3.5 115.4 1.5
(o 58 1.4 2.1 0.05
C 58 2.2 4.6 0.115
C 58 3.5 16 0.4

The next step is to integrate impingement over the size range of particles
found in a rocket. However, to do this the weight fraction of particlees as a function
of particle size Y t be known. This function can be obtained by differentiating a
curve of Sehgal's “*" data for a 500 psi chamber pressure. The differential of his
percent total volume below curve is shown in Figure 2-28 with units of the ordinate

as 1/u since
[\

oW 4D} ¥y
W dD
T
where wT is the total weight of all the alumina particles,

By multiplying the ordinate of the curves in Figure 2-27 with the ordinate
of the curve in Figure 2-28 at each particle size and plotting as a function of
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particle size while still keeping points A, B, and C a3 parameters, Figure 2-29 is

W, 5 6"

obtained. The ordinste of Figure 2-29 will be %—:—QL . —g—ﬂ- - ——:,—-{-I-)}- with
2 D T T

un'ts of 1/u in".

For any one of the three points (A, B, C) it is now possible to 1ntegr@te
impingement over the entire particle size range. The area under these curves can be
expressed as

o
o)

¥ w

W b = o=

) T T

o

which is the weight fraction of alumina that impinged at any point. For 3 run time
of 90 seconds, a burn rate of 500 lb/sec., and 32 percent of the propellant as
alumina, the total impingement in 1b/sq. in. can be calculated as a function of
position. For example:

W
Impingement = % ( 1 2) | 200 15-) (0.32) (90 sec.)
j

HT in. sec.
ot

= = (16400) 1b/sq. in.
T

This curve for impingement along the nnzzle wall integreted for the total firing is
shown in Figure 2-30. This is the final result desired from the cold-flow modeling
test data.

2.7.3 100 FW2

The model of the 100 FW2 consisted only of the aft closure. Therefore,
nitrogen was used as the modeling gas. As shown in Figure 2-31, the aft closure was
modeled at two burn times, 16 and 54 percent of burnout. Three particle sizes were
modeled, making a total of six rums.

Again, from the modeling equations (2.31) and (2.32) the particle diameter
ratio and model pressure can be determined. Sinca the model chamber is 11 inches in

D
diameter, a scale factor of Bg = 9.1 is dictated. The other values which are input
M
to the equations are as follows:
p. = 2.28 gn/cn’ T, = 6360°R
PR R
2-457

e R

P




‘ol o=mf B

[}
v, Ow, *Dl -5 2
= A} = ——%—— 4D = AREA = 1.84 x 10 "/IN.
“, W,
T s B
' - -t
= {p} = 1.08 x 10°%/1n.2
W,
@ -
2
el 4 fc} = o0.3825 x 107%/mn.2
N
: 0.8fp T
—~|8
4. -
=
-l )H
l-! v
[=]
g 0.6}
-t
&
L]
:
3
é 0.4}
S
=
&
§
= 0.2—
=
L]
-
¥
POINT C
0
0 6

PARTICLE SIZE (D) ..
K05626

FIGURE 2-29. WEIGHT FRACTION OF TOTAL ALUMINA FLOW IMPINGED VERSUS .
PARTICLE SIZE FOR POINTS A, B, AND C.

o 2-58




0,03

63 INCH DIAMETER CHAMBER
15 INCH DIAMETER THROAT
90 SEC. BURN TIME

500 LB/SEC. BURN RATE
32% ALUMINA

0.02

0.01

IMPINGEMENT, LB/INZ

n—o--ur-

-
|
CHAMRER Ty

T2
WALL

DISTA ONG AFT CLOSURE, (INCHES
STANCE AL ( ) ROS5596

FIGURE 2-30. TOTAL IMPINGEMENT ALONG ROCKET AFT CLOSURE

2-59




16% BURNOUT

RUBBER SEAL

NOZZLE MODEL

09-¢

547 BURNOUT — -

FIGURE 2-31.

100 FW2 COLD FLOW MODELS




1.05 gm/cm3 T, = 480°R

i)
-]
[ ]

’ M
* "mn A
2 R ® 4100 fps u‘fv‘v'R = &v.5
* 992 £ M 28
a M 2 fps M
Hg = 6.7 x107° 1b/ft sec Y v 1.18
-5
"M = 1.06 x 10 1b/ft sec YM 1.4
DP " _5—!1/2
. 4 .
LG 22, A, L.00x 1D = 0.395 (2.37)
P . : 6.7 x 107° |
R _ B
(2.38)
Moo 1.06 x 10° [0 206 a8V o
P 395 X -5 *'6360 * 28 1.4 '
R 6.7 x 10 5

For the three particle sizes used, Table 2.7 shows the sizes of alumina
particles being modeled.

TABLE 2.7

PARTICLE SIZE RELATIONSHIPS IN MODELING THE 100 FW2 NOZZLE

Polystyrene Hot Alumina Particle Cold Alumina Particle
Particle Diameter Diameter in Rocket Diameter from Rocket
0.8 p 2.0u 1.7 u
1.3 K 3.3k 2.834
2.05K 5.2K 4.4

For the 100 FW2, the chamber pressures are 520 psia and 643 pzis at 16 and
54 percent of burnout, respectively. Therefcre, the modeling pressure at 16 percent
of burnout will be 53 psia and at 54 percent of burnout will be 55 psia. Figure 2-32
and 2-33 present the impingemert data at 16 and 54 percent burnout, respectively.
The impingement data is integrated over burn time and particle sizes found in a
rocket in exactly the same manner as for the gimballed nozzle. The final
result is again the total impingement of alumina along the aft closure as shown in
Figure 2-34.
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2.8 PRESSURE CONTOURS

Pressure contours were measured on manometers. Figure 2-35 1s a
photogrgph taken of a presaurs run with the manomators atahilizad, Prassura

- 23— 19 mee wasw SENSENS T W &

contours vere measured on two of the nozzles, (1) the gimballed nozzle (straight)
and (2) the gimballed nozzle (canted 5 degrees). Three pressure contours were
measured on the 5 degree canted nozzle: one on the outside of ths turn, ons on
the ineide of the turn, and one half way between,where no turn sffects would be
expacted,

Figure 2-36 shows the Mach number from these pressure contours by using
the one-dimensional flow tables. These runs were all made using riitrogen as the
modeling gas. It is of interest to note that in the straight position, the flow
did not go sonic at the first throat, but it did in the case of the 5 degree canted
nozzle, This indicates more flow is realized when the nozzle is canted,

These data were used to determine the convective heat transfer for the
gimballed nozzle in section 7.

The gimballed nozzle in straight position was axisymetric. PFor this
case, the mach numbers corresponding to area ratios were taken from the cne-
dimensional flow tables and compared to the experimental data. This comparison
is shown in Figure 2-37. When sulfur hexafluoride was used as the modeling gas
instead of nitrogen, there was negligible change in the Mach number contour.

2.9 FUTURE WORK AND APPLICATIONS

In the future, some work should be done to study the basic parameters
of cold flow particle impingement modeling. That is, the effects of varying
different parameters such as turbulence levels, boundary layer thicknesses, and
angle of impinging gas-particle stream. Basic studies should also be carried
out in the supersonic regions where particle 1mpingenent could be studied on a
wedge,which can also be studied analytically.

In the course of the particle impingement modeling, the possibility
of applying it to other problem areas was demonstrated. For example, flow
separation in the nozzle was indicated by a step change in particle impinge-
ment. Also, impingement patterns on obstructions in the exit cone were readily
shown. Of course, nozzles other than the shapes studied could be modeled.
Extreme nozzie shapes and ducting for thrust vector control, where impingemert
might be very high, could be studied.
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SECTION 3

PARTICLE IMPINGEMENT IN SIMULATOR FIRINGS

3.1 INTRODUCTION

Rocket motor firings with a calorimetric molybdenum nozzle were
conducted with the following objectives:

(1) To study the heat transfer to the nozzle wall due
to particle impingement.

(2) To obtain quantitative data on the influence of
various concentrations of particles in the flow
on heat transfer to inlat, throat, and exit cone
regions of nozzles.

(3) To study the variation in particle flow heat tranafer
with nozzle geometry (particularly the canted
configuration).

The test firings were conducted using a rocket motor in which slurries
containing various concentrations of solid particles were injected into the
combustor along with hydrogen and oxygen gases. In most tests, the solid
particles consisted of alumina between 1.0 and 5.0 wicrons in diameter. Combus-
tion products and particles were exhausted through a molybdenum nozzle
instrumented inside and outside with surface thermocouples at 15 locations to
obtain the desired heat transfer data.

A total of 64 runs was conducted. The alumina concentration in the
exhaust products was varied from O to 35 percent. Throughout the schedule of
tests the formulations were designed for a constant theoretical chamber
temperature of about 5100 F. The principal results of the tests are presented
in Figures 3-7 through 3-18,which illustrate wall temperatures, heat fluxes,
and film coefficients for various propellants, solids concentrations, and
nozzle locations and geometries.




3.2 DESCRLPTION OF TEST APPARATUS AND RUN PROCEDURE

The rocket motor and the accompanying molybdenum nozzle are illustrated
in Figure 3-1. The slurry-gas injection combination allowed a wide range of
changes in combustion products. For example, with rearrangement of feeds the
alumina content of the combustion gases could be eliminated or varied while
allowing very little change in gaseous composition or temperature.

Combustion conditions were regulated by metering the gases with sonic
orifices, and the slurry was metered by a positive displacement pump pushing
across a diaphragm with a hydraulic oil output. The injector was designed for
good mixing of gaseous and slurry feeds with a minimum of momenta in the direction
of the nozzle. The slurry was atomized in twelve injector inlets where a single
stream of the slurry admixed with an annular stream of hydrogen. This stream
impinged upon the oxygen for further mixing in the combustion area at the in-
jector end of the chamber. The solid copper injector readily accommodated the
planned firings without over-heating. A photograph of the simulator engine from
the injector erd is shown in Figure 3-2.

Chamber wall design (graphite backed with asbestos phenolic) was
pattarned after other Phiico motors which have withstood total firing times
of around 1000 seconds, and single firing durations of over two minutes.
Heat loss from the chamber was large, and was accounted for in data reduction.
The step at the 2nd of the chamber caused boundary layer break-up. Therefore,
boundary layer condiiions resulting from simulator chamber operation would have
reduced influence on cthe downstream flow along the nozzle section.

The greatest number of runs consisted of injection of an alumina-water
slurry into the combustion gases. Two types of alumina were used:

(1) Linde Alumina Abrasive - type 1.0-C Highly Uniform,
1.0 micron diameter. (Poor atomization forced
eventual elimination of this type)

(2) Nortoa Alumina Powder, 38-1200 mesh, 2.5 micron
average diameter.

Originally a gelling agent was used to maintain the alumina-water suspension.
This was eliminated, however, because the gel had an adverse effect on the dis-
persion of perticles by the injector, A modified test procedure was adopted in
which the ball-milled suspension was added to the run tank immediately before
firing. Any pre-run settling effects were determined to be negligible.

Two types of molybdenum nozzles were tested: an axisymmetrical and
a S-degree canted shape. Figure 3-3 is a photograph of the axisymmetrical
nozzle. The throat diameter in each configuration was 1.25 inches. Figure 3-4
illustrates the distribution of thermocouple locations on the axisymmetrical
nozzle. Accompanying this diagram is Table 3.1 which is a tabulation of axial
distance, radial distance, and nozzle area ratio of each thermocouple installation.
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TABLE 3.1

MOLYBDENUM CALORIMETRIC NOZZLE GEOMETRY
AND THERMOCOUFPLE LOCATION

Axial Distance Thermocouple
Z, Inches Radius, Inch Arca Ratio Number
0.418 2.405 14.8 1
0.618 2.119 11.5 2
1.290 1.159 3.44 --
1.430 0.931 2.5 6
1.990 0.667 1l.14 8
2.314 0.625 1.0 9
2.638 0.667 1.14 10
2.680 0.680 1.18 --
3.318 0.867 1.92 12
3.988 1.063 2.9 14
4.328 1.162 3.47 15

Thermocouples were installed on the inside (hot) surface of the nozzle
at the locations shown on Figure 3-4. During testing, many of these malfunctioned.
On a typical test, data were gained from four to seven thermocouples.

Backwall thermocouples were spot-welded to the outside (cool) surface
of the nozzle at four locations. Temperatures for other positions were determined
by interpolation. :

The majority cf the thermocouples were Nanmac Model P, but a few of the
same basic design made by the Thermotron Company were also used. No difference in
the output of the two brands could be detected. Figure 3-5 shows the Nanmac
thermocouple design. The junctions on the inside thermocouples were made flush
with the nozzle to preclude surface flow disturbance. The junctio.. wvas wmade by
erosion or abrasion across the 0.000l-inch mica insulation between the two
0.001-inch thermocouple wires as shown in Figure 3-5., At hottest locations,
tungsten, tungsten-rhen um junctions were used. Remaining thermocouple junctions
were chromel-alumel.

In a typical test, the slurry was introduced 2.0 to 2.5 seconds after
the start of hydrogen-oxygen combustion. The initial combustion period served to
preheat the wall surfaces. The combuetion restabilized rapidly after slurry
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injection and the run was normally continued for an additional two seconds.
Continuous nozzle surface temperatures, chamber pressure, and flow rate data
were recotrded throughout each run,

To summarize the test apparatus description and run procedure, a brief
tabulation is presented below:

Engine size 6" 1.D. and 55" long
Throat diameter 1.25"
L* 1280"
Chamber pressure 275 psia
Injector [12 H, + 12 slurry] on 24 0,
Propellants
Gaseous HZ’ 02
Slurry (1) A1203 - HZO

(3) Al - CH0H
Exhaust Solids Concentration 0 ~ 35%

Corresponding Solids/ 0 - 0.55
Gas Ratio

3.3 DATA REDUCTION AND TEST RESULTS

The major step in data processing was the reduction of the transieni
thermocouple data to total heat flux in the nozzle. This was done on a digital
computer using a modified analytical technique presented in Reference 3.1 from
JPL. The equation used in the JPL analysis is for a cylindrical shape. A
technique was developed to convert the analysis to conical geometry. Also,
because the JPL program assumes radial conduction only, a complete 3-dimensional
transient conduction analysis of the molybdenum nozzle was conducted for typical
run conditions as an error chack. A very versatile digital computaer progran
termed '"thermal analyzer" was used, which operates by differencing the geaeral
partial differential equation for conduction in solids. Results showed that
axial conduction upstream and downstream from the throat region of the nozsgle
amounted to only about 5 percent of the radial heat conduction. Accordingly,
it was concluded that the JPL one-dimensionsal analytical approach, modified
for cnical geometry, was sufficiently accurate for data reduction.

The radiation heat flux was estimated according to procedures explained
in Section 5, and subtracted from the total to obtain heat flux due to gaseous
convection and particle impingement. A "film coefficient” was then determined
from the latter heat flux and the diffevence in fluid stagnation and wall surface
temperatures. The stagnation temperature used is the theoretical flames temper-
ature of the particular propellant combination, corrected for heat loss to thes
combustor walls.

3-9



The data presented is based mainly on the runs conducted during the
fourth quarter of the contract period. In order to obtain proper comparisons,
it was necessary to sclect rums on the basis of common thermocouple data. Some
of the runs, therefore, were not considered for data reduction and presentation
because of incomplete thermocouple recordings.

Figures 3-6, 3-7 and 3-8 show direct temperature readings at thermocouple
locations 6 (inlet), 9 (throat), and 12 (exit cone), respectively, versus time
elapsed from start of slurry injection. The slurry composition in these tests was
alumina and water. Note that the wall temperatures remain well below the alumina
soliditication temperature of 3700°F. In general, the temperature response is more
erratic as the solids loading ratio , ¢, is increased. The sharp peak in Figure 3-8
for ¢ = 0.2 indicates the presence uf a local heat transfer phenomenon of an
interesting transient nature due to the particles.

Figures 3-9, 3-10 and 3-11 show the film coefficients corresponding to
the previous temperature data. In the inlet and throat regions, there is a
definite relationship between film coefficient and alumina solids loading radio.
At the throat, the film coefficlent increases by 20 to 30 percent with an increase
in & of 0.10 to 0.20. At the inlet, the increase in film coefficient with @ is
clearly observed through most of the run times. The film coefficient increases
over the ® = 0 run by 40 percent to 100 percent when injecting alumina at & = 0.30.

At the exit cone location (thermocouple 12), there appears to be no
general correlation between solids loading ratio and film coefficient, as shown
in Figure 3-11, There is, however, a very sharp momentary peak in film coefficient
which calls for further investigation. Accordingly, Figure 3-12 is presented which
shows the corresponding total peak heat flux at thermocouple 12. In 0.10 second,
the heat flux increases from 4.0 to 13.5 Btu/sec in2. It subsequently decays to
3.5 Btu/sec in2 during the remaining 0.20 second of the test.

