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CHAPTER I

INTRODUCTION

1.1 General Statement of the Problem

Increased activity in oceanographic stﬁdy has resulted in a
surge of interest in power systems that are in&ependent of their
environment. A completely closed power system, independent of the
ambient sea pressure and having a constant buoyancy, has significant
advantages for submersible vehicle applications. Power systems
that use hydrocarbon fuels have several disadvantages associated with
their gaseous products of combustion. The standafd procedure for
dealing with the combustion products is to exhaust them overboard.
For a submersible vehicle this requires either operating the
combustion chamber at the ambient sea pressure or compressing the
product gases to the ambient sea pressure before they are exhausted
(1); either approach involves increased complexity, volume, and
weight for the power aystem.

One proposal to overcome this problem is the liquid metal
combustor, since the products of combustion are condensable. The
combustion products of liquid metals reacted with halogenated gases
(typical oxidizer choices) are salts, usually in the liquid or solid
state, depending on the temperature range of the combustor. The
volume of the salts produced by the reaction must be approximately the
same as the volume occupied by the liquid fuel in the combustor if the
fuel-oxidizer combination is to be usable. Since the products can be

stored in the same volume previously occupied by the fuel, this




eliminates the problem of product disposal while underwater. In
addition, liquid metal combustors have a very high energy density,
allowing a compact design for the thermal energy source.

Several fuel-oxidizer combinations that have products with
less volume than the fuel have been tested as heat sources for
thermodynamic power cycles, such as the Stirling engine (1—5). Some
early work involved combustion of lithium with Freon-114* (3), with

a stoichiometric equation:

8Li + CZCle4 <+ 2LiCl + 4LiF + L1202 (1.1)

Recent work, however, has concentrated on the reaction of lithium

with sulfur hexafluoride (4-6), with a stoichiometric equation:

8Li + SF6 > L128 + 6LiF . (1.2)

Using such criteria as energy density, cost, toxicity, and materials
compatability, van der Sluijs has shown that the lithium-sulfur
hexafluoride combustion system is the best choice for a submersible
vehicle (4).

In order to provide strength and durability, liquid metal
combustors are usually fabricated from stainless steel or nickel
superalloys. The temperatures noimally encountered in a liquid metal
combustor (above 1100 K) are in the range where these materials would
be rapidly attacked by the oxidizer (7). Several techniques are

presently employed to overcome this problem: (a) inject the oxidizer

*Registered Trademark, E. I. duPont de Nemours and Company.
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below the surface of the liquid metal bath; (b) maintain combustor
temperatures sufficiently low to preclude corrosion; (c) protect

the combustor walls with a coating of fuel. When the oxidizer is
injected below the bath surface level, reaction rates are large enough
so that no oxidizer leaves the bath and contacts the combustor body
(8). Running at low combustor temperatures eliminates the corrosion
problem, but other difficulties are encountered, such as unstable
ignition and irregular injector performance (6, 8). Covering the
combustor walls with a coating of fuel prevents the oxidizer from
coming into direct contact with the heated walls. The simplest,

and most effective means of coating the walls is to line the inside
of the combustor with a wick.

A simple configuration of a wick-type combustor can be seen in
Figure 1. A supply of fuel is melted into the bottom of the combustor,
and the temperature is raised until the fuel wets the wick by
capillary action (about 1100 K for lithium). The oxidizer is
introduced into the gas phase and the reaction proceeds as the
lithium evaporates from the wick. The fuel supply to the wick is
maintained by the capillary pumping of the wick structure. The
combustion products condense and settle to the bottom of the fuel
reservoir.

The combustion process of the submerged oxidizer jet, used in
most of the liquid metal combustors to date, is fairly well defined
(9, 10). However, as noted earlier, in a wick-type combustor the
oxidizer is injected above the liquid surface. The result is a
combustion phenomenon that may include any, or all, of the following:

condensation of products; diffusion and convection of fuel, products,
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iﬁ and oxidizer; dissolution of products in the fuel; and non-dilute

mixtures of fuel, products, and oxidizer. In addition, natural

convection must also be considered because of the relatively

quiescent nature of the gas phase.

.- <. .
PP P by

The details of the wick combustion process are not well

understood at this time. Therefore, rational design procedures for

C}\ .
M . ad A

wick-type combustors are not available and present designs are
obtained by trial and error. The over-all objective of the present
investigation is to improve the understanding of the process and
develop a theoretical model cap;ble of predicting wick combustion

characteristics for liquid metals in contact with halogenated gases.

1.2 Previous Related Studies

A search of the literature revealed few studies involving

condensable combustion products in a laminar free-convective flow. The ii]

previous work can be divided into three genmeral categories: film- |

theory models of enhanced vaporization from plane surfaces; film-theory

models of droplet (or particle) combustion; and experimental studies. .J
Turkdogan, Grieveson, and Darken (11) investigated the problem

of a metal film evaporating into an isothermal environment of an inert

gas. They were able to show that the introduction of small amounts of }b

oxidizer into the environment could increase the vaporization rate

of the metal to values approaching the theoretical maximum in vacuo.

Turkdogan, et al., (11) developed a simple theory based only on g

diffusion processes to predict this behavior. The important

assumptions made for the analysis were: (a) the metal vapor and the

VIR NS S I Y .

oxidizer reacted according to a diffusion flame mechanism; (b) the
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' reaction products condensed entirely, and immediately, in the flame

upon their formation; (c) the existence of the condensed products

did not affect the reaction mechanism; (d) the thickness of the
concentration boundary layer was equal to the aerodynamic boundary
layer of the ambient gas; (e) all flow parallel to the surface of the
fuel was neglected; (f) the partial pressures of both the oxidizer
and the metal vapor were small compared to the inert gas; (g) mass
transport of the metal vapor and the oxidizer was sufficiently slow
to neglect the bulk flow induced by diffusion (i.e., mass convection);
(h) and the heat release caused by the chemical reaction and
condensation at the flame did not affect the temperature profile, which
was assumed to be constant throughout the boundary layer. The
important conclusion reached from this study was that reaction

within the concentration boundary serves to steepen the concentration
gradients and, hence, "enhance" the vaporization rate of a metal from
a surface.

Rosner (12) extended the film model to the case of non-dilute
oxidizer and metgl vapor concentrations, analyzing the problem of a
one-step, metal-oxidizer reaction in a thin diffusion flame in the
presence of an inert gas. The model included both diffusion and the
bulk flow induced by diffusion (convection) of the metal and oxidizer
toward the flame. Except for the non-dilute mixtures and the
inclusion of diffusion-induced mass transfer, Rosner's assumptions
were the same as made by Turkdogan, et al. As a consequence of
assuming that all the product condensed in the flame, Rosner neglected
the presence of any condensed product at all other points. While

Rosner does not solve the energy equation, the assumed behavior of the

L




products limits his model to cases where the flame temperature is not
greater than the boiling point of the combustion products. A second

major drawback of the Rosner model is that it predicts an infinite

burning rate for the case of pure ambient oxidizer.
The problem of droplet combustion has received somewhat more -
theoretical attention than the film-theory model. Brzustowski and 'T
E;. Glassman (13) analyzed the combustion of magnesium and aluminum
g L droplets in oxygen-inert gas environments. The model included heat
F‘ transfer away from the flame by radiation and conduction to both the r’
4

droplet and the environment. Convective mass transport of the gases

was neglected and the diffusive fluxes were limited to the flow of

.

oxidizer and fuel toward the flame and the flow of vaporized product B

from the flame to the environment. The condensed product produced in

the flame was assumed to be convected outward with the bulk motion in
the outer region. No product was assumed to flow toward the droplet. R
From known thermodynamic behavior of metal-oxygen reactions (14), the
flame temperature was restricted to be no greater than the boiling
point of the metal oxide product. Consequently, at least some of the ;?
product was assumed to condense in the flame. The primary weaknesses |
of this model were the failure to includeconvective transport of the
gases and the omission of product flow toward the droplet. "

Kuehl and Zwillenberg (15) removed the restriction on the flow k
of vaporized product, allowing product vapor to flow both to the fuel 1
surface and to infinity. The product was considered to condense at the TW
fuel surface such that its vapor pressure was zero at the fuel surface.
As in the work of Reference (13), all convective mass transport,

except that of the condensed product formed in the flame, was neglected.
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In addition, Kuehl and Zwillenberg assumed that the fraction of
product vaporized in the flame was unaffected by the existence of a
product flux toward the fuel surface.

Klyachko (16) approached the problem in a slightly different
manner. All mass transport was considered to be by diffusion only with
no convection and the flow of the condensed product was neglected. As
in Reference (15), the flame temperature was limited to the boiling
point of the products, and condensation of the products was limited to
three locations: at infinity, in the flame, and at the fuel surface.
However, Klyachko chose not to specify the fraction of products which
were vaporized in the flame. Rather, he chose to specify the fraction
of vaporized products which would flow inward to the fuel surface.
Using intuitive arguments, Klyachko concluded that half the vaporized
product would flow toward the droplet ang half would flow to infinity.
It should be emphasized that the actual value chosen for this parameter
is unimportant, the significant point is that some constant value must
be assumed in order to arrive at a solutiom.

Recent work by Law (17) is the most general analysis of
combustion with condensable products to date. A general model was first
developed in which the flame temperature was specified to be equal to
the boiling point of the products. Mass transport of all gaseous
species (metal vapor, oxidizer, and product vapor) was considered to be
by both diffusion and convection. Transport of condensed product was
assumed to be by convection only. Condensation of the products was
assumed to occur at one, or more, of the following locations: flame
zone, fuel surface, and infinity. Heat transfer was by convection and

conduction only. Three special cases of the model were then

S
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developed: no condensation of the products at the fuel surface

L

1.
Eii (similar to Reference [15]); dilute oxidizer concentrations--such that
i: the flame temperature falls below the boiling point of the products
and all condensation occurs in the flame zone (similar to Reference
[13]); and enriched oxidizer concentrations--such that the flame
temperature exceeds the boiling point of the products and no
condensation occurs in the flame.

The last of these special cases represents a significant
improvement over the previous work; flame temperatures were no longer
limited and condensation of products in the flame was not forced by the
model. While it appears that the development of this model permits the
analysis of all combustion conditions, there is one important exception.

It can be shown that the mass flux equations for the metal vapor and

the product vapor in the region between the fuel surface and flame are

not independent if the following conditions are satisfied: (a) no
product condenses in the flame; (b) condensation of products flowing o
toward the fuel occurs only at the fuel surface; (c) no inert gas is
present--such that only metal vapor and product vapor exist at the fuel o
surface. .
Lavw and Williams (18) have extended the work of Reference (17) .q
to allow condensation of the products outside the flame to occur at a é.f
finite distance from the flame, rather than at infinity. The flame
temperature was limited to values above the boiling point of the
products. Condensation of the products was permitted to occur only at
the droplet surface and at the outer condemsation front. The

temperature at the outer condensation front was specified as the boiling

point temperature of the products. The model predicts : "
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an infinite burning rate for the case of pure ambient

oxidizer.
i!f A great deal of experimental work has been performed concerning
}J combustion of metals. Like the theories, however, the work has
}i concentrated on metal-oxygen reactlions, generally with an inert
!! diluent gas present (see for example, References [19-22]). No data

directly applicable to the present study were found.

1.3 Specific Statement of the Problem

- As indicated by the previous discussion, existing theoretical
models all contain flaws that preclude their use for any practical
LJ combustion problem in the absence of an inert gas. The models are

either singular for pure oxidizer or are not well-posed, requiring that

! the behavior of one of the unknowns be specified. In addition, the

solubility of the products in the metal is neglected.

Secondly, experimental work to date has concentrated on metal-
oxygen reactant combinations. Little information exists on the
combustion characteristics of other combinations, particularly alkali »

metals reacting with halogenated gases. Burning rate data on these

P SRR,

other combinations are needed to verify any new combustion model and to

2.0

examine the applicability of existing models to this class of reactions. o
. =
An indicated previously, the lithium-sulfur hexafluoride combination

P

is especially interesting because of its technological importance.

g With this in mind, the specific objectives of the present L
study are as follows:

E (1) Determine the nature of lithium-sulfur hexafluoride

!

¢ combustion by visual observation.




P ————" P — " T T T T s .

11

(2) Obtain data on lithium burning rates from a wick surface
as a function of three parameters: ambient pressure, wick
length, and concentration of inert diluent in the ambient
gas.

(3) Develop a film-theory model of combustion of a liquid
metal from a plane surface, including:

(a) pure oxidizer as the ambient gas;

(b) condensation of products occuring at fronts
not restricted to being located at infinity, the
flame, or the fuel surface; and

(c) solubility of the products in the molten fuel.

(4) Compare the model with burning rate data.




