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1 INTRODUCTION

L

1.1  General Statement of the Practical Problem

Agong the hazards of large rocket launches is the possibilicy of a
propulsion failure that leaves parts of the vehicie exposed to burning
propellants. While the probability of such failures {s very low, {t can-
not be totally discounted {f the consequences are seriocus. Thus it (s a
matter of concern that some vehicle components such as radioisotope power
sources would survive a propellant fire environment without relesase of
toxic material. This {mposes a rather stringent requirement, which can
be met more reliably {f the fire envirorment {tself is adequately charac-
terized. ldeally, it would be desirable to be able to calculate in advance
the thermochemical and flow environment that would be encountered by an
object in the fire. Because the effect of this envircnment on the object
i3 aiso determined by prcperties of the object, it is also desirable to
be able to run reasonably reproducible and inexpensive tests on specimens
in the fire environment to screen designs and materials that are chosen

to survive the fire environment.

1.2 Goal of Present Iavestigzation

The purpose of the present investigation was to adapt, develop, and
apply labcratory scale methods to cheracterize the fire envirorment of UTIP
3001 propellant burning in an ambient atmosphere. Particular empnasis was
placed on those aspects of the fire environment that seemed to be most
izportant to deteriforative effects on objects immersed in the fire, To
this end, the experiments {acluded liwnired tests on {mmersed objects.

Properties of the fire environment that were assumed to be important
included flow velocity, texperature, density, gas composition, and droplet
size and composition (aluminum (Al) and aluminum oxide (A1203)). 1t was
recognized that the cheaical resction zone of the prcpellants was I~calized
near the propellant surfece, except as nmodified by the long burning time
of aluminum droplets in the combustion plume, Considerable emphasis was
given 0 this latter attribute of zhe combustion zcne because it was the

least well understrod factcr in the fire environmen:, and was expected to
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be & critical factor in effect on immersed cbjects. As will be seen later
in cthe report (Section 4.3, 4.4), the state of the aluminum combustion 1is - 4

indeed a critical factor i{n immersed cobject response, which must be charac-

terized {n detail as & function of location {n the fire. Considerable

effort was devoted to this task.

1.3 Previous Information Regarding the Fire Envircnment

The general neture of the fire environment has been determined

T Y A R s 1

previously in cerms of rocket wmotor conditions, but only for specific i

propellants and environments, and only in qualitative terms (References
1 chrough 3). This knowledge was used to forecast the nature of the present

rToblea (belew), but could not supply the quantitative data applicable to

atmospheric pressure with UTP 3001 propellant.

Tests have been run on large blocks of propellant (References & through

6), usually to determine the detertoration of test objects {n the fire

1. Pokhil, P. F., A, F. Belyayev, Yu V. Frolov, V. §. Logachev, and A. 1.
Korotko, "Combustion of Powdered Metals in Acti{ve Media," Gorenive
Poroshkovbraznvkh Metallov v Akt{vnvkh Sredakh, 1972, (translation
from U. S. Air Force Foreign Tecanology Division, WP-AFB, Ohio,
FTD«MT-24-551-73),

f - 2. Pr'ce, E. W., Combustion Instabilitv in Rocket Motors with Aluninized ;
: 7 Solid Pronellants, Naval Weapous Center Technical Publication 5505,
: ) June 1973,

3. Price, E. W., "Comments on 'Role of Aluminum in Suppressing Instabilicy

in Sclid Propellant Rocket Motors, " AlAA Jcurnal, Vol. 9, Yo, 5,
Mav 1971, pp. 987-.99%0.

-. Ceneral Elecetric Space Divieicn, Final Report, fafetv Test No. S5-3,
S.14d Propellant Fire, Document ¥o. GEMS-S1S, Julv 1973,

5. Snow, E. C., Safetv Teat No. S-6, Launch Pad Abort Secuentia]l Test
: Phase 11: 3So0lid Propellant Tire, Los Alancs Scientific labeoratory,
{ Loa Alamos, New Yexi:zo, LA-n03«=MS, August 1975.

6. Snow, F. C., Sciild Prarellant Inpact Testa, Los Alamos Scientific
Laboratory, Los Alamoa, New Mexicce, LA=n2%3-MS, March 1976
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environment. While these tests obviously come closer to simulazing the ¥
conditions of concern in a launch accident, tegts are costly, and it is
difficult o generalize the results because of the problems of making
systermati{c measurements of fire conditions in large fires. ”ﬁ
Much of the {nformation describing the fire environment can be cai-

culated with existing computer codes. In the case of ncnaluminized

propellants, these computations often provide more accurate i{nformation on
gas composition and temperature than one can expect to measure--and at
much lower cost. However, such computer codes are based on existence of
chemical equilibrium. In the case of aluminized propellants, the slowly
burning aluminum droplets prevent chemical equiiidrium in much of the
volume of the fine environment of interest here. As a result, the thermo-
chemical equiiidrium calculations are helpful in determining a picture of

how composttions and temperatures o in the fire environment, but only after

the spatial distridution of the aiuminum combustion has been indenendently

established by other means,

One other source of information on the f{re environment s *hat ob- E

tained by cbservation of rocket exhaust plumes. The references on this

sudbject gives some idea of radiation and AXZOJ product droplet size. Neo

atiempt was made to review this literature because the information was

considercd to Ye ot doubtful relevance (f.e., does not simvulate the

B
F
%

interior of the at=awspheric pressure combustion zone).

[ OR——

1.4 General Nature of the Combusticn Zone

Froz previcus stud{es of combustion of aluminized propeliants, a
reasonable advance description cculd be constructed, and 1s described here
to assist in undcratanding the subsequent studies and results,.

Because of slow sluminum combustion, the combustion zone has the macro-
scopic structure shown in Figure 1. In a thin region (roughly l-ca zhick)
adjoining the propellant surface, the oxidizer and polymeric binder decon-
pose and interact. This 1s followed b ar extended Region A, (Figure 1) !
in which the alumfinum droplets are burning, and the gasecus products are
near to equilibrium composition (i.e., ~quilibrium for the amount of

aluninum burned at that point). Reglon B corresponds tc a distance from i
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the burning surface great enough so that all aluminum {s burned. Along

the sides of the combustion plume thsre are regions where the environmental
air has mixed with propellant products. Because the propellant products
ate highly fuel-rich, air admixture leads to further reaction and hest
release, concurrent with dilution and cooling with atm~spheric nitrogen.

The lmportant aspect Oof this macroscopic description of the combus-
tion zone {s recognition of the diiference in reaction rate-controlling
processes in the different regions. Near the propellant surface, the
doainant rates involve binder and oxidizer decomposition and mixing. In
Region A, the rate is limi(ted by the aluminum droplet combustion. In
Region B, coecposition is constant. In Regions C and D, the rate is l{imi{tad
by air mixing. Tha principal scale effect in going to large propellant
sanples is the decreasing {mportance of edge effects (Regions C and D).
Region A remains the same thickness for all sample sizes that are large
enough for complete aluminum combustion before arpreciable air admixture,
Determination of these sample sizes is one oblective of the investigation.

The macroscopic structure of the combustion zone is substantfally
daterined bv migroscopic detajls, as {s the nature of the two-phase flow
seen by an object i{mmersed in the fire. Looking st the combustion sequence
on a more microscopic scale, the oxidizer and binder on the propellant sur-
face decompose to gases, while the aluminum particles (310 to 30-.m) accumu-
late and adhere to form larger agglomerate droplers up to 200 .= i{n diameter
and more (Figure 2). The cxidizer and binder gases x and react near the
Surning surfece. The aluninum agglomarate droplets {gnite, and burn triefly
on the surface (Figure 37, then move out into the gas flow., There they burm
30 slowly that they produce an axtended combuntion zone roughly one meter {n
thickness. The final product flow is roughly 307 aluminum oxide, which {s
{n liquid droplet form. The foregoing cowplex of processes is described in
Figures 1} and &.

Figure -« shows the course of the combustion of the aluminum droplec
cloud in more detaill, Starting with a varviety of aggiomerates in the
20 to 100-.m~diapeter range, the droplets burn by two paths that produce

B

distinctiva nroduct oxide dropiets (Figure 2). Fine (~ I .o} smoke

~4
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droplecs are formed in a flame envelope around each aluminum droplet.
Oxide also forms and accumulates on the aluatnum. This in turn forms a
distinctive oxide lobe that eventually becomes a residual droplet vhen
the aluminum {3 consumed., Thus an i{ncreasingly dense oxide cloud develops
as the bdurning aluminum droplets and smoke move avav from the propellant
surface, vith the initial resfdual oxide consisting of relatively saall
druplets, and larger ones being formed later as the jarger aluminum drop-
lets burn cut.

It {8 not entirely cleor to what extent the microscopically complex,

spatially nonunfform aludsinue combustion field oust be characterized, but

the results {n this report {ndicate that the detail §{s very (mportant to the

piume offect on i{cmersed objects. This explains the considerstion of detall

tn the foregoing, and a subsequent impact on the investigations and the

approach used here in reporting results,.

N Strategy in Reporting Results
“he structure of this report was governed by three widely different

aotivalions:

1. Much of the worx was exploratory in naturc, because of the
1{mited arcunt of advance information on experimental methods,
or on {dentity of dominart dechani{sms. For this reason the
project work statement started with a topic entitled '"Screening

tudies’, These are surmarized early in the report for further
orientat‘on cn the pronlem and motivation of later work.

<. The physicchemical processas (nvoived are 80 complex and inter-
active the. no s.mple sequential description of the {nvestiga-
tions or their significance (s possible,

3. While the objective of the {nvastigations and this report {s to

des:ribe the fire environment, this s ar artificialily limited

goal; the l:ne of investigation (s continuai.y orifented towards
those factors controlling the effect of the fire en'ironment on

cbjects irmersed {n the fire--even to the point of prcliminary

gbservations of immersed objects.
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Following this Introduction, the results of the chemical equiii-
brium calqulations are summarized {n a way intended to show how the com-
position and temperature in the fire environment would vary (over the
Regions in Figure 1) 1f one knew the spatial dietribution of cthe aluminum
combustion and afr sdmixture. This is folloved by a summary of the
Screening Studies, wvhich tnclude (among other things) preliminary evaluation
of the dimansions of the aluminum combustion gone. Folloving this, & brief
section discusses the aspects of the heat transfur to an {mmersed object,
vith a susmmary of direct observations made during the {nvestigations.
The results of these observations brought forth the weakness of the concept
of temperature during heat transfer {n & twoe-phase rcacting flow of this
kind, This led to the next section, which i1s n discussion of the microscopic
temperature distribution in the combustion zone. The following sections
concern radiation in the fire environmen:, varisbles concerned with flow
rates, and detefaination of size and curpusition uvf Jroplets in the com-
bustion zone, Detailed discussion of experirments and analysis are pre-

sented in the appendices.

13




2 FIRE ENVIRONMENT BASED ON CHEMICAL
EQUILIBRIUM CALCULATIONS

2.1 Applicability of the Mathod

Chemical equilibrium calculations have baen used effectively in pra-
dicting rocket wmotor performance, and the method 1is highly parfected. In
the present problem, the method {s suitable for those situatic.as where gas
ccmbystion 18 complete and air admixture minimal. Such cslculations would
give the composition, temperature, density and viscosity i(n Region B of
Figure 1, dut would provide no {nformation about the size distridution of
the “203 droplets,

In regions vhere the aluminum droplects are still bdurning, chemicsl
equilidiius calculations have soms value because equilidbrium s approxi-
mated in most of the volume--{.e., averyvhere, except very near each
burning aluminum droplet, This 48 che situation (n Region A of Figure l
vhere usaful calculations could be made 1f one kngv how much of the alumi-~
num vas consuned at each point in the Regiom. Lacking that i{nformatiom,
the calculations can be made anvwey, using percent aluninum reacted as a
parameter. Such calculati{ons help zo tllustrate hovw the aluminum {(ngre-
dient contributes to gas composition snd temperature, but leave the com-
tustion zona undescribed as far as {ts spatial distribution {s concerned,
because that (s datermined dy unknown rate processes in the aluminum drop-
lat combustion,

Applicabiliz: of equilibrium cslculations is more limited {n thae
reglions of the combustion zone wvhere aizr admixture {s appreciable (Regions
C and ) of Figure 1), Reaction rates are guverned not only by zolecular
colllsion rates, but by relatively slow overall diffusion rates of air
and propellan: species, {n addition to the slow combustion of the aluminum
droplets, Ffurther, the aluminum and its oxide product droplets do not
diffuse into the air 1n the same wey us the gaseous propellant products,
posing & very complex problam. The equilibrium calculations do provide a

means to explore the approxinate effect of air admixture on gas composition
and temperature.
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During the project, & series of chemical equilihriua calculations
were made for UTP 1001 propellant at one atmosphere., These calculations,
V‘iudo with the ACE computer program at the Air Force Weapons Laboratory,
involved calculations using percent aluminum reacted, and percent air

adnixture a3 parsmeters, Results are described in the following.

2.2 Equiltbrium Conditions for Adtabatic Combustion
Combustion of UTP 300! propellant at one atmosphere leads Lo the
product composition in Table 1.

Teble 1. Composition of Reaction Products &s Given by Chemical
Equilibrium Calculacions with the ACE Computer Prograxm
(Adiabatic Composition of UTP 3001 Propellant at One
Atawosphere) .

Mol Weight
Product Specie Fraction Fraction State
Alzo3 0.0748 0.3997 Liquid
n20 0.1121 0.1060 Cas
H, 0.2815 0.2297 Gas
CO2 0.0147 0.0339 Gas
co 0.2635 0.3868 Cas
HC1 0.1207 0.2306 Gas
X, 0.0788 0.1157 Gas

=
3
=

.

bk

bbbl

T

e b

T

iy

Other properties of the equilibrium products are summarized in Table 2,
The results ({n Tables 1 and 2 ara applicable 2o Region B in the com-
buation zone &s descrided in Figure 1. This is & major part of the fire
enviconment of a large piece of propellant, encompsssing that region more
than one mater or so from the burning surface, out to those regions whers

air admixture has become important. For a large propellant sample (e.g.,

13
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Table 2. Properties of Reaction Products in Table 1,

Temperaturs 2990°k

Average molecular vt

excluding 51203 19.082
including M.zo3 26.707
. Dansity
excluding Al,0, 0.778 x 10™*g/cn’
{ncluding Alzo3 1.088 x lo.éa/cm3
1 meter across the burning surface), the t¢Tperature .«ulated by this
means {8 probably more accurate than can Le weasv ¢ - . :.tly,

2.3 Effect of Incomplete Aluminum Combustion

Closer to the burning suzface, the aluzainum {s not all burned., Equi-
l{brium composition was calculated for several sssumed values of percent
aluminum burned, as suggested in Section 2.1. The results are shown in
Figures 5 and 6, the lagter showing the temperature. In these calculations,
some assumptions had to be made as to the temperaturs of the unburned
aluminum (the computer program simply {grored the unburned aluminum and
corrections in temperature vere made by hand calculations for Figure 6.
O0f the three sssumed aluminunm temperatures referred to in Figure 6, the
value 25)5°K i3 most plausible for Region A, while lower values are ap-
propriate near the dburning surface (vhich corresponds to near 0% aluminum
reacted).

From Figure &6, it can be seen that the alum{num combustion brings
the temperature in Region A up from about 2350 K at about ! cm above the
burning surface, to 2990°K at the start of Region B (Figure 1) where
aluminum coumbustion is complete. 1In the process, 820 and CO2 are reduced
to H, and CO, as indi{cated by Figure 5. Concentration of other gases
in T;blo 1 are relatively constant, The calculations are instructive,

16
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but tell nothing about the droplet size distributions at each pofint in the
combustion zone (Figure 4) or the dimensions of the combustion gzone, Dif-

mensions noted above were ¢stimated from experimental observations.

2.4 Effect of Afr Admixture

As noted in Section 2.1, some estimate can be made of this e¢ffect in

gt o g e g il MMM .

Regions C and D from equilibrium calculations. The primary effects of air
admixture are to dilute the plume with cold nitrogen, and to oxidize che

H, and CO back to H20 and coz. The first effect cools the plume and the

sallibsdid ot

second heats {(t, so modest air admixture does not have & critical effect
on temperature. Further ocut in the m{xing region, the temperature must

drop off, indicating depletion of f{uel specles from the plume, continued

mixing with air, and & shift to lower temperatures and an oxidizing
atmosphere, This trend {s reflected in Tigure 7, which shows how the
tempatature changes with percent a:ir sdmixiure for equilibrium compusition,
The different curves are for different percents of sluminum burned. The

curves show the low scasitivicty of temperature tc ai¢ adafxturs up to

bt ol iy s

about 507 concentration of air.

It should be streassed that the chemical equilibrium calculations are

Bt o

relevant and give accurate predicticns {(n those regions of the combustion
tone vhere the gas-phase reactions proceed sch @ore rapidly than aluminum :
droplet combustion (Region A of Figure 1) or air mixing (Region D of
Figure 1), 1In the mixing region, equilibrium between gaseous species may
be approached, but it {s uncertain what the stace ¢f{ the aluminum will be,
primarily because it does rot diffuse laterally with the product gases,
but does react wicth the air-enriched mixture. 1In view of the uncertainty
of the gluminua and aluminua oxide concentrations in the air admixture
region, the equilibrium cslculations serve there primarily as s means of
setting limits on the uncertainty regarding temperature, This vill be
discussed further in the context the air-plume aixing problex in
Appendix A,

Turning to the effect of Aa{r admixture on composition, the condition

" sluainum burned was chosen tu {llustrate the effect cf air concentration

(Figure 8). This corresponds to the mixing region i{mmediatelv above the

19
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Flgure 8. Principal effect of air admixture on concentraticn of

reaction products -- case for 0% aluminum burned.




edge of the burning sample, but may approximste much of mixing Region D,
in view of the slov lateral diffusion of condensed material, 1In the figurs,

all concentracions go to the composition of air as the abscissa approaches

100% (low concentrations for the gases shown). Howsver, starting at Q%
atr, the “20 concentration initially holds steady {n spite of dilution,
as the 32 teacts with the incoming oxygen. The co2 concentration actually
increases up to 50% air admixture, due to oxidation of CO. At higher air
concentration, the concentrations {n the figure drop off rapidly due to

dilution. The sudbject of the dimensions of this mixing zone i{s touched on

{n Sections l, 2 and 5, and in Appendix A.

|
]
%
s
]

SRR T AT A

i it B d i,

il |

PRRRETE

a1

o, =1 0L




Lt

J.1 Introduction

At the

outset of zhis study, a constderablie baceics of (nfortatien

was ataiiable or combustion of aluminized solid propellants, but the

(which forms such larger oxide drepluts in the plume),
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Pigure 9.

Columnar comdustion plume frum a S-ca diameter
sanple of UTP 3001 in afr.
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Figure 10. Hlown plune trom a4 2.5=cwm sanple, showing response of products
other than aluminum agglomerates to crons tiow,  (Streaks in the upper
Plume indicatc motion of buminy applomerates during the time the camera
shutter was open: intermittent nature af the streaks 18 produced by a
1000 Hz chopper in the Hpht patnh to tac{iftate velocity determinations).
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Figure 11. Thotograph of 4 "ecm-diameter sample with {gniter wire and
funiter paste.
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and boron powders, in a polybutadiens binder thinned to the desired
consistency with toluena. The sides of the sample wara inhibited by a
smvar of petroleum jelly, which had the virtue of melting and flewing away
from the burning surface, giving a clean edge, Other inhibitors eifther
fatled to prevent burning down the sides (Figure 12), or accumulated on the

reriphery in such a vay as to oodify combustion or obstruct the view of

the surface (Figure 13).
The ecarly studics showed that cacers scttings equivalent to 0,00 sec

at £/32, with ASA 160 color filnm vielded satigfactory exposure of the pluxe.

<
Howewer, it will be noted later that the bright, burning aluminum agelom-
crates tend to be obscured by the smoke cloud unless exposure time can

be reduced to about 0,0002 sec (with corresponding increcascs in apertire
and ‘or f¢lm speed). Clesc-up pictures of the burming surface and plune

structure werce taren with & Ji-oam Nikon camera with a 200 to 600-tm zeum

telephote lens (furtier Jdetafls of photogranhic zoethods are presented in

Appendix B).

i L
-

The plume piciures zhoddd that burning aluminus drepiets are present

Bry b

fn the plurme for as much as ] =meter above the burning surface. Near the
burning surface (Figure lud the piume is doninated by streass resulting

-

frem soobe tralls (A1,0, particles {n the < I w-dlametler raage), trails
.

formed from aluminum agplomerates burning en the proncilant surface.

Previcaus studtes have shown that the burning ag.lomerates f{ora vers fing

al,9 moke dreoplets in 8 detached flame envelipe arcund agglomervate drop-

R
iets, anc also form oxide on the droplet surfaces (Ieferinces 7 and 8,

Figure 15). Thus cone expects the aluminum droplets (o continue to form

smoxe atter departure from the burning surface, and tc produce lar,er oxide

7. Prentiie, J. L., "Combustion of Single Aluminum Droplets in Var,ous
Oxidizing Cases 1ncluding CO, and Water Vaper,' (hemical Prerulsicn
Intorma-ion Arenc Pubilication 133, Vol, 1i:, Decenber 1973, =-p 279-
205,

y He €. Chiristensen, K. . ¥nipe, C. M. Drew, J. i.. Prentice.
rim, AL.minus Particle Combugtysn: Progress Report, Naval
“oStation Tedhnical Tubdblication 3vis, April 196b,
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Figure 12.

MAMM

(s

T

Photograph of a 2.5-cm sample with nonuniform edge
burning and divergent plume, unsuitable for test work.

Figure 13,

Photograph of a Z.5-cm sample with sccumulating
fohibitor ovbstructing edge burning and viewing.
(enerally nnsuitable for teat work.
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Figure 14, Photograph of plume near surface showing smoke trails
from aluminum agyplomerates burning before detachment
from the propellant surface,
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Figure 15,

Plcture 1llustrating the surface oxide lobe on
quenched agglomerates (SEM).

Figure 10.

Plcture of deflected flow in the combustion plume,
Note the c¢ondensed material splattered out of the

plume,
29
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droplets upen burn out, droplets consisting of all the surface oxide -

accumulated before burn out, The photography shows the burning agslomerates

-- cspecially when the obscuring smoke is blown eway by transverse rlow -
(Figure 10), The residual oxide droplets (which are much larger thkan the
amoke dropletz, and probably rot blown away by the cross {low), do not show
in photographs becausc they are cocler than the droplet flame, and corre-

spondingly lees luminocus (Sec also Sections 5 and 6). As noted {n later

discussion, the resfdual oxide droplets are observed in dirvect sasmpling

of the plune.

3.3 Mixing and Acmospheric Effects

As noted {n the Intrcduction, the preopellant plume §s fuel-rich and
reacts with air. This results ir a mixing reaction regfon around the
plune which may be a factor in some fire situations, Further, the alumie
num droplets burn vigeriusly {n air, and can be predemican: {n the pictures
of the plure bodgune aiglozorates in (e fnterior of the plome tend to e
obscurcd by sacke. The ceomdurticn of agilemerates fn alr {3 hest demenstras
ted {1 the prosent wors boosarplos with acaflat dureiug sua faces (Figure 12) .
and by droplets: deflecied cat of the plume (Figure 1oy,

Early resuits indicated that, Lowever columnar the flow from the
wurning surface appeared, mixing of air inty the plume was rap:d, being
substantial (for 5=-cm sarples) at the center of the plur: at a distance
of 15-cm from the burning surface (see later discussion uf tcomperature
mcasurement), The mixing {s by c¢irculation as well a8 molecular diffusion,
as !llustrated in zests cn large sacples (12.7<cn diamecter) as in
Tigure 17, Tests wer? run with the 5-cn samples and ~!lumces {nside a
15-¢n pyrex tube with flow of different gascs (Ar and 02‘ tv clartify the
role of mixing and reaction i{n the plume boundary. While only preliminary
in rature, photographs during these tests on 2,5-cm samples showed the plume

~ be greatly suppressed in brightness (n an argon atmesphere (Flgzuze 18,
Thcse results support the interpretation of rapid plume mixing and dictated

use of sarples at least 5-cm diameter {n the subsequent investigzaticn, with

most befng byrned in Secmedianeter tubes to confine the plume.
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Figure 17,

(a)

(b)
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Photographs of plume from a 12,5-vm sample, Bhoving

convective mixing at the periphery of the plume.

T

i

bart a, full plume, and Part b, close-up with vortex

ring.
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(a)
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(b)

Figure 18. Photographs of sample burning in a column of
flowing gas: (a) Argom, (b) Oxygen., ]
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J.4% Coilevzicn of Condlenscd Material In Upen Plumnes

In order to establish the burning rates and sizaea distribution of
agglomerates in the plume directly, {t was proposed that buraing applcu-
eratas be quenched and collected at various locations in the plure. Pre-
liminary calculations {ndicated that {f the burning surface were orivnted
to give a horizontal plume, the agglomerates would fall out of the plune
due to gravity, and earlicr tests on a different propellant had saown
that the burning agglomerates would then quench if allowed to (all o a
retal vlate, However, screening tests on UTP 3001 in open plumes showed
that the aluminup sgglomerates were not quenched on the plate, but irstead
usually bounced and continued to burn (Figure 1Y), Various schimes were
used to achicve good quenching and collection from open plumes ({nclincd
plates, travs ol water, nitrogen florndng), wrth ooty limited
SImU Grae0tuTaley were uapliured and

P it ey ey [ c iy
[EERTAR - PR M N U SR S A8 L, fllustraling

the expected conlazaration ¢.d size. Mowevaer, it was decided duving tnese
studies that the rap:ad mixing of the awmosphere with the open plune would
lead to'deveptive resalts even 14 successlnl open plume quenching werw
a:hieved., As a result, systematic studivs were made later by tests on
cazples burncd {n tubes (sec below).

During the efforts 1o quench-sample azglemerates, coplous quanrtitices
of aluminum oxide were collected., These samples revealed the (xocotud come-
bination (Figure 2la) of fine oxide swzonc and larger residual oxide spheres
(as well as the oxide caps on the agglomerates; (Figures 21b, 2'¢). In

iater siudiecs, eficrts were made to dotermine the wefght-distance dis

,.

"t

-
[]

dution of aluminum, smoke and resfdual uxide, as well as their sige distri-

tuticns, This will be discussed below and {n Sectiona 8 through 11, an

[~
-
3

3.5 Collaction of Condensed Material in Tube Burners

Jecruse of the problem of rap{d ai{r admixture in the comcustion plurme,
tes*ing was evenctually shifted to confined flow, where the saiple was fitied
in a tabe, a~nd ohservatiorns were made at the tube ex{t., 1In the case of

cxllection ol conduensed matcerial, the tube was orfented open-end-down, The

cut=ficy was ther quenched by various means such as dischazge {ato a pocl of
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Figure 19, Photograph <towlny bomine ey lamerates falling out
of a horfzontal plure, {mpinging and bouncing on a
quench-collection plate.
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Figure 20, Pictuie of an agrlomerate that quenched on a metal
plate (SEM),
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Figure 21,

(b e

Forms of oxide droplets in the combustion plume:
(a) oxide smoke; (b) quenched sluminum agglomarates
vith lobe of rurtace oxide (precursor of residual oxide

droplets), and (¢) residual oxide droplets (formed from
oxide lobe of apglomerate).
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alcohol, There methods were explored in the screening siidies and fzund to
vield quenched material in goed condition (Figures 21 and 277, later,

more vorplete testing is discussed {n Section 11,

3.6 Conmbustion Jone S{ze and Structure

The collected measurements of the screening studics indicate tiat the

exneriacnt can be conducted so as to vield 4 coiummar flow trom the nurning

surface, ossential to lahoratory simulation of fire orvivomients of pracii-

cal concern. Microscopic detail of the burnin, surface shows protruding

oxidizev particles (Figure 2la) and burning agelemerates oi aluninun

particles (up to 500 .m; Figure 23%). 1In the regicon ncar the suvrface,

$=owe sircamers from the dburming aluminum aggleomerates suowest lacinar

flow (renarkably so considering the {rregular nature uf the surfacin.
luminum agglomerates leave the burning surface alroasdy ~uvcing, 3n a

wide tange of sizes, and move away in the direction ¢f the ;e colun,

The density and luminesity of the smoke plume dncreases rapidiy as le
zdatvrial flews away from the surface,
Preliminary results suggest that 507 of the aluminum is reacted within

adout 15-cm of the propellant surface, with the remaivder (larpe azzlim-

for up te 1 meter, Pilumes fre— lad.raioery sca.e samples
{Fecm diameler) appoar o expericnde vap:d mising with entralaed airn, as
csidenced by thelr senaitivity o atmespheri~ eavirourent, Al measure-ents
on open plurmes bdeyond & or T-¢n frem the surtace (f.e., muasurements of
tempeoraiuce, composalftion, aggivmerate sizem ete.) are presumabis alicctec

by zuining, and the test precedure was =odificd becausce of tals by conduct-
fn. the tests in tubes)., Mixing was apparently less rapid on the axis of
the plume with 12.5-cn diameter samples, simply because cof the larger radial
~ixing distances (hence the highly lumincus upper plu-e with large samples,
Figure 17a). Yonetheless, the mixing processes with the large scmples were
scmetines large scale, as indicated bv the apparent revirvceulation in the

plume seundaries (Figure 17DY, Tt s judged that the 12,5%-c¢m sarplie can be

used for tests cf plocte cfiedts on armersed ondecls 0 e ORISR up to Iegn

from the propellant hurning surface (I the immersed 2T jects are smai.

{(€4R.y = 245-2@). YNost Of the tests run on 12,5-cm sarples were run in
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Figure 22.
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Tvpical sample of condensced material collected by
the alcohol quench method,

37




n
L

[ T

A f |

i
{4
iz
L
4

i

e LT

(b) i

Figure 23. Details of propell.c burnlug surtace: &; SEM
of a :ample quenched by {mpingement of freon jet,
shidng rrotruélog oxfdizer particles; b) photograph
of a burning sample, showlng aluminum agglomerates
burning on the surface.
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stainless steel tubes, and tubes were used on almost all cests on S~cm

‘samples whera quantitative measurements were rsported.

The burning rate of the prcopaellant could be estimated from test
duration, since {nitial sample thickness was normally measured. The rate
was Qqualitatively reproducible, and averaged 0.127 cm/se¢c. The propellant
density wvas mesasured, and was 1.76 g/cnz. Thus the mass flow rate in the
offlux from a surface one cnz was 0,223 g/sec.

Assuming an equilibrium composition of products (after compleate
combustion of the aluminum) as indicated {n Table 1, and a temperature of
2990°K. the nass flow velocity would be 28 cm/sec (xes Section 7 for details).
Velocities {n the plume cvuld be estimated from the length of streaks in
photographs =zade by motion of {mages of aggloserates during the uxposure
time. Velocities obtained in this way varied widely, and it was concluded
that the most visible agglomerates were in the reduced velocity, front and
lateral doundaries of the combustion plume where obscuration by smoke waas
minimal, The higher observed velocities ware around 15 m/sec. For this
velocity and the plume haight of about | meter seen for 12,5-cm diameter
sanples, the largest agglomerates must have burned about 0,07 sscond.

In sumnary, the qualitative properties of the combustion plume as

estimated above are collected in Tadle 3,
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Table 3. Estimates of Reaction Zone Characteristics Obtained s
from Screening Studies (Augmented by Use of Results :
of Chomical Equilibrium Calculations). =

Propellant burning rate (messured) 0.127 ca/sac -
Propellant density (measured) 1.76 g/c:n1 B
Propellant mass burning vate (cpr) 0.2 g/cac/cn3 _
Combustion gzone thickness, (Figure 1); 1.0 m i
(Region A, observed values)
Burning time of large agglomerates 0.07 sec
Temperature after burning gt Al 1» 2990°K
complete (from Table 1)
Cas density {n the combustion :onQ' 0.78 x 10.“ g!cu3
Mass of AL 0. per unit volume (n the 0.3! x 10'“ g/ca3

product“ flow"

Flow vclocity" 15<30 a/sec

* Baved on chemical equilidbrium data actuallv applicable
to region of complete reaction, Region B of Figure 1.

v Based on several mcthods of datermination.
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4 HEAT TRANSFER

4.1 latroduction

The primary effect of the fire anvironment on immerued objects (s
temperature cvise. Accordingly, heat transfer {s the physical process of
primary concern (if the ixzmersed object {s chosen to be reasonably resis-
tant to chemical attack)., The present project was concerned with character-
ization of the fire environment responsible for the heat transfer. However,
the ultimate application of concern was heat transfer, and soms considera-
tion of 1¢ was necessary to sssure propsr emphasis i{n the fire environment
1nvtltlgltion.. Indeed, heat transfer measurements vere undertaken from the
outset of the project, measurements in the form of immersion calorimater
probes.

