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ABSTRACT

Four methods of drying casting powder were studied, namely "sweetie® barrel,
bed drying, Roto-louvre, and dielectric. Of the methods studied, the dielectric drying
offers the most advantages in regard to safety, adaptability to remote and continuous
processing, drying time, and operating cost. Estimated annual savings of $178,260
may be obtained by using dielectric drying in place of the present dryhouse method.
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SUMMARY

Initial studies were made of a method by which the glazing and drying of casting
powder could be accomplished simultaneousiy. Heated air at 160° F was directed into
a "sweetie® barrel and onto 24 pounds of ABL 2056D casting powder while the barrel
rotated. During the process, graphite was added in an attempt to glaze and dry the
powder in one operation. This effort was abandoned, since the required drying time
was eatimated to be more than doubled. During part of this study a sonic generator
was used f{o break down tLe molecular attraction between the moisture and the powder.
The sonic generator reduced the required drying time by 33%. Drying was accomplished
under optimum conditions within 7 hours as compared to 40 hours in a dryhouse.

Studies were conducted on casting powder dricd by the bed-drying metbod, Graphi-
cal extrapolation of test data indicated more than 18 hours would be required to dry
ABL 705 casting powder with 150° F air circulated through a boiling bed, 4 inches deep,
whereas 14 days would be required to dry this powder in a dryhouse. A 13-inch bed of
2056D casting powder was dried within € hours by the bed-drying method,

A bench-model Roto-louvre dryer, rented from the Link Belt Company, was
evaluated for drying casting powder, More than 18 hours were estimated to be required
to dry a double-base formulation, ABL 2434, with 145° F air cir ulated through a bed
tumbling at 5 rpm. The sonic generator was again found tc increase the drying rate by
33%. ABL 2523 casting powder was satisfactorily dried within 5 hours with the genera-
tor on and with 150° F air circulated through the bed at 18 c.m, With ai circulated
at 30 efm, more rapid drying was obt~ined, but the nitroglycerin content of the powder
was reduced below the specified minimum, Based on the data obtained, the Link
Belt Company recommended a batch-type dryer for drying the ABL 2523 casting
powder because of the difficulty in controlling the removal of moisture at a slow speed
and the lung retention time required of powder in a continuous dryer (4 to 8 hours).

Studies on dielectric drying of ABL 705 double-base casting powder were cunducted
by contract with Pratt and Whitney. Their report shows that dielectric heating is a
feasible technique for drying casting powder and that it gives drying times as short as
5 “ours. ABL 705 powder requires up to 14 days in a dryhouse. An estimated $17¢,260
in annual savings in handling and personnel costs can be realized ty using dielectric
drying in place of the present dryhouse method. Calculations were based on figures
from the Pratt and Whitney report and the projected production for 1969,

The results of these studies to improve the method of drying of casting powder led
to the following conclusi-ns and recommendations.




Conclusions:

Glaziiyg casting powder while drying with heated air more than doubles the required
drying time. The use of a sonic generator increases the drying rate by 33%.

ABL 2523 casting powder was satisfactorily dried in a bench model Link Belt
Company Roto-louvre dryer within 5 hours as compared to 40 hours in a conventional
dryhouse. The Link Belt Company recommends a batch dryer for drying ABL 2523
powder because of the difficulty in controlling the removal of moisture at a slow speed
and the long retention time required of powder in a continuous dryer.

A study contracted with Pratt and Whitney proves the feasibility of drying double-
base casting powder by dielectric heating. ABL 705 casting powder. wkich requires .p
to 14 days to dry in a dryhouse, was dielectrically dried in 5 hours. An economic
study based on the Pratt and Whitney findings estimates an annual savings of $178,260
may be obtained by using dielectric drying in place of the present dryhouse method.
Dielectric drying can be done remotely and continuously. It would reduce handling of
powder and eliminate the hazardous dryhouse operations,

Recommendations:

Further development work on the dielectric-drying method is recommended. Of
the methods studied, it offers the most advantages in regard to safety, adaptability to
remote and continuous processing, drying time, and operating cost, A dielectric-
drying pilot plant is therefore recommended to permit gathering information on drying
temperatures, power programming cycle, electrode configuration, etc.  The basic
equipment would consist of a series of independent electrodes positioned along
movable beds of powder, The power to the electrodes would be programmed to
give the highest power input to the greenest powder in order to bring it to the
desired drying temperature in the shortest possible time. Downstream electrodes
would be programmed at lower powcr javels to maintain the partially dried powder at
the desired drying temperature.

To control the dielectric~drying process and to provide adequate safety interlocks,
instrumentis must be provided, A study of existing instruments and their adaptability
for use in explosive processing is therefore recommended. As an example, onstream
analysis to measure and control the final moisture in paper is a routine procedure today.
The end item of the study would be a remote monitoring system for a dielectric-drying
facility.

The estimated cost to construct and evaluate a dielsctric-dryiag pilot plant is
$81, 844, Approximately 17 months from the date of fundirg would be required to com-
plete the evaluation.




INTRODUCTION

The objectives of this study were to improve the present method of drying casting
powder, investigate the feasibility of glazing the powder concurrently with drying, and
to analyze the improved drying process in order to specify the type of processing equip-
ment necessary for continuous drying of casting powder.

Four methods of drying casting powder were studied, namely, "sweetie® barrel,
bed drying, Roto-louvre, and dieleccric. The methods studied were conducted at NPP
with the exception of the dielectric method which was contracted with the Pratt and
Whitney Division of Fairbanks Whithey Corporation.

BACKGROUND

A flow diagram of the operations for manufacturing casting powder is shown in
Figure 1. In the powder mixing operation, solvents such as ether, alcohol, and acetone
are dispersed into the matrix resulting in a gel-like structure, The powder is then
blocked and extruded through dies which form strands. These strands are cut to a
desired length to produce uniform grains. The grains are placer on trays in drying
carts which are transported to a dryhouse, Heated air at 140° F is passed through
the dryhouse and about the trays of graine for a period of 2 to 14 days. The required
time varies with the various powder formulations and size of the grain.

During the drying process, evaioration commences cn the surface of the grains
where the temperature is highest, The surface skin then shrinks and hardens causing
a drop in diffusivity. This sets up a barrier against removal of the interior solvent,
which is known as case-hardening, and accounts for the required long drying times,
After drying, the grains are emptied manually from the trays into containers and stored
in magazines while waiting to be glazed. Manual handling is dangerous because of the
buildup of electrostatic charge on the grains,

The casting powder is glazed with graphite to form a conductive coating which
prevents accumnulation of static charge and improves its burning characteristics. The
operation is conducted in a sweetie barrel where graphite is adued to the casting
powder and tumbled for 2 to § hours. The operation is controlled remotely and monitored
by closed-oircuit television.




These operatiors are not used
in the manufacture of high-
cnergy casting powder,
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FIGURE 1. FLOW DIAGRAM “NR MANUFACTURING CASTING POWDER
After the grains are glazed, they are transferred pneumatically to the screening ‘
house where dust and oversize grains are removed, The proper size grains are collected

and placed in magazine storage while waiting to be blended, Blending is performed in
a double-conical blender. Next the grains are packed automatically into 125-pound l
shipping containers.

When processing ABL 2523 casting powder (for second-stage A3 Polaris), the i
grains are green-tumbled in a sweetie barrel before being dried. The tumbling increases
the screen-loading density of the grains and makes them move uniform.
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DISCUSSION
Sweetie Barrel Drying Method:

Initial studies were conducted of .. method for drying casting powder in a sweetie
barrel since glazing therein could be readily conducted concurrently with drying, As
shown in Figure 2, heated air was directed onto approximately 24 pounds of ABL 2058D
casting powder while the barrel was rotated. The variables and data of the studies are
glven in Table I,

The procedures for studies 2 and 3 were identical except for the addition of 4 grams
of graphite during studv 3. As shown in Figure 3, the required drying time was estimated
to be more than doubled by the addition of the graphite; therefore, further effort to com-
bine the drying and glazing processes was discontinued. For these two studies the casting
powder was allowed to dry for 3 houi.. For later studies the drying time was increased
to 4, 5, and, finally, 6 and 7 hours as it became apparent that longer drying times were
required.

emperature
indicatcr
o—_Steam

v Rotameter
0 to 16 cfm

Steam
_* Afp
Meat exchange
' Steam
¥
Steam
b Plant
Heat exchange === o
R ofm alr
........ Trap
Sonic generator
2056D powder
- ——————— ——

Equipment bay Contrcl bay

FIGURE 2, SCHEMATIC OF EQUIPMENT FOR SWEETIE BARREL STUDIES




“pajeay ATy

r4
pajEauUn ITY o
pappe ayreg Nm.o_mm.o wolez't|orT|08T]60°|10°8 U0 K 091 91 2 [+4 o¥l _ FA
poppedpyea | - |26701249°0{08°0|230°T{0S°T {32 (S8 01 Pli'e] a9t 91 ¥e ¢ opl 41
popPE AUSEd | - 1 - (6870|2871 | P71 |68°C L1 1178 %) ot of +2 g2 ol _ o1
pappe ouped | - mmo; C6°0 IS T LS T{GB T 1€6°% {889 fiite] 091 or ve x4 [P
- - wwm.o 8L'0l¥3'0{22 169 Ty¢ei'c|oL's UG 081 91 ¥e <4 ort
- - " - ‘E.o 621 ¥9°1 122 3!Sp'Ci6S°8 U0 091 91 <4 4 vl
- = - iEPLl2eT|26°T|9€°2]€5°81¢8S%6 no 09t 91 ¥2 ¥2 oyl
amjesadwa) axoef
[ox3u00 J00d | - - 126°T|¢8°2|12°2|%E°F|62°9|S6°6 jile) 09t g1 91 <4 S0t
- - - |osct|escx|sez |88 90H |91 01 Bi%e] 153 9t 8 $2 o1 4
pappe
aydead swexd ¢ | - - - - | O0¥P|89°5(69°9 16 Bo 6s1 91 8 3 02t m €
- - - - - el tpe|12°7 996 1o 8¢t 91 8 2 02t w 4
- - - - - 1%e°sio19j8I L |EE6 1o 921 8 8 ¥Z 08 ¥
SyIEWoY e A9 MEl A «.|~,”.~ ElAelmr] ™o po“”wmow ﬁEMwwEE BMMMM? wwm.w uwM_%oa wuﬂaﬁwwwﬂuu hew“m
(%) safIBIOA 1830, : a3eaoAy *7 | 1eaxeq | 3upise)d JONIEP

YAAMOG DONILSVD d9¢02 19V HIIM SHIANLS DNIAYA TZYYvd JILEIMS WOUd VIvd
1 919%8L




N

o

1
0{ Jacket temperature 120° F
i Air at 158° F and 16 cfm
9 Barrel speed 8 rpm

® Study 2, without graphite

© Study 3, with graphile

Total volatiles (weight %)

| | L 1 1 i 1 1 | )
0 1 2 3 4 5 6 7 8 9 10

rying time (hr)

FIGURE 3. DRYING RATE CURVE FOR SWEETIE BALREL DRYING STUDIES WITH
ABL 2056D CASTING POWDER (STUDIES 2 AND 3)

The jacket temperature of the barrel was increased to 140° F in study 4, and the
rotational speed was increasedto 24 rpm in study 6. In each case the drying rate was
increased, Studies 7 through 12 were made with the use of a sonic generator operated
approximately 10 inches above the surface of the powder, The generator, which was
purchased from Branson Instruments Inc, , produced sound waves at 11. 6 kilocycles
and 161 decibels to break down molecular attraction between the moisture and the powder.
The procedures for studies 6 and 7 were identical except for the use of the sonic genera-
tor. As shown in Figure 4, 8 hours would be required for satisfactory drving with the
sonic generator as compared to over 12 hours without it,




10
Jacket temperature 140° F

Air at 160° F and 16 cfm
Barrel speed 24 rpm

6 ® study 6, without sonic generator

O Study 7, with sonic generator

Total volatiles (weight %)

3
2 -3
1 - o
_ 0.48% acceptable maximum O ~ < -~ _ _ _ _ _ _ _
1 L 1 1 1 | 1 | ' ]
0 1 2 3 4 5 6 7 8 3] 10

Drying time (hr)

FIGUR}L 4, DRYING RATE CURVE FOR SWEETIE BAIREL DRYING STUDIES WITH
ABL 2056D CASTING POWDER (STUDIES 6 AND 7)

A baffle was placed in the barrel to increase the agitation of the powder for
studies 9 to 12, However, this decreased the drying rate, which was probably due to
decreased contact between the powder and the heated jacket.,

Heated air (approximately 150° F) was used to operate the sonic generator
starting with study 10. This increased the drying rate, ABL 20564 casting powder

was dried below the acceptable maximum volatile content within 7 hours during study 12,

The drying curve for study 12 is shown in Figure 5.