CHAPTER II

APPARATUS AND PROCEDURE FOR OBSERVATION OF LITHIUM
COMBUSTION AND BURNING RATES

Two series of tests were performed to observe the nature of
lithium combustion and to obtain lithium burning rates. Lithium
droplets were burned in sulfur hexafluoride to observe the qualitative
characteristics of lithium combustion. Larger samples of lithium were
burned from a wick in sulfur hexafluoride and mixtures of argon and
sulfur hexafluroide to obtain burning rate data. Photographs of the
larger samples were used to obtain a clearer understanding of the
lithium-sulfur hexafluoride combustion process. The information
gained from the photographs of the combustion process was necessary

before a proper mathematical model could be chosen.

2.1 Preliminary Tests--Combustion of Lithium Droplets

2.1.1 Apparatus

The apparatus used to observe combustion of lithium droplets
consisted of a glass bell jar, a gas supply system, an ignition
circuit, a camera, and the lithium droplet mounted on a thin support
rod. A schematic of the test apparatus is shown in Figure 2.

The test samples consisted of small lithium shot about 2-3 mm
in diameter mechanically mounted on a nickel support rod. A primer,
made from two strands of 28 gauge Ni-Chrome wire about 3-4 mm long,

was inserted into the lithium shot.
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Photographs of each test were taken with a 4 inch x 5 inch
Graflex Super Graphic fitted with a 135 mm Optar lens. Polaroid Type
57 black and white film (ASA 3000) was used.

The spark ignitor was powered by a General Electric ignition
transformer, Model 56 G 9, with 10000 volt output at 23 milliamps. The
hot side of the circuit was run through a pointed copper lead, and
the circuit was grounded through the base of the bell jar. The
spark gap was formed between the tip of the copper lead and the primer
inserted into the lithium shot.

The glass bell jar provided a means by which the combustion
process could be observed, as well as a means to control the
combustion conditions. The gas and vacuum supply system was
connected to the inside of the bell jar as shown in Figure 2. The
system was designed primarily to set the pressure of the sulfur
hexafluoride inside the bell jar for each test. The argon line was
provided to be able to backfill the bell jar after a test was completed.
The pressure in the bell jar was measured with a Wallace and Tiernan
Model FA-129, 0-340 kPa (0-100 in. Hg) absolute pressure gauge with
+340 Pa (0.1 in. Hg) accuracy. A roughing gauge was provided as a

back-up to the Wallace and Tiernan gauge.

2.1.2 Procedure

The test samples were assembled in a vacuum/glove box under an
argon atmosphere in order to protect against contamination of the
lithium shot. A completed sample, consisting of the support rod, the
lithium shot, and the Ni-Chrome primer, was placed in a glass jar

and sealed under argon until it was needed for a test.
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After the camera was adjusted, the sample was removed from
the jar and placed on the bell jar base. The space between the copper
ignition lead and the Ni-Chrome primer was set to about 3 mm. The
bell jar was placed over the sample, and the system was evacuated. The
system was then back-filled with sulfur hexafluoride to about 20250
Pa. The spark'was activated until] ignition occurred. (The spark
concentrated on the Ni-Chrome primer, heating the primer to where it
would ignite in the sulfur hexafluoride. The heat released by this
reaction was sufficient to ignite the lithium.) When ignition was
confirmed, the spark was turned off and the photograph was taken.
Because of the light intensity of the flame, welder's goggles were

worn to allow direct observation.

2.2 Lithium Burning Rate Tests

The apparatus used for the lithium burning rate tests
consisted of a test sample, a vacuum chamber, a gas supply system,

and instrumentation.

2.2.1 Test Sample
A schematic of a typical test sample for the lithium burning

rate tests shown in Figure 3. The flame position is included to
indicate the orientation of the sample during the tests and the general
shape of the boundary layer during combustion. The ends of the
cylinders were 0.94 mm Type 316 stainless steel sheet with the side
made of Type 316 stainless steel woven wire cloth, 3937 wires per
meter and 0.1143 mm diameter wire. The cylinders were about 31 mm in

diameter and 14 mm to 60 mm high, with 4 mm to 10 mm extending below

the bottom disk., The extended section was backed by a strip of

J

"i
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THERMOCOUPLE
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L
-
Figure 3 Schematic of Test Sample for Lithium Burning Rate :
Tests L
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stainless steel shim stock. The extension served to prevent lithium
from wicking along the bottom of the sample cylinder. The wick was
spotwelded to the edge of the disks. The top disk was similar to the
bottom disk, except for a 6.4 mm hole drilled in the center. A

6.4 mm 0.D. tube about 10 mm to 50 mm long was welded into the hole.

During combustion, the lithium inside the sample would wet
the wick, including the extended section, and maintain a supply of
fuel to the wick by means of capillary action. When the lithium was
consumed, the wick dried off, and combustion ceased (much like a

kerosene lamp that has burned all the fuel).

2.2.2 Vacuum Chamber L

The lithium burning rate tests were performed inside the

C .

vacuum chamber shown in Figure 4. The chamber, a VAC Model HE-133-5,
manufactured by the Vacuum Atmospheres Corporation, is a truncated L A
cylinder approximately 0.65 m in diameter and 0.91 m long. The interior
volume is approximately 0.35 cubic meters.

The arrangement of the apparatus inside the vacuum chamber L)
is shown schematically in Figure S. Figure 6 is a photograph of a .
test sample set in plact'a, showing the heater coil, the ignition lead,
and the thermocouple in the foreground, and the collapsible bag in the \

background.

As can be seen in Figure 5, the stainless steel tube in the top ' %

of the test cylinder was connected to the collapsible bag. A chromel-

1ithium inside the test sample. A collar of stainless steel shim stock

alumel thermocouple was used to monitor the temperature of the 1{
1

i

was placed above the sample to protect the thermocouple from thermal 1
\

radiation.




Figure 4 Vacuum Chamber
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Figure 6 Photograph of the Test Apparatus Inside Vacuum Chamber
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A small heater coil wrapped around a copper core was used to
raise the test sample to ignition temperature. The heater coil was
made from a shortened section of 1500 W. Ni-Chrome beaded heater,
manufactured by the Cole-Parmer Instrument Company (P/N 3116-40).

The current through the heater was controlled by a Type W20MT3A
Metered Variac Autotransformer, manufactured by the General Radio
Company. The heater coil was held in contact with the test sample
by means of a retractable solenoid. The ignition circuit was the
same as used for the lithium droplet combustion tests.

Since it was necessary to prevent oxidizer from reaching the
interior of the test sample and reacting, this region was filled with
argon. The argon also served to protect the thermocouple from
corrosion by the oxidizer. The collapsible bag was required in order
to keep the gas pressures on the two sides of the wick in balance as

the test sample heated and the fuel was consumed.

2.2.3 Gas Supply System

The gas supply system illustrated in Figure 7 was used to set
the desired test conditions in the vacuum chamber. The system was
arranged to allow the oxidizer and the argon to be fed into the
chamber independently, while only argon could be fed to the inside of
the collapsible bag. A vacuum could be drawn on each part of the
system, independent of all other parts. The vacuum pump was a Duo-Seal
Model 1397, manufactured by the Welch Scientific Company. A manually
operated vacuum by-pass was provided to the chamber interior in the

event that the solenoid failed.

'-J
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2.2.4 Instrumentation

Pressure measurements were made using a Miriam absolute
pressure mercury manometer graduated in millimeters. The lithium
temperature was measured using a Conax grounded chromel-alumel
thermocouple encased in a 3.17 mm diameter Type 316 stainless steel
sheath., The thermocouple output was recorded on a Leeds and Northrup
Speedomax H Type S Multipoint Recorder. The recorder was set for
single point operation, allowing a temperature to be read every 1.5
seconds. The extension leads and recorder were calibrated with a
Leeds and Northrup Model 8686 millivolt potentiometer. The temperature-
to-millivolt conversions were taken from the National Bureau of
Standards tables.

Burning times were measured with two Heuer stopwatches with
0.2 second divisions. The Speedomax was used to provide a back-up
timing system. The times recorded agreed to about +3Z between the
hand-timing and the times obtained from the Speedomax charts.

Photographs during each test were taken using the same method

as used for the lithium droplet photographs.

2.2,5 Reactants

The lithium fuel used for the tests was obtained from the
Lithium Corporation of America. The fuel was packed in cans in two-
pound lots and sealed under argon. The lithium is guaranteed as 99.9%
pure with the major impurity being sodium.

The sulfur hexafluoride was obtained from Matheson Gas
Products. The gas is contained in a cylinder as a liquid under its owm
vapor pressure (2200 kPa at 294 K). The gas used was certified purity

grade--minimum of 99.8% pure.

o
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The argon used was obtained from AIRCO and was Commercial

Grade--99.9998Z pure.

2.2.6 Procedure

2,2,6.1 Preparation of Test Samples

Test samples were made in a four-step process designed to
reduce the occurrence of contamination of the lithium. The first step
of the preparation was to weigh a small sample of lithium inside a
vacuum/glove box under an argon atmosphere. The amount of lithium used
in the samples ranged from about 2 to 12 grams, depending on the
cylinder height to be tested. After the fuel was weighed, the lithium
was placed in a glass jar and sealed under argon.

The second step was the fabrication of the bottom and sides
of the sample cylinder. The cup-like part was made as described in
Section 2.2.2 and rinsed in reagent grade methanol. All this was dome
before the lithium was removed from the jar and exposed to the air.

The third step was to attach the top to the sample cylinder.
The test sample was completed by removing the lithium from the jar and
placing the fuel in the bottom part of the cylinder. The top was then
spot-welded in place. To avoid undue contamination of the lithium, the
completed test sample was returned to the vacuum/glove box as quickly
as possible. )

The final step of the preparation of the test samples was to
pre-wet the wick and install the primer. The samples were heated to
700-750 K to pre-wet the wick. Experience has shown that lithium will
wet a wick in this temperature range if the wick is below the liquid

surface. By sloshing the sample a little, it was possible to wet most,

PR
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or all, of the wick surface. After the sample cooled, a small

globule of lithium (about 0.02 gm) was mechanically attached to the
outside of the wick surface. A primer about 4 mm long, made from

four strands of 28 gauge N-Chrome wire twisted together, was then
inserted into the globule of lithium and allowed to stick out past

the surface. The assembled sample can be seen in Figure 6. As before,

this step was performed in a vacuum/glove box under argon.

2.2.6.2 Test Procedures

The sample was placed in a sealed glass jar and moved to the
vacuum chamber. Before the sample was removed from the jar all the
components inside the vacuum chamber were positioned for the test. The
sample was removed from the jar and fastened to the support. The
tip of the copper ignition lead was placed about 1 mm away from the
primer. A quick test of the ignition circuit was made and the door of
the chamber was sealed. Another test of the ignition circuit was
made in case the apparatus had moved while the door was being sealed.

The vacuum line to the collapsible bag was opened, and, several
seconds later, the solenoid valve to the chamSer was opened. Both gas
supply line: were evacuated back to the regulators and the entire
system was allowed to pump. Two or three hours was usually sufficient
to evacuate the system, although many samples were allowed to pump
overnight. When the system was totally evacuated, the heater coil was
turned on at a power level of about 100 W. The thermocouple was used
to monitor the temperature of the lithium, ™ . - the fuel temperature

reached about 670 K, the vacuum was shut off. & -mall amount of argon

o
C
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was back-filled into the collapsible bag until it was partially
inflated. The gases were them introduced into the vacuum chamber to
obtain the desired test condition. In any test where argon was mixed

with the sulfur hexafluoride, the argon was introduced into the

chamber first.

When the test conditions were set, the heater was turned off.
The support solenoid was activated, causing the support to retract and
the heater to swing out of the way. The ignition circuit was fired,
starting an arc to the Ni-Chrome primer. The primer burned in the
oxidizing atmosphere and ignited the small globule of lithium
attached to the outside of the wick. Almost immediately (less than
one second) the flame could be seen to spread rapidly over the entire
wick surface. The observance of this rapid spread was defined as the
ignitign point. The ignition circuit was de-energized soon after
ignition. A photograph was taken about five to ten seconds after
ignition occurred. Combustion continued very evenly over the wick

until the fuel was exhausted. The flame would die about as quickly

as it spread (about one second). Burning times were stopped when
this rapid decay was seen.

As soon as the test was over, the chamber was evacuated o
remove the oxidizer. Experience showed that the stainless steél pieces
of the test sample had a tendency to react with the oxidizer if the

pressure was high enough (about 10000 Pa). When the sample bad cooled,

the chamber was backfilled with argon to atmospheric pressure.
The amount of lithium which had not burned during the test was
determined according to the technique described in Appendix A. Most of -

the unburned lithium found after a test had dripped off of the sample
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during the burning time. These droplets were usually easily
distinguished from the droplets of product which dropped off during
the test.