Similar rapid increases in total heat flux were observed at Inlet and
throat regions during other test runs, as shown in Figure 3-13. It is hypothesized
thai this response is characteristic of the start-up period of solid propellant
rocket operation when the nozzle walls are hot but at a temperature less than the
alumina melting point, The impinging particles will converge and sclidify on the
wall surface until a sufficient depth of coating is formed to cause a local sur-
face '"wave" of collected molten alumina to flow downstream. On flowing down-
stream, the molten alumina will often pass onto an unccated section of wall sur-
face, causing an extreme temperature gradient and momentarily higher heat flux.
After the alumina solidifies on the wall surface, the heat flux will decrease
because of an insulating effect. It is probable that this process has been well
represented by the heat flux data shown in Figures 3-12 and 3-13,

Figure 3-14 is a comparison of film coefficients at two circumferential
locations on the throat of a canted nozzle. For this run, aluminum-methanol slurry
was used to make an overall propellant alumipum content of 18.8 percent. In
describing the two thermocouple locations, one should picture the canted nozzle
as having one wall surface with a generally larger radius of curvature than the
opposite wall. The thermocouple on this wall surface is therefore located at an
"outside point." Conversely, the remaining thermocouple is located at an ''inside
point." As shown in Figure 3-14, the film coefficient at the outside point is
about 50 percent greater than at the inside point.
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NOTE:
1. DATA POINTS AT EACH POSITION TAKEN

FOR DIFYERENT RUN TIMES
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FIGURE 3-15. FILM COEFFICIENTS AT PEAK MAGNITUDES OF HEAT FLUX
VERSUS THERMOCOUPLE NUMBER
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SECTION 4

ALUMINA PARTICLE EMISSIVITY - EXPERIMENTAL

4.1 INTRODUCTION

In order to evaluate the radiative heat transfer characteristics of
gas-particle clouds, knowledge of the particle emissivities at elevated temper-
atures is required One of the objectives of this study has been to determine
experimentally the spectral emigsivity of alumina at temperatures ranging from
the melting point (2320°K) to about 2900°K. The experiments were conducted
using a carbon-free system in which a slurry containing only Al,03 and water
was ad’ed to a gaseous hydrogen-oxygen flame (details of the experimental
procedure are presented in Subsection 4.3).

Measurement of alumina emittarnce was approached in two different ways.
First, an attempt was made to measure the radiation emitted from the gas-
particle cloud at a location within the chamber of the test motor. It was
felt that the thermodynamic state of the system could be more accurately de-
fined at this position due to the lack of thermal lag between the particles and
the gas. Also, higher temperatures could be cbtained in the chamber than at
the exit of an expansion nozzle. The second method consisted of measuring the
emitted radiation at the exit of a throatless motor operated so as to produce
a hot subsonic flow. This motor was designed to produce approximately 100 pounds
of thrust at a chamber pressure of 600 psia with the nozzle in place; firiugs
made without the nozzle were at atmospheric pressure.

In addition to the alumina emissivity tests, a ser. . of runs was made
for which the emission spectra of other radiators were cbserved. That is, sub-
stances such as carborn, iron oxide, and aluminum were added to the flow, and
their effects on the emission spectra noted., The carbon was introduced both
in particulate form (carbon black) and as liquid hydrocarbons (CgHg and CHAOH),
while the iron oxide (Fe;03) and aluminum were introduced as solid particles only.
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The spectra resulting when carhor was added as &« solid differed markedly from
those produced when a hydrocarbon was added, but since littie is known of the
combustion processes iovolved, it is difficult to attribute the results to a
specific phase of the element, The effects of varying the concentration of

solid Fej03 in the flow were also shown.

4.2 THEODRY*

The measurement of the slumina emittance is accomplished by measuring
the spectral steradiance of the alumina cloud and comparing this with the cali-
bration sceradiancy of a tungsten lamp., The cloud steradiance may be converted
to the .verage, or weighted, emittance oi the individual particles through knowl-
edge of the particle size distribution, mass flow rate, and gas properties at
the point of measurement .

For the present study, meazsurements were made at wavelengths ftor which
no gas emission bands exist (A - 1.4, 1.78, and 2.33y). At other wavelengths,
account must be taken of the emission and absorption characteristics cf the gas,
and the analysis recessarily becomes mcre complex. An account of the theoretical
expressions for this case is presented in the Appendix.

The steradiancy of an optically thin, homogenecus (in temperature
and -concentration) cloud over a one dimensjonal path of unit area and length L
is, at wavelength ),

o
R = R; L fe)\ (r) N (z)q-2 dr | —Hatts. (4.1)
J cm str

where ¢ (r) is the size (and temperature) dependent spectral emittance of an
individual particle of radius r., The size distribution may be characterized by
a distribution functioa @ (r), where

o (ry = EAx) (4.2)

~

N

80 that Equation (4.1) becomes

[0}
o 2 watts
- L N (;- (I‘) CD (r)nr dr ———————
R Ry 3 .. (4.3)

0

*Please tuin to page 4-29 for foldout page of symbols.
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~

The total number of particles of all sizes per unit volume, N, is given by the
formula

T . 22 (4.4)

where the average weight v 1is

o0

[N (r) w (r) dr
0

w =

grams
= j@ (r) w () dr m (4.5)

0

00

lince/¢ (r)dr = 1,

0
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The emittance of the individual particles is a function f parcicleé
nize as shown by Equation (4.3). In order to obtain a clesrer presentation of
experimental results, an sverage, or weighted, emittance, ¢, , is defined:

[e (r) & (r) el dr

- -0
€, = - (4.6)

/@ (r)-nr?' dr
0

Equation (4.3) becomes, with Equations (4.4) and (4.£}

Q0
R, =Rr° | L2 E [ o (@yntar -3‘:}‘-‘55-» (4.7)
A A w - cm” str

0

Equation (4.7) is the bacis fer determination of € with the measurement ot the
cioud steradiance, R. The quantities ¢ and L are obtained from fiow rate and
geometry measurements, p &nd R? frca calculations of the staie of the gas at
the point of measurement. and the size distribuiion integral from prerun size
distribution measurements. The actual data reduction techniques and equations
are presented in another teport.4-1

The metheds of osbtaining p, R®, and size distribution information
were as follows. The state of the gas is calculated from theoretical data modi-
fied for heat transfer losses. Figure 4-1 shows the theoretical chamber temp~r-~
ature of the Hy - N, - HZO/A1203 system plotted against oxidizer-to-fuel (O/F)
rativ for various values of the parameters ¢ and Y. The flow is kept from
accelerating snd thus causing an expansion temperature drop by lowering the
flow rate until the pressure drop along the chamber is small. Experimental
measvramart of the heat transfer losses was made by measuring chamber coolant
inlet and outlet temperatures”; the chamber temperature drop due to heat transfer
then could b calculated. Some independent tests of this calculation were msade
by using vhe vodium line reversal technique to measure the gas temperature
directly. The vesults of both the calculation and the measurement showed a
relative:y small loss in temperature, about 100°K in 3000°K. Therefore, as a
macter of routine, the chamber temperature was taken to be the theoretical

*
This measurement also sufficed to indicate when stcady state was
reached,
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temperature less 100°K. This embodies the assumptinu that the heat transfer
does nut change significantly when partiz.es are added, a3y the chamber pressure
meassrerent was mude for the gas-oniy system, This should be a vulid assu ption
sitzice the coclant temperature Jdid not rise significaatly batween the gas-only
and the gag-particle casg:s, and also because the radiative transfer could not

be too umuch different for the two cases 3s can be ceen by examining the spectra,

In order to determine the zas density from the equation of state,
molecular weight values computed from an equilibrium flow theirmochemical
computer program were used in conjunction with the measured static pvessare and
temperature values determined as described above. This compuier program also
produced the temperaiure deta of Figure 64-1,

The size distribution was examined in three different wayes. First,
samples of the unfired powder were run through 4 Micromerograph size analy=zer
vhich indicated cumulative weight vexcus size, and these resulis were enalyzed
by successive graphical differentiation to get a number histogram. This was in
turn normalized by dividing the total area under the curve to get & (r). The
resultant distribution function pertinent to these tests is shown in Figure 4-Z,

Secondly, the particles were collected by a shutter probe nlaced on
the exhaust axis about 15 fest from the evxlit plane. The collected samples were
cbserved under an optical miczescope and qualitative infermation concerning the
size and shape of the particles was recorded. In most cases, the collected
particles were spherical in shape.* The largest collected parxticles appeared
to be about 10 microns in diameter, which agreed with the distributiou of
Figure 4-2,

The third check of parcicle size distribution was obtained by measurirg
the attenuvation of light incident upon the particle cload (trausmission tests).

The transmitcted lamp spectral steradiancy is
co

-L Qk(e) {(r) N (r) 7Tr2 dr

= H e 4] watts (4.8)

o cm3 str

which becomes, with Equations (4.2) and (4.4),

oo
'H’;"i/ QX('P') (3@ (r) me? dr -Eg-‘t—“—- (4.9)
. W 0 cm” sty
H = i e
A o,

*This also provided en independent check of the theoretical temperature since
particles fired at O/F's givicg chamber temperctures below the melting point
of alumina were not sphericai, but angular iike those put into the glurry.
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Informtion on Q( e) _.(r) near the melting point of alumina is available from re-
sults of Burch and Cryvnak4.Z ysed in conjunction with the Philco Mie
scattering program. In analogy to Equation (4.6), an expression for a weighted
extinction efficiency factor may be written:

o

Qk(e) (r) ¢ (v) -nrz dr

Qx(e) . 9 - (4.10)
r

/ ¢ (r) 1“_2 dr

Jo

and Equation (4.9) may be written

[+ o]
- 7 ¢ (r) Tl'r2 dr --‘%—t-ts—
..QE._. le) cm” str
w 0
= ('.
HA Hok e (4.11)

The quantity Q(e) is not too sensitive to size distribution for the
large particles (geomtrical opcics region) of this vestigation, and thus che
nowinal vaives of Q (&) (r) »ased on Burci's data anu Equation (4.9) provide a

measure of
o

[0 it

j \)'nt ag
0

That is to say, the original distributicu, Figure 4-2, is used with Q(e) (r) to

get Q ("}, and Q (@) ig used in conjunction with Equation (4.11) and the «xperi-
mental transmission measurioent to check

o

| & (r) nelar .

jO

In the Mie region, this would not be possiple as Q (e) would be highly depende.t
upon the distiibution. The zctual diuta reduction ocheme used in an-lysis of the
transmisdion tests fs also described in Reference 4.1.
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Note that the expressions derived ir this subsection are actuaily for
throatless motor experiments and for the chamber radiancy measurements in which
a no-lag condition exists. However, by proper application of the gas-particle
velocity ratios tc Equation (4.4) the correct value for the particle number
density,‘ﬁ, can be determined for the expansion nozzle case in which considerable
velocity lag may exist between the gas and the particles. Accounting for the
thermal lags, which also exist for this case, is not tri:  al, however. For this
reason the experiments were conducted under the no-lag conditions where the
state of the gas and particles could he more easily determined.

A systematic analysis of the experimental errors involved has been
performed and details of the results may be obtained in Reference 4.l.

4.3 EXPERIMENTAL EQUIPMENT

During the course of this contract, another study was undar way at
Philco Research Laboratories, under the sponsorship of Advanced Research Prc -
ects Agen~y (ARPA) (Contract No. NOnr 36 6(00)), directed toward further
understarding of radiative properties of Alzo at elevated temperatures (specif-
ically, above the melting temperature). The Ilnterests of both studies and the
equiopment necessary for their completion were compatible. This allowed a larger
effort in the development of the spectroscopic equipment and the optical aystem,
and also permitted a more extensive experimental program. Some of the results
reported here were also reported in the NOnr 3606 final report.“-l

The optical arrangement i ed in the infrared radistion experiments
is shown schematically in Figure 4-3, and the spectrometer and light pipe con-
figuration are shown in Figure &4-4. The spectrometer is a Perkin-Elmer Model 108,
rapid-scan ‘astrument utilizing a lithium fluoride prism and liquid nitrogen
cooled indium antimonide photoconductive detec.or. In order to provide lower
scan speeds thaa the 1-1/2 cycles per second originally available, a variable
speed electric motor was connected directly to the drive shaft of the spectrom-
eter intermal «rive motor. The original drive system provides for 14 discrete
scan speeds ranging £rom 3 to 150 scans per second, and the interchangeablc
variable speed motor provides rates from nearly zero to 10 scans per second.
Low scan ratec improve tne data readout and available resolution (allowine
smaller slit openings) for long duration firings.

Two different test motor configurations were employad during the
course of the study, one peing used for the chamber radiation measurements, and
the other the throatless uctor previously mentioned. Although the physical
dimensions of the first motor (chamhcr studies} are described in detail in
Section 3 of this repor:, the characteristics of importance to the radiation
studies will be mentioned here. The mntor consisted of an exterior steel jacke:
surrounding a graphite hes sink liner (I.D. = 6,0 inches). The chamber view
pPrrts were arranged at the nozzle end. The pesition is indicated in Figure 4-5.
Tue chamber port and window view are shown in Figure3-1. A single winduw was
used for a tots” isuiation thermocouple-type radiometer. Preliminary spectral
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views were also taken through a single window with focal point just inside the
chamber wall. The setup for calibrated spectral radiancy required focusing at
the center of the chamber while the tungsten filament comparison source was
focused through the opposite window. Window diametex was 0.2 inch.

The smaller engine and the 500 mm Jarrell-Ash scanning grating mono-
chromator are shcown in Figure 4-6. This spectrometer was used to make the
sodfum line reversal measurements of chamber temperaturec,and has been described
elsewhere.% 3 The engine uses gasecus hydrogen and gaseous oxygen (as does the
larger engine described in the preceding paragraph). An H.O/A120~ slurry can
be Iinjected by hydraulicelly forcing a piston to squeeze tﬁe slurry Into the
chamber at the desired flow rate. The slurry flow rate is measured in two ways:
by monitsr ng the motion of :‘he piston, and by vecording the hydraulic fluid
flow with a turbine meter. To insure good particle dispersion, the slurry is
injected at four locations, each one aligned with hydrogen and oxygen injectors.
Hydrogen and oxygen flow races are obtained by measuring the pressure upstream
of a calibrated sonic orifice.

Chamber pressure in the smaller engine 1s measured st two locaticns:
near the injector head, and near the chamber exit. Mass flow rates are adjusted
50 that the chamber pressure drop is kept small and the gac state is near the
stagnation value; i.e., a minimum amount of combustion energy has appeared in the
form of kinetic energy of the exhaust products. This is desirable since the
data reduction requires knowledge of the particle concentration and temperatuie,
and these quantities depend upon the gas flow properties. A typical total mass
flow rate is 0.4 1lb/sec, and chamber pressures are about 18 and 14 psia for
upstream and downstream values, respectively.

4.4 RESULTS

Certain difficulties were encountered while attempting to measure the
spectral emittance of an alumina-containing flame at a location within rhe
chamber of the larger rocket motor. Csalculations had been made showing that
the surface temperature of the heat sink liner would not be sufficient to develop
an agppreciable amount of wall radiation. Erosion of the chamber wall apparently
temperatures comparable to the gas chamber temperature. This was made evident
when attempts were made to record the emission spectra (in the chamber) of a
pure hydrogen-orygen flame. Each trial resulted in the cbservation of an
overwhelming continuum emission which is not characteristic of the H,-0, flame.
Since no solid species were added to the flow, one possible source o% tﬁe
otserved radiation was the presence of wall carbon particles. A visual
inspection of the liner revealed roughness and erosion of the material at
some points,

. ﬁ R s
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Satisfactory operation of the system for obtaining chamber combustion
spectra was critically dependent upon proper window performance. This required
that tlie windows stay clean, intact, and that the window purge gas not be ex-
cessive, Prior Lo Lhe spectrai studies, the same window design was used
to house an asymptotic calorimeter for total radiation data. The data
were too scattered to show any rcliable relationship between alumina loadings
and total radiation. The causes of this could only be gucssed to be such
facturs as excessive purge gas, recirculating flow in the conical entrance
to the window, or variable e¢rfects of the graphite wall.

The final optics system, designed to properly focus the comparison
source and chamber emission, produced a negiigible amount of signal from the
scanning spectrometer. The need for much larger windows was indicated. This
factor, together with the occurrence of continuum from gas-only combustion
and a number of window failures, led to the decision to focus efforts on the
throatless chamber combustion.

A series of experiments designed to measure the cloud emissivity of
an alumina-contairing flame are described in detail in the Appendix. The re-
sults of these tests were the basis for the development cf a new set of experi-
ments designed to determine the spectral emissivity of Al503 at elevated
temperatures. The hot subsonic flow of the throatless rccket proved to be a
valuable tool as nuy be seen by inspection of the results.