1t should be stresaed that hest transfer {n the fire environment {s
A very complex process, primarily because of the (uncharacterized) two-
pnase nature of the mdium, and the reaciive and rescting condi{tions {n
the coabustior zone. That is precisely why the first effort, the effort
chosen for this project, was to characterize the medium. The second phase
problea of heat transfer is discussed at this point (n the report primarily
to explain some qualitative findings about it and how they affect the
sllocation of effort in the study of the fire environmant.

4.2 Heat Balance for an Immersed Object in & Cas Flow

When an object (s {mmersed in & gas flov, a flow field s established
around the object, from which heat of the gas 1s transferred to the object.
Depending on che shape ard size of the object, haat {s transferred at
different rates at different locations on the surface, and & transient
tenperature field develops in the object while it {s heating up. If the
propellant yielded only gsseous combustion products (and the {isersed
object vare geometzically simple and located outside the combustion zone),

* A further objective was to establish a modest size experiment in which
exploratory tests could be made on various test objects without
excessive cost of tasts,
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then the heat-up of the {mmeresed object could be calculated by any of
seversl existing computer programs, Characterization of the f{re environ-
mant would consist of determination of propellant flase tempersture, den-
sity and burning rate; of product molecular weight, density, velocity,
heat capacity, thermal conductivity, and viscosity. All of these quanti-
ties can be determined wvith suffi{cient accuracy from known propellant
characteristics and results of chexical equilibrium computer programs.
The heat transfer argument (s simplified further if the fomersed ob-
Ject 58 small and s & good hest conductor, because it can be assumed to
Ve at uniform temperat're., This conditfon can be approximated {f che
immersed object {9 a tempoerature probe, designed to conform to a simple
representation of the heat transfer problem. In that case, heat transfer

can be described by & heat balance esqustion

, dTp 4
H (T_-T) + H 1" e ¢ = + H T + R (T_-T 1
s(s P r g p dt r p o(p o) D
Heat {n Heat {(n Heat Hest out Heat out
by by stored by through
coavection radiation radiation probe support

where T‘. T , and To are the temperaturer of the gas, irmmersed probe,

and ambient envirormment respectively; H‘. "r' and Ho are bulk heat
cransfer coefficients (that dzpend on the detailed flow fieid and gas
propertiasn) for heat in from the flow field, heat radiation and hest aut
through the probe support: CP 1s the bulk hest capacity of the calorimeter
part of the probe. For & specific flov sttuation ané a specific probe,

this equation can relate the gas tcmperature to the object temperature (f
the coefficients are known., The coefficients can be daterminad by running

a test in & knowm gas flow fileld, neasuring Tp vs time, and determining

the best combination of the paramaters for fitting Equation (1) to the
observed Tp(t). Then when Tg 13 not known, but is believed to de constant,
the same calculation can be made 10 determine T_ a8 well. In Saction 4.4,
Equation (1) {s used to interpret probe temperature mesasurements made in

the fire en{ronment of UTP 3001. The results are vholly unsatisfactory

unless one cons{ders the two phase nature of the fi{re environment, The
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complications of the condensed phase products are discussed next.

.3 Ccmplications Due to Condensed Phase Reaction Products

As noted {n Table 1, the condensed phase mater{sl {n the combustion
zene of UTP 3001 propellant consists of about 15% sluminum near the pro-
pellant, wnich changes to about 287 aluminum oxide in the final reactiocn
producty. As was seen in Figure 16, condensed phase material impinyes
divectly on fomersed objects in the {low, which was observed to causce
cumulative bufld-up of material, This {s demonstrated by Figure 24, which
shows a reirasil rod placed lengitudinally inm the plume with the end lcca-
ted 7 cn frem the propellant burning surface. Accumulation of deposit con
the end of the rod over a 15 second intcrval {s conspicuous. The bright-
ness ¢f this accumulated matorial suggests that {t i{s very hct, and post-
test exaniration indicates that substantial eluminum {s prescut, Thus {t
scems liwely that the depositing material not only deposits hical, cut the
alumines continues to add heat by coxtdation.

from the f{cregoing it is evident that the process of hea: transfcer
involves net oniy convection from the gas flow, but also dircct depositiom
with {mpinging condensed phase material, aloag with heat reivcuas. by this
mater{al through chemical reacti{on., Further, the accurulating raterial
changes the heat transfer characteristics {nto the sclid, in o time-
dependen? way due to deposit accumlation. These effects puse a haat

transfer proviem for the future. For the present, effort fs cencentrated

-3

vimarily v charvacter{z{ng those properties uf tie fire envircnoent that
deteraine these heat transfer effeocts. As far as the condersced nhase
raterial 1s concerned, it can be assumed that the cricical consideraticns
arve the relative amounts of aluminum and aluminum oxide, and the droplet

size disttributions and tempergtures, subjects of Sections 5 and £ through !1.
In the meanzime, attention is zurned next to the actual heat transfer, and

an estimate of the role of the condensed phase.

’

4.4 Calorinmeter Measuraments

Alter rejatively uniniormative casurements with bYare thermccouples

in the pluae (Appundix Dy, primary elfert was Jeveted to Zesign and use cf
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Figure 24, Photographn of accumilation of /\17()1 and Al on a refrasil
tod immersed in the combustion zofic, E
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a prodbe consisting of a thermccouple-aquipped copper tip and a shank con-
structed from coaxial sleeves of ceramic, inconel, and stainless steel
(Figure 25). Figure 26 shows typical temperature-time curves for the probe,
recorded {n tests at different heights in open plumes from 5-cm samples.
From one such temperature-time curve (combined with similar ones from

teats in a clean flame of known temperature), a local effective plume
temperature can be calculated (Appendix D). Figure 27 and Table &4 show the

temperatures calculated from three tests at different discances from the

Table 4, Calculated Temperatures, °K; Based on lomersion
Probe Heat-up and Equation (1) -- Assuming No
Heat Transfer by Impingement of Condensed

Material.
Time
Incerval Distance from 1.62 cm 15.2 ¢em 22.9 em
During Burning (3 in.) (6 {n.) (9 i{n.)
Heat-up (sec) Surface
10 12 800 11 280 6050
11 13 770 12 240 6060
12 14 860 13 170 6001
13 15 540 13 520 5970

burning surface. The multiple points st each distance correspond to
different times during the burm.

The most notable featuires of the measurements are the very high
indicated temperatures, and the trend to lower temperatures at greater
distance from the burning surface. The chemical equilibrium calculations
(Section 2) indicate that the temperatures should range between about
2400°K (near the surface where very little combustion of the aluminum has
occurred) and 3000 K (where alumtrum combustion s complete). Since the

valuss in Table & are calculated on the basis of the assumptions that the
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Figure 26, Tempersture-tite curvas for an iamersion probe used in
the calorimeter moda. The d{fferent curves correspond to
different distances from the bumning surface. Tests were
in open plunus from S=cm diameter sanples.
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Figure 27. Indicated temperatures vs distance from the burning
surface based on heat-up curves {n Figure 26 and on
Equation 1.
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hest transfer is deacribed by Equatina (1) and that the heat transfer
coefficient {a the same ai in the calibration tests in a clean flame, the
: inordinately high {ndicated temperatures appu:eﬁtly raflect heat transfer
bv deposition and reaction of condensed matervia. ¢n the probe, which is
not accountesd for in Equation {1). While zhis is a critically important

IR SR

result, it alado emphasizes that there are serious troubles with any

conventional heat rransfey cosfficient-free stream temperature concapt in
characterizing heating of objects imersed iu the flow.

Referring to the trend of calculoted temperature with distance from
the burning surface, the decreasing indicaced :nmparacures-;ugsest that

air admixture has gppreclably ccoled the plume at 23 c¢m from the burning

E
3
1
E,
b

surface. An alterndte interprecation is that the natuve or tcmparature of

condensed matecrial evolves {n such a wav as to reduce depogition-reaction

e

heating further from the burning turface, Direct observatrion of the probes

after tests indicated less deposii, mostly oxide, on prabes when they were

L b

heated gt the 23-cm scation. When the probe was nesr the propellant sur-

face, it exhibiced extensive metallic deposit after the cest. Thus one
aight infer that the indicated tempersture drop-off with uistence from

the propeilant surface was because of an acftual plume vemperature drop-off
(air admixture), buz also because rhe heat iransfer “ue to deposition-
tesction decreases. The trend with time ducing individusl tests is prob-
ably due to time dependence or retentiion and reactism of conlensate, and
corresponding t{me dependsnie of the hegt transfer intc the depceit-coated
probe (see Appendix D). The trend of the indicated cecperature towvards

expected flame equilibrium values at greoater distance from the prorellont

Lt L e e b e b 1 il ¢ b S

surfece {s consistent with the obeserved decrezse in depcsiticn, as {c¢ the

relatively time-{ndepend=nt tempersture there, i

4.5 Water-Cooled Probe

The procedure for interprezing thie tecperaturze-time curve frum the
original immevsion probe {nvolved 2 calihraticn in & clean flame betlore

and after a test in the prcpellant fire (Appendix D), this procedure deing

b

mot{vated by the realization that the heat trensfer coafficient wnust ;

change as a function of time due to accumulation of deposi{ted naterial.
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Since such deposition is a fundamental aspect of the effect of the fire
environment, some consideration was given to a probe concept that would
more clearly show the sffect of accumulation of deposits. For this pur-
pose, preliminary tests were run on a probe consisting of & stainless
steel tube with a outside diameter of 0.63-cm and an inside diameter of
0.32-cm, extending through the plume, and cooled by a constant water flow
rate. The increase {n wvater temperature is & measure of heat transfer
rate to the tube, With 2 water flov rate sufficient to give a temperature
rise of 30°C, the vater temperaturé came to equilibrium in less than 2
seconds. This result indicated that the probe could be used to monitor
the change {in heat transfer coefficient as proposed. Further development

of this concept holds promise.

4.6 Summary of Heat Transfer Measurements

The results of these experiments establish the importance of con-
denyed phase macerial in the fire environment as a wajlor factor in heat
transfer, The resulis indicate a complex jmpingement of the droplets on
the exposed oblect, with appreciable accumiiation, and apparently very
extensive heat deposition (References 9 and 10). Further, the deposi:ed
aluminua pronably oxidizes, Jelivering still more rheat to the exposed
object. While no Deasurements were mode (o demonstrate the relative
importance of fire and coarse droplers of condensate, fundamental considera-
tions dictace that the coarser droplets vill dbe mure likely to impinge om
imersei oojects, These results dictate that more basic {nformation must de
obtained un droplet size distribution and deposition-retention characteri{stics
versus immersed object size, maceriai, shape, and duracion of exposure.
In the present investigstions, particular actention was given to the size of
the droplets, as discussed in Sections B through 1l.

9. Shchubin, V.K., A.l. Mironov, V.A. Fi{lin and N.N. Koval'nogov, "Intensity
of Heat Transfer Between Two-Phase Flow and Noz:le Walls as Function of
Particle Motion Parameters,” Izvesziva VI, Aviationnave Tekhnika,

Vel, 19, No. L, pp. 109-11%, 1976.

13. Ruznetsov, V.A., and O0.E. Kashireninov, "Specialties of Thermocouple
Measureowents of Tersperature Into the Flame at the Condensed Product
Forzation," presented at the AJAA Aerospace Scuiences Meeting, Jan, 1974,
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5.1 Introduction
In Section &, (t was srmphasizaed thar the 'eat transfor could not be
charactevized (n 2 simple way as & function of Lemperature {n the fire
environment, bucsuse of the complex w‘y in which heat {s tranoferred froc
the two-phase fl-w and depuudence oo 1t¢s microscopic decailu. 1t was not

meant ve imply that timperature vas ill-defined (although there are problems),

or that the concept {s not useful., Rather, {t was moant o state that the
med.um {8 not wicroscopicallv uniform, and (s thermilly nonuniform Jn the
sare woy as 1% is physically and chexmically ronunifnrm, Specifically, the
temperatuss {8 very high in the flame envelope arcund the aluminum droplet,
lower {n the gas-smoke field, and still lowar {n the gluminum droplets,

The purpose of this Section {s to describe what we know about these

temperatures.

5.2 The Texperatuzre Zcones

The extended region of the combustion zone of the propellant 1n whiah
the sluminum droplets burn {3 @& region where chemical nes! relcasu continues
locally agound the aluminum droplets and flows to che surrounding media;
with corresponding terperature gradients. The most intende heat reicase {9
11 8 high temperature zone which (s & detached flaze ervelcpe arouna zech
sluninum droplet (Refercnces 11 and 12). in this flame envelope, the mos:
energetic step is the formaticm of A1203 in liquid form, priwariiv oa the
surface of existing smoke droplets in that envelope. it is the reaulting
energy of that reaction, and the corresponding high tcoperature of these
sooke droplets, that makes the combustion so luminous, Indeed, these

droplets are near their boiling temperature (Reference 11), and (¢ 1s partly

I1. Chr{stensen, H,C., R, H. ¥.ipe, and A, S. Gordon, "Survey ¢f Aluminum
Particle Combustion,” Pvredynamics, Vel.. 3, pubiished by Gordon and
Breach, 1965, pp. Gl-119.

12, Friedaun, R., &nd A, Ma;ck, "Combustion Studies cf Single Aluminum
Particles,” from Ninth Svopcsium (International) on Ccmbustion,

Acsdenmic Press, 1963, p. 709,
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becauss of the radiative disposal of energy that the rate of formation of
liquid M.ZO3 can exceed the rate of its vaporization (dianocintion).* Ar
one atmosphere this procsss maintains the AIZO3 temperaturs at about 3800°K
(Figure 28). The region involved (s an ervelope surrounding asll of the
burning agglomerate, excapt that portion covered by an oxide lobe (that
portion of the envelope is deficient {n fuel spzcies (Al, AlO, etc.)).

In & convective snvironment the flame envelops may be dravn out by cone
vection of Al and lower uxides {nto & tail as {n Figurs 29. It will de
noted {in the figure that the luminosity of the convective tatl quickly
decreases in the bulk gaseous environmenc, reflecting vapid equilibration
with the lowver temperature of that bulk environment when the supply cf
A1203-£oru1n| reactants is depleted. From a pracrical viewpoint, Lt should
be srressed that the high temperature zone arcund the burming agglomeraces,
vhile the source of a large part of the radiant energy and heat, contains
very little mass, and only small droplets that mayv not deposit extensively
on objects in the flow.

Inside the flame en'elupe, the al minum droplet conscitutes a second
2one, which {s necessarily at a texperature below the aluminum boiling
point (~2740°K) and above the Al,0, melting point (2318°X). The reason
is that the flame cannot support the high vaporization rate of the boiling
point, while the combustion would be arrested or drastically reduced (f
the oxide wvere frozen (because {t would encapsulate the agglomerate).

Thus one may regard the aluminua droplet as o second temperature gone (n
the alupinum combustion which contains subetantial mass, at a temperature
of about ZSOO:K, in a droplet form that i{apinges readilv on {mmersed
objects. Further, the {mpinzing material will almost surely react exother-
mally on the {mmersed object {f retained. These affects vould be major
when the test object {s near the propellant burmming surface where \he

alluminum concentration (s “itgh.

* Alzoj dissoziates instead cf boiling, and the high energy of forma-

tion can be realized only if heat {s being removed to keep the
tezperature down.
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P{gure 28, TFeatures of the burning aliminum droplet, and i{ts sssocia‘ed é
temperature zones for a typical solid propellant combustion 3
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(a) Sketch of agplomerate combustion.

(b) Fhotogpraph of agglomerate combustion,

Figure 29. Effect of a convective environment on the aluminum flame,
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The third tecperature zone of the aluminum combustion is all that

volums outside the droplet flame envelops, vhere the temperature is some-

thin| like a flames temperoturs of the propellant (with due regard for the
percent aluminum consumad at the particular locaticn). The temperature
ranges £roz 2350°K nexr the propellant surface, to 3000°K further out
wvhere the sluainua s 100% consumed (as shown (n Figure 6 and descridbed
in Section 1,2), with the temperature rise being due to heat flow from
the {ire: temperature zone (aluminum combustion zone) described above,
From the foregoing, it can be concluded that most of the volume of
the f{ire environment consists of the following meterial at the indicated

temperatures (assuaing no air admixture):

1. The bulk of the volume (gas, seoxe, and residual oxide
droplets) 1e at temperstures ranging from 2350°K to 30GO°K.
Only the residual oxide droplets are large enough for impinge-
ment,

2. The unreacted sluminum (n burming droplets (s at about
2500°K., Droplets src large enough for {apingement.

3. The flame envelops around the aluminum droplec, contsining
a very small mass of very hot gases and Mzo3 smoke droplats,
ie at about 3800°K, It ta highly visible because of high
temperature,

5.3 Spatial Distridbution of Temperature
The experimental mechods of this investigation have ~ot yet established
the temperature distribution uncyuivocslly, and {rom the discussion {n
Sections 5,2, 6, and 9, Lt 1s clear that to do so could be prohibitively
difficult becauss of the nonuniformity on a microscopic scale due to
presence of burning metal droplets, However, in this context it is worth
recapitulating the concepts of the microscopic temperaturs gones of Section
5.2, in the context of the general Regions of the piume shown in Figure 1.
Near the propellsnt burning surface (lower Region A) there is s
heavy flow of burning aiuminum (terperature gone 2, droplet temperature

sbout 2%500°K); with s correspondingly iarge flame envelope radiation (zone
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1, temperaturs about 3800°K); and with a correspondingly low smoke density
in the rest of the volume (zone 3, temperature 2400 to 2500°K). As the
material flows further from the surface (outer Region A), the aluminum
droplets (zone 2) decrease in size and total mess wvhile remaining &t about
2500°K; the cotal volume and radiation of the flame envelopes (zone 1,
temperature 3800°K) decreases; the population of both smoke snd residual
oxide droplets i{ncreases in zome ), and the temperature rises towards
3000°K {f air admixture does not intervene unduly; beyond sbout 1 meter
(Region B), the aluminum droplets (zone 2) and their flame envelopes
(zone 1) disappear, leaving only a homogeneous flow of gas, oxide smoke,
and residual oxide droplets at about 3000°K as described in Section 2.

The regions of air sdmixture (Regions C and D of Pigure i) are less
well cheracterized, although the qualitative trends with afr admixture
are discussed in Section 2.4 and in Appendix A. The same microscopic
detalls occur as in Regions A and B, with the amount of burning aluminum
decreasing victh distance avay from the plume axis and the burning sur’ e,
In view of the uncertain radisl ccuponcng of sluminum =otion and the
presence ol vortex flow, i1t will be difficulc to characterize this air
edmix:ure region, Since the behavior (s less important (n full-scale fire
v.enti, and aince it {s fcasible to suppress its unwanted effect with a
combustion tude {1 ,aboratorv tests, no further study of the teoperature

in the a{v sdmixture region <as made.

5.4 Temperature Ncasurement
This suv'ect has been touched on in the preceding Sections, and is

discussed in Refesences 1) to 17, 1t has been noted that the temperature

13. Dodge, L. G., "Cptical Absorption and Exmission Measurements {n Flames,"

in Exporimental Disgnostice in Cas Phase Combustion Syetems, Vol, 53
of Progress in Aercnautics and Astronautics, AIAA, 1977, p. 155-175.

la, Tourin, R. H., Spectroscopic Gas leupersture Measurement, Elsevier
Pudiishing Co., 1966.

Gavdon, A. G., The Spectroscopv of Flames, Chapman and Hall, 1974,
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is nonuniform om both microscopic and macroscopic scales. In Section
- 5.3 some liniting arguments regarding tempezature were used tn eatimate
: the microscopic temperature distributions (temperature zones) and the ig
aacroscopic temperacure discribution (plume regions, Figure 1), It has
been noted that immersion type temperature detectors tend to respoand to
the condeneed phase (n the flow in a complex way that defies interpre- s
tation in terms of any characteristic temperature. Under these conditions,

B S L

recourse can be taken to optical methods.
The optical methods are usually based on one of three techniques,
which posvess some capadbility of specislization of specific temperature

zones, as follows: i i

1. Resonance absorption (line reverssl): This method uses
observation of transaitced monochrooatic light having the wave-

length of a particular excited specie {n the flame gas (usually

sodium), By adjusting the source light so that {te brightness

T s

is neither enhanced or reduced reletive to adjoining wave-

lengths when passed through the plume, it {s known that the

bt P R

temperature of plume gas is the same as that of che light scurce
(vhich is calibrated), This sethod would be useful for deteam-

Al

ing temperatures in temperature zone 3, but the smoke nay be too

dense for this method in its brightest region,

o AT

2. Spectral line intensi{ty: This method involves coupari-
son of brightness of certain spectral lines, and comparison vith
tabulated relations of sprctra! line brightnees and temperature,

This method sight provide means to measure temperaturas in zones

16, Reef, 1., V. A. Farsel and R. N, Kniseley, '"Spectroscopic Flame
Texperaturs Measurements and Their Physfcal Significance,”
Spectrochemica Acta, Vol, 288, March 19723, Vol. 29B, March 1974,
Voi. JOB, May 1975 () parts).

b Ul

17. Millikan, R, C., '"™easureczent of Particle und Gas Temperature in a

Slightly Luminous Premixed Flame,'" Journal of the Opcticsl Sociecty of
America, Vol. 51, May 1961.
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1 snd 3 (some 1, using spectral lines of lower oxides of
sluminum, present primarily in the flame envelope).

3. Particle radistion: This method involves comparison
of brightness of the smoke cloud with that of a calibrated
tunigaten filament lamp. This msthod {s discussed further in
Section 6, Prom the description of the temperaturs tones of
the aluminum combustion, it {9 evident that most of the smoke
is in zone #3, i,e., the sane temperature as the gas. In
Region B of the plume, where combustion {s complete, this {s the
tempersture of everything present, and would be the same s
that given by chemical equilibrium calculations (Pigure 7) &f
there were no heat loss or {naccuracy {n methods. In Region A
of the plume, the mesning of thermal radiation measurements
{s complicated by uncertainty of smoke amissivity and plume
density, and presence of radiation of a different temperature
coming from temperature zone | of the aluminuam combuation

(see Saction 5.3).

From the foregoing it is evident that no definitive optical pro~
cedure for tempersture messurement was found entirely suitadble, nor {s
one likely to emsrge in ths near future because of the microscopically
nonuniform nature of the medium and of {ts temperature. This s dis~

cussed further (n Section 4,

$.5 Status of Temperatura Informstion and Messurement

While definitive temperature detarmination by direct messurements
{s still & remote prospect, the various sources of information permit @
fatrly complete description of the temperature field., The informaticn
and mechanistic arguments available from Sections 2, &, 5, and 6 are
collected here to summarise the temperature fivld and the basis for the

terperature information.

5.5.1 lomediately aoove the propellant surface, where sluminum s largely

unburned, the thermochemicgl equilibrium calculations are probadly the

best means of determining temperature, and indicate a temperature of
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about 2350°K. The aluminum droplets would be at about the same temperature,
vith flany envelopes &t about 3300°K. Because of low smoke density, line

H
;
EX
B

i veversal methods would probably be useful to confirm the tempevature of 1}
E ; 2330°K. ¥

1
; . 5.5.2 Proceeding outward {n Reglon A, the bulk tempersture increasas ?
r i rapidly for roughly 20 to 30-cm becausa of heat relesse from aluminum *ﬁ

combustion, with the temperature of the (shrinking) aluminum droplets
resaining sround 2500°X and the flame envelopes of the droplets running

: around 3800°K. The Incressing amount of MZO3 its mostly at the bulk

§~ : comparature, except for the oxide on the burning agglomerates, vhich is

E at the droplet termperature of about 2500°K. Thesu temperstures are based

on thermodynamic argumencts and constraints ioposed by coxbustion dy-amics.

: Messutements are reported {n Section 6 based on measurement of thermal

rad{ation, which support the above temperature estimstes (particularly

i -
e o LN A

the bulk temperature). The temperature of the flame envelope could 4
probably be determined by the spectral line method, and such measurements
vould probably help to evaluate the thermal tediat{on massurements of
Section 6. Such measurcments have dbeen made 1n sidple aluminum combusticn

situations (Reference 18), and support of flame envelope remperature 3800°K

v st vl Ll e ]

given below,

5.5.3 At the outer limit of Regjon A snd in Rexion B, the aluminum is

all burned and the temperature becomas microscopically uniform. In s

i

' lerge propellant sample whete heat loss to the surroundings is oinimal,

T e

| the thermochemical equilibrium calculations are rolatively accurate, and

predict 2000 K. Measurement by the therta. radiaticn method (Section 6)

¢a laboratory size ssmples ylelds somewhat lower temperatures, slthough

the messurements ware not wade far enough out from the burning surfaca to

TURLL gL

avoid the difficultias of concurrent vadiation from hotter flame envelopes
(further measurement by this method seams desivable)., Other optical

mathods of measurement ar. 't particularly promising in this region because

RN L W L

18, Mitchell, A, C. C., and M, ¥, Zamansky, Resonance Radistion and Excited
Atoms, Cambridge Univereity Press, London, 1971,

59




T

of the smoke dnesity, while uncertainties in the smoke particle aize

distribuction (Sections 8 through 1ll) cowplicate even the thermsl radia-
tion method (Section 6 and Appendix Ej. '

5.35.64 Temperatures in the air admixture Regions (C and D) were not
messured (because of limited interest) deyond the preliuinary estimates
implicit in thermochemical calculations (Figure 7), the photcgraphs of
plume spreading (Section 3), and the caleulations of the mixing region
(Appendix A). These inputs indicate that temperature change in the radial
direction due Co air adaixture is gradual {f air admixture does not {avolve
breakdown of the plume because reaction with &ir {nitially counteracts
cooling by the air (ro temperature rise {s indicated). 1In the current
tests on laboratory scale samples, the complicating plume breakdown was

s0 rapid that air was excluded by use of a combusticn tube. In larger
samples (e.g., 0.) meter or so) the air admixture region {s not likelv to

be important except as a poscible barrier to optical measurenents of the
propellant combustion zone.
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6 RADL.CICN

r.1 Introduction

Radiation in the combu:ti n en-lronment {s of interest for two rea-
sons, first because {t i{s a cau e of :nergy transfer to objects {mmersed
fn the {ire environment, .und se ond as & means of diagnosing the state of
tiie environment, It was expocet @ tha: the radiation would consist of
eulysion lines of excited sypocl s in zhe gas (dncluding aluminum flame en-
velopes), aad of thermil raliat on £-om the A1,0.. Further, the optical

-

density of the fire en{ronmint due "> 41,0, droplets is a factor in all

3
radiation. 1In the prenent work  a riather superficial examination of the

overall spectrum was wide, ard subseqiert measurements were aimed at cde-
scription of the enmiss vity ind temperature of the primary radiators, the

Al1,0. smoke droplets.

3

5.2 Spectrum

The overall speciruss s examined (or open plumes with no attenpt
towards spatial resoluiien {1 v oewin: the plume. A wavelength-scanning
spectrograph was used i the phtograthic mode, with repeat tests in dif-
ferent wavelength inte-vals, ¥.gure 30 shows the resulting spectra.
™he various famiiles o srecira. lines were compared with lines tabulated
for specles exvected in the . lae, and iires due to chlorine, 4l0, and
{ron were identified. A strong sodiun doudlet was also present, although
sodiuvm {8 present in the projyellant »nlv as an impurity.

The spectrograms uwere a.sc recovded by graphs of the cutput of a

4
3

photomultiplier unit. 7This type of record showed a great deal of fluctua-

e S s T s 1 3 T . PR T a1

tion in brightness during tha time of a wavelength scan (about 20 sec),

with the spactral line:s not alwavs resolved from the bright continuum

ey

radiation and with more-or-luss randoa superimrosed fluctuations (Figure 31),

This observasi{on {ndicated 2'.at

a) the contiruum rac.ation involved much more energy than

.

the line spectra (Flgire ‘la)

bt the pluma luminositv varied appreclably with time due to

b o s




T
™ ~
§ z2 ]
28
o o
gﬂ
a3
. rr ;
- 2 - ] ;
o g S am j
] < ' 3 )
g ] 0
o o !
o < i
¥
%
i
|
i
H
E
A
°
SPECTRA FROM 6124 TO 4820A
Figure 30, Spectra trom combustion vtame of U1V 3001 at onge atmosphere in air. ]
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unknown causes (Figure 31b).

Bacause of the dominance of the continuum radiation, subsequent studies
concentrated on {t. From such studies one might hope to determine the
emissivity and temperature of the bulk smoke cloud and plume gas,

and at leait probe the question of whether the numerically small bdut
optically bright smoke droplets in the flame envelopes contribute appre-
ciably to the radiation field. In the process it was neceasary to cone
sider also the random fluctuations in luminosity noted in the photometer

tecords, a subject discussed in Section 6.4,

6.3 Continuuwm Radiation

The radiation from the bulk smoxe cloud might »e expected to conform
to a black, or gray bedy radiation law relating radiation {ntensity, wave-
length and temperature, given by Equation (2):

Ve ? -1 )

In Equation (2), the coefficient c1 contains a factor ¢ which is an
unknown effective emiss{vity, equal to one for black bodies (refer to
Appendix E for further cetails). Figure 31 shows the relation in Equation
(2) for ¢ = 1. From the figure {t is evident that an {ntensity measurement
a4t any particular wavelength establishes the temperature, {If the emissivicy
is one, Concurrent neasuremdents At more than one wavelength shculd then
give the same temperature, as only one constant temperature curve goes
through a given intensityv-wavelength point, and all other intensity-wave-~
length points from that radiator temperature will be on the same constant
temperature curve in Figure 32.

However, concurrent measurements were made at three wavelengths {(n

crder to deal with practical problems such as the folilowing:

a) Emnfssivity is usually not 1.0, is likely to be in the
range of 0.10-0.80.

b) For droplets in the size range of the oxide smoke, the




LI o ’ g
ot o redoorayana - oo o o —-—eder s docondacanbas aisegas s
" 1o 'r 1 1 : :

$

4 . %*.[- 1 - b . . . —7—~~4—:-~'—<L-.-?-:];.-,

baiob s S I N — .de .
aad] TS OO0 L0S1 b > rastd saaneiussl et et gty
T - b R0 A PR N 4 . e of
B e S s B B S B B T Rl Lt LRt % ST SIN R
} - t— — drmeem—di (S afadtats Tolitl
} 4 : Ve et bereea = f et § so b dam o Bovosfumeryom
¢ .

—fe- e ..,_.... ceed -

v
b — e e e

i H - IRt
S PO TSI PRAPPE PPN ...y.....‘{..‘._s.-.-.._..--h [ PO SUYU SR P

D e i

[PIRP Y S ——

. . caes —
(RN PO ......1. .
+ 1

e g oo s o {onef-

Py e e v oo

gt b e covets

Cemet caah-

SN G g

ciifenn ]

SRR

s ean

PSS SERS I S

cewvdien-tbs

R

g s

cw ede erle

g
I

INTENSITY

WAVELENGTH, (g>

Black body radiztion curves,

Figure 32.

PP TR T

65

S e e R fmeiaeTntie s e R s, L

E R




enissivity is dependent on wavelength.
¢) In the present atudy the inteasity of the source

{s nonun{form.

Use of the l-color measurements to correct for a and b i{s discuesed (n
_Appendix E. Problem ¢ {s discussed further in the next section, and
appears to have gffected test results consideradly.

As to the results (Appendix E), Table 5 summarizes typical tampera-

ture? determined from the intensity measurements. An emissfivity of about

Table 5. Summary of Temperature--Emissi{vity Calculations From
Incensicy of Continuum Radiation Measurements.