The lithium burning rate was them calculated from the amount

of lithium burned, the surface area of the wick, and the measured

burning time.

PO O I Y i




CHAPTER III

RESULTS OF LITHIUM COMBUSTION AND BURNING RATE TESTS

3.1 Observation of the Lithium Combustion Process

Figure 8a and its enlargement, Figure 8b, show a lithium
droplet burning in sulfur hexafluoride at a pressure of 20200 Pa.

Image size in Figure 8a is about one-third larger than actual size.

Several important preliminary observations can be made about the ?

lithium-sulfur hexafluoride combustion process from this photograph.

The liquid surface appears to be smooth and surrounded by a glowing
region in the gas phase. The liquid fuel droplet appeared to decrease
in size as combustion proceeded, in a manner similar to an oil
droplet combustion process. The darker areas seen on the fuel surface .t
are believed to be small droplets of condensed combustion products.

Significant amounts of condensed combustion products were seen

in the gas phase. The products were convected upward and tended to -‘

Y

condense on any adjacent cool surfaces, particularly the nickel support
rod. Figure 9 is a phétograph of the rod after combustion has ended.

A large droplet of solidified product can be seen part-way up the »
rod, above the position of the fuel droplet. Small globules of

product are also evident at the tip of the support rod. These may

correspond to the product which condenses on the fuel surface as L4
suggested by the darker areas seen in Figure 8. The amount of product

which condenses on the fuel surface is small compared to the amount

present in the gas phase.

|
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Figure 9 Product Accumulation on Support Rod After
Combustion of Lithium Droplet in Sulfur
Hexafluoride
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Because of the amount of condensed product particles present
in the gas phase, the glowing region surrounding the fuel droplet

cannot be labeled a "flame zone."

The glowing region is more likely
defined by an isothermal boundary beyond which the particles no
longer radiate at frequencies in the visual range. Since the high

temperature levels can only be maintained by the reaction, it can be

inferred that the actual flame zone lies within the glowing regiom,

but a precise position cannot be identified from the photographs of

the droplet combustion.

Much more definitive information can be obtained from the

photographs of lithium combustion from a wick, seen in Figure 10 and
Figure 11. Figure 10 shows two typical tests of lithium burning in

sulfur hexafluoride; Figure 11 shows two typical tests of lithium L
burning in argon-sulfur hexafluoride mixtures. All the photographs }
exhibit the same general characteristics as the photographs of the
droplet combustion. The wick surface is smooth and partially
covered by condensed product, which is much more visible in these
plctures. The behavior of the product condensed on the fuel surface 1
was quite consistent over all conditions tested. Small droplets of
product would form on the wick surface as seen in Figure 10a. The
droplets flowed down the surface under gravitational influence and 1
agglomerated as they fell. Figure 10b shows the agglomerated product
about halfway down the wick. The product continued to flow to the
bottom of the wick. When a sufficiently large droplet formed at the
bottom of the wick, the product would drip off. As can be seen in
both Figure 10 and Figure 11, the product covers a fairly small amount

of the wick surface. Table 1 summarizes the amount of wick surface ; \
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Table 1
Summary of Surface Area Covered by Product

Test Length Pressure Argon Mass %TAtot )
mm Pa Fraction (2) p

6 3.0 7900 0.0 10

8 3.0 13600 0.0 8
11 3.2 5250 0.0 3 -
14 3.25 10750 0.0 10 ; ,1
17 3.0 15950 0.0 9 ‘ ‘
34 6.0 10750 0.0 15 »-
36 5.95 8050 0.0 2 1

38 5.9 10750 0.0 13
45 2.9 13300 0.0 0 (B
47 1.42 10750 0.0 0 ;

52 1.62 10750 0.0 4
53 1.52 10750 0.0 4 L}
54 1.65 10750 0.0 30 4
]
31 3.0 13300 0.002755 13 v

39 2.9 13300 0.004707 5

40 3.05 13300 0.00668 6
46 2.9 13300 0.00137 20 v \
48 3.05 13300 0.00583 4 :
49 3.05 13300 0.00165 13 j
51 2.97 13300 0.00137 9 ) v
L 4
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covered by condensed product in each of the photographs obtained.
The dark silhouette seen in Figure 10 is the ignition wire described
in Section 2.2.2,

The percentage of wick surface covered by product was
determined by analyzing the photographs as follows: (a) the
vertical centerline was located on the sample; (b) parallel lines
were drawn on each side of the centerline at a distance equal to
one-half the radius; (c) the surface area covered by the product
(the darker areas) inside this rectangle was measured; (d) the area
covered by the product was divided by the area of the rectangle;
(neglecting the curvature of the wick surface). This value was assumed
to be representative of the conditions on the entire wick surface.

There is no correlation between the amount of surface area
covered by condensed product and pressure or argon mass fraction. The
amount of surface area covered by product seemed to be related to the
time the picture was taken. If a drop of product had just fallen
off the sample, the percentage of surface area covered was low. If
the product were almost ready to drop off, the covered area was
somewhat larger. No attempt was made to take the photographs at a
particular condition. It is likely that the results obtained
represent a fairly random sample of conditions. If this is true,
then the results obtained lead to the conclusion that the average
amount of wick surface covered by condensed product is on the order
of 10X of the wick surface.

The luminous zone seen in the photographs of droplet combustion
can also be seen in the photographs of combustion from a wick. One

significant addition can be seen in the latter photgraphs. A second

'n




zone, more intense than the outer envelope, can be seen along the

surface of the wick. This brighter zone extends out from the surface

about 1 mm in the PhOtographs, ending at a thin, somewhat darker

region. The darker region is believed to be the location of the flame.

The flame temperature should be high enough (see Section 6.1) so that

no products can condense in the flame. Consequently, there will

be no particles in the flame to emit radiation. It follows, therefore,

that the intensity of light emitted from the flame will be the
lowest of the high-temperature regions of the boundary layer.

The light zones at the top and bottom of the samples are
caused by the fact that the camera was "looking" through a hollow
cylinder of luminescent material. The photographs recorded the
near and far sides of the cylindrical flame, causing these areas
to seem more intense than they actually were.

The photographs were analyzed to obtain the dimensions of the
two zones. Figure 12 is a plot of the thickness of the flame zone
versus the modified Grashof number suggested by Spalding (23) for
combustion of a liquid fuel under natural convection conditioms. The

thickness of the luminous envelope plotted versus the same Grashof

number is shown ian Figure 13. Both the plots are for the data obtained

from the photographs of lithium combustion in sulfur hexafluoride
with no argon present. A least-squares linear regression of the

data yields the following results:

Gf/x « Gr"'.249

Gl‘m/x o« Gr-o234
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iv é It is worth noting that these results are close to what would be
‘ ; expected for laminar natural convection from a vertical plane surface,
:(ﬁ where the relationship for boundary layer thickness is (23, 24):

§/x « ¢~

The results seen in Figures 12 and 13 indicate that laminar

natural convection was occurring during the lithium burning rate
tests. The maximum local Grashof number during the tests was
approximately 3 x 106, which is less than the value of 108 where
transition to turbulent flow normally occurs during combustion
under natural convection conditions (24). In addition, the slope of )

the data is quite close to the theoretical value for laminar :

natural convection.

3.2 Lithium Burning Rates in Sulfur Hexafluoride v

Table 9 in Appendix B is a summary of the data obtained for
lithium burning in sulfur hexafluoride. Two series of tests were run 'E
in the sulfur hexafluoride. One series was to determine the effect of
oxidizer pressure for a constant wick length. The other series was to
determine the effect of wick length for a constant oxidizer pressure.

Figure 14 shows the effect of oxidizer pressure of the lithium

burning rate for a constant wick length (nominally 30 mm). A least-
squares linear regression of the data shows the lithium burning rate

to be approximately proportional to oxidizer pressure to the 3/4 power: - 4

The results at pressures greater than 8000 Pa, indicate an even

stronger pressure dependence. In comparison to natural convection
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processes, this result is somewhat startling. The more expected
results would be that burning rate is proportional to the square root
of oxidizer pressure (24).

Figure 15 shows the effect of wick length on the burning rate
for a constant oxidizer pressure (10750 Pa). A least-squares linear
regression of these data points shows the burning rate to be

approximately proportional to the fourth root of wick length:

G
m

« -+252

This result is what would be expected in the case of laminar free
convective combustion (24).

The results obtained to this point appear to indicate that
a laminar natural convection process is occurring, at least for the
conditions studied. The relationships seen for the flame thickness
and the luminous zone thickness versus the Grashof number, combined
with the effect of wick length, point to linear free convection. The
one result that does not agree with results of earlier work (24), the
effect of pressure, apparently indicates some other process or
processes at work. Consequently, any mathematical model chosen must

be able to account for this behavior.

3.3 Lithium Burning Rates in Argon-Sulfur Hexafluoride Mixtures

Table 10 in Appendix B is a summary of the data obtained for
lithium burning in argon-sulfur hexafluoride mixtures. The tests were
run at a constant total pressure of 13300 Pa. Argon mole fractions
varied from 0.0% to 2.4%, corresponding to a variation in argon mass
fraction from 0.0% to 0.668%Z. Difficulties in igniting the sample

prevented testing for burning rates at higher concentrations of argonm.
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As noted earlier, the presence of argon had no noticeable

effect on the amount of wick surface covered by condensed product.

PP U GO S WV W]

However, the argon did have a significant effect on the lithium
burning rate. Figure 16 is a plot of the lithium burning rate versus

the ambient mass fraction of argon at a constant total pressure. A

]
value of argon mass fraction of 0.668% causes a decrease in lithium 3
burning rate of over 457 as compared to the lithium burning rate for
no argon present. '
[ A
»
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CHAPTER 1V

APPARATUS AND PROCEDURE FOR WICK-TYPE COMBUSTOR TESTS

A series of tests was run in laboratory-size wick-type
combustors to obtain more information about the combustion
characteristics. The tests were.specifically designed to determine the
relationship between wick surface temperature and the pressure in the
gas phase adjacent to the wick. Three combustor configurations were
tested to analyze the effect of combustor length-to-diameter ratio

and the effect of varying heat flux through the wick.

4.1 Apparatus
4.1.,1 Wick-Type Combustor

The three combustors used for the wick-type combustor tests are
shown schematically in Figures 17, 18 and 19. Tables 2, 3 and 4
sumnarize the designs of each of the combustors. Standard heat pipe
design procedures (25, 26) were used to choose wire mesh sizes which
would support enough capillary rise of lithium to ensure no chance
of wick dry-off for each of the combustor configurations. The wick
designs chosen were theoretically capable of pumping one to two
orders of magnitude more fuel than the maximum flow rates required in
these combustors. The wick was installed along the combustor wall and
spot-welded in place. As in standard heat-pipe practice, the finer
mesh (see Table 2) was placed away from the wall, with the coarser mesh
next to the wall. This yields maximum capillary rise from the finer

mesh while reducing the flow resistance by use of the coarser mesh.
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Table 2

Design Summary of Preliminary Wick-Type Combustor

Combustor
Material:
Dimensions:

Head:

Wick
Material:

Composition:

Injector Body
Material:

Dimensions:

Type 316 Stainless Steel

101 mm I.D. x 110 om O.D. x 233 mm long interior

12,7 mm plate

Type 316 Stainless Steel Woven Wire Cloth

1 layer 630 wires per meter - .58 mm diameter
wire

1 layer 1575 wires per meter - .29 mm diameter
wire

Nickel 200

10.3 mm I.D. x 44.5 mm 0.D. x 66.7 mm long

A
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Table 3

Design Summary of Long Length-to-Diameter Wick-Type Combustor

I, Combustor

Material: Type 316 Stainless Steel
Dimensions: 43 mm I.D. x 48 mm 0.D. x 514 mm long
II. |Wick '
. |
Material: Type 316 Stainless Steel Woven Wire Cloth y
Composition: 2 layers 3937 wires per meter - .1ll4 mm
diameter wire 4
'..1
III. Injector Body 4
Material: Nickel 200 ]
Dimensions: 5.5 mm I.D. x 44.5 0.D. x 66.7 mm long ]
, » 4
. 4
1
4
o
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1
1
1
1
1
1
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Table 4

Design Summary of Large Wick-Type Combustor

Combustor
Material:

Dimensions:

Wick
Material:

Composition:

Injector Body
Material:

Dimensions:

Type 316 Stainless Steel

154 mm I.D. x 168 0.D. x 1003 mm long

Type 316 Stainless Steel Woven Wire Cloth

2 layers 3937 wires per meter - .114 mm
diameter wire

Nickel 200

5.5 mm I.D, x 19 mm O0.D. x 25 mm long

51
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The injector was fabricated from Nickel 200 rod. Nickel 200
was chosen because it has the highest resistance to corrosion by
fluorine of all common high-temperature metals (7). Two thermocouple
wells were provided into the injector interior in order to monitor
temperatures near the injector face.