10
|- Jacket temperature 140° F
; Air at 160° F and 16 cfm
Barrel speed 24 rphi

o Study 12 (sonic generator on
and operated with air at 150° Fy

Total volatiles (weight %)

0.48% acce rtable
maximum

— ey Gws  Eme e e we

1—

i 1 i 1 | i 1 L !
0 1 2 3 4 5 6 7 8 9 10

Urying time (hr)
FIGURE 5. DRYING RATE CURVE FOR SWEETIE BARREL DRYING STUDIES WITH
ABL 2056D CASTING POWDER (STUDY 12)

The data from these sweetie barrel studles were reviewed with the Patterson-
Kelley Company, East Stroudsburg, Pennsylvania. The use of a jacketed Patterson-
Kelley continuous solids-solids blender, which has a tumbling action somewhat similar
to that of the sweetie barrel, was considered. However, this blender could not be used
as it has a material residence time of only a few minutes and the ABL 2056D casting
powder required 7 hours to dry in the sweetie barrel studies, This oLBting powder is
one of the more rapid drying formulations and requires approximately 40 hours in a

dryhouse,




Bed-Drying Method:

A series of studies was conducted on casting powder dried by the bed-drying
method, Heated air was circulated through a bed of casting powder lying ou a porous
stainless steel disc. Since the bed was contained within a 4-inch-diameter pipe, only
a limited number of samples could be taken for analysis in each study. A schematic of
the equipment is shown in Figure 6, and the data are given in Table I,

Tempera
ture
indicator

4-inch-diameter pipe
Casting powder
Porous stainless steel dise
Air at 150° F
- - - — = - - Ste
| Heat exchanger team
Trap
Rotameter
Air
D am— Equipment bay Control bay =

FIGURE 6, 3CHFMATIC OF EQUIPMENT FOR BED-DRYING STUDILS
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The results with double-base formulations, ABL 1362 and ABL 705 (studies 13,
15, and 16) were not encouraging as shown in Figure 7, By extrapolation, over 18hours
would be required to dry ABL 705 casting powder by circulating air at 152° F through a
boiling bed 4 inches high. Up to 14 days are required to dry these formulations in a
dryhouse, :

@ Study 13 - ABL 1362 casting powder; air at
150° F and 5 cfm

O Study 15 - ABL 705 casting powder; air at
147° F and 6 ¢fm

s Study 16 - ABL 705 casting powder; air at

152° F and 7 cfm

oy
[=2]
1

Total volatiles (weight %)
o —
to o~
] 1

—
o
L

1. 95% acceptable
maximum - ABL 705
1. 7557%3&3}3&)13 maximum - ABL 1362 ~
| l | | 1 | J ] ]
0 1 2 3 4 5 6 7 8 9 10
Drying time (hr)

- - en
. o .
- .-

FIGURE 7. DRYING RATE CURVES FOR BED-DRYING STUDIFS
(STUDIES 13, 15, AND 16)
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Encouraging results were obtained with ABL 2523 casting powder which requires
approximately 40 hours in a dryhouse, In studies 14 and 17, the powder was dried below
the acceptable maximum volatile content within 4 and 6 hours, respectively. Increasing
the bed height from 4 to 13 inches accounted for the required longer drying time of
study 17. Both studies were made with 150° F air circulated at the rate of 5 ¢fm, The
results are shown in Figure 8.

10 I—
9 ®Study 14 - ABL 2523 casting powder; air at
150° F and 5 cfm; 4-inch initial bed height

8 OStudy 17 - ABL 2523 casting powder; air at
150° F and 6 ¢fm; 13-inch initial bed height

Total volatiles (weight %)

0.48'% acceptable maximum

L1 L . S
0 1 2 3 4 5 6 '
Drying time (hr)

FIGURE 8, DRYING RATE CURVES FOR BED-DRYING STUDIES WITH
ABL 2523 CASTING POWDER (STUDIES 14 AND 17)
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The effect of the high air flow through the bed on the nitroglycerin content ¢f the
grains was not determined, Evaporation was suspected, since a yellow film was noted
on the pipe wall above the bed upon completion of the studies, The evaporation of nitro-
glycerin, as a function of air flow, was investigated during the Roto-louvre dryer studies,
These bed-drying studies were concluded upon receipt of a bench model Roto-louvre
dryer in which air is circulated through the bed (as it was in these bed studies) while
the bed is gently tumbled.

Roto-Louvre Drying Method:

Roto-louvre dryers are manufactured exclusively by the Link Belt Company.
Commercial units may be batch or continuously operated. These dryers are through
circulation type where heated air is introduced beneath the material bed and passes
through the bed while it is gently tumbled vn rotating louvres. Exhaust gases are re-
moved from the product-discharge end of the rotating cylinder, For purposes of these
studies a bench raodel unit was rented from the Link Belt Company. The bench unit,
which was modified by NPP for the safe handling of casting powder, was 16 inches in
diameter by 6 inches in depth and held 4 quarts of material., The installation of the
dryer with the various auxiliaries and instrumentation is shown in Figure 9,

The data from the studies made with the dryer are given in Table III. Studies
made with double-base formulations, ABL 2434 and ABL 1362, were again not encour-
aging, The first two of this series of studies (18 and 19) were made with ABL 2434,
By extrapolation, as shown in Figure 10, over 18 hours would be required to dry this
powder with air at 145° F circulating at a rate of 30 c¢fm through an initial 4 quarts of
powder tumbling at 5 rpm,

30 psig |
A -e=DPlant
o/ air

= Sonic generator
— Temperature indicator

Temperature

Stear indicator

-0 Steam

Roto-lcuvre
bench model dryer

v [R*ameter
Alr
@ Equipment bay Control bay——e=
FIGURE 9. SCHEMATIC OF EQUIPMENT FOR ROTO-LOUVRE DRYER STUDIES
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28

26

24 1

22

20

18

16

14

12

Total volatiles (weight %)

10

30;

® Studies 18 and 19; air at
145° F and 30 cfm

-—
—
- —
e wm n o e

2. 0% azceptable maximum

i { | | ! 1 1 | )

—

]
1 2 3 4 5 6 7 8 9 10 11 12
Drying time (hr)

FIGURE 10, DRYING RATE CURVES FOR ROTO-LOUVRE DRY kR STUDIES WITH

ABL 2434 CASTING POWDER (STUDIES 18 AND 19)

Studies 20 and 21 were made with ABL 1362 casting powder. The operating con-
ditions for these studies were identical (air at 145° F and 30 ofm) except for the use
of the sonic generator in study 21, The sonic generator was the same one used in the
sweetie barrel studies. By graphical extrapolation, as shown in Figure 11, 8 how.c
would be required to dry ABL 1362 casting powder with the sonic generator while more
than 12 hours would be required without the sonic generator.

16




30

2¢

26 %

24

Air at 145° F and 30 cfm

16L. ® Study 20 - without sonic generator

P
[1-%
|

O Sstudy 21 - with sonic generator

Total volatiles (weight %)
o
I

107
8 fu—
6 s
e 75" b
& 1. 75% acceptable
2 B \ﬂ _______ - rYLa.Ximum
1 ] | i ] ] | ] 1 i I
0 1 2 3 4 ) 6 7 8 9 10 11 12

Drying time (hr)

FIGURE i1, DRYING RATE CURVES FOR ROTO-LOUVRE DRYER STUDIES WITH
ABL 1362 CASTING POWDER (STUDIES 20 AND 21)

Rapid drying was achieved with ABL 2523 casting powder in studies 22 and 23,
Again the operarting conditions for these studies were Identical (air at 145° F and 30 ofm)
except for the use of the sonic yenerator in study 23. As shown in Figuve 12, 5 hours
were required to dry the powder without the sonic generator while 3 hours were required
with it. However, the nitroglycerin content of the powder was reduced below the speci-
fied minimum quantity in both of these studies.

17




Air at 145° F and 30 cfm

@ Study 22 - without sonic generator

B -

O Study 23 - with sonic generator

=5

Total volatiles (weight %)
[1-N

3
2
1 0. 48% acceptable
maximum
L 1 |
6 K 8

Drying time (hr)

FIGURE 12, DRYING RATE CURVES FOR
ROTO-LOUVRE DRYER STUDIES WITH
ABL 2523 CASTING POWDER (STUDIES 22 AND 23)

Studies 24 and 25 were made on ABL 2523 casting powder at reduced air rates of
10 and 18 cfm, respectively. In each study the nitroglycerin content was rot reduced
below the specified minimum content, but a 0. 29% lower nitroglycerin content was i
obtained at 18 ofm. As shown in Figure 13, satisfactory drying was estimated to re-
quire 8 hours during study 24 with air at 10 cfm and 5 hours during study 25 with air
at 18 ufm,

The casting powder from study 25 was glazed with graphite and its final screen-
loading denasily was determined to be 1, 280; 1. 290 is considered to be satisfactory. The
low density indicates the advantage of wet-tumbling the powder prior to drying it.

The data from this series of studies were reviewed with the Link Belt Company.
For drying ABL 2523 casting powder they recommended a batch-type dryer. A con-
tinuous unit was not recommended because of the difficulty in controlling the removal
of internal moijsture at a slow speed and the resulting long retention time. A specially

18
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constructed 2400-pound-capacity unit with 4 to 8 hours retention time would cost an
estimated $53,000 to $60, 000,

F ¢ Study 24 - air af 145° F and 10 cfm: with sonic generator o

o Study 25 - air at 145° F and 18 cfm: with sonic gene:ator

Total volatiles (weight %)

0.48% acceptable ot
maximum ' i

°r
-

Drying time (hr)

FIGURE 13. DRYING RATE CURVES FCOR
ROTO-LOUVRE DRYER STUDIES WITH
ABL. 2523 CASTING POWDER (STUDIES 24 AND 25)

Dielectric Drying Method:

The final report on dieleciric-drying studies by Pratt and Whitrey is included in Y
the Appendix. An economic study based on the figures in the report is given in Talle IV. .
This study shows that a total saving of $178, 260 for FY-1969 in handling and persounel

costs would be obtained by using the dielectric-drying method in place of the present

dryhouse method. The FY-1969 savings for drying ABL 2523 casting powder would be

$67, 548, A schematic of the basic equipinent is shown in Figure 14.