Figure 4-7 shows the experimentally determined spectral emissivity
data due to alumina as a function of particle tempersture, while Figure 4-8
shows the experimental results of Burch and Gryvnak.t’-2 The curve in Figure 4-7
at the lower temperatures (below 2320°K) is the resuit of Mie theory calculations
based on alumina optical properties measured by Burch and Gryvnak and are aver-
aged cver wavelengths between one and three microns. The brackets shown on
three of the date points in Figure 4-7 represent the root mean square error
calculated from best estimates on measurement of data reduction and experinental
uncertainties. Examination of Figure 4-8 indicates that extension to 1/2 and
3-1/2 microns may not be too bad for scme practical applications. At 4 microns

attempted extrapolation. TFor that data, however, one can assume that € 1is pro-
portional to n'", or k, as long as 2 wr/x >> 1 and n" << n' to a good
approximation. Therefore the Mie theory calculations of Figure 4-7 could be
extended to wavelengths of 4, 5, or 6 microns by multiplying the value shown

in Figure 4-7 at T, by the ratio of k at 4, 5, or 6 microns to k at two microns
for the same value of T,

Similar extrapolatioun of the data above the melting point is not possible
because long wavelength measurements were not obtained there. The high tempers-
ture data of Figure 4-7 indicate, however, that alumina approximates a graybody
at A\ = 1.4, 1.78, and 2.33 u. That is, the departures from gravbody behavior are
so small that they cannot be resolved within the limits set by the experimental
error.
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Regarding the behavior of the results, we note that a discontinuous
Junp in T appears at the olting point. Burch and Gryvnak reportced observing a
brightness increcase of one to two orders of magnitude as a portion of tiie alumina
L1 welicd and formed 4 molten bead in the optical path. (They could not obtain
k for the liquid, however, as the bead thickness was unknown.) This observation
supports the experimental results in indicating a discentinuous increase in emit-
tance of alumjina as the phase changes from solid to liquid. Siuce absorption and
emission of electromapgnetic waves depend upon conduction electrons prescent in the
material, it can be specul: ' ed that the number of conduction electrons in the
1iquid phase is somewhat larger than the numbex preseut in the solid phase. This
qualitative observation may be compared with results of Keyes” " who vecorded a
step increase, by a factor of 13, in the RF conductivity in germanium as it
melted. It remains for others, however, to explain the details of the physics
of these experimental results.

The results of the small motor tests fulfill the objectives of this
study. However, an attempt was made to determine the effects due to smaller
particles then those used (Norton, type 38-900). Three runs were made using
Norton alumina type 38-1200 (essentially a 1200 mesh particle) and Linde type
1.0-C nominally one micron particles as stated by the distributor). All three
runs resultcd in no measurable continuum emiscion. The conditions of these runs
may be found ir Table 4.1. Two possible explanations have been suggested for
the lack of emission from these runs. The first is that the size dependency of
the cuissivity m. : be important for these smaller particles; i.e., the emissivity
becomes very small for very small particles. Electron microscope photographs
were made of particles collected during these three runs. The results showed
that the particles ranged from 0.1 to 3 microns in diameter, with the majority
being lu or less. The second possible explanation is that the exit temperaturcs
were lower than expected. The photographs also showed that about 30 percent of
the particles collected were unmelted, indicating temperatures very near the
melting temperature of alumina. In view of the excess water present in these
runs (¥~ 0.45), it may be that the 100°K temperature drop observed in the
earlier runs was not valid for these particular tests. No attempt was made to
experimentally determine the heat losses for these experiments.

Finally, a series of nine runs was mide to determine qualitatively
the effects of adding solids other than Al303 to the flow (nawely C, Fey0;,
and Al). The following paragrapis and figures describe briefly the more notable
results. .

Figure &-9; Run 5-B, HZ-OZ/Benzene (CeHy) (4.12)

The primary feature of this run is the appearance of a very strong
emission in the 4.34 CO2 band region. There is no measurable increase in con-
tinuous radiation in the 1-3u¢ region, and the only change in the appearance of
the spectrum after the addition of CgHg (other than the COp band) is the reduc-
tiecn of the emission ip the 1-3u region (presumably due to the lower temperature
after the addition of the benzene).
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FIGURE 4-9. SAMPLE SPECTRA FROM RUN 5B
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Figure 4-10; Run 3-B, “2'03,/A1'C“30“ (4,13)

This run also exemplifies the effcct of adding carbon to the flow by
showing the strong 4.3u CO; emission characteristic of the varporized species..
In strong contrast to thke previous run, the gas-only emission spectrum has been
altered considerably by the appearance of a relatively strong continuum ir the
1.34 region. This additional radiation may possibly be ascribed to either the
Al1203 resulting from the combustion of aluminum, or to some interaction between
the carbon and the aluminum, or the unburned caxbon ir the system.

Figure 4-11; Run 1-B, H,-0, /A1~cu30u-c (4.14)

The primary difference between the conditions of this run ami the pre-
ceding one s in the presence of solid carbon in the flow. The carbon was in-
troduced in the form of a powder (carbon black) added to the slurry of CH4OH
and Al. Of primary interest is the increase in radiation in the 1-3u renge with
the simultaneous decrease in CO; emission. Again, it is not possible to &ascribe
the emission to any one constituent, but it seems iikely that the solid carbon
in the flow contributed considerably to the observed changes.

Figure 4-12; Run 10-B, H [ 1,0-41,0,-C (4.15)

2% 3
For this run carbon black was added tc¢ an Al,03-F50 slurry, and the re-

sults are shown in the figure. The continuum emissfon level (1-3u) produced by

this run was so intense that the recording system was overdriven and complete

details of the spectrum could not be obtained. It is Jinteresting to note, how-

ever, that at the saturation level, the emission was at least five times that

from the gas. Unburned carbon is again believed to be the strong continuum

einitter. Another feature worth noting is the complete absence of radiation in

the 4.3y CO; band region. This spectrum is typical of those obtained when measure-

ments were attempted in the chamber of the larger motor.

Figure 4-13; Run 12-B, H,-0, /HAO-Alno.-Fe-O. (4.16)
2 72772 2°3 77275

A slurry mixture consisting of Al,04, Hy0, and 0.5 percent by weight
of Fe,03 was added to the Hy-0, flame during this ruu., The amount of Fej;0j3
corresponded to 1/2 percent by weight of the totai mass of the exhaust. Of
primary in-erest is the appreciable increase in emission in the 1-2.3u region
and the absence of any measurable change beyond the 2.3, point. This is some-
what siwmilar to the pure Al,05 emission, although the increased emission in
th's (ase cannot be ascribed with certainty to either constituent alone.
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Figure 4-14; Run 11-B, H, -0, /HZO-A1203-Fe203 (4.17;

Conditions for this run wcre similar to the preceding one with the
f an increassd 0. Vaadina This mivture congisted of one nercent

'.-.
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2 by weight of the exhaust products. The resulting increase in emission
may be easily seen. In this instance, the change in radiancy level at the

2 .33 wavelength is also more apparent.

4 5 CONCLUSIONS

Bssed upou t he experiments performed during the coumse of these inves-
tigations, the following conclusions are drawn

4.5.1 SPECTRAL EMITTANCE TESTS

Emittance of liquid phase alumina particles ranging in diameter from
1 to 10 microns is of the order 0.0l to 0.1 in the 1 to 3 micron wavelength
region for temperatures between 2300 and 2900°K.

Based upon results of Reference 2, the emittance of solid Al)04
pa;ticles at the same wave¢engths, and of the same¢ si1ze, varies from about
5 x 107% at 1500°¢ to 1 2 x 10°% at 2300°K,

A discontinuous jump in spectral emittance in the 1 to 3 micron wave-
lengtih region occurs as alumina changes from the solid to the liquid phase.

Significant increases in alumina c¢loud emission are produced by the
addition of rinor amounts of carzbon or iron oxide impurities such as could occur
from the burning of solid propellants.

4.5,2 CLOUD EMITTANCE TESTS

In small size rockets the particle impingement on thc nozzle is so
serious that the simulation of the rocket plume of a large motor is not achieved

The throatless Hz(g)-oz(g) rocket with aqueous slurry provides poten-
tially useful devices for determining the radiation emitted oy Al,03 particles
present in rocket plumes. In particular, it allows tests to be conducted at
high particle temperatures and without dynami: and thermal lag between particle
and gas .

A technique was established to determine plume radiation properties
by first measuring with only thke fuel and oxidizer burning and then with the
particulate substance present without interruption of the firing. This pro-
cedure provides au excellent demonstration of the effect of the addition of the
particles.
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FIGURE 4-14. SAMPLE SPECTRA FROM RUN 11-B
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The radiation emitted by the plume of a small, 100-pound thrust rocket,
with one micron Al,03 particles added was small compare to the radiation emitted
by products (mainly Hy0 at atmospheric pressure) of the burning of the fuel and
oxidizer alone.

4.5.3 CHAMBER RADIATION TESTS

The use of a graphite~lined, heat-sink chamber 1is not a suitable instru-
ment for studying the isolated radiative characterlstics of materials such as
alumina.

The view window design employed is nct, in general, satisfactory for
high pressure experiments of the type attempted. A sturdier comstruction shculd
be devised to prevent demage by overpressures, and larger limiting apercuree would
be desirable.
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N(r)
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NOMENCLATURE

transmitied spectral irradiance

fncident spectral irradiance

spectral absorption nccefficieit per uanit length
flave pathlength

temperature w«ud waveleagth - dependient real part
of the index ot refraciion

temperature and wavelength - dependent imaginary
part of the index of refrection

numsber of particles per uuit volume in s:ize range
between r &nd r + dr

total number of particles of all sizes per unit
volume

chamber pressurc (measured)

spectral efticiency tactor foc extiniction (ratio
0. extinction ctrvas secticn to geometlrical croass
gection) for particles in size range between t and
r + dr

spectral average extinction etfficlency factor
radius oy epherical particle

spectral steradiaacy

temperatute

welgh( of particles in size range betwveen
¥ and r ¢ dr

average welght for particle size distribdbution
(see Fquation (%))

geometriral dimension
mass flow rate nf propellant

vulum concentration of pa ticles fan aqueous
suspension
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spectral extinction coefitcient
spectral emittance of aluajna
particles in size renge br-
tween r and r + dr

everage spectral .rittance for
particle size distribution

(see Equation (b))

wavelength

gas density

spuctral trensmittance of
particle cloud

a)mina-to-gas mads ratio in
jas-particle system

particle size distribution
function (see Equation (2))

alunina masa fraction in
slurry

wavelength

refers to comparison scurce
radiancy

reters to gas value

refers to particle valus
ada~rption (L.e.Y pa Teters to
vo.uretric sbsorption coefficient
for particles)

total

scattering

refurs to cardon value

indicates blackbody value




SECTION 5

ALUMINA CLOUD EMISSIVITY - APPLICATION TO DESIGN

5.1 RADIANT HEAI FLUX FROM A TWO PHASE MIXTURE

Calculation of the radiant-heat interchange between an absorbianyg gas
with suspended particles and its bounding surface is very difficult. This is
mainly due to the complicated nature of the total emissivity of the mixture.

The spectrum nf an absorbing gas is composed of discrete absorption bands with
the total emissivity (integratcd over all wave lengths) being a function of

(1) static pressure, (2) mole fraction, (3) temperature, and (4) nath length.
Whereas, for a particle cloud, the spectrum is similar to that of a solid sur-
face and gas, with the total emissivity & function of (i) static pressure,

(2) temperature, (3) mcle fracticn of gas, (4) weight ratio of particles to gas,
(55 average weight of particles, (6) distribution uf particle size, and (7) path
length. Therefore, due to the difference in the IR spectrum of particles and
gas, direct addition of totzl emissivities to obtain the rotal emissivity of the
mixture is not justitied. Thet is, the spectral emissivity obtained by direct
addition of the absorption coefficients for the gas and particle cloud is valid
only 1f the gas and particles do not influence each other in their emission
(Reference 5.1).

Ir. a 2-phase mixture, the energy emitted by the gas will. in part, be
gcattered by the particles Therefore, the spectral ecnergy emitted from an
incremental volume of gas plus particles, per unit ciross sectional area, and
normal to a point (0) on the surface of the media's bounding surface, may bo
written as

0 a 0 sl O
d = 4 R + R + R d 5.1
™ [ysx e T T e T am } * -1




That 1s, the total radiation from a volume element ¢t the cloud is the sum of

(1) the individual radisting species,and (2) the energy reflected or scattered
by the particles which originate at locations adjacent to the volume element.

Since the incremental gas volume is optically thin, the emisslvity of the gas

and particles may be written as

a
€ = d 52
A& Yex * -2
a
€ = -y d 5.3
AP RIS * .3)

Multiplication of the above emissivities by the appropriate black body energies
and including the scattered energy by a defined coefficient (Ygi) times the
appropriate black bedy energy (Qem) yields Equation (5.1).

The amount ot energy emitted from tne volume element that reaches a
point (0) is the amount transmitted through the cloud from x to O.

_‘y X
) - tA 2
7lm e (5.4)
where
- a + a + s2
Yex Yo Yoo Ve

Multiplication of Equations (5.1) and (5.4), and integrating betweea 0 and £
vesults ip the directional energy inmcident on a point (0) from & nonisothermal,
heterogeneous cloud:

= + R + R e d x 5.%)
&) Y he T Ve T Ve Bim > )

to
Y

-'y b4

] 0 tA
R, =[Yy? a , yslin e d (5.6a
X ex " Yo pr‘x x )

o
bﬁ + WP 4 ysl] Y. ¥

R, - £ DA o) | R?\ L e Ex (560
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end the emisgivity of the cloud is

[ ¥, 4
€)m = [1 - e (5.7)
assumning
S, . 82
‘DA P

This icr -he case when 7 Y8 is of the ordex of 731 when the scattering

effect is ermall co.apare to ag}ssiou, then y8 RX ig ueglected in Equation (5.1)
- p) m

and Zquation (5.7) becomes

Ye o+ y Y, .7
€ « BA P ) . X (5.8)
Am ‘k\

Note that Equat;o. (5.8) is used only when multiple scattering is neglected.
Also the term 5 is included in the transmission term due tc the influence of

patn length. E PA<<'¥ oA the:

] 73 + YE \
€ .« 1 - a3 P.\‘. gki (5.%a)
Am :

Ag noted before, the above equations assume that the emission of the species in
the cloud ao not influence one another.

The spectral emigsivirty of ¢n optically thin particle cloud (neglecting
gaseous emission) was discussed in detsil in Section 4. By applying the same
physi:al defiuitions and empirical relations as was done ia Equatiuon 4.7 of
Scction 4, an express’on for an optically thin particie cloud may be writtun:

- §L_ - ;_m_m__&__ 2 3 .9
elp RO [ P(r, - éx (5.9)
I

N

where the particzie density (number of particles per unit volume:} is given as
N = Q’Pg/w r = PM/RT; M is the gas meclecular weight and ¢ = pp/p

Ug = Up. (Asstmed a0 thernal or velocity lag exists between ges and particles )

In tie experiments discussed ir Section 4, the emissivity, €K , which
rapresants the emissivity of an average size particle, was found by use of
Equution (5.9). The integral

[+]

d (r) 7Tr2 dr

0

for the experiment was found to be 6.5 x 10.8 cmz, with W = 5.6 x 10-11 gms and
£ = 2.0 inches. e
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The experiments were limited to atmospheric pressure arnd only the
emigssivity of the particles at wavelengths of 1.4, 1.78 and 2.33 u was reported.
These three wavelengths of Al203 emission correspond to regions vhere Hj0 has no
absorprion, thus justifying the Al203 spectral emissivity.

From the Jatn and experimental accuracy given in Section 4 it was found
that the selection of a constant ¢, between 1 and 3 u is feasible. Since the
experiments are only applicable between 1 and 3 u and data are nonexistent at
other wavelengths, one must assume EA between 0 and 1 1 and betwcen 3 i and ® in
order to determine the total emissivity. To be conservative,e) was chosen as
1, between 3 y and =~ and equal to €).3 between O and 1 u. With this, Table 5.1
was constructed and shows ¢].3 and Cgopg]1. Comparing the two emissivities,
cne can see the importance of the unity emissivity assumption at low £, even
though the amount of black body radiation between O ana 1 gtand 3 and « s
small (see “%BB in Table).