The combustion process proceeded in a manner similar to that
described in Section 2.2.1. Capillary action maintained a supply
of fuel to all portions of the wick. The lithium evaporated from the
wick into the ullage volume where the reaction with the oxidizer
occurred. The heat of reaction was removed by radiative and
convective heat transfer from the combustor walls.

The movable radiation shield used in the first combustor tests
provided a means of varying the heat flux through the wick by varying
the heat load to the combustor. Heat loads could be varied by about
10:1 4f desired. Two 1500 W Ni-Chrome beaded heaters were installed
in the radiation shield. These heaters were used to raise the
combustor to ignition temperature. No movable shield was used for the
other two combustors. These combustors were designed to be rum at
two conditions only--maximum heat flux and minimum heat flux. The
heaters used for these tests were wrapped directly on the outside

wall of the combustor.

4.1.2 Gas Supply System

A schematic of the gas supply system used for the wick-type
combustor tests is presented in Figure 20. The entire system, including
the combustor, was welded or brazed wherever possible to reduce the
chance of leakage. Those joints which could not be welded or brazed

were coated with a silicone-rubber sealant. A VEECO MS-90AB Leak
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Detector was used to helium leak-check the entire system before each

test. The maximum leak rate for all tests, except one, ranged from

8

0.35 x 10" " to 10"10 standard cc/second of helium. The leak rate for

the one exception, WCT - 3, was 0.3 x 10-6 standard cc/second of helium.

4.1.3 Instrumentation

4.1.3.1 Flow Measurement

The oxidizer flow to the system was measured using a calibrated
critical-flow orifice-pressure regulator combination. The pressure

regulator was a Matheson Model 9 two-stage regulator withl.6 x 105 -

1.7 x 106 Pa (10-250 psig) output capacity. The pressure upstream

of the critical-flow orifice was measured with a Matheson Maxisafe test
gauge with 1x105 -2.8x 106 Pa (0-400 psig) range and 13800 Pa (2psi)
divisions. For the final tests, 10 and 13 the upstream pressure was
measured with a Heise 0-2.1 x 106 Pa (0-300 psia) gauge with 3450 Pa
(0.5 psi) divisions. The orifice was calibrated with a Precision

Scientific Wet-Test Meter (0.0028 cubic meters/revolution).

4.1.3.2 Temperature Measurement

Temperatures were measured usifig 26 gauge chromel-alumel
(A.N.S.I. Type K) thermocouple wire manufactured by the Thermo-electric
Company (G/G-26-K). The wire is manufactured to American National
Standards Institute tolerances—+0.752 in the temperature range of
interest. Two thermocouples were placed in the thermocouple wells
located in the injector, while an additional 34 thermocouples were
spot-welded to the combustor head and side walls. The thermocouples
placed on the combustor wall were located in pairs on opposite sides

of the combustor at the same axial distance from the injector.
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Thermocouple output was recorded on three Leeds and Northrup
Speedomax H Type S Multipoint Recorders, using a strip-chart-speed
of 1 inch per minute. All the recorders were set for multipoint
recording, meaning that each thermocouple was recorded every 18 seconds.
The thermocouple extension cables and recorders were calibrated in the

same manner as described in Section 2.2.4.

4.1.3.3 Pressure Measurement

Combustor pressures were measured by a Wallace and Tiernan
Model FA-129, 0-340 kPa (0-100 in. Hg) absolute pressure gauge with
+340 Pa (0.1 in. Hg) accuracy. For the last two tests, the combustor
was measured by a Miriam absolute pressure mercury manometer with 1 mm
divisions. The pressure measurement was made at the inlet to the
injector. The bulk flow of the oxidizer prevents lithium vapor and
product vapor from diffusing back towards the pressure tap and either
clogging the line or damaging the instrument. The oxidizer flows
used during the wick-type combustor tests (less tham 1.62 kg/hr) were
sufficiently low that the pressure drop through the injector was
negligible (less than 17 Pa). Therefore, within the accuracy of the
instrumentation, the injector pressure was equal to the combustc

pressure.

4.1.4 Reactants

The reactants used for the wick-type combustor tests were the
same as employed during the lithium combustion tests. No argon was
used during the wick-type combustor tests except as a cover gas during

periods of storage between tests.
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4.2 Procedure

4.2,1 Combustor Preparation

Prior to a test being run in the wick-type combustors, the
wick was installed in the combustor as indicated in Sectiom 4.1.1.
Both the interior of the combustor and the injector were then rinsed
thoroughly with reagent grade methanol. The lithium was cleaned and
weighed in a vacuum/glove box under an argon atmosphere. The combustor
was then placed in the vacuum/glove box and heated to 525 K to
melt the lithium into the bottom of the combustor. The loaded
combustor was then allowed to cool.

After the combustor had cooled to room temperature, the
injector (or head, for the first and last combustors) was welded in
place. A continuous argon purge was maintained into the combustor
during welding to avoid excessive contamination of the lithium. The
combustor was then immediately evacuated to remove any air which
might have entered.

The next process was a combination of de-gassing the fuel and
pre-wetting the wick. The combustor was heated under continuous
vacuunm pumping to about 850 K. The pump was removed and the combustor
was heated to 1100 K to wet the wick. The wetting temperature for
these tests was higher than the temperature required for the lithium
burning rate tests because there was no practical method of sloshing
the fuel without badly clogging the injector passage. The vacuum pump
was restarted when the combustor had cooled to less than 850 K. After
the combustor had cooled to room temperature, the injector line was
checked for blockages caused by condensed lithium vapor. Small plugs

of condensed lithium had to be removed approximately half of the time.
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[7 After all lines were checked and cleaned, the combustor was
f installed and the system was evacuated. At this point the system

(j was helium leak-checked to the levels indicated in Sectiomn 4.1.2.

4.2,2 Test Procedure

—

A test was begun by heating the combustor under continuous

vacuum to about 850 K. The vacuum pump was then shut off, while the

T

heaters were left on. A small amount of oxidizer was bled into the
combustor so that combustor pressure was maintained in the range of

6750-20250 Pa. Ignition usually occurred when the combustor wall

M e A g aRE g e
a ‘

temperatures were about 950-1000 K. Ignition was generally indicated

by a sharp increase in wall temperature (50-100 K in less tham a

'-l

minute) combined with a sudden decrease in combustor pressure. Ignition

is defined as that point where an oxidizer flow sufficient to

maintain temperature causes no increase in combustor pressure. Oxidizer B

flow, combustor pressure, and system temperatures were recorded from _1

the ignition point to system shut-down. System shut-down was

accomplished by terminating the oxidizer flow and allowing the ll

combustor to cool to room temperature.
System temperatures were controlled in two ways: oxidizer S

flow to the system, and radiative heat transfer from the system. The ';

system was generally operated to obtain a "saw-tooth" profile in 'i

combustor wall temperatures. A slow, steady increase in temperature .j

was followed by a sudden temperature decrease and then repeated. The v
sudden temperature decreases were obtained by the removal of insulation

(or lowering the radiation shield) for a short time, usually 2-3 minutes.
Reducing oxidizer flow in order to lower temperatures was done only if a . ':

slow temperature decrease or slight temperature adjustment was desired.
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Experience showed that a sharp decrease in oxidizer flow could
result in an injector clog if the injector were hot enough. During
the wick-type combustor tests, it was seen that the lithium would
wet the smooth surface of the head when the temperature on the head
reached 1150-1200 K. This caused no injector problems unless the
oxidizer flow was reduced quickly. The sudden decrease in momentum
in the oxidizer flow appeared to permit the lithium to wick into the
injector passage and clog it shut. No injector clogging was ever
encountered other than in this manner.

This result is significant with respect to the pressure data
obtained. A gradual clogging of the injector passage could result in
the passage necking down to the point where the oxidizer flow could
become choked, invalidating the pressure data. An analysis was
performed to determine the minimum flow passage allowable for each
test to maintain unchoked oxidizer flow. Inspection of the injector

after each test revealed that this phenomenon was never encountered.

4,2.3 Post-Test Procedure

After a test was completed and the combustor had cooled to
room temperature, the combustor was cut open for inspection. After all
the tests, small droplets of product were found frozen into the
wick, indicating that product condenses on the wick structure in an
internal wick arrangement, similar to the behavior seen on the external
wick surface used in the lithium burning rate tests.

After post-test inspection was completed, the combustor was
heated under an argon purge to about 1100 K and the product-fuel bath
mixture was poured out into a stainless steel tray. Any remaining

1ithium was reacted away in water and the remaining product was removed
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mechanically. A final inspection of the wick was made after the
clean-out was completed. The wick was replaced if eay signs of

deterioration were found.




CHAPTER V

RESULTS OF THE WICK-TYPE COMBUSTOR TESTS

Appendix C is a summary of the data from the wick-type
combustor tests. The average wall heat flux is calculated as the
total energy release rate, given by the oxidizer flow rate and the
energy release of the reaction per unit mass of oxidizer (4.77 kW-hr/kg
of oxidizer from Reference [27]), divided by the area of the wick
above the surface of the bath. The wick temperature is calculated
from the measured wall temperature plus the temperature drop through
the liquid-filled wick and the combustor wall. The temperature drop
is calculatea using an average wall heat flux and the thermal
resistances of the wick (28) and the wall. The average lithium
reaction rate is calculated by dividing the oxidizer flow rate by the
stoichiometry parameter (2.63 kg of oxidizer/kg of lithium) and the
area of the wick above the liquid surface.

Figure 21 is a presentation of the data obtained from a
typical test--WCT - 5, The plots show combustor pressure, wall
temperature, and average wall heat flux. The sharp decrease in
combustor pressure which occurs at ignition can be seen at the beginning
of the run. Once the excess oxidizer is burned, the combustor
pressure and the wall temperature show a definite relationship,
increasing and decreasing together. The pressure rise at the end of
the run can be attributed to complete consumption of the lithium,

It is of interest to examine the relationship between the

combustor pressure and the temperature at the wick surface in greater

. ®
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detail. For the combustion rates observed during both the burning
rate tests and the wick-type combustor tests, gas velocities normal

to the surface are relatively low, and the pressure in this region is
nearly constant. Consequently, pressure variations normal to the wick
surface are negligible, similar to an aerodynamic boundary layer.
Therefore, the pressure measured in the vacuum chamber during the
burning rate tests and the pressure measured within the combustor
during the wick-type combustor tests can be taken to be equal to the
gas pressure at the wick surface.

If the reaction is occurring near the liquid surface, the
pressure at the surface must be comprised of the partial pressure of
the lithium vapor, including the monomer and all polymers (29); the
partial pressure of the product species, since condensed product
was observed on the wick; the partial pressure of the sulfur
hexafluoride; and the partial pressures of any reaction intermediates.
However, if the reaction is primarily occurring some distance away
from the liquid surface, as is the case for a diffusion flame, the
concentration of oxidizer and reaction intermediates at the surface
is relatively low, and the pressure at the liquid surface would be
comprised of the partial pressures of the lithium and the product
species only.

The present system is rather unique since condensed phases
of both the lithium and the products are observed at the surface. In
these circumstances, the assumption of thermodynamic equilibrium in
the region near the surface implies that the pressure at the surface
would be the sum of the vapor pressures of all these species.

Therefore, information on whether the reaccion is occurring at the

.'l
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fuel surface, or some distance from the surface, can be determined

by comparing the sum of the predicted partial vapor pressures with

:‘ the measured total pressure, as a function of the wick temperature.
The thermodynamic analysis of Groff (27) for the lithium-

lithium fluoride~lithium sulfide tenary system provides a means of

predicting the total vapor pressure as a function of temperature. This

analysis is relatively complete in that it allows for the presence

of the polymeric species of lithium and lithium fluoride which are

likely to exist (30, 31). A remaining problem is to determine the
ratio of the concentration of lithium fluoride and its polymers
to the concentration of lithium sulfide in the region near the

surface. If a very thin diffusion flame is present in the gas phase,

then the product species are produced in stoichiometric proportion 1
(six moles of LiF for each mole of LiZS) within the flame. - However,
differences in dikfusion and condensation rates between the flame and )
the fuel surface could result in various proportions of the products

at the surface. In order to avoid detailed analysis of all the P
possible diffusion and condensation processes, and keeping in mind ?

that the present exercise is merely to establish whether substantial

e

reaction is occurring at the liquid surface, the following range of @

possible conditions at the wick surface was considered.
1. Only lithium present at the wick surface.
2. Only lithium and lithium fluoride present at the wick v

surface.

