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ABSTRAGT

The feasibillity of making an illuminating candle
which produces a luminous intensity of 25 million
candles is demonstrated. The goal is achieved by
igniting all surfaces of a star shaped cavity which is
formed through the center of the candle. Two hor-
zontally opposed {lames are generated by this candle.

The relationship between candle diameter and
the abllity of that candle to generate light efficiently
is reported. This study includes data for both pressed
and cast candles and shows the effect of different
binder types. A4 general degradation of efficiency is
observed as the cast candle diameter increases from L
inches to 2l inches, The pressed candle series shows a
maximum nsar the li inch dlameter with degradation to
elither slde.

Silicone, epoxy-polyglycol, polyester, polysulfide,
and varlous combinations of these binders are described
as they are used to make candles for the diameter study
snd the 25 million candle flars, A study of flare
compositions consisting of magnesium and sodium perch-
lorate, the latter belng partlally dissolved in various
methacrylate monomers is reported, A limited environ-
mental program for a l1.5 inch diameter candle cast in
an aluminum candle case and the development of a liner

system for that candle 1s described, A polyester-epoxy
1
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binder 1s used successfully to make a cast candle
whose luminous efficiency is comparabie to a candle
’ made by the conventional pressed method.

Flame orientation and flame size effects are
described, Contrary to common opinion, it is shown

that a sm~ll flame size rather than a large flame from

a given candle dlameter 1s associated with candles

which produce light with high efficiency. The blnder is

shown to be a major factor in the generation of various
P flame sizes and thus strongly influences the candle :

efficiency.
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INTRODUCTION

This exploratory development progrem was con-
ducted between June 1966 and June 1967 for the Air
Force Armament Laboratory, Eglin Alr Force Base,
Florida, under MIPR-PG-6-58. The main cbjectives
of the program were twofold. One goal was to demon-
strate the feasibility of meking an illuminating candle
which has a luminous inbtensity of 25 million candles,
This is a five-fold increase over the intensity de-

ivered by the BRITEYE candle. The second goal was to

conduct a study of the relationships between the diameter

of a candle and the efficiency of light production from.
that candls. Both gcals were attesined during the cen-
tract period,

To assist the reader, the report 1ls divided into
four parts. Part I deals with the 25 million candle
flare, Part II with the diameter studies, Part III with
binder studies, and Part IV with flame orientation and
flame size effects, Although the report 1s divided for
convenience, 1t is noteworthy that all phases of this
work are interrelated; that 1s, Information generated

in any one part is also utilized in the other phases in
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an effort to extract the maximum amount of data from a
minimum amount of work and hardware expenditure, With
these remarks, the reader 1s encouraged to view thils
work as an integrated program instead of four disiinct
tasks,

The report is tound in two volumes, The main body
of the report ig in Volume I. The Appendices are in
Volume II, A Table of Contents, Abstrasct, and Intro-
duction for the entire report has been inserted at the

beginning of each volume for convenience.
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PART I
25 MITLION CANDLE FLARE
Purpose
The purpise of this repert is to desoribe the exploratory
development effort which led to the fabriocation of an iiluminsting
flare candle which generetes & luminous intensity of 25 million

ocandles.

Chronological Approach

During the manufacture of & conventionsl illuminating flere,
the oomposition ic normally oonsolidated into the flare csontainer
at a pressure near ten thousand psi. Furthermore, when it is
necessary to make flares with a large oross-sectional area, ex-
tremely large presses are required in order to achieve the 10,000
psi consolidation forse. Thus, the size of the candle that osan
be made is of“2n limited by the size cof press whioh is availabls.
For example, a press of about 200 tons is required to consolidate
the composition into an 8-inch diameter flare. Ilarger flares re-
quire correspondingly larger presses.

Sinee the consolidation operation becomes more complex as the
size of the equipment inoreases, it becomes inoreasingly attrac-
tive from an economioal standpoint to eliminate the consolidation
operation. This oan be achieved if the composition is cast into
the oandle container instead of pressed. The casting method is
the teohnique chosen to make ocandles in thls program. Appendix I
gives additional information about the flare composition and the

flare manufaoturing teshnique. Generally, the composition will
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not flow and therefore is tamped at pressures near 50 psi. For
purposes of this report, the process of tamping and later poly-
merization of the composition is what i1s known as casting a
flare candle,

In an effort to attain outputs of 25 million candles, flares
were made 1n the normal solid cylindrical shape, It was estimated
that flares of sufficient diameter and size could be made which
would provide the required 25 million candls output. When these
flares were tested, they burned in cigaretts fashion. Two important
characteristics of the process became evident: First, the lumi-
nous intensity output was found to degrade as the diameter of the
candle increased. At the start or this program this degradation
function was not defined. A separate part of the program entitled
"Diamster Studies" was started in the effort to define the func-
ticn. That work is described separately. The other benefit that
cane from this phase of the work was the development of the tech-
niques required to process the composition. During the mamufac-
ture of the solid candles, various mixing, tamping, and casting
techniques wore tried. In addition, different composition formulas
were used, All of this led to the preparation of candles which
performed relisbly and predicztably,

During the early phases it was learned that about five pounds
of composition needed to be burned per second in order to generate
luminous intensitles of 25 million candles. This in turn requires
the burning of large composition surface areas in order to obtain
the desired output. Since this would require candles of extremely

6
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large diameters, if they were made &s a solid cylinder, another
approach was taken. Candles were made which had a star-shaped
cavity as shown in Figure 1. The purpose of the star cavity was
to present a larger surface area for burning. This idea is based
on computations developed for the burning of propellant grains of
various star configurations. Representative computations are pro-
vided in Appendix II.

Candles with the single star cavity exhibited one undesirable
trait: the combustion within the cavity and subsequent exhaust
of the flame gases through the cavliy opening provided a propul-
sion effect. This made the candle difficult to control during
test. Secondly, candles with a shallow single-star cavity did
not provide the necessary output. Accordingly, candles with deeper
cavities were tested in the next phase.

When it was found necessary to make candles with deep cavities
in order to burn firve pounds of composition per second, it was
decided to make two additional changes: first, instead of making
the candle with a single star cavity, candles were made with a
star shaped cavity completely through the center of the candle as
shown in Figures 2 and 3. Clearly then, when the candle is ignited,
the flame can exit from both ends of the candle. This will give
equal but opposing forces thereby eliminating the propulsion
effect described earlier. Secondly, it was decided to suspend
the candle in a horizontal position which causes the flames to
develop horizontal to the surface of the ground. In this manner,

a larger projected cross-sectional surface area of the flame is

7
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CANDLE
WITH STAR SHAPED CAVITY
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Figure 1: Sketch of single-star-cavity candle

This design was used for candles MAPI 300, 3u2 and 343,
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presented to the ground surface. This double star candle design

was used successfully to generate the required luminous intensity
of 25 million candles.