TABLE 5.1

SAMPLE ALUMINA PARTICLE CLOUD TOTAL EMISSIVITIES
FOR ALUMINA IN THE LIQUID PHASE

Temperature . %BB* %BB .
(°k) NS (0-1) 3-a) “i-3 “toral
4230 0.438 x 10'° 13 19 0.0007 0.017
4500 0.438 x 1¢10 16 17 6.0010 6.015
4800 0.438 x 1010 20 14 0.0023 0.014
5025 0.438 x 1010 23 13 0.0041 0.015
5190 0.438 x 10l0 25 12 0.0050 0.015
1¢
4230 4.38 x 10 .0.025 0.20
4500 4.38 x 1010 0.035 0.19
4800 4.38 x 1010 - 0.076 0.20
5025 4.38 x 100 0.13 0.24
5196 4.38 x 1010 ¥ Y 0.16 0.25
4230 3.8 x 1010 0.22 0.37
4500 43.8 x "0l0 0.30 0.42
4800 43.8 x 1010 0.55 0.61
5025 43.8 x 1010 ; 0.75 0.79
5190 43.8 x 1010 v Y 0.82 0.8¢
4230 120 x 10*° 0.50 0.59
4500 120 x 10} 0.63 0.69
4800 120 x 1010 0.89 0.90
5025 12¢ x 1010 0.98 0.99
5190 120 » 1010 Y ' 0.99 0.99

* %BB (0-1): Percent black body radiation ir the wavelength range of U to 1y .
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With the variation of EX with temperature and wavelength known, Equa-
tion (5.8a) was employed to determine the spectrsal emissivity of the cloud.
(Note thet ‘yax 18 zero at the three wavelengths chcsen for analyeis.) Calcula-
tion of Ctotal was obtained from the basic definition of emissivity; theat is

3

0 4
€ -
T €K RX d)\ /{oT
1 -3
0 4 4
~ €. Ry dr/oT + 51_3j R d)r/0T
0] 1
o«
0 4
+
e3-—°°[ Rx dA/O
3

where monochromatic emissivity may be taken out of the integral when constant
in the specified wave band.

For temperatures below the melting point of Al303, the data of Burchd -2
was used and the variation of €) with A assumed similar to that of K) (K) is the
absorption coefficient obtained from expsriment with data between O and 6 ). At
wavelengths larger than 6 [, El can readily be assumed equal to 1 based on the
Burch and Gryvnak correlations.

Figure 5-1 1is a plot of the total ailumina cloud emissivity. The tctal
emissivity is plotted versus temperature for constant N £. Where

N .
Ng = 7.57 x 10! —‘?—P—Tﬂ—& (Particles/ft?)

and

In order to compute the total Al,03 particle cloud emissivity for a
given combustion chamber, one must know the particles-to-gas weight ratio (¢),
pressure (P), temperature (T), and gas molecular weight (M) Then agsuming W

%
and.j; () m r2 dr equal to Reference 5.2, Figure 5-1 may be used to find

€ .
total
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5.2 CALCULATION OF THE RADIANT HEAT FLUX IN A NOZZLE

The radiative heat fluxes are to be calccelated for various parts of the
100 FW-2, large gimbaled, and simulator nozzles with emphasis on the following

(1) Inlet radiant heat flux to the 100 FW-2 nozzle.
(2) Radiant heat flux throughout the gimbaled uozzle.

(3) Radiant heat flux chroughout the transient simulator
nozzle.

Therefore, in this subsection, the purpose is to devise an approximate method to
cuompute the radiant heat fiux for the above cases using the results of subsec-
tion S.1.

An analytical method for calculating the radiation heat flux to surfaces
ad jacent to the nozzle and produced by rocket exhausts containing alumina particles
has been developed by Morizumi and Carpenter (Reference 5.3). The exhaust plume
was essentiallyv isobaric and at a temperature below the melting point of alumina.
By dividing the plume into segments and devising an expression for the effective
emissivity and temperature, the approximate radiant heat flux from the plume cloud
may be found by a numerical solution. Calculation of the radiant heat exchange
in a rocket nozzle is more complicated due to the nonisobaric flow, wall irradia-
tion, and complicated geometry. Therefore, a more simplified approach to the
problem was selected.

The radiant heat exchange inside an enclosure with gray walls and fillied
with an absorbing medium is most easily found by using the network wmethcd (refer-
ence 5.4 and 5.5). That is, the radiant heat flux to an incremental area A; can
be written as

€] b
bl e . -
- = ll-e [ sinp cospdpdy (5.11)
W
K : iJ -J ! -y s] cos €  cos O
+ \ j L n /' [e t j 1 2 d A
i it 2 n
=] s
n A
n
where VS
1 - e = emissivity of absorbing media
-‘Yts
and e = transmissivity of absorbing media.




When either the alsorhing medium has nonuniform emission and transmission
or the enclosure's shape is unsymmetrical with respect to Al,Equation (5 11) {8
almost impossible to integrate. Also the coefficient, ¥ ., for an absorbing gas
with suspended particles may be a very complicated funcction of B, ¥, and 6. For
example, in & rocket nozzle the combuastion praductr are undergoing acceleration and
thus the pressure and temperature (depending of course on the specific heat vatio)
are a function of axial position. Since Y8 " and "Y & " for the absorping media
are strong functions f temperature and pressure, integration i: made impossible by
conventional mearns. However, for an enclosure with a simple shape and absorbing
media with uniform emission to a local area A , Equation (5.11) may be simplified
considerably. By inspection of Equation (5.1}) one may recognize the equality.

cos g cos g

A[ L 2 4A = A F (5.12)
1 s
A

n
Also, let Ct represent the equivalent emissivity of the absorbing media; 1 e.,

Y8
,r'.l-e ¢

, sin Bcos B d Bd Y (5.13)

y Tl’
v B

If the absorbing media consists only of an absorbing gas, Equatioa (5.13)

may he recognized as the gas emisgsivity that is plotted in standard text books
(reference 5.6 and 5.7). That is

-7 ¢ C e . L
Defining 7= @ ¢ , equivalent transmissivity, and assuming isothermal conditions,

Equation (5.10) and (5.11) may be rewritten as

61 r 1I
- — ! - i
S P }El I (5.14)
1 0 |
k
A T 1 -3 + e 3 E | (5.15)
i-n i-n 71 n T 71 m, e
n=]

With the sbsorbing media consisting of an absorbing ges with suspended
particles, the specification of the combined (particles and gas) emissivities and
transmissivities can only be based on experimental knowledge (previously discussed).
The presence of particles also increases the number of variables which effect €

and TI«N' Therefore, additional assumpticns are required before Equations (5.12)
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and (5.15) can be applied to the three cases discussed previously. These as-
sumptions are presented below in detail.

(1) When particles are suspended in an absorbing gas, the mono-
chromatic emigsion of the regulting mixture may be expressed
according to Equation (5.7). The transmissivity (7) ) has been
investigated for an Al703 cloud, and it has beea found that
'Y{-Y§. The product Fj_Ny (J, - Jy) is small in a rocket nozzle
which has essentiglly isothermal walls. That is, when the wallg
of a nozzle are approximately isothermal, and radiosities (J) of
neighboring incremental areas are nearly equivalent for large
values of the view factor, it may be assumed that the first term
in Equation (5.15) is small and may be neglected.

(2) The emissivity of a particle cloud is expressed in Equation (5.7),
alteration of which will approximately give the total cloud
emigsivity. Assuming & ) =€, , the total emissivity of the
particles may he found under a variety of nozzle conditions by
use of Figure 5-1. Using the curves of McAdams, the total
emissivity of various absorbing gases present in the particle
cloud may be fcund. Combining the particle and gas emissivity
by

€ -1-e'79z p € -1-.:’)gz

p . (5.14) (5.15)

and €T a1 - e (YP+313)£ (5.16)

the mixture emisgivity is found. As was discu ,ed in Sectiom 5.1,
this assumes (1) the particles and gas do not influence each other
in emission, and (2) it is possible to add the total absorption
coefficients just as it is possible to add the monochromatic co-
efficients for noninteracting substances. The combined emissivity
ag given in Equation (S.18) neglects the scattering cucfficient
included in Equation (5.7). In the experiments performed during
this contract period, emphasis was mainteined on the emission
properties of clouds. Time was not available for an intensive
investigation of the scattering coefficient y 8 and the dependence
of path length on the validiry of Equaticns (5.14) and (5.15).
Therefore, it is proposed, at a later time, to concentrate interest
on the phenomena of light scattering by a two phase mixture
approaching optically thick conditions.

(3] To eliminate the complication of a nonisothermal absorbing medium
in Equation (5.11), it is assumed that the static temperature of
the media at the axial position of A, represents the average temper-
ature at which the integrated emission of the noniscthermal gas to
the point in question is evaluated. This assumption is reascnable
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N
[

(6)

(7)

(8)

if the view factor from A, to the gas volume at T, .. 1s large,
and the emission (<) from this gas volume is not sufficiently
different from neiggboring volumes.

The pressure for evaluating the emissiviiy of both the particles
and gas is taken at the static presaure of A,. The justification
of this choice is similar to that of the static temperature.

The mean beam length at which both the particle and gas emissivity
is evaluated will depend on th~- axial location in the nozzle.

(a) Convergent Section: Her: the length is assumed equivalent to
that of a semi-infinite cyclinder with irradiation to the
center of the base. This choice is based on the fact that as
the inlet angle of the nozzle approaches 90 degrees the con-
vergent section will become a semi-infinite cvlinder. For
large inlet angles, this assumpticn seems reasonable.

(b) Throat: A path length Is chosen which is 1.4 times the
diameter of the throat. This is hased upon the irradiation
to a point on the curved surface of an {nfinite cylinder, the
volume of which represents the approximate absorbing media
radiating to the throat.

(c) Divergent Section: In the divergent section, the mean bean
length 1s assumed equivalent to the geometry described in
(b), but the diameter is taken as the nozzle diameter at the
point in question,

In using Equsations (5.14) and (5.15) to compute the heat flux from
a particle cloud, it must be assumed that the particles are uni-
formly distributed and the distribution of large and small particles
is constant for a given nozzle cross section. The particle density
found from Assumptions (3), (4), and (5) have already included this
phenomena .

Assuming that the particles in a nozzle do nct cross the gas stream
lines is in essance equivalent to Assumption (6). However, the
effect of this assumption upon the accuracy of the calculation is
largely dependent upon nozzle geometry and conditions. In very
large nozzles, particle slippage is greatly reduced.

Along with Assumptions (6) and (7), it must be assumed that no
thermal or velocity lag exists between the particles and gas. This
assumption is feasible in the convergent section, but in high
acceleration regions, one may question its applicability.
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Using the above assumptions, Equations (5.14) and (5.15) become,

€ 1 -

Hh 1o TR T e B0 (5.17)

When calculating the radiant heet flux to a biack wall, one may eliminate the
assumption of a gray absorting media (momochromatic emissgivity is independent of
wave length) by using

q = € B -0 E (5.18)

where €7 18 evaluated at the media temperature end & _ at the surface temperature.
The radiative heat transfer coefficient is defined as:

ho=q/ T, T, (5.19)
where
Y. 1 - 2
Y S B (5.20)
Ts 1 + v 1 m2
2
5.3 RESULTS

5.3.1 100 FW-2 AND GIMBALED NOZZLE

Since the 100 FW-2 and gimbaled nozzle walls are ablative, the
emissivity may be taken as unity. With the propellant conditions calculated at
various statione in the nozzle, Equations (5 18 through 5.20) were used to find
the radiative heatr flux.

The radiant heat fluxes in the chamber and throat regions of both th=
100 FW-2 and gimbaled nczzles represent the heat flux from a black particle cloud.
Therefore, ali the assumptions of the preceeding section are eliminated except
Number (3). That is, the radiation from an opique particle cloud is independent
of geometry, and one must only make a choice of cloud black body emigsicn tempera-
ture in the calculation of the radiant heat exchange.

Table 5.2 presents the radiant heat interchange at the chamber and
throat location of the 100 F'-2 nozzle. The chamber conditioun~ a.e: Tc =6350°K,
P =610 psia, and ¢ =0.45.

5-11




TABLE 5.2

RADIATION HEAT FLUXES IN THE 10U FW-2 NOZZLL

LOCATION wWALL TEMP (OR) hr (Btu/inZ sec 0F) q (Btu/in‘ sec)
Chamber 1500 0.0010 5.4
Chamber 3000 0.0015 .1
Throat 1500 ~ 00089 4.3
Throat 3000 0.0012 4.0

figure 5-2 pregents the radiation heat iflux that exists at various
positinons in the gimbaled nozzle. Calculation of these heat fluxes are made by
utilizing the procedure o’ subsection 5.2. The ligure shows the effect of wall
temperature on radiation, which is expected since the differencein T* is being
comparea. The dotted lines are regions of unceir.ainty; that 1s, reglons that way
not be strictly classified as either the chamber, tkroat, or divergent saction of
the nozzle (=mee Assumption (5)).

The importance of the radiative heat flux ir the inlet secticn of the
gimballed nozzle is shown in Figure 5-3. The parameter h./h, was obtained by
calculating h_as explained in subsz2ction 5.2 and using the heat transfer coef-
ficient plottéd in Figure/-8, The tw: heat trangfer coefficients are then added
to obtain (he. + h ). Note that the sum (h. + h_ ) is not defined as the total heat
flux,since the pnPti:le ilmpingement contribution is omitted.

The increasing effect or importance of radiation with burning time is
explained by an investigation of hc. Comparison of Figure 5-2, 5-3, and 5-4
shows that h decreares with burning time due to the combined effect of increas-
ing the rede%elopment length of the boundary layer (pressure gradient and re-
development) to the throat and low wall temperature

Figure 5-4 precents the variation of the radiant (o total heat flux with
axial locaticn in the exit portion of the gimballed nozzle. Wall tcmperatures of
4000 and 10CC'R are presented. The radiative and conv.>:cive heat traansfer coef-
ficieuts were calculated using the same procedure as Figure 5-4.

5.3.2 SIMULATOR NOZZLE

The simulator walls were made of molybdenum. With the emissivity of
oxidized molybdenum tound from Reference 5 8, and the thermochemical properties of
the H_-0_ plus Al O, slurry in nozzlie obtained from a thermodynamic computor
progrém, “the radifnt heat transfer was completed. The method of calculation was
outlined in subsection 5.2.
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The {mportance of particle cloud radiation in tne simulator nozzle is
shown in Figure 5-5, in which it can be seen that the amount of radiation heat flux
is roughly do-bled with che addition of &1 0, particles. In the calculation of tue
ratio(b /h + h ), the effect of the particlés on the convective transfer 1is
es.entiSll§ omifted. That ts, the convective heat transfer caoefficient of Section 7
was simply acdded to the culculated radiacion compcnent.

Figure 7-6 is simila
from experimenc and the ra

W e

to 5-5 except the total heat flux (hc) is found

on is based upon the experimental flame temperature.
Comparison of Figures 5-5 and 5-6 results in a large discrepancy for the inlet
section of ¢ = 0. This deviation is artributed to mainly the difference in the
calculated ard experimental convective heat flux.

i iy
. 4
adisti

5.3.3 CONDITIONS WHEN UNITY CLOUD EMISSIVITY APPLIES

Black body conditions of a particle cloud in a rccket nozzle are shown in
Figure 5-7; that fs, fetermination of nozzle couditions required to produce a cloud
totai emissivity between 0.99 and 1.0 are plotted in Figure S-7, and the use of the
figure requires the seme agsumptions 4s were made in the construction of Figure 5-1.

In using Figure 5-7, the path length in an actual nozzle is obtained by
use of Assumption (5) and rewritcen here as:

Path length = local diaweter in inlet and outlet sections of nozzle
= 1.4 times the throat diameter in the throat region.

The parameter dH is the pcoduct of cthe ratio of particle to gas weight
and zas molecular weigh*'. Typicsl gas molecular weights are 18 for H2 - C2 and
21 for 100 FW-2 propellant,.

5.4 CONCLUSIORS

The tocal alumina cloud emissivity is presented fcr general cloud thermc-
dynamic properties.

Predicution of the emissivities are approximate and should be used onlv
for an oider of magnitude estimate. However, for a cloud with neglible multiple
scattering as compared to self absorption,Figure 5-1 represents a good conservative
prediction of cloud emission.