Wavelength Temparature Emissivity
pair used calcui.ted corresponding
to listed
temperature
5050 A and )
6000 A 2840°K 9,030
4050 A and )
6000 A 3330°K 0.006 to 0.025
4050 & and . E
5050 A 37507 0.001 to 0.008 ]

0.030 and & temperature of about 2800 K are {ndicated {n the basis of

intensity seasurements at 5000 and 5050 A. This temperature agrees

moderstely vell with calculated values (Sectf{on 2.3). However, the tem-

peratures based on the wavelength combination «050 and 5050 A are higher. ;
This result may be due to either problem b or ¢ above. However, a correc-

tion (Appendix E) for prohlem b above, using concurrent {ntensity measure- } 1
Dents at three wavelengths fa.led to tepolve the problem, suggesting that
prrblem ¢, the nonuniformity of tewperature due to the hot flame envelopes
around durning agglomerates, (s complicating interpretation of the measura-

ments. Consideration is now heing given to a two-temperature {nterpretation

AL
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0f measutrements, In the oeantine, the temperatures {ndicated by combina-
tiuon of the measurements at 6020 and 5050 ; arc in reascneblc agreement with
other indicaters of bulk smoke and gas tesperature, and the higher dndicated
temperatu:e caichlated frem Ihe mcasurements a4t the shorter wavelengths of

-4
~050 and S0TC A suggeat proescnee of A hipher temperature source {n the fieid

of view.

0.4 Observation of Optically Heterogencors Flows

The contrast in Srightness of the bulk of the flow and that of the
flane envelope around the burning apglciicrates was 4 complexity of che fire
environoen: that was consistently diff{icult to observe; as & resul! it was
considered in soue detatl, Specificaily, calculations were made of the
effect ¢f sggluwrates passing (n the {{cld of view of the photometer
system, and & qualitative diagaosis wu< made of the resolution of agglomerates

in photography (Appendix 3).

6.4,1 The appearaice cf Agglomerates in tihe Photoueter Systeam
The photeoelectric monitoring ‘n the plume was accomplished by view-

ing the pluce through & tube having ~nc ond opening instde the plume. This
Light tude limited tie {icld of view scen by the photomultiplier tube,
Inftially 1t was assuzed that the smeke weiild be too dense to see many
arslomerates (Loel, that culy these ¢load to the Light tubde cpening would be
wlsidice) . Under theae conditivns, (e occasiondl passage of an aggloserate
throough tae £000 Of virw woull prowsce a very brief{ capproximately 0.5
iiliecsondr fump tnoappares Uornaensits, above a steady sotove background,
Heever, observaii oo 0! the togl rederds saowed contonucus fiuciuatior in
(ntensity, woth duracion of {luctuations bdejng cesentially randem (Figure 3lbh),

The asove resalts {nplfed that tie plume was much 1esa uni form than
provicusaly gappescd, A this point in the program §t had beern decided
tfor other reasons, Seciitn ALL.2Y 1o take Righ speed motior plctures of
the pinme,  The pilotures tewvedist? that the plume was less Censc than
supposed) nd that sroee derwity was renunifors (Figure 31Y. This ore
“Culd expeot Lo see Tore aggicrerates tnrvongh the light tute {n the pheto-
DICT $Usten than previcusly tuppesed, and woeuld expect to see alsce slcwer

fiuctuations fn arparent (ntensity of the srore cloud due to passage of
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(a) Enhanced visibilitv of (b) Nonuniform smoke
agplomerates due to shost distriburion.
exposure.,

Figure 33}. High-speed pictures of details of the plume
- Negion A,

68

"
el e e e L Gl ot e e iort

g o el
wa

TR T R oo

A W

LR 3l e R




Qs

et

T

S

T

nonunt form cloud past the field of view of the light tuba. These resulrs

explained the intensity fluctuations in the photometer traces, but posed
the problem (problem d of Section 6.3) that the field of view through the
light tube was deeper than supposed (i.e., smoke was lasy dense) and
would thus show more agglomerates than supposed, while this result {s a
Positive contridution to knowledge of the fire environment, the realfzation
of lower saoke densicy and higher agglomerate visibility serious complicates
the {nterpretation of radiation measurements.

To examine the number of agglomerates to be expacted {n the field of
viev of the light tube, calculations were mada of the number of sgglomerates
to be axpected based on the aluminua droplat size and aluminum zass flow
from the burning surface (Appendix C). This simple estixmate of sluminum

droplet population is surmarized {n Tadle 6. Froz the data shown, (it

Particles {n a l-cm) Field of View f{ot

Table 6.
& Photcgraph of Duration 7.

Tise (second) 1.0 1/1¢ 1100 1/1000 0.0
NDiameter (.=) secona secoud second seccna second
" 3 2
100 4.6x10 o . 8x10 “.8x1C «,8x10 16
200 6x\03 6!102 6x190 6 2

300 1.86x10°  1.86x107 1.86x10 1.86 0.6

4ppescs that a field of view {rom 8 0.5-cm diamster light tube into a
plune l-ca thick wculd typically contain four, 100~u sgglomerates at any
soment. In other words, rediation from the flame envelope around agglomerates
would Se visidie {n varying degree most of the time through the light tube.
This is conststent with the conclustion of Section 6.3, i.e., that the

thermal radistion reflects two sources at dif{ferent tamperatures (tones |

and 3 of Section 5.2}, Thus the experirents and theory indicate a
var{ation in {ntensity with wavelength corresponding to concurrent con-

tridutions from 8 hot source (thermal gore 1, the flame envelope arcund
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the burning agzlomarate), and an appreciably cooler source (thermal zone 3,
the bulk gas smoke). The results also indicate a variacion in time,
raflucting a photographically observabla nonuniformity {n smoke density,

and & density lower than expected. While no quantitat{ve measurements

vere made, an absorption coefficient vf approximately 0.l/cm ts estimated
from photographs,

6.4.2 Photography of Plume Optical Heterogensity

Oue of the first problems encountered in this investigstion was re-
solution of the burning sgglomerates in the oxide smoke cloud (a classic
unsolvaed problem {n rocket mctor combustion studies). Figure 10 showed

how comipicuous the agglomarstes vere vhean the smoke was blown away, bdut ;
how inconspicuous they were in the smoke cloud. This was the reason the é
smoke plume vas sssumed to be opticelly dense. However, this conclusion
wvas diff{cuit ¢n reconciie with other photographs that showed the plume 7
densi{ty to be lovw enough ta discern objects through & S-co plume, .

Resolution of the contradiction foliowved from more detailed considera-
tion of tha exposure ¢f the fi{lm during a single frame. Considering a
point on the fils that {s traversed by an agglomerste image during the time
the camera shutter is open, that pofnt receives smoke radiation during the
enzire t{me the shutter is opea (F{gure 3u), but receives the radiation frcm %
the agglomerate onliy hriaefly while {te {asge traverses that point, Thus, J
even though the agglomerate flame envelope 1 much brighter than the smoke,
{ts ccngribution to the Iots) exposure at & point on the filo can be small
coapared to the smoke exposure (Figure 3¢}, Hence within the combustion
plume the image of the agglocmerste 1s a faint streak, hardly distinguish-
able froa the saoke background, in spite of the greater brightness of the
agglomerate flome anvelope.

The outcome of the foregoing considerations supportr the repested
observation that the {lame envelope arvund che burning droplet 1s indeed
at high tewpersture, in spite of its low vieibility (n pictures of Region A %
(Figure 1) of the plune. 1t also resolves cthe apparent contradiction '

betveen photometric and photographic reeults regarding absorptivity of the
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smoke, Further, this interpretation suggests that picturee tsken with a

very shart exposure time (comparable to the time for s muving agglomerace

to travel only 2 or ] diameters) would lead to high contrast between the

hot agglomerate flame envelopes and the bulk smoke., This was verified by
taking photographs at ~ 3000 frames per second with & high-epeed motion
picture canera, Figure Jla shows tvo successive frames of such a film,

tn vhich agglomerate streaks show against the smoke tackground, Figure 33b
shows 8 sequence {n which an {nhomogeneity {n the smoke cloud is aleo evident,

a9 teferred to in discussion of photomster records.

6.5 Status

The radia‘ion field in the combustion zone showe spectral lines of
seversl gaseous speciasy, and 8 higher level of thermal radiation from the
AXZO) smoke cloud, Measurements of the smoke cloud' indicate 8 temperature
of about 2800°K, an emissivity of (.03, snd an absorption coefficient of
about O,l/cm. Intensity-emissivity measurements ave wavelenth-dependent,
apparently due to prescnce of that swail emount of smwae that 16 in the
nsglonnrace.flnne envelopes, which {s much hotter than the bulk volume,

The methods of the present study could spparently be adapted to resolve the
sooke and flame envelopes, but werc not attempted in the work to date. Also,
£t s desirable to carrv out a more systematic study of the smoke radfation
as a function of location (n the plume, as the contribution from (lame en-
velopes s a funct{on of distance from the burning surface,

The resulzs clarified the Jdetaile of spatial nonuniformity of luminosity
due to agglomerstes and nonuniformity of the smoke cloud, and the reguire-
ments for photography or photometric resolution of these nonunfformitien.
While these details sre not particul 'y important to ef fect of the fire
environment, they are {mportant to a consistent and mechanistically cotrect

fnterpretatior of test results, and design of future exporiments,

* Observations l5-cm from the burning surface. A svotamatic mgasurement
83 a function of posttion in the plume was not completed,
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7 VELOCITY, DENSITY AND MASS FLOW RATE

7.1 Introduction .

In analysing heat transfer {(or mass depoaition) on an ooject immersed
in the fire environment, the temperature plays a critical role (as in
fquation (1)). Howsver, any detailed analysis of heat tranafer calls for
furthet detalls of the flow such as flow velocity and density. As we have
seen, the heat ctransfer from twoe-phase flow involves velocity of both gas
and condensed phase, which may differ just as the temperature may differ.
Indeed, the behavior of the condensed phase {s s0 important to the presen:
prodlem, that we have, and will {n later Sections, dweliad at langth on che
droplet size distrioution that controls deposition. In tho present section,
the arguments reysrding the valuas cf the classical varfables in heat trans-
fer ares collected from various anslyses and measurements (some detailed
slsevhare {n the report, e.g. Appendix F).

7.4 Mass Flow Rate, Ges Propurties

The flow rate (s governed by the burning rate of the propellant,
which was reporzed in Table 3 and ohserved to be about 0.i27 ca/sec
(atzospheric pressurse, 20°Cy.  Tha propellant density is 1.76 g/cu’,
hence the mags {iow rate {rom l-cuz of burming surface {s 0,224 ;/cu2 sec.
When the aluminum {s cospletely unreacted, the mass flow rate of gas is
0.18b ;,cnzlsoc and the oass (low rate of aluminum (s 0.036 ;/cuzlocc.
When the aluminun (s completely reacted, the =ass flow rate of gas 1s
0.15%¢ ./cazlicc, and tha mass {lov rate of Alzo3 1s 0.CL8 g/cnzfoec. These
figures are based ¢cn the assu=ption that the flow proceeds perpendicularly
from a flat burning eurfsce. The spatial distribution of the transition

from all sluminua to all Al,0, &8 discussed in Sectfons 8 through 11,

7.3 Density of the Flow

vear the bumming surface, the vaiues of temperature and molecular
woight of the gas given by the thermochemicsal calculationn are 2350°K
and 23.8. Assuming a perfect gas, and negligible volume for the condensed
phase, the density of the gas i3
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where R is 82.05, for T in °K, and p in atm. Thus for M = 23,8,
Te2150°K and p = 1 atm, o = 1.23 x 10™° z/cm’. For the gas tn the

region vhere all the aluminum is reacted to Alqoa. one gets ' = 18,7,

T = 2990°K and po=latm, 0 18 0.75 x 1074 g/cna.

7.3 Velocity
Followving Sections 7.1 and 7.2, it {s possible to calculate a corres-

T R TR T SR T W T T e

ponding plume velocity from the relstion

il

eyt

e ov
The velocities obtained from this relation are shown in Table 7 for

corresponding nass flow rates and densities. These are the velocities
calculated from the thermochemical dats ({.e., values of temperature and

ot i T mdﬂm.w

molecular weight), and pertain ta> 1 Dhysical situation where flow is one-
dizensional, vith condensed materi{al moving at the same speed as the gas.

In experiments, the velocity may be more or less than these values, and

Al

A L o0 = sy o .

are discussed beiow and in Appendix F.
Compared to the one-dimensional flow calculation, the real situation

is considerably more complex. The inerti{s of the aluminum agglomevates is
sufficient to require s sign{iicant portion of the burming time for them

to come up to the speed of the gas flou. This velocity lag effect is cal-
culated in Appendix F, and the dependence of droplet velocity on discance

froc the burning surface is shown in Figure 3% for veri{ous agglomerate

sizes. From the standpoint of either experimental observation of velocity,

or calculation of {mpingements on objects in the combustion zone, the velo-

city lag is a significant consideration. Beyond the combustion zone, the

1 residual oxide droplets are near to the gas velocity.

1 In combustion studies with convenient size samples, the velocities .
E uey be below or above those in large-sacple fires. In an open plume,

1 velocities tend to be reduced by air entrsinmant, and experimental obser- ;
vations tend to emphasize these more visible slower agglomerates, which are '

not obscure by smoke. In enclosed plumes, velocities tend to be low near
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f{gure 35, “Velocli. lag of agklicmerates &in the plume.

P

s . ©

iy oy

L T




the tube wall, but can bs higher than normal on the tube axis (Appendix F).
As & result, oaxperimental observations of velocity made on axis may give
values higher than those in Table 7. Higher values msy also result (f

the propellant sample burns irregularly wvith more than expected burning
area.

Experimental obssrvations were msde by single frame snap shots, high
spaed motion pictures and streak casara wmethods (Appendix F). Thess
sothods collectively show velocities of sgglomerates and smoke. The
principal resulzs are suzmarized in Table F-3 of Appendix F, and are in
rosasonable agreement with tho resu.ts based on the thermocheaical and
velocity lag calculations.

In the event rthat a more refined determinstion of the velocity field
for agglometates wvere required, a more thorough series of mwasurements and
calculations would by desirsdle~-including more accurate determination of
the {nitial agglomerate ssze distridbution, and calculation of velocity
lag allowing for changing size of the aggloserates as they move out in the

p lume.
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8 BURNING HISTORY OF SINGLE ;
ALUMINUM DROPLETS

s W"‘"""‘M‘MW‘IWJ’M“M’W r m

il |

8.1 Introduction
The experimental determinations of spatial distribution of aluminum

e

o B g

combustion and of aluminum and oxide droplet size distribution is a singu-
lacly difficult task, not vet fully sccomplished {n a quantitative sense,
An analytical representation of the combustion of the aluminum droplet

e

7

e

population is an {mportant means of supplementing and summarizing experi-
mental results., In the process, current and past experiments can be re-

lated to mechanistic arguments, and the snalyvsis then provides a basis

.-

for representing colleczed results {n a form needed for future studies of
effect of the combustion envi{rrnmant on {mmersed objects. 1ln the next

thres sections, an analytical procedure {a developed for description of

kb stk ! b w0l b kil

the evolution of the aluminum droplet cloud {nto an aluminum oxide cloud,

In the prasent section, representaticn of the burning history of single

drops 1s discussed and Jeveloped. 1In Section 9, the analysis {s extended

to the burming history of a population of droplets, and in Section 10 the

developwent of the AL,OB droplet population is described.

T R T,

8.2 Aluminum Droplet Disameter vs Tioe
Much published work on droplet burning (e.g. References 19 and 20)
describes results in terms of burning (ime of droplets. Although results i

are somevhat diverzent, Ejuation (3a) approximates most experimental

results

T - an (33)
(o]

wherte ~ {s the time to burncut and Do is the i{nit{al diameter.

19. Davie, A., "Solid Propellants: The Combustion of Particles of Metal
Ingredients,' Combustion ard Fiame, Yol. 7, YNo. 4, December 1963,
p. 359-367.

20. Hartman, K. O,, "Igniticn and Combuscion of Aluminum Particles in
Propellant Flame Cases,' Chemica. Propulsion Information Agency
Publication 220, VYol. 1, Movember 197i, pp. 1-24.
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Experimental values of n range from 1.5 to 2.0, and there is no com-
pelling argument for & specific value {n this range. The factor k {s
related to several variables, the most i{mportant being the concentration
o the oxidizing species,

In the present analysis it will be assumed that Equation (3b) applies

anytime during burning of droplet, i.e.,

+ « kD" (3b)

Since the droplet changes (ts character by accumulaticn of A1203 on the
dropiet during burming, this assumption is not trivial, but there i{s no
way to validate {t or make & more precise representation without further
reseairch.

If time, t, {s measured from the start c¢f dburning of the droplet,
then L% can be shown from Equation (3b) that the droplet diameter decreases

with tize (Appendix G) according to

o ] 1/n
t
= - Ql . —_— W)
& .KD <
0

n
This relation continues until Burnout given by t = - = ij , at which
Y

time the surface oxide is presumed o censolidate into one, or a few

droplets that contribute to the lccal oxide droplet population (Section 10Q).

€.5 Alumainum Droplet Mass: Oxide Mass

for most practical purposes such as determining percent aluminum
burned, or impingement characteristics of droplets, the dreplet mass is
more important (but harder to measurec) than the diameter. For this

information, Equetion (&) {s easily used to obtain

3 on

2 . . < XD (
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Figure 36 shows the varfation in Jdiameter and mass of the aluminum droplet
with tima, based on Equation (5). Section 8.4 discusses briefly the signi-
ficance of the accumulation of oxide in the agyglomerate surface, and then

attention (s turned i(n Section 9 to the snalvtical representation of a

population of agglomerates.

8.4 Oxide Resuliting from Burning of Droplet

At all times the burned portion of aluminum (s assumed to give A1203
and therefors at each time we have a certain amount of oxide produced. An
a fraction of cthis goes away in the fine smoke form and (l - a) portiom
remaing accumulated on the droplet {tself.

In the foregoing snalvsils {t has been sassumed thst the aluminum
droplet {s spherical, an assumption motivated partly by lack of sufficient
information for a better quantitative represantation of agglomerates, ard
potivated partly by computational difficulties in use of 3ore complex
wodels., However, 1t i recognized from the start that the aiuminum droplet
has one or more oxide lodes ¢f uncertain shape and size. It is assunmed
for convenience (and lack of evidence to the contrary) that each sluminum
dropiet has one oxide lobe, that this lobe contains a mass fraction
(1 - 2) cf the total oxide ptwi.cad v the droplet, that .t s retsined
until burnout of the parent aluminum dropler, and then forms a single

residual oxide Jdroplet, When t > kDon

D - P 02 -1:2
DXL - ' ——A‘é— —_— 1 - 91 L (b)
o) : S

o “rAlL0 -

3]

In our computational schems, the expression on the right i1s & constant,

of value roughly 0.65 (Appendix 4).
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9 BURNING HISTORY OF DROPLET POPULATIOR

9.1 General Trend of Populaction
As noted earlier, the nature of the droplet population starts wich
soms sgglomerate afize distributiou leaving the burning surface, vhich can
in principle ba measured by high speed, high resolution photography. The
population then proceeds tc one of (ncreasing oxide, which coneists of

three distinct kinds of droplets (Figures 21 and 22).

a) burning sgglomerates vith lobes of molten oxide,

%) oxide droplets formed from rhe sgglomerate oxide residual
oxide droplimcts: e.g., droplets rematning vhen the gluminum
burns to completion),

¢) fine oxide droplets (smoke) formed in the detached flame

envelope avound the burning agglomerate.

The trends of these three parts of the droplet population are entirely
different a9 the material =moves away from the burring surface. Purther,
our {ntereset {n the parts of the population d.ffer, as does our ability
to messure them., In the present section the trend of the sluminum popula-

tions {s analyzed.

9.2 Scrategy for Calculating Population

To calculate the droplet populstion verasus position in the plume, {t
{s assumed that the {nizial droplet populaticn is determined experimentslly.
A widely used enpirical burning rate law for alumirus droplets 13 used to
:alculate the changing <f{ze of the agglumerates, with the rarameters in the
lav adlusted on the basis of resulty of variocus experimentui investigation
(Locluding particularly those of the present project).

Sumeaation cf the aluminum droplet population gives the sluminum cone
ceatration and {raciton of sluminue durned--s guanti v it (2 glso

deterained experimentally to permit 8 further checx on selection of drope

et burning pargdetars., Furiner, the percent-aluiminum-durned fizure permits

une of the chemical cquilibrium data to deteraine “ne ~ompositicn ~f zases,

the density, and temperalure,
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9.3  The Inftial Droplet Distribution

A measurenent of droplet size lesving the burning surface is obcained
by measuring the diameter of all droplets for a period of time (Appendix C),
over a small surfece area. It is assumed that this {s equivalent to
weasuring the size distribution over & large area cf the surface {(n a short
tioe incerval, L{.¢., that surfacewise averaging is analagous to timev{se
averaging. The resulting weasuraments are tabulated as N vs DO’ ey
{1lustrated in the sketch in Figure 37a, or as AN/AD ve D as {n Fl{gure 27%.
In Figure 37a, the numter of droplets is indicated by the ordinate, while in
Figure 37, the nuaber of droplets (in a LD interval) {s tndicated by the

area under the curve

AN = Ordinate x AD 7)

and thu total number of dreplets in the volume saxmples §s the area under
the total curve. For the present purposes it ts advantagecus Lo normalize

the distribution by di{viding by the total number of droplets

2 Ordinate . .
gl N LD 8)

If the histoygran is based on an adcjuste sampic, {t corresponds to s

dissribution fun_tion for the propeliant, SO(D» such that (sec Appendix G)

I

—— O

Yo

' (98)
0\90/ dD0

Use of & differential nctetion {eplics that one is describing an indefi-
nitely large Jamp.c¢, which {9 characieriati: of the particular propellant
and combustion environment. The subscript 9 refers o conditicns near
the burning surface, where the approx.mate sire distributicn is messured
experimentaliy from high speed moticn pictures (see Appendixes ¥ and ().
For the prosent fnvest{g4lion, the mlss-nize Jistridbuzion 13 probably

of gTeater intervst than the nuzber-size distridbution in Equation (9). The

%
|
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mass-size discribution may be written in terms of the number-size dfatzri- 1
- bution as Fo in |
dn, N '%
H L ] 4
= " Fo Dy, 90 (10a) :
i ] 1
- 3
wvhere
dn = X plavaepdy 3 D dp
0 0 6 0 "0 070 0
and
1 ‘Donx = ,
E - - :J: ' 3 '
® dmy =% Yo . Py Fo D 90y
bo'o <
] ) !
Then
= 3 -
E— D o D
3 N e 0 0."0.
E Fo D, pr— (11
3
F . Do O\Do, dDo
The diszrisutions ;0 Do and FO 'Do vstimated from the motion pictures

taxen near the burm:ing surface are shewn in Figure 3o,

.4 Change tn Size Distribution vith Time

A» tne aluminum droplets move away f{rem the burning surface, their
sizes decreasc due to burning (Section &Y. The notation for the nuber, and
pass distribution functions (¢ generaiired tc represent the changing popu-

lation as follows

(-9
b

= & }D,t) 4D (951
N
0
42 . rip,¢) dD (iob?
|-'-o
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and by analogy with Equation (ile),

03 gDty (11b)

FiDyt) « —

S BT
Dy Jo\P/ 90

Thus the dafinitions of the distribution functiona have Deen extended o
apply to later times, after the tnitial droplet population has moved out
in the combustion zone, and the relation between the number and mass dis-
tribution function has teen correspondingly extended. It remains to show
how these functions can be ralated to the (nftisl discribution function so
thact they can be calculated from the experimentally determined initial
discridbution.

When the droplets burm, they are assumed here to foliow the relation
of Equation (w). A set of droplets dN in the {nitial size interval
D, to DO + 4D, must satisfy both Lquation (Ja) (st t = Q) and Equaticn (9b)

) 0 .
at Che later time |, t.e,,

dn .

-2 5 -3 - 98

— "O\DO.dDO 2(D,t)dD N

0 0
or
. dD

g Y o ‘.._Q 12
JiD,t) = -O‘IDOr 30 (1)

where dD {s the interval (n vhich the d droplets are contained at
time t. This differential can e obtained from Eguaticn (&) {n terms of

dDO and t tyualion (L-10)

(len)/n

{dD/dD,, = 1e otk Do"- (13)

’

* This assumes that all dropiets mcve out at the sare speed.

o e
it s
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Then, corresponding to Equation (G-13)

, n\(n-l)/n
7(D,t) = Kl - t/K Do ; 30\D0’
/
tor D, > (e e (14)

3(d,t) « 0 for D, < (s tm

vhich givves the distribution function at time ¢ in terms of t and the
initciar Atseritbution functiom, 30. The second equality, ¢ = 0, corresponds
to droplets that have burned out, and accounts for the decresse in N with
tioe,

As noted before, we are concermed particularly with the mass-size
distribution, now as & function of time starting with that in Equation (lla).
The desired function i{s def{ned in Equation (lib), and the goal {s (by
analogy with Equation (l4) to express it entirely in terms of the initial
size distribucion and time. Combinations of Equations (llb), (1)), and (l&)

gives :lie desired result
n\(ﬂ*Z)En

3.
l - :/k D D & \D
s,y 9 &2 j4p @ - 9 —2_ 0.
%o “53z b ap
. % “0.Pa, 9%
for Dy > b (15)

F(D,e) = 0 = for D, < cerky /P
Collectively Equations (14) and (15) provide the reans to cal~ulace the
size distributi{ons during burning, once the initial size distridbution {3
knwn. The specitfic burning rate law for druplets {s reflected (n the

ccefficients involving (1 - t. & D ") and {n the durnout cond{tion fpplicit

D irn 0

in the l{mit

0 > (k) . Figure 40 shows the number-size distribution

i

i ‘M ih mj i

I




3/D,t) at scveval times during burning, based on the iniclal distribucion
shown {n Figure J8., Figure 39 shows the corresponding mass-size dietri-

butions F(D,t).
r

v

The areas under the F and F  curves correspond to fSco and ;de.
vhich {n turn correspond to the proport{cn of droplets and drcples mass
Tespectively ot cach time t. The arcas are shown {n Figure 4l as &
function of time. The curves shouw, as one might erpect, that tite number
cf droplets decreases very rapidly ss the smnller droplets burn out in
large rumbers-- while the mass decrcascs less rapidly because the
original mass vas {n the lucger diameter, longer-burning dropless. Fifty
percent of the mass was burned in 2,045 sezend, For a flow velocity of

13 @misec {n the plume, this correspands to J.ud mater 2% {nches) from the

burning surface,

9.5 Ruilation of Other Aspects of the Problioem
The aluminum droplet pepulation s an faportant actiridbule Lar Sesuripe

tion of the fire environment fo7 ithree reascns,

1. Combined with {nfurnation on velacity, the population dessribes
the size cf aluminum droplets present o impinge on jaxmersed ob'ecta.

2. The {nteygrals of the dlstribuiion function give the net amournt
of aluzminum burred, which {s needed to wse the chemical aequilibrius cal-
culations to get local tewperature and composition.

3. The develnpuent of ;\l:O3 §n the plame resuits from the changing
aluminua popuiazion, and 1« descrided {n *he rext sectisan, The size di{s~
tridution of the ox:de droplers .o imporvtant to the effect of the fire

environment on {tmevsed onleors,

89
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10 PRODUCT OXIDE PQPULATION

10.1  Evolution of Agglomerates into Oxide Products

Given the initial aluminum agglomerate population, Figure 38,
oxide products are formed at all subsequent times, rigure 42. Close
to the burning surface, the condensed phase material will be mostly
sluminum agglomerates with small oxide lobes. These agplomerates shif:
to {sver droplets of smallet aizes with rcore attached oxide as thev move
further from the propellant surface. The decreasing aluminum furcher from
the surface {s reflected {2 f{ncreasing oxide, in the forms of fine oxide
smoke, sutrface oxide on the aluminum agglomerate, and residual oxide drop-
lets formed from surface oxi{des of burned out azglomerates. The smoke
dropleat population is not really known, but tt {s delieved to be insen-
giti{ve to variabies ol {ntercst exceot that the amount of sroke increascs
as the amount of aluminum decreases further from the sviiace. The size
ot smoke dropicts {8 relativelw unimportant tor the present jroblem,

The tresidual coxide droplets are large enough so that a2 substan-
tial portion will {apinge on {~wersed cbiects., Thelr size distribution
can be measured, at least roughly, The droplets formed early (n the
plune (L.e., rear the propellant surface' provably result from burnout
of unagglomervated aluminum rarticlea and small agzlomerates that bSurn
xt qutckly.' Thus carly resi{dual oxide droplets tend to be rather small
aré devendent n eriginal aluszinum particle site. The residual oxide
droplet popuiation 18 enviched by 1ncreasingly larger drorlets as thev

N

move awayv from the surface, as a resuit of Surncut of agglomerates of

increasingly larger origl-al size.

* S.ome residusl oxide drorlets wmmy actually result from expuiasfon from
the ailomerat» guring burning (no evidence, but [t occurs {5 some
non-rropellant l:ihorators exper!menta.,
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10,2  Aluminum Oxjde Smoke

The aluminum oxide smoke formed in the detachad flame around
burning aluminum droplets has not been & subject of detalled {nterest
because the droplets are 30 fine (< 2-.m diameter) that thev flow &round
objects in the reaction zona without deposition. However, there 185 a
need to estimate the gmoynt of oxide smoke, {n order to understand the
radiation conditions {n the plume, and {n order to complete mass con-
servation arguments relative to other forms of oxide droplets of more
direct Latereost.

Calculation of amount of oxide smoke {s based on past experi-
ence, that shows aporoxizately 807 of the oxide going into smoke form
(References 21 and 22). For the present purpose it will be assumed
that the proportion of smoke oxide to total oxide {s I, to be eval-
uated experimentally {n the sample collection studies. Then the amoun:
of oxide smoke vs pesizion in the rlume {s obtained from the amount of
aluminum bummed, portion going into smoke, and rati{o of oxide mass to
constitute aluminua, Figure 40 {3 uscd to ges the required aluzinum
mass. ience

o ‘LQ.'&E

ox,S S4 B T (16)

Subscript O on the right hand side refors to {nitial time, and o

wvithout an ox subscript means aluminum droplets. Box.s V6 time s
»
shown in Figure 43 for 3 = (0.8,

21, Grachukko, V. P,, A. M, Stepanov, and A. A, Khvaltsev, “Estimate
of the Dispersion of Products of “ombustion of a ‘Metsl Particla,”
Eizika Corenive 4 Vzzvvd, Vol. 12, No. &, July-August 197¢, pp.
$19-530. (Gombustion, Sxploson and Shock “aves, translstion
copyrighted by Plenum Publishing Co.).

2
(2]

. E{sel, J. L., €. W, Price and B. G. Brown, "Al, 0. Particles

Prodvced During Solid Propellant Combustion,” &5&5-1221&!1- Vol.
13, YNo. 7, July 1975,
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10.3 Residual Oxide, Amount

The balance of oxide is formed on the aluminum droplets (Figure 42;
Sections 3 and ll), where it accumulates and forms larger droplets than
the smoke (Appendix G). The total mass of that oxide {s determined {n

a manner similar to the swoke oxide:

R (7 S N N
nox,R 54 \1 a) \mo m) a7

The resulting variation in the mass of residual A1203 with time {s also
shown in Figure 43, It should be understood that some of this residual
oxide {s in the form of droplets that have formed upon burnout of aluminum
droplets (i.e., for which DO < (t.k)lln). Some of the residual oxide s
still on t?;nnurface of burning aluminum droplets (those for which

> (t/k) .
Do (t/k) )

10.4 Size Distribution of Residual Oxide Droplcts

When an aluminum droplet burns out completely, the surface-accumulated
oxide forms one or more droplets whose diameters are different from the dia-
meter of the original aluairum droplet. We will assume for simplicity here
that only one oxide droplet results, whose diameter is smaller than that of
the origian] aluminum dreoplet b a factor 2 (which depends cn the densities
cf oxide and meta. and the fraction of oxide that turns into smoke, 2,
and the stochiometric factur for AIZOJ, 102/54; see Appendix G). As the
population of aluminum agglomerates burns out it gives rise to the popula-

tion of residual oxtde. Th{s means there is a one-to-one correspondence

between originsl aluminum droplets and final residual oxide droplets, so

their final distributicn functi{on has a similar correspondence arounting to
linear transformation of the coordinate scales. This {s demonatrated {n

Appendix G, and can be written

7 \ e A
t: = 1/8 AT (18)

3 D 3 i3
“ox New, s AT Ta NMex T/

where ¢ ox \Dox't- is defined on the usuzl way (e.g., like Equation (9,
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Equation (18) permits direct calculation of the residusl oxide droplet
distribution from the initial aluminum distribution function., This {sa
illustrated in Figure 44,

The presence of & t 1in the functional notation on the left would
be unnecessary 1f one vere describing only the final distribucion of
residual oxide droplets as outlined above; the t 18 needed when one is
concerned with times vhen all aluminum droplets sre not yet burned out.
This 1is {1lustrated by the vertical line in Figure 44 at Dox = 125, At a
time € = a(o"/a)“ all the aluninum droplets with initial diameter D_ /8
or smaller are burned out, and all the restdual oxide droplets with diameter
DO‘ or less are formed. In other words, that part of the oxide population
curve to the left of the vertical line has been generated. As time pro-
gtesses, the vertical line moves to higher diameter unt{l all the aluminum
population of the sample is burned and all the residual oxide dvoplets are
generated. It (s this aspect of the function 3°x (Dox.t) that {8 time-
dependent, and {s elaborated {n Figure 44 by the time scale at the top of
the graph.