Experimental

A1l of the candles were tested at the MAPI site. In general,
the MAPT site may be described as a polar arrangement of aboub
62 photocells on the ground each of which views ths candle sus-
pended about 80 feet in the air. Figure L is a schematic of the
photocell layout. The cells are arranged such that the flare 1s
viewed from all aspects. The cells numbered DS-1 through D5-8
are not located on the same scale in Figure L as the remaining
56 cells. Cells numbered DS-1, DS-3, DS-5, and DS-7 are 300 feet
away from the flrre whersas cells DS-2, DS-L, DS-6, and DS-8 are
200 feet away from the flare. These eight cells were added to
the MAPI system during this program. The cells were placed at the
greater distances in order that the entire flame could be viewsd
by the cells. Additional details about the MAPI site may be found
in references (1), (2), (3), and (k).

Tables I and II are summary sheets for single and double star
cast flares. Additional test data about each of these flares is

provided in Appendix III, which is the numerical analysis of the
data recorded during the test.

Discussion
The 25 million candle output requirement was demonstrated by
both candles MAPI No. 426 and MAPT No. Lé3. In each case from

Table II is is apparent that about five pounds a second of compo-

11
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3 sition is burned. Also, the tables show that efficiencies in

R

(od-sec)/g generally range from ten to twelve thousand. This is
only about ons-fourth of the effiociency achieved when compared tc -5

the standard presgssed illuminating oomposition in a four-inoh sizse. ?

PR LN SO S S LY

Although these afficiencies are low, it is suggested that thsy

T, RN

might be improvsd considerably by utilizing more efficient binder

systems or by improvement of the manufacturing teshniques. In eny

podmi e s
NPPLY) 3

N event, the binder systems and techniques used did provide a means
for the preparation of & candle whose output achieved the required

A 25 million oandle luminous intensity.

YR T B M e
v
i el

Two other interesting observations were made. First, it was

’ noticed that the luminous intensity was & direct funotion of the 3
? . amount of flars composition burned per unit time. This relation- ;
? ! ship is shown in Figure 5. Secondly, & relationship between flame ?
f E surface area and luminous intensity of the flare may be a dirsct fupo- g
3 tion of the surface area of ths flame projected toward the photo- 3

Dig

- § cells as shown in Figure 6. It is suggested thet this relation-
ship is valid for a given oomposition formula in combination with

particular ocandle geometry. On the other hamd, these characteris--

ML SN,

tios should not be interpreted that the flame is solely & surface

s o dadl

emitter. Additional discussion and data regarding this point may 3
be found in Part IV,

S Two different binder systams are shown in Table II as being

utilized to make the doublis star ocandles. The silioon resin

system has the ocharacteristic of burning muoh faster than does A

15
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aohieve an intensity of 25 million oandles.
Numbers on data points are the ocandle MAPI
test numbers,
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the spoxy-polyglycol system for compareble composition formulas.
Both of these resin systems have the very desirable characteris-
tic of a very low exotherm during the polymerization reaction.
Generally, their pot life is about sight hours which permits ade-
quate time for the casting process. After the candle 1s cast,

it is placed in an oven at around 150-170°F for 2k hours or more
to cause the cure. During this curing period, the exotherm is
almost unnoticeable. This characteristic is extremely important
from a safety standpoint, in particular when it is necessary to
cure large section candles. Because the exotherm is extremely
low, there is no danger of exceeding the decomposition temperature

of any of the flare ingredients.

Conclusion
It has been demonstrated that a luminous intensity of 25
million candles can be delivered by a pyrotechnic illuminating
flare. The information gathered during this phase of the program

suggests that considerable improvement can be made by increasing

the efficiency of this system. It is suggested that the efficlency

increase can be achieved through the use of more efficient binder
systems or through improvement of the processing and manufacturing

techniques.
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PART II
DIAMETER STUDIES

Purpose

The purpose of this work was to determine the
relationship between the luminous efficiency of a
flare and the flare's diameter, In this program, the
flares were all end-burning, solid units, fabricated
in paper cases,.

Chronological Approsch

The experiment was originally designed to include
only flares that were consolidated at around 8000-
9000 psi, Three composition formulass were selectsd for
comparison at varying candle diameters, The diameters
chosen wers 1,76 inches, 2.66 inches, h.25 inches, and
7.35 inches. The latter two sizes correspond to the
MK 2l parachute flare and the BRITEYE flare, respec-
tively. All of these flares were to contain 5% poly-
ester (Laminac) binder and magnesium at 55%, 62% and
70%. The remainder of each formula consisted of sodium

nitrate of an average particle size of 30 microns,

19




About this time, a cast flare program was being
conducted concurrent with the binder study. Thus, it
- was convenient to extend the binder study to include a
cast series of candles. This segment of the progrem
included cast flares which ranged from L.25 inches to
2ly inches in diameter, Because four different binder
matsrials.were conveniently avallable, 1t was decided
to make a diameter series with each c¢f the four binder
types.

One of the binder types chosen was a polyester
(Laminac). This system was chosen to permit direct
comparison tc the pressed polyester serlies. Other
systems chosen were the polysulfide, silicone, snd
epoxy resins, These resins were chcosen to represent a
wide diversity of types, For example, included are car-
bon backbone materials as well as sulfur and silicon
backbone materials, The carbon types include both the
polyester and the epoxy systems,

At this point it was learned that certain binder

systems would perform reasonably well when consolidated

at reduced pressures, For example, consolidation pres-

sures of 2,000 to 3,000 psi were used instead of the

4
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normal 8,000 to 9,000 psi. In a manner of speaking,
these units, pressed at medium pressure are & cross be-
tween high pressure consolidation and casting. For this
reason, this group of low pressure pressed units is
called the "hybrid" series.

Units of the hybrid series were made in the 2,66
inch-, 14.25 inch-, and 7.35 inch-diameter sizes, The
consolidation pressure was chosen such that the 7.35
inch-diameter size could be consolidateé using a 60-ton
press instead of the 200-ton press. The latter capa-
city is needed when consolidation pressures near 10,000
psl are required.