The radiation in actual rocket nozzles has been found empirically. The
method used in the calculation was approximate although the importance of alumina
cloud radiation as a mode of heat flux was shown; and found to be as large as
50 percent of the total heat flux,

Nozzle conditions o produce blackbody effects in the particle cloud
have been developed by applying existing experimentsl data. It wes found, for example,
that with thermodynamic properties of T = 5200°R, P = 350 psia, alumina loadiag
(/) = 0.5, and gas molecular weight (M) = 2G.0; the cloud emissivity may be taken
at unity for path lengths greater than 14 inches.
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NOMENCLATURE

2

A Avea. fuU a Abs rptivity
4 2
E Emmissive Power ( 7T ), Btu/br ft . Emissivity
F Form Factor < Emissivity of single particle
2 o representative o an average size
hr Radiant heat transfer coefficient, Btu/in~ sec F
2 ¥ Weight vatio of particle co gas
J Radiosity, Btu/hr ft 3
c Density, 1b/ft
K Absorption coefficient, 1/ft
® (r) Distribution function of particle

? Path length in absorbing medium, ft size, (1/cm)

M Mach Number B Polar angle, radians

M Gas molecular weight e Azimuth angle, radians

N Particle density, lb part/ftj r Transmissivity

~ a

N Cloud absorption ccefficient, 1/ft Y Absorpticn coefficient, 1/ft

s

P Pressure, psia Y Scattering coefficient, 1/ft

qa, Radiant heat flux, Btu/inzsec Y Specific heat ratio

T Particle radius, cz:

_ Subscript

r Recovery factor

iy Wave length {monochromatic)

ﬂl Intensity from absorbing media

R 8 Gas

R™ Blackbody Intensity tr~m absorbing media

o P Particle
Universal gas constant, ft lb/lbm - mole-"R

t Total
s Path length (different from £}, [t
R 1 Wall condition
T Temperature, R
r Radistive
U Velocity, ft/sec
m Mixture
W Average weight of single particle, grams

ad Free stream adabatic

s Stagnation




SECTION 6

SAMPLING OF MICRON-SIZED PARTICLES

Particles in the sizz range of 0.5 to 6 microns in diameter were used
in the modeling and in the hot firings. In both cases, there was a neced to
capture and observe the particles of the gas streams.

Picking up the polystyrene particles by impingement on sticky rape in
the impacting sampler allowed a check of the sticky tape as an impingement de-
tector on tche nozzle model. The particle sampleg were then used ir the develop-
ment of a microscope technique for counting the impinged particles. It also
indicated whether or not the particles were dispersec individually by the
atomizing system.

Sampling of the rocket particles allowed a check on whether or not
the particles were melted and or how well they were dispersed or agglomerated
in the rocket.

The Mav-Welchman particle analyzer, which was uzed consisred of four
brass sampling nozzles mcunted in a square ring at right anzles to esch other
in cascade. Opposite each nozzle was an impingement slide where the particles
were collected from the turning gas stream. The largest nozzle, tirst stage,
received the rocket exhaust and ~ollected relatively large particles, and
passed on the part not collected to the next nozzle. The fourth nozzle had
the smailest cross section and collected the finest par-icles. 7Its collection
chamber wss cornected to a gaus aspirator. Only the fourth stage wes normally
used in order t6 provide a complete sample of all particle size; on one slide.
Nozzle throat dimensions for the fourth stage were l4mm x 0.6mx in tae shape
of a rectangular slot.




The sampiing apparatus was developed especially for thez iocket plume
using the May-Welchman apparatus. It was mounted In a device (Figs 6-1&6-3) having
a neoprene sealed shutter to (1) maintain steady vacuum conditions in the nozzie
system before sampiing,(2) pick up a small enough sswpie to rhow discrete parti-
cles, and (3) omit sampling extranescus dust before the firing. The shutter was
actuated by a solenoid. Sampling time was a funczion of the duration of the
curreunt pulse to the solenoid (approximately 1/10 second) and the spring rension
on the shutter mechanism. The sampling time was held constant at approximately
1/5 second for all samples. The apparatus was mounted in the center >f the
rocket plume approximately 30 feet from the nozzle exir.

The exhaust particles were collected on clear glass microscope slides.
Different surface treatment of slides included double-sided Scotch tape,
translucent Scotch tape No. 810, standard transparent Scotch tape, and the
cleaned surface of tne glass slide itself. The zlean glass slide produced the
most readable samples.

From an examination of the particle samples several conclusicns could
be drawn:

(1) Not all the particles issuing fr m the throatless
motor were molten when conditions were set for a
chamber temperature of 5100°F.

(2) There was very little agglomeration of particles
in the throatless engine.

(3) The engine with the molybdenum nozzle for particle
impingement studies produced a wide variety of
particles: spherical, crystalline, aggiomerated.
This is expected since it is known that a con-
siderable amount of alumina ran down the nozzle
entrance and wag theu broken up at the throat.

Figure (-2 shows some of the particle displays pcoduced by photo-
micrographs of the sampler impact area frum various firings.
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MOLY NOZZLE ¢ = 0.3 AL203 1000x

MOLY NOZZLE ¢ = 0.3 AL203 1000X
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FIGURE 6-2. SAMPLED ALUMINA PARTICLES
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SECTION 7

CONVECTIVE HEAT TRANSFER ANALYSES

7.1 INTRODUCTION

Although the emphasis in this program has been placed on the enigma
of the condensed phasc and radiation energy transnort mechanisms, there is still
much to be learned to define accurately the convective process. In most cases,
the condensed phase and radiation contributions to total heat tramnsfer in <olid
propellant nozzles are of che same order as the errors commonly associated with
the convective predictions.

References 7.1 to 7.4 contain rather general treatments of the
important aspects of the nozzle heat :transfer problem. Some o the more

important conclusions which can be drawn from these and other studies of nozzle
heat transfer include:

(1) For the nozzles of interest in this program, the coavective
heat transfer is a consequence of turbulent boundary layer
development .

(2) Chemical effects wue to (1) dissociation and recombination,
(2) nozzle wall ablation or pyrolysis, and (3) corrosion
are not negligible.

(3) Physical modification of the boundary layer due to the
surface blowing is importanc.

(4) Surrace roughness, resulting from the condensed phase
interaction with the nozzle wall or physical erosion,
may significantly influence boundary leyer development,




(5) It is a good approximation to assume that radiative and
convective effects are additive when the radiative flux is
significantly leas than the convective flux.

(6) The direct addition of condensed phase impingement and
convective effects is regarded as a first approximation
which, i{n some cases, may be very poor.

(7) Non-ideal combustion and non-equilibriur nozzle expansion
conslderations can reasonably be avoided for the present
purposes.

The interaction effects among the various modes of energy transfer are
omitted from consideration in this work. The consequences of this can be illus-
trated by the following example. The convective heat transfer to an ablating or
pyrolyzing nozzle surface will lead to the injection of gaseous ablation products
into the boundary layer. The injection tends to reduce the convective transport
by altering the physical boundary layer parameters, surface shear, and boundary
layer chemical composition. Chemical reactions, usually endothermic, between the
comhustion and ablation products can further reduce the convective heat flux to
the wall. Since these effects are proportional to the mass addition rate, which
depends on the convective heat transfer, equilibrium will be attained, and the
net convective transport will be less than for the case of no injection. Under
these conditions, if there is also radiation heat transfer, mass addit{on rates will
increase and the convective heat transfer will be reduced. Consequently, simple
addition of radiation and convection is conservative. On the other hand, the
impingement of condensed phases on the nozzle surface will tend to increase the
boundary layer turbulence level near the wall. This will tend to increase the con-
vective heat transfer so that simple addition of the effects will not be conserva-
tive. Clearly, when these coupling effects are neglected and the simplified
theoretical results are forced to fit experimental measurements, the effective heats
of ablation of the wall material (Q*eff) will be higher than expected. Preliminary
results obtained from current work at Philco suggest that film cooling and chemical
reaction effects could increase the apparent heat capacity of charring and non-
charring atlators by factors of 2 to 5, or more, respe tively.

The primary objective in presenting these irntroductory remerks has been
to establish the context within which tlhe convective heat transfer results apply.
They also serve to emphasize the need for caution in the interpretstion of the
results. Following a brief description of the calculation method, the results for
three specific nozzle designs will be presented and discussed.

7-2
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7.2 METHOL OF CALCULATION

The method of ~alculating rocket nozzle turbulent boundary layer
growth and convective heat tr-nsfer described in Reference 7.4 has been used
exclusively. The actual calculations were accomplished on an 1BM 7094 digital
computer. Reference 7.4 provides an excellent description of both the theory
cnd the computes program input requirements. Briefly, the method features the
simultaneous solution of the houndary layer integral momentum and energy
equations. One-seventh power profiles of velocity and temperature are used
to approximately determine the boundary layer shape parameters. The skin-
friction coefficient and Stanton nuwber are evaluated as functions of boundary
layer thickness from the best available semiempirical relations. The computer
program provides a number of useful options, including choices of (1) cne
dimensional flow or arbitrary Mach numbes distribution and (2) enthalpy or
temperature driving potentials. Aithough & number of criticismas may be raised
against this method of calculation, it is one of the best available, and it
was found to be both convenient and economical for the present purposes. The
important inputs to the procgram &nd the assumptions made will be discussed
briefly before presenting the regults of the computations.

All hcat transfer calculations require the initial definition of the
chamber conditions, combustion product propertiss throughout the nozzle, and
the nozzle geometry. Subsidiary thermochemical computer programs are used to
calzuiate chamber conditions, given the original propellant composition and the
desired chamber pressure. The combustion products are then expandad isentrop-
ically for both the frozen and squilibrium flow assumptions. These calculations
provide the chemical composition, ratio of specific heats, and specific heat
data required for the convection analysie. A secordary hand calculation is used
to relate pressure and mach number whea wall static prussure distributions are
available from experiment. Nurmally the equilibrium expansion assumption is
preferred, ir which case the isertropic exponent,

»

o
®
e
]
-,
L[j
=
3=
————
»

evaluated in the throat region, is taken as an average value to represent the
flow. The equilibrium specific heat,

3u)
3JTlp '

C =
P,eq

calculated throughout the expansion is not the appropriacc valus to use in
boundary layer calculations. However, sich values car be used to determine
an approximate average value when the nozzle surface temperatures are known
or assumed. When an average specific keat is so determined, the temperature
driving potential is used to csnlculate heat transfer.
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The specification of the nozzle wall temperatures is normally an
important and complex problem. Most of the calculetions were performed under
the assumption of constant well temperature, primarily for convenience. Actual
wall temperatures vary with time, axial position, and wali material. Additionally,
gas preperties and friction coefficients were evaluated at the {ilm reference
temperature.

The Prandtl number, stagnation viscosity, and the tewmperature dependence
of the viscusities wece determined fcom the data given in Reference 7.6. The free
stream stagnatfion temperaturcs were taken equal to the ideal values for the
measured or time averaged chambur pressures. The heat transfer program assumes a
recovery factor of 0.89 in calculating adiabatic wall temperatures.

In all the calculations, the boundary liyer is assumed to grow from an
initial momentum thickness slightly grecater than zero. Similarly, the initial
ratio of thermal to velocity bounlary layer thicknesses is taken to be slightly
greater than unity. The effects of these relatively arbitrary specifications die
out rapidly and do not serinusly compromise the results. It should also be noted
that during the initial development of the boundary layer, laminar flow is normally
expected whereas the calculations regard the entire boundary layer development as
turbulent. Consequently, the first heat transfer coefficient calculated is not
accurate. However, the first point is expected to be directionally correct, as it
should be higher than the succeeding point or points due to the importance of the
boundary layer development leagth effect.

Consistent with the recommendations of Reference 7.4, a boundary layer
interaction exponent orf 0.1 was chosen for all convection calculations. This
quantity provides for the effective increase in the heat transfer coefficient .hen
the boundary layer energy thicxness exceeds the momentum thickness.

A few additional assumptions concerning “he nozzle geometry and boundary
layer starting points are required. These are briefiy discussed along with the
results of the calculations fer eacit particular nozzle examined.

Calculations were performed for three different nozzles. The results are
presented separately. Note that, except ~here noted ctherwise, the symbols which
appesr in the figures which follow represent cslculated points, not experimental
measurements.

7.3.1 MOLYBDENUM CALORIMETRIC NOZZLE

The molybdenum nozzle geomet:y and thermocouple locatlions are shown in
Figure 3-5 and in Table 7.1, Tle convective heat transfer for Run 1A, frozen and
equilibrium expansion, and Run 45A are shown in Figure 7-1 for comparison. The
boundary layer was assumed to start on the conical (55 Jegrees) inlet section 2% a
radius equal to the chamber (grain port) radius, Yt was necessary to fit a smooth
curve to the available thermocouple data to prnvide an adequate wall temperature
distribution. Heat transfer coefiicients were calculated at a singie time near the

7-4
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TABLE 7.1

MOLYBDENUM SIMULATOR NOZZLE GEOMETRY

AW MUITRLAAAAIIRTY B T ANAMNMTAN

ANV INBRIRAAUVE LE AAJVRL LVUN

Axial Distance Thermocouple
Z, Inches Radius, Inch Area Ratio Number

0 3.0 23.0 -
0.418 2.405 14.8 i
0.618 2.119 11.5 2
0.808 1.847 8.7 3
¢.998 1.575 6.35 4
1.198 1.289 .25 5
1.290 1.159 3.44 -
1.430 0.991 2.4 6
1.689 0.793 1.61 7
1.990 0.667 1.1& 8
2.314 0.625 1.0 9
2,638 0.667 1.14 10
2.¢80 0.680 1.18 -
2.998 0.773 1.53 11
3.318 0.867 1.92 12
3.658 0.966 2.39 13
3.38b 1.063 2.9 14
4.328 1.1862 3.47 15

7-5
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end of the run when chamber and wa!l temperature conditions were reasonably statle
(3.3 seconds). It should be noted that thegse results must be interpreted aa
corresponding o the theoreiical flame temperature with a recovery factor of 9.89.
For the purpose of calculating viscosity, the composition of the combustion gases
was assumed to be 90 percent H20 - 10 percent Hy. Also shown in Figure 7-1 are con-
vective coefficients calculated directly from test data of Run 1A. As shown. the
theoretical coefficients for frozen expansion {a the throat reglon are 50 pe;cent
higher than those found experimentally. 1In the entrance and high area ratio exit
cone locations, theoretical and experimental coefficients are wore nesrly equal.

7.3.2 100FW-2 NOZZLE INLET

Convection coefficients calculated for the soft ablator portion of the
100FW-Z nozzle inlet are presented inFigures 7-2 through 7<6. Each of these
figures represents a particular time during the firing, and, consequently, it was
necessary to determine the appropriate ablator geometry at each time. The initial
and final contours were known from the inlet design and poast test measurements
(Reference 7.5). At 5 seconds, it was assumed that the exposed portion of the
original contour was unchanged. At the end of firing, 90 seconds, the poet test
measured contour was assumed. The 19.5, 50, and 75 second contours were con-
structed by assuming that the insulation surface regressior was a linear function
of the time it was exposed. In all cases, the heat transfer calculations were
stopped at the point where the soft insulation met the graphite substrate, and
they were started at the point where the propellant grain met the soft insulation.
The assumed geometries are shown in Tatle 7.2. The two curves shown in each
of the figures are a consequence of assuming constant wall temperatures of
1500 and 3000°R. Considerably less difference would te observed if the com-
busion gas properties and friction coefficients had been evaluated at free
stream conditions. The combustion gas viscosity was determined by assuming
proportional contributions by the major gas compcnents using the data of

Reference 7.6. The values of the convection coefficients near Z = 0 can certainiy

not be regarded as accurate duce to the uncertainty of the grain burning and flow

field details in this region. In general,Figures 7-2 through 7-5 show the ex-
pected trend of decreasing heat transfer coefficient with increasing distance
from the origin of the boundary layer. This trend would, of course, indicate
that the linear insulation recession rate assumption was not accurate, uniess
one of the other heat transfer modes has a reverse tendency.

7.3.3 GIMBALL NOZZLE

A full scale gimballed nozzle was scaled down (5.75 to 1), and the wall
pressure distributions were measured in both the straight and canted (5 degree)
positions. The convective heat transter has been calculated, using the modeling
pressure data, for the full scale nozzle. The 100FW-2 propellant and chamber
pressure were assumed for these calculations. Because of the severe interruption
in the nozzle contour upstream of the throat, it was necessary to calculate the
heat trar “~r in the inlet and throat-exit sections separately.