The mass-size distribution for the residual oxide droplets is developed

in Appendix G from the definition

s 3 t dp
m ox \Dox' / ox

The resul:ing relation to the number-size distribution is

3 . \
‘ - 2 Pox , “ox 1 Jox Yo \ox
lrox \Dox't/ - ' F0 \Dox'S/ *t.83 = 3 o
Al AL o "5 (" dp
-clO 0 \"0/ 0
N D 3 ) D ,t
- Tﬂl _gi__JHL;;JﬂL__ (19
Al T3

Do 3 \Do’dbo
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This mass-size distribution {s chulqsimxlnr in form to FO(DO) except for

the l{near scale ctransformations B'(pox/:Al) snd (1/8), ae illuscrated in
Figure 45. As {n the case of the number-size distribution, the population
builds up from small droplets to larger ones, with the vertical line {n the

figure reflacting the limic of the population at a specific time (top scale).

10.8 Size Distribuction of Surface Oxide
Part of the residual oxide calculated by Equation (17) is in the form
of residual oxide droplets, but some is {n the form of surface oxide on the

larger, still-burning aluminuam droplets. Thus to describe the population

r— -
g, ]l s e o sl

of burning droplets, one must also describe the amount of oxide on the drop-
lete. At any given time during burning, the smallest aluminuzx droplecrs will

bs almost burned out, and cthe droplet will be largely oxide. The larger

droplets will have a larger portion of their weight still {(n aluminum form,

In order to describe the surface oxide population as simply as pos- %é
sible for computational purposes, the ve{ght cn each aluminum droplet will ?%
be described as & sphere of diameter Doxn' as {f {t were already an oxide §§
dropler (but growing at the expense of the aluminum). Then according to é%
the usual procedure, a mass distribution function can be defined by 3

p?
\ dm 1 \"e, /6'D DN

F D,,c, = —=2x& - S OXS
oxs \ 0*°/ m dD m 4D E
0 oxs 0" “oxs ;
Using the corresponding definicion for the mass distribution function of 2
the original sluminum droplets Squation (10a), onc can obtain %
5 D_.3 dp o 3
r - OXS ( oxl\ Q F. D 3
oxes D D . dD o\ 0/ E
0 0 oxs 3

The cbjective (s to get Fox' in terms of DO and t, and the procedure

/
is to get Doxn/DO and dDO.dDox' {n terms of D0 and t wusing Equations

() and (17). This (s described in Appendix G, and leads to the result

i

sl i
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0 2/3 3/n «5/3
OR .+ . I . n " P
;:: 8 {1 \1 t/kDo ) J FO\DO)
F e (20)
oxs 3inq NERSIL
r ; a 0y, L a
_1 - \l - t,DO ) ]- (t/kDo )\l t/kD0 J

Actusl calculations of Foxa were not made because of time limita-
tions; however the trend of Po:' is suggested by the sketched curves i(n
Figure 46, which helps to clarify the meaning of the analysis. Curve A (s
the mass distribution function of the original aluminum droplets and Curve
B is the mass distribution function of residual oxide droplets after
alumunum burnout (Section 10.4). The point P on curve A corresponds to a
particular size aluminum droplet, and the point P’ ls the corresponding
residusl oxide droplet. At the moment during burning when the droplet
{ndicated by P burns out, the resulting oxide droplet at P’ is formed,

and {s the largesat one in the population at that point in the €flow. Larger
ones atill consist of surface oxide and aluminum and w{ll burn out later

to give larger residual oxide droplets. This section is concerned with the
amount of oxide on these larger droplets, which, to the right of P', {s
still (ncreasing with time as indicated by Equation (20). The dotted curves
in Figure 46 approximate this trend in amount of surface oxide at succes- 3
sively later times, a trend that culminates in the f{nal residual oxide

population upon burnout of the largest droplets.
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11 COLLECTION OF CONDENSED PHASE MATERIAL
IN THE COMBUSTION ZONE

11.1 Background

Tha tmportance of the condensed phase material to the heat transfer
was demonstrated by the {mmeraion probes (Section 4). The nature of the
condensed phase material (Al and 51203) was described earlier (Sections 1,
3, 5, and 10). Wicth {nitial droplet population obtained from the phote-
graphic method, the calculation of the droplet populations at subsequent
times {s ‘ealt with in Seztrions § through 10. However, the basis for
calculations needs to be supported by direct experimental measutements.

To serve this need, extensive effort was devoted to obtain the droplet
population at various sec:ifons of the plume.

Samples of condensed phase material are obtained by quenching the re-
levant portion of the combustion plume by app.opriate means. The collecred
samples are used i~ population studies and to determine the free aluminum
content 10 order to provide & check on the results of population calcula-
tion techniques and also 0 provide information fcr application of the

thermochemical calculations (e.g., Figures 5 and 6) to the actual plume.

11.2 Test Procedure
The appropriate method of quench-collection of population samples

wvas by no means obvious at the ocutset. Similar earli{er efforts at rocket

motor pressures (References 23 to 25) have remained of questionable wvalidicty.

23, Churchill, H. L., R. W. Fieming and N, $. Cohen, Aluzinum Behavior in

Solid Propellant Combustion, Air Force Rocket Propulsion Laboratory
TR 74-13, May 1974,

24, Levashenko, G. 1., and L. P, Bakhir, "™ethod for the Withdrawal of
Particles Formed During the Combustion cf Metalized Condensed Svstems
in a Constant-Precssure Chamber,” Figika Gecreniva i Vzryva, Vel. 9,
No. 2, March-April 1973, pp. 330-331.

25, Belvaev, A. F., B. S. Eroolaev, A. 1. ancrotxov and Yu V. Frolov,
"Combustion Characteristics of Powderea Aluminum,” Fizika Geneniva
L Yzzvva, Vol. &, No. I, June 19569, pp. 207-216.
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However independent tests at atmospheric pressure prior to this project

had shown that condensed material settled out of a horizontal combustion
plume and Guencheld upon i1mpact in & metal plate. Accovdingly it was
anticipated that {n the present work, tests <ould be run with horizcntal
combustion plumes allowing aluminum agglomerates to settle out by gravicoy,
However, with UTP 3001 propellant, quenching was not consiscent (see

Figure 9), and collection efficiency was indeterminate, negating the goal
of Jdetermination of populations by this method., Accordingly, an experi-
ment was developed i{n which the combustion plume, confined by a stainless
steel t:.De of appropriate length, was directed into an alcchol bath that
would querch burning droplets (Figure «7). Alcchel quenchin: was suggested
by a technique developed by Russian {nvestigators (Reference 23, aithough
the experimental design was quize different because of the luss demanding
environmental situation (atzospheric pressure) and the larger combustion
tere. The arrangement shown in Flgure <7a was used in a suries o0 ftuests
using combuastion tudbes o! Jillercnt lengths. The small sncoke particles

(€ 3 .) are expected to travel with the gas around the tube opening innto
atmosphere, whereas, the blgger particles vith greater weight, heat
capacity, and siuainum content are expevted to follw a gravitatiotal path

to the alcohol pooi belew.

11.3 Sample Preparation and Anaivsis

The sample, quenched ard cocilveted {n the alvohel pool, is cleaned
and dried for further study and anaivs.s. The sample thus ccllected
contains hvdrochioric acid which {s remvved by repeatedly scrubbing the
aixture with water arnd then the water :a the satple 1s remcved by repeated
scrubbing of {t with fresh alcohol, The technical details are descr.bed

in Appendix C. 7The sarple is finally dried and weighed.

1. A weighed subsarmple i1s removed and tested for free aluminun
content. This involves solutiom of free aluminum fnto HC! and
cleaning ot AlCZJ by 8 rubbing it with water and tiltering. The

remdining oxide {s weighed., The loss of weizht gives the amount of

aiuminum {n the sudbsa~ple (Apperndix C).
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2. The rest of the original sample {s sieved through a series
of screens and the fractions then weighed, giving a rough mass esire
distribution.

3. The sized fractions are exanined microscopically to deter-
mine the nature cf the populaticon.

4. The sized fractions are tested for free aluminum content.

S. The rasults are compared with the sanalytical-cocputer medel,

11,4 Results

During the present rveporting perfod, some 80 tests were run. Mass-
size distridutions of the enrire samples for certain distences away {rom
the burning surface are shown (n Figure «8. The results of the acid
etching ct the subsample vere used to plot the aluminum content in the
sample at various distances, sec Figure 49, Tyvpical photographs of the

samples collected are shown in Filzure $C.

11.5 Discusstion

Direct guantitative comparigon of the experi~ental results with the

[k}

results pred{ced by theory {s not made. Such a ccmparison «was not consi-
dered justified because tle sample collection cethod was found to be (n-
efficient, and suspected of deing selective (i{.e., did not give an undiased
sacpling of kinds and sizes of droplets presert (o the plume).

Qualitative examination was =ade of sarples collected at different
distances from the propellant surface, to esee {f the evoiutionary process
of burning Jdroplets described in Figure 22 was cvident. The inevitadle
decrease in agglorerate size with distance was cvident, along with the
increasing size of residual oxide particies (Figure 5C),. The oxide lcben
on agglomerates were evident in samples evervwhete in the plume. Relative-
1v few examples wecre seen of azglomerates i{n which the oxide lobe had
become the Jdominant t of the agrlcmerate; {t was speculated that such
droplets oight be f{ragmenting, but no fregmentacti{on was obnerved, and {t
@4y be that the rapid burnout of such configuraticns makes their observa-
tivn {sprobabdie.

A nodified collecnicn methed (Figure 47b) was adopted and used {n
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preliminary experiments that yielded high collection efficiency. Samplas
collected by this method sre beliaved to be suitable for quanticative —:
comparison vith the analyses of Secti{ons 8§ through 10, but such etudies

were not made.

o

il \}\fm

o

Ll

bt - Ll

oL i

111




12 INITIAL SIZE DISTRIBUTION OF
ALUMINUM ACGLOMERATES

12.1 Introduction

The importance of droplet size of aluminum in cthe cumbustion zone
has been noted in preceding sections. It relates to the dimensions of
the combustion 2one and nature of droplats comtributing to interactions
with {mmersed objucts. The sizes of the sgglomarates leaving the burning
surface constitute the fnitisl condition to the population calculacions
in Sections 9 and 10. Fortunataly, the size distribution {s susceptible
to msasuremant by photographic means {n the vicinity of the burning sur-
face, because the droplets are still moving relatively slowly, and because
the ganeral oxide smoke density {s still relatively low and doesn't obscure
the individual agglomerates. This is avident frca Figures 29b and 8-2,
In tha present study, sizes of aluminum agglomarates were smasured froo
high-spasd motion pictures, and a size distyil ‘=i{on «sty +1 for use in
calculation of size distributions further avay .com : : - - '»te (Sections
8 through 10).

12.2 Procedures 2
The photographic method used is described in Appendixas B and C.

A 16-wm Hycam camera vas used, with 2 to 1 imaga-to-object size and a frame

rata of 2150 framss per second. Propellant samples for these tests were

7.6-mm high by 6.6-mm wida by 2-m» thick. The pictures showed the larger

agglomerates for several frames as they moved out of the field of view

(Flgura B3-2).
The first atep in population deterwmination was to project the frames

onto & screaen vhare the enlarged imagas of the droplets could be measured.

The field of view was limited by masking, to show a column 4.4 cm wide

(actual wideh 1.1 sm) parpendiculsr to the burning surface., In this

column, the sizes of all droplats leaving the surface were measured and

tabulsted for typically 100 frames. The resulting data were used to

construct a distribution function. However, some corrections to the

measurements were made first, as deascribed below.




P .

mee

Photography by self-luminosity shows the aluminum droplet as a
brilliant sphere with a convective tail (Figures 29b and B-2). The diameter
of this sphare {s {ndfcative of the flame envelope, with the alum{num drop-
let being smallar. The present photography does not usually show the droplet
itaelf. Measurements of the ratio of flame envelope diameter to droplet
diameter are veported {n scattered comments in the literature, but are the
explicit topic of Reference 26. Results of that reference vers used
(Appendix C, Part 4) to convert the pregsent flame envelope diameter to
droplet diameters, to bs used in datermining the size distribution

(Sections 9 and 10, and Appendix G).

12.3 Inictial Size Distribution
Figure 5la shows the droplet size distribution obtained by dividing

the diameter range (Appendix C) into intervals, tabulating the number of
droplets, LN, falling on each interval, and drawing the corresponding
histogram of JN/NAD vhere N ® TAN., This corresponds -~ i sanple from

8 population represented by the number count size distrioation function
3(00.0) referred to in Sect.n 9. For the present purpuuns the mass size

distridbution {s probably mor aignificant, and the dro, let sizes w.re also

tabulatad {n Appendix C as ~/. “CAl DOJ. The orcr - dismeter range wag

divided into intervals end the combined droplet mauys in each irterval, Lm,
was tabulated. From these results (Table C-1) s histogram of Lm/mo D ve D
is shown {n Figure 51b. This corresponds to a sample from a population
represented by the mass-siz distribution funceion Y(DO,O).

It is the change in 3§ and F during burning that {s sought in

Sectien 9, and it is the histograms from the photographic studies above

thac are used to approximate 3, and Fj.
is one for t = 0. At later times (Section 9, Figures 38b and 39a and b)

the area will be the mass fraction of aluminum remaining.

26, Boreisho, A. S., A. V. Ivashchenko, and G. G. Shelukkin, "Problenm
of Determining the Sizes of Burning Metal Particles,”

Fizika Goreniyas { Vzevva, Vol. 11, No. 4, July-August 1973,

Pp. 659-660.
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13 GAS ANALYSIS OF THE COMBUSTION ZONE

13.1 Incroduction
Composttion of the gas mixture {n the combustion zone {s of i{nterest

for two reasons. Pirst, future choices of materials for radioisotope
thetaoelectric generators (RTGs) may be optimized by consideration of
reactadbility in the propellant product flow. Second, the gas composition
is an {ndicator of the state of aluminua combustion (ac) and of air
adaixture (sa). As noted in Section 2., the gas composition can be cal-

! culated from theory, except for the uncertainty as to extent of ac and aa.
In this respect, asasuremant of gas composition provides a supplementary

means of estimating ac and aa.

No previous measuremsnts of gas composicion in mectalized propellant
combustion vere found, and there are some profound difficulcies in measure-
ment decause of the presence of HCl and *1203' However, {t was decided
that gas samples could de withdrawn {nto sample bottles wicthout A1203 by
sampling through @ porous plug filter, and that HCL could be fnactivated
by including & suftable neutralizer in the sample bcttle. If this could
be done, deterwinati{ons could be made o9f relative corcentrations of other
geases versus position in the plume, using a gas chromatograph method.

In the following and Appendix G, the results of such measurements are

é
1
3
i
4
i
3
g

Teported.

it Lot o 1, el

13.2 Experimental Arrangement for Sampling
The general arrangement for sampling {3 shown in FPigure 52. Evacuated

sacple bottles vere equipped with vaives (stopcocks) and connected to a

sampling tube that extended into the combustion zone through a hole {n the E|
combustion tube. This probe contained che filter plug to collect condensed §
material. The stopcock was opened after the propellant sample was buraing, ;
and closed before burn out (e¢.g., open 15 seconds). The sample tottle was 2
kept cool in order to condense wr . vapor and retard further reactions. ?

One sample was taxen fo. each teci, and the test was repeated for different
distances from the propellant surface. Samples were collected until ready
for gas analysis, There was sowme indfication {n the test results that the

el i Al
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samples contained air, indicating leakage during storage (the indi{cation
was the presencs of 02. which {s not believed to ba presant in the product
flov inside the combustion tube).

E

13.)3 Gas Analysis and Results
Details of the gas analysis are presented in Appendix H. Figure 353

Ll

_ . shovs & sample gas chromatograph record and Figure 3 shows the trend in
i f concentration of uz. CO and Co2 vith distance from the propellant surfacs
(the ovdinate scale {s {n arbitrary units). The expected trends are

[

A

exhibited, with the decrease in CO2 and {ncrease in CO with dietance re-

T

flecting the reaction with sluminum, The increasing H2 reflects the re-

Ll

action of aluminum with water to give Mzo3 and Hz. The data suggest that
the alusinum reaction {s substantially complete at 15 cm. However this

PRLTR

may be deceptive, a3 the aluminue droplet populsation messurements and

calculations show a large portion of aluminum that {s in the large

I,

i,

(slow burning) part of the droplet population.

Measurement of water content was complicated by condensation of an

unkhown amount in the sampling tudbe. Further the presence of HCl vas a

more serious problem in measuring water. However & gas chromatographic

=
=
R
H
4
4

method was evaluated that can probably be used successfully., Preliminary

results (Figure 54) exhibited the expected trend of HZO concentration

decreasing with distance from the propellant surface.

i

13.4 Discussion

i e 31,

Gas analysis showed the expeczed trends i{n concentration of C0, C02.
Hz, and nzo, the principal species involved {n oxidation of the ailuminum.

The methods used can slmost surely be upgraded to give quantitative rarults,

but the measurements obtained {n the current project are regarded as only
qualitatively valid. They suggest that the gas phase approxiostes equil{- :
brium, validating use of the thermochemical calculations of Sectiun 2.

The results further suggest rather rspid aluminum combustion (e.g., L the

leveling off of the Hz, CO and CO2 curves bayond 15 co {n Figure 5«).

This comclusicn {s not supported by all the results (e.g., uzo concentration,

Figure 54),

W, L 2
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NOMENCLATURE

Ll B

-
C Conscants in grey body radistion law

Cp Effactive hest capacity of an immersed object or probe :
D Diamster of & droplet

4 Masn-size distribution functiom, dn/nodD

3 Number-sige distribucion function, dN/NodD

H Cosfficients in heat transfer equation, Equation (1)

)§ Radiation intensity

k Constant i{n the droplet burning time lawv, Equation (3)

] Mass; of a droplet (Equation (5)) or & collection of droplets

N Number of droplats

n Exponent in the droplet burning time law, Equation (3)

T Temperature ‘
t Tioe

" ¢* . t/k

x Discance, e¢.5., from propellant burning surface

v Velocity

o Portion of oxide occurring in swoke form

8 Ratfio of diameters of residual oxide droplets and parent aluainum

#foplct. (tn\turn oqu,l to . A1/3
L\°A1/°A1203/(1°2/“)‘\1 - a)"\.ll"-.)Jv
8’ - "8

i Number of residiual oxide droplets per aluminuc droplet
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\ Wavelength of light

T Bumming time of an aluminum droplet
SUBSCRIPTS
Al Aluminum
Alzo3 Alusinum oxide
bo at, or after burnout
0 inttial, time = 0, at start of droplet burning
ox ox{de, may refer to all oxide or reufdual oxide, see context
ox,S oxide smoke
ox,R refers to all residual oxide, both free droplets and surface
oxs surface oxide 2n & burning droplet j
oxY refers to f{ree residual oxide droplet ({.e., parent aluminum g
{5 burned out) 3
8 gas §
P probe; propellant E
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APPENDIX A
WO DIMENSIGNAL MIXING LAYER CALCULATION

A-l Technical Basis

The combustion products of UTP 3001 are reasonably fusl rich and
are capsble of reaction with the surrounding air, even {f the aluxinum
has burned. A reacting mixing laysr between the hot propellant gases
and the surrounding air may tharefore develop. For a large dlock of
propellant a substantial length above tha propsllant will exist vhere
an essentislly two dimensionsal mixing layer is a good model for the aixing
process., This layer {s assumed bounded on ona side by the equilibrium
products of propellant combustion, but with the aluminum in various stsges
of complete combustion, and on the other side by quiescent air.

It {s kmown that at the prevalent conditions the mixing laysr will
becoms turbulent within only a smsll diatance (small fraction of an inch)
above the surfave, so a turbulent mixing layer will be assumed. For sim-
plicity, the presence of aluminum will be {gnored in the mixing layer,
thus neglecting the mass, momentum and energy source/sink for the gas
phase in the mixing layer., Consideration of the effect Ls bayornd the
scope of the program. The equilibrium computations of Figurs A-l show that
the thermal effect of aluminum combustion in the presence of air is reasocn-
ably weak (approximately 20% effect on absolute temperature). The neglect
of this effect sets the epirit of accuracy of the present analysis, wvhere
several approximations will bs introduced.

Two limits will be considered: a) the gas phase reactiony beatween
fuel rich propellant combustion products and air are nonexistent (pure
mixing case) and b) the reactions takse place with infinite rate. In both
cases 8 distributed reaction within the mixing layer naed not be considered,
but in case b) reaction will occur at a mathematical surface in space,
because fuel (CO and H2 primarily) and oxidizer cannot coexiet at any point,
This latter case will be trested by what {s known as the collapsed flama
spproximation. 1ln both cases the boundary layer equations with the turbu-
lent axchange modelled in Boussinesq form with turbulent Prandt] and Schmidt
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asumbers of uaity are

Continuity

L, 2w . @D

. 7Y - TN R i -
su = + ov o w(a& by) (AZ)

Vertical Momentunm

b . .
, 0 (A-3)
Energy
- (
S toev )] by \° t:v) (A=4)

Species Conservation

Y Y
oy -b—L -+ Qvﬁ - .9- (p& ?—L) (A‘S)
B Sy Jy dy ‘
Parfect gases will be assumed so that
R
P = ;2 T (A=6)
T
he @ ¢ (T)dT (A=-1)
o | 4
T

The reference state enthalpies will be taken from Reference A-]1. Froms an

A-1.  JANAF Tharmochemical Jaklea, Dow Chemical Company, Midlend (contin-
uous updata).
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iospection of the thermochemical equilibrium calculations supplied by AFWL,
the dominant species to be cousidered ars given for the propellant gases
‘for two limits of aluminm combustion in Table A-1, Also shown in the
table are temperatures and velocities of the gases for the propellant gas
flow, vhich will be termed the core flow. These conditions form the
boundary conditions an Equations A-l through A=5 at y*+e, At y*-a
the conditions are cold quiescent air at T = 1° and Y" = 0,767, Yo =

. i i
o it sl o bk o ol ‘x.iu‘mmwmMMM\MUMMHMMiMMMM

0.223, 2 2
Table A-1l. Compositions and Temperatures Used for the
Propellant Combustion GCases in the Limits of
0 and 100% Complete Combustion of Aluminum,
Mole Fractious
Specias 0% Al Burned 1007 Al Dumod' )
nzo 0.32 0.12
H. 0.14 0.34
co 0.23 0.29
co2 0.08 0.01
Nz 0.08 0.09
HC1 0.15 0.15
Molecular Weight 237 19.4
€ 0.435 cal/g.’x 0.452 cal/g.’x
Temparature 2500K 3000K
Enthalpy, hg 861 cal/g 1143 cal/g .
Velocity 18.5 m/eac 25.1 a/sec

* H and Cl are also present in a minor amount and have baen lumped into
the cosponents shown,
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: Equations A-4 and A5 admit the solutions
h =A+8 u/u. (A-8)
+ -

| ‘Ii » C!. Di u/ug (A=9)

d as way be checked by direct substitution. Hare A, B, c, and l)1 ars =
constants of integration. Consequently, the solution to the problem s 3
reduced to finding a solution to Equations A-]l and A-2 with the boundary %

E|
conditions ca u that i
u(®, x) = u, (%) u(- =, x) =0 ‘
ug (x) will be later determined by a separate equation concerning alumi- :
num consumption. j
The eddy viscosity will ba chosen as §
L da o) = Ko ugy % (A=10) 3
wvhich {s a form with empirical support (Refersnce A-2). With this choice, é
vhere Y‘E‘ is an empirical constant to be determined, one further assump- 3
tion allowve a rathar simple solution to the problem. The cssumption {is §
one of local simdlarity by introduction of the variables %
i
ee M (Calig)dy e a/akgtl? (A=11)
°
and a solution is sought for flow variables depending on * .lone, rather ’

. than x and 2. This {s found permissible 1f u_ 1is & slowly changing func-

b tion of x. By slowly {s masnt that the length scale over which u, Changes 1

E substantially (sluminums conswsption langth) {s much larger thaa the mixing

E

A-2. Alber, 1. E,, "Integral Theory for Turbulent Base Flows at Subsonic
and Supersonic Speeds,' Ph,D, Dissertation, California Institute of E
Technology, 1967, 3




layer thickness, s fact vhich may be checked g pogstariori. Introducing

the variables
1/2
! ¥ ou xK T ()
2
1 u .
' - y = y f’ ¥
f & ° ?
i
5 ® .y Kélz u, (£ - ﬂf') ;
v oo &4 YR, (A-12)
- [+ 0..

Equation A-1 is automstically satisfied and Equatiom A-2 collapaes to the
ordinary differential equation

AR R

£’ + £ £ @0 (A=13)
with the dboundary conditions
£’ (@e)=1 t'(-a)=0 (A-14) ]

While Equation A-13 subject to Equation A-l4 may be solved numeri-

e

lytical solution is desired. Before doing this, however, s common problem
should be notad; the third order differantisl squation has only two boundary
conditions in Equation A-l4. Therefore, the problem is ill-posed as it

]
E cally, ia the spirit of the approximatiocn used here, an appropriate ana-
s
]

stands. This 1s really a strong interaction problem whers ths behavior of
the universe sround the mixing layer can {nfluencae the cant or tilt of the
xixing layer relative to the horizontal axis. An additional condition will
be imposed hers that there are no lateral forces acting om the shear layer.
A careful exsmination of the transverse momentunm equation reveals that an
additicnal boundary conditiom is
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v(®) =0 ® lm (£ - ¢ (A-185)

T}.-OI

This now makes the problem solution uniqus.
Inspection of Equation A-l4 shows that the asymptotic forms of £

are
n4. f‘f‘
N = -= f*f__.acmnn:

Insertion of these forms in Equation A-13 above and below 7 = 0, respect-
ively, converts Equation A-1] to & linear ordinary differential equation.
Demanding continuity of £, f  and f°° at 7 = 0, the two solutions
maay be uniquely matched at T = 0. The solution which satisfies Equations
A-1l4 and A-1l5 1s

120
rn -‘“2/2 d
£’ = 0.5694 + 0.8613 ' e 1
)
<0
£ o 0.569 018937 (A=16)
vhare f__ ® -0.6035. Equation A-16 i{s plotted on Figure A-2,
For the case of no reaction Equations A~8 and A-9 yleld
h - f'
h-
Y., = ¥ (1-£7)
0 0
2 2.,
Yuct, .0, H,, CO, CO Yacr, 0.0, H,, CO, co. &
P T2 MU M P2 T M TR
(A=17)
Y - Y + 87 (Y - Y )
Nz ‘42 N2 ‘12
L ] -
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From Equation A-7, 1if an average specific heat is usaed,

h
h

T-T,
~

(A-18)
e LT,

For zaro Ad consumption ¢ = 0,391 cal/g.°K and for 100% Al consumption

c’ s 0.423 ca1/3.°x, where thase are calculated on the basis that

and h_ 1s calculated frum Reference A-l and the composition of Tabla A-l.
For the case of raactions batwveen 02. CO and Hz the computation of
the enthalpy and mass fraction profiles is more cowplex. The resaction com-

sidered is the one step irreversidle rsactiom

0, +aCO+bH, «+bHO+ s CO (A-19)

2 2 2

SR Ll it

at the collapsed flame surface. From Table A-l it may be calculated that

P

a=1.2 a =0.92
0% Af burned 100% AL burned
b= 0.76 b e 1.08 {

From Reference A-3 it Ls known that the functior:

YH Yo
e [ ) ..-—-z-_ *> -—1
H, Wy (-b) Yo
2 2

Yo

D —t

) - 7Y +
T :t hi "i (vi v ) Woz

A-), Williams, F. A., "Combustion Theory," Addison-Wesley, Reading.
pp. $-13 (1965).
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satisfy

Beg +t(l-ENG -z (A=20)
everyvhere {n the field, even if reaction {s occurring. 3v calculations,
the sum in the denominator of BT is approximately 1.3 x 105 cal/mol for
both limiting cases of Table A-1 and 1s assumed a constant. Since at the
flame surface Y, - YO = 0, Equation A-20 detcrmines f° at the flame
surface locatlon.z Theai points are shown in Figure A-2, ET way then be
calculated from Fquation A<-20 and is shown on Figure A~3 for the *wo
liafting cases of Table A-l, 1t {s seen that the primary effect of the
reactions {s to extend the core temperature into the mixing layer and
effectively widen the hot zone., Figure A-] easentially shcws the bracke:s
on teopertature to be expected in Lhe mixing laver,

So far, resulrs have been expressed in terms of the similarity
variable T, 7To get the results {n phvsical y-x space requircs the

inversion which follcws from Lguation A-ll,

where o5 _/o is calculated from Zquation a=6, For the three cases of no
-l

reactions, (. A4 burned with reaction and 1007 AL burned with reacticn,
the faversion to physical space {8 shown {n Tlgure A-4,

The final relation necessary to coaplete the aixing laver compu-
taction is the u_ = u_ ix) relatf{on, which {s determined by a calculation
of aluminum comsumption in the core flow., Because the tenperature in the
core {8 nearly linear with the amount of sluminum consumption (see Figure

A-1), a linear relation “etveen the velocitv and amount of aluminum con-

-“/y

sunption is quite accurate; yis,

u, "u, * (m/mo\ (u. - vy ) (A=21}
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vhaere ug and u.1 are given in Table A-l. The aluminum will be
assumed 18 velocity equilibrium with the cors gases and the consumption
tims for an aluminum agglomerats will be assumed to be (Reference A-4)

- -6 .n, 0.6
T (sac) 6.7 x 10 Do/ak
a*=1.5
x - 0.6
Do in .o

Assuming that the ovarall time to butn s the overall result of the process

dm n
dt.KD

where K and n are constant, it may readily be worked out that

d(a/ao) d(ma/m )

T = u, (x) ax

/2

Upon integration and use of Equation A-2 the formula for sluminum comsump-
tion Lo

x *u T [1-(11/1!0)”2] + 2' (u.o-u.l) - [l-(n/no)”z](.\-n)

A-2 Sample Calculation
To proceed wvith an actual calculation, two things are necessary;
s) an experimental definition of the outer edge of the mixing zona, and b)

A, Belyaev, A. F., B, 5, Ermolasv, A. I. Korotkov and Yu V, Frolov,
"Comdustion Charactaristics of Powdered Aluminum," Pizika Goreniya
y Veryva, Vol, 3, No. 2 (1969), (translation {n Combusti{ion, Explo-
sion and Shock Waves, Plenum Publishing Co., 1972).
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an assumption or experimenral statement of the extent of rcaction dbetween
0,, CO and H,. In this exampla a) the outer edge i3 defined as the straight
lina wvhere h/h~ has dropped to 0.1 (the temperature has fallen 907 of

the original cemperature difference) and b) there 18 no reaction between

‘the 0,, CO and H,.

Concerning the aluminum, this calculation assuzes a unimodal szglom-
erate size distributton, For this calculation Do = 100 ,m {s assumed.

Furthermore 7__ 300K {s assumed.