In summery then, the diameter study consists of a
series of candles pressed at the £,000 to 9,000 psi
level, the hybrid serles consolidated at 2,000 to 3,000
psi, and the cast series made with a tamping pressure
of about 50 to 60 psi. The range of sizes of the can-
dle is from 1,76 inches diameter to 2l inches diameter,
All of She candles were made in the solid cylindrical

configuration. That shape burn: in cigarette fashion,

21




Experimental

Figure 7 shows the matrix of the dlameter study
for the candles consolidated at about 8,000 psi using
8 polyester as a binder, Figure 8 shows the matrix of
the diameter study for the hybrid and cast series, The
numbers in the matrices identify the candle,

The data cocllected from these test flares have been
summarized in tabular form. The test data for each of
the candles in the pressed and hybrid series of the
diameter study may be found in Appendix IV, Appendix V
includes all of the summarized data for the cast series
of flares,

The tremendous amount of data collected makes it
difficult to comprehend. Accordingly, a serlies of
graphs were made to assist the reader in visualizing
the results of this study. A graph was made showilng
each of the three pressed series and the hybrid series,
Another graph was made for each of the binder types in
the cast series, Finally, a graph which is a composite
of all of the cast seriss was prepared so that these
curves could be compared directly., All of these graphs

are included in Appendix VI, Finally, in an effort to
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Compositien Formula *

A B C
. T-499, 502 T-500, 503 T-501., 504
T-2624, 2625 T-2526, 2627 T-2628, 2629
T-3375, 3376 T-3379, 3380 T-3383, 3384
B S|T-3377, 3378 T-3381, 3382 T-3385, 3386
5
{ 2
1 .
1
4
MAPT 484,493 MAPT 487 MAPT 490
! |MAPT 538, 547 MAPT 496 MAPI 499
i S|MAPT 623 thru 626 MAPT 541 MAPI 544
rﬁ. -«1|T-11836 thru 11850 MAPI 550 MAPT 553
1 3%4.4171 645 thru 648
Y]

DIAMETER

3 MAPT 485 MAPI 488 MAPI 491
q R -g MAPY 494 MAPT 497 MAPI 500
1 £|MAPT 539 MAPI 542 MAPT 545
y © MAPI 548 MAPI 551 MAFPI 554
' Q
é - <
E = MAPI 486 MAPI 489 MAPI 492
3 e MAPI 495 MAPT 498 MAPI 501
. ~A}MAPT 540 MAPTI 543 MAPI 546
3 a MAPI 549 MAPI 552 MAPI 555
' &
p
Z i *Ingredient Group A Group B Group C
- Magnesium (granulation 18) 559, 629, 709,
T Sodium nitrate (30M) 40, 337 259,
4 Polyester binder 59, 59, 59,
[

Figure 7: Matrix showing oandles by diameter and formula which made
up the pressed series in the diameter study.

23




P . ke s Ay et G o

T “Frii SAMIAG FA P My &
3 e T o e S s g A et AR

sgIoqEUOU 3869 TIYW eJ® sJequuy
N +Lpnys Jo0g4eweTp oYz dn epeva YOTYA od£7 puw JegewsTp £q SATPUED JUTMOYUS XTJIFBH :8 6INITy
€09 208 0°'vz -
Y09 208 0° 02 m
. L9V W
€3y egv GLS ey ‘e6g ‘TLS 0°'9T
T2V '6TV VLS g6¢ ‘e8e 0LE ‘662 ‘02 m
m
p»
909 ees . _
509 406 ‘%08 0T | ZF
O
2g9 288 L09 XL
‘ . as9 9LG %8G ‘LLG 08 It N
S’
. J¥9
oLY G0gS Y92y '1v9 ge .
69Y% Gov 129°9T9 ‘119 %.
T89 98¢ 886 T2s geL'oz29 A 4
059 ‘6%9 $8G '848 486G ‘648 908 6T9 ‘019
. L TuNDId
ov9'6T9 aus 99°2
. ¥19°609
9L°1
GATATASATOL HELSEATIOL KYO4® UNOOTIIIS AX0d® YEISHATOd
ISVo LSVD LSVO LSV aIydxH agss@ud

3dAl FdVd




Raafond 2o hag bt T etk hdiie e act)

T

oterd

RAGRN LA

AN N

TR LTS

vy

present all of the data from this study in composite
form, all of the graphs were put together on a common
scale, These curves are shown in Figure 9., In Figure 9
ons can find all of the information generated from the
diameter studies presented graphically for direct com-

parison of all test series in relation to each other.
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50 I 1 I | |
A-Silioone cast
B-Polysulfide oast
C-Polyester oast

0 - D-Epoxy oast -

E-Polyester pressed-55% Mg
F-Polyester pressed-62% Mg
G-Polyester pressed-70% Mg
H-Hybrid, medium press epoxy

w
o
!

LUMINOUS EFFICIENOY (x1030d sec/g)
S
|

-—
o
!

L | i 1 [ i 1
0 S 10 15 20 25

CANDLE DIAMETER (inches)
Figure 9: Luminous effiocienoy vs ocandle diameter. Shows
behavior for end burning solid oylindriocal oandles with paper

candle oase all burned in vertical position on MAPI site with
flame pointed downward.
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Discussion

The data from the diameter studies is shown in
Figure 9. The graphical presentation of the data dis-
closed some unexpected information which is part of the
discussion which follows,

Let us first take a look et the pressed series of
candles, This gseries is represented by curves E, F,
and G, Generalily, curves E, F, and G peak in the
neighborhood of li.25-inch diameter, The degradatioa of
efficlency on the small dlameter slde of the pesk seens
to be more severe than it 1s on the large diameter side.
On the other hand, this observation may be the result
of experimental error., Another observation can be made
as follows: Curve E, which represents the formula
containing 55% magnesium, generally is more efficient
than curve F, which is made up of a formula containing
62% magnesium, Both of these formulas are more
efficient than group G, which contains 70% magnesium,
It is therefore concluded that not only is the effi-
clency influenced by the candle diameter, but also the

efficiency is a function of the magnesium to sodium

nitrate ratio,

27




AR g

E-da

A S akAE e SN ) L LR AR

(L

) i Eanasm s

The pressed serles in this diameter study were zll
made with the same binder; that is, a polyester. The
three parts of the pressed series differ in the ratio
of magnesium to sodium nitrate present in the formula,
In another study described in reference 5, the silicone
resin system was pressed in .25 inch diameter candles
in a manner similar to the polyester candles in the
pressed series of this study. The silicone resin was
found to cause a gross degradation of the luminous in-
tensity from these flares., With the use of this
additional limited information to support ths statement,
it is concluded that the efficiency in the pressed
series 1s not only a function of the candle dlameter
and the magnesium to sodium nitrate ratio as previously
mentioned but also is a function of the binder typs.