19 ‘.
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FIGURE 14, RECOMMENDED DIELECTRIC DRYER (PILOT PLANT UNIT)

The estimated cost of a dielectric-drying facility for processing 6,000 pounds per
day of ABL 2523 casting powder is $485,000. This cost includes engineering, utilities,
equipment and installation costs for the dielectric dryer, a pneumatic conveyor to trans-
port the casting powder to the dryer, and a covered roller conveyor for movement of the
dry casting powder to an existing holdinrg house. A similar facility for processing
6,000 pounds per day of multibase casting powder is estimated to cost $426,000.
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Appendix

This eppendix 1s a reprint of a report prepared by the
Falrbanks Whitngy Corporation, 745 Fifth Avenue, New York, New V wk
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2.0 Purpose
The purpose of this program was to evaluate dielectric heating as
a technigue to obtain rapid drying of ABL-705 double hase (nitro-

cellulose plus nitroglycerine) propellant.

~

The double base progellant is made at the U.S. Naval Propellant
Plant at Indian Head, Maryland, by the solvent-extrusion process.
Dufing the manufacturing process, the propellant is .ixed with the
velatile solvents ether and alcohol (some water bei.., present in
the alcohol) to promote plasticity and is extruded into spaghetti-
like cylinders 0.04 inches in diameter which are then cut up into
grains 0.04 inches long. The propellant subsequently must be dried
from an initial total volatiic content of about 33 -~ 35% to a final

value of 1.8% before it can be incorporated in rocket motors.

The present drying process ia very slow and requires fourteen dzys.
The propellant is placed ou trays in a dry house and is ygated by .
blowing air at 140°F between the trays. Because the hot air con-
taina explosive volatiles after one pass, it must be exhausted
without recirculation; this results in excessive heating costs.
Jurthermore, numeyrous dry houses are required te match the produc-
tion rate of propellant, Thié report will show that the application
of dielectric heating can bring a significant reduction in propel-

lant drying time,




3.0 Introduction ‘
3.1 Present Drying Process
Free alcohol, ether, and water have high vapor pressures* at the
propellant drying temperature and would evaporate readily. How-
ever, because these solvents are dissolved and diffused in a gel,
their partial vapor pressures decrease with time as additional
solvent is evaporated and thus their evaporation rates decrease.
According to Raoult's law, the partial vapor pressure, p, of the
solvent is equal to the vapor pressure, p®, of the pure solvent
multipliedhy'the_moleifraction, N, of the solvent in solution:
p = N p°. During the drying operation, the temperature reached
inside the grains probably exceeds the boiling points of the ether
but does not exceed the boiling points of the alcochol and water.
Thus, in its simplest analysis, the problem of drying the propel-

lant to a low total volatile content would remain largzly a problecm

of removal of alcohol and watsr.

* Solvent Vapor Pressure (p®) @ 140°F Boiling Point
Ethyl alcohol 353 mm of Hg 173°F
Diethyl ether 1760 mm of Hg 94°F

2120F

Water ' 153 mm of Hg

From Reference 1




It is necessary also to consider the aspects of vapor transport
across the body of the grain to the surface. Several mass trans-
port mechanisms may be occuring here:
| l., Vaporization and recondensation of liquid and, hence,
motion of the wvapor phase.
2. Viscous flow of liquid due to the gradient «f vapor
pressures,
3. Viscous flow of Liguid due to the gradients of capil-
lary pressure resulting from the temperature

dependence of surface tension.

From theoretical considerations, the temperature profile across

the propellant grain, during the present drying'process, can Le
represented as shown in Figure 1. This positive temperature gradi-
ent can be expected to retard the transport of sclvent vapors
because the resulting partial pressure gradient would also be posi-
tive, Moreover, case hardening takes place on the pfopellant sur-
face because of gel shrinkage during the drying process; this
reduces the size of the passageways available to escaping solvent

vapors and further restricts transport.

The net result of the interaction between the various processes is

that the evaporation of solvent decreases with time, making it
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difficult to remove cnough solvent to meet acceptable total vola-

tile content specifications.

3.2 Advantages of Dielectric Drying
Much of the difficulty in propellant drying might be avoided by
establishing a constant temperature profile as shown in Figure 2.
Such a profile would permit the surface temperature to ke kept
cocler for a given ingeréal'temperaturé than does the present dry-
in¢ t chnique; this would reduce the rate of case-hardening.
Die;ectric heating appears to be the kest technique available for

effecting a constant temperature profile across the propellant.

In dielectric heating, the dielectric_material to be heated (or
dried) is positioned in a strong electrostatic field produced by a
high fre juency voltage. 1In a typical configuration, the material
is placed between two flat plate eleéctrodes to form a capacitor,
the electrodes being connected to the terminals of a radio fre-
quency electrounic ggnerator. During half of the electric cycle,
one plate is charged positively and the other negatively to create
a directional molecular stress in the dielectric material. A half
cycle later, the plate polarity is reversed and the molecular

stress in the dielectric material also reverses. These rapid

stress reversals generate heat in the material (Reference l).




'Because the electric field creating the stress is uniform through-
out the thickness of the dielectric material, the heating is uni-
form. A constant temperature nrofile can be maintained within the
body of the materxial, although a negative temperature gradient is
established near the surface of the material because of thermal

convection, radiation and evaporation.

Preliminary calculations show that a semicontinuous dielectric dry-
ing unit with a 40 KW radio frequency generator and having a capa-
city to dry 250 pounds of green propellant in one hour could be
built for less than $50,000. Based upon a calc;lated thermal
energy requirement of 108 BTU per pound of propellant dried and an
operating efficiency of 25% (see Appendix I), the power cost would
be 0.228 cents # pound. A schematic drawing of such a unit is
shown in Figure 3. 1In this unit the conveyor would remain sta-

tionary in one position until a batch of propellant had dried to

a desired level, then would index to the next position.

3.3 Constant Rate VS. Falling Rate Periods
The drying of solids can be distinctly divided into two time peri-
ods: the constant rate period and the falling rate period. The
constant rate period is that portion of the drying cycle in which

the surface of the sclid is saturated with free liquid and the rate
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of drying is totally dependent on the evaporation rate. The falling
rate period is that part of the cycle in which the surface is un-
saturated and the internal flow rate of the liquid is the controiling

mechanism.

During the constant rate period, the type of atmosphere surrounding
the propellant can be expected to affect drying kinetics and oper-
ating safety. For example, if the drying chamber were operated at
reduced pressure, the drying rate might be increased because of
more rapid evaporation from the surface. However, if this more
rapid evaporation were to increase casz-hardening, transport of
solvent to the surface would be reduced. Thus, it might be neces-
sary to maintain some level of humidity in the chamber atmosphere
to prevent case-hardening; thus, optimum dryinc atmosphere could
prove to be a compromise betwean reduced pressure and increased

humidity.

The falling rate period is controlled by the dilfusion rate. The

flow rate of the internal liquid in a gel=-like material during the
falling rate period can be defined by the diffusion equation

(Reference 2):

¢ . o ¢
06 L dx*




concentration, #/in3

Where: C =
| Uotowistt, hYe,
D = coefficient ¢f diffusicn, ind/Mmr
X = distance in direction of diffusion, inch

In ordex for the equation to be useful for determining the rate of
flow (i.e., the rate of drying) it is necessary to know the value
of the coefficient of diffw~ion D, For ideal gases, the relation
describing the coefficient of diffusior was shown by Einstein to
be (Reference 3):
D = §F
Where: R = gas constant
T = absolute temperature
N = Avogadro's nunber

F = frictional ccefficient

Throudh the use of this eguation and the application of kinetic
theory it is possible to predict guite accurately the coefficient
for gases, but for liquids there is, as yet, no reliable analyti-
cal mathod for detcrmining the diffusion coefficient. Einstein's
equation is of value, however, for showing the effscts that are of
major importancae; fo¢ vxample, to increase the magnitude of this

coefficient one whould increass the rmpavature.




As was pointed out, the equation describing the rate of diffusional
flow ignores any effect. of shrinkage. However, shrinkage during
the drying of propellant is af major importance and renders the
diffusion equation inadequate. Another complicating factor is the
simultaneous existence of two or three different liquids in the
solid. There is undoubtedly a compounding effect birough* about by
the mixture of several liquids (e.g., water and alcohol form an
azeotropic mixture) which might not be accounted for in analyses

-of the individual components.

4.0 Technical Discussion

4,1 Equipnment
A schematic drawing of the dielectric drying unit used during the
program is shown in Figure 4. This unit was potvered by a 750 watt
output radio frequency generatcr operating at 27 megacycles. Three
to five grams of propellant at a time were dried dielectrically in
a cube=-shaped glass scrcen basket suspencded from an Ainsworth re-

cording balance and positioned between two flat plate electrodes.

Figure 5 is a photograph of the drying assembly in the test cell

with the vscillator of the dielectric generatox located beneath.
Figure 6 is a photograph of the control panel in the control rc.u.
The drying assembly can be seen through the thick glass window. The

temperature,as measured by a thermometer in the propelle : basket,

-9=




was obscrved by m:ans of a low powered telescope and controlled by
reans of the powerstat shown in the photograph. The rate of flow

o { gas throuch the drying assembly was monitored by the flow meter
shown. Other temsérature mzasurements were madg by means of the
l.eeds & Northrup potentiometer uzing thermocouples and a Stoll-
Hardy EL-4 Radicueter (infrared) having the sensing elements bencath

the propellant sample basket. sigure 7 shows the power supply for

the dielec’ric generator, thz .Lecorder for the balance and the

analytical balance used in analyses.

The green propellant was received on June 16, 1964, Upon arxrivai,
it was transferred to small 10 cc sample bottles to prevent e
drying ont which would have occurred if samples were repcatedlly
taken from the same container for experiments. The propellaat was

stored in a refrigerator at about 37°F (Figure 8).

Figure 9 shows the assembly noanstructed and used for total veolatiles.
This included a rocking assembly in the oven. Pigures 10 and 1l
show the “Fisher Titrimeter," "Unitron" microscope and “"Deltatherm"
differential thermal analysis apparatus used for the Karl Fishexr

water titrations, microphotograph and DTA work respectively.

4,2 Analytical Procedures

The analyses listed below were performed both on green promellant

-10=-
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§ samples and on samples dried by the dielectric drying process. _
.
_ ’ These analyses were performed also on similar samples of propellant
f ;. dried by the present process and furnished by the U,S. XNaval Propel-
B lant Plant.
1. Total Velatile Content ._F;
NS . In this procedure* the propellant was dissclved in
dibutyl phthalate. The dibutyl phthalate propel- y
p: ..ﬁ'“ lant solution wae placed in an oven and evacuated. » )
? Volatiles were evolved and deiermined quantita- i
‘ tively by changes in weight oeiore and after th: =
4 é ) vacuum heat treatment. This determination gave ) PR

total volatiles, water, alcohol, ether, etc.
Samples of propellant received from the Naval Pro-
i pellant Plant were analysed by Pratt & Whitney. A

comparison of Prati & Whitney and Naval Propellant

{
!

Plant values is shown in Table 1, The Pratt & Whit-
e ney resuvlts were slightly higher than those of the

Naval Propellant Plant.

) b 2. Moisture Content
The propellant was dissolved in pyridine and the .
moisture titrxated with Karl Fisher reagent (a solu-

tion of iodine sulfur dioxide and pyridine in —ethyl ‘;x/‘

* Military Standards £€26A, August 18, 1961, Method 103.3.3, The '
Sclution Evacuation Method T

,
il A L2 ——
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cellosolve). The end point was indicated electro-
metrically by a change in the conductivity. This

analysis specifically provided the water content.