Step !
A T T i computed as a linear function of m/mu, using

LIPS
- -

Flgure A-1, Thias {s piotted in Figure A-fa,

b) u_(x) {is computed {rom “quatiom A=21. This {s plotred in

[

rigure A=3a,

n/m_ (s plotted as ¢ function of axiul distance fron the

o
sropellant f:om Hguation =22 and {8 plottec in Figure A-3a,
3 B

[¢]
o

- e . , o
a) ¥rom o the assunmad measursment, taie Ygo/® = - tan 187 as che

equation cf the strafght line defining the outer edpe of ihe

mixing zune.
by From Tigure A=) the no~rcaction cage (assumed), h/h_ = 0,1

at T e - 2.4,

¢ Yrom Figure A-o €57 the nosrecactlion case v xﬁe = - 9.2 at

JdY Trom Steps ar oand o the valae of the mining coetficient

e) T7From Figure A=) for the nu-reaction casce o h = 0.9 at = = 1.2,

This defines the {nnet edge of the mixing zone, Froa Figure A~4
* 0,17 from the

y'xﬁl'" = 5,5 at e irner edge, vielulng ylj/x
known mdxinz coefficient, The two straight lines defining the

uixing region are shown on Figure A=-5b, From Figure A-3a, several

positions of various aluminum consumption are shown on Figure A<3b,

T ST

ab i ol




W T

Y

AR

/
0.2l !
| o ! /-
D 0.3 P O
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'y —
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-~ a. 0 A N 0 1 [l
0 %0 100 0 S0 100
T Al Surned 1 Al Bumed

(a) Core velocity, ratio of core to cold temperature and physical
axial distance as a function of mass of Al burned.

Y
0.03 ! -~ .01n
] : ,.—-"—_'
| - !
0 —t— | 1 1
>0 = T.T ] ]
» ‘1‘*—~_“L -2 0.3 x (w)
“-- [
T ¢ -‘~§~
'son | T
=0.03 b4
| " Surnout + 2 e . tam 10°
1 10m X
L]
Kz‘,z'.OI’

(d) Assumed spread of the mixing region versus axial distance and
illustretion ~f axial locations of various Al % consumption.

]
o.mr : s
i : 8
2.0 = T
! ] //
- X [ . \
L r 1 2 )
)
3 No reactian T (&)
«0.07 = u (dem/e)
/
Q.04 —

(¢) Calculation of velocity and tamperature profiles at the 907 Al
consumption point assuming no resction of air with the Al.

Figure A-5, Suyplo calculation of mixing zone.
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Step III
a) Choose a particular axial stacion, here chosen as the x -

position for 90°, aluminum consumption, 3
b) u is calculated from £’ vs % on Figure A-2 with u = u £,

u, taken from Figure i-5a and the T toy conversion taken

sl W T

from Figure A-4. The result is plotted on Figure A-35c.
¢) The enthalpy profile is taken from the Figure A-3, the assump-
tion is wade that h/h’ & TTo ; the % to v conversion
T T,

wn sl

. ‘\\‘ il o el

1s taken from Figure A-4, The rexult is rlotted on Figure Aa-5c,

For the case where infinite reaction rates between the 0O, and CO

-

ard H, are assumed the calculation procedure procecds as above, but the

ot A s sl

calculation of the enthalpy profile and the edge of the aixing layer are
slignely more complex. The edge of the milxning layer will be slightly curved
{n this case, and {r Step li-a {t {s necessary to speclfy not only that the
90% point is ¥nown but the amount of aluminum consumption at the x-point.
The reason is that {n Step Il-c an (nterpolation betwecen two y/xxglz vs " .
curves {» required to defing K:IZ. In Step I1-¢ an Luterpolation batween -
two h/h_ vs ® curves is required. [n Step III-b an {nterpoiation {s re-
Guired or Flgure A=4. 1In Step 11l1-c {nterpolations sre required on TFigures
A-3 and A-4, It i{s recommended that the value of KF deduced in Step IIl-a
be taken as a constant which will yteld a slightly curved edge $0 the mixing
tone, owing %o the continuous shift in the curve used {n Figure A-&.

The mass fracticn of tre varlous species 2ay be calculated usiag
Lquatfon A-17 or Sguation 4-20 devending upon the reaction state whica is

congidercd. 1In Eguation A-20

r y Y
E = - A—-ro co—a 1 ’
1 Yo w .. (=a) ‘w .
; cu v,
E -
3 Y
H,0 0
s 4.0 - —L + ”—-;
Hy 44,0 0.,
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NOMENCLATURE

(Appendix A)
cP Specific heat at sonstant pressure
b Alumisum agglomerate diametar
hf Enthalpy of formation of species { at 1°
h Sensible enthalpy above reference state, ;Tcp de
KF Eddy diffusivity coefficient ™
n Masgs of aluminum agglomerate
P Pressure
1° Reference teaperature (air temperature)
u Velocity in x=direction
v Velocity i{n v-direction
v Transforoed vertical velocity
W Molecular wveight
X Axial coo}dinate parallel to propellant side
v coordinate perpendicular to propellant side with orizin at the
propellant
Y1 Mass fraction of 1th, species
z Transformed vertical coordinate
dv Turbulent cddy diffusivity
€° incompressible eddy diffusivity
7 Stoichinetric coefficicnts 2f reaction eguation
N Danaity
L 4 Stream ‘unction
- Alualnum burn time
Subscripts
9 Point at which h/h. has dropped to 0.
id Point at which h/h. has dropped to 0.7
- ot propellant core cond{ticns
il Cold ataocspheric conditions
i Species 1
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Subscripts (comtinued)

0 Conditions at x*0
1 Conditions at 100% aluminum consumption

Supericript
‘ Left hand side of reaction equacion
.’ Right hand side of reaction equation
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APFENDIX B
PHOTOGRAPHIC METHODS

B-1 Introduction

Photography was used extensively as a research tool during the
course of this investigation for numerous reasons. Photography, especially
wvith the use of telephote lenses, {3 a rewote data acquisition system and
thus no components are threatened with destruction by the hostile environ-
ment of the propellant fire, It also provides a permanent record which
can be analvzed to determine plunme height ard bumning conditions such as
one~dimensionality of the burning surface, crosswind effects, etc, Puoto-
graphy 1s used to magnify specific sreas of interest wizhin the coabustion
zone and reduce the light fntensityv thus revealing details which ara not
visible to the naked eye., A scquential recording of events such as depo-
sition on a test object which occurs over a relatively long period can be
obtained using a J5-mm camera with aotorized film advance. Seguential
events s.uch as aluminum stedding from the burning surface which occurs over
very short time periods can be recorded using a high speed motion picture
camera. lMore {mportantly, photography can stop action, that is, {t can
reproduce an image wirich exi{sts for as short a time as 10.5 second; an
image which the human cve cannoc resvlve.

The photographic equipment used in this research (s described in
Secz{om 3-2, In Sections 3-3 through B-% the arpropriate combinations
of cameras and lenses for piootograrhing variosus rezions of the propellant
fire arve descrived, Shutter srecds and aperture settings {or wvarious fiins
are also given 1n thes2 secticns., In Section 3-7 a brief explanation of
factors govarning the select{on of filnas, shutter sreeds and filters is

presented,

3-2 Cescription of Lguipment

3urning samrles of TP 3001 were photographed using stili 35-mm
caneras with either manual or motorized filn aZvance and with a 16-mm
dvcan motion plcture camera. Three higheresoiution likker lenses and two

Yivitar lenses were used interchangeably for the sti{ll and motion picture

cameras.
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B=2.1 Camaras:
) Nikon F-1, The Nikon F-)l is a single-lons reflex 35-um camera

vith through the lens light mator readinge and shutter speeds of 2 seconds
to 0,001 second. This camera was fitted with a Nikon motorised back which
automatically sadvances the film and cocks the shutter. Using the motorized
back, photographs can be exposed singly or as s sequence of photographs at
either 1, 2, 3, or 4 pictures per second (pps). Thise back holds bulk film 1
rolls which will permit 250 exposures per roll.

. Nikkormat EL. The Nikkormat is also a single-lens reflex 35-um
camara vith shutter speeds of 2 seconds to 0.001 second. This camera
has automatic exposure control which uses a betwvaen the lens light meter
to select tha correct shutter speed. The light meter, however, averages
the light intensity between tha bright plums and the dark background and
thus overexposes the plume and underexposes the background. Thus, best
results wvere obtained bty manual selection of sperture and shutter spesd.

Honaywell Pentax Spotmatic. The Pentax i{s also a 35S-mm single-
lens reflex with through the lens light metering. The Pentax was used
primarily as a backup camers for tests with l0-ca diameter propellant
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sesmples.
Red Laks Hycam. The Hycam i{s a l6-mm rotating prism motion picture

camara. Normal motion picture camsras (pin-type intermediate speed fram-
ing cameras) operate on a principle similar to the Nikon F-1 with msotorited
back, only at higher ratas. Thus the film advances, stops, the shutter (s
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opsned and the f{{lm exposed, the shutter closes and the film advances.
Camsras of this type are limited to sbout 500 pps. The MYycem (rotating
prise camara) woves the fila continucusly between two reels and the image
is synchronized vith the film movemant by the use of a rotating prisa.

If it ware not for the prise, tha imuge would be smeared across the fila
1 as in & streak camera. 1ln fact, by reversing tha oprics and avoiding thes
1 prism, the Hycam can ba used as a streak camars. The Hycam {s capable of 3
filming rates of up to 11,000 ppe with exposure times of &4 x 1.0's second,
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3-2,2 Llenses:

All lenses were used interchangeably with all of the above cameras
{both 35-mm still and l€-cmm movie) using adapters.

Nikon Coom Nikkor (200-to 600-mm) £/9.5 to £/32. This lens wvas
the most useful one for these teasts. Using this lens, {t was possible to
photograph agglomerates (200 microns) on the burming surface from a dis-
tance of 2.5 meters, It was also used for photographing agglomerate
streaks in tube tests.

Nikon 2oom Nikkor (43- to 86-mm) £,/3,5 to £/22. Used with chopper
for plume photography.

Wikon Micro Nikkor (50-mm) £/3.5 to £/32, Used to photograph
apparatus and overall plume height photos.

Yivi{tar Avtomatic Zoom (80- to 230-mm) £/4.5 to £/22. VUsed with
Pentax as second camera in tests of large (10 centimeters) propellant
sarples.,

vivitar Automatic 85-r= lens, £/1.8 to £/16, Used with Hvcan camera

to photograph a:zglomerates leaving the burning surface in the window bomb,

3-2.3 Filxs:

All photographv was carried out using Kodak films. Tor the 35-mm
cameras, “igh-speed tEktachrome (F{-135, ASA 160), Ektachrome 200 (ED-~135,
ASA 200), and Fktachrome X (EX-135, ASA 32) color films and Plus+X (PN-135,
ASA 160) bdlack and white €£ila were used, The motorized back was loaded
with 250-exposure rolls of Extachrome R (ASA 150), a color film, similar
to high-speed Extachtrome, available in bulk rolls. The Hyvcam camera was
joaded with either Ektachrome EF-430 (ASALlG0) or EF3-430 (ASA 123) color
f4lms or Tri-X TXR (ASA 160) black and white £{lm.

3-3 Photography of the Entire Plune

Inttial photographic experiments involved rnotography of the entire
piune to determine plune height and methods of obtatning colummar pluzes,
i.e., avoid edge burning. Tor these tests either the “ixkormat Tl camera
with an 8+-rma lens or the Pentax camera 'vith the 80- to 13C-mm lens was

used. These same caseras and lenses ware aiso used in the chopper tests
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(see Figure 10). When using fast films (ASA 125-200) camera settings
were 0,001 pecond at £/15 and when using moderate films (ASA 32) setrings
of 0,001 second at £/3.5 or £/4.5 wers acceptable. All settings should
be considered as base line settings., During the run several shots at the

next larger and next smaller aperture settings should be taken. For exanm-

ple, with Ektachrome X (ASA 32) with a shutter spead of 0,001 second,
several exposures would be made at apertures of £/3.5, £/4.5, and £/5.6.

B-4 Photography of the Burning Surface

Still photographs of the burning surface were taken with a Nikcn
camera with the 600-omm Nikkor lens. These photographs ware taken to ob-
serve aluninum buming on the surface (see Figures 12, 14, and 23), to
test the effectiveness of edge burning inhibitors (Figures 9 versus 13)
and smoke trails from agglomerates on the surface (Figure 13). For fast
films (AS: 125-200) a shutter speed of 0.301 second and ajyerture of £/31
and for moderate films, a shutter spced of 0.00! second and apecture of
£/11 or £/16 are recommended as base linc sctiings with the A#00-rm lens.

For detafiled examinaticn of alurdnuas agglomeration on the surface,
8 small! samrle (7.6-m by G.6~ma by 2-mm) of UTP 3001 was mounted {n the
combustion bomb, The combustion bomb (see Figure B-l) had two quart:z
windows, one for additional {llumination of the sample from a 2500 watt
Xenon lamp .nd the other for photographv., A nitrogen flushing fiow was
used to prevent smoke obscuration. The burning surface was photographed
with the l-can movie canera sat for 2,000 ppas. The Vivitar 85-rm iens
was reversed and mounted on a 70-mm extension tube to obtain a I to 1
magnification ratio, Using Tri-X fila (ASA 160) and the Xenon lanmp, an
aperture of f/4 gave a satisfactory exposure. These movies (see Figure
B-2) were used to measure the slize of agglomerates leaving the burning

sutface.

B-S Photography of Agglomerates in the Plume

The appraratus used for photography of agglomerates at different
distances from the burning surface is described in Appendix F, 1Initial
photography was by Yikon camera with the 600-mm lens using Panatomic X
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Figure B-1, (ombustion bomb with “viam cwnera and xenon lamp,

Figure B-2. Agglomerates burning on the surface of UTP 3001.
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(ASA 32) film at 0.001 second and £/16 to £/32, For motion pictures

ysing the Hycam camera, Ektachroms EFB film, and the 600~-mm lens set at

£/22, a framiog rate of 4,000 ppe is recommmended for distances of 15 cm
or less fras the burning surface and 2,000 ppas for distances greater than
15 cm. In Section B-7, the reason for decressing exposurs tims ig dis-

cussed,

B-6 Photography of Dipooicton of Condensed Phase Msterial on Test Objects
As noted 12 the taxt, deposition of condensed phase material is a
@ajor source of heat transfar to objects in the fire enviromment, Several
axploratory tests weve conducted with simpla test objects (rods) immersed
in the plume at various distances from the surface. Sequences of photo-
graphs vere tasken {(see Tigure 24) ueinyg the Nikon F with motorized back
and the 600-wx Nikkor laenz. The fila was automatically exposed for 0,001
second evary second (1 ppe) using en aperture of f£/32.

8-7 Resolving Moving Objects ,
The subject tield to be photugraphed in these studies was self-

luminous, md bright, hence sasy to photograph, However, ths motion Of

the ohjects to be rasolvad and their small size posas a gevere problem of
stopping the motion., lo addition, the field of view conslsts of a cloud
of aluminun oxide smoke (droplets toc smsll to resolve) and burning alum-
{num droplets (wvhich need to be resolved); the smoka tends to abscure the
aluminum droplets. Some skill {s rvequired to assure image contrast between
the alusinum droplets and the smoks.

B-7.1 Stopping Moticm
Ralative to stopping motion, the problem is that resolution is

required for droplets 150 .a in diameter moving 15000000 um per second.
Even L{f the gosl ware merely to limit smmar of the imsage to 107 of the
droplet diameter, this would require an exposure time of one microsecound
or lass. No effort wvas made to achieve this. Instead, photography of
droplets vas done nesr to the burning surface, wnere velocity of droplets
was still low (Figure 35). Thare, motion pictures at 2,150 frames per
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second were uaed (Section 12), For photography further out in the plume,
pletures of droplets consisted of bars or stresks, the langth of which was
used for velocity measurement, At 15 mo/sec, a 150-.= droplet moves 105
diameters per second, or 100 diameters i{n a 0,001 second <amera exposure.
“hile there are custom-built drum cemeras that take pictures at spceds
high enough to stop notion (resolve) of the aluminua droplets, they are
not gererally available, involve other experimental problems, and were
not crizical to cthe objectives. In the present work still camera shots

at 0.01 to 0.001 second exposures were used. In addition, the Hycan
notion picture camera was used at 2,150 pictures per second, and can be

used in future tests gt rates up to 10,200 pletures per second.

B-7.2 Proper rilm Exposure
Ancther prodlen {n rasclving the aluninum droplats was the presence

cf an Al,J, wmcke cloud, which tended to obscure the embedded aluminuw
dronlets. “he smoke cloud was nart of the cambustion plume, and was hot

and lurdirous. There was a tendency 1O expose the fiim prorerly for the
smoke lumdnosity. which lef: very 1fttle latitude in the film response to

resolve the brighter 2l.zinun draplets (see fection 53, which were then

cverex;oded., This was not sucl a2 sericus problen in the hiphespeed motion

{ctures because or the short exposure time. and low smove density {n the

case of ;yictures near the burning s :riccz,.

8-7.3 Contrast for Moving Cbleci-Continuous 3ackgrournd Situstion

There was a2 more siStie rrohlem than overexposure {nvoived in
resolving burmang aluminum droplets i the smore [Lleld, which was described
briefly in Sectlon 6.%. The problem arose Irom the fact that the total

radiation reaching a point on the filx consistcd of radiation from both

re

sncke and burning aluminum dreplets, The earlier discussicn shoved that

the radiation from the drorlet lasted only about 12 7 second, whereas the

)

tastad for the full open-shutter time. This

Cu

saoke field {llumination
resu.ted {n 1 very low contrast retween drojplet streax and smoke background,
brigh

hter than the smoke or the camera

valess the 132l xmerate wais =uch
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shurter time was very short (e.g., 10-5 second), or both,

The foregoing is illustrated by the simple analysis of film expo-
sure. If the radiant flux reaching the film s 4 for smoka and L,
for agglomsrates, ther the total exposure (per unit ares) at a point
vhere an aluminur droplet image pssses during exposurs is

I:-At rt*ﬁt
QeQ +Q, - f,de v 1 g 4t =yt At +14, 8¢ (B-1)
1 2 c=0 1 te0 2 1 2

where At L{s che shutter-open time; &t is the time for the image of a

burning droplet to move ons diametar (5t @ D/v); and L and 12 ars

dssumed to be time-averaged values. It was noted earlier that D/v was

of order 107° second, but larger near the burning surface where v is low.
Now the contrast between image points where a burning droplet passes

and ad joining points ie Siven by

. + g 1
LR N S il A 1Y (5-2)

Fram this expreasion, the contrast 4s high Lf (12/11) (*t/At) is large
compared to l. As noted {n Sections 5 and 6, (12/11) say be quits large;
however &t/At tends to be very small. Gnood pictures of burning droplets
in the plume region require that very short exposure times be used, or that
plctures be tsken at locations where droplet wvalocity (s still low, or that
the smoke be blown avay as in Figure 10. As & matter of interest, operation
of the Hvcam camera as & streak or smear camera i{s ons way to raduce At
down to the same order as 6¢t, since At bacomes the time for a point on
the woving film to traverse the width of the viewing slit.

B+7.4 Selaction of Film and Filters
Choice of film (it a choice {g availabie) i{s governed by two con-

straints. 1t wust he fast enough to be exposad during the short exposura
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tizes and {t must he slow enough so that {t is not overexposed.

Kodak manufactures three films for the Hycam camera: EF and EFB
(color £ilms); and Tri-X (black and whita). EFB {s balanced for tungsten
{1llumination and this film was used primarily for photographing agglom-
erates in the plume since the tungsten balancing makes 5F3 more sansitive
L3 12 theredy {ncreasing the ratfo of 12 to 1I over EF £ilxm,
B There is & much larger selection of f{lmg for 25-mm sti{ll cameras.

Exposure guidelines for soue of these £LIms have been re orted &n Sectioms

3-3 through 3-6, Acceptable results have been obtained for most films,
In Section 3-6 {t was recomended that a shutter speed of 0,0C1
second and ayerture of £/32 Do uscd with fast Iiims when using the £00-m

lens to photograph the plume., Even with these settings, the filo Ls

ki e

slightly over«<sposed but since this (s the minimum exposure time and nini-

“

mum arerture {: is necessary efither to use o neutral dersity fliter or use

a slover co.cr {ila, Since filters for the €22-m lenis are very expensive

Lkl it il L

ard very hard to obtaln, thce use of a siower color (L1m is tecomended.

Fllters would also ve uscful in maxinizdng (oatrast as sxpressod
-

oy fquation B-
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3-7.% Colsr Contyase

e

The temperature vosponsibic for the agsiorwrate luminosiitv was much
higher than the tempirature of the s=oke backgrrune Flaare 281, A5 3 re-
[ 5 &
sult, the razfo {./t., which varted as the {-urihh yrower of the ratio of

- '

these lemperatures, tended to be ruch larger than L. in additica, the 3

agzlocerate radiazion vas snifted to shorter wavelengih (Figsve 32).  As

Aot ot

a2 result the ratf{c of fntunsities at short wavelengi™ was greater than tre

rat{o of total radfation. Thus narrow band photograpny at short wavelength ;

by use of filrers would glve beiter contrast, This tcechnique was explored

only superficlail~, tut would probadl:: hely (- navgzinal situations.

&l L,

1

(¥,
>

wil




e Y

NOMENCLATURE

(Apperdix B)
D Diamater of agglomsrate
1.1 Radiant flux from swoke per unit area per unit tims reaching camara E
£, Radiant flux from agglomarates per unit area per unit tims resching o
the camera
PP P{ctures per second
Q Film exposures per unit area from smoke and an agglomsrate
i Q‘ Film exposure per unit area from saokes
3 Q2 Fils exposure per unit ares from an agglomsrats
v Velocity of agglomesrate
t Timo
1 At Incremsnt of time tha shuttar is open
E 8¢t Time for {mage of an agglomarate to move one agglomarate dismeter

P
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APPENDIX C
ENTERIMENTAL DETERMINATIZNG OF
DROPLET SIZE DISTRIBUTIONS

Cc-! Introduction

Clven tha importance of droplet {z=pingement 3s a mecans of damaging
objects {immersed in the fire environzent, considerable effort was devoted
to detarmination ol the droplet population. This was done by observation
of the inftial population (near the burning surface) photographically,
This ied to an {nttial size distridution 2hat was needed for calculation
of dJownstrenn populations (Sectima 9 and 19). In addition, sanples were
collected divectly from the plume at diffevent distances from the burminy
surface, and studicd for size disiridution, mass, portion thaz {s aluminunm,
and nature of droplets, In the follosliay, the sample collection {g Ces-

crided first, and then the thoto,raphic studies are detalled,

C-2 Collection of Sample

The purpose was to obtaln samy of aluninem ane aluninum oxide

les
frca enclosed plumes of burning “-cm dlameter samples of aluninfzed pro-

f2]

ellants., The objectlie was 20 ¢ollect Pliper particles (3_-dianeter and
J Ak
up) and to teep the samrles as clean as possible for subsequent study of

slze and mu.ss disivibution.

Cedol faperliwnial Setas

b

.

e praducts fromoa downeflmsing plome ol a s2lid propellant plece,

[

Yarning upside downt {n A 3ecm didmeter staliniess s7e0l tube, were recelved
{nt

a hewl ool alcohol, ilcotcl.uas used here a3 it quenched the e¢mdensed
droplets without shatterin: ther, A 7art of the whole plume was quenched
dependiny on the method, The sample collected 1 alcdhol was washied and
dried after tha tost,

The taste Cdescribed watle deveivped over 3 rertod of time. [lirge
Tgirods of collecting tie quencied particles were considered. The sanple
of solid proreilant used Lo those three methods wos the same shape and site,

Tna sample was of Segwm dlameter and $L.20-cm thick, welghing arproxi-

«  Fthanol
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mately 45 g. It was placed in a stainlaess steel tube backed up by epoxy
to hold it in place. The samples were inhibited around the cylindrical

face by paper taps and no igniter paste vas used, The sverage buxuning

surface of cthe sample was placed at & given distance (7.6 cm, 15.2 cm,
22.8 ca, 30.5 cm) saway from the alcohol surfacs.

The alcohol to quench the condensed phase material was in & collection
bowl. Tha collection bowl for each of the three methods differed bacause of
the nature and position of the plume to be quenched in sach case.

The £4rat of the sollaciion mathods involved the whole plume imping-
ing onto an alcohol pool. The haavy particles were axpectad to go dowm
under gravity, vhile the lighter smoke particles were expected to turm
with the gas flow and ascape. The colleaction bowl for this is shown
in Figure 47a. The base consisted of & ateel dish with s frustrum shaped
interior to increase the depth of alcohol just below the sample. The outer
diameter of this dish waa spproximate 13 cm. It held and supported another
stenl cylinder that provided an adequate well to confine the fire.

The exit of the steel tube holding the sample was about 2.5 cos
above the alcohol level. Directly under thea sample whers alcohol de
was the greatest, & Taflon disc of 5S.0-cm diamster was placed to avoig
«ny sintering of the condensed phase matarial onto the metal bottom. The
tendency towurds this decreased as the distance from the burning surface
increased,

The outer cylinder was provided vith a helium flush for the purposes
of avoiding coebustible alcohol-air mixtures in the appsratus, and extin-
guishing alcohol fires after the test.

It was cbserved during tests that substantial amounts of burning
alumiaum vare present ir the deflected flow from the spparatus during
tests. Weighings of the collected material in the queach ressrvoir showed
collaction efficlency of only about 16%, an outcoma that raised sowme ques~
tions about the interpretation of results, as noted in later discussion,
Although it was concluded that & modification of the experimsnt would yield
more decisive results, most of ths uxperimsntal rcsults were obtained with
the first setup.
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The gegond gollection setup was contrived to avoid unwanted properties
ot the first satun., The second setup (Figure C-1) was designed to collect
samples on the axis of the combustion plume, where 4t was postulated that:

a) The sanple was lcast affected by the wall effects of the
combustion tube,
b) The collected samaple wus least deflected by radial deflection

{n the exhaust flow, hence might be most representative of undisturbded

flow.

¢) The samplc would be quenched in an inert gas before irpinge-
ment on the alcokel.
Limited tests by this method vielded particles that scemed to be good re-
presentatives of the flow, but 20 swstematic tests or optimfzation of desizn
were catried out.

A third zethod <cas developed concurrentls with the secord ore, ard
was dusigned to collect movre of the condersed phase material {n the alcohol.
Th: arrangement (Tltoere 475 was ouch like the first cne, (xcept that pro-
vision was made for 2 larzer reservolr of alcoancl and percolation of the
entire propellant ex-aust zhrough the reservol:, Trelinminary tests in
this experizental setup vielded a 1007, collection efficifency, but the num-
ber of tests was toc few {1 r s stemiatic processing of saaples., Alcohol-air

fires were =ore cf a problen {n this arrangement,

C=2.2 Test Procedure

In each of tie experimental setu;s, the propellant sample was welghed
before the zest, It was mounted (n the combustion fube at the desired dis-
tance from the exdt. The sides of the sanrle were (nhibited by vaseline or
paper tape or both., The parer tuaje wag sonctifics sed to make the sample
fit snugly {n the tube., Ignition was accomplished by using igaitien wvire
which heated the surface of the pruypellant locally to a temperature at whi:h
the prorellant isn{ted, In ordar to ensure that firc upread ail over the
surface quickly, an igrniter paste w.g used. The combustion products of the
iagniter paste were bdiown avur or were wasned away {n the leaning of the

sangle.
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Figure C-1, Experimental setup tor on-axis collecticn.
(All messuremsuts in centimetexs.)
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C-2.3 Cleaning and Drying the Sample

The samples collected at the end of tests contained mainly alcohol,
suspended particles ard other chemicals such as HCl., 1t was necessary
that particles of interest bs separated from active irgredients. In order
to do that, the :cids and other soluble chemicals were scrubbed off with
water. Then the water tioist suspension was scrubbed with alcohol again in
order to remove moisture arq make drylug easicr.

A general procedurc is described below.

l. Pour and rinse the contents of the ccillection bowl into a glass

jar.

T

2. Remove the liquid {rom the mixture. 7This cai be done using a
syringe after allowing 1t to settle for some time. In the third mechud,
however, {literin: {s required to remove the liquid as the volume of liquid
{navoived {3 tvo large to be nandled by the syringe, Algo, {t takes too

long and reactions mizht ccour which are not desirable.

-
L B

3.0 wash tihe residual with wiater and reacve 1iquid again, elther by

.
i Lt

a svringe or by flltering. This wiy 2a}or amcunts of chemfcals solubie in
water are renoved, Three or four repetitions of vater=scrubbing will assuare
a samnrle almost free of HCLl and otier such chemdcals,

L., Tne resi{dual sample from step 3 {s washed with alcehol to remove

water. aAgaln, three or four repetitiong will remeve almost all of the nmols-

sl ocal ol

ture.,

Il

5. Dour out the muxsure of alichel and particulate watter conto a

flat disnh (usualls a petrl dish; ond wllow Lt to dre.

it Ll

Ce) Characterization of sample

The entire sample was welghed initia.ly. Tne welght was norrwliczed

it

with respect to the unit welght of aluminum {n the original prepellant

sample (m), A plot of this quantity agatnst the burning distance {or the

firse aicoiol {:pinge=ent nluve method s rrerenteu in Flgzure C-2. 3

C=3.2 icroscoplc Observar = and Fhotopraphy of insized Sample :

-~

The entitc sample wa obgserved under microscope and corments were

sl et il

made regarding its appearance and other wvis:cal characteristics., The sanple
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contained the following tyvpes of particles:
Shiny particles of irregular shapes, mostly sintered together,

This part contained moatly aluminum and had hardly had a c¢hance to burn,

These came {n large sizes (150 - up),
Sniny and gray alumincm balls with oxide caps on them, These

came in all sizes. They were essentially spherical. They contained more

alunmi{num than oxide, but the oxide proportion was not necessarilv small,
Translucent cox‘de balls with l{ttle or no aluminum attached to them,

These are called the residual oxides in the text. Thase resulted from

complete burn-out or possible spewing of oxide fronm large aluminum drop-

lets., Thev were nostle smaller than about 30 ., Twplcal pictures ace

shown in Figure -3,

C=3.) Mass and Stze Uistribuzion analvsis

In order to studv the turaing history

und further fire charzcteris-
tics, ti e size, shape ané mass diszribution of the particles had to he
therefore, divid J frto sudbintervals of

The grid

xiown., The collected sarple was,

varving sizes b sieving the sample through a nuuber

S
n Fiyure -4, The sanple

o° screen
column used in the preser: apal-sis is showa in T

was placed on the topmos: screen and the colum wos shalien so that lovselw
sticking pariicles would separate.

The welghts of samples on top of eacn screen were noted. The parti-
3 H ?

cles bilgger than 500 . were alunvs some coibination of smaller particles.
Thereiore, tiie welzht of the rarticles (n this {rterval was dlstributed to
all the (ntervals i~ proporzion of trelr individual welghts, Thus wa had

a8 set of correctec welsnts £o1 all the intervais, The welghts were nor-

malt{zed by the amount of aluminum present in the original propellant sample.
The mass distribution cver unaqual {ntervals was hard tc compare. There-
fore, the normalized wefghts in cacl intcreal vere further divided by the
size of that interval, thus arriving at tre folilowing quantisy (weight of

the sample per micron of the {ntaerval per unit weight of aluminunm in

original sanple:.
Plotted over the particle size, t'ls gave us the histozrars shown
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600 < D

180 <D< 600
149 <D< 180
125 <D< 149
Q0 <D< 125

63 <D< 90

45 <D< 63
37 <D< 45
C <D< 37

ol e s bl

.
Lo b e,

Figure C-4, Grid colum used to separate the sample into
size intervals. (All figures in aicroms.) 3
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é g in Figure 48,
Plots of this mass fraction against the burning distance for a

gliven interval are shown {n Figure C-S.

e i

‘C~3.4 Microscopic Observation of Each Interval for Ilmpinging Plume Method
A sample in each interval was separately cbserved in the microacope

SO RRRT AT T AT T e Aamem e

in order to make commsnt on its visual characterization,

1. Size interval D > 600 ..

This interval mainly contsined irvegularly shaped shiny material and
smaller balls sintered togather.

2. Size interval 180 u <D < 600 .

This {nterval contained irregularly shaped shiny pieces and spherical
particles. Soms of the balls were sintered together with the shapeless
reaterial.,

3. Size interval 149 o <D < 180 ..

This {nterval mainly contained spherical particles. Soms of the

spherical particles were gray with oxide caps attached to them and othara
appeared metallic and shiny, Soms smaller shiny balls were found sintered
together with {rregularly shaped shiny particles.