Curve E needs a 1little additional discussion, As
presented, curve E intersects curves F and G on the
smell diameter side of the peak. This result was unex-
pected, Furthermore, the velidity of thils curve on the
amall diameter side of the pesk is questioned., It is
suggested that the curve should follow the dashed line
represented by curve E!', The difference between curve
E! and curve E on the small dlameter side of the peak

is believed to be due to instrumental error,
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It is known that experlimental data gsthered in the
photometric tunnel at Crane for a given candle 1s not
numerically ldentical to. experimental cdata from a
similar candle tested at the MAPI site at Crane, It 1s
from this sltuatiecn that part of the difference dis-
cussed 1n the preceding paragraph may have originated,
An additional source of error may have been introduced
&t the 2.66 inch diameter because these candles gener-
ate insufficient intensity to cause the photocells at
the MAPI site to respond in their most accurate region,.
Neverthelsss, an effort was made to present all of the
data in Figure G on a MAPI equivalent basis, 1In an
effort to obtain a conversion factor, 2.66 inch dia-
meter candles, MAPI 623 through 626, and 645 through
648 were tested on MAPI, and candles T-11838 through
T-11950 were tested in the photometric tunnel, A
comparison of the data for these 2.66 inch diameter
candles shows that the tunnel values multipliasd by
80.2% yield the MAPI values.

Based on these tests, thls conversion factor was
used to convert data for all of the 2.66 inch-and 1,76
inch~diameter slzes which were burned in the tunnel to

the MAPI equivalent, It should be emphasized once
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again that slthough a conversion factor was obtalned in
this manner, the 2,66 inch-dlameter samples tested at
MAPI did not cause the photocells to respond in a
desirable reglon and therefore it 1s not surprising
that an error may have been introduced such that we
observe curve E as intersecting with curves F and G
Instead of following the dotted line as E!, The latter
would have been more reasonable,

Curve H on Flgurs 9 reprsesents theAhybrid geries,
Once again, the 2,66 inch-~diameter size data 1s ques-
tioned in the light of the discussion in the preceding
paragraph, On the other hand, because the deviation 1s

gross, there 1s that possibllity that an extremely high

efficiency does, in fact, occur at the 2,66 inch-diameter,

The shape of the hybrid curve between .25 inch
and 7.35 inch diameters can be compared directly to
curve E, In this region, the two curves respond
gimilarly, The fact that the hybrild serles performs at
almost equal efficlency to the series represented by
curve E is most encouraging. This 1s particularly
noteworthy inasmuch as no effort was made to optimlze
these compositions, It is suggested that if the com-
pesition were optimized, the hybrid series could be
made to0 perform even more efficlently., In that event-

uality 1t would then be feaslble to convert productlon
30
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to the low pressure consolidation method, This in
turn would mean that the BRITEYE candle, for exampls,
could be pressed with a 60 ton press instead of the
200 ton press now required, Production economies from
this change would accrue irmediately due to the tre-
mendously decreased need for capltol investments and

tooling.

ars

Curves A, B, C, and D of Figure 9 represent the
cast series of the diameter study. Curve A 1s the
silicone resin, curve B is the polysulfide resin, curve
C is the polyester resin, and curve D represents the
epoxy resin compssitions. The polysulfide series and
the polyester series represented by curves B and C
respectively, were introduced mainly for reference
purposes, The processing properties uvf both of these
materials are such that they are not very coavenient
to utilize, On the other hand, samples were included
in order to :rovide information regarding their response
relative to the silicone and sepoxy resin types, It is
interesting to note that the polysulfide system be-
haves rather similarly to the silicone systsm whereas

the polyester system behaves more like the epoxy resing,

31




Both the polyester and the epoxy resins (curves
C and D) perform exceedingly well with regard to
efficiency at the l.25 inch size., On the other hand,
at the large diemetsrs, these systems do not seem to
perform as well as the silicone resin, Thus, 1t can be
concluded that some resin systems are better than others
at a given size. The corelary to this is that a bin-
der which 1s superior at one size will not necesserily
be supericr at all sizes of candle diameter, This
crossover of efficliency was not expected prior to the
start of this study. It had been predicted that
different binderé would have different efficiency
levels, but that the curves would run psrallel to one
another being separated by some constant,

The difference of behavior between the silicone
resin and the epoxy resin may be due to one of the
intrinsic properties of the resin itself, That is, for
a glven formuls, it has been found that the flare com-
position made with the epoxy resin burns much slower
than the composition made with silicone resin, It was
therefore difficult to compare the two binder types
directly even though all of the variables were kept
constant except that of the burning rate, It 1s sug-
gested that 1f a means could be found to make the spoxy

composition burn faster without causing some other

32
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Interaction to ocour, the flare composition made with

the epoxy resin may then resvond in a manner simiiar

to that of the silicone resin., 1In an effort to accom-

plish this, alwainum staples were introduced in the

composition to speed up the burning. No success was

achleved with this approach nor was any other succesg-

ful approach found. Until this burning rate differencs

can be resolved, the conclusions reachsad from this

diameter study must be tempsred with the knowledge

that these combustion rate differences exist,
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Conclusions

Several conclusions can be reached based on the
information generated in the pressed series portion of
the diameter studies,

a. The luminous efficlency is a function of the
candle diameter, the magnesium to sodium ni-
trate ratio, and the binder type.

b. The luminous efficlency 1s optimum nesr the
1,25 inch dismeter size, and degrades towards
lerger and smaller dlameters,

These conclusions apply only to candles manufactured in
a so0lid cylindrical shape, to candles which are end-
burning arnd which burn in cigarette fashion, and to can-~
dles which are febricated in paper tubes wherein the
composition is pressed near 8000 psi.

If the game stipulations are imposed, except that
the consolidation pressure is between 2000 and 3000 psi,
we can conclude that the hybrid series responds with
almost equal efficiency to the best of the pressed
series, It should be noted that between li- and 7~

inch sizes, the difference between curve E and H 1s not

statistically significant, It is suggested that further

effort should be directed toward improvement of the

hybrid serles by optimization of the formula,
3k
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In most respects, the cast series of the diameter
study exhibited the same characteristics as did the
pressed and hybrid series,

a, A luminous intensity degrsdation i1s recorded

over the entire range of candle diameters
(L4..25 through 2l inches). This characteristic
is common to all of the four binder types.

b, A% the 11,25 inch diameter csndle size, the
polyester and epoxy binders exhiblt a higher
luminous efficiency than do the silicone and
polysulfide binders. At about the 5-inch
candle diameter, all of the four binder types
exhibit the same luminous efficlency., At
candle dlameters greater than five lnches, the
silicone and polysulfide binders show generally
a higher efficiency than the epoxy and polyester
binders.

¢. The sbudy shows that the luminous efficlency
is a function of the candle diameter and the bin-
der type. Based on limited additional data, the
efficiency may also be a function of the magnes-
lum to sodlum nitrate ratio. OQualitatively, it
is concluded that some types of binders sre pre-
ferred at the small sizes, whereas, other types of

binders may be preferable at large candle diameters,
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Thus, no one binder type may be superior to all
others over the entire range of candle sizes,

The conclusions are only valid for the specific
binders used in this study. These data do not
allow the conclusisn that, for example, gll
silicone binders are superior to all epoxy binders,
The mecst important conclusion that arises from
these data is that the performance is a strong

and varisble function of the binder type.
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PART 11X
BINDER STUDIES

Purpose
This segment of the program was conducted in or-
der to locate and eveluate various types of binders

which might be suitable for casting illuminasing com-

positions.