Differential Thermal Analysis (DTA)

DTA measures differences in temperature between a
sampi-~ i n lnert refosrcare whon Loth ore heated
at a uniform rate. These differences were plotted
on a recorder vs. temperature (or time, since the
temperature-time relationship was linear). Tempera~-
ture changes that took place wiithiin the sample were
due to a gain or loss of heat. Vaporization of
solvents abscrbed heat to produce endothermic peaks.
Decomposition of the dry prcpellant evolved heat to

produce exothermic pealks.

Dimensional Analysis

Case hardening occurs during the initial stages of
the present drying process, This inhibits complete
shrinkage of propellant during the final stages of
drying. It was anticipated that dielectric drying
would harden the propellant more uniformly and per-
mit more uniform shrinkage. This sh-uld result in

propellarnt grains having more uniform shapes; i.e.,

-12=
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with less coavexity, concavity, or other diztortioas
than might be obtained in the present drying process.
Thus, a dimensional analysis showing the average
length, width, and size distribution of propellasnt
grains produced by dielectric drying versus conven-
tional drying was useful in helping to compzre two
procasses. These dimensicnal mesasuremen:s were

made on a nicroswope and the external suige i

[o7)

representative propellant gra.ns were recordéed by

microphotugraphy.

4.3 Experimental Work
4.3.1 Empirical Evaluation of Cperating Purameterzs

As pointed out in Section 3.3, the drying rate during the coastant
rate period would be aifected by the drying environzent. Conse-
quently, it was decided to investigate the edfccis o) numidiny,
pressure and gas flow rate upon the drying rates for givea drying
temperatures. Moreover, the use of pure nitrcgen was evaluated
with respect to air, since arcing between electrodes is less likely

to occur in a pure nitrogen atmosphere than in air (xeference 4).

At the beginning of the program, immediately aiter cyuipment cali-

bration, six preliminary expearimencs {(Auns @)l throldl, H54) wera
performed to fucnish information &LAT Whe OFLULiiv) "lasuetcsishoud




of the system. Based upon these runs, it was decided to evaluate
the parameters at the following levels to establish t-..: fZfects

upon the total wvolatile content:

Temperature Pressure Gas Flow Rate Bumidity Type of Gas
709p 0.5 atmosphe.» O cc/minute O gm/meter>  Air
140°F 1.0 u 500 " ok " Nitrogen
160°F 1.2 " 500 " 19 "

If the stepping stone approach were used such that only one para-
meter was varied at a time while all other parameters were hreld
constant, a total of 162 runs would be required to complete the
evaluation (3 x 3 x 3 x 3 x 2 = 162), This would mean that eight
months would be required simply to perform the evaluation experi-

ments, s.nce it was decided during the first six trial runs that I

each evaluation run should last seven hours (or effectively one full

day per run). Instead, however, the experiments were designed to

utilize a response surface technique == the experiments were pro- |
grammed so as to furnish a reasovnable coverage of the operating

system with a much smaller number of exporiments, then the data from

these experiments were utilized to calculate a response surface

equation from which all i62 possible conbinations could be computed.

After performing the corputations for all possible coubiaations, it

would be necessary only to establish tne ontinum operatin int
g

L
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{the point with the lowest total volatile content consistent with
efficient and economic operating conditions), then parform a few

additional confirming experitents.

A uniform operating procedure was followed for all of the experi-
mental runs. A three to five gram propellant sample was placed in
the electrode assenmbly and the charge weig¢nt was recorded. During
the run, the sample weight loss during drying was continuously
plotted against time. The sample temperature wis obtained by reans
of a thermometer in the center of the wrovellant bed; the samdle
tenmperature was held to a desired level by varying the power ocutput
of the radic freguency generator. At the end of eaclhi drying exderi=-

ment, the samples were auulyzed, as described in Secuion 4.2, to

obtain the total volatile content. From this (atal volatile analy-
sis and from the weight loss vs. time recording, the total volztile
content was computed and p.otted as a function of drying time for

each run,

Twelve experiments were run to optain data for the response suriace
equation -- ten of these runs wcie primary runs and two were xepli=-
cations to establish reproducibility. These twelve runs covered
Runs #7 through #19, of which all produced acceptable data except
Run #12 which was discontinued because of an operating arror. The

figqures within brackets in Table 2 are actual total volatile cata

15~




obtained from the experiments. Utilizing theseﬁdata, the response
surface equation was established from which the balance of the
figures in Table 2 were computed. This response surface equation
took the form:
T.V = 8.18 ~ ,44H + 1.93P - .62T + .45F - 3.,56A = ,56PF - .12F7T

+ J12PTF + ,02PFA

total volatiles (%)

Where: T V

H = humidity of atmosphere passing through drying

chamber, with values of 3, 9.5 or 19 (see code
at bottom of Table 2)

P = pfes#ureAinside drying chamber, with vaiucs of
0.5, 1.0, or 1.2

T = drying temperature of propellant, with values
of =3, 4, or 6

F = rate of gas flow through drying chamber, with
values of 0, 53, or 9

A = type of gas in drying chamber, e.g., air or
nitrogen, with values of 0.8 or 1.0
It is interesting to note that the respons«. equation, as generated,
gave excsllent correllation with the raw data from which it was
computed. The total volatile values, as predicted from the re-
sponse surface equation, are compared below with the actual raw

data results:

~16=
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Run # Predicted Actual
7 3.81% 3.87%
8 4.31% 4.58%
9 | 8.65% 8.59%

10 3.62% 3.58%
11 3.54% 3.73%
12 Discontinued |

13 3.62% 3.43%
14 2.69% 2.48%
15 ' 2.57% 2.49%
16 3.93% 3.80%
17 3.47% 3.46%
18 2.57% 2.4%%
19 3.50% 3.67%

Table 3 contains the complete summary of the results of all experi=~

ments performed during the program. The significance of the various

runs is explained below: ¢

1. Runs #l-6 were performed td obtain information about
the operating characteristics of the system.

2. Runs #7-19 were used to establish the :i.sponse sur-

face equation.




Run #20 was porior.aed o a check on Run #15 and
showed that the total volatile reproducibility was
good (2.63% vs. 2.49%).

Run #21 was performed as the first check on the use-
fulness of the response equation and showed an
encouraging correlation -=- an actual total velatile
content of 1,79% vs. a predicted value of 1.,7¢%.
Runs #22—25 were performed to obtain samples which
were sent.to NPP for nitroglycerine analysis. The
NPP results showed no undue loss of nitroglycerine
at temperatures as high as 170°F.

Runs #26-30 were performed in an attempt to utilize
the response surface to minimize the total volatile
content of the dried propellant, However, there was
very poor correllation between actual figures and
the predicted values, the actual values being much
higher. This is discussed subseguently.

As & result of the failure of runs #26-30 to yield
sufficiently low total volatile values, Runs ##31-46
were performed at higher temperatures (170, 180, or
190°F) in a successful effort'to develop a technique
for achieving lower total volatile values. This

also is dircussed subsequently.

-18=
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8. Runs #47-50 were performed to obtain samples which
were sent to N.P.P. for inspection and nitroglycerine
analysis, The N.P.P. results showed no undue loss of

nitroglycerine at temperatures as high as 190°F,

In ceferring to the response surface (Table 2), it appears that

‘very low total volatile results would be obtained for operating

conditions such as are defined by the lower right corner of the
chart. However, theresults of Runs #26=30 showed poor correlation
with the response surface. The predicted vs. actual results are

shown below:

Run # Predicted Actual

26 0.25% 2.33%

27 -0.59% 1.37% (Total Volatile
Analysis Prob-
ably Incorrect)

28 ~(.59% 2,29

29 0.10 2.52%

30 - 0.10 2.64%

At first glance it seems puzzling that the response surface equa-
tion should fall down for these total volatile values of less than
2.5%, since it fits so very well for values above this. However,
as was pointed out in Section 3.3, the drying of solids falls into

two time periods: the constant rate period and the falling rate

~19-




period. During the censtant rate period, evaporation is the con-
trolling mechanism; thé drying rate is a function both of the
environmental conditions and the temperature. During the falling
rate period, diffusion is the controlling mechanism; the drying is
a function of temperature only. The failure of the response sur-
face equation to operate satisfactorily at low total volatile
contents may have occurred because the transition to the falling
rate period had been complet:c<, The response equation falls down
suddenly in this range because it contains several environmental
terms (pressure, gas flow rate, humidity, and type of atmosvhers)

which no longer apply.

Kaving established that, at total volatile contents below about 2.5%,

temperature was the only operating parameter which had a signifi-
cant effect upon the drying rate, the next step was to perform a
series of experiments at higher drying temperatures. As shown in
Table 3, sixteen experiments {Runs #31-46) were performed at higher
temperatures (170, 180, or 1909F) for periods of time up to twelve
hours. As a result of these expesiments,three £echniques we?e
established for reducing the total volatile content to acceptable
levels:

1. The propellant was heated to 190°F for five hours

to obtain a total volatile content of 1.87%. PFigure
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12 shows the total volatile content vs. drying time
curve for. this technique.

2. The propellant was heated to 180°F for seven hours
to obtain an average total volatile content of 1.82%.
Figure 13 showé the total volatile content vs., dry-
ing time curves for this technique.

3. The propellant was heated to 170°F for twelve hours
to obtain a total volatile content of 1.75%. Figure
14 shows the total volatile content vs. drying time

curve for this technique.

In all three of these techniques there was some darkening of a few
pellets adjacent to the thermometer after three or more hours of
drying time. The presence of the thermometer apparently caused
some uneven heating of the bed which should not occur if larger
samples were dried or a .emote means of temperature measurenment
(e.g., an infrared device) were employed. It is believed that as
long as a solvent is evolved from the propellant in large quanti-
ties, the vaporization of these solvents causes a cooling effect

which protects the propellant.

Figure 15 shows the average total volatile content vs. drying tame
for various drying temperatures. Tenperatures of at least 170°F

are necessary to ¢chieve acceptable total volatile conteuts in

21~




reasonably short drying times. These curves probabkly best sum-
marize the importart ri.. ags of this drying study.
4.3,2 Difficulty cf Removing Ethyl Alcohol Fiom
Propellant
The boiling points of pure diethyl ether, ethyl alcohol and H30
are 94.3, 173.0 and 212.0°F respectively. The percent of these

components in the dry and wet propeliant are:

COMPONENT WET DRY
© Ha0 .83% .63%
Ethyl alecohol 15.587 .£2
Diethyl ether 16.5 . 0
Propellant (NC,NG,etc) 67.0 98.55
Total 100.00% 100.00%

Experiments #39 and #4Q (Figure 16) show inflection points in the
temperature vs. time curves at about 143°F. This is believed to

be due to the evolution of the ether in a very short period of time.
This shows that the problem in drying the propellant to an accept-
ably low total volatile content is largely the removal of ethyl
alcohol. This appears to be confirmed by Figure 17 showing the
total volatile content drying temperature after diiferent peric s
of time. Extrapolation of these curves to 1909F shows the probable

boiling point of the ethyl alcohol from the NG=-NC solutic .,




g Deviation from 19Q0°F occurs lLecause diffusion of the solvent from
the propellant is very slow when the last of the volatiles are

being removed,

The apparent beiling point of ethyl alcohol (190°F) minus the bnjl-
ing point of pure ethyl alcohol (173°F) gives a boiling point
elevation of 17°F (10°C). According to ti: .Clausius-Clapeyron
equation, AT = RKpm , where AV is the boiling point elevation, =p

is the molal boiling point constant and m is the molality of +he

;;h ' ‘ solution... m =<§% = %0 = 8.2 moles of solute/1000 g solvent
| ~which is equivalent to 0.82 moles of solute/160 g solvent., 1If
' nitroglycerine (molecular weight = 227) is the solute, then 0.82
g x 227 = 185 g nitroglycerine/100 g‘etﬁyl alcohcl. The solubility

] of nitroglycerine in ethyl alcohol at 25°C is 2% g NG/l00 g E¢OH.
' ' It is conceivable that the solvbility could increase this much at ;;_,

‘ 190°F. . "

‘ If nitrocellulose (molecular weight = 594) were the solute, then

- 0.82 x 594 = 486 g nitrocellulbse/lOO g ethyl alcohol. This is a

1;‘¥L very high figure. The problem of drying the propellant to an .}'
ar ‘ acceptably low total volatile content is probably the removal of '
fﬂ_ § ethyl alcohol from a nitroglycerine-ethyl alcohol sclution and the ‘ -;n.f
; }‘ diffusion of the ethyl alcchel through the nitrocelluloss-nitro- : ?iél
* ﬁ glycerine gel. .

ot b
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4.3.3 Electron Micrographs and Microvhotographs
Figures 18 through 21 show the electron micrographs obtained on the

following samples:

End of propellant cylinder; dried by N.F.P.