4. Si{ze interval 125 . D < 149 .,

This interval wmostly contained spherical particles both gray and

shiny. The spherical particles had oxide caps on them. Small amounts of

irregularly shaped shiny material wera sometimes found sintered om the
| spharical particles.
i S. Size interval 90 u < D < 125 ..

This {nterval contained gray spherical particles with oxide caps.
Thers were a fov shiny balls oresent along with irrsgularly shaped shiny
material.

6. Size {nterval 61 u <D <90 u.

This interval contained gray spherical particles with oxide caps
on thema. Thare were soms shiny balls connected together with other shiny
material.

7. Size interval 45 4 < D < 63 4.
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90 & <D < 125 .

302 - ° / ~—e
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OO‘]b 125 cm € D < 149 =

O AU [l TUE Ovlot AL SAMPLE,

000 . L . :
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i 000 . . .
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digstance ‘ram the Suring surface for dLfferent Lntervals. é
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This {nterval! contained mostly spherical particles and ifttle
irreguiarly shaped material. Cray and shiny balls were seen {n various
sizes. Additiomally, some white translucent balls were evident in this
size interval, These were non-metallic in their appearance.

8., Size interval 37 . <D « &5 .,

Tils {nterval contained grayv and shiny balls &n cqual proportiom,
Soe translucent oxide balls were also observed,

9. Stize interval C ~ D < 37 _,

The fraction of white trarslucent balls tn this interval was more

than the previous vne. All the particles were regular in their shape. _ -

_Tvplcal rhotograpks are shewn (o Flgure C-o,

C-3.5 Analysis of Azounts of Aluzminua Present {n the Jullected Samrle

The collected sample contained the 01lowing tyres of rarzicles.

1o Aluminun rarticles with thin laver of oxide.

2, Aluminum particles with thick lavers of oxide or cxide cajs.

J. OUxide Palis with littie or ne free aluminus on them,

The size cistridution or the total sam;le, therefore, ¢1d not give
*he entire p¢ ture of the riunmdnun content Gs the smaller intervals had
—ore oxdde bally than {n the larper intervals.,

To find the actual aluninun ¢ontent of tle sanmple, one must separate
oxide from thie netal and this {3 very dilfi-ult without destroving the
saaple, A flotation mezhad (s thought to Yo possthic, btut has not been
explored, Instead, a rolativeir casy mwethod 0f acil ciching the samnle
cheafcaily was used, Since the aluminun (o the sampie was ealen away,
this test wns perforacd affer all the other observations were made (photo-
graphw, etc.).

“he procedurc wus to allow the UC1 (297) to react with the sample
£ar about 15 minates., it thls strength, HC1 has relatively no reaction
wizth the bSlyier oxides or thick extde lavers. It does, liowever, brean
through the gars in the thin oxide laver and react with the =etal. Vigor-
ous bhuddling followed 5 slcuer reaction takes ridce. Tve az2s given out

19 “wdrogen 80 care w:st Se taxen while conducifing these tesls,
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After about !3 minutes, almost all of the aluminum {s rescted to
soluble Al Cl. This mixture is filteved and rinsed with water several
times, The residue on the filter paper is dried in a desiccator
and weighed. The difference between the weight of original sample and
this tesidus gives tha weight of aluminum in the sacple,

This gives the fraction or percent of aluminum in thst samplea.
These figurece are used to calculate the weight of aluminum metal in the
corrected weight of sample {n each interval. This, than, is norwalized
wvith respect to the weight of aluminum i{in the original semple, The sum of
veights in all the intervals gives total aluminum at that distance which
ie shown sgainst distanca in Figure 49,

C—% Photographic Determination of Initial Droplet Size

Determination of the population ¢f condensed phase material {n tha
combustion zone has two pjsneral purposes. One Ls to know from direct ob-
servation what (s present that {s likely to expsrience impingement on ob-
jects in the flame. The other L3 to verify the conceptual pattern of how
the population of droplets occurs, and how it changes with locatiom in the
combustion zona. Sections 8 through 10 establish an anslytical achems,
embodying the concepts of hov the population changes during burning, & pro-
cedure by vhich the results of experimeants end of analysis can smtually
support and correct each other. However, the population calculation pro-
cedure presumas that the {oitial aluminum droplet size distribution is
determined independenrtly and adequately. The most accurate means availadble
sppeared to be high-resolution photography vuf the aluminux {mmediately
above the buruing surface, where observational conditions are, fortunately,
quite favorable. The following describes the proceduras used, snd results.

Combustion photography near the burming surface was widely used, and

the procedurs used here vas fairly routine. The physical satup {s described

{n Section 12 and \ppendix B. The motion of thg droplets was slow enough,
and density of smoke low enough near ths surface to give faivly clear pic~
tures of agglomerates (o.3., Figure B-l). These vere maasurad by first

projacting on a screen for further enlargement. Two difficulties were :
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1, Unequal velocities of droplets of different slzes, This
made the size distribution {n single pictures nonrepresentative of
the true population, and requirced sequentisl frame observation to
ident{ fvy each droplet and count {t once only.

2. Obscuration of the aluminum droplets by the luminous flame
envelope of the droplet. A diameter correction was applied using
flame standoff data from the litersture (see Scction 12),

Table C-1 summarizes the measured droplet sizes observed over a
period of time., Also shown are the diameters corrected for flame standoff
and the grouping of the data (n diameter increments correspending to the
histograms {n Flgure 5., These data were used elsewhere in che repor: for
the initial aluminum droplet size distribution,

It was noted lair in the {nvestigation that the aluminum mass flow
calculated from the droplet count data was substantiall: less than would
be expected £y t ¢ ohserved rropellant borning rate ard aluminun mass
éracticn, 3Sinte no ruch caleulation has been reported {a rrior work, there
wvas no basis for deternining vhether this anotalv reflected a corresponding
falling in the droplet dete:ninationg., However, Lt is deemned desirable to
zake more extens{ve ovhservations that =might s:cw sample-to-sample vartations

in population and nass flov rate. Furtiher, it {3 of comparadble {=mportance

that the flave envelope standoff de deternined for this specific propellant
(standoff versus droplet sfize)., Thotography with rulsed monochromatic back

ilzhting should provicde the necessary exjerimental results for standoff
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Table

C-l. Tabulation of Agglomsrate Sizes (from Combustion Photo-
graphy) and Calculation of Droplat Size Distribution.
(Diameters in Micrometers.)

besrved Correctad
¢ Droplat Droplet Fre- AN an 14a8 AM aM 18
Diamater Diameter quency N N ap b a AD

1 2 8.6 9

F 3 15.0 1

3 38 15.1 1

4 40 16.0 2

) 43 17.9 1 26 0.174 0,00435 0,00054 0,000495 0.000012
o 50 22.7 2

7 55 26.2 2

8 58 29.0 1 '

9 60 30.1 1 ‘

10 63 33.0 2
11 68 7.8 2

12 75 4d, 1 5

12 80 50 2 )

14 83 51.9 4 17  0.1232 0,00616 0.00313 0,00298 ©,000149
15 8% $3.4 1 \

16 88 58.7 3 !

17 90 60.0 4
18 93 64,1 1
19 95 65.1 1
20 100 71.4 3
21 103 75.2 3 14 0.101&¢ 0.00338 0.00869 0.00829 0.000276
22 105 77.8 1
2} 108 al1.5 1
24 110 84.6 2
25 1% 90.2 2
26 117 9% .4 1
27 118 95.0 1
28 120 96.0 1
29 125 104.2 A 15.5 0.1123 0.00375 0.02%88 0.02469 0,00823
30 130 110.2 2
5} 130 113.2 2
n 138 116.4 2
3 138 120 1

34 140 121.7 1

3s 145 128.3 2

26 148 133.) 1 L 12,5 0.0906 0,00302 0,04401 0.04198  0.0014
n 150 136.4 4

38 155 140.9 2

39 160 146.8 2
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Tabla C-1
(continued )

Observed Corrected ‘ )
a Droplet  Droplet Fre- Fo &“L .I.A; AM oM LA
Diazater Diameter  quency N N AD M o AD
40 163 150,9 4
A 155 154,2 |
62 168 187,90 3
43 170 160, 2
44 72 152.3 1 P18 $.1304 0.00635 0,11525  0.10995  0,00366
45 17 163.2 1 ‘
4o 130 led,8 2 |
&7 143 17».2 3
4 185 179 1
49 150 132.9 3
39 193 183.8 2 '
51 200 190.5 1 11 0.0797 0.202rc¢  0,11599  0.110:24 0,00369
s2 23 195,12 1
3 213 1252 .
5. 215 205 "
53 22s 21403 i
50 <30 T >
57 203 211.s A 0 0.372% D,30252 0 2.15175 0.15429 3,00%14
53 245 233,13 1
59 47 239.5 1 ‘
69 250 238.1 3
61 293 2423 !
02 255 265.% 1 ’
63 b 295,53 ! . 7 0.0507 0,001 O,1ei6S  (,150¢8 C,205C29
ol 27 239, 1 \
55 280 26900 3 r
69 287 7m0 ; - -
o7 39 Teas L3 0.0%iTe 000073 2.098an  £,09392 0,003131
od 312 302.4 1
69 13 323.9 1 , 4 02,0299 0,0n097  2,11714  0.16698  0.00562
7032 315.% 1
71 28 31344 !
72 33) 119.8 1 T 0,507 4 2. 0uls  C.05815  C.oEY §.7907138~
3 375 ITe .5 1 1 0.00724 0.1024 2.27563 0,07% 0,2728
Noo= 133 n 1.04831 mg
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APPENDIX D
MEASUREMENTS WITH IMMERSION
HEAT PROBES

D-l Introductory Comment

There wveres no illusions at the outset of the investigacion that the
fire enviromment could be characterized by a unique tempersiure, or that
such & property could be measured by insertion of a theraometer in the
pluma. On the other hand, it was clear that a heat-sensitive device in the
fire would respond, and would be responding to an experience similar to cthat
of any test object (radioisotope tharmnelectric generator) i{a the firs.
Accordingly, several sxperiments were cade on immersion devices ranging from
bare thermocouples to water-cooled calovimetar tubes. Much of this wvas re-
ported in Section 5.

D-2 Bare Tharwmocouples

At the ocutset, a number of tests were run with thermocouples immersed
directly {n the combustion zone. These thermocouples experienced direct im-
pingement with droplets in che flow, gave very erratic readings, and survived
only briefly (the most heat resistant thermocouples were of the platinum/
platinum rhodium type). The results foretold later conclusions, that impinge-
asnt-deposition processes were major factors (n measurements. Some msasure-
mants =ade in the wake of deflactors (a region ralativaly free of condensed
material, see Figure 16) survived longer and gave better records--howsver,
1t was not clear how the temperature there could be related to the free stream

tenperature, even {f the thermocouples survived.

D-3 Immersion Calorimster

1n measurement of heat in high-temperature flows wvhere {mmersion
probes deteriorats, msasursmmnts may be based ou the heat-up rate of the
probe during tesporary immersion. This amounts to operating the probe as
a calorimater. A probe was designed for this purpose, and vas used to cal-
culate hest transfer in the fire environment. This wvork is described in

Section 4, and the purpose of this portion of Appendix D is to describa how
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the recorded probe Lemperature data {s handled to obtain an effective
plume temperature

The details of the probe are shownm in Figure 15, and typical therwo-
couple output curves are shown i{n Figure 26, Equation 1 was used to calcu-
late plume temperature, neglecting the radiant heating term and rewrtiting

as follows

T, A %2 BT, ST ¢ c(rp" . ro“) (D-1)
The quantity Tp is aensured; and the guantity To {s the roum temperature
(296°K). The coefflclents A, 3, and C were deternine by cal{bistion of
the probe in combustion gases of known tecperatures, where only A, B, and
C are unknown.

The values of A, 3, and ¢ werte caicuiated 15 a menner fllustrated

{a Table D-1. The table shows a set of 5 data points \TP ve t) (from a

calibration rum) ard s.ows caleulated values ci dTD!dt. This leads to
three sets of TF. dTPidt and t which should satisfy Yquation D-1, When
substituted in Sguation D-i, these sets give three egquaticons {7 A, B, and

C (Ttable D=1, center), wilch can bSe soived to alve values cf A, 3, and ~

(Table D-1, bottom). These values are then used {n the calculation of 78

from Equat{cn D-1 and tests {n propellant combustion plumes. The calibration ;
procedure was carried out on ¢ach prove, bdefore and after cach test. The

calibration gas (iow was 10595, he resulia of calidration after tests %
were much different than those before tests, decdusc ol Jepositicn on the %
probe. Lacking any bSetter guide, the ass.aption was made that t'.e change 1
in A, B, and ¢ with tioe were linear functions of tize during tests.

In the nropellant plume tesi, a tempecrature versus time curve (e.g.,

Flgure 26) {s obtalned frcm the thernacouple in the probe. .\ set of & pointa

or so i{s measured, tadulated, and converted from milifvollg to temperature

(Table D-2) {n °¥ using thermocouple response tadbies or independent cali-

bration, Trom these roints, corresnonding values of dTp/dt are calculated,

The resulting dafta are sudstituted {nto Equaticn D-1 to deterzine Tg. In

this calculation the linear {nteryclatfon of{ the paraneters A, 3, and C

|
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Table D-1. Data Reduction From the Before-Test
Calibration of Test Number 170.

Part A. Test Data
0 oy 2
t (sec.) Xv TC 'rp 3t sec

30 1.55 213
40 2.125 218 551 6.40
S0 2.7 a4l 6l4 $.80
60 3.2 394 667 5.25
70 3.7 G446 3

Parc 8. Evaluation of Paramatars From i
Equation D-1 and Part A of This i
Table: L 1659°K.

6.40 A + 255 B + 8.45 x 10'° ¢ = 1102 ]

1

5.80 A + 318 B + 1.34 x 10" ¢ « 1045 ]

5.25 A +371 8 + 1.90 x 10°) ¢ = 992 5

|

Part C. Valuas of Parameters Before Teat Number 170, %
A B (o

161 0.133 5.07 x 1071° 3

i
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between pre~ and post-~test calibration {s made for each time during burn-

ing (Part B of Table D-2), The Table shows (laat column) the indicated

gas termperature at four tiaes during the test, and these temperatures are

o i il

shown Lin the graph of Figure 27, plotted at the 7.6~cm position gbove the
burning surface.

TR e e

Many tests like number 170 were run, including oncs

in which the probe
location wag at 14,2

and 23 cm from t'.e burning surface. Varlous problems

were encounitered such as falluie of the probe, anomalous propellant sample

burning, or shedding of the deposits frcia the probe before the second call-
bration,

ol ol ] i

However, sati{sfactory fests were obtained at the 7.6-, 14,2-, and

23-¢m locativns above the burning surface. The result? are summarize! in

Section &« (Tigure 17), and discissed there. The frllowing drguments are
advanced :

1. The indicated plume TtemPeratures are inordinoiciy high

because extensive “eat transier {s vroduced by deposition of not

oxide and aluminuz and by oxtdation of deposited aluminum, vhereas
all heat transfer {n Fquatiecn ! L2 ass{gred to convection from a
2as at Tempecature 78 (and heat transfar ccefiicients are eva.-
yated i a clean gas).,

J., The decrease in {ndicazed temperatire with distance from

the propellent surface {8 due to c2id alr mixing with the ;lune,

decreased deposizion on the prove, and decrease in aluminum oxida-
tion on the rrobe.

3., 7The trend cof fncreasing (ndfcated temperature with time
3

{3 due 0 increasing accupulation and oxidization rate of aluminun,

an argument that is supported v the reduced time dependence at 23

ca, where the availadbility of aluminua is substantfally less, 5

The principal result of these rarticular tests was (2 bring ocut the
importance of deposition and reacticn of condensed material, and the dLf-
ficulties in trwing to represent the Zire envivonment in ter™s of a siaple
flow of a high te=peraturc zedium, (Cleariw, the eifect on i-mersed >bjecrs
1s stronglv derendent on the {7rincexent-retention-reacticon-shedd{ng of

condensed caterial, which tn turn derends on the composition and size of
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Table D-2. Data Reduction for Tast Number 170. §
Test Burning Time Was 26 Seconds. E
Part A. Temperature Data é
t (sac.) MV 1% T, % fd_:g ( 55 , ;
9 3.2 194
10 3.55 44l 714 s1.5
11 4.2 497 770 5.9
12 4.75 552 825 57.0
13 5.35 611 884 6.0
14 5.9 664
Part B. Correction of Parameters for Deposition-Calculation :
Of Gas Temperature From Equation D-l.
t (sec) A B C T, % :
10 216 -0.72 2.94 = 1077 12,278
11 221.5 -0.81 3.18 x 107 13,773
12 227 -0.89 1.43 x 107 14,856 i
13 232.% -0.98 3.67 x 107 15,541
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droplets present.

D=4 Water Cocied Prode
It was noted earlier that one way to assure survival of an {mmersion
Prode was to uss a calovimete: tyre svsten and limit {rmmersion tise., This

approach was used i1 Section D=3. Two major problems were: slov reiponse

time, which limits the amount of medsurements (i.e., the plume cannot be
tested at several locations i{n one tes:z); change in calibration during

measurement due to buildup of deposit.

An aslternate means of assuring survival of a prode i3 bv ccoling {t
to limit {ts temperature rise. Such a probe would measurc coolant temp-
erature rise and fl>w rate, as a mcans of mcasuring heat transfer. Respeonse
time could be low enough to permit operation {n a traversing node; alter-
nately, i¢ derosition charged calirration drastically, measurements could
be made wiih suort enough duration to minimize chenge {n calidration cur-
{ing {ndivid.ial measurcments, Turtiar, the change in callibration could be
characzerized cn a tizme ccntinuous dasls by simply noting the change in
heat iransier with tize during a long test with stationarv rrode,

These considerations motivated explorazory tests ¢n g syvstem shown
diagramatically (n Filgure -1, While the tests were not extensive enough
to develop svstematic data, ther showed the foilowing rromising characteris-
tics.

1. UDerosition was txch less thar for tre uncocled calorimeter
rrode.,

. . 9,
2. Cooling water temperatu-e risc of 3N C occurved with a

convenient water {low rate of 1) g sec.
J. Steady temjeraturcs were reachied {n 2 seconds, indicatirg

relatively short tize response.

aralvtically, the respomse of this rrebe can also be rerresented dv
Tquation L. diowever, cne woulld normally operate it ac a steadr state de-
vice, elirinating the need for the d?q'd: term, In 'dditinn, temperatures
veou.d remain low enouzh to elizdnate n;ed for a radiatim terz, ard Lhe heat

conduction out -ould e modified to refiect conveition out by the water
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flow., Thus

Convective
transar, gas to

probe suriace densed nmaterial walls
i T =T - H, (T. = 7)) - 3! T =71 -
P P e e t 'y
Heat removal Heut removal
by coulant by conduction
« 2 CAT +  E (5. -T) (D=2
e o ''p )
If one assumed tohat the heal convected cut P ¢odlant fs auch larger than
the heat concncied out, then the i-io (L, o+ L0 rermocen te dropred., Then
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In this expression, the coefficient of 'l'8 i{s indicative of the

pen]

relative importance of heat transfer by gas convection and by deposition

g

of condensed material, being of valua cne wvhen there is no condensed mater-

. {al. Tha coefficient of the first teru on the right can be determined by
calibration of the probe in a cleaan flame, where ‘r'. 8. A‘r' and 'fo would
be ssasured, and

e

L
I am?

(EL*F{L) - —k (D~%)
t '3 Sc‘/n'vro

el

With this result snd the msasured valuas of 8, AT' and To {n & pro-
pellant test, one can odtain rr‘ from fquation D-3. Indeed, the behavior
of I‘T‘ could be observed as & function of position {n the plume (traver~
sing probe) or as a function of time (monitoring effect of accumulating
deposit). As {n the case of the uncooled {mmersion calnrimster, tha valuas
of l'\“ would presumably be greater than the trua temperstures due to
deposition heating. In this case the effect 18 localized explicitly in the
factor | for study by suitadble sxperiments. llowavar, this line of inves-

tigation could not be pursued within the limitations of the preseat project.

Loty
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NOMENCLATURS
(Appendix D)

AL3,C Coefficients {n f-uation -1, related to heat transfer

Cv Yisat capacity of water
HC Coefficient of heat transfer due to deposition of condensed materizl
(fZquation D-2)

: “8 Coefficient of heat transfer due to convection from gas (Equation D-2)
— R‘ Coefficient of neat trunsfer through tude walls (Yquazion D-2)

a Flow rate of water (Equation 2-1)

Tg Temperature of flowing gas

Tp Texperatire of probe outer suzface tlgquation OVl

To Teaperature of surroundings

?v Tezperature of coolant water (inftfaliv 10,

t Tl

{ Coefffcilent (Tguativm =3: refovyting rolative coniribution of -

condensed materlal deposition to talcuiated temperature.
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APPENDIX E
RADIATION FROM DROPLETS

E-1 Introduction

The majority of the radiation in the combustion zona originates
from MZO3 smoka. As a result, efforts were made to obtain quantitative
neasursmants of smcka radiacion. At the outset, it wss expected that the
smoke would be optically dense, and mcetly near the temperaturs of the
gas {n the same region. Accordingly, it was assumed that {f intensity at
2 or ) wavelengths could be made (by comparison vith a laboratory standard
lam; of knowvn tempersture), & meaningful measure of bulk temperature and
droplet emiss{vity could be determined. In the following, a summary is
given of the anslytical basis, experimental procedures, and results of
asasurements of temperature and emissivity of the plume based on intensity
At three differunt wavelength regions. Specifically, the radiation {s
msasured by maans of three photosultiplier tubes fitted with narrow band-
pass interfesrence filtars. Tha vavelsagths selected are 4050 X. 5050 X.
and 6000 £. 1In addition, a fcurth wavelength can be monitored using a
sonochromator. The (ntensities saitted by the plums at thase wavalengths
are compared with the corresponding intansities emitted by & tungsten
ribbon f{'ament lamp at a known temperaturs. The ratios cof plume {ntensity
tc lamp intensity at the three wavelengths are then used to determine temp-
erature of the uzo] sooke by three techniques:

1. Using msasuremsnts at ona vavelength and an assumed emissivity.
2. Using msasurements at two wvavelengths and assusing a gray body.
3. Using measutemnts &t three wavelengths and using an sssumed

dupendence of emissivity upon wavelength.

Each of these tachniques will be discussed separately.

£-2 Data Reduction Techniques

E-2.1 Assumed Eamismsivity
For radiation normal to a hot surface, the radiant intensity in the

waselength band between A and X ¢ dA 1is given by the Flanck redistion
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law:
‘ ¢, ¢ A )
1 - \ (E“‘)
/ -~
A ‘ <, AT l‘
wheve
eX ®=  emissivity at wavelength A
-12 B
G - first radfat{on constant * 0.388 x 10 12 W/ em”
¢, ® seccnd tradlation comstant = 1,438 e/ °K
A = wvavelength (¢a:)
“
A = area of radiating surface (¢m"j
T b temrerature of the radlator in %%
1k = the intensity {(n watts per unit solid angle

For practical caleulations a close approximation to Planck's law 1y
stven bw Wien's law:

: ¢, /AT
IA b .CXAC AC - dA (F=2)

[

vhich holds with sufficient accuracy as long 48 AT 1is leas than 0.5 cm X.

For the temperatures and wvarelengihs considered {n this studv, this criterion
is mec and Equation £-2 wi'll be used.

In order to determine temperature using “gquat.on Z<2 a calibrution
standard is nreded. siuce absolute {ntenwi{ty measuremants are diSficult.

A tungeten vitoon filamert lamp with a knoun tgaperature versus current

curve {s used as a standard., The ratlio of {ntensities lxllkc {3 deter-
mined from Lqustion L.l as-
1 )
¢ e, /N — -
1,/1, & —& o ¢ e ¢ (£-3)
) U ¥ Y

where :A- 13 the radiant intensity of the caifbration lanmp, and ckc
15

and Tc are the corresponding known emissi~ity and temperature of the

tungsten ribbeon,

1 oa value 0f the emissivizy of the Al~ﬁ3 smoke {3 ass.red, Tqua-

i
;
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tion E«3 can ba solved for the temperature T to yleld:

UT = UT - -%— in A4 :“} (E~)

E-2.2 Gray Body
The emissivity of & cloud of fine A1203 particles differs from the
emissivity of bulk 4\1203; it {s a function of particle concentration, op-

tical path length, and particle size distribution. Consequently, tha
emissivity {s an uninown that must also be maasured. If ths emissivity E
19 assumed to be independent of vavelength (i.e., gray body), then measure-

mants at two vavelengths are sufficient to determine ¢ and T. This is %
done by vriting Wien's lav ({.e., Equation E-)) for two different wave- §
lengths xl and A,, ctaking logarithms and rearranging to obtain: %
]
lase - X_I.' ® In LSV ol I i—:‘r (E=~5a) E
1 RS PR 1'e
c. I. ] c, E
- =i —t - e e =
in ¢ 121‘ la P ( 1. ) AT {E-5V) ;

Eliminating In ¢ from Fquations E-5a and E-5b yields tha solution
for temperature: 3
1
A, . 1, /1
LT e LT+ ;{—fﬁ S R i )1 (E=6) ;
2771 M2 dc 2 ¢ J E

whare € and ¢, Aare obtained from the knmown emissivity of tungeten s¢
temperarure Tc. Using tha value of T computed from Equation E-~6, Equation 3
£-) ia then solved to obtain ¢: 3
[ |
1 -l 1
¢ 6 (D) o T (E-T) f

Ac 1

Ac

il Azl |

o

-
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where A\ 1is either Al or A,.

E=2.3 Three-Color Technique

Tor a4 cloud of particles, the emissivity will in general depend
upon wavelength and the gray body approximation is not applicable. This
wavelength dependonce can be calculated from tlhe lde theory of light
scattering (5iddall and McCrath) £{f the complex refractiv: irdex of A1203
particles is known, Since no data is availadble on the optical properties
of small .\1203 droplets at high temperaturcs, an cmpirical formsla st
be used. Such an approach is used b: Siddall and ‘eGrath to describe the
eaissivity of soot particles in flames,

Following S{ddall and McSrath, the =mechromatic enissivity, ‘X'

of a cloud of particles {s given by
¢, * 1 -e (=-8)

vhere Kk {s the erxtinction cocfficlent and L 1is the thickness of the

1

les 43 high

cloud tassumed homogerewvus'. If Lhe concentration of partic
ard‘or the cloud {s thick forticaliy thick ¢loud', then KXL 1s large and
tk < 1 that (s, the cloud radiates lfkc a dlack dady,

Tor optically thin clouds, the variation of \ with wevelength
mist be taken {nto sccount {n the deternination of teﬁpcracure b radiation
measurenents. Tor scot particles it %8s been found that a [~od approxi-

mation for Ei is glven dv

I LIRS (9

whe-e k is a constant of proportionalit: that derends on the volume of

particlas per unit volume of clouc, ard a s approximately a constant

for visidle lignct, Substituting Zquatlion £-3 into tguation T8 glves:

N |
¢, = 1 « exp (~xln )

A
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B

or lumping kL 4{ato a single parameter B:

o =1 e -m"% (£-10)

From measuremsnts of emitted radiation st three wavelengths, the para-
®eters B and a, as vell as the temperature T can be detemmined,
provided that Equation E-9 1s a good approximation to the actual vave-
length dependence of lk'

Assumiug that che cloud of A1203 particles (s adequately described
by Equation E-10, the following slgorithm (s used to determine B, Q,
and T from seasured values of IX/IAC at the three wavelengths:

Step 1: Guess a value for (Al = 40%0 2).

“
Step <. Calculate T from Wien's lav (Equation E-4) using

xl“lc and the assumed value ¢

Step 3: Calculace s, and <y from Wien's lav (Equation EB-7)

Izllzc. 13/13c, and the temperature T calculated (n
Step 2.

Step &: TFrom rhe valuas of L2 and 02 calculate '1 aad Q

from Equation E-10. The sppropriate formulas are:

L e

(ln(l-lz).
a e ) (E-11)
M(Azl»\l)
a
3 e - in (l-c() A‘ (t =1 o0r 2) (8-12)

Step 5: Repeat procedurs of Step 4 usiag s, and 13 to calcy-

late '2 and az.

Step 6: Calculate y =g, - a. If y e 0 (or ly] 1ess than
sprcifiad tolerance 5), then Bl. , and T 1is the

tequired solution. If |y| > % proceed to Scep 7.

o
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Step 7: Select a new guess for ‘1 and repeat Steps 2 through

6. lmproved guesses of ¢, may be obtained by linear
interpolation (or extrapolation) based on previous

guesses of 3 and their corresponding v values,

-

mm:u Lol L Ll

The above procedure will fail to converge (f:

(1) The actual variation of emissivizy with wavelength deparcs

significantly from that postulated by Equation E-lV.

(2) Experimental errors {n the measured iniensities are suffi-
ctently large that no solution exists or that & solution

exists caly fcor ¢ - 0 or < > 1 (phvsically meaningless).

£-3 Descriptton of Apparazus for Imission Measurcmen=s

The optical svstex used for emission measurements cf the solid
prepellant plume consists of & viewinyg tube with & diaphragm, an achro-
matic objective lens, ani & thotemultiplier detector array. The optical
system, which {s zounted c¢n an vpticai bench, is shown in Figure t-1l.

The viewing tube consistr of a 5.08-ca C.0. aluminum tube 15,24 cn

long which i3 connected to the combustion tube by & 0,95-c 0, D, sctainless

A

steel tee fitiing at one end, The I.54-cm diameter optical window {s mounted
a2t the fvont eni of the viewing tate, A nitrogen purgze is {ntroduced

through the tee fiftting to oreven: the hot piume gases and particles

from entering the viewing tube. The flow rate of the nitrogen {s not

hign e¢nough to apprectiadbly disturb the piune,

An {ris diagshraga is mounted directly in front of the view tube

i 1

window t¢ restrict the cone of light collected by the objective iens to

Ll

about 4.%° (1,37 c= aperture). This restriction on vieving aperture {8
greater than that imposed by the tee fitting, which {s necessary because R

the tee fitzing cannot be used when viewing the calibration lamp.

"™

The light from the soli1d propeiiant plume or calibration lamp {s
focused by the achromatic oblective lens (85-mm focal length) upon a o
oinhole aperture (iris d:i:aphragm at -zaliest setting, J.3 ma). Thus the
light entering the phctomultipiier array {s restricted to that emjtted

freo & saall area of ihe plume or calibration iazp filament. Since the 3

e
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distance from the Jdetector aperture to the lens (imuge distance) and the
disctance from the lans to the lamp fi{lament or plume (object distance) is
the same for both calibration and for test firings, the area of the emitrer
1s the same in Soth cases., This allows divect comparison of che intensi-
ties measured during test firings with the calibration inilensitics in order
to deterzine the temperature and emissivicy of the plume,

The detector arvay consists of three RCA 931A photomultiplier tubes
(PMTs) equipped with interference f{l:iers (100 R bandwidth) centered at
4050 X, 5050 R' and 000 L. Two beamsplitter cubes in series are used to
direct the incoming dean to the three PMT Jetectors. All of these compo-
Nents are mounted on a4 =inioptical bench dnd are shielded with a black
cloth to eliminate stray lighe.,

The photomultiiplier tubes are operated at 500 volts supplied by a
regulated DC power supply. The output currents from the PMTs are passed
through 10Q,030 ohm restsicors and the resuat:ing volzages are asplified
(Neff Type 122 OC amplifiers) with gains ¢i 1-50, The amplified signails
from the PMTs are then recordes usirg three channels of & Hewlett-Packard
Model 2968A Z-channel tape reccrder. The recorded outputs ate later plot-

ted for data reduztion.

E-d Test Procedure

The opzical svstem (s set up in a fuse hood for safe removal of
the solid-propellant combuscion products. The cptical window {s removed
from the viewing tube and placed on the frent of the calihraticon lamp
housing. The lamp 1s then placed 1a the fume hood with the front of the
vindow 2cunt {n contact with the large iris diaphragm, With the lamp on,
the system is aligned so that the pinhcle aperture is centered on the
image of the ribbon filameni., The lamp current is set at J6A, which ceor-
responds to a filament temperature of :GOOGK, and the output signais are
recorded. Tovard the end of the recori t.e laxp {s turned off and the
backyground is recorded., The calibration data (s then flotted before fro-
ceeding to the test firing.