Approach

The approach taken to evaluate various Sypes of
binders is divided into three parts:

a, First, various epoxy resins and a silicone

resin, each of which are commercially avallable,

were eveluated for purposes of casting illuminating

compositions,

b. BSecond, various oxidizing sgents were dis-

solved into monomer systems in an effort to load

ths binder with oxygen. To the degree that this

procedure is successful, the binder system can

act not only as a binder but also as a source of

oxygen supply. The dual role was expected to per-

mit the formulation of more efficient illuminating

compositions,

¢, The third part resulted from an unsolicited

proposal from the Thiokol Chemical Corporation

(TCC), In that proposal, TCC described the pro-

paration of a cast candle whose binder consisted
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Experimental

" The casting of flares using the spoxy resin and
silicons resin has been described in Parts I and II of
this report. Generally, candles prepared with compo-
sitions containing the epoxy resin were superior when
the candle dlemeter wes relatively small. On the
other hand, when candles of large diameter were tested,
the silicone resin proved to be superior, 1In additlion,
there is & significant intrinsic burning rate diffe-
rence bstween the two binder typea when incorporated
into an illuminating composition, That characteristic
was also discussed earlier,

Cne of the efforts made to increase the burning
rate of the epoxy system was the addition of aluminum
chaff, sometimes called staples, to the illuminating
composition. A similar apolication is described in
reference 6, with regard to the casting of propellant
graings, In this program, the burning rate was not in-
creased noticeably by the use of staples, The use of
staples is normally effective at binder concentrations
in excess of 20%. On the other hand, most of the
i1luminating compositions studies were prepared with

binder concentrations of 4% and less, Accordingly,

thlis may explain why the staples were not sffective,
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Ordnance Research Incorporatsed Composition

The segment of the work performed in regard to
soluble oxidizers was accomplished by Ordnance Research
Incorporated (ORI). That work is described in its en-
tirety in reference 7. The work at ORI started as an
+xtension of the work described in reference 8, Gen-
erally, it was round that the methacrylate and acrylate
monomers were excellent solvents for inorganic perch-
lorates of group 2 metals, Instead of using strontium
perchlorate, the oxidant descrlbed in reference 8,
sodium perchlorate was studied by ORI in verious ecry-
late and methacrylate monomers.

During the evaluation of various monomers and the
study of the illiuminating composition formula, several
notlceable characteristics of these meterials were un-
covered by ORI, Some of these are:

a. DBecause of superior combustion characteristics,

magnesium remains the prseferred metal cver alum-

inun,

b. Sodlium perchlorate wa. chosen as the oxidant

because of its partial solubility in various mono-

mers. Sodium nitrste would probably have been
preferred 1f 1t were soluble to the degree that

sodium perchlorate was found soluble,

c. Of the availablo acrylates and methacrylates,
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glycidyl methacrylate was found to possess the most
suisable combination of »nroperties, Properties
considered were: viscosity, vapor pressure, abi-
1ity to dissolve the perchlorate, exotherm upon
polymerization, and combustion cheracieristics.

d. Megnesium perchlorate and glycidyl methacry-
late are hypergolic. Glycidyl ecrylate 1s seven
more esctive then is the methacrylate.

e. Traces of acrylic ecid or methacrylic acid
found in some of the esters studied csuses prema-
ture polymerizstion in the presence of magnesium,
f. The polymerization reaction is fairly exother-

mic. The pot life is rather short.

-d

g. The optimization of the formuls led %o a 1 to
1 ratio of sodium perchlorate to magnesium and =
binder content of about 15 to 16 percent. At this
level, utilizing glycidyl methacrylate as the bin-
der, the luminous efficiency of a free-standing
grain is about 111,000 candle seconds per gram,

The performance of this composition needs to be
demonstrated in paper candle cases as well as
aluminum candle cases, In addition, the compo-
sition needs to be compared to cast epoxy compo-

sition as well as the polyester composition de-

veloped by Thiuvkol Chemisal Corporation,
bl
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The following general procedure 1s used by ORI
to prepars the composition and cast a flare.
a. The proper amount of benzoyl peroxide is

added to the measured amount of glycidyl metha-

crylate.

b. Sometimes Witco Ultrablend No. 11, a wetting
agent, 1ls added at this point.

c. Mix the solutions,

d. Add the perchlorate and mix, The durstion of
mixing should be sufficient to allow for a satu-
rated solution of sodium perchlorate in ths mon-
omer to be achleved.

e, Divide the magnesium inte three parts and add
one part at a time with mixing in between.

f. PFinally ada the promoter and complete the
mixing,

N, N, dimethyl p-toluldine 1s frequontly used as

ths promoter,

g. After the mix 1s completed, the composition is
cast by tamplng a mold as soon as possible, When
polymerization 1s completse, the grains are sub-
jected to a post-cure tempersture of 75°C for 2L
hours minimum,

h, The graln is removed from the mold. The ex-

tarior surfaces of the grain are lnhibited with a

polyester resin or similar material, All gurfaces
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of the grain on which combustion is not desired

are inhibited,

1. These grains were normally tested by ORI in =
face-up attitude, That s, the grain burns in

cigarette fashion, starting from top to bottom,

while preducing a flame which extends upward

from the top fece of the candle,
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Thiokol Chemical Corporation Composition

Aaother ms jor contribution in the area of binder
studles is that made by the Thiokol Chemical Corpora-~
tion, The detalls of the entire program may be found
in reference 9. As a result of their unsollcited
proposal, the Air Force and the Navy entered into a
Joint contract with TCC for a limited environmental
test program for castable flare composlitiens in the
Mk 2l size, The purpose of this program was twofold:
(1) to explore the feasibility of a cast composition
and (2) to develop a liner system for use with this
cast composition, In this program the candles were
cast in aluminum tubes whose exterlor dimensions are
identical to the exterior dimensions of the Mk 2l paper
cendle tube (li,625 OD by 18.750 inches long). A liner
is placed between the composition and the inside of the
tube to nrovide a measure of lnsuletlion as well as to
bond the composition to the aluminum cass,

The composition formula which resulted from this
work, was one which contained 9% of the binder, 61%
magnesium and about 30% sodium nitrate. The 9% binder
1s broken down into about 7.37% of a saturated poly-
ester binder "Foamrez F-17-80" as manufactured by the
Witco Chemical Company and 1.53% of an epoxy resin

identified as "ERL 0510" as supplied by Union Carbide
Ll
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Corporation, A small amount of iron linoleate is
utilized as a catalyst, See reference 9,

Generally, the ingredients for the TCC composition
are processed In a conventional manner, The preblended
binder is mixed with the sodlum nitrete and magnesium
until a homogenous mix 1is obtained. The composition
is then tamped at about 60 psi into its container, It
is later cured at a temperature of about 150°F for
60+12 hours.