'; Figure 18
s 10 days

’ j'éf; ) Figure 19 - Center cut cross section of prcpellant
T cvlinder; dried by N.P.P. 10 days
S Figure 20 - End of.ﬁropellant cylinder; diel c¢.... uily
.
_ Figure 21 - Center .cut o.uss section of propellant

dried, run #45
cylinder; dielectrically dried, Run #45

These micrographs are replicas preshadcwiw with 10 angstroms of
platin'm and 130 angstroms of carbon under 10~% mm Hg vacuum. The
o propellant was tnen dissolved away with acetone leaving the impres-
@ \

=t sion of the surface. The magnification factor was 52,000.

The conclusions to be drawn from these pictures are:
A, Very solid surfaces with absence of passageways are
shown indicating the difficulty in removing solvent.
- B, PFew, if any,.distinct fibers are seen indicating the
probable complete gelation of all components in the

¢ propellant.

' °j- C. Center cut cross sections of propellant dr.zd by
_'71; N.P.P. show many micro-cracks. Dielectrically dried
-24-




? propellant does not exhibit this phenomeron.

' Microphotographs (mugnification 17.75) were taken of almost all
drying experiments. Pigures 22 througn 27 show the following pro-
pellant samples:

Figure 22 -~ Propellant dried 10 days in present N.P,P,
process

Figure 23 - Green propellant as received on June 16,1964

Figure 24 =~ Green propellant after 2 months storage at
379F

Figqure 25 = Dielectrically dried propellant, Run #37
. (Dried at 170°F for 12 hours)

Figure 26 = Dielectrically dried prcpellant, Run #49
(Dried’ at 180°F for 7 hours)

MiCumps

Figure 27 - Dielectrically dried propellant, Run #50
(Dried at 1909F for 5 hours)

Y- L

White fluffy material developed on the green propellant while in
storage and was not a result of dielectric heating. It is believe?

to be some nitrocellulose exyressed from the propellant.

" Ly Table 4 contains the average dimensional analysis of the propellant

cylinders from the above pictures. It was very difficult to make

these measurements because of the irregularity of the pellets. lost

of the shrinkage during the drying of propellant cccurs in the
diametexr. Much less shrinkage occurs in the length. Quite pos- -

sibly, some shrinage occurred in the green propellant in storage.

.
:
)
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Few, if any, differencgs in diameter and length existed between
propellant dried by the N.P.P. present and by the dielesctric pro=

cess.

4.3.4 Differential Thermal Analysis
Figure 28 shows the differential thermal analysis of propellant
dried by N,.P.P., for various periods of time in their present pro-
cess. Distinct peaks were not observed for ether, alconol, ard
water as might be expected, but one long endothermic peak was ob-
served over the temperature range of 25°C to 100°C. It is believed
that the shrinkage of the propellant caused a change in density and
thus a change in thermal cenductivity which also contributed to
the extent of the endothermic peak. The very sharp exothermic

peak at 165°C was due to the sudden decomposition of the propellant.

4.4 Mathematical Analysis of the Drying Piucess
A mathematical analysis of the drying process was performed simul=-
taneously with the experimental effort. The purpose of this i
analysis was to investigate, on a theoretical basis, the removal
of solvents from a double base propellant containing nitrocellulose
and nitroglvcerine in order to better understand the drying mech-
anism and to determine ways of shortening the drying time. The
volatile content versus drying time curve based on this analysis

was compared with the results of Run #35 and the correlation was

-26=
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found .o be excel.ent (Figure Zu;.

The analytical Lhve.iaatlon vwo.i LLo.w ol vas aLsy .opoion that fhe
drying process is a diffusioa process and that the drving nechanism
is due to thermal and vapor pressure gradients which cstablish the
viscous flow of solvents, Ether, alcchol and watcy ars the con-
stituents which must be removed. Ether and aicchol ¢.ch wake up

about 17% by weight of the green propellant, whereas water mak-s

Q.

up such a small portion of the propellant thei it =an be considere
to be removed with the alcchol. Of the two main solvouts present,
ether has a higher vapor pressure than alcohol and cornseguently
will be removed more rapidly; depending upon the powsi zpplied to
the propellant, ether will be completely removed wititin 15~60

minutes.

The mathematical analysis developed in Appendix Ii exasined the
simplest case, one in which tlie propellant is cons.dered already
to have reached the drying temnecature ard to be at steady stata
conditions as soon as the power is turned cit, A diffcrential cgua-
tion was generated expressing i Jraction of total volatiles re-
maining as a function of drying time. When the thecretical total
volatile content versus drying time curve from thiw dlifcrent.ol

equation was compared with the actuval curve frem Ruir #35, good

correllation was obtained in the vangs of operating wli . of one

.-




hour to seven hours but pocor correllation was obtained during the
operating time range of zero to one hour. Since Run #35 had been
programmes to reach the drying temperature of 180°F in 45 minutes
from the time power was turned on, the first hour of drying tire
can be cor:isidered to be a temperature transient rangs. Thus, the
assumption that the drying temperature is uniform throughout the

entire time period is unsatisfactory.

Appendix III was an obvious refinement in which it was considered
that the propellant is initially at room temperature when the power
is turned on and requires some finite time to reach the final dry-
ing temperature. By assuming that the temperature increased from
room to final drying temperature as a parabolic rfunction of time
(i.e., the temperature increased at an ever decreasing rate until
the drying temperature of 180°F was reached at the end of 45 nin-
utes), a differential eqguation was generated to cover tais tran-
sient temperature condition, By applying the differertial eguation
from Appendix III to the transient tomperature period and the cii-
ferential equation from Appendix II to the steady state temperavare
period, the theoretical curve presented in Figure 29 was generated.
This curve shows that there is a very rapid removal of solvent as
soon as the pellet is exposed to the environment of the test cell,
However, &s drying time increases, sclveat rawoval coours at an

evso=decreasing rate ‘and theorecici.iy tan stlvent is never
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completely removed because the diffusion gradient approaches

s .
A‘ !

zerxo.

This excellent correllation DHetween theory and cest results suge-

gests that the original assumption of the flow mechanism being a

‘diffusion process is essentlally correct. Two interesting facts

emerge from this analysis to indicate that,for any given drying
temperature, improvenent in the drying process is pessible in tue
initial part of the cycle but impossible after thermal equilibrium
has been reached:
1. The first phenomenon noted is that rapid application
of power at the beginning of the c¢cycle results in a
shorter time c¢cycle. 1In Appendix III a comparison is
made between a linear increase in temperature with
time and a more rapid parabolic increase in tempera-
ture with time} time is saved in the latter case.
2. The second phenomenon noted is that, once the steady
state temperature is reached, the rate of diffusion

is established and can be increased only by increas-

ing the drying temperature.

Thus, it is evident that the drying process can,be optimized Ly
raising the power to the highest possible level consistent with

obtaining a satiifactory (e.g., non-degraded) product.
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Tt is interesting to note that, wien the test data {or kun 335 1o

plected in loc-log form as in

Figuire 20, the totel volatilc va.

time plot ~un Be represuacli Oy WU LENAAS LULCLLOLG OVid Wisa Gl

the time cycle. Upon further analysis, it can e showa in Figuare

31 that both the ether and the alcol.cl-water rewoval can

sented by linear functions. This result cannot ke exnlaine

this time; perhaps it is a pur

-

3. R,
L2 repre-

at

0.

St a1 e e -
ely empirical result. Howoever, the

existence of this linear log-log relationship could be a great con-

venience; for example, one could predict total volatile contents

for longer drying times simply by extrapolation.

5.0 Concluaions

The ssoults of this program show that dielectrie heating

feasible t~¢hinique to use for
give drying times as short as

the operating temperature has

drying propellant and that
iive hours. FPFurthermong,

considerably more sicaulic

woCause

auce uL.on

the drying rate than do envircurmental parameters suca o3 prosiure,

humidity, gas flow rate and type of gas (and this is cupd

true at the lower total volatile conteants)

sive yet effective production

which could operate at asient atmos

-
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H
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e
|
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<
o
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dryiag appuratus couid e

aoiaily

the expense of providing a controlled atmosphare chaakcr around the

electrcdes and also would allow the dvying process to bu centinuous.

e
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Thus, one could envision « drying unit similar to that shown in
Figure 3 but with no atmospheric chamber necessary. The device
could be further nodified to have a series of independent elec-
trodes positioned overhead along the belt, the power to the
electrodes being prograrmed such that the greenest propellant
would receive the highest power inputs; this would bring the pro-
pellant to the desired drying temperature in the shortest possible
time. Down stream electr;;as wbuld be programmed at lower power
levels sufficient to maintain the particlly dried propellant at

the desired drying temperature.

6.0 Recomgendatgpﬁs

The work to date has been devoted to establishing the feasibility
of utilizing dielectric heating as a technique for drying ABL=705
propellant. Having established the basic feasibility of the tech-
nigque, the next step should e to gather inform?tion about the
operating characteristics of a production drying system, especially
a system which operateé at ambient atmospheric conditions. To

that end, it is recoumended that the existing equipment be wmodi=-
fied somewhat to handle one pound propellant samples and that the
ex;sting thermometer arrangement be replaced with a remote infvared
temperature sensing device. A program should then be run to gather

information about the power and energy requirements, eccwomics, and

—31-
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other operating characteristics as functions of the drying tempzra~
ture, electrode configuration, powexr programming cycle, etc. This
information should be utilized during the design and construction

of a pilot plant drying systen.