C e et ew e wY v el

3. Only lithium and lithium sulfide present at the wick

)
|
P surface. o
)
!
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4. Lithium and stoichiometric proportions of lithium
fluoride and lithium sulfide present at the wick surface.
'(1 Table 5 summarizes the vapor-pressure predictions of all four

cases as a function of temperature in the range of interest. The

prediction for the case of pure lithium was taken from Davison (29),

while the results for the other three cases were computed using the

analyses of Groff (27, 32). Groff's model calculates the vapor
pressure of the mixtures assuming a saturated solution of the lithium
and the appropriate condensed products at the surface. It should be
noted that the observation of condensed product on the liquid
surface necessarily eliminates the first case as a viable model.
However, this case does represent one bound on the various conditions {
possible at the wick surface. In fact, lithium vapor provides the
major contribution for all cases shown in the table, and the values
for the various product proportions are nearly the same.

Figure 22 shows the pressure-~temperature data obtained from

both the wick-type combustor tests and the lithium burning rate tests.

The measurements were made for various average rates of lithium
reaction, in the range 1-33C kg/mzhr. A variety of wick geometries j
was also considered, represented by wick length-to-diameter ratios in b’
the range 0.9-10.5 )

No data were obtained for wick temperatures less than 1066 K.
There are two reasons for this., In the beginning of a test, the ’
temperature increased from the ignition point to about 1075 K very
rapidly. Wall temperatures usually exceeded 1100 K before the

pressure decrease at ignition was completed. Therefore, good data could »

not be obtained during this transient period. Secondly, the behavior




4 wy
\O

0L6LE STL9¢ T1686¢ 8T6EY 00ST

5062¢ TeCTe 906€E¢€ %189¢ 08yl

8EVET £89¢¢C 66S%C 18657 o9t

%2991 %8091 14891 7L6L1 00%T

{ FAYAN 6TYET 886€1 Te8Y1 08¢e1

6%¢6 1916 15%6 5266 OveT
0619 8809 6229 08%9 00ttt !

Y86% 606Y L00S £81S 0821

09te I2TE 991¢ 9yt ovet

0761 1Z61 o%61 TL61 00Z1
] T0ST 68%1 66%1 91ST 0811 A
£L8 998 1.8 €£L8 oy11 _
(ed) (ed) (ed) (ed) ) i

QINIXTR OpFionTy wniylfg PPTIING WNTYIT] WunyyYIEy 3o aanjexadma],
Aavuxag 3o pue wnyyiyl jo pte wnjyly 3o aaingsaxg lodep

2anssa1g aodep aanssalg lodep 2anssailg lodep 1

adejang }OTM I® SUOTITPUO) BurlTwilaQ JO 2anssaxg lodep PaIdIpPaid IO uosyirdmo)

S 91qey




66

r ’ .
| ab —
! VAPOR PRESSURE OF LITHIUM
VAPOR PRESSURE OF LITHIUM-
LITHIUM FLUORIDE MIXTURE
1o -
H 8 —
;
? o 1 -
4
= 4 -
gl
w
&
4 3
& o :[——PRESSURE ERROR BAR o0 - J
%ﬁa o, ’
SYMNkU BURNING RATE 1
T N  (kg/m -s) L/D [
a 3 .0005-.0019 09 j
Oi a 3 .0019 -.0033 09 ]
Toyg ™ « 3 0033 -0047 09 -
° 4 .0008 -.0019 09
v 4 19 -.0033 .9 _
iR £ & )
L o -0019 10 9 °
6 o 7 .0005-.00i9 86 g _ 1
[~ o 10 0009 87 q
® 10 .0047 -.0054 87 q
o 13 .0002-.0010 1.8
® RATE TESTS .0li8 -.0920 05-20 q
4 98 . ]
L | 1 |
70 74 78 82 86 90 94 1
; /T x 103 ()
{' Figure 22 Combustor Pressure Versus Wick Surface Temperature -
1
! <
|
}
!
| J
f 1




S T

67

of the products precluded testing in this temperature range after the
combustor had been operated for a time. If the combustor were allowed
to cool below 1073 K (the solidification temperature of the products),
some of the condensed product on the wick surface would frzeze into
the mesh. The frozen area would block the fuel flow, causing a local
condition of wick dry-off. Any section of wick not continuously fed
with lithium was immediately subjected to corrosion by the sulfur
hexafluoride, cuasing a severe local "hot spot," and resulting in
immediate termination of a test. The theoretical pressure-temperature
relationships for pure lithium and for a lithium-lithium fluoride
mixture are also shown in Figure 22, for comparison with the data.
Examination of Table 5 indicates that the two cases that are plotted
provide an upper and lower bound for all the predictions. The
theoretical predictions are so close to each other and the data shows
enough scatter to preclude any conclusion as to the actual compositiomn
at the surface. At higher temperatures (pressures), the experimental
results generally follow the vapor pressure predictions. This
suggests that the pressure at the liquid surface is only composed of
the vapor pressures of the fuel and products. The absence of other
components, oxidizer, etc., implies that reaction is not occurring at
the liquid surface to an appreciable degree. The pressure-temperature
data are also not strongly affected by the rate of reaction at high
temperatures. If a surface reaction yielding condensed products were
occurring, increases in reaction rate at a fixed surface temperature
would require an increase in pressure, whichwas not observed.

In Figure 22, the data increasingly lie above the vapor pressure

prediction as the temperature (pressure is reduced. This could indicate
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a more diffuse combustion process yielding increased amounts of
reaction intermediates and sulfur hexafluoride right at the liquid
surface. Experimental difficulties, however, could also be a
contributing factor in this region. At low pressures, even small
quantities of noncondensable contaminants present in the system could
result in a pressure increase above the predicted vapor pressure,
particularly in the small combustors. The relative accuracy of the
pressure measurements 1is also reduced at low pressures, as indicated
by the error bars shown in the figure. Experimental problems are also
suggested by the fact that for the same surface temperature at low
pressures, the measured pressure at low reaction rates is frequently
higher than the measured pressure at high reaction rates; a surface
reaction would imply the reverse of this behavior.

The data obtained from the test using the large wick-type
combustor, Run 13, indicate that noncondensable contaminants are a
significant cause of the deviation of the data from the vapor-pressure

curve in the low temperature (pressure) range. For this test, the

combustor was de-gassed for a period of about 8 hours prior to ignition.

Temperatures during this period were slowly increased from 500 K to
810 K. This procedure, combined with the relatively large volume of
the combustor, served to reduce the effect of noncondensable
contaminants to a minimum.

While the data from Run 13 indicate that noncondensable
contaminants are significant, the conclusions about the behavior of
lithium-sulfur hexafluoride combustion do not change. It is still

possible that a change from a vapor-phase reaction to a surface

-
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i reaction is occurring, although probably at lower pressures than

indicated by the data from the smaller coubustors,

.
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CHAPTER VI

THEORETICAL CONSIDERATIONS

6.1 Introduction

Before choosing a mathematical model to analyze lithium-sulfur
hexafluoride combustion, it is worth reviewing briefly what is knowm
from the experimental results. The two characteristics which are
important in the functioning of the model are the type of reaction
and the behavior of the products. In order to understand the possible
choices more closely, we shall separate these two areas.

The four possible general types of reaction are presented in
Figure 23. The two extreme cases, a thin diffusion flame (Figure 23a)
and a surface reaction (Figure 23d), provide the most straight-forward
mathematical solutions. Each of the intermediate cases can be assumed
to be represented by the appropriate extreme case, at least in a
first approximation. Consequently, the choice of a mathematical model
is then narrowed to two cases: a thin diffusion flame or a surface
reaction.

Most of the evidence obtained for lithium-sulfur hexafluoride
combustion suggests a vapor-phase reaction. The pressure-temperature
relationship approximately follows the predicted values of vapor
pressure, at least in the higher temperature (pressure) range.
Observation of the combustion process (Figures 10 and 11) indicates a
fairly thick luminous zone and large amounts of particulate products
in the gas phase--sort of a product "smoke." These two characteristics,

combined with relatively large burming rates, coincide with the
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characteristics described by Markstein as indicative of vapor-phase
combustion of metals with oxygen (33). Although there are differences
q between the present study and the work of Markstein, it is reasonable

that similar criteria can be used. Brzustowski and Glassman (34)

have concluded that a necessary, but not sufficient, condition for

LA 2 g

vapor-phase combustion is that the boiling point of the products

Td

exceed the boiling point of the metal, which is the case in the
present study. Finally, the results seen in Figures 12, 13 and 15

indicate that laminar, free comvective processes are significant——

,vrfn.--
AR

X again pointing to a vapor-phase reaction. However, the behavior shown

in Figure 14, concerning the strong effect of pressure on lithium

" ¢ burning rate, is sufficiently unusual, compared to the known behavior
of diffusion flames, to preclude a definite conclusion based on

experimental observation, that the reaction is occurring entirely in

i adhinn

the vapor phase. Nonetheless, a simple model based on a diffusion

YR

flame is justifiable in light of what has been seen, as a first step
in the analysis of this process.

The behavior of the products presents another area of choice 1
for the model. The products can be assumed to remain as a vapor at
all times or to condense in some manner. If the products are assumed

to condense, there are a number of choices as models, including: 1

(a) all products condense in the flame zone (11, 12, 18); (b) some ]
products condense in the flame zone and the remainder condense at
infinity or at the fuel surface (13, 15-17); (c) products condense T8
only at two condensation fronts, one between the flame and the fuel
surface and one outside the flame zone; (d) products condense

according to equilibrium condensation. 1

L.
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No-condensation models are used where the products are known
to remain as a vapor (e.g., typical hydrocarbon combustion), or
where condensation of the products can be neglected (e.g., References
[35 and 36]). Because of uncertainties in the physical properties for
combustion processes, no-condensation models can often provide
reasonable estimates of burning rates despite the inherent lack of
accuracy in the assumptions.

A brief review of the thermodynamics of the combustion process
will provide justification for eliminating one of the condensation
models--that of product condensing only in the reaction zone. If a
gas-phase reaction is occurring, as in Figure 23a, then the temperature
at the flame is the maximum temperature in the boundary layer.
Therefore, if the flame temperature is above the boiling point of
the products, (for example 1726 K at 13300 Pa), no condensed proéucts
can exist in the flame zone. From the work of Avery and Faeth (37),
the minimum flame temperature is the saturated vapor temperature of
the products at the total pressure of the boundary layer. However,
we also know from Avery (9) that the actual flame temperature is on
the order of 5000 K if lithium fluoride is the only product. The
adiabatic flame temperature of the lithium-sulfur hexafluoride system,
reacting according to Equation (1.2), is given in Table 6, assuming
the lithium enters at the boiling temperature of the ternary mixture
(27) and the oxidizer enters at 298 K. Note that the results are
on the same order of magnitude with Avery's results. Obviously,
even accounting for dissociation of the products would not yield
sufficiently reduced flame temperatures to cause product to condense

in the flame zone.
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Table 6

Adiabatic Flame Temperature of Lithium-Sulfur Hexafluoride Combustion

Pressure Ty T¢
(Pa) (K) (K)
2650 1226 4501
4000 1261 4528
5300 1287 4547
6650 1308 4563
7950 1326 4577
9300 1341 4588

10650 1355 4599
11950 1367 4608
13300 1378 4617

The choice of flame temperature only affects the mean transport
properties in each region of the boundary layer. Since a complete
flame temperature calculation was not undertaken, the no-condensation
model was calculated using first the adiabatic flame temperature and
then the sSaturated vapor pressure of the products (32). The intent is
merely to provide an upper and lower bound on the predicted burning
rates. Obviously, the lower case has no meaning in the condensation-
front model. Consequently, only the adiabatic flame temperature will
be used in that model.

The complexities introduced by the mathematical solution of a
complete equilibrium model (case d) preclude its choice for the

present study. Such a model of lithium-sulfur hexafluoride combustion
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would necessarily include: dissociation and polymerization of the

Tryryrw

products; heat transfer from the flame, particularly radiation;

>
‘(f effect of condensation on the temperature profiles; multi-component

N

—

diffusion processes; and two-dimensional effects to account for the

7

- gravitationally-induced flow of the condensed products (i.e., buoyancy
and settling). Obviously, this involves a far more difficult

analysis than can be pursued at present, owing in part to the lack of

precise thermodynamic data for lithium sulfide.

Consequently, a reasonable approach is to assume that the
products condense in the boundary layer at two fronts, one located

between the wick and the flame, and one located outside the flame.

[ |

Such a model should provide useful insight into the behavior of the
lithium-sulfur hexafluoride system and the effects of condensation
without becom;ng unduly tangled in computational complexity.