Y
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TABLE 7.2

100FW-2 NOZZLE INLET GEOMETRY:
5 Seconds After lgnition

Axial Position Radius Axial Position Radius
i 2, Inches Inches _Z, Inches Inches
0.0 20.87 4.0 17.68
T 1.0 19.84 5.0 17.02
' 2.0 19.02 11.5 - throat -~ 14.20
3.0 i8.35
l 19.5 Seconds Aftexr Ignition
0.0 26.77 4.5 21.22
0.5 25.92 5.5 20.52
l 1.5 24.62 6.0 20.25
2.5 23.35 i5.0 - throat - 14.27
3.5 22.22
] 50 Seconds After Ignition
0.0 36.22 7.C 26.17
] 1.0 34.97 8.0 24.87
2.0 33.67 9.0 23.67
3.0 32.02 16.0 22.67
] 4.0 30.37 10.7 22.17
5.0 28.87 20.5 - thrcat - 14.41
6.9 27.37
] 15 Seconds After Ignition
5.0 43.77 11.0 35.37
] 1.0 42.17 12.0 36.17
) 2.0 41.17 i3.¢ 32.57
3.0 41.15 14.0 30.97
* 4.0 40.87 15.0 29.567
i 5.0 40.37 16.6 28.%;
6.0 39.77 17.0 2.7
7.0 39.07 18.0 26.17
1 8.0 38.17 15.0 26,97
9.0 37.47 20.0 23.87
10.0 36.47 3G.5 ~ throat - 16.53
-
1 90 Seconds After Ignition
0 50.0 15.0 38.47
] 1.0 49.1 16.0 37.40
- 2.0 48.2 17.0 36.¢8
3.0 47.3 18.0 35.59
4.0 46.9 19.¢C %.39
] 5.0 45.5 20.0 32.87
6.0 44.6 21.0 31.49
7.0 43.8 22.0 30.09
l 8.0 $2.3 23.0 28.87
9.0 41.3 24.0 27.80
10.0 1.2 25.0 ?25.64
] 11.0 41.0 26.0 25.57
12.0 40.47 27.0 24.57
13.0 34%.87 37.5 - throat - 14.65
14.0 39.20




The results for the inlet section are shown in Figures 7-7 through 7-%
for grain burn times ot 0, 23, and 58 percent respectively. The geometry is given
[n Table 7-3., 1In Figure 7-7, the wall temperature (graphite phenolic) was taken to
be constant at 1000°R to approximately reprerent the starting conditions. The two
curves fn Figure 7-8 represent assumed wall temperatures of 4000 and 5000°R.
Similarly the curves in Figure 7-9 represent 50C0 and 6000°R surface temperatures.
Although these temperatures are arbitrary, Lhey are thought to cover the range of
wall conditions which might realistically be expected. The boundary layer calcu-
lations were sgstarted gt the propellant grain - wall contour junction. The calcu-
lations were all stopped at a radius of 7.60 inches which corresponds to the first
throat radius in the modeling nozzle. The pressure m-asurements were not used in
these calculations. Figure 7-10 compares the Mach number distribution correspond-
ing to the one dimensfonal flow assumpiion with the Mach numbers determined from
the model inlet pressure taps. The differences are not regarded as especially
significant compared to the errors which could arise from fairirng a curve through
the three data polnts.

The calculated heat transfer coefficients for the throat-exit section of
the full scale, gimballed nozzle are shown in Figures 7-11 through 7-13. The
geometry and Mach sumber distributions are given in Table 7.4. Figure 7-11 compares
the heat transfer for the one dimensional flow assumption with that calculated using
the modeling wall pressure distribution for a 5000°R isothermal wall. Also shown
are the resuits for a non-isothermal wall. Here the wal' temperature was taken at
6000°R in the throat section, and then varied uniformly to the local free stream
static tempcrature at the last wall point in the exit cone. This temperature distri-
bution is quite arbitrary, bu: it averages abouc 5000°R while decreasing from O000CR
to about 4000°R. Figurc 7-12 compares the heat :ransfer coefficients determined for
isothermai walls at 1000 and 4000°R w: th th~ nozzle in the straight pusition and
using the modeling pressure data *o determine Mach number. The 5090°R wall temper-
a.ure values shown in Figure 7-11 were rot ceplo:.ted because they are vecy cluse to
the 4000°R results. The one-dimensional -alculations are replotted for comparison.
Figure 7-13 presents the data for the nozzle in the canted position. Modeling
pressure data was used to determine the Mach number distribution for each of the
three curves. The results are also basczd on the assumption of a 500C°R :sothermal
will condition. The caated nczzie wall coordinates are referred to the axial
centerline of the exit cone. The boundary layer uvas started 5.40 inchlies upsiream
of the 15.C inch diameter chroat, This is appareantiy a reasonable assumption,
becuuse it is extremely doubtful chat the houndary layer formed ia the nozzle
entrance section could persist acroes the major discontinuity in the contour
vetween the two throats, The initial Mach auaber of 0.80 was determined from
the model pressure measurement at sta:ion 4, and waee the same fov toth the canted
and st-aight configurations.

7.4 CONCLUSIONS

In comprring the predicted heat transfer coefiicients for the molybde-
num nozzle with the values obtained from hun IA, as shown in Figure 7-1, large
differences 2re gbserved in the throat region. Referring to Figure 1 of refer-
ence 7.7, it is evident that transitional boundary layer flow could occur in the
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TABLE 7.3

GIMBAL NCZZLE INLET GEOMETRY

0% Grain 23% Grain 587 Crain
Axial Axial Axial

Position Radius Posit @on Radius Position Radius
Z, Inches Inches Z, Inches inches Z, Inches Inches

0.0 9.78 c.0 14.95 0.0 22.4
0.5 9.05 0.8 13.80 0.95 —(D— 21.05
1.0 8.45 1.6 —(Q— 12.65 2.05 19.45
1.5 8.10 2.6 11.25 3.2 17.85
2.0 7.86 3.6 9.78 4.2 16 45
2.5 7.73 4.1 9.05 5.2 14.95
3.0 7.66 4.6 8.45 6.0 13.80
3.5 —Q— 7.60 5.1 8.1C 6.8 —@— 12 6>
4.6 -Throat- 7.50 5.6 7.8¢ 7.8 11 25
6.1 7.73 8.8 v.78

6.6 7.66 9.3 9 05

71 —Q— 7.60 9.8 145
8.2 -Throat- 7.50 10.3 8.10
10.8 7.86
11.3 7.73
11.8 /.66
12.3 —Q— 7.60
13.4 -Throat- 7.50

NOTE:-()— Indicates location of jressure teap number snown in circle.
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throat fur diameter Reynolds numbers ranging from about 340,000 to 740,000. The
Reynolds throat number for Run [A was approximately 520,000, and is well within
the transitional range. This suggests that the throat heat transter cgefficient
could be about 0.0013, compared to the measured value of 0.0018 Btu/in“sec F,

This difference {s not unrcasonable, considering the potential influences of heat
transfer, combustion phenomina and nozzle inlet geometry on boundary layer transi-
tion. However, i may algo be cbserved that the best turbulent boundary lay=r
correlation shown in Figure 1 of veference 7.7 is in very close agreement with the
experimental value for Run IA. Consequently, the possibility that the boundary
layer in the throat is not €fully turbulent is neither positively accepted or re-
jected. There are, of course, other cxperimental variables, such as the distri-
bution of the injected water which could account for the low heat fluxes observed.

For all the other nozzles examined in this study, the throat Revrolds
numbers are outside the range for transitional flow suggested in reference 7.7.
Furcher, the comparison of theory with experiment for liquid engine firings shown
in reference 7.4 indicates that the Elliott, Bartz, Silver method may tend to
predict low rather than high heat transfer coefficients for the nozzles considered
here, Again, it is emphasized that there is much to be learned about the funda-
mental nature of the connective heat transfer processes in rocket nozzles,

The predicted heat transfer rates for the 100Fw-2 nozele Znlet show
several important trends which, although they are not unexpectad, shouild be
emphasized. First, the relative insensitivity of the heat transfer rate to the
choice of surface temperature is evident at each of the firing rimes (Figures 7-2
to 7=6). The results also graphically display the competition of the development
length and acceleration effects on the heat transfer. Tn the first few inches
(small Z), the boundary layer thickens, and the convective coefficient decreases,
roughly as the distance to the one-fifth power, as suggested by flat plate theory.
In the region where the main stream flow is accelerating, the coeffi ients rise
again, and would ultimately reach a maximum at the nozzle throat. [t is evident
that the heat transfer coefficients at any point alcng the inlet surface will be
dependent on the distance over which the boundary layer has developed before reach-
ing the point in question. That is, the local convective heat transfer coef-
ficient will exhibit a significant inverse dependence on the time after ignition.
The calculated heat transfer cocfficients were subsequently used, along with the
radiation and condensed phase heat flux contributions, to estimate the effective
Q for the aft-closure liner.

The heat transfer results for the gimballed nozzle inlet appear to be
quite insensitive to wall temperature at high surface temperatures., Figure 7-7
indicates that the combination of low wall _Lemperature and short boundary layer
development length can lead to relatively higher coefficients during the initial
phase of combustion. Since this is the time when the ablative mass addition occurs
at the greatest rate, the net heat transfer rates could exhibit the opposite
tendency in the actual motor. Because the calculated cvefficients are rather high,
the wall erosion rate is likely to be higher than might otherwise be expected.

71-24




The results for the throat-cxit region of the gimalled nozzle are rather
interesting. Again, a major dependence of the results on the choice of the surface
temperature is not observed. The results obtained under the assumption of one-
dimensional flow refiect the effect of the initial boundary layer development, which
would not appear if the "pipe flow" or "simplified Bartz" type analyses had been
used to calculate the convective coefticients. The use of the Mach number distri-
bution, as determined from the mcdeling pressure data, has the interesting effect
of completely eliminating the peak in the convective coefficient at the nozzle
throat. This suggests that the nozzle surface just upstream of the geometfric
throat will be subjected to an unusually severc environmental interaction leading
to high erosion rates. Figute 7-13 suggests that the effect of nozzle canting is
to introduce about a 20 percent —ariation in the convective coefficient around the
nozzle circumference. It is also noted that the effects are confined to the
vicinity of the throat with the greatest desiatious from the uncanted results
occurring downstream of *the throat.
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SECTION 8

PREDICTION OF EROSION RATES FOR 100 FwW2 AFT CLGSURFE

-~

At the completion of Contract AF 04(611)-7C47, 30 October 1962, 8.1

a preliminary attempt was wade to predict insulation erosiun rates for the

100 FW2 aft closure using calculated convective and radiative heat transfer rates
and estimated rates of particle impingement. In view of the results of cold

flow modeling studies completed under c(he present contract, a refisement of this
prediction was investigated, taking into account revised estimates of convective
and radiative heat transfer as well.

8.1 SUMMATION OF HEAT FLUXES

The total heat transfer to the aft closure surface was considered to
consist of three components:

(1) Convective:
Q@ = hc (To B Tw) (8.1)
(2) Radiative:

A A
Q. = €0 (rp 1w) (8.2)
{3} Impilugement:
= um C .
qp “p (Tp Tw) (8.3)
where
9. = convective heat rlux per unit area
hc = convective heat transfer coefficient




T = stagnation temperatur
T = wall temperature
q = radiative heat tlux per unit area
t = ¢llective emissivity
e Stetan-Beltzmann constant
T = particle temperature
q = impingement heat tlux per unit area
w = particle energy accommodation tactor
m = mass rate of particle flux per unit area
= average particle heat capacity
All calculstiors ot instantencous heat iluxes were converted, tor purposes
of predicting erosion ra.es, to time-average heat fluxes b, the three mechanisms

at any given station along the aft closure The average flux at a given station
was defined as

t
1 e
(q) - — / q dt (R 4)
avg t, t, ¢
s
where
(q)nvg = time-average heat flux

t = total burn time

t = time at which a8 given station is exposed »v burning
back ot the propellant grain

q = instantaneocus heat flux (efther qc . gqr, or gp)
t = time

The avernge convective heat fluxes were derivec by computer integ.dtion
oi instantaneous hcat fluxes, based on profiles of convective heat transfer
coefficient, "h.," calculated for several different times during the firing. The
average radiac’ve hcat flux was the same at all points and was calculated directly
from Equstion (8.2). Inasmuch as integrated values of

were available directly from the results of the cold flow modeling studies, only

hand calculations likewise were required to determine time-average values of '"q ."
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The tollowing assumptions were made in all calculaticns:

O

() T ¥ T 3 6340°R
p
(2) ¢« = 1.0
(3) a = 1.0
Calculations were pertormed for two pessible values ot wall temperature:
() T = 1500°%
W

(2) T = 000'R
W

The time-average heat fluxes computed for the thrre mechanisus and the
two wall temperatures are shown in Figure 8-1 as functions of the tangential
distance along the aft closure, where "zero” is defined as the point where the aft
closure meets the 100-inch diameter case, and where the throat then is located
at distarce 53.4 inches. It is seen that corvective and radiative heat fluxes
are of the same order ¢f magnitude, whereas {apingement heat flux calculated trom
the nev modeling dat.., generally is so low as to be virtually insignificant.

The time-average heat fluxes shown in Figure 8-1 can be convertcd into
time-uverage erosion ratrs as follows:

1 \ Qeotal (8.5)
Fi } pc } Q*

[

waere
A = time-average erosion rate

= density of virgin insulation

i
P, = density of porous char
Q* = "effective heat of ablation' of insulat‘on

and where

Ttotal = q. + 6. * qp (8.6)

(Time-average values are assumed)

This calculation presupposes thet the insulation ablates tuo a weak char which is
then mechanically removed, so that only the density difference between the virgin
material and the chsr {s counted as undergoing the ablation process. Densities
typical of the 100 FW2 insulation were tak2a to be:

Yy T 80.5 1b/rt’
3 T 24.2 1b/fe
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*
8.2 ESTABLISHING ¢ FOR THE WALL MATERIAL

The primary assumption involved in the conrersion of heat flex rates
into erosion vates is the choice of a value for the "effective heat of ablation.)”
Q*. This quantity, which snould aot be expected to be the same as any 'heat of
ablation'" measured in the laboratory under static condiiions, must include the
otherwise-unaccounted-{or effects of blowing, mechanical shcaring, and the like.

Originzllv. attempts were made to predict erusion rates maiching those
actually measured, with "Q*' assigned a single, constant velue throughout. These
attempts proved unsuccessful; hence, a Q" relationship dependent on heat fliux
was investigated. Inasmich as both the radiative and the impingement heat flures
were essential!ly constant throughout the region of Interest (true, time-average
erusion rates actually are mecasurable only between distance points 14.4 {nches and
37.4 inches in Figure 8-1), Q* was assumed to be an arbitrary power function of
average "g¢," the convective heat flux. The wall temperature was taken to be
15009R, since this case would ma<imize the relative importance of the conveccive
contribution. The empirical relationship for Q* best fitting the measured time-
average erosion rates then was:

*

Q

(4

(3.22 x 16%) (qc)"'so3

(8.7)
where

*

Q

effective heat of ablatiorn, Btu/ib

. .2
q, = convective heat flux, Btu/in. - sec

Total time-average erosion rates predicted by Eguations (§.5), (8.6),
and (8.7) are compared i. Figure 8-2 tu the measured average rates calculated as

Jal
A exptl (8.8)
expti. t -t
e s
where
N = time-average erosion rate
expti.

= erosior Jdepth measured at a given station along the aft

exptl.
P closure

8-5




8.3 INTERPRETATION OF THE ANALYSIS

The 'predicted" curve based upon the empirical @ relationship is seen
to fit the experimental curve very well, except possibly in the distance region
30 inches to 36 inches. Actual Q" values required to fit the measured data
ranged from 56,000 Bru/lb at position 14.4 inches down to 12,500 Btu;lb at o -
position 37 .4 inches. The latter value is in the range of previous estimates¥-*
of effective heat of ablation under rocket firing conditions, while the former
value definitely appears too high. Perhaps the measured erosion rates Aexptl
are subiect to large errors in the region of the 14 4-inch point owirg to small
values of both 4

N g e
expti. and (te Yet R

Upon examiration of the individual coatributicns te total predicted
erocion rate, (each is vlotted against distance in Figure 8-2), the contribution
of impingement heat flux, 'q ', again is see~ tc be negligible The question
naturally arises whether a nbre reasonable fit of measured erosion ratces might
be obtained by assigning a value much greater than unitv to the ''particle energy
accommodation factor," a, cr, in other words, by taking mechanical erosion to
be an important result of particle impingement. I: can be seen, however,K that
the shape of the experimental curve would not be matched even by taking '"u" to
be as high as 10; for example, because the peak in particle flux (Figure 8-1)
cccurs downstream of the last point (37.4 iiches) at which a measutred erosion
rate value could be determincd. (Beyond this point. the insula ion had burn.d

back to the graphite backing during the ccurse »f the firing)

In Figure 8-3, measured and predicted erosior rates for the 100 Fiw2
aft closure are plotted versus local Mach number for comparison with similar
data reported by Aerojet-General Corporation8.2 for the 100 FW2 aft closure
Correlation versus Mach number in the region of interest appears cnly to change
the relative shapes ci the curves, and does not suggzst any new or belter
empirical approach to the predicticn of ercsion rates.

8.4 FUTURE WORK

In conclusion, a quite sophisticated aund deotailed analytical proczdure
for studving nozzle environment effects in a given nozzle has been demonstrated.
However a ceal test of the validity and utility of the method has nut keen
completed. A largevr number of Acssigns, varying ir scale ard geometry, should be
similarly analvzed tu develcp more corr_spondence between the real and predicted
environmental effects. This would lend itseif t2 1 < tetter evaluation cof the
particle impingement -alidity, (2) increas2d realiability ir the predictions
made by such an analysis, and (3) increas=d atility to indicace a consistent
method of applying the analysis to various designs.