-32-
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Temperature Prorile of Propellan:i-Jiecleatric Procont
Semicontinuous Dielectric Propellant Dryer
Schematic of Drying Apparatus

Photograph of Drying Apparatus in Test Cell
Photograph of Control Panel in Control Room
Photograph of Power Supply for Dielectric Generatox,
Recordexr Balance and Analrtical Balance Used in
Analysis

Photouraph of Lelrigeratoy Used For Pronellant
sStorage
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Volatile Content VS. Drying Time, 190°F

Volatile Content VS. Drying Time, 180°F

Volatile Content VS. Drying Time, 170°F

Volatile Content VS, Drying Time at Various Tempara=
tures

Temperature VS. Drying Time for Experiments #39 &
#40

Volatile Content VS. Drvinyg Temperature

Electron Micrograph, End of Propeilant Cylinder oried
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Electron Micrograph, Center Cut Cross Section of
Propellant Cylinder Dried by N.P.P. 10 Days

Electron Micrograph, End of Propellant Cylinder
Dielectrically Dried, Experiment 45

Electron Micrograph, Center Cut Cross Section of
Propellant Cylinder Dielectrically Dried, Expexi-
ment 45

Propellant Dried by N.P.P., 10 Days

Green Propellant

Green Propellant After 2 Months Storage at 37°F

Propellant Dielectrically Dried at 170YF for 12
Hours, Experiment 37

Propeilcnt Lzelectricully Diicd at iB0YF for 7 Hours,
Experiment 49

Propellant Dielectrically Dried at 190°F for 5 Hours,
Experiment 50

Differential Thermal Analysis of ABL-705

Total Volatiles VS. Drying Time - Comparison Between
Analytical Data and Test Run #35

Total Volatiles ¥S. Drying Time as Plotted on Log-
Log Scale = Run #35

Total Volatiles VS, brying Time for Ether and
Alcohol - Log=lLog Scale - Run #35

Central Point Concentration History for a Finite
Cylindexr of Propellant

Fractional Amount of Solvent Remaining as a Function
of Time for a Finite Cylinder of Propellant = Tew-
perature Invariant i

Fractional Awount of Solvent Remaining as a Function
of Time for a Finite Cylinder of Propellant Diffu-
sion Constant Proportional to the Square of the
Temperature
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Fractional Amount of Solveni Remaining as a Function
of Time for a Finite Cylinder of Propellant - Diffusion
Constant Proportional to the Temperatiure
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FIGURE 8
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FIGURE 11
Di€fexential thermal analysis apparatus
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FIGURE 18
End of propellant cylinder - Dried by

NPP 10 days »
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FIGURE 19

Center cut cross section of propellant
cylinder - Dried by NPP 10 days




FIGURE 20
Bnd of propellant cylinder dielectrically
dried (Experiment 45)
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GURE 21
Center cut cross section of propellant

tylinder - Dielectrically dried

FI

(Experiment 45)




FIGURE 22
Propelliant dried 10 days by NPP




FIGURE 23
Green propellant




FIGURE 24
Green propellant after 2 menths storage
at 37°F.
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EIGURE 25
Propellant dielactrically dried at 170°F
for 12 hours (Experiment 37)




EIGURE 26
Propellant dielectrically dried at 180°F
for 7 hours (Experiment 49)
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FIGURE 27 °
! Propellant dielectrically dried at 190°p
for 5 hours (Experiment 50)
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DIFFERENTIAL THERMAL ANALYSIS OF
ABL-705 PRCPELLANT,
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APPENDIX I R

POWER REQUIREMENTS T

30% total volatiles

i

Double Lase propellant

» (15% alcohol and 15% ether) _ B
| Specific heat of propellant = .35 BTU/1b/°F - 7?/’ |
Heat of vaporization of alcchol = 367 BTU/1b -
Heat of vaporization of ether = 162 BTU/1b ]:.' B
Heat to raise propellant to temperature 5
= (.35 BIU/1b/°F) (140°F-579F) {1 1b) s
= 29,05 BTU
Heat to vaporize solvents = (i
i Alcohol = (367 BTU/Ib) (1 1b) (.15) = 55.0 BTU ”
‘ Ether -~ (162 BTU/lb) (1 1ib) (.15) = 24.3 BTU .
Total heat required to dry one pound of propellant .
: 1 | = 29.05 + 55.0 + 24.3 = 108.05 BTU g o
;; . i Assume 25 per cent efficiency of heating process (50 per cent ;
electrical efficiency of dielectric dryer) x (50 per cent thermal i
L efficiency because of convection and radiation losses); .50 x .50 .
:‘ = ,25 '
. _ ‘ Total heat = 432.2 BTU S *
. but 3413 BTU = 1 KW-hr
| g Total heat = 432,2 < 3413 = ,1268 KW-hr per pound of propellant <
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Dielectri: heater output size needed

= (0,1268 KW-hr/lb) (250 lbs/hr) = 31.8 Kw

Cost of electricity to dry one pound of propellant :
= 0.1268 KWw-hr/1b) ($0.018/KW-hr) = $0.00228/1b e
.
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APPENDIX II
DIFFUSION OF A SINGLE COMPONENT FROM A DOUBLE BASE PROPELLANT WHICH

IS ASSUMED TO BE A NON-REACTIVE STATIONARY MEDIUM

Zielectric heating of a cyl:indrically shaped doulile base propellant
will he used to remove undesirable residual solvents of ether and

élcohol and a small quantity of water.

An analytical investigation of the drying f solvents from a double
base propellant containing nitrocellulose and nitroglycerine wall

be conducted.

Of the two solvents present, ether has a higher vapor pressure than
alcohol; conseguently, this constituent is more easily removed than
alcohol. During the drying of the propellant the temperature
reached inside the pellet probably exceeds the vapor pressure of
ether but not the vapor pressures of alcohol and water; thus, in
its simplest analysis, the drying of the propellant is largely a
problem of the removal of alcohol and water. The ether will dif-
fuse faster than the alcohol and water. The analytical investiga-
tion which follows will assume that alcohol and water mixture is

to be removed.

Mass transport mechanisms can be one of three types. They are:
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o

1) Vaporization and recondensation of liguid within
the media or m&tion of the vapor phase.

2) Viscous flaw of liquid due to thermal and vapor pres-
sure gradients.

3) Viscous flow of liquid due to the gradient of capil-
lary pitessure which is caused by the dependence of

surface tension on temperature gradients.

For the case considered, iz phenomenon of mass transport is type

2 or the viscous flow of constituents due to thermal and vapor
pressure gradients. If a uniform conicutration of solveris is
assumed to exist initially and dielectric heating of the propellant
is 1avtigated, the temperature of the propellant will be uniform
initially. However, due to the temperature increase, some of the
solvent will diffuse across the boundary of the solid and a concen-
tration gradient will be immcAiately established. Since a concern
tration gradient exists at this point,in time the dielectric heat-
ing of the propellant will no longer be uniform but will concentrate
at points of highexr resistivity. This is so because the propellant
is more resistive fnd less capacitive at points of high solvent
concentraticr and less resistive and more capacitive at points of

low solvent coneentration.

The drying process can be considered as occurring in twe separate
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regimes. Initially, drying will occur at a constant rate since

the surface of the solid will have free liquids and the gvaporation
g rate will be governed by environmental conditions. Pressure,

humidity, flow rate, and gnvisonmental temperature will, during

this period of time, have a significant effect on the drying of

the solid propellant because the highest impedance to the mass

diffusion of the solvents is at the surface of the cylindrical

pellet. However, this constant evaporation rate pericd described

above may be o) very short duration; consequently, although coatrol

of the environment is most significant during this dr:ring regime,

the overall effect of environment will be minimized due to the

b ~ longer drying cycle time of the second regime.
2 ! . . s . . . .
- § The second regime is the falling drying rate period which is the
. ; ‘ , portion of the total drying cycle in which the surface of the

. solid is unsaturated and the internal diffusion characteristics of

the propellant is the controiling drying mechanism, This appendix

3 proposes to s~lve this problem which most significantly effects

the total time cycle.

In retrospect, the general problem definition will be to determine

how long it will take to remove the alcohol during “he falling:
rate period with no environmental control. The propellant is _  ‘i_ L

assumed to have the form of a finite cylinder.

Il - ¢ ¢ .
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Definition of Parameters:

){- Coordinate in Cartesian frame of reference - inch 7

é;,— Coordinate in Cartesian frame of reference - inch /

o

2 - Coordinate in Cartesien frame of reference - inua

¥ - Radial coordinate in cvlirdrical frame of reference - inch

’
.

" - Angular coordinate in cylindrical frame of reference - inch
(:;- Concentration of solveat "A" - 1b/in3
;I) = Diffusivity or coefficient of diffusion - inz/sec
/A - Diffusion area - in<
JU. - Diffusion rate of solvent “"A* - lb/sec

AL~ Fluid viscosity of solvent “A" - lb/sec/in2

f%g- Fluid density of solvent "A" - 1b/in3

Cvo- Specific heat of sclvent "a" - BTU/1bOF

K..- Thermal cc..ductivity of solvent "aA" - BTU/in/secCF
Jf;- Kinematic viscosity of solvent “"A" - in2/sec

S; - Schmidt numbex

L2 - Lewis number

C%&F Storage of solvent "A" in control volume - lbs/sec

ég&ua- Mass production rate - lhs/sec

Mass ralance depicting the diffusion of a single component solvent

"A' in a non-~reactive statios.ary medium:
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Assume that the mass procduction in the above coutrol volume isf__,}\., :

then the storage of the component "A" In the control volume is

Y e 1 (l)
.. = ik 52;& 'z

Furthermore, the rate of change of storage within the control
volume is “he product of the rate of change of concentration of Cg

and the incremental volume [//g f(}’ ~’//Z‘

ol = i(*“//): &z

(2)
From mass balance considerations, the storage //LZ will equal the
sum of the mass flow rates in the/ 5/ , 7 directions and the rate

of production of solvent "A" 5/4;—. .

O‘Ch “'é.‘\é/ (/” ﬁ;,‘( Lk 'Cli"‘:’"'kéfk/ r

AT (3)

L akly o
(l&éﬁj '/b';ly - 3—;‘}((?) + éﬁ;& —lc" \)V‘“’" /i—é (, \ /(/ ‘/

Il - e




From equation (3)

(.. N /) o L
2l s fE S e e lee. /'
T P AN IRy 7 = i), T e (4)

~ T oL AL A

However,(;ﬁ = ¢ since no solvent "A" is assumed to be produced or
i p

imnobilized during the diffusion and drying process

. . 1 .
WA i) o fang g fe (5) -
—_— - v__‘ y - —l—-—— —r— =i e [
& T AR SR \/:/ VEAWARE

W

From Fick's law of diffusion the concentration flux in the “/ ¥
direction is proportional to the change in concentration of fluid
in the "/ " direction, whereQZ) is the aiffusivity or constant of

proportionality.

___/) D ’2(“ (6)

Fick's law of dif‘usion for the)Z}ﬁ[,'z?directions gives;:

L) =D Ll @

/( \A
(Fh=-Pig e
(49,055
72 <

The diffusion flow continuity equation can now be obtained from

equations 5, 7, 8 and 9.

"‘( .—D[J(N i{‘:’w(] Detu /n/c’(/(”)

oY

Yoo

A PV (11)
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In order to solve the problem proposed, equations 10 and 1l should
be transferred into cylindrical coordinates to conform to the ge~-

? cometry ¢f the pellet.

. K - - .