The theoretical analysis of the present study will be divided

into two parts. A no-condensation analysis will be performed to check

its applicability to the present system and to provide a base-line
comparison with the data. A condensation-front analysis will be 'f
performed to account for the effects of product condensation. From

Rosner's work (12) we know that accounting for condensation can cause

up to a four-fold increase in the predicted burning rate under some ' ]
conditions. The condensation-front model will provide information as ]
to the potential effect of condensation in the present system without
becoming involved in extensive computations that would require
thermodynamic and transport properties that are only poorly known for
the present reactant system. Discussion and comparison of the two

models will be undertaken in the final section of the chapter. This
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will permit us to concentrate on each model and then compare the

results more effectively.

Both models are film theory models which require some method
of estimating Ge, the total boundary layer thickness. The average
value of Ge was calculated from the formula suggested by Spalding

(23) for laminar, free convective combustion from a vertical plane

surface:

5, = L/.555¢ar, x4 . (6.1)

The transport properties were determined at the mean :
temperature in each region using the ideal gas law and the method i
for calculating binary diffusion coefficients developed by Wilke and 'jl
Lee (38). Values of €/K and 0 (force constants for the Lennard- ;
Jones [6-12] Potential) were obtained as follows: (a) argon and ;
sulfur hexafluoride from Hirschfelder, Curtiss and Bird (39); »
(b) lithium, lithium fluoride and lithium sulfide from the empirical '
equations suggested by Hirschfelder, Bird and Spotz (40). ]

-
y
E=l15T
g =1.18 Vb1/3 .:
. . 1
The thermodynamic information for the estimates was obtained from C
JANAF Thermochemical Tables (30) for lithium and lithium fluoride and
from Groff (27) for lithium sulfide. v,

The values of specific heat, thermal conductivity, and viscosity 5
were obtained as follows: E

(a) all properties for sulfur hexafluoride from Brown (41) .j
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(b) viscosity and thermal conductivity for the lithium vapor

and the mixture of product vapor were estimated using the
r(- Lennard-Jones (6-12) Potential according to the method
outlined by Reid and Sherwood (42)

(c) specific heat for lithium from Reference (30)

(d) specific heat for the product from Reference (27).
The average value of viscosity for the mixture was calculated using
the method developed by Wilke (43). The average value of thermal

conductivity for the mixture was calculated using the Mason and

Saxena (44) modification of the Wassiljewa method (45).

The accuracy of the values of viscosity and thermal conductivity
F. obtained in part (b) can only be estimated. Theoretical values of
viscosity generally are within 10%Z of experimental values -for a wide

variety of polar gases (42). Estimates of thermal conductivity are

generally less accurate, with errors sometimes reaching 20%Z. By
inference, it is not unreasonable to conclude that the values from
part (b) may approach the same level of accuracy. :
!
'1
6.2 No-Condensation Model
6.2.1 Description and Assumptions
A schematic diagram of the no-condensation model is presented ®
in Figure 24. The assumptions of the model can be summarized as ]
follows: ]
1. The boundary layer (total thickness equal to Be) is ?<
divided into two regions by a flame zone of negligible
thickness compared to Ge. (The aerodynamic and
concentration boundary layers are assumed to be of equal f<
thickness.) The total pressure is constant throughout the

b
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boundary layer and continuous binary diffusion laws are

assumed to be valid. The gases in each region are

t(f assumed to obey the perfect gas law. ';
S: (1a) Region 1 (0 <y < 5f) may contain only metal vapor, j
;' product vapor, and any inert diluent gas. ]
‘!! (1b) Region 2 (6f <y f_de) may contain only oxidizer, »
g product vapor, and any lnert diluent gas. 1
E (2) The flame is assumed to be a thin diffusion flame (cf. .
‘ Figure 23a), with the concentrations of fuel and oxidizer .%

both equal to zero at the flame.

(3) Immediately after ignition the liquid at the wick surface
is assumed to be a saturated fuel-product solution and the
product vapor in Region 1 is assumed to be stagnant. All

products formed thereafter flow as a vapor through Region 2

in a direction perpendicular to the liquid surface. All 9

’g flow parallel to the fuel surface is neglected. b
(4) The products are assumed to exist in stoichiometric '

. 4

proportion (six moles of LiF for each mole of LiZS) and 1
to behave as a single specles with averaged properties
throughout the boundary layer.

(5) The transport properties are calculated by assuming that ]
interactions between the oxidizer and products in Region 2

and the metal vapor and products in Region 1 are dominant.

The effect of any superimposed inert gas is neglected as

a result of the low ambient concentrations used in the

present investigation.
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(6) The vapor pressure of the metal at the wall is assumed to
be equal to the equilibrium vapor pressure at the wall
temperature, predicted by the ternary model of Groff (27),
when no superimposed inert gas is present. When argon is
present, the vapor pressure of the ternmary mixture at the
wall equals the total pressure minus the partial pressure
of the argon at the wall. The conditions at the wall are
then calculated from Groff's model (27).

(7) Transport properties are constant for each region.

6.2.2 Analysis

The analysis in both regions begins with the differential
equation for a concentration boundary layer with both diffusion and
convection (46)

a, {__ dYk] _ 4o

ETR R L i

Gy & & 6.2)

Gy is the total mass flux in the region and is a constant for each
region. The subscript k indicates the component of interest, i.e.,
the lithium or the oxidizer, depending on the region. Since the
reaction is assumed to occur only at y = GE, ;;— Z 0 for both regionms.
Consequently, Equation (6.2) can be integrated across each region to

yield:

day

k
Gka - (pD) R Gk constant . (6.3)

In Region 1, this becomes:

N
GmYm - (oD) T =G (6.4)




T —————

v -

YWA__.,.

-

since the total mass flux in the region is comprised only of the metal

vapor. The boundary conditions for Equation (6.4) are:
Ym(O) = me (6.5)
Ym(af) =0 . (6.6)

With these boundary conditions, Equation (6.4) can be integrated

between the wick and the flame to yield:

(D)
G, = = 19.n[1_§ ] : 6.7)
f ™

In Region 2, Equation (6.2) becomes:

dy

- oxX
GyYOX - (pD)2 '—'a?-' = Gox (6.8)

In this region, the total mass flux is comprised of both the flux of

the product away from the flame and the flux of the oxidizer toward

the flame. Recalling that*

Gy = - GC 3 Gp = Gm 6.9)

and

Gox = - er . (6.10)

Equation (6.8) can be rearranged to yield

dY

0X
Iy Gox * (6.11)

- Gox’Yox/r - (pD)Z

*We might also note that the result obtained from Equation (6.9) can be
obtained from a mass balance at the flame front. Since all flow is
assumed to be in the y-direction only, we know that the total mass

flux in Region 2 is equal to the total mass flux in Region 1.
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The boundary conditions for Equation (6.11) are:

Yox(Ge) = Yoxe (6.12)

and
Yox(Gf) =0 . (6.13)

Integrating Equation (6.11) and applying the boundary conditions
results in the following =xpressions for the oxidizer mass flux:
(pD)

Gox = (Te—"-_g-f—j. r n(l + Yoxe/r) . (6.14)

Substituting Equations (6.7) and (6.14) into Equation (6.10) results

in the following expression for flame stand-off distance:

== -1
S¢ Ay (D), 21 +Y /1) 6.15)
mA/aT | - '

Se D),

We now recall that the vaporization rate of the metal into an inert

environment can be expressed (cf. Equation [6.7]) as:

(pD)
o _ 1 1
Gm = ae ln[l_Y ] . (6.16)

Combining this expression with Equations (6.7) and (6.15) yields the

desired prediction for the burning rate:

(6532 2n(l + Yoxe/r)
In(1/Q-Y_)))

G =G 1+ (6.17)

(pD)4
6.2.3 Results
As indicated in Section 6.1, two sets of predictions were
obtained for the no-condensation model, differing in the value of

flame temperature used in estimating average physical properties. The




predicted values of lithium burning rates as a function of oxidizer

aa e ol

pressure are compared with the data in Figure 25. The no~condensation

model predicts that the burning rate is proportional to pressure to E

.

the four-tenths power, with the prediction based on a saturated flame

having a slightly steeper slope than the prediction based on the

vy

adiabatic flame temperature. The data appear to show a similar trend r

for pressure below 8000 Pa. However, in the range of pressure above

8000 Pa, the measured burning rate increases much more rapidly than

the predictions. It appears that the lithium-sulfur hexafluoride

combustion process can be described by a diffusion flame model with no

condensation at low pressure, but some other process, possibly the

condensation of the products, must be included at higher pressures.
Figure 26 shows the variation in burning rate with wick length

as predicted by the no-condensation model. As would be expected, the

1/4

predicted average burning rate varies as L™ ''. Since we have, from

Equation (6.1):

1/4

Ge « L s
8 it follows that the model will predict:
.
g ¢ L/
- “ m )
.
;; When argon is included in the analysis, the model requires
. additional information about the conditions at the wick. In particular,
b
L
[fé a relationship is required between the concentration of argon in the
:; ambient gas and the wick. Some information on this relationship may
5: be obtained from the values of wick temperature measured as a
‘ .
fl function of mass fraction of ambient argon (included in Table 10). R
! ;
: 1
Lq vl
& ]
e Sy




——r—r—TT
Bt imcih i

84

, (wm 0f) Yy3Buoa] FOIM JUBISUO) B 10 SPTIONTIBXSH INnJINg UF dey Bupuing WNFYIF] .
h 2yl uo anssIIgd JO IOVIIY Yl 103 TOPOH UOTIBREUAPUO)-ON 9Yl JO UOTIDIPAxd 67 dIn31a 1

©d) ¢.0l X 3UNSSTJ :

g W 2 O 6 8 L 9 § ¢ 13 4
rr -t r 1 1 1 |

) %

0

(S~3u/64) 001 x 3ILvVY ONINNNG WNHLN

-y T R —e—

3
v




T T Y e e

85

AGN onhc.c aInssai1d jJuelsuo) B 107 9PTIONTJEXSY aInJIng ug
a3ey Suyuang wnyyIy1 3yl uo yIBud PIM Jo IV93IF
8yl 103j TOPOK UOTIBSULPUOD-ON 2yl JO WOFIOIPa1g 97 2anB1i

(ww) HLONIT OIM
09 O0S ov 0 0¢ Sl

T I | L | |

/
U

¥r=4

2]

¢

'

©
("z‘”lb‘l) 00! X 31vYd ONINYNG WNIHLIT

~

RTINS M DRSS Wl N

PR e v

Ae

S

e B A 4 A mae A - A -




M Sl ki LSRR
Poeor 0ty v by . . .

e

T

;wv»vw‘wﬁv ——

iR
)

L

PRI S Wy

IR R TR R U TR S Y W S N -

86

A plot of these values is presented in Figure 27, along with a
least-squares linear regression of the points. (It is of interest
to note that intercept of the regression agrees to within 0.03 K of
Groff's prediction for total pressure of 13300 Pa.) (27). While the
scatter is large compared to the total temperature change for the
range of interest, the data provide the only means of obtaining the
relationship between the concentrations of ambient argon and argon
at the wick for this model. Examination of Table 7 illustrates the
necessity of knowing the conditions at the wick. A small decrease
in wick temperature causes a significant increase in argon
concentration at the wick. (Since the vapor pressure of the ternary
mixture is a direct function of the wick temperature, the argon will
move to the wick to bring the pressure at the surface to the total
pressure of the system). The significance of this effect can be
found by referring to Equation (6.7). The mass flux of lithium is

given by the expression:

1
G, = fn [1“1“] . (6.18)

For the range of wick temperature shown in Table 7, the decrease of
Y results in a 331 decrease in the mass flux of the lithium.
Obviously, there is not only a need to know the conditions at the
wick, but these conditions must be known precisely if meaningful
predictions of burning rates are to be made. As a consequence of the
extreme sensitivity of the predictions to the wick temperature, it it
is unlikely that any method including the energy equation can predict
wick temperatures with the accuracy required, even with no argon

present. Once argon is present, the overall emergy balance of the
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Table 7
Effect of Wick Temperature on Wick Conditions at a
Total Pressure of 13300 Pa
IY Yo Yp Yo
& @ S @

1378.34 91.34 8.66 0.00
1378.12 90.37 8.56 1.07
1377.90 89.42 8.47 2.11
1377.45 87.57 8.27 4.16
1377.23 86.66 8.18 5.16
1377.01 85.78 8.09 6.13
1376.79 84.90 8.00 7.10
1376.35 83.20 7.83 8.97
1376.13 82.37 7.74 9.89
1375.57 80.34 7.53 12.13

]

g

2

P‘.

L.l

.1

3

L_i'

&

P N

EJ




system becomes much more complicated, resulting in even greater

.

uncertainty. Therefore, for this simple model, it is reasonable
to rely on the experimental measured values of wick temperatures and

accept the degree of scatter.