8-6




(@ 0051 = ) JIHSNOILVIAY O SASYYA D IVOT¥IdWI WONJ JELOIATHA
JIVY NOISOUZ SNSYAA IIVE NOTSONT ATUNSYIW 40 NOSIYVAWOD "2-8 MANOTA

£97.04 (SFHONI) TINSOUTI LAV IUNOIV IINVLISIC
By <Y

,...«,.u*u..u.n..:w Tol H.IW

IVO¥HL

PR sseed s
*NOLINETYINOD T k35,
o INFREONT AT e
iiF qasoramya il

e Sodrie Sk LHi .4J.H..ﬁ: S RRGAE S5 M PRe
et $553 SEEH sodos (Epse so3a) HHo0t SR ril
b= 9
ISEHE RS 3s ;3321 S2aty £33 53 TPERE ST 8
: .L S90S bt abnas suda ﬂn.n» 4 14
[RTTE 23002 TR rapins sungl ¢ pulky SHady O ey
-0 NOTLNEIYINOOD 3§y o

12 Y

1 A‘jkr
ot

I N

JATLIVIQVYE =
QALDIANEd e

IERRS g oy vy 2 somoe sper 1=
L Tt 3 b
[Ehas oad os i bk SEG0S SR SR YVB O}
e L 11 1
e 1 [SPEE SHOPS Pl b i ©~
ca by 4r77'r11v..u Yw
v e gt it pRY 208 +1+
I2IEEL2 ¢ 220F YRURS vuyy]
H Hmh

=
e

PSS Sopan ot —trfen

DR ZOa.—bmHmEoo B

=l BATLOBANOD 3

e o]
- - - +

oo QNHU“—QNM& FRERE SPuns souds gmaat

R —— e Ne B9 ———f - -

SEERs L325] fes shots spdea SESes chogs ddus pe K4

SSPhy SREas YSBEe Sebne SGGED PR JOdS S5S0.0 Fihe

e oot s i —— [ iios 8382 fonee

1
i

b e — 1o PP o
s + [N RO SONNY Dpds ERS DE o Shas
Sy e iy [ Sxpiiuiy . .1 e -

jSpls ioabe oo : =] sipu

(03S/STIW) 3LV NOISGET IOVHIAV-THIL

it

199 . M 1

R R O3 3 : 7 : _

[T 90 0080 ol 64 Sof o shtpd jad sl $5004 & M i . by Gl by M bi ol

o [oim st el i e it HEP Pk Figs it SohE DEREY red S20F SHEE 10,00 1u0 0 100y SE0 0

MPIMED B S) TR ” 1 2 P4 . IR - r—g- PR -t e - I SR - od e |94 59

TR FEEH] A Isar sFRM] XN FEaF 530 5T SERE: SEISY S SERHH SRS SRS ks S31: SEEN (AN LS MR ERSES

- e - . - - EEEEE IR T -p- - .- L X T - .o

e ETTE e fE4: 555 SE0S (AR Sudes S30ud 1raks ol SHeks Soext sipet (EER s 00} ERie) SEE: o%




T ARBTRNET W e .

YRANAN HOWH TVOOT LISNIVOV (AIVIZHE0O SAIVH ROISOUE 30 NOSIHVAROOD "€-8 WNOld

2L2L0¥
1VO¥HL YZ9HNIN HOW

00°'1T Z£°0 82°0 70 0z°0 91°C 1o 80°0 70°0 0

e o rons: voy T T pdoze egvdasanssancas somar sarasssoes paan YTTTITTTY
1l ) 9t T1L1 J i - r M
HH T Iy S3oal Spen L ann g SEd os famspebos sandssoins sapes saeuws sonas any 0
[oTS inoe 31 T g lﬁntﬂ [38s 2i2al oo 1+ e e Eﬁum‘n Inp @ By
- oo [ g-a ¢ gy ot s OGP SORGY ve By T .
b3 = 5 SIBES 2P A0S : 1084 Fvus fdbde aiees ‘I.TI“.. poads oy mpad: e,
Sphs chpes o raoe; SRRt EAIE a2l D 12T IRI22 ST 000 Segas sansl =5t ft1
o4 s : oul adde 30 STEE o b ks sl s i 1 1. -1
a9 aaan, Ty
[ 4 ampy - - pua . .
ShEogny aRgEs sd3sd il 23 ieet BRIR ekl aacs:
i b : e

91

1
gt

b

e
N84s U

%t

STIH ‘31VY NOISOUE IJHVHIAV-TWII

FEDY SO0 SRS ENDHS — ~.
: reet ot s jobgp S¥ess spely sides )
(0711Hd) £ : = o svees el Sovst o
! CETITT poad $hand odmas sasds thdes e}
q34NSVaAN; 5533 FEARY SNET 1o e o

T z-ma-001 ¥

e ¥ ("iv¥aINAD-13r0dav) :

et

0%




8.5 REFERENCES

B.1 '"Detail Design Optimization of Solid Propellant Rocket Motor

Aft-Closure Nozzle Combinations (U)," Contract AF 04(611)-7047,
30 October 1962.

8.2 100FW2 Motor Firing Report, Large Solid Rocket Program,
No. 0434-01514-T6, Aerojet Ceneral Corp., April 1962.

B-9




SECTION 9

SUMMARY AND RECOMMENDAT IONS

There are certain limitations and uncertzinties essociated with some
aspects of the work. Thesc need to be outlined clearly. A straightforvard evalu-
ation of the work is nceded for intelligent planning of future work. Therefore, a
concise evaluation is presented in the form of this sunmary with recommendations.

A very useful particie sampler has beei: developed. Smsll enough samples
can be tazen to avold sgglomerwtion, and to Jdisolay all the particles in proper
number distributicn on wne slide. The sample is not subject to fractionetion by
alr currents or variable particle sedirentation rates such as might occur in
simple exposed slide sampling. This tool can be applied to mctors of vericus sizes
and propellant formulations, and to sampling various portions of the nozzle effluent
cross section. This would furnish much needed cdata fur nozzle performance analysis
where particle size i{s a factor.

Further tests with the sampler would be worthwhile. Very large particles
might tend to bounce from the glass slide upon impact. While this does not appear
to be the case for the tests conducted, this factor should not be overlooked. 1If
this is the case, multistage sampl .ng could be used to allow lower collection

v Al awaTS LS 4L - - 2 4

The cold fleow particle impingement modeling technique nas a highly so-
phisticated &analytical basis. The results are consistent and reproducible. More
varied designs than those modeled in this program shculd be studied to demonstrate
the effectiveness of the technique. Cases having more severe particle impingement
would be interesting. Since the cold flow modeling conditions typically do not
model the boundary layer thickness studies in which the boundary layer is varied
should be conducted. This same technique of analysis and facility design would
make a very interesting study using dyed droplets impinging on blotter surfaces.
The technigque cen be applied to a study of particle impingement through shock waves
and to the detectjon of flcw separation regions in supersonic flow. Correct particle
size distribution data for a given motor is necessary for accuracy in cold flow
modeling studies.




A coid flow modeiring technique has been developed and demonstrated [or
determining nozzle wall pressure contours. By using this data in convective hecat
transfer analysis, the nozzle material heat load severity is jndicated. The gevere
heat flux problems of one parricular design have been reveculed.

Emissivity values for alumina have been esiablished up to a temperature of
5200°F. The data sre applied to rhe calcalation of radiative heat flux values to
the nozzle wali for various motor sizes, pressures, and alumina loadings. However,
the calculasiion is only approximate,since many assumptions were required to nandle
.he complexities in geometry, particle flow fleld, and thermal gradients through
the field cf view ia the nozzle. The values calculated probably reprcsent a lower
limit of radlation, since unburned carben and oropellant additives are geen Lo add
sigulficantly to the radiation.

While thie wark wes conducted mainly with a hydrogen-oxygen-alumine flane,
similar studies are needed on actual propellant or simulaled propellua. firings.
More work is needed on chamber window viewing technique. Studies must be made, as
in this work, on flames with known particle size distributions, Lf scaling laws are
to be inferred. Particle size distribution in the large motors must be known if the
scaling laws are to bu applied to them.

Application of th2 work of this program to the detailed esnalysis cf heat
fiuxes to two large nozzle designs has been demonstrated. This allows conciusions
te be drawn on the relative importance of the various heat Tlux modes, and on the
implicaticns of various geometries for the severity ot rnozzle attack. However, thz
study of more cases, and the input of the nozzle wa.l reaction produc s, is needed to
demonstrate more ccavincingly the utility of the method in evaluating propoused
designs.

A technique has been demonstrated for directly measuring pa.ticle impinge-
ment heat fluxes. The experiment involved a speclalized case where & relatively
cool inert wall was used. The pext step is to study particle impingenuent effects in
a similar manner, but with a hatter nozzle wall and one whicl reacts cc tt2 er-
vironment by ablating or eroding.

9-2




APPENDIX A

STUDLES OF TOTAL EMISSION FROM A H,-0G -A{203
PLUME USING A 1-INCH ROCKEY MBTO

A.1 INTRODUCTION

The precei~~ ~f aluminum oxide pacticles in the exhaust products of
rocke! motors warrants detailed study in order (1) to permit a better under-
standing of thrust losses due to lack of equilibrium between particies and gas,
(2) tc gain information on effect of particle additiou on radiant heat transfer
to rocket nozzles, and (3) to understand the radiation emitced by the plume
frcw the standpoint of plume detectior.

The radiant prouperties of a cloud of particles whose sizes are com-
parable to the wavelength of light can in principle be determined by (1) deter-~
mining from Mie theory the particle emission, absorptior, and scattering cross
scctions as a functisn of particle size, wavelength of light, and particle
mater'al electrical properties,which presumably are tempersture dependent;

(2) solving a rediative transfer problem using the above particle cross sec-
tions for the particular geometry involved. (If there exigcs irteraction be-
tween tlie radiation and the gas dynamics then the radiative transfsr problem
must be solved simultaneously with the gas c¢ynamics, but -his additional compli-
cation is set aside.:

The calculation of the radiant properties of ~ rocket plume heav:ly
laden wich aluminum-oxide particles is hampered by t' . lack of knowlerdge of
the wavelength and temperature dependence of the e'actrical properties of
Al,03. A major aim of experimental resear n 1n tnis area is che determination
cf particle emission (absorption) and scattering cross sections. The deterwi-
nation of this informat:ion as a functiun o0 wavelength, over ali wavelengths,
is a large order. A second aim of experimzntal work is to determine the integrated
effects of the particle emission by determining the totsl radiation. This is of
particular importance when the aim of t(he work is the prediction of the radiant
heat transfer of a given rocket motor cioud. Total radiation (i.e., integrated
with regpect to wavelength) experimerts generally do not give enough iaformation
to permit an understunding of detailed processes of the radiant emission,.

The following discussion describes a method of experimentally deter-
mining the particle emission and scattering cross sections and describes the
results of attempting such experiments.




A.2 EXPERIMENTAL MEASUREMENT OF OPTICAL PROPERTIES OF A CLOUD OF
SCATTER ING-EMITTING PARTICLES

The complete radiative transfer problem for a given cloud of particles
of arbitrary refractive index generally will be awkward to solve. Furthermore,
it {5 undesirable (v base lhe 1eduction ofi experimental data on a solution to a
radfativ: transfer problem that i{s, itself, unverified by independent experiment.
For these reasons, {t s desirable to design the experiments in such a way that
the results can be {nterpreted by recourse to the solution ot only a trivial
radiative transfer problem. By performing tests at small optical depths for
sca.tering it i3 possible to obtain results that can be directly {nterpreted.

In the equations given below, the presence of scattering by particles (i.e., a
change of direction of propagation of incident Light) will be accounted for,
{nsofar as {t results {n an attenuation of the directly emitted light from a
given point in space. However, the sdditiona! component of radiaticn that re-
e11ts by 3cattering at the point of radiaticn originating at other locations {s
not included, and the results can te expected to hold only when multiple scatter-~
ing is not large. For this reason it is desirable to perform tests at various
optical! depths in order to observe the dependence of the results on particle
concentration., [f results are found to be concentration dependent, then only
thnse obta‘ned by extrapolating to zero concentration can be considered valid.

Radiant Intensity Due to Gas and Particles at Unequal Temperatures

The radiation generated at a volume element of unit cross section
and thickness, dx, is due to a gas of temperature, T,, having a volumecric
emission cross sectior, Yy (em-1), and a suspension of particles having a
volumetric absorption (em%ssion) cross section of Ypa (em-1) is

! yg R (Tg' A) + Ypa R (Tp, \)] dx (A-1)

where

R (T, A) = Spectral radiancy at wavelength X due to a
blackbody at temperature T.

This radiation will suffer attenuation due to the self absorption by
the gas, absorption by the particles, and scattering by the particles. The
total attenuation in traversing the distance x from the interior tc the surface
of the medium at x = 0 is

exp (- ytx) (A-2)




where
+ + A-)
Yo * Yps Yoa g (A-3)
and
Tog © scattering cross section of the particles per unit
P volume (cm~l).
Integrating the product of expressions (A-1) and (A-2) over the length zero

to L gives the following results for tha staradisancy of the gas-particle mixture:

‘ ~ -

, y -y, L /. y, L

[} na t ) t
R (\) = 22 (- R LA + B (- R (T A A-4
P( ) v, (l-e ) (‘Ip ) ,/t( e ) 8 ) (A-4)

i Equation (A-4) applies at o wavelength where the gas emits strongly,as in the
case of the sodium D line emission wher & sodium compound is added, or at other
' wavelengths vhere the gaseous species emit characteristic radiation.

At a spectral region where no gaseous emission occurs, cLjuation (A-4)
reduces to

An [
Y
R (X)) = ——P&__ ¢ (Tp.x) \1-9

a
. P Ypa + Yos

'{ypn * an’ L (A-S5)

The question arises as to whether the particle temperature cen be determined by
observation of the radiation emitted by the particle cloud. If a transmission
test is made to determire

e- ('an * YPS) L

and the spectral steradiancy is measured, the product

Tpa (T_, A)
— P& g1 .2
Yoa * Vps p

1s determined. However, further information on tha ratic of

is necessary in order to determine particle temperature, and this information
o {s usually not available.
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1f carbon is present and is {n thermal equilibrium with the gas, as would
be expected due to the small sizes of carbon particies, then Equation (A-4)
applies if y_ is replaced by 7y, + Ye where 7y_. I8 cthe atsorprion cross section
per unit volume due to carbon. %The scattering gy carbon particles is generally
smail compared to absorption; see references A.l and A.2.) When carben {s jresent,
the determination of the radiation solely due to Mgl or Al;04 parvicles is not
pozsible without making tenuous assumpilons. 1{ ithe radiation due to particies
other than carbon (8 of {nterest, then one should eliminste sources of radiation
of comparatle magnitude,

A direct method of lesrning the radiatien progerties cf a particle
cloud is to perform a total radiation test by means of a spectrally neutral
radiation transducer such as a thermopifle. In this type of experiment, the
tctal radiation is measured and car be directly related to particle cloud emis-
sivity if particle temperature is known. The application of this type of infor-
mation to solve the large scale rocket motor heat transfer problem may or may
nct offer difficulty.

A.3 EXPERIMENTS ON SMALL ROCKET SNGINE

A.3.1 EXPERIMEN1AL FROCEDURE

Experiments were performed on 2 100 lb-ft thrust engine using gaseous
hydrogen anc oxygen as propellants and an aqueous siurry cf aluminum oxide
particles. . description of the rocket motor which was designed with a heat
sink copper combustion chamber and a nozzle of porous tungsten impregnated with
silver, is given in Table A.1. The e.ugine was found to operate at all desired
O/F ratios without tendency toward unstable combustion.

TABIE A.l
Motor 1.D. 1 1 ch
Motor Length 10 inches
Throat Diameter 0.300 inch
Exit Diameter 0.7 inch
Exit Area Ratio 6.02
Contraction Ratio 11.1
L* 11i inches

The propellant flow rate control and flow rate measurements were
achieved by use of calibrated critical orifices. Pressures were measured up-
stream and downstream of the critical orifices by means of ressure transducers,
and gas temperaturer were measured by welding thermocouples to the cutside of
the propellanc feed lines upstreas of orifices and wrapping lines with insulation.
This method of measuring gas temperature is not fully satisfactory, since the
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tubing thermal r2sponse tim: is somewhat long, but conventional thermocouples
protected in wells are probably almest as slow and were found to be a source
of excessive leakage

The slurry consisted of a mixture of 60 percent bv weight aluminum
oxide, 40 percent by weigh. of water and was fed into the combustion chamber by
means of o pneumatic piston. The aluminum oxide used in the slurry was a
grinding compound (Norton Co. Type 1-C metallurgical alumina) consisting of
99.98 percent  -Al303 of nominal ! micron size. Particles were tounded but
nonspherical and were far more uniform in size than most commercial grades of
alumina powder It is believed that the use of the metaliurgical grade alumina
provided a much greater control over injected pavticle size than would other-
wise have been possible The particles were received in five separate packages
which were blended together by stirring overnight in a paddle-type mixer.
Particles as received, and also after mixing,were highly agglomerated but could
be de-agglomerated in smail quantities by pressing between a micrescope slide
and cover glass if water or cil was used as arn immersion medium. The unagglom-
crated particles display Brownian motion when suspended in water and observed
in a hizh power (970X) optical microscope with an c¢il immersion objective.