At point (I",8,¢%) the three surfaces (cylindrical, vertical plane,
and horizontal plane) are at right angles to each other and con- - -

stitute an orthogonal set. S

FIG, 1 dz Surfaces:

r = const. ~ cylindrical L R

Pt & surface .

e |
ol & = const. - vertical plane . ' :

— \ surface

Z: ¢ Z = const. - horizontal plane
i surface
|

—— -

v——c—

In generalized curvilinear c.ordinates the following two equations

hold

Vs | (08}, & e Ja) 4 fudc) . -
s 0By LN R TIA [T gR TR dadf QU by g ] a2 |
¢ where >\/Ab7 and U are the generalized curvilinear coordinates and

in an orthogonal system are related to the arc length by

' v w o, 2
osE WANF b d + hactr as) ~f

l
) | I -g

|




If }\“t" ‘ -tzsﬁand 'Z/=?3 when cylindrical coordinates as shown in

Figure 1 are used, the arc length is:

S dength
(s dlrt+ (rde) s oz (14)

and a comparison between equations (13) and (14) indicate that in

this system h"-l ¢ hz’-" and }’)3 =1, . f ‘ R /
The diffusion flow continuity equation -in cylindrical coordinates \ N
can now be obtained from equation (12). N
J@ 4& 4 X .
from equations (11) and (15)
G D ( Ja,) d () J() g\ (r<1<;,,)] 6
iz r dr\wF) ke\rde] Izl I
In the r:soblem to be considered, the concentration will be assumed X
H
to be a function of [© and & only since diffusion rates will be '
cymmetrical with the 7 axis and A<, - o . ‘ ‘
A&
The diffusion flow equation which must be soulved follows ‘
_\‘; C’u _= (r\r) (;-) J (R/ an . ' >
e l" % 42*
o

An attempt will be made <o solve equation (17) by assuming that (a.

is a function of three separability equatione which are uniquely

functions of 1", &, and ( respectively. «_/
Ca(ryz,t)=RE) Z&)TE) (18)

II-h




The follcwing three¢ differential equations are obtained when equa-

tion (18) is differentiated ang substituted into equation {(17).

The separability condition assumed is therefore satisfiad
Al o 7‘—- B )
16/‘. )Z o

//2/‘ _L_c/ﬁ’ | | o (21)
GE-AgERe

The solution to equation (19) is:

7": Cl‘€°ol f

The solution to equation (20) is: - .

7 (J"“WZ‘-)"CWF)Z @2)

Equation (21) is recognized as a zero order Bessel equation and has

the following general ‘solution: i :£ .
‘647:(@1“)1‘ G ya((%'r‘) ; @ BN
However, in equation (24) (=0 since ', (§0)=- 0 and this

solution doesn't apply. The solution for ﬁ?(f) is then:

R =G J(er) @

At the boundaxy [:=}., (o= 0 (sincs &_s (;_,; ; and thereforsa

the following condition must hold:

G J.(s7)



[

where the following eigenvalues make equation (26) =qual to zero.

/‘3 I'L Mﬂ 27

. ._ .
The solution for I\ is:

> T/
’E::‘Cq J:(Mn %)

n =1,2,3,4, etc. (28)

- In equation (23), the solitien for Z. C; =0 if (;_= Q 4 and when

—-——

(.= O . Then, the solution in terms of £ will be a sine series.
Furthermore, if (.= © at Z=Z, then Qsm p Zo=

and, smce(z #O . then

.4. 2 )
_.__.... G o= 1,2,3,4, ete. (29)

O( D(Mn m f) (30)
Z.

The total solution for ‘Z_(t) is:

(31)

Z(a%’\ Az =z

. The total solution fo:; (a— can now be obtained from equations (io/,

(22), (28), and (31) and will be a series solution consisting of

Fo{xrier and Bessel Series components.

7
(. Z(e(n/pa//”)zg’ (20, don ZL 2 (32)

s ¢

The coefficient (ﬂ, for a Fourier sine series is:

é:
[ Cp 4 Lz oz (33)

‘b’
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© Similarly, the coefficient ( /) for a Bessel series is : n

S 2 i T
TNV T/ ), R
o g ///J/ Par L Jlr G N 3
_ However, j ) \ = ¢ and (,, becomes s

o=y | T E) -

If the initial concentrations are uniform, then (, m and (‘,_ 21 are

both comnstants and the following integrals are evaluated tc¢ be:

/s
[PIEr= Tt neissete oo

/%m” z2dz-> ’2 Z“ “ m=1,3,5,7,etc. (37
The coefficient ( m for a Fourier sine series becomes:
) ; m=1,3,5,7,etc. (38)
C. .2
mm
The coefficient ([, for a Bessel series becomes
ol n = 1,2,3,etc. (39)
C ff/ Can R
- W)
The total solution for (’A is obtained from equations (32), (38)
and (39).
ol
% e Calon) € w0 2t c/”’”/”" |
N 4 s 00
Lw = CanCann = " ]/ﬁi,,/ a2 o)
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Defme the following constants:

‘. DI )
e 2 = (41)
G, = 12E (42)
f: Ex
(em Aﬁt = (‘;’ -C‘:" (43)

where Cz'u is the initia) concentration in the solid and Ca. is

the concentration at the boundary after Z =<#,

= -M
_ G . ; ’ .__@f») 2)5ey Bz (4a)
(:;/ - -so. /)-:'-’ M)J ﬂ%’) M
. =7 m‘

wl;_eref?)= 1,3,5,7, etc. and /) = 1,2,3, etc.
[:/I“, E,'f}" C—/’ZZ‘/t/ =L (45)

The % concentration is obtained from equations (44) and (48)

Gz, Y- G 0 Tl 5 ('327@"
g

(46)
[a./ "(-a /L/ﬂj/'v/ﬂ/

At "= and -E:a/,l the central concentration history of a finite
cylinder can be obtained from equation (46)
ek GI‘ = M)
Cleot 1:2_ Y (27729
=l M, J/M/

(47)




“n, N . .
. I N :
te . N - N
! v - - Y o

Define the foliowing parzmeterss: \

) - (/)’)lf/ \ \ ?
)= den B ey 357 67 (a8 .
R m- - _ ) § . |
- Cems 1 % oo , .

: = =N 5, .
. Cer)-f 2 w
o ) G, Mo TR N=42,3 ere, (49 = N

T | Zf/:/i‘u = 7)) (50)

-4

! We have, by equation (50), established the equation for th: frac-

i tional removal of alcohol and water at the central point (2= 'Z“/ R
= ¢) of a c¢cylindrical pellet. Figure 32 shows the central con-
i centration history for a finite cylinder and illustrates that
S ! initially there is a very rapid removal of solvent but that the

removal rate decreases with tiwe so that the solvent theoretically

is never 100% removed.

o | In the analysis which fqllows the concéntration for all points

: -
. (r,&,T) at time T will be considered in order to obtain an equa=-
ot tion for the instantaneous diffusion rate of the cylinder. This ¢

analysis extends the previous analysis which solveg the continuity

egquation for the central point in the cylinder,

Il =m




The instantaneous concentration diffusion rate from the cylinder A -
consists of two components, one of which emanates from the radius
=, and the other which diffuses from the two surfaces & =¢ and '

s z=2. - .

At radius Y = fo the concentration diffusion rate is:

& N
a/a.r“" -2 le D/ Jc/d% (51) W

At surfaces Z = ¢ and z - :.a the concentration diffusion rate

o is: ) _
. e —-4#1)/ P_— [ﬁr‘ (52)

The radial concentration diffusion rate can now be obtained from -
equations (46) and (51) 1
=¢ RE ) :
2 ) "/'/I) 2.éil‘ e é’(:;-j gé :

. ) ) :

o= 2 2 D) /) mne (53)

131 =y

L

Similarly, the axial concentration diffusion rate can be obtained

R ) T——

from equations (46) and (52)

- 2 2 )
. —rw MBS ()
. 3 L e Z
/(/(4-2: '?:r.-D(éf‘é;/ /%'26‘/ £ *
v Az4

ZEY (54)

The curulative solvent loss in the radial direction is:

(tlﬂf“"))t

3L 2o, . BRLALC—
Wop= =2 . iy [1-C (55)
j )



1 & \;""‘. ke oo MTI&L}DC /
i IR ROy VST A (56)
3 <o Eo —,.:;',f - /- .
Hey M= :
i It is now possible to obtain the total loss of solvent by sumaing .
. e
the cumulative loss in the radial direction Ay~ and the cumula- -
tive loss in the axial direction iz - '
e 1 loss is : 2 t - .
The tota IR o Hine B . ;_7}_10 . -
" _ e &£ T Dt o
< - ,:y € ey N N
222 L YL -YE e
s 324l - )t ) = S T
W= (o Ce) | (12 (M 7 ey -
i T d=1 /M= Nz VYY) (57) £
| However, the Zcllowing series are evaluated to be:
#2 , . .
I i S
. s h=1,2,3,4, etc. (s8) -
E Z/"'/;)L L{ 891 7¢ e [
5 2 ,
' I . Z’_.. . " .
i .!77' . y m-= %1,3,5,7, etc. (59)
A= 9
From eguations (57), (58 and (59) . .
P i .= 'Qﬁ@bt L

Similarly, .he cumulative solvent loss in the axial direction

| . i g gt e
AT (-l T R .

A=t aN=;

AL 7.5 & the total solvent diffused is M/;L:;O

Meb flf'r\o.‘zo{(:,;""éa)




The fractional amount of solvent diffused can now be obtained from

equations (60) and (61).

ﬁ¢ > _rm'

}/Z %o -{4/..4- I"" ___i_ = 0C
p) = /u/ "e m&‘g s
W o £

The fractional amount of solvent removed, as described by equatioa
(62), is plotted as a.function of the time parameter DZ/CG or‘iDt/a.;,
as shown by Figure 33. For the case considered the length of the
cylindex Zo was assumed to be equal to the diameter of the
cylinder LI~ since some choice of dimensions which approximate the

actual pellet was required.

As shown, there is initially a very rapid removal of solvent; dif-
fusion begins as soon as the pellet is exposed to the environment
of the test cell. However, as the time period leugthens, removal
of solvent occurs at an eveir decreasing rate and theoretically i
solvent is never completely removed because the diffusion gradient

also approaches zero,

Test Run #35 was compared with the fractional amount of solvent re-
maining as derived in this appendix. Good correlation was obtained
in the range of operating time of 1 hour to 7 hcurs or after the
propellant reached the operating temperature. Poor correlation

between the theoretical equation and test runs was obta‘ned in the

Il -p




operatirg time range of zero to 1 hour which is the temperature

transient range.

Obviously, the effect of varying temperature has a drastic effect
on the diffusion process; for this reason, the diffusion constant
is assumed to be a function of temperature. Appendix III assumes
that the diffusion process is a function of temperature and that

temperature is controlled either as a linear or a parabolic func-

tion of time to obtain two new diffusion process differential equa-

tions which include the diffusion constants as functions of tiia.

The results obtained in Appendix III w'll be used to correlate the
theoretical diffusion with the actual results of Run #35 in the

zero to 1 hour transient temperature range.




APPENDIX III
DIFFUSION OF A SINGLE COMPONENT FROM A FINITE CYLINDER WHEN THE

-— DIFFUSION CONSTANT IS A FUNCTION OF TEMPERATURE

In Appendix II, a finite cylinder was analyzed in order to deter-
mine the diffusion characteristics of such a body when the appro-
priate boundary conditions are assumed. In the final result, the
fractional amount of solvent diffused is obtained as a function of

time, cylinder radius, an?® cylinder length.

The fundamental assumption made in the analysis of Appendix II was
that the diffusion constant was a true constant and independent of
temperature 5 and the body coordinates [~ and zZ. Unsatisfactory

correlaticn of the derived function (Appendix II(eguation (62)) at

small times Z when the temperature 5 is undergoing a transient,

necessitates a move exact derivation of the mass diffusion rela=-

tionship.
This appendix proposes to solve this problem.