Lo . .
OV NPT l a

The predictions of the no-condensation model for lithium-sulfur *}
hexafluoride combustion in the presence of argon were obtained using ()
a two-step process. For several given values of ambient argon
concentration, a variety of wick temperatures were specified,

yielding a family of curves of burning rate predictions, shown in

Figure 28 as dashed lines. As can be seen, these curves are nearly
horizontal, and are very weakly dependent on ambient argon
concentration.

The final results are now obtained by combining these
preliminary results with the information given in Figure 27. From
Figure 27 we can obtain a value of ambient argon concentration
corresponding to each value of wick temperature specified. This
allows us to find a point along each dashed curve that represents

the predicted lithium burning rate for the mass fraction of ambient

argon cbtained from Figure 27. The locl of these points, shown by

L- solid lines in Figure 28, are the final prediction of the no-
»‘ condensation model for lithium burning in argon-sulfur hexafluoride
mixtures.

f The final result seen in Figure 28 (solid lines) 1is encouraging,
X predicting the trend of the data quite well. The close agreement 7
between the data and the prediction based on the abiabatic flame

temperature 1s caused primarily by a fortuitous choice of total

P. .'1
- pressure for the burning rate tests in argon-sulfur hexafluoride : "
¢ -
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mixtures, since the results of the analysis for pure oxidizer show
the best agreement at this pressure.

In general, the no-condensation model of lithium-sulfur
hexafluoride combustion agrees reasonably well with the data. The
primary shortcoming of the model is the failure to predict the
changing slope of the burning rate as a function of oxidizer
pressure. Despite this, the predictionms are of the right order of

magnitude and provide valuable base-line information.

6.3 Condensation - Front Model

6.3.1 Description and Assumptions

A schematic diagram of the condensation-front model is presented
in Figure 29. The assumptions of the model can be summarized as
follows: |

1. The boundary layer (total thickness equal to Ge) is

divided into four regions by a flame zone and two
condensation fronts, all of negligible thickness compared
to Ge. (The aerodynamic and concentration boundary layers
are assumed to be of equal thickness.) The total pressure
is constant throughout the boundary layer and continuous
binary Aiffusion laws are assumed to be valid. The
gases in each region are assumed to obey the perfect
gas law. No inert diluent gas is present.
(1a) Region 1b (0 <y 5_61) contains only metal vapor

and product vapor.
(1b) Region la (Gi <y 5_6f) contains only metal vapor

and product vapor.

- )
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ﬂii (1c) Region 2a (Gf <y 5_60) contains only oxidizer and ﬂ:
. product vapor. :
:d (1d) Region 2b (Go <y < (Se) contains only oxidizer and '4
3 product vapor.
2. The flame is assumed to be a thin diffusion flame (cf.
Figure 23a) with the concentrations of fuel and oxidizer

both equal to zero at the flame.

3. Immediately after ignition the liquid at the wick surface
is assumed to be a saturated fuel-product solutic .d the

product vapor in Region 1lb is assumed to be stagn.

Products flow as a vapor from the flame toward ea
condensation front. All flow parallel to the fuel surface
is neglected.

4. The vapor pressure of the products at the condensation
fronts is determined by the "tangency" condiiion described
in detail in Section 6.3.2, and shown in Figure 30.

5. The products are assumed to exist in stoichiometric

proportion (six moles of LiF for each mole of LiZS) and to

behave as a single species with averaged properties

throughout the boundary layer.

6. The vapor pressures of the metal and products at the wall
are assumed to be given by the ternary model of Groff (27).

7. Condensation is assumed to have a negligible effect upon

- B

f the temperature profile, and radiation is neglected. ]
8. Thermal and transport properties are assumed to be

. constant in each region. 9
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Condensation Front
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9. The flame temperature is given by the adiabatic flame

temperature of Equation (1.2) with gaseous products.

I“‘.,...

-& No inert gas is included in this analysis because of the
: difficulty of predicting its behavior throughout the boundary layer,
>

particularly at the condemsation fronts. The presence of a

“

noncondensable is known to have significant effects on condensation

processes (47-49). 1In addition, the more significant problem is

that of the pure oxidizer with no diluent present.

6.3.2 Analysis
As with the no-condensation model, the analysis begins with

the differential equation for a concentration boundary layer with

both diffusion and convection (46):

ax dY,1 46
k_d [pD k],_k

G — - — — . .
y dy dy dy dy (6.2)

Again, Gy is the total mass flux in each region and is a comstant

throughout each region. The subscript k indicates the component of

interest, i.e., the lithium or the oxidizer, depending on the region.

The analysis for Regions la and 2a proceeds much as in Section
»; 6.2.2 for Regions 1 and 2, with the only changes being in the

ﬁi boundary conditions and the total mass flux. As in the no-

1 condensation model, the reaction is assumed to occur only at y = Gf,

dG
therefore E;E-E 0 for both regions. This permits us to integrate

Equation (6.2) as before to yileld: -
dy
y

| k

} G Yk - oD E;-- Gk = constant . (6.3)
3

‘ 3 However, Gy, the total mass flux, is now given by: o

! k

|
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Gy-Gm+Gp1'G + G

ox * Cp2 (6.19)

In Region la, Equation (6.3) becomes:

dY

— m
Gy Ym - (pD)la T = Gm . (6.20)

The boundary conditions in Region la are:
T (6) =Y, (6.21)

With these boundary conditions, Equation (6.20) can be integrated

across Region la to yield

(D)
la 1
1-Ly
G mi

As in Region 2 of the"no-condensation model, Equation (6.3)

becomes, for Reglon 2a:

oxX

= G . (6.8)

Gy Yox - (pD)Za -d_y— (+74

The boundary conditions for Region 2a are:
Ymg‘so) = Yoxo (6.24)
T8 =0 . (6.25)

Integrating Equation (6.8) with these boundary conditions, and

combining the result with Equation (6.10) yields:

(pD)Za _Gl Yo:s:o
Gy = W fn [l + Gm - . (6.26)

3
]
3
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(Note that 1f §, and § are at the wall and the film edge, respectively, j
i o b
and if Gy = Gm’ the results given by Equation (6.23) and (6.26)
agree with the results of the no-condensation model.) B
The final mass flux equation comes from consideration of Region _
1b. (We shall see later that no analysis of Region 2b is needed.) 1
Since the total mass flux in Region 1b is comprised only of metal 8
vapor, Equation (6.3) becomes: 1
- ___ de
‘ - —— TR '.
’ 6, ¥, - (D) & =% ° (6.27) ..
b
; which is the same form as Equation (6.4). The boundary conditions
. in Region 1b, are:

Ym(O) =Y. (6.28)

Ym(di) = Ymi . (6.22)

With these boundary conditions, Equation (6.27) can be integrated

across Region 1b to yield:

.(pD)lb l1- Ymi
Gm =3 fn =Y | °
i oW

(6.29)

The temperature profiles can be obtained by considering the

one~dimensional energy equation with constant specific heats:

"
G _.%12%,»%:4. ) (6.30)
dy y

According to assumption (7), Equation (6.30) need only be divided into

two regions: Region 1 and 2. Since radiation and condensation are
neglected, q"=0 in both regions. With this simplification, for

Region 2, Equation (6.30) becomes: LA
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¢ —= = |8 —£ (6.31)
y dy C 2 dyz

The boundary conditions for Equation (6.31) are:
Tz(Gf) = T, (6.32)
Tz(ﬁe) = Te . (6.33)

Integrating Equation (6.31) and inserting these boundary conditions

yields:

expky-de)cyczlkz,-l

T, =T, + ('1‘f -T) (6.34)

2 2 e expfdf-ée)GyC2/X4 -1
In Region 1, Equation (6.30) becomes:
2
G :ﬁ.{%] h :1 (6.35)
y dy 1 dy
The boundary conditions for Region 1 are:
Tl(O) = Iw (6.36)
1,6 = T (6.37)

Integrating Equation (6.35) and inserting these boundary conditions

ylelds:

T

1 (6.38)

exp(yG_C./A.)-1
=T+ (T - 1) oot : /Jl\ -1
expliehet /M

The location of the condensation fronts can be determined by
realizing that the equilibrium vapor pressure curve and the actual
vapor pressure curve of the products must be tangent at the onset of

condensation. (This is the "tangency condition" in assumption (4].)
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The slope of the actual vapor pressure curve (curve F-O-E' in Figure
30) at 60, for example, determines the rate at which product vapor

flows into 60, and the slope of the equilibrium vapor pressure curve

I SR

(curve F'-0-E in Figure 30) determines the rate at which product vapor

flows from 60 toward Ge. Consequently, we can see that the actual

vapor pressure profile across the entire region must follow curve

F-0-E in Figure 30. A similar argument can be made for the conditions
at 61. Therefore, we can obtain two equations expressing these

tangency conditions:

dP ] dpP
_a_z, - [_P.,Jle (6.39)
Y J s dy 8
i i
(2] - [
dy JIG - [—%;JJG (6.40)
o o

The equilibrium vapor pressure of the products is known from
Groff's model (31) and is plotted in Figure 31. For the range of
interest of the present study, it is evident that the vapor pressure

can be expressed by an equation of the form:

Pp,eq = exp(A-B/T) . (6.41)

Using the Chain Rule of Differentiation, we obtain:

%4 [ede)

The actual vapor pressure profiles are obtained by rearranging
Equations (6.8) and (6.20). Knowing the mass fractions of the various

species (fuel, oxidizer and product) in each region, we can obtain an

expression, for mole fraction of the products as a function of
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location, and, hence, the partial pressure variation with locatiom:
P =P (X . 6.
o = Pp(X) (6.43)
Finally, we obtain

dp dx

P . )
bR AP (6.44)

for each region, which, along with Equation (6.42), yields the
necessary information to solve Equations (6.39) and (6.40). The
set of equations is complete and can be solved by an iterative
procedure.

Note that we have not needed any mass-flux equation in
Reglon 2b. Omne of the advantages of this model is that we need not
make any assumpﬁions about the behavior of the mass fluxes in this
region. The only assumption made in this region is included in the

energy equation.

6.3.3 Results
The variation of lithium burning rate with oxidizer pressure
as predicted by the condensation-front model is shown in Figure 32.

The predicted variation can be expressed as:

G, = p3% | (6.45)

The most noticable effect of including condensation is to increase
the influence of pressure by about ome~third as compared with the
no-condensation model.

As can be seen in Figure 32, the condemsation-front model

agrees quite well with the data in the lower range——up to about 8000

Gy IRy L

-

b
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Pa. Above 8000 Pa, the prediction deviates from the data, failing
to account for the steepening of the slope of the data. Possible
explanations for this will be discussed in Section 6.4.

The predicted effect of wick length is similar to the no-
condensation model, differing only in magnitude. As a consequence of

using the formula for Ge suggested by Spalding, the model predicts:

¢ =1L V4
m

The difference in magnitude is caused by the different prediction
for burning rate at 10750 Pa. for a 30 mm wick. The prediction of
the condensation-front model is merely a constant multiple of the

no-condensation model. There is nothing new to be learned.

6.4 Discussion and Comparison of Theoretical Models

There are several aspects of the results of the models that
should be examined in some detail, The most significant of these is
the failure of the models to predict completely the variation of the
1ithium burning rate with oxidizer pressure as exhibited by the data.
Related to this is the effect of including condensation in the model.

The condensation-front model demonstrates two significant
improvements over the np-condensation model with regard to the burning
rate data. The predicted pressure dependence is increased by about
one-third, bringing the slope of the model closer to the measurements.
In addition, the model predicts the actual values of the data much
better, allowing for the fact that the adiabatic flame temperature is
a more justifiable choice than the boiling point of the products to

model the actual flame temperature.
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One other significant improvement in the condensation-front J

model over the no-condensation model can be seen in the predicted

structure of the boundary layer, including the temperature and -

concentration profiles. These predictions are presented in Figures

33 and 34 for the no-condensation model and the condensation model,
regspectively. The predictions are shown for the case of no inert
diluent gas present, with the oxidizer pressure set at a typical
value-—-7950 Pa. The boundary conditions at the fuel surface, at the
flame, and in the ambient are the same for both models.

The most noticeable difference seen between the two predictioms
presented in Figures 33 and 34 is evident in the location of the flame.
The flame stand-off distance predicted by the no-condensation model
is almoat twice the stand-off distance predicted by the condensation-
front model,

With this in mind, it is worth comparing the predictions with
the results obtained from the photographs of the burning rate
tests. The values of flame stand-off distance predicted by each
model are weak functions of Grashof Number, with the average results
being, in the range of interest:

]

.84 (6.46)
NC

sf]

Be
CF

From the regression analysis for the data shown in Figures 12 and 13,

Y B (6.47)

v vewe v W -~

; we can obtain:
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T = 35 . (6.48)
lum
Because of the sharply decreasing temperature profile, we know that
61um is falrly close to Ge. From the condensation-front model, we
know that the temperature at 60 is only slightly above the threshold
of visible radiation. We also have that the predicted value of 60
is given by:
6o
T .85 . , (6.49)
£
This ratio is very nearly constant over the range of pressure

examined. Consequently, it seems reasonable to assume that:

and, therefore, we can conclude from the data:

y:

rg 3 . (6.50)
e

Obviously, the condensation-front model is much closer to this value
than is the no-condensation model.