It should be noted that the sodium nitrate must be
processed under low humidity conditions., This is espec-
ially important for that fraction of the material whilch is
very finely divided., In addition, high humidity conditions
may cause difficulty in the preparation of the liner con-
taining the polyurethane prepolymer, The B, F, Goodrich’
Chemical Company Product Data Sheet describes the poly-
urethane (Estene 5720X5) as a polyol reacted with a diiso-

cyanate which 1s sensitive to water,

The ingredient particle slze is also worthy of comment,

In the case of both the sodium nitrate and the magnesium,
a partlicle distribution is given 1n reference 9, Those
slzes were chogsen In an effort %o achlieve acceptable per-
formance and high packing propertles (density). The sizes
should not be interpreted as being the optimum for this
application, On- the other hand, 1t is important te notice

that judiclous selection of the lngredients can contribute
L5
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immensely to one's ability to develop a candle whose
performance has been optimized,

The liner which is placed between the composition
and the aluminum tube consists predominantly of a poly-
urethense prepolymer impregnated into Xraft paper. Sev-
eral insulation fillers and curing agents are added to
this polymer in order %o obtain the desired insulation,
adhesive, and processing characteristics. The Kraft
pasper 1s coated with the liner mixture and then is cured
for a minirmum of 2l hours at approximately 150°F. When
used, the liner is bonded to the aluminum case with a
2-inth wide strip of the liner mixiture on the surface
between the outside of the liner and the inslide of the
aluminum case, Just prior to casting the illuminating
composigion, the inside of the Kraft paper liner ig agaiﬁ
coated with the liner mixture and cured for approxi-
mately L hours at 150°F., The purpose of this operation
is to obtain a tacky surface in order to provide a good
bond between the liner and the flare composition,

At the base of the candle another liner mixture
is used. That mixture consigts principelly of a car-
boxyl terminated polybutadiene polymer with some curing
agents and fillers, That mixture 1s pleced in the bot-
tom of the aluminum tube as well as to assist in bond-

ing the paper liner to the tube bass,
L6
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When ths case subassembly has been prepared as
described, the composition 1s tamped in place at sbout
60 psi. When the casting is complete, the unit is
placed in the curing cven,

TCC alse performed a case bond stress asnalysis,
The grain loading conditions considsred were thermsal
shrinkage from 150°F to -65°F, and an axial accelera-
tion of 25 g. The low temperature was assumed to be a
uniform soak condition. The 25 g accsleration was s
preliminary estimate of the parachute shock load, Fur-
ther detalls of this stress analysis may be found in
reference 9.

Of the more than 20 candles fabricated, 11 were
tested on the Crane MAPI sits, Theo individual data
obtained from this test are tabulated in Table III,.

As reported in reference 9, several of the candles had
been subjected to hot and cold shock, transportation
and aircraft vibration sequences, and other environ-
mental and durabllity tests,

The efflclency of the TCC cast candles is somewhat
better than that recorded for standard MK 2l MOD lj can-
dles. During this contract, it was demonstrated that
1t 1s feasible to make an efficient cast illumlnating
candle in the MK 2l size when the candle case is alum-

inum, No study was made in regard to the performance

of thls cast composition in the MK 2l paper candle case.
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., TABIE TIT
X . Mk 2 Size Cast Candlell) B

: U v R v AR T L ‘j
o 627(3) 176 1,63 12.59 L0938
628 206 1.86 52.08 L0879 I:
'f 629 208 1.87 52.5h 0870
630 190 1.87 51.06 -0905 :
631 193 1.68 47,56 ,0881 %
! 62 188 1.82 17,89 .0935
F 633 194 1.77 18,50 .0887

63k 198 1.66 16.39 0879

635 209 1.69 16,35 0861
636 95(2) 2.97 35,75 1916 ;
637 180 1.88 16,77 .0961 *
é 635'3) 179 1.50 39.86 +0922 J

RhAtia % AP

(1) Test on NAD Crane MAPI site, 6 July 1567. Intensity and burning
times are from the computer printouts,

e ftioe Sor

(2) Burned through side of case.

L n AR

(3) These Mk 2L Mod L units had a composition length of 16,5 inches | Lo
and a composition weight of 1h.85 1vs,

L8
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Accordingly it is difficult to make direct comparisons

between the TCC compositlon cast in eluminum tubes end

the MK 2l composition pressed in paper tubes. However,

the formula developed by TCC appears to have great po-
tential,
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PART IV
FLAME ORIENTATION AND FLAME SIZE EFFECTS

Purpose

During Parts I, II and III of the program, photo-
graphs were taken of the flame, This photographic
data was analyzed and compared to the flare perfor-
mance, The purpose of this segment of the report is to
present thet data,

Approach

During the diameter studies and binder studles,
photographs were taken of the flame., The procedure for
taking the photographs was to collect the image of thse
flame with a parabolic mirror and project it onto an
easel, The image on the easel was photographed, In
addltion, the easel was calibrated for sizs in order to
provide a means for estimating the size of the flame.
Lgter the projected surface area of the flame was es-
timated by use of a plaenimeter, The surface area es-
timates were sach plotted against the average luminous
Intensity of the parent flame. The resulting curve
which glves an estimate of light output per flame sur-
face area will hereafter be called an effective bright-
ness curve, This phrase 1s used knowing that the data
does not represent true flame brightness and that an
exact brightness value cannot be obtalned from the data

collscted in this program.
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Discussion

It has long been known that the luminopus intensity
of a flame is some function of its size., The exact re-
lationship, however, was not known, In the case of a
flame resulting from the combustion of a given ratio of
sodium nitrate to magnesium, 1% was usually posbtulated
that the effective brightness 1s a constant., This can
lead to the misleading conclusion that the luininous
radiation can be increased simply by increasing the sur-
face area of the flame, It is true enough that more
light will usually be recorded from a flame whose size
has been made significantly larger, On the other hand,
it does not necessarily follow that this is the most
effective approach to the problem of increasing the
amount of light produced nor should it be agsumed that
the relationship 1s linear snd independent of variables
such as the binder type, the binder concentration, the
ratio of fuel to oxidant, or the pressure used to make
the candle,

As will be evident from the discusgsions which fol-
low, a mere change in the binder type often results in
a gross change in the effective flame surface area even
when there is no change in the amount of binder in the
formula or in the metal to oxldant ratio, Furthermors,
the effective brightness function often is nonlinear as

the flame size becomes larger even though all of the
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flames in the series resulted from a composition which
wes not varied in regard to binder type or metal to
oxldent ratio, To get larger flames in this situation,
the candle diameter was increased,.