Definition of Parameters:
(" = radial coordinate in cylindrical frame of reference - inch
Z = axis coordinate in cylindrical frame of rzference - inch
T = time ~ seconds

& = temperature




concentration of solvent "A" = 1b/in3
diffusivity or coefficient of diffusion - in?/sec
siffusion area - in?

diffusion rate of solvent "A" - lb/sec

total diffusion of solvent "A" at time - lbs

total diffusion of solvent "A" at infinite time =~ lbs

The diffusion equation which must be solved has been derived i=

Appendix II and is rewritien as equation (1) here for convenience.

Al | frd ) L i
;I?E- = :Z)ZT7&721;: (7ﬂld\r‘ + s (1)

[ S A

The diffusion constant "[)" will be assumed to be temperature de-
pendent and, according to Rohsenow (Reference 2) the diffusivity

varies with the square of the temperature
I
D=K,G (2)

Assume now that the body is heated uniformly by external means and

that the temperature is a linear function of time
&=krT (3)

From equations (2) and (3) the diffusivity, for the experiments

performed, will vary as a function of the square of the time.

L,
D=k K€ (4)

D=AT" (s)
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The difrusion equatior. which must be solved can now be obtained

from equations (1) and (5)

. - A, J_C;),L 21.:.(_—;]

Zl iz r‘olr‘ ar A2? e

An attempt will be made to solve equation (6) by assuming that (_:,

is a function of three separability conditions which are unique

functions of /™, Z, and C.
(:(n z,t) =R(r) Z=)7) )

If equation (7) is appropriately differentiatsd and the resuli.
substituted into equation (6), the f:llowing three diffevential

equations are obtained:

(8)

(9)

6/2/@ Lﬁ/./e FB3R=0 - (10)

The solution to equation (8) is:

Z‘
7=C e 3 (11)-

The solution to equation (9) is:

Z <( 40n /%jf:gy-z-,a Gen(fEge  uo
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Equation (10) is recognized as a zero order Bessel equation and

has the following solution:
R =C, L(8r)+C Y(er) (13)

However, C;' = O since ){{p-o)-.-:-\oo wvhen "= O and this solutien

doesn't apply. The solution for P( l") is then: . ‘.

4 14 N
\ R=C, T (er) as
At the boundary [V =70 . 5;‘-‘-0 (since = Cco ) and the follow- |

ing condition must hold:
G (ar)=0 (15)
The following eigenvalues made l—/@ rj zero,

Mp: @r‘o (16)

The solution for ,e ( r/ is therefore:

T r (17) -

R=C (L ™

- 0 — . .

In equation (12), the solution for Z[E) ,(:,: 05inceC=o(G=do)

7 at Z=0, Then, the solution will be a sine series since Cz #0 ‘ - )
a4 and G = 0( Gl ) at Z= Z, and the following condition .mst

hold:
C ~M(%f-ﬁ7a=o (8) - .

From equation (18)

IIT - 4

o

R e -

s . - M o . 4 .
[N . ' i - - . 5 ‘e .
C . . . . ) SO . A . ¥ . Ly e
S::‘.?:img',';.umxl:\;:u AL 4___.‘..'\1;,,:,,,“(_‘.!'-‘.,,.-“ WP e T ﬂf‘ proal - WESIT G A b, . Y egr ,<"mﬁimﬂﬁlmgwmﬁpm.{,.
- . - - . . Y . N -
‘ N . a

vt

¢ Co .' . ‘




. ;2 h
A° . '
A — = - m = 1'2’3 4, etc. (19)
5 ﬂ“ Zob '
.2
i From equations (16) and (19) A can be determined
rr N .
' 9( =A /77 ”/ L (20)
The total solution fer Z'(ﬁ) is: . g '
Z-:(z , /_721_/_7.2 (21) - e
It is now possible to obtain the total solution for C::. from equa~-
! tions (7}, (11), (17), (20), and (21). 'A .
| (% ﬁt .
i n;/:;‘f g I / .
cfe e ™, ., W B
s ”)—l v [y
The coefficient C,',., is for a Fourier sine series and is: : ¢ )
i Z, "
. (23)
i mz%/(m/ZjW%'éf/?
¥ (-4 0 [ )

Similarly, the coefficientc;, is for a Bessel series and is:

| "
- A / ‘ {24)
2 — , rC,(r)J /1,5
5 NS YR CalT) T frrn s )l r :
- However, J (M, ] = oand Cp becomes: g
‘ L2 :
C :-—‘—"——""/,{‘(' r ") M"':‘)dr (25)
" ' G ” T (M) % M/ }]/ R ‘.
‘ If the initial concentration is uniform, then C,,, and 6,. are bvoth
% constants and the follewing integrals are evaluated to be:
§ /r]{%-—\dr- My  h=12,3, ete.  (26)
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2,
i ' ,””Z&"‘ -\Zc m

= 103'5'7' etc.
Z. /)77# )

&

The coefficient (; for a Fourier sine series is:

Co “on

-
The coefficient (;,for a Bessel series is:

C,=2——-¢,
7 T (M} “

The total solution for C}

m = 1'3'5'7' Btc.

o

(28), and (29)

| R (/) ﬂot
; Co =ConCom (/‘TOZJ/%,C/

£ | e nJ/Ma / 'ﬂlﬁ

Define the following constants:

=4 L
2
@-ﬁf_‘?.o..é.
2" 3 i;*

."° >’

Where (_, is the initial concentration and Cas

tion at the boundary after C = O%.

. III - £

L

(27)

(28}

Yy

(29)

can now be obtained from equations (23),

(31)

(32)

(33)

is the conce.tra-




.o

N

_!:__-Ze%&’ 7//%025//”/5)44“”7,,: (34)

lao 55 Mo i)
However, C,,_ is the diifereatial concentration and isg : ,
C.(ret)=Clhat)-Go (33) B
The % total ccncentration can now be obtained from equations (34) 3
and (35) [ -
- M é, “T L) G
—C"—(&a“?f ""“) Eﬁ ) 44%:7 a2z 135)
(“2'.4”(“0 I)z-,— Mﬂj{ﬁ/@ Z" )

At '=0 and Z=72. /2, the central concentration history of a

finite cylinder can be cbtained from eguation (36)

90 M 9 @_ﬂ_“ 2
/o 28 ew(‘l )‘9:‘ I (37)
Carm do M” ‘7/ /Vl”) - 2
Define the following parameters.
a:
4 /": . .

Ae:)= 2 in 3 e 202 M=1,3,5,7, etc.  (38)

M=y uz' . .‘

= -6 ’ ‘

((a)=) 2 -

= 9

i NH=y /W’) I/M”/

7:3(5# ) and ( ( Q,.) are tabulated in the literature on heat tranafer o

i and can be appl‘ed to the present problem to obtain the central
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concentration history of a cylinder.

(.‘.?i b JC‘)‘ ;?(5£)C(9r) (40)

The instantaneous concentration diffusion rate from the cylinder

consists of two components, one of which emanates from the radius

V=7, and the other which diffuses from the surfaces Z=2 and Z=Cc

At radius /"= /% the concentration diffusion rate is:

lidp=-21 AL f‘%—%//i t41)
o rer.

(3

At surfaces Z=0 and Z=2.,, the concentration diffusion rate is:
A
JG»/
L =-21A L5 12| dr («2)

The radial concentration diffusion rate can now be obtained from

equations (36) and (41).

rof_ﬂ Mzﬁ i - ?ylé_&
37 ; vyl “aer ) | :
lhe=Z2plir-c iy e ) € )

2=y Yy
Similarly, the axial diffusion rate can now be obtained from egqua-

tions (36) and (42).
od e

s ? - NGy g

‘ 32400 SWIPLLSPNL VA

Qe = —3 AGi -Gl € & (44)
° =1 M=)

The cumulative .osses& in the radial and axial directiuns will de:
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(46)

From equations (31), (32), (43), and (45) the cumulative radial

solvent loss at time Z' iss

JJ?( /"‘""jg[ //% /)//y[ f__‘ ght] 47

‘Il-i

From equations (31), (32), (44), and (46} the cumulative axial sol-

vent loss at time Z is:

7/h [ M’lf””‘ e ]
3,2}*/’:, A /‘ 3
((l 60}2,2 M,, +/})-{r | (48)

A3 =
It is now possible to wbtain the total loss in solvent by summing
the cumulative loss in the radial direction M,» and the cumulative

loss in the axial direction Mz-‘e- .

The total loss is:
k4

%2’7‘?3& m)?

3 7

T Z
_3az.n _L @ e
(4‘1 ’40/[2/‘7” M,, /??) (49)

He; Ny N3y mse}

08 e
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However, the following series are evaluated to be:
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From equations (49), (50), and (51)

\,\

3 - ' N=1,2,3,4, ete. {50)

N

]

nm=1,3,5,7, etc. {

(%4
e
-~

2 ’}1’-? o MRy
_ 5 e Vo LA
Mé. =nle Za/&i '4:/ [ - /% mr {52)

Mz
at Z=oD the total solvent diffused is /o .
L,/ 2 ) (53)
M"ﬁv"- /rro go/(a/"dm}

The fractional amount of solvent diffused can now be obtained from

equations (52) and (53)

+ 3
Mn/‘)ot" _/)7 ﬂ—"l"’
P Sz L "33
Fohty Z;
Mrp-k/& zﬂfg-?_ é{ (54)
W o = M Z

Figure 34 is a plot of equation (54) and zepresents the diffusion
of solvent during the initcial temperature transient which occurs
before the steady state temperature is reached. The diffusion
constant for this case has been assumed to be proportional to the
temperature squared since a linear increase in temperature with

time was an original assumption.

III = 3
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A comparison between the theoretical results and the results from
Run #35 showed that better matching was possible when a variable

diffuzion constant was assumed.

A further improvement in matching test results was obtained when
the diffusion constant was assumed to be proportional to tempera-
ture. This assumption is realistic since the actual temperature
rise with time can be assumed to be parabolic (eibtW and

the diffusion constant i& proportional to the temperature squared

kA
(D).
Therefore, the following second asgsumption is made:

_’D:A,‘Z:

ard the fractional amount of diffusion becomes:

Mcﬂ_ M _ 32

Waoﬂ #;‘ e

The fractional amount of diffusion is plotted in Figure 35 and the
characteristic of this solvent diffusion curve closely approximates
test result #35 when two solvents ether and alcohol are assumed to
diffuse at varying rates simultaneously. A comparison between Run

#35 and the theoretical curve is shown in Figure 29 where the solid




‘line represents the test run and the dotted line is a theorstical

curve based on the use ¢f FPigure 35 for {he transient diffusion of
ethex and alcohol in the initial tiansient and the use af Figure 33
for the diffusion of alcohol when steady temperature conditions ace
reached. The ether is assumed to have completely diéappeared by

the time 18G°F has been reached.

Results, although not exact, are satisfactery and indicate that a
diffusion process is the controlling mechanism when solvents are

removed by dielectric heating from a solid propeliant.

Attention is directed to Figure 30 which is of test run #35 and
appears to consist of two straight lines when plotted on log paper,
This means that the percent volatiles, when curve fitted to an

empirical equation of the form 9= ku? , exnctly reproduce _test
. (/3 ° -

run #3% in two regimes from 15 minutes on to seven hours.

The separation time betwess: the two regimes occurs after omahour
but no significance can be attached to this fact other than the
porsibility that ether is essentially completely diffused after

one hour, If ether diffusion and alcohol diffusion are separated
cut of the total percent volatiles diffused, then Figure 31 indi-
cates a possible division of solvent diffusion. Future programs
should run special tests to check the diffusion rates of alecohol
and ether when ¢ach is the only constituent in the solid propellant

cylindexs.
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