For the test firing, the caiibraticrn iamp 19 removed and the opti-

cal window pi.dced on the viewing tuce, The viewing tude is then actachec
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to the combustion tube and the vhole assembly {s then mounted in the
hood with the front of the vindow mount in contmet with the large iris
disphrage. To align the system 2 small lamp with a frosted bulb is
. lowered into the combustion tube and the pinhole aparture {s centered
on the small circular image of the bulb in contact with the tee fitting.
The lamp {s then removed and the nitrogen flow is turned on. The tape
recorder is started sbout ten secouds before ignition, the propellant
is then ignited and the PMT signals are recorded for the duratiom of
the test (about 13 seconds). The tasc dsta {s then plotted for later
reduction.

E-5 Tast Results

Two test firings have been conducted for vhich plume emissfon
messurements have been mada. The output signals of the three PMTa are
shown in Plgure E-2 for the first of these tests. The data vas reduced
in two ways: (1) usiag the gray body technique, and (2) using the three
color technique. The temperatures and emissivities obtained by thase two
methods vill now be discussed.

£-5.1 Gray Body Technique

By assuming that the A1203 smoke particles radiste as a gray body,
texperatures and emissivitiss were calculated using each of the thres
possible pairs of weasurements: (1) 4050 & and 505C R, (2) 4050 R and
6000 2, and (3) 5050 R and 6000 £. The highest temperatures and lowest
coissivities were obtained vhen the two shortest wvavelongths were used,
For this case calculaced temperatures ver¢ between 3420°% and 6060°K
(mean 3760°K), and smissivities ranged from 0.00l to 0.008. Somewhat
lover temperatures vare obtained when the 4050 £ snd 6000 £ messuremants
vere used (mean 3330°K), and emssivities fall batween 0.006 and 0.025.
The lowvest temperstures vara obtained wheu the tvo longest wavalengths
were used, and the corresponding emissivities were the largest. These
lacter regults are shown in Figure E-) for the first test. Here measured
temparatures fluctuited between 2760 and 2960°K with s mean temperature

of 2840°k, During the first part of the durn, the emiseivity wue roughly
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0.025, with a sharp rise to about twice this value after five seconds.
The increase in cmissivity during the middle of the bLurn correlates :
well with the rise in measured light intensicy for sach of the three L
wvavelengths. :

The above results werc obtained for tha first test firing; for
the second test similar results were obtained. For each of the thres

pairs of wavelengths, somewhat lower temperatures and higher emissivi-

I D

ties vere obtained in the second test, but again higher temperaturas
vere obtained when the 4050 £ measurement was used. The results for
the second test are shown in Figure E-4 for 5050 R and 6000 X, where

again {ncreases in brightness seem to Arise from incresses {n emissi-
vity rather than temperature. The emissivity varisazions are probably
due to variations ({n swoke particle concentration during the burn.

The results obtained using the grav body technique are inconsis-
tent, because the same temperature and emissivity &re not obtained for
each patir of wavelengths, This discrepancy cannot be sccounted for by
a simple aependence of plume emissivity upon wavelength, since the

three color technique fails also, as discussed below. The measuresents

T SRS P

indicate excess racdiation at shor:z wavelengthy (4050 R). which cannot

{ ' be eccounted for by gray body emission of Al,0,
blue radjation could arise from the presence of burning aluminum agglom-

particles. The excess

erates which sre several hundrcd degrees hotter than the aluminum oxide

sooxe,

£-5.2 Three Color Technique

As oentioned above the three colaor technique faills to give

seaningful results. The data does not fit the assumed functional form
of the dependence of emissivity with wavelength, and no solution can be
found for B, 5, and T. Assuming an emisaivity of 0.03 st 4J50 X,
the data indicates a decrease in emissivicy at 50350 he followed by an
incresse in emissivity at 6000 R. This ¢ clearly inconsistent with
the monotonic dependence of em{ssivity upon wavelength asyumed in the

three color tachnique,
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E-6 Conclusions

The methods used in these studies seem to hold conaiderable promise.
Indeed, if measurements had been confined to the longer two wavelengths,
one would be tempted to conclude thit a temperacture of about 2800°K had
been messured, with an emissivity of sabout 0.040. The tendency for the
emissivity to rise in the later part of the test might be interpreted as
an increase in sawhe dJdensity (reason unknown).

In the course of the {nvestigationa, {t became apparent that the
smoke plume was not optically dense. This would lead to a daceptively
low indicated value of emissivity. 1t also implies that the radiating
material seen by the photomultiplier aay include more than an occasional
bumming agglomerate, which is much brighter than the smoke ¢loud. In
other words, the plume consists of a heterogeneous flow with radiating
condensed phase material cf widely different temperatures. While the
temperatures of 2800°K or so determined from the longer wavelength data
may give 8 useful measurement of the general oxide smoke c¢loud, the shorter
wavelang:h then reflects a much higher zemperature, prcbably that of the
aluminun {lame envelopes around agglomerates. The procedure for analysis
of the measurenments coes not provide for & two-temperature measuresent,
and the measurement of emissivity is severely compromised. Furcther, cea-
surement of the expected determination of wavelength-dependence of emis-
sivity (due to Mie scattering) was frustrated by the two-temperature plume.
In the future {t would be worthwhile to explore the possibility of deter-
zining both temperatures, and emissivity versue wavelength, using a modi-
fied analvsis and messurements at additional wavelengths as needed.

In spite of these difficulties, the experimental technique seems tc
have performed well, and the temperature values of 2800°K and 3600°K are
compatible with the expected temperatures of radfating droplets in the
combustion plume. The values of emiseivity are more difficult to recon-
cile, because values vere essencially unknown at the outset, snd because
in the method of calculation from the measurexments, the calculated emis-

sivity {8 very s@neitive to errors in i{ntensity.

194




1T TR R THI TR .-

B Bt it ol

APPENDIX P
DETERMINATION OF VELOCITIES
IN THE COMBUSTION ZONE

r-1 Introduction

In the combustion zone, the gaseous resction products of the pro-
pellant accelerate quickly in their reaction regicn within about 1 cm of
the burning surface. The condensed phase matserisl acceleractes less rapid-
1y, io a manner dependent on droplet inertis, drag of the gas flow, and
gravitational force. The oxide smoke droplets accelerate quickly to very
nesar gas velocity, vhile 200-um aluminue agglomerates move relatively
slovly avay from the surface and require sevaral cm to approach gas velo-
city. Determinaticn of these velocities (s imporcant because it affects
the interaction with {mmersed objects. In the present investigation, an
anslysis of droplet motion (Section F-2) was made to sarve ss one source
of information and serve as & means of {uterpreting experimental results.
Ia addition, three photographic techniques were used to obtein direct
information on velocity (Section F-3). In addition, the resulring stara
of knowlaedge {s summarized (Section F-S) and sowme comments are made on

possible improved methods of vclocity determination.

pP-2 Relative Velocities of Gas and Particles
F-2.1 Accelerstion of a Particle in & Uniform Gas Flow

Consider a gas of unoiform tamperature flowing vertically with a
constant velocity, vg. At time t = O, l]lphcricll particle of density,
:P. diamater, DP' and mass, lP (= opﬂ Dplb), is released at y = 0
with i{nitial velocity VP = 0, and allovad to accelerate upvards to &
steady velocicy. In this analysis it 1is sssumed that the mass remaing
constant, i.e., the particle does not burn. Since the particle is spher-
ical, there are no fluid induced torcaes normal to the gas flov and the
motion of the particle is in the y-direction.

The drag torce exerted by the gas flow on the particle is

2

‘ | I'D
2 E
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where CD {s the drag coefficient. For spheres, the drag coefficient
is & f onction of the Reynolds ruader

A,V = V)D
Rey = A K ___ 2 P (F-2)

wvhaere ‘g is che coafficienr of viscosity of the gas. Using values of
$. and ps cbtained from the thermochemical calculations described in
Section 2, it {s estimated that a 10-micron sphere will have a Reynolds
number aqual o 0,113 at y = 0 where VP e 0. As the particle accel-
erates, the particle velocity increases and the Reynolds number decreases
further.

For Reynolds numbers less than 0.1, the drag coefficient 1s given

by Stokes' law:
X
2 " Rey (F-3)
The use of Stokes' law greatliy simplifies the solution of the equations
and is accurate except for very large particles near the burning surface
where the particle velucity i{s nearly zero.

Nevton's third law of Dotlon states that the {orce on & particle

(fluid drag minus the weight) is equal to the change in momentum of the

particle:

F,~-ag = m (F=4)

D-LO-
]

where g 1{s the acceleration of gravity. Substituting Equations F-1l,

F-2, and P-) into Equation P-4 and rearranging terms gives:

3!2 18.
rrs 1»-—8‘02 (VP-'B)+g-0 (F=5)
“pp
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3

F-2.2 Calculation of Velocities
Notice that Equation F-5 provides two sources of {nformation: If

:
£
L
13
£
£

. T

the gas velocity L{s known, the motion of the particle can be obtained.

v Wi i,

Alternatively, if the parcticle velocity end acceleration are known, the
gas velocity caéc be calculated. These two cases vill be investigated

NI TP ) TR

separataly.

7-2.2.1 Motion of a Particle in & Gas Stream of Known Velocity
When vg is known, the solutioa to Equation F-5 is

e e

2
p. D g 184, ¢t
- . 2P [ - -
o [oe B[ e ) (r-)
PP

g

vhich gives the velocity of the particle st any time, t. The position of

the particle act time, ¢, 1is

g o? 8. ¢ |
| y-[vg-i%;-]:wli:% [exp(—ﬁ-wz )-1] (F-7)
: 8 *pp *p°p :
; Calculations have been made for 10-, $0-, 100-, and 200-micron dia-
meter alumi-.us spheres (p = 2,382 g/cus) mcving through UTP 3001 combus-
tion prod :ts at T = 281K (5 = 8.977 x 107> g/cm® and 4g = 7.8883 x -
107 g/cm/sec) and VB ® 1000 cm/sec, The resulte are shown in Figure :
Fel. It {s clear that the velocity lag for the larger particles is signi-
ficant even )0 cm _rom the burning surfacs.

It is also clear that there is a4 limiting diamatar for particles
] leaving the surface such that particles larger than this diameter will not .
be lifted off the surface by tha gas flow. In this case, the diameter is :
large enough so that the Stokes' law approximation 13 not applicable and
the diameter must be found by trial and error, i{.e., a diameter is assumed,
a Reynolds is computed and the drag coefficient is found from a graph of

drag coefficient versus Raynolds number for spheras. A drag forcs {s then

el

calculated using Equation F-1 and the particle weight is computed. The
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Particle velocities for 10-, 50-, 100-, and 200-microm
spheres as s function >f distance.

Figure F-1,
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cutoff diamater is found vhen the drag force equals the particle weighet,
which for the previocusly prescribed conditions is about 2 cm.

F-2.2 Calculation of the Cas Velocity from Observed Particle Valocity
and Acceleration

1f the particle velocity {s known as a function of y, the particle
acceleration can be determined fram

(F-8)

e [, %]
vscv‘,# 18, Vp 1y t 8 (F-9)

This equati{on {s used in the next section to calculate the gas
valocity using particle velocities at four vertical locations,

F=) Experimental Determination of the Gas Velocity and Particle Velocities

Standard methods of gas velocity determination rely on the msagure-
ment of static and stagnation proverties (pressure Or temperature) using s
prodbe submerged in the flow. The gas velocity is then computed using rels-
tionships betwesn the gas velocity and the difference between static and
stagnation conditions. In the two-phase flow of concern in this study, such
probes are quickly destroyed by depcsition of molten aluminum and alterna-
tive mothods must ba explored.

In the present studies such difficulties were avoided by use of photo-
graphic msthods. The plume contains condensed phase materisl {n the form
of trregularly shed clouds of fine particles and burning sluminum agglomer-
ates, The velocity of the fine particles in the clouds should be very near-
lv equal to the gas velocity and the velocity of these cloude can be deter-
mined frum high speed motion pictures of the plume. The velocity of the
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burning aluminum agglomerates lags the gas velocity due to the inertia of
the agizlomarates. These agglomerates, however, leave very bright streaks
vhich can be observed on either stiil photographs or single frame analy-

sis of high speed motion pictures. The single frams analysis of high-speed
motion pictures is preferred since single frame exposures of 0,006 to 0.0001
second are possidle while 35-mm still cameras are limited to 0.001 or 0.002
second, and the shorter exposure times are needed to allow the streaks to

be seen against the background radiation from the fine A1203 smoke. Indeed,
velocity calculations using both single-frame agglomerate streak measure-
ments and frame-to-frame cloud velocity measurements can be obtained from

digh-apeed motion plctures.

F-3.1 Tast Apparatus and Procedures

Highi~speed motion plctures have been made of the plume at rthe exit
of S.leca-diameter stainless stcel tubes 7.0, 15,2, 22,9, and 30.5 cm long.
wafers of propellant 5 cm in d{ameter and 1.) ¢ thick were cut and a coil
of igniter wire was attached vith igniter paste (see Figure 11), The wafers

wera wrapped with masking tape to fnsure a snug fit {nto the tube, The

vafars were then pressed into 2he tube with the igniter wire emerging

through insulated holes in the tube and the propellant was secured along

the bottom with a coating of epoxy. Before the test, the tube (propellant

end down) was pressed {nto a base plate which was secured to the counter

top of a fume hood. Two notches approximately 0,64 cm apart (exa.t dis- ;

tances were recorded) were filed into the open end of each tube, These

notches are used to determine exact magnification factors {n motion pictures.
High-speed mc:ion pictures were made with a Hycaa camera and a

Nikon 200-t0-6C0-mm zcom lens. 7The Hycam camera is capable of f{lming rates

up to 11,000 pps using a full freme format. Filming rate and aperture set-

tings wers obtained by trial and error, and it was concluded that for the

-

5.1-cm~diameter tube tests, using Xodak Zktachrome T (tungsten) film and
the lens set for 600-mm and an aperture of £/22, fil=ming rates of 2,000 to
4,000 pps producad the desired bright agglomerate streaks against the emoke

clouds. [t should be noted that the camera does not run at a (onstant rate,
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but approaches the set framing rate in an exponential manner and then
oscillates ali.htl; about the set rate. A rate of 2,000 pps can be main-
tained over approximataly 70% of a 30-meter film roll. The exact film-

ing rate at any frame can be determined from timing marks printed onto the
edge of the film at 0,001 second intervals by a light-emitting diode (1ZUT)
tining mark generator. The Hycam camera was mounted on a tripod approxi-
mately 3} meters from the tube., The Nikon zoom lens was mounted oa an ex-
tens{on bracke: which was then mounted to a second tripod. The two tripads
were adjusted until the lens and camera were alligned, wherecupon the lens
was connected to the camera. The stainless stecl tube was positioned
within the fume hood so that the carmera was aligned with the tudbe anis
slightly above the tube exit with the notches just visible at the bottom

of the frame with the lens focal lenith set at 600 mm, The lens was focused
halfway between the center of the tube to the front edge. The filming rate
was set at 2,000 pps and the lens aperature set at £/22.

The ignition wires ware connected to the igniter circuit and the
propellant was ignited. The propellant was allowed to burn for 10 seconds
to heat up the tube and establish sceady flow. After 10 seconds, the camara
was started and the J0-meter film roll exrosed in two seconds, Clne-photo-
graphy in the streak node followed the same peneral procedure, only the

camere housing was reversed and a special {ilm gate installed.

F-3,2 Data Reduction
The processed fil=s were viewed with an LW let-mm =cticn anaivzer
(movie projector) with a frame counter and projection speeds cf lo pps,
24 pps, vartable slow rates of 1 to 10 pps, and frame-ty-frame stop motion.
A single-frame {mage wvas projected onto the portable acreen and the magnfi-
fication ratio deternined from measurement of the distance between notches.
For measurement of agglomerate streaks, the fi{lm was advanced 500
fraoes (to allow the f{lm speaed to stabilize) and the initial fila race
({.e., the distance between timing marks) was recorded. The filx was then
advanced frame by frame until 25 streaks (see Figure F-la for a sample

streak) were neasured and recorded. when the 25th streak was recorded a
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Fi{gure ¥F-2b.
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frame, an initial filming rate vas recorded, 25 streaks measured and re-

final filolug vate vas recorded. The film was then advanced to the 800th

corded and a final filming rate recorded. This procedure was repsated
beg!nning at the 1,500th and 1,800ch frames to give a tota)l of 100 streaks.
Each group of 25 stresks vas averaged to obtain a group average streak
length and the film speed at the beginning and end of each group wvas aver-
aged to obtain a group film speed, The exposure time for a single frame

1s 1/(2.% x group fils speed). Using these values, a group streak velo-
caty, :P wvas calculated for each of tha 16 groups (four for each tube).
Finally, the four groups from each tube ware averaged to obtain an average
pearticles spaad for each tubas, Vp.

As shown in Figure F-2b, & single frame contains the bright agglom-
erate streaks end a rather blotchy mottle of “203 smoks. The smoks usual-
ly distorts between framas due to velocity gradients within the tube and
diffusion, but it i{s possible (after a considersble amount of searching)
to find & distinct point (between light and dark spots) which can be {den-
tified {n two consecutive frames. The distance traveled between frames (s
asesured, the filming rate detarmined, (the time of travel is now the in-
varse of the f{lm speed), and & velocity obtained. This velocity is refer-
red to as the smoke velocity and should be equal to the gas velocity due
to the negligible mass of the smoke particles.

The background smoke {in the 7.6-cm tube was too bright to permit
selection of a clearly {dentiflable spot for frame to frame analysis. How-
ever, 3 oovie was made uaing the 7.6-cn tube with the Hycam camera in the
stresk mode. A section of this fi{lm (s shown {n Figure F+2c. The film
speed is calculated, and the angle of the diagonal lines is measured. The
speed of the bright object lesving the streaks is equal to the film speed
multiplied by the tangent of the angle.

In Table F-l, the values of \-'P and ‘TP as wall as Vp sax’ the
longest agglomerste streak measured in each tube, are presented. Also
given are values of '»'8 (smoke) for the 15.2-, 22.9-, and 130,.5-cm tubes
and \'8 (streak) for the 7.6-cm tuve. It should be noted that \'g (smokse)

{s averaved from only two to four aeasurements for each tube and \'g (stroak

sode) f{s averagsd over abvt 25 linaes.
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Tabla F-1, Comparison of Velocities at the Exit of Four Tubes 7 é
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H v :
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; v = Valocity of smok. .oud
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F-3.3 Cortrections for Tube Velocity Profiles

Since the propellant {s burning inside a tube, the gas velocity
will oot necessarily be uniform. If the tube length is very short com-
pared to the tube dismeter, and/or the kinematic viscosity is low, the
velocity will be uniform except for & negligibly thin region nesr the
tube wall., 1f the tube is wmich longer than {ts diameter and/or the kine-
matic viscosity i{s very high and the temperature ie¢ uniform throughout the
tube, the velocity will have a parabolic velocity distribution, Since the
tubes uged in these tasts have tube leangths comparabls to thair diamstars
and the kinematic viscosity (s high, the velocity profiles lie somavhers
in betwveen uniform and parabolic. Therefore, correction factors will be
obtained for unifors velocity profiles (zero length tube) and parabolic
velocity profiles (infinitely long tubes). Next, using the two extreme
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cases correction factors for intermediate length tubes wvill be presented.

Thrae characteristic velocities are useful {n descridbing the velo-
1 city {n nonuniform flow. Firsc, V, is the velocity averaged over an
Area A of the tube and defined by

D v(ordr

(F-10)
rdr =

Second, V] ls the mean or mass average velocity which is the velocity
given by Equation F-10 when A (s the entire area of the tube. Finally,

1T i T,y
|

vo is the velocity on the centerlina of che tubse.

~——

F-3.3.1 Uniform Yelocity Proftle
“hen the tude lengih is much less than the tube diameter, the velo-
city ie very nearly uniform cver the entire cross sectional area of thae tube. 3

Therefore :

L V e v (F-11)
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F-3.3.2 Parabolic Velocity Profile
Wher. the tube length {s much greater than the tuba diameter the S

velocity profila is parsbolic:

2 .
- . ¢+ L - i
v v° [1 {R ) ] (F-13) ;

1o the pravious section on photographic results, sverage particle
valocities V were ssasured over a portion of the tube., The area, A\,
viewed {n the wmovies {s shown in Figure F-). Subatituting Equation F-13 =
{nto Equation F-10 and performing the required integration gives

—_— 3
1 1 I T VAR B A VA
_oo lesetregL M-t L e Vil
sta’lp+L M1 o

If tha entire ares of the tube had been photographed, (L = 1), the msan
valocity in the tube would have baen obtained, 1i.s.

\Y
vl = # (F-15)
This 19 & well kmown result frowm the theory of laminar flow {in tubes. The
three vefarence velocitias are thus related bdy
v [sm'lx.n.\x-l.z] v
(v] . -29- (F-16)

[sm" L+4 Ve LI SR 1.2]

for the tube movies describad in the previcus section these relstionships

ars

(vl = 787V e .5 v, (F-17)

206




(RSN

T TOMTIY P T

Flgure Fel,

Cross sectional ares photographed bv

Hycam,
YRR 207




As pravicusly described, due to the high kinematic viscoeity and the low
ratio of tuba length to dismater, the actual correction factors lie between
thess two extremss. Schlichting has shown that the transition from uniform
to parabolic profile proceeds as a function of the parsmeter

w4
A —4— (P-18)
(I vl

where o and ng AT ths gas density and viscosity, £ {s the tube lemgth,
and R 1is the tube outer radius. Schlichting also presents curves of

v /(v]) ae & function of A for several radial locations. (The curve for

r * 0 reprasents VO/[\'].) Using values of .‘:8 and , from the thermo-
chemical calculations described in Section 2 and assuming (V) » 1000 cm/sec,
by = 8.977 x 107% g/ca’ and sy ® 7:8883 x 107 g/cm sec at 2841°K, velo-
city profiles for the four tubes are obtained from Schlichting's plots and
presented in Figure F-4,

Tha correction factors are written

1 - -
(vl 5 [l + F(M.Jl vo (F=19)
and

(v) e [.797 + ,203 F(A)] v (£-20)

A value of F()\) for sach of the four tubes can be obtained from Equatiom
F-19 and Figure F~4. These values of F are then used to obtaip the corre-
lation between (V] and V usting Equation F-20.

Values of vp' vp max' V' (smokse)’ and vg (streak mode)
in Table F-1 are corrected for nonuniform velocity profiles and given in
Tehle F-2 as values of _V]. \-'p reprasents the sverage valocity of 100
streaks in the region showm in Figure F-2 and thus this value is corrected
by Equation F-20. Values of Vp nax fePpresent the largest particle velo-
cities measured in the tubes. Since the largest gas velocity in the tube

presented
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is V_, these values are correacted by Equation F-19. Reduction of data
for stresk mode photographs and cloud velocities Ls not as well defined.
Thereforsa this data {s presented corrected dy Equatiom F-19 and Equation
F-20. Interpretation of these results is presentsd in & following sectiom.
Using the valuas of [vp] for the four tube lengths it is possible to esti-
mate the particle acceleration by fitting an exponential curve to the re-
sults. Usiag the values u = 0.78885 x 10™ g/cm sec and the density of
aluminum (1liquid) by * 2.3?2 g/cm, [V'] can be related to { VP] for
different p’rttclo diamaters. Results are shown in Table F-3.

MMMMMMMM Bt i

Table F-2. Mean Velocities at the Exit of Four Tubas.

e i sl sl

(1) 2) (3 (%)

] (vp] f.v'l Lvsl (Eq. F-19) .vsl (Eq. F-20) ;
Tube froo V from *° nax from streak from streak ‘4
length, P mode or cloud mode or cloud 3

(em) (m/s8c) (a/ «n) © (m/sec) (a/sec) 3

7.6 9.02 16.21 12.31 14.50

15.2 9.80 13.66 11.15 14,14

22.9 10.19 17 89 9.37 12.26

30.5 11,03 10.08 9.84 13.35

Tables F-2 and F-) reprusent the current status of this research

il e b i, ot sl

vith respect to velocity msasuremants. Columms 2, 3, and &4 of Table F-2
rfepresent estimates of the mean gas velocity at various distances from the
dburning surface. Columm 1 of Table F~2 represents the average velocity of
large condensed phase material at various distances from the burning surface.
1n order to calculate the gas velocity from the condensed phase material

ool g,

.

i, L

velocities, it {o necassary to know the size (dismeter) of the condensed .
¢ phase material at various distances from the burning surface. At the 3
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Table F-3. Maan Gas Velocities for 10-, 20-, 50-, 100~, end
200-Micron Particles

4 v v v v v
o 7S O R 7 TN U7 BN 25 B U
length, (0=0) (D=10u) (D=20u) (D=50.) (D=100u) (D=2004)
(em) (m/sac) (m/sec) (w/0ec) (a/sec) (m/sec) (w/sec)
7.6 9,02 9.06 9.19 10.10 13.3?7 26 .46
15.2 9.80 9.82 9.87 10.24 11.58 16.92
22.9 10.19 10.20 10,25 10.59 11.99 16,63
30.5 11,03 11.04 11,09 11,44 12.65 17.55

presant tims, particle cullection techniques have not been refined so that
the average particle diameter can not be determined experimentally with
accaptable accuracy, Table F-3, therefore, uses the condensad phase mater-
1al velocities from columm one of Table F-2 to predict the gas velocity
for various sized particles. For example, if subsequent tasts indicate
that the aluminum agglomerates have an average diameter of 100 microns at

s discance of 7.6 ¢m from the burming surface, Table F-3 predicts a gas
velociey of 13.37 a/sac.

F-4 Discussion of Results

In the previous sections, high-speed motion picture films of the
plume of burming UTP 3001 have been used to estimate the mass average gas
velocity at different distances from the burning surfaces. The velocities
of large (burning aluminum agglomerates) and small (aluminum oxide smoke)
particles of condensed phase material have been measured from the films and
several analyses have boen used to estimate average gas velocities based
on the local condensed phase velocity.

There are still several areags of uncertainty for each measursment

technique relating to three phases of the analyeis, namely measurement of
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condensed phase velocities, velationship between measured local average
velocitias and the mean velocities over the entire plume, and the rela-
tionship between condensed phase velocities and gas velocitias. In the
following seccions, the areas of uncertainty for each of the individual
astpurefmsnt techniques and subsequent analyses will be discussed briefly
and poesivle improvements will ba suggested.

P<4.1 Estimation of Gas Velocities from Average Condensed Phase Particle
Velocities

Determination of the velocity of large (50- to 200-micron) agglom-
erates {s quite asccurate {f camara speed {8 correctly averaged. However,
vhen using Equation F-10 to relate velocities averaged over a restricted
area to velocities averaged over the entire plume it is assumed that all
straaks between the front edge of the tube and the centerline of the tube
(or tha back edge of ths tube) ara visible and msasurable. While this i3
true for the 22.8- and 30.5-ca tubes wvhere the back edge (s visible, the
backg round Alzﬁ3 smoke {s very bright in the 7.6~ and 15.2-cm tubes and
the depth of viev cannot be determined., Because of this uncartainty, the
extrapolation of local mean velocities to average mean velocities over
the entire tube is only approxizate. Further, the previously discussed
difficulties {n obtaining satisfactory experimantal data on mean particle
diameter as a function of distance from the burning surface precludes the
determination of gas flow velocity using this technique at this time.

F~4,2 Estimation of Cas “elocitiaes from Smoks Clouds

The principal difficulties with this method are in the determination
of the distance a smoke cloud travels botween motion picture framss and
the relationship between smoke valocities and averaga gas velocities. As
can be seen in Figure B-2, the edge of a smoks cloud is a somewhat vague
gray reagion. Since it is difficult to def'~- a point or edge in any single
motion picture frama there is a “1gres of -.icartainty in the distance this
point travels between successive frames. In movies at the exic of 7.6~ and
15.2+c tubes, the background radiation is very bright and only very small
(about 0.5 um across) dark blotches, spparently near the edgs of the tube,
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¢ould be observed, In this case, it seems appropriate to use Equation
F-20 to determine the average gas velocity eince the smoka velocities re-
preasent local values. In the 22.8- and 30.6-co-long tubes, the background
radiation is less intense and larger (~5 ma acrose) amoke clouds can ba
seen. PFor larger clouds, near the center of the tube, the use of Equation
F-19 {s corract since the visidble leading edge would travel at Vo. The
swoka travels at gas velocity so there is no ambiguity in relating con-
densed phase material velocity to gas velocity.

F-4.3 Estimstion of Gas Velocities from the Fastest Particle

Ic te difficult to conceive of a situation i{n which the condensed
phase material moves faster than the gas. Thus, this analysis simply
assumes that the fastest particle, Vp max’ found {n a movie i{s traveling
at the fastest gas velocity, vo. Note that this velocity {s not tiome
avaraged since only one velocity is used for each tubs, However, this

method seems to have the least uncertainty.

F~4,4 Determination of the Gas Velocity from Streak Movies

Using the Hycam camera in the stresk mode presents saveral difficul-
ties. The film must be loaded emulsion side up and thus no timing marks
sre printed on the film. Camara speed must be estimated from similar rolls
exposed with emulsion side down., Further, after focusing and aligning the
camara, it cust be disconnacted to lcad the film so that alignment with the
tuba centerline is no longer assured. Further, since no distinct image i3
forned on the film, it is not poesible to determine what is being photo-
graphed --smoke or agglomarates. It should be noted that wost of these
difficulties might be circumvented by the use of a spacial streak camera
rather than a Hycam with add-on sttachwents. In any svent, this mathod
presents the most ambiguitiss with regard to results and is not recomsended

for further consideratiom.

Fe5 Conclusions

At the present time, the most plausible results seem to be the fastast

particle velocities. Using these results (column two from Table F-Z) the
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g§as velocity as & function of distance from the burning surface is pre-
sented {n Figure F-5. Bars are also given at each of the four locations
to indicate the data spread from colusms 2, ), and 4 in Table F-2. Also
Presented are thaoretical predictiona from Section 7. It s seen that
initial gas velocities appear correct, but due to heat loss through the
tubs walls the gas velocities in the tuba tests decresses. The hsat loss
to the tube is very evideant in the movies vhers the decreasse in light
intensity in longer tubes is significant. Subsequant testa should employ
better insulation of the tube walls.
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Comparison of average gas velocity versus distance
from burning surfaco as computed from equilibrium
cslculations and measured at the exit of S-cm dia-
meter tubes.
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NOMENCLATURE
(Appardix F)

Drag coefficient

%
%

F Drag force

F(A) PFunction of A

8 Accelaration due to gravity

1 Tube length

., Particle mass

r Radial coordinate

R Tub: rvadiue

Rey Reynolds Number

t Tioe

T Temperature, °x

vs Gas velocity

VO Velocity st ¢ = 9

\'p Particle velocity

iP oax Fastest agglomerate streak found in motion picturs

\_"P lomerate velocities averaged over 25 motion picture frames
VP Agglomerate valocity averaged over 100 motion picture frames
Ty Mags average velocity, Equation F-10

v Distance awvay from burming surface

A Transition parsmeter, Equation F-18

Diameter of particle

Viscosity of gases

J

4]

Density of particle
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APPENDIX G
DROPILET POPVLATION CALCULATIONS

G-l Introduction
While thia study did not cover the machanism of aluminum and oxide
droplet {nteraction with objects {n the firse enviromment, the resulte of

Section & and Appendix D showed the importance of iapingement of droplets.

This result {s also observed Lin eroefon of rocket motor components (Rafer-
ence G-l). However, the impingement phenomenon and its effect on exposed
objects are dependent cn the composition, size and temperature «f the drop-
lets in the flow, and chis {n turmm 1is dependent on the progress of burning
of the sluminum droplets. Efforts to determine this {nformstion by experi-
oental means are described in Section !! and Appendix C. However, the
unreliability of such expsriments dictates a complementary effort to calcu-
late the droplet populations. Such an approech has the advantage of pro-
ducing a systematic framework with which to organize results and predict
behavior, and also brings to bear a backlog of fundamental knowledge that
sugments the empirical resulcs of direct measurement.

Calculation of droplet populations depands first on an experimentally
dateruined aluminum droplet size population nesr the propellant burning sur-
face, as described in the latter part of Appendix C. At this location,

relatively little Al,0. has forwed, and the aluminum agglomerates are rela-

3
tively easy to measure. Civen this droplet size distribution, a burning
rate law for the droplets {s used in the following to calculate droplet
diameters versus tipe, amount of aluminum remsining, amount of oxide formed,

and oxide droplet distribution.