The apparent nonlinearity needs to be discussed
further., The nonlinearity always seems to progress
toward a luminous intensity increasse per unit of flame
projected surface (increased effective btrightness) as
the size of the flame ilncreases., This behavior might
suggest that the flames become progressively more op-
tlcally thick as they increase 1n size. Also, the
recorded luminous efficiency of the flare in cd-sec/g
is usually better when, Irom a given diameter candle,
the effective brightness is high,

For purposes of clarity, the information will be
presented in several segments, First, we will discuss
that information which resulted directly from the dia-~
meter studlies using only the polyester blnder, These
studies represent candles that were pressed at around
8000 psi., Next, we will present information concerning
candles which were also pressed at around 8000 psi, but
whose flare compositions conbtalned either sn epoxy
binder or a silicone binder, And finally, information
will be presented regarding the hybrid canéles which
were pressed at between 2000 psl and 3000 psi, All of

. this information about pressed candles will be compared
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to candles prepared by the casting method,

In the cast series, data will be presented which
compares candles containing polyester, epoxy and sili-
cone binders, In addition, information will be presented
to compare the flemes from the candles cast in aluminum
tubes by the Thiokol Chemical Corporation (TCC) to other
cast candles, With the exception of the TCC sseries, all
the test units whether pressed or cast were in a paper
candle case,

Individual graphs of effective brightness of the
flame are provided in Appendlx VII for candles which
were pressed at around 8000 psi with polyester, sili-
cone, and epoxy binders., In addition, that Appendix
contalns the plot of the hybrid series which was
pressed at around 2000 to 3000 psi,

Let us first consider data from the series con-
sisting only of candles pressed with the polyester
(Laminac) binder, The candles were made in two groups,
One group was made in January, and the cther group was

made in March, Each group was made up of candles con-

taining three different flare composition formulas,

The formulas differ in respect to the magnesium to sod
ium nitrate ratio,

It was found that the January group showed gener-
ally & lower luminous efficlency than did the March

group., The cause of this difference between two sup-
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posedly identlical groups has not been identified, Sec-
ondly, the candles containing 55% magnesium were always
the most efficlent within the group whersas the cendles
containing 707 magnesium were the lsast efficient in
each group. As one can see in Figures 10 and 11, there
is a remarkable correlation between luminous sfficiency
and effective brightness of the flame, Except for
curve Q, which one would expect to be below curve P, the
effective brightness graphs for each group form.an arder
which is relatable to the megnesium percentage in thse
Tlare forxmula, This order is also the same as the or-
der that luminous efficiency takes for the ssme units,
In Figure 10, for example, the 55% magnesium line
(curve Q) represents an efficiency of about 12,000 cd-
sec/g. The 62% magneaium line (curve P) represents an-
efficiency of about 40,000 cd-sec/g. Since both for-
mulas produced about the same efficiency, this may ex-
plain why the curves are so near tc one another, Also,
because of experimental uncertainties, curve Q is found
above curve P instead of below where one might have
expected it to be, The curve with the least light out-
put per flame surface (effective brightness) is repre-
sented by the 70% magnesium line whose efficiency is
around 3l,000 cd~sec/g. Thus, in this group of flares
as well as the group shogp in Flgure 11, low efficlency

P

&

T &ithe




a

50 i ] } Ll I
i =
&
)
&
g -
L~
3
L=
E 70 Z Mg R
w0
a2 ]
E 55%mg Q 627mg p
ks -
o
e
10 .
| ] | ] ]
0
0 1 2 3 4 5

LUMINOUS INTENSITY (x1050d)

Figure 10: Effective Brightness Curves. Projected surface area
of the flame vs luminous intensity for 2.66, 4.25, and 7.35 inch
diameter candles pressed with 5% polyester binder and tested in
January 67. High luminous efficienoy (55% Mg) oorresponds to
high effeotive flame brightness (ourve Q).
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LUMINOUS INTENSITY (x10%cd)
Figure 11: Bffeotlive Brightness Curves. Projeoted surface area of the
flame vs luminous intensity for candles pressed with 5% polyester binder
and tested in Maroh 67. High luminous efficienoy (55% Mg) oorresponds
to high effective flame brightness (ourve L).
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is associated with low effective brightness and high
efficiency 1s assoclated with high effective brightress.
Seemingly, for a given diametsr candle, the flame with
the smaller surface area 1s usually the more efficient.

By comparing the effective brightness curves in

Figure 10 to Figure 11 and in view of the preceding dis-
cugsion, one would conclude that sll of the groups in
Figure 10 should be more sfficient than the groups in
Figure 11 because the curves in Figure 10 all show a
higher effective brightness for the flams, This is not
the case. Generally, the groups in Figure 11 are more
efficient, To find an explanation for what appears to

- be an inconsistency, one must utilize burning rate data

tabuliated for these candles in Appendix IV,

Comparison of the burning rate data shows a trend

which sxplains why, on a diameter to diameter basis,

all casndles in Figure 11 produce a larger flame than
candles in Figure 10, Generally, the Figure 11 candles
burned significantly faster, Logically, this should
produce more flame gases per unit time; hence a larger
flame, Clearly then, burning rate is also a factor
which must be dealt with when one sattempts to draw
conclusions from the effective brightness data.

Having completed the dlscussion of the effecilve

brightness curves for the pressed candles with poly-
”
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ester binder, we will now compare the best of that
series (curve L) to pressed candles with otheé binders.
For these comparisons, one should refer tc Figure 12,

in Figure 12, the L curve is the same as the L
curve in Figure 11 and is the effective brightness
curve for candles pressed with a polyester binder. Can-
dles pressed with epocxy binder ars represented by the K
curve and those with a silicone binder by the J curve,
The hybrid series is shown by the H curve.

Corparison of the curves in Figure 12 leads to the
same general conclusions reached during discussion of
the data in Figure 11. Candles pressed at about 8000 psi
with polyester binder (curve L) form a curve which is
remarkably similar to the K curve which represents candles
pressed at about 8000 psi with an epoxy binder. Each of
these seriss have about the same luminous efficiency. Al-
though the hybrid candles also had about the same luminous
efficlency, the effective brightness curve H for these
units behaves somewhat differently. It 1s suggested
that this difference may be assoclated with tho lower
congolidation pressure (about 3000 psi) st which these
units were made,

The J curve for candles pressed with a binder con-
taining silicon is included for referencs, Candles
from this series show an efficlency about 25% less than

the other saries, The J curve may be unrelisble because
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LUMINOUS INTENSITY (x1050d)
Figure 12: Effeotive Brightnsss Curves. Projested surface
area of the flams vs luminous intensity for candles pressed
with various binder types. High luminous efficienoy (epoxy
and polyester) ocorrespond to high effective flame brightness
(ourve K and L).
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it 1s drawn using only 5 data points,