No attempt was made initially to de-agglomerate the particles prior to injec-
tion intc the rocket as it was believed that combustion and shear due to tur-
bulence in the combustion chamber might accompiish this More detail on particle
processing eventuslly used is given below. Additional instrumentation used on
the tests were the usual spectial intensity measurements at A = 0.59u, rrans-
mission tests in the same wavelength interval, and total radiation tests. Total
radiation measurements were made by means of a commercisl rapid response thermo-
couple with a KBr window that passes all radiation ir. the 0 44 to 25U interval.
This device is spectrally neutral and receives more than 99.5 percent of all
energy emitted by a blackbody at 2500°K, thus permitting a total or integrated
(with respect to wavelength) radiation measurement to be made,

Transmission-emission measurements were initially made at a position
6mn downstream of the exit plane of the rocket nozzle where the propellant
gases vere expanded approximately to atmospheric pressure. The first few
firings of the engine revealed the usual minor defects which were corrected
without serious delay. Initial firings vere macde at an O/F of about 2.8 in
order to maintain the chamber temperature low enough to prevent melting of the
particles, thereby assuring good size control; i.e., sizes all equal to original
sizes of injected particles. Under these conditions (Runs 63-2-1I and J), no
particle radiation or gas radiation was detected, and low O/F firings were dis-
continued. High O/F firings (K, L, and M) revealed more interesting but un-
expected results. When particles were Zirst injected, no immediate increase in
radiation was detected by the total radiation detector, but as the slurry mix
was continued a gradually increasing signal was recorded. This signal corre-
sponded to the increase in a shower of large ''sparks' observed visually in the

plune. Examination of the nozzle revealed heavy deposition on entrance and
exit regions. It was concluded that the shower of sparks was due to the shed-
ding of large dronlets by the shearing action of propellant gases. A second
observation was that the transmission cf the plume as measured by the optical




system was nearly 100 percent evern wiih high particle flow rates. It was con-
cluded that the rocket was not .unction.1g as a simulatcr perhaps because the
particles were agglomerated and were being deposited »n the nozzle in excessive
amounts duve to large veloclity.

The alumina slurry was then subjected to further processing in crder
to achieve de-agglomeration. It was found that the use of 1/2 perc~ont by weight
of trisodium phosphate as a wetting agent followed by overnight mixing
on a ball mill 725 percent volume of alundum balle, abcut 1 cm in diameter,
added) achleved a high degree ¢c fde-agglomeration of the individual particles.
The slurry mixture was vastly more fluid in consistency and cculd prcbably have
been further enriched with Al1,03. Some tendency toward sett'ing of the particles
remained, and although this was not considered serious, the par icies were
loaded into the piston immediately before firing in order to minimize settlfing.
The use of & noncarbonaceous gelling compound to prevent settling would be an
improvement for the slurry in future tests.

The de-agglomerated particles were then fired in the rocket (Runs N,
O, P and Q), and it was observed that the shower of sparks was reduced but still
present ; that transmission remained very high (~ 96 percent), and that simula-
tion of rocket motor firing was not achieved. In a discussion that ensued to
determine the course of action to be pursued. a work was cited in which a small
solid propellant rocket was fired, and the investigator found that extensive
nozzle deposits were formed with attendant shedding of large, droplet-sized,
particles. It was decided that further firing of the BRACE engine per se would
be of no value because of its very small size,and that attempts should be made
to fire the motor without a nozzle in the hope of eliminating dropler shedding.
The firing sequence was modified to provide a delay before slurry injection of
about 1 to 2 seconds. Optical measurements were made on all succeeding runs at
a position 14 mm downstream of the exit plane of the throatless rocket motor.

The first firing (Rur R) conducted after these modifications were made
showed that combustion could be sustained without the nozzle although the
photomultiplier in the monochromator was overdriven and no transmission measure-
ment was >btained. Runs S and T were successful, and transmission was observed
to decrease with increasing particle weight fraction--nc sparks were observed.

A series of runs (Runs U to Z) were conducted very close to stoichiometric O/F

in which gas and gas plus particle radiation were measured as particle fraction,
¢ , was varied. A second series of runs (Runs AA, BB, CC) were also conducted

at higher total mass flows with C/F as before and ¢ varied. In all cases the
radiation was only perceptibly increased (over the level due to the gases (mainly
Hy0 only) when the slurry was injected into the combustion chamber.

Alumina particles ejected by the throatless rocket were captured directly
on a greased slide, and also on plain slides, by the cascade impactor for a number
of runs. Examination of these slides showed that all captured particles were
spherical with many agglomerates formed on the slides consisting of very small
particles and also some larger single spherical particles ranging up to about
10 wnicrons. The fact that the particles recovered after firing were spherical

A-6
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indicates that the alumina had been heated above its melting point (2320°K),

but no detailed information on size distribution of recovered particles is possible,
becavrse of the extreme difficulty of collecting a truly representative sample.

It was also observed that the de-agglomerated particles, if stored for four days

in an aqueous suspension, would spontaneously re-agglomerate. It is therefore
conceivable that some of the large particles reccvered on the slides were resuits
of re-agglomeration in the slurry prior to firing, but this is improbable since

the slurry was used very soon (four hours) after being removed from the ball mill.

A number of temperature measurements by observation of sodium D line
with and without a background source of known temperature were made during the
first portion of the firing when only the Hy-0, were flowing. At this portion
of the firing, only a trace amount of sodium is present,and the concentration of
sodium is likely to vary between the time that the gas (Na D line) emission is
observed and the gas plus lamp emission is observed. The temperatures so measured
are, therefore, not considered accurate and varied widely from 2400°K to 300
about a mean value of 2680°K even though O/F was held constant. These measure-
ments are considered the best available escimates of the gas temperature in the
ibsence of the dilution effect of the slurry. The raw data has been reduced to
an intermediate form and is presented in Figures A-l1 and A-2 and Table A.2,
Figure A-1 is a plot of the plume transmission versus particle weight fraction.
The data shows & wide scatter arcund a straight iine which corresponds to a mean
diameter of 0.8 micron. Transmission tests were also conducted on the de-
agglomerized particles in an aqueous suspension with the same equipment that is
used on the rocket motor. This data, shown in Figure A-2, shows & curvature on
a log-linear plot which may be due to forward scattering being received by the
photocell, As concentration is increased, the forward scattering increases to
cause a departure from the usual exponented transmission law. This type of
error is discussed in Reference A.3 and can be corrected for by plotting
[ specific turbidity or y = 1/L 1ln(l/7T) divided by concentration] versus concen-
tration, Figure A-3., The value of specific turbidity at zero coucentration is
free from error due to forward scattering and can be used to determine mean
size, The result obtained was 0.5 micron which appears to be a reasonable value.

A.3.2 DATA REDUCTION

a. Particle Scattering of Gas Emitted Radiation

A brief study was made to determine if the increased radiation measured
while the particles were flowing was merely due to a change in the zngular dis-
tribution of the radiation emitted by the gaseous species. Since the important
radiating specie is H,0, the emission bands are a“ wavelengths of 1.1, 1.38,

1.87, 2.7, 6.3 and 20 microns. According to Penner,A:4 the last three of these
bands account for 95 percent of the total intensity of the Hy0 emission. It

was estimated, based on the fact that the transmission was 42 percent for a
particle fraction of 0.365 (Run 2), that under such circumstances the transmission
would increase to 83 percent for the 2.7u Hy0 emission band. Most runs were con-
ducted at lower particle fractions, and transmission would be even higher. On thie
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FIGURE A-1. PARTICLE WEIGHT FRACTION, ¢
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basis, one can scy that the optical depth for scattering is small for all {impor-
tart KH,0 hands. Therefore, the possibility that the Increased radiatiovn measured
in the normal direction is Jue to scattering by the particles, causing a change of
angular distribution of energy emitted by H,0 with no net change in total heat
transfer, i3 unlikely. The increase in the total radiation signal with the slurry
flowing (s attributed to particles emitting. This premise {s further confirmed
by the fact that at the visible wavelength of 0.59 micron, where no radiation was
observed without the slurry, a detectable continuumn was noted only when the

particles =res present,

b. Particle Cloud Emissivity

Since the optical depth for scattering of H20 radiation by the particles
i¢ small, rhe particle cloud emissivity cen be determined by subtracting the
corrected steradiancy R, (T,) due to the H)U from the measured steradiancy due
to the particlea plus zas, & (T2). The particie cloud normal emissivity was
then found by dividing by the steradiancy due tc the blackbody =2t the tempera-
ture, T2, that was found experimentally with the slurry flowing:

R (TZ) - R (TZ)

& 2 g 2
€. = (A.5)
p Ry (T5)

The exprrimentsl results reduced in this manner are plotted in Figure A-4.

The data falis on two lines corresponding to the different gas flow
rates of 0.16 to 0.30 lb/sec for runs AA, BB, and CC. Each of theae two series
of the data shows moderate scatter, but the best guess seems to be that the data
falis on straight lines corresponding to the two flow rates. Several unsatis-
factory explanations can be offered for the variation of plume emissivities at
the two different flow rates. One of these is the following. At the higher
flow rates, the flow is choked 4at the exit plane of the motor dve to heat addi-
tion, ard the exit plane pressure is righer than atmospheric. The gases then
expand .n a diverging, supersonic jet upon leaving the nozzle resulting in a
dro- in the temperature (TZ) and reduced Hy0 emission measured in runs AA, BB,

CC even though O/F ratio is held very neariy constant (see Table A.2; sodium
lines were in reversal only for the last three runs, lamp curren: held constant).
Particle cloud emissivity measured high presumably because of the greater depth
and mass flow o particles. This picture would be expected to cause a reduced
plume transmission, but this result was not obtained. It is this latter point
that seame to b= difficult toc reconcile; while the particle sterzdiancy increased
on the last three runs where lower temperatures were measured, the pluime trans-
mission shows no difference for equivalent value of P than on the previous six
runs,

In any event, the data obtained from the earlier six runs are con-
sidered more self-consistent, and for that reason, to be the more reliable. The

difficulty in interpreting the results of the last three data points is attri-
buted to an uncertainty of particle velocity, cloud thickness, and hence particle

A-12
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concentrations, Possible existence of similar uncertaintles in the 1esults of
Runs U to 7 cannot be overruled. Such uncertainty can be eliminated (n future
tests by perforring a measurement of static pressure just upstream of the exit
plane,and gdjusting the flow rate so that atmospheric pressure is not cxceeded

at this point,

A.4 INTEGRATED RADIATION MEASUREMENTS

Meagsurements of Lhe !ntegrated radiation (i.e., the radiation emitted
over all waveleugths) emitted by the particles were made by means of a fast re-
sponse thermocouple with KBr window (Perkin-Eimer thermoccuple and standard
preamplifier). Radiation emitted by the rocket plume was collected by a spherical
cn-axis mirror and brought to a focus st the detector, which consisted of a blackened
gold strip with a fine thermocouple attached. The photosensitive area of the
transducer was 0.2 x 2.0 mm,and the entire window size was about 4,0 mm i{n diameter.
The mirror and detector assembly were enclosed in an aluminum box with a single
opening to wnich an iris disnhragm was mounted, The box wss purged with dry
nitroge. to prevent atmospheric meisture from damaging the hygroscopic KBrv
window.

The fast response thermocouple uses a mechanically chopped radiation
signal at 13 cps {u order to generate an ac output which ailows discrimination
of signal at a 62 levei that does not depend on amblewt temperature and other
factors. It was found that the output of the thermocouple was relatively sensi-
tive to chopping frequency (e.g., a reducticn of frum i3 to 11 cps increased
sigral by 10 percent ), and for this reason a srrobotach was used to adjust chop-
ping wheel speed immediatcly before cilibret.on or daily prior tc & series of
teets. The thermocouple signal was amplified in ihe preamplifier and amplifier
and was recorded on the oscilloscope without rectiiication as an ac signal.

The radiometer wes calibrated by neans of 8 vommercial blackbody
cavity (infrared Ilndustries Model 404) up to a level of steradiancies of
4.83 watts cm-2 ster-l corresponding to a tempurature of 1278°K. In calibrating
the radiometer, the front face of the blackbody cavity and the thermocouple were
usad as ihe conjugate focali points. In performing measurements on the rocket
plume, the optics were arranged so that a point on th2 axis of the motor and
the thermocouple were conjugate focal poinis. Both the image of the blackbody
cavity and the image of the plume were large compared to the target area of
the detector. To provide a check on the stabiiity of the radiometer, a sub-
standard calibration was used on a daily basis before each run. This was accom-
plished by deflecting the light from the tungsten ribbon filament lamp into the
radiometer by means of a front surface mirror located at the image of the lamp
on the rocket axis, It was believed that if a sharp image of the lamp was pro-
Jected onto the transducer ther the day-to-day alignment of the mirror would be
too critical to provide a meaningful check of the stability of the radioneter,
Ar additional lens was therefore inserted in the optical sys.em in srder ta
defocus th=s image of the lamp on the thermocouple and eliminate the need of a
highly critical alignment of the mirror. The irradiancy at the thermuccuiple
with the defocussing lens in position was very close to the irradiancy due to
the rocket plume itself.




Erratic performance of the radiometer was noted during the first series
¢f tests, its sensitivity seeming to decrease by a factor of four. However,
during t' ¢ next three davs of testing, the sensitivity remained acceptably con-
stant; the substandard checkh was 0.35, 0.36, 0.39 inches of defiection for
i6 amps lamp current. After this, the radiometer was recalibrated with the black-
body, ard4 since its calibration had changed, all equipment was again moved back
to the tegt cell for a check on the substandard. On this test, a deflection of

0.39 inch at 16 amperes lamp current was recorded. Although the csuse of the

lack o . ability wes never ascertatned, because it occurred early in the Lesting
and was fcllowed by a week of stable performsnce and because the useful data

were taken 2n only the last day after wnich a primary standard calibration and
good substandard checks were performed, confidence is high that the radiometer
was performing well during the important tests.

The amplified signal from the radiometer was found to be linear in
steradiancy. The “hermocoufle is designed for use in a dual beam system where
a constant check on it. sensitivity is provided by use of a reference signal
and ratio recording. In the present case, the preamplifisr tuhe filaments and
plates were supplied by external power supplies which couvld be a source of leck
of repeatability. The geometry of the optical bench did not allow the use of
& blackbody calibration in situ as would have been desirable. For these reasoas,
it is estimated that the accuracy of the measurement was of the order of
+5 percent.

A.5 CrOMPARISON C¥ TOTAL RADIATION RESULTS WITH SPECTRAL ANALYSiS
RESULTS

With the knowledge that the particle emission cross section if inde-
pendent of wavelength and hence the particles emit as grey bodies, it is possible
to reduce the data of total radiation tests,(obtained by Dobbins and reported in
tte third quarterly report), tc spectral emission croes secticn. The results
of this reduction indicate an emission cruss gect 1on fcr the particles used in
the latter tests (Dgye~dl Su ) c¢n the order of 10-° It is rot possible to

£, - ae da e 3 ¢ d A
refine this estimate of particle emissicn cress =°*:i~n bocoauge the totsl

radiation test is not sensitive when significant amounts of water vapor are
present. The main conclusions from the total radiation is that the particle
radiation was small compared to the zas (H20) radiation ir the simulator firing,
The magnitude of this result is, however. in agreement with the results cf the
spectral emissgion tescts of Carlson.

A number of improvements carn be made in order to give more accurate
measurements of both total and spectral emissivity tests of oxide particles.
Both types of measurements would be improved by using a pregellant formulation
that eliminated the background radiation due to Hy0. This can be done by se-
lecting a propellant-ujluent combination that produces Jiatomic species.
Spectral measurement3 will be improved by using & spectromcter on several
moaochrometers that make observatlons at fixed waveleagths. The sensiftivity
can then be improved. Transmission tests can te made in orurr to deduce part-
icle size and scattering cross sectfon. 7Thi3 informatfon can ther be used tc
nredict emission cross section zs function of particle size
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