G-2 Burning of Individual Droplats
variouas investigators have studied aluminum droplet combustion exper-

c-1, Shchubin, V. K., A, 1. Moromov, V. A, Filin and N. N, Koval'nogov,
"Intensity of Heat Transfer Batveen Two-Phase Flow and Nozzle Walls
as Function of Particle Motion Parameters,” [zvestiva YUZ, Avis-

tionnavs Igkhoika, Vol. 19, wWo. 1, 1976, pp. 109-114.
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imentally and theoretically (e.g., References G-2, G-3, G-4, G-5). Most
-investigators report results in terwms of a correlation betwaan initial
dismster and tims to bumout, in the form

T kD {G-1)

While agreement om values of the psrameters k and n are less than 1ideal,
valuas of

ke 10.s uc/(m)l'”

n=1,7%

seem reasonable for the present purposeas (they are for T 1in seconds, and
Do in micromaters, and all the values were chosen to fit burning times
observed in the present study).

i1t should be noted that Equacion G-l {s usually {ntended to realate
burning time to Anitfal droplet diameter. Wa will assume hare that the

equation holds for any time during the droplet burning, not just for DO.

G-2. Davis, A., "Solid Propellants: The Combustion of Particlas of Matal

Ingredients,"” Combuation and Flemg, Vol. 7, No. &, December 1963,
PP. 359-367.

G=3 Hartman, K. 0., "Ignition and Combustion of Aluminum Particles {n
Propellant Fiame Cases,"

Publication 220, Vol, 1, November 1971, pp. 1l-24.

Gd. Friedman, R., and A. Macek, "Combustion Studies of Single Aluminum
Particles," from
Academic Press, 1963, p. 709.

C .. Brzustowski, T. A,, and Irvin Glassman, '"Vapor-Phase Diffusion
Flames in the Combustion of Magnesium and Aluminum: 1. Analytical
Davelopments; and I[. Experimental Observations in Oxygen Atmos-
pheres,” ALAA Progress in Astronautics and Asronautics, Vol, 15,

Haterogeneous Combustion, Acedemic Press, New York, 1964, pp. 75-158.
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1¢ the time to burn from DO to D {e designated by ¢,

n n n n, 0
t"fo-'\"k(Do -D)'kbo (l-D/DO)

. l/a
e . (¢ < kD™ )
0 kD,

Equstion G-} describes the droplet diameter as a function of time from

t =0 at the start of burning, unti{l ¢t = Ty at burnout. Variatioan of
diaseter with time i{s graphed in Figure G-1. As a matter for future dis-
cuseion, it {s worth noting that droplets burn out very rapidly after their
diameters ara down to 40% of initial value.

It Ls to be understood that, wvhile the droplet is nearly spherical
and moetly aluminum at t * O, {t {s accumulating aluminum oxide during
burmning. In the usage here, the diameter, D, refers to an effactive
sluminum droplet size in the sense of correctly describing the amount of
unreacted clun‘.nua.' In addirion there is accumulating oxide, which will
be discussed later.

While the droplet diameters are usually the experimentally deter-
mined measures of droplat size, we are often concerned in practicsl prob-
lems primarily with droplet mass, This 4is given as a function of time

from Equation G-3, Thus

3 3/n
Loy oqq.~ie (¢ < W™ (G~4)
0 0 dK
, 0
i hd I1f one were to seek improvement on this procedure, it would no doubt

be naecessary to go back to the assumption yielding Equation G-2 from
Equation G-l; thies would require {nformation not presently available.
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The corresponding dependence of droplet mass fraction versus time burmed
is shown as the solid curves in Figure G-l.

G-l Formation of Product Oxide

The qualitative naturs of aluminum droplet combustion in propellant
atmospheres is nov established beyond doubt, and UTP 3001 s no exception.
It is clear that fine oxide droplets (smoke) form in the detached fleme
about the droplet, and that oxide alsc forms on the droplet surface. At,
or near the burnout of the aluminum droplet, the surface oxide forms one
or more droplets of much larger size than those in the detached flamas.
These residual oxide droplets are small when formed from small agglomer-
ates, larger vhen formed from large agglomerates. Since the large agglom-
erates are tha last to burnout, the large residual oxide droplets are the
last to form free of sgglomerates. In the following we will be calculating
the populations of thase droplets, so it will be nacessary to make some
assumptions sbout them that may remain quantitatively argumantative. How-
sver, the assumptions are not critical to the calculations, in the sense
that they will be represented by sdjustabla parameters.

The first, or malor gssumption is that the smoke droplets form in
a mass fraction a (smoke mass to total oxide mass), at ail times. No
detailed consideration will ba given to smoke droplet size becsuse it is
so small that ifmpingement is minimal. The residual oxide mass fraction is
therefore (1 - o), Experimental results suggest that Q& rangas between
0.70 and 0.90 (Reference C-6).

The pecond assugotion is that surface oxide does not separate from
the agglomsrate, but forms N droplets of equal size upon burnout. At all
times the residual oxide may be assigned an effective dismeter for the pur-
pose of defining the droplet sige, but it {s understood that {te aciual
shape may vary greatly during burning of the agglomerats. After burnout,

C=6. Krseutle, K. J., and H. H, Bradley, "Combustion of Aluminized Pro-
pellants: The Influence of Prassure and Propellant Composition on

Pormation of Aluminum Combustion Residue,” CPIA Publication 292,

Yolume 1, 1977,
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the oxide droplets do become spharical., Their mass will then be

- 102 lo .
a B (%) O°F) (G-5)

[ 2 4

where 102/34 is the mass ratio of AIZO3 to its ingredient Alz. The volums

of the droplat 1s

.h.h(m)(l?)

] P 56
A1203 Al

and the diamater ratio of residusl oxide droplet to parent agglomarate drop-
lat 1s

b ] 1/3
_m.[_u_ mgih] .8

1/3
- [1,33 ﬂ?l] (G-6)

In aany of the later calculations, values of a and M will be assumed to
be 0.20 and 1.0 respectively. The evidence indicates these assumptions for
a and T to be ressonable. The result {s a valus of D‘_"“./D0 = = Q,65,

G4 Populations of Droplets

The microstructure of the solid propellant {s an important factor in
determining sluminum agglomerate size, and tha disorder of the structure
results in a wide range of agglomsrate sizes. In Section 1l and Appendix C
the size of these agglomerates was reported as a histogram representing
numbere of droplats observed in certain dismsster intervals (Pigure 37s).
it was noted that a normalized forn of the histogram {s more suitable for
applications (Figure Sla). 1In general, one may assume that a histogram of
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this kind represents a sample from a large population which is gharacteria-
tic of tha propsllant. This large population can bs represented by a fre-
quency function J(D,t), such that

& . 30.0d0 (G-1)
0

vhere dN/!lo is the porttgn of all droplets in the eize interval dD, or

3 18 the portion of droplets per unit diameter. The functional notation
J(D,t) waans that I, as a property of a droplet cloud moving away from
the propellant surface, describes the number of droplets versua D, and
acans that the whole distribution changas with time (due to droplet buming).
The experimentally determined {nitial droplet siza distribution corrasponds
to ¥(D,t) evaluated at D = :)o and t = 0, and will be denoted by
30(00). Development of an initial distribution from an experiment (s de-
scribed in Section 12 and Appendix C, and the results are presented there
for UTP 3001 ptonllmc.buming at atmospheric pressure.

If one were interested primarily {n the effect of type of propallant
or combustion environment, & comparisoa would be made of 30(00). a function
whose {ntegral (area under the 3.Do curve) s alvays ons, but whose shape
reflects the size distribution. In the present investigation wve are interest-
ad {n how both 3 wvs D and END change with time for our particular pro-
pellant, and will determine this in paragraph G-5 by imposing the droplet
burning rate vesults of paragraph G-2 on the initial distribution of Sectiom
12.

Recalling our practical concern with pggg-size distrivurions, one

may develop a mass-size distribution function corresponding to J(d,t).

| . _.L:am_ﬁdb‘_ - _ﬁlmm_
- ] . - 3
0 (--a/us)'o D, dN, 3 Do Jg(Py2t2,

)
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3

ia . F(D,t) = R 30,2240 (G-8)
' 3

®o J;'bo 3, (Dy)dD,

Equation G-8 gives the mass-size distribution as a function of the number-
size distribution function at any tims that the latter is kmown, including

timse ¢t *0 wvhen D = Do, dD = dDO. and JI(D,c) = 30. In Figure G-2,

a Gaussian distribution curve i{s shown to represent 30 versus Do. and a second
curve is shown that represents the corresponding sass-size distribution

'0 versus Do. In the next 'ucttou we examine how J(D,t) can be related to

the initial distribution 30. through the burning rate law.

G-5 Changa in Population with Time

In the combustion plume, the population of agglomarates changes due to
burning as the agglomsrates move out from the burning surface. Ve will assums
that all size agglomerates move out at the same speead (not too geood an assump-
tion near the burning surface) (see Appendix F). If one follows a set of
droplets dN {n the size range designated dD, the number dN {s constant,

8o from Equattion G-7,

dN, = N03°(DO) do, = Noa(D,t)dD = dN (G-9)

0
where dN and dNo are the same droplets, so dN = dN, but dD ¢ dDo.
From this relation the genersl distributioa function can be expressed La

terms of the fnitial distribution and Equation G-3. Thus

J(,c) = (dDoldD) 30(00)

From Equation G-3,

a (ln)/n
(dD/dDo) s (1 - t.’kDo ) (G-10)

a (l=n)/a .
J(MD,t) = (1 « t/kno ) 30(00) (G-11}
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which, {n combination with Equation G-3, gives JI(D,t) 1in terms of Do,
‘30 and t, and the parsmeters n and k of the buming rate law. This
number-s{se distribution function ie¢ shown in Figure G-3a at ssveral tioms
during burning, using tha Gaussian distribution in Figure G-2 as an {nitial
distribution, A corresponding developmant based on the measured {nitial
size distribution for UTP 3001 is shown in Pigure 38a. !

The mass-gize distribution varies vith time as indicated {n Equation ‘
8, vhich can ba expressed completely in terms of initial distribution func-
tion time and D, using Equations G-3, G-8, and G-10, thus

J——
S

o it o, L v

aull

bt e, st

3 n L + o .
dn . Do (- e/ w T T 300 po(l - e/kdph) ;
a - 0o

o y D%, (0, 40,
) 1

n -

021 - e/ ™" 30 :

? . F(D,0)dD & 2 — L 4, (G~12)

° -:bo 39(Dy) dD,

Figure C~3b hows the variation in this mass-size distribution for the ini-
tial Gaussian distribution in Figure G-2. Figure Ge-3c shows the area under
the population curves versus time, which amounts to & graph of mass fraction
of aluminum unburned, versus time, The comparable curves for UTP 3001 are
shown in Figures 3}8b and 39.

G5 Product Oxide Population
In Section G-3, the qualitative nature of the product aluminum oxide

droplets was described in terms of paremsters &, B, and 1, along with
assumptions regarding physical behavior determining these psramsters or
ioplicit in the use of them. Briefly,
o ® nags fraction of oxida in the < 2 .o-diamater range, character-
istic product of tha detached flama envelope (value roughly 0.7
to 0.9, assumed to be 0.8 in some calculations hare).

226 ,




il
1 W Ny

U ]

WAL ot

1.75

|
" rRR—

6 =297, B =100 k=10 x 10™° gec/mtcron
0.018

0 droplets i
burnad 1
0.010

PER MICRON

3(b,t),

1
0.008 /2

o vt i v Aoy e

NETR

3/6

200

Ll uum\mun‘“u\‘MM“ D

e D, MICRONS

Flgure G-la. Change in number-eize distributiom with time for 2
s GCaussian {niti{al distributionm, E

| |
E 27
%




1
|
i
i
%
{
|
|
I
vt it Al

» 3
D "3 (D)
3 - - - Y
‘o.. f Do °dD° 'o “ u,
- 3° ® Caussian Normsl 1
a=1,73 k=10 2107 sec/mteront’’ ?
o.ots} : - - R
b
0 droplets .
_ burned ’
;
0,010} !,
&
g ;
[&]
g ,
at oo
¥ i
- :
u_ !
3 .
Y
0.005}
0
D, MICRONS

Pigure G-3b, Chenge in mess-size distribution vith Gime fotr s_ _
Ceussian {nitial number-size distribucicn as showm
in Pigure G-la.

228




-

Fraction of the Numbar of Droplets Burned

1/8 1/4 1/2  3/a . -
| TF 1T i |

1.5 b ]
i ° Smoks Oxide
E

5 aw]),7%
ke10x 1™

‘ 8 sec/micronl”?
| § 1.0
: |
2
i [ d
; 2 {
: 8 ,
: =) :
: =
] "
zE 3 = Unburned Aluminus
] § o5l
' n}
g
] Restdual Oxide
: Q
=
i =

0 3

i 0 s. 10.

(t/k x 10"3, vrcronte’’

Figure G-3c. Mase fraction of droplets cemaining for Gaussian _
~__ipitis) population-size distridutian and ctesulting
oxide fraction in the smoke and residual for.




n>l the number of the larger, surface-formed residual oxide drop-
lats resulting from one aluminum droplat (essumed to be ome in
most calculations).

B » the dizmeter vat{o of residual oxide droplet to parent aluminum
droplet. (Usually for M = 1.0, vhen B = 0.65 vhan « = 0.8).

The correct values for &, 8, and 17 for UTP 3001 (or any other
propellant) are not known accurately. In the present work, efforts to deter-
mine these paramsters by collection of droplets in the combustion plums were
thwarted by low collaction efficiency. However, the specific values of 0.8,
0.65 and 1.0 noted above were suggested by earlier work, and are compatible
with the present results. Thus the product oxide can be described as con-
sisting of 807 smoka droplets < 2 um in diameter and 20% tesidual oxide
> 2 un in dismeter.

Having developed the equations for the aluminum droplet population
versus time (e.g., Equation G-12) the determination of gmount of oxide versus
time follows from the calculations leading to Figure G-3c, and the above
assumptions and definictions, that

. 122 . .
ox Sa (no m) (G-13a)

102 . .
'ox.S - " a (no o) (G-13b)

- 102 . - -
m”.R S% (1 ::)(ao o) (G~13c)

Figure G-3c shows how the oxide mass varies vith time when the {n{tial alum-
{num droplat size distribution i{v the Gaussian cne in Figure G-l.

In Equation G-13b, these smoke oxide droplets are so small they fol-
low the gas atreamlines around objects in the flow with minimal inpingement.
Accordingly, no offort was made to dutermina their size distridbution (it was
verified that they were in the < 2-.m range). On thea other hand, the resi-
dual oxide droplets are relatively larga, and their size distribution will
be considered in the following.
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The most gross aspect of cthe rasidual oxide is the question (Equa-
tion G=13¢) of how much 48 in the form of free oxide droplets and hov auch

is still present as surface oxide on burning aluminum droplets. This ques-
tion can be ansvered by examinirg how mich of the initial aluminum popu-
lation {s burned out at a gi en time t, 1i.s.,, that part for which Do <
(:/k)“n. Referring to Figure G-2, 1f the diameter corresponding to Do -
(t/lr.)l/u
the area under the FO curve to the left of this DO i{s the portion of

the aluminum involved that has contributed to resicdual oxide droplets.

is located, the droplats at lower DO have all burued out and

This amounts to intsgrating the initial distridbution function from Do =0

to Dy * (e/ot/® e *lin

Do_(t')lln Do-(:')l”‘ )
., _/' B . f F o) dp. = 020000900
o ah) A Lo o "03300:0) dn,,

D .=0 o

0
(G-13)
e 492 .
noxr 56 a a) nbo

The numbax-size distcibution of residual oxide drxoplats ‘after all
aluminum has burned) Ls, within limits of assumptions adout & and 9,

daterzined directly by the tnitial aluminum droplet size distribution. Thus,
*
{f we define the numbar-size distribution by 3” , then

—il - ,C) dD
ox

30: (DOK

w*« The subscript "ox' s used hers to mean oxide after aluminum burmnout,
and refars to free residual oxide droplets. During aluminum burning
an additional subscript will de used to distinguish residual oxide
from that on the surface of aluminum dropiets.

e




vhere dN corresponds to residual oxide droplets in a diamster increment
dnu. dtoplctl that {n turn correspand to a number dN = (dN )/‘n of

pavent aluminum droplets of inittal diamater Do {n the diu.tor increment

dDO. The population 3“ (Du is related to the initial aluminum droplet
population by

dN dn
- —-“ [ -—& (]
Tog Dyt B = 2 = 77l = B0, @

or

By (0, 00) &0 = M3 (D) dvg )

s (G=14s)

b, < (/)"

The second (bumout) part of Fquation G-l4a provides the time-dupsndence of

3” (b ”.:). vith the fingl distribution being given by taking large t so all
aluminum droplets are burned out. To be useful, Equation G-lia must be

wodified or supplemenced by s relationship detween Dax and Do such as
that {n Equation G-6, from which one may rewrite G-l4a as

3, (0.t = /8 Ty /8) )

(G=~14b)
D < (1/8)(e/k) " ‘
ox

From this eyuation it {s evident that the final residual oxide distribution
function differs from the original aluminum dropleat distribution dy simple
linear scale changes, illustrated {n Figure G-4a for the Geussian distribu-
tion for values of = and 2 of 1.0 and 0.65 respectively. Note that for
timas wvhan the aluminum i not all burmed out, not all of the final populae
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tion of free oxide droplets is yet formed. In particular, the large drop-

“‘lets, vhich form from initially large aluminum droplets, are not vet free

of the aluminum. Specifically, at a given time after tha populacion left
ths burning surface, the second part of Equation G-l4b applies, and larger
droplets have not yet entered the population. This is fllustrated by the
abscissa scale at the top of Figure G-4a, which sllows one to find the por-
tion of the droplet population that applies at any ti{ms after the droplet
population starts burning.

The BARS-2ike mmmm of, the residual oxide droplets can be
developed from the number-size distribution of the oxide or the initial
aluminus population, and will have the same size-cutoff time dependence
as the number-size distribution. Thus
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or from Equation 14 (or Equation G-12 with t = 0)
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Thus the residual oxide droplet populstion i{s dascribed in terms of the
original aluminum droplet population and certain approximations iavolving
droplet combustion embodied in the parameters T and f. Ressonable esti-
mates of these parmmstars are 1.0 and 0.65 respectively.

One more aspect of droplet disctribucions is the gpovmt of surface
raajdual oxide on burning dcopleka. As noted earlier, we have chosen to
ignore this oxide in describing the aluminum population versus time.
Howsver, this oxide 1is axpected to be & factor in impingement on objects
in the combustion zone, and during part of the burning history of a popula-
tion, i{nvolves sore oxide msss than the f{res residual oxide population. 1In
the following developmsnc, the surface oxide is assigned a diamater, in

order to follow th: formalism used for the other populations, However the
dismetar is sioply a wasans of specifying asss without getting involved {n 3
describing the shape of the surface oxide. Thus, using the previous com-

ventions on notatiom, 3

3
d= ” dN
P oo e 1 . Zom ‘o am
' a dDd 6 m 4D
Q oxs o Oxs
3 D dN dD
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In this expression the ratio of dN__ /dN  wvill ba taken to be 1.0, as it

~ relates to the distributiom of the surface oxide on the aluminum droplet

and we are concerned only with total mass. The ratio of differentials can
be calculated fram Dm/bo. 80 it remains to determine the relation of
Doyg Ft° Do and time, which follows from Equation G-l3c expressed in

terms of diamster

3 . 102 . 3_ 3
P oxs Poxs’ b el - a0y - D)

D 371/3
o [ o]
0 0
D 1/3
L [1 - - z/mo“)”“] (G-17)
0

vhere 38° {s 9 (sea EQuation G-6) with = = |, and Equatiom G-l17 is the
desired relation of D“. to Do and t. Now the ratio of diameter dif-
ferentials {in Equation G-15 can be obrained from Equation G-17, and when
the results and Equation G-17 are substituted back in Equation G-16, one

obtains

2/3 a 3/a 5/3

(@) (o /0,4 E-(l-t/kb )] F.(D.)
Foxl(ooxs't) °T n ?/Ln no n.3-n/n 2
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i/n
Do > (t/k)

This set of equations defines a mass-size distribution function for the
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surface oxide, as & function of the initial alumiaum distribution function
l-'o. a pseudo~diamater Dm (or real diameter Do of parent droplet),
and time, The third equation in the set separates the droplats that are
all oxide from the coes with aluminum still burning. In other words, the
surface oxide corresponds to the larger droplets to the right of DO -
(t/k)l/n in Figute G-4., Howaver, the droplets are not fully developed
yot, 80 the distribution functior i{s below the final ona, approaching it

as in the sketch in Figure G-§,

|

ot ol

G-6 Summary of Population Calculstions
The population calculations start with an experimantally deter-

tined distribution of aluminum droplets luvin; the burning lurhcc.‘

and a burning rate law for droplets. From this the size distribution {1
calculated ag s function of time, along with the total mass of aluminum
rumaining «nd oxide formed. 1In addition, the msss-size distributions of
the product oxide droplets, and of wccumulations on burning droplets are

calculated versus timm. Thus one knows the percent aluminua burned, &nd
the size distribution of aluminus and oxide droplets and the amowunt of
oxide attached to the aluminum droplets. This tims dependence can then be
converted into a spatial dependence by coosidering the velocity field
(Section 7). From the standpoint of an object in the fire snvironment,
this describes the physical character of the condensed material that may

it .
i s et R

albi

participate in impingement, heat transfer and further reactica. It also
provides the information on percent aluminum burned, vhich is needed to
use the thermochanical equilibrium cslculations (Figures 5 and 6) to
obtain estimates of gas composition, temperaturs, molecular weight, viscos-
1ty, etc. This sequential synthesis of results is outlined in Figure G-6.

il ol s ot b Lot s

* A GCaussian distribution was assumed in this Appendix; an experimsntal
distribution wvas used in the corresponding calculstions for tha text.
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Figure C-6. Use of population curves brings together various
data to give spatial distribution of fire environment.
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. NOMENCLATURE
(Appendix G) ' R

SXMROLS

D Dismater (of a droplet)

F Mass-size distribution functiom; F = dn/uodD

3 °  Number-size distribution function; J @ dN/NodD

k Coefficient in the droplet burning lav T = kDon

n Mass of a droplet, or a sat of N droplets; = J"dn
Refers to aluminum whan no subscript °

N Number of droplets {n & specified sat or populaticm
Exponent in the aluminum droplet burning law; ~ = kDon

P,P° Points on ths population curve for D = (t/kDou).

e

Time (from start of burning of a droplet)
x Distance from propellant burning surface
a Portion of oxide produced {n smoke form
8

Diamater of residual oxide droplet divided by diameter o. parent
sluminum droplet (for case of = = 1)

B’ « 2

n Number of oxide droplets from esch aluminum droplet

2 Density; sluainum unless subscript

4 Burning time of aluminum droplet

Al Aluminum: mass and diameter without subscript, or with subscript

0 are also eluminum
;'\1.203 Aluninume oxide; usually denoted by subscript ox
bo Refsrs to burned out matarial or stsce
0 valug at t = 0, the start of burning
ox Oxide
oxR All surface-formed or residual oxide
oxr Oxide droplets free of the parent aluzinum droplet
oxs Smoke oxide (droplets < 2 um)

oxs Surface oxide still on the aluminum droplets
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AFPENDIX H
GAS ANALYSES

;831 Objective

The chemistry «ffort of this project is divided into the following
tasks:

1, Development of a sampling davice for the combustion of gases.

2. Development of an analytical procedure for the analysis of the
gascous combustion produ: s such as hydrogen, carbon dioxide. carbon mon-
oxide, water, and volatile hydrocarbons.

3. Plotting the relative concantrations of the above gases and
vapors at different heights from the surface of the burming propellant and

comparison of the experimantal results vith those of equilibrium cslcula-
tions.,

H-2 The Sampling Dsvice

In designing s sampling devica for the combustion gases we must take
{nto consideration the conditions of the combustion. The combustica, for
exampls, of the propellant sample {s complete within g fawv seconds during
which the guseous sanple must be collected. The temperature above the
burming propellant is very high, and this limits the choice of materials
that could be used. During the combustion of cthe propellant, large smounts
of corrosive hydrogen cnloride is produced from the decomposition of ammon-
iunm perchlorate.

The presence of the hydrogen chloride in the resction gases makas
it tmpossible to use any chromatographic method for their analysis, because
it vill destroy the chromstographic column aod the detsctor. 1t is there-
fore very iamportant that the hydrogen chloride be either excluded from the
semple or be remuved after the collection and bafore the analysis.

With these considerstions in mind the following sampling device
(Figure 52) was constructed., It consists of a glass aspule with & Teflon
valva. The inlet of the ampule vas packed with glass wool and it was con-
nected into a stainless steel tubing packed with fritted stainless steel.

Before sampling, the smpule is evacuated using a high vacuum pump, and then
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it i{s connected with the stainless steel tube through a Teflon sleevae.
Immediately before sampling, the stainless steel tube {s £flushed .#
vith helium to remove the air. The propellant sample is burned on the '
bottom of a stainlass steel pipe placed vertically inside an exhaust hood.
During the combustion, the end i{s introduced into the center of
the combustion effluent through an opening on the wall of the stainless
steeal pips. Then the Teflon valve of the smpule i{s opened and a sample 1is»
drawn into the ampule. In nrder to stop any reaction between the compo-
nents of tha sample, the ampule is iomersed in liquid nitrogen during
sazpling. Any bass usad to neutralize {t such as sodium hwdroxide or
calciun hydroxide would aleo neutralize the carbon dioxide.
Successful removal of the hydrogen chloride was accomplished by
filling the sampling ampule wicth powiered sodium oxalate according to
the equation:

C O“le + 2 HC1 = CZO“H + 2 NacCl (4-1)

bd 2

H-3 Analysis of the Gases

Thers are saveral mechods available for the analysis of gases. The
preferred one, howaver, is gas chromatography,
Preliminary tasting indicated the presence of hydrogen, carbon momo-
xide, carbon dioxids and vater in the combustion gases. Methane was found
among the reaction products when the combustion of the propellant sample
took place inside a phetolic resin pipm. Combustion inside a stainless
steel pipe producad no methane or any other hydrocarbom.
From the baginning of the analytical work, it became oSbvious that
in addition to the hydrogen, carbon monoxide, carbon dioxide and watar,
there were always present oxygen and nitrogen among the combustion products,
in a rat{o approximatsly that of air. Since thers is no appreciable free

oxygen expected in the combustion zone, (t was concluded that the samples
were contaminated with air, This affected the choice of subsequent pro-

cedures, as the analysis was now required to distinguish oxygen and nitro-




gen from other comstituents.

Since the chromatographic colum {s responsible for the separatiom,
tha choice of tha columm wes the most important decision in daveloping cthe
methodology for the analysis of tha gassecus products. There is no one
single chromatographic column capable of ssparating all the ccmbustion gases
and afir. Molecular steves, for exampla, are very effective for the scpara-
tion of hydrogen, oxygen, nitzrogen and carbon mounoxide. They &bsord, how-
aver, the carbon dioxida and the water. Tha porous organic polymers, on
the other hand, auch as poﬁpaclu, do not absorb the carbon dioxide arg
the watar, but the teparation of the other gases is very poor, and the
water peak is very broad end flat, difficult to quantitate.

To overcome all these difficulties, we decided to analyze the water
separately from the parmanent gases and to use a comabination of chromato-
graphic columms for the analysis of the gases.

Such a combination is 3 CTR column, availabla commercially from Alteck
Associates. A (TR column is a combination of two concentric columms. The
inner column bas & 0.95 ctt OD and it fs packed with molecular sieve. The
sanple injected into the CTR column is split between the porapack and the
molecular sieve columns. The pertion of the sample entering the molecular
sieve will be sepavated and will elute the Hz. 02. and CO, followaed by a
peak dua to CO,. It is tharefore possible to separate all the gases with
one injectiom (;iguru 53 and 54).

H~4 Deterxination of Water

The ,uantitation of the water in the combustion gasce is compliceted
by the presence of hydrogen chloride.

There is also the danger cf condensation of the water vapor om the
valls of the sempling davice.

An attespt vas made to trap the water on anhydrous salts such as
magnesium sulfate and then determine its amount by tha weight zain of the
selt. The results, however, were not consistent.

A chromatographic method, on ths other hand, showed more promise.

The sample giass ampule used to collect the combustion gsses was




"

also used to collect & sample for the determination of water. Howevar,
instead of the sodium oxalste used to neutralize the hydrogen chlorida,
$ grams of annydrous barium hydroxide was added {nto the ampule. Before
sampling, the ampule vas heated to 120°C and vas punped overnight in a
vacuum systea,

The barium hydroxide neutralizes and removes the hydrogen chloride
and the cerbon dioxide from the gaseous products.

After sampling, tha inlet of the ampule {s piugged with & rubber
septun and the ampule is heated again to 120°C {n order to keep tha water
in the vapor phase.

A sample for chromatographic analysis {s drawn through the saptum
with & syringe. The chromatographic column used for the quantitation of
vater vas a 2 m x 0,95 cm chromasort 104, The water elutes out of the
caromosord after the gases, and as a rather sharp peask vhich can be easily
quantitated. The results, however, of the water determination were not
very reproducible. This may be due to an obsei.ved tendency for the vater
vo condense inside the stainless steel tube of the sampling device. The
reproducibility of the injected volume of sample into the GC {s also ques-
tionable since the vample {s drawn at 120°¢ tnto a syringe of much lower
teaperature. Further refinements in the experizent will be required defore
a valid comparison can be made of wvater concentration {n samples from d{f-

farent sites in the combustion plume.

He$ Determination of Amount of Unreacted Aluminum in Samples Collacted
from the Plunme

The progress of aluminum combustion can be most directly determined
by simply intercepting, quanching, collecting and snalyzing the condensed
material at different locations in the plume. The samples that wers collect-
ed ware axamined in many wavs (sae Appendix C), but the aluminum content in
particular was examined by twc wethods. The first was reaction of the alum-
{num by HC1 and rinsing to remove the dissolved products. Comparison of
dried sample weights bdefore and after such processing showed a waignt loes

corrvesponding to the unreacted sluminum waight of the original sample.

This method, and rasults, are described {n Appendix C.
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The second method of determining aluminum weight was contrived to
- eircumvent the fact that some Alzo3 reacts vith HCl during the previously
described test (possibly a nagligible amount). The sacond method msasures
the gas formed by the HCl ceaction. This msthod depends on the reaction

scheme

AL + 6 HCL < 2AlCl, + 34, (H-2)

0, +6 HC1 = 2A1Cl. + 3H,J (H-3)

Al0, 3 2

e U \L\ e

Although both aluminum and A1203 yield Alcl, vhen dissolvad by HCl, the
aluminum metal also sields hydrogen gas, wvhereas the uzo3 yields water.
Measuremant of tha volums of hydrogen produced from a known amount of

sample will enabla us to calculate the amount of aluminum f{n the semple
{rom Equation H-2, '

Using the second method, a very simple devica was used for the dis-~
solution of the aluminum and collection of hydrogen gas.

The aluminum sample was trapped {nsida a glass fiber filcer and
placed {nside a 100-m] burette graduated to 0.l ml. Then the buretta was
filled vith hydrochloric acid diluted 1 to 3 through a reservoir connected
to the tip of the buratts with a plastic tubing. The top of the burette
vae plugged with a rubber septum,

As the aluminuc dissolved and hydrogen gas is produced, the surface

w2 W 1l bttt L il i

of the liquid fn the burette moved down. Tha reservoir wvae lowsred from
time to time in order to keep its surfece on the same level with the liquid
inside the burette. It took 75 minutes for the reaction to be completed.

The volums of the hydrogen was read on ths burette at the ambient
tempersture. Then (t was correctad for Lhe presture ¢f the water vapor
inside the burette and {t was converted into a volume under standard con-
ditions of 1 atm and 0° Kelvin.

The amount of sluminum corresponding to & certain corrsct volume of

hydrogen vas calculated from Equation H-2 from which resulted in
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. 1.12 =l Hzlq Aluninum

This procedure for determing sluminum content in a sample wvas judged
to be practical, but was not used extensively because the nmethod described

in Appendix C was preferred. L L
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