Next let us compare the effective brightness curves
for the cast series by binder type. See Figure 13, Iin-
dividual curves have been plotted for each binder type,
These may be found in Appendix VIII, We obsserve that
curves V and W exhibit a low effective flame brightness.
For these units cast with a polyester or epoxy binder,
this corresponds to the low efficlency as shown earlier
in Figure 9. The most efficlent of the three binder
types was the silicone resin which also has a bhigh
effective flame brightness (curve S)., A fourth curve
has been included for ref;rence. That curve (T) con-
tains information gathered from the TCC flares (ses
Part III) prepared with a polyesier-epoxy binder in an
aluminum tube. These candles, which were very efficlent,
also exhibit a high effective flame brightness. =xcept
to generally show that high efficlency 1s relatable to
a high effective brightness, one should not attempt te
draw additional conclusions from the TCC fliare data
because of the different case material used in these
candles,

The conclusion reached earllier for the prsssed
candles also seems to be valld for the cast candles,
Once again, a high effective brightness is relatable

to high luminous efficiency.
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LUMINOUS INTENSITY (xlOsod)
Figure 13: Effective Brightness Curves. Projected surfane
area of the flame vs luminous intensity for candles cast with
various binder types. High luminous effioiency (silioone and
polyester-epoxy) correspond to high effective flame brightness
(curves S and T).
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Figure 1l was prepared to show the way that the
flame projected surface area varies between the epoxy
icurve Y) and silicone (curve X) binders from a given
candle size, Generally, from a glven candle diameter,
the epoxy binder generated a flame with a larger pro-
Jected surface area., This observation ccrresponds well
with the postulaete advanced earlier that a small flame
from a given candle diameter .z associated with a high
luminous efficiency,

Most of the discussion to thls point involves only
solid end burning candles, In contrast to these we
next will discuss data from candles which have a star
cavity in the center, See Part I of thils report for
additional detalls about star cavity flares,

A flame effective brightness plot had previously
been presented as Figure 6, The function is linear
cver an extremely wide range of projected surface area
and luminous intensity., The linearity is particularly

remarkable when one reallzes that thls graph consists
of both epoxy and silicone binder types used to make
flares with single-star-blind-~holed cavities, as well
as flares wilth a star cavity completely through the
unit, The flames from the single star units were dig-

played vertically ard downward, whereas the flames from

the double ster unilt were dlsplayed horizontally opposed,

Finally, the luminous intensity ranges from 5 million
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candles with silicone binder gensrally have smaller flame
from given size,
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candles through 25 million candles, Glearly then, in
this configuration the influence of tbe binder tyve

seems to have been removed, The changeover from the non-
1linear function to one which appears to be linear msy

be an indication that an equilibrium condition has been

echieved,
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Experimental Uncertainties
As mentioned previously the values for the pro-
Jected surface area of the flame are taken from movies
of the flame image which has been projectsd by a para-
bolic mirror onto an easel, These values contain con-
siderable variation due to differences in the type of
film used, such as black and white versus color, vari-
ation in film development procedures, verisbility of
tne camera f-stop, smoke obscurlng the flame, wind
causing distortion of the flame, and the ability of the
£ilm reader to pick that frame which is reoresentative
of the entire burn, planimeter it and compare that
value to the average luminous intensity for the flare,
Clearly then thers 1s ample opportunity for uncertainty
in the presentatlon of these values,
When the program first started, the photographic

data being collected was intended for use primarily

to monitor the flame, When 1t was reallized that the
data being collected could be valuable for later eva-
lustion in regard to the projected flame surface arsea,
1t was clear that some control over the methods would
have to be placed in effect, From this polnt on, black
and white film was always used, the lens opening was
fixed at £5,6, and the sszme camera operating at 2l

frames per second was used, Data plotted after these
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ad Justments were made seemed to form reasonable patterns,
However, some of the data taken when colored £iim was
used or when the camera lens stop was allowed to vary
does not behave in a predictable manner, For example,
in Figure 6 for the cast ster cavity flares, candle
MAPI 39l wes taken with a variable f-stop and MAPI }163
was recorded on color film, Nelther of these two data
points fall in the reglon of expected behavior, In
1liks manner in the silicone cast flare graph (curve S)
of Appendix 8, candlies MAPI 370, 371, L65 and L467 were
recorded on color f£ilm and MAPI 393 was taken with an
unknown lens opening. Thess data all deviats from the
expected pattern, On the other hand, if these data are
neglscted the remaining data points form an effective

brightness curve which appears reasonable,
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Discussion of Flams Orientabtion

Anocther aspect of the study of flame size and ahape
is its orientation, In discussing the double star cavity
flares (Part I), we pointed out the horizontal dlsplay
of the flsme from these units, The question nsturally
ariges regarding the distribution of the light from such
a flame,

In Figure 15, one can see the recorded luminous
intensities at the locatlon of each photocell, The high
intensities in the 5 o'clock and 11 o'clock regions
verlfy that the horizontally opposed flames were broad-
side to these regions, The flame tlps were pointed
toward 2 o'clock and 8 o'clock,

A particular feature of Figurs 15 which is remark-
able is that almost all regions directly btelow the flamq
give high intensities. This most desirable character-
istlc of the horizontally displayed flames 1ls due to
more efficlent smoke removal from this regin we can
see a direct contrast to this in Figure 16 which shows
the luminous intensitles for each photocell for a 16-
inch diameter solid cylindrical candle burned vertically
with the flame pointed toward the ground. In Figure 16,
the entire reglon directly below the flame is partially
obscured by smoke as evidenced by the low intensity

readings, Additional data of thls nature for candles
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MAPI }j25 and 394 may be found in Appendix IX,

The flame orientation study is not complete, The
limited data are presented here mainly to show the
effect of smoke directly below a flame displayed ver-
tically in contrast to the lack of smrka interference

from a horizontel flame,
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Coficlusions

This part of the progream provided several inter-
esting results. One of the most amszing is that from &
given candle dlameter a small flame rather than a large
flame is assoclated with high luminous efficiency.
This observation is the exact opposite of what might
have been expected. It was found also that the binder
type has an overwhelming influence on the size of flame
which is formed. It generally follows that the binder
which produces the smallest flasme is the best for mak-
ing candles which radiste light with a high efficiency.

The foregoing statements apply %o candles which
are solid cylindrical end burning items with the flame
in a vertical position and pointed toward the grounﬁ,
In direct contrast to this orientation is the flame
from the double star cavity candle which develops
horizontally to the ground and is the result of com-
bustion inside of a cavity., In units such as the
latter the strong influence of the binder type which
was present in the end burning candles seems to have
been removed, Thls behavior points up the importancs
of candle shape and suggests how candle geometry can
be used to transform an otherwlse unacceptable binder

system into a most useful one,
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