The narrower flame stand-off distance predicted by the
condensation-front model is easily understood in light of the
physical processes included in the model. The product flux toward
the surface impedes the flow of metal vapor towards the flame. In
addition, less product flows outward to impede the influx of the
oxidizer toward the flame. Consequently, the oxidizer penetrates
farther into the boundary layer than is predicted by the no-

condensation model.
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An examination of the shape of the profile also reveals more
about the nature of the net mass fluxes predicted by each of the two
models. The net mass flux for the no-condensation model is comprised
solely of the lithium mass flux, which is directed away from the
fuel surface. The effect of this can be seen in the temperature
profile. The profile is "bowed out" away from the surface,
reflecting the convection of energy away from the wall by the net
mags flux,

The net mass flux for the condensation-front model in Regions
la and 2a is comprised of the fluxes of fuel and oxidizer toward
the flame and the flux of product away from the flame. The product
flux in Region la is slightly greater than the flux of fuel,
resulting in a smail, negative net mass flux in Region la. By
continuity, we know the same is true for Region 2a. As a consequence,
the predicted profiles are nearly linear, and bowed very slightly
toward the surface. (The profiles would be exactly linear if the
net mass flux were zero.)

The final observation to be made about the structure of the
boundary layer concerns the location of the inner condemsation-front
as seen in Figure 34, The relative closeness of 61 to the wick
surface helps to justify assumption (3) in Section 6.3.1. Most of
the product will condense at Gi, leaving very little product vapor to
be considered in Region 1b. Because of this, and since Region 1b is so
narrow, it appears a postiori the assumption that the product vapor is
stagnant in this region 1is acceptable, particularly considering the

overall levei of complexity of the model.
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The results of the present theoretical analysis show that
including condensation reduces the overall burning rate, a result which
appears to contradict both Rosmer (12) and Kuehl and Zwillenberg
(15). Rosner indicates that condensation should enhance burning
rates by about three to four times. However, it should be recalled
that Rosner assumes all the product condenses at the flame, and,
consequently, there is no resistance to the flow of oxidizer or fuel
caused by the product.

The increased burning rate caused by condensation seen by Kuehl
and Zwillenberg (15) is a result of a different treatment of the
energy equation. Their analysis included the additional heat input
to the surface caused by the heat of condensation of the products,
which had been neglected by Brzustowski and Glassman (14). The
effect was to cause the fuel to vaporize more rapidly, resulting in
an increased burning rate over the earlier work.

Neither of these circumstances is pertinent to the present
study. Since the wick surface is considered to be at thermodynamic
equilibrium, an increased heat input to the surface will not cause a
corresponding increase in fuel vaporization rate (so long as the
temperature does not change). The effect seen by Rosner is caused
solely by his neglecting the fluxes of the products away from the
flame.

The effect of wick length on the burning rate has been
discussed chiefly in Section 6.1. The data obtained appear to justify
the use of the expression suggested by Spalding (23) to describe

the effects of natural convection in the aerodynamic boundary layer
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as manifested by the relationship between the overall length of the
wick and the measured burning rate.

The data obtained for lithium burning rate in argon-sulfur
hexafluoride mixtures and the good agreement of the prediction of the
no-condensation model with those data needs to be examined with case.
If condensation processes are significant, as they appear to be, then
one must question why a no-condensation model can predict the effect
of an inert diluent gas so well. The answer lies in the work of
Minkoqycz and Sparrow (47) and Othmer (48). Studying the condensation
of steam, these workers showed that condensation processes are
severely inhibited by the presence of a noncondensable. For example,
condensation rates are reduced by about half for mass fractions of
noncondensable air as low as 0.5 percent. Work by Kroger and ‘Rohsenow
(49) with potassium has shown similar results.

If, in addition to lowering the wick temperature, the presence
of an inert gas at the wick surface impedes the condensation of the
products, then more of the product must flow outward from the
flame. Consequently, the flux of product in Region 1 is reduced,
making that region more like the stagnant film assumed for the no-
condensation model. In light of this, it is not unlikely that
lithium-sulfur hexafluoride combustion in the presence of an inert gas
(and other similar cases) can be adequately described by a model which
neglects condensation of products in the gas phase.

The failure of either model, particularly the condemnsation-front
model, to completely predict the behavior of the data (particularly
with respect to pressure) raises further questions. There are three

possible major areas of doubt in the present study. Two parts of the
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theory need to be examined: the adiabatic flame temperature, and the
omission of the effect of condensation on the temperature profile.
The other area of doubt is in the data, particularly in the low
pressure range.

The areas of doubt in the model are the easiest, and most
straightforward, to understand. Neglecting the effects of
dissociation and polymerization of the products and heat lost by
radiation in the calculation of the adiabatic flame temperature yields
a value that must be greater than the actual flame temperature. From
Figure 25 we know the effect of the cholice of flame temperature on
the predicted burning rate. If, because of the low pressures used
during the test program, dissociation of the products is significant,
then the actual flame temperature could decrease much more rapidly as
the pressure decreases than has been assumed. The predicted burning
rate could then decrease from the adiabatic flame temperature prediction
at high pressures, toward the saturated flame prediction at low
pressures. A variation of this nature would result in a greater
variation of burning rate with pressure, yielding a trend similar to
that exhibited by the data. For the condensation-front model, the
result would be to underpredict the data throughout the entire range
of testing since the adiabatic flame temperature assumption yields the
maximum prediction. However, while a decrease in the flame temperature
is probable, because of greater dissociation at low pressures, no
photographic evidence was obtained to indicate that the products
condensed in the flame.

Neglecting the effect of condensation on the temperature profiles

ig the other doubtful area of the model. Inclusion of this effect
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would serve to move the fronts closer to the flame. Since condensation
is an isothermal process (or nearly so), the temperature profiles
would steepen near the flame, flatten for a short distance through
the condensation fronts, then drop to the values at the extremes
of the boundary layer. Based on the results seen thus far, including
this effect should steepen the slope of the predicted dependence on
oxidizer pressure and increase the predicted burning rates. Combining
this effect with an improved flame temperature in the model would
tend to negate the lowering of the prediction resulting from the
lower flame temperature. It is possible that a model including both
of these effects could predict the behavior of the data.

The previous discussion has been based on the premise that
the data are correct. While a more complete model must include the
modifications suggested, it is possible that the present model is
being compared to data that are,at least, somewhat faulty, particularly
in the low pressure region. From the agreement of the data gathered
at the higher pressures, 10750 Pa (wick length tests) and 13300 Pa.
(argon-sulfur hexafluoride mixtures), there is little cause to doubt
the results in the higher pressure region. However, the difficulties
encountered in obtaining any data in the low pressure region raise
questions. Since no duplication of the points was obtained, it is
possible that the data in the low pressure region are deceptive
particularly at the lowest pressure, causing us to attempt to predict
behavior in the data that does not really exist (if the poinmt is high).
If a non-condensable contaminant was present during a test, themn the

measured burning rate will be lower than it should be.

"1'
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For the sake of argument, assume that some noncondensable was
present at the wick surface as a result of impurities present in

either the lithium or sulfur hexafluoride. Instead of assuming that

aa 4 Al l_. Iy

the wick temperature was specified by Groff's model (27) at a given
pressure, the wick temperature was obtained from the pressure- }{
temperature data shown in Figure 22. The divergence between the rJ
predicted and measured temperatures in Figure 22 is not great, being -]

less than 2X for a pressure of 1000 Pa (i.e., the data indicate a

lower temperature than predicted by Groff's model), and approximately
zero at 15000 Pa. Table 8 compares some of the values predicted by
Groff (27) with the corresponding data from Figure 22.

The no-condensation model was used to calculate this effect
since, as noted previously, the condensation-front model is not

designed to handle noncondensables. The result of this modification

is presented in Figure 35, using 6nly the adiabatic flame temperature

procedure for estimating properties. Note the markedly steeper slope

Bk . o A e

of the prediction and the comparatively good agreement with the data.
Obviously, the possibility of the presence of noncondensable
contaminants cannot be ignored as an explanation of the data.

Three sources of doubt in the present study have been examined.

The existence of noncondensable contaminants appears to be quite likely
the cause of the unusual variation of the lithium burning rate with

pressure. However, the evidence is not conclusive and more data should

hae e & S G o 3 an gt am ) 4
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be obtained over a wider range of pressure before firm conclusions
can be obtained. For thia to be accomplished, ignition difficulties

must be overcome at low pressure. To extend the data to higher
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Table 8

Comparison of Temperatures Predicted by Groff (27) with
Data Obtained from the Wick-Type Combustor Tests

Pressure Temperature from Groff Temperature from Tests
(Pa) (K) (K)
12500 1370 1370
8800 1331 1330
7700 1319 1316
5500 1287 1282
3900 1257 1250
2800 1230 1220




- 116
L "

pressure a material must be found for the sample cylinders that will

withstand the high corrosive attack by the oxidizer seen during the ,1
present study.
If more data show that the behavior of the data is not caused

by noncondensable contaminants, then the theory should be modified

to account for the effects of condensation on the temperature profile
and the effects of dissociation on the flame temperature. It should
also be noted that, in order to generalize the model to combustion
systems other than lithium-sulfur hexafluoride (where thermodynamic
models such as Groff's are not available), more complete consideration
of the energy equation would be needed. This would include such
effects as heat loss by radiation and increased fuel vaporization
caused by the heat of condensation (e.g., see the results of Kuehl and

Zwillenberg [15]).




CHAPTER VII

SUMMARY AND CONCLUSIONS

7.1 Summary e
The overall objectives of the present study were to g

experimentally analyze the combustion process of a liquid metal

burning from a vertical wick and to develop a theoretical model to
describe the process. The work was limited to the combustion of
lithium with sulfur hexafluoride because of the technological
importance of this reactant combinationm.

Two types of experiments were performed. The first type of
test involved the combustion of lithium from a vertical wick.
Photographs were obtained to study the nature of the combustion
(i.e., surface or vapor-phase, flame stand-off distance, etc.).
Burning rates as a function of ambient pressure, total wick length,

and concentration of inert diluent in the ambient gas were also

obtained from these tests. A limited range of pressure (2250-13300

Pa) was used because of experimental difficulties. Ignition reliability .

was poor below 7000 Pa, limiting data in this region: above 14000 .1
Pa, the wick aAh support suffered rapid corrosive attack by the

oxidizer (because of the high combustion temperature encountered),

K| precluding testing in this range. '
E The second type of experiment involved the use of wick-type _1
combustor tests to determine the relationship between wick surface

¢ temperatures and combustor pressure., The data compared favorably
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with Groff's thermodynamic model (27), with the difference increasing
slowly as the temperature (pressure) was decreased. These results, ;J
combined with the observations made during the burning rate tests, "]
justified modelling the combustion process as a thin diffusion
flame. ]

Two theoretical models were developed, using a film-theory 1
approximation for convection. A model neglecting the condensation

of the products, the no-condensation model, was developed to

ascertain its applicability to the present system and to provide
base-line results. The no-condensation model predicted the effect

of the inert diluent in the ambient gas quite well. The predicted

effect of oxidizer pressure was substantially less than demonstrated
by the data.

A model allowing for condensation to occur within the boundary
layer, the condensation-front model, was developed to consider some
of the physical processes actually occurring for combustion in the
absence of an inert diluent in the ambient gas. The predicted
dependence on oxidizer pressure was one-third higher than the no-

condensation model, but still somewhat less than demonstrated by the

data., This model also provided better predictions for flame position

than the no-condensation model. Both models provided an adequate
correlation of the effect of wick height on the burning rate. : 1
An analysis was performed to determine the effect of the ;;‘
presence of noncondensable contaminants on the data. Using the
experimentally-obtained pressure-temperature relationship (rather than

the thermodynamic model of Reference [27]), it was found that the v

presence of noncondensable contaminants could cause the observed strong
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variation in the burning rate with pressure because of the increasing

importance of small quantities of noncondensable contaminants as

pressure is decreased.

7.2

Conclusions

The major conclusions of the present study are:

L

2

(3)

4)

(5)

Lithium-sulfur hexafluoride combustion occurs in the vapor
phase. Some product condenses on the fuel surface, but
this does not appear to inhibit the evaporation of the
fuel from the surface. Product can also be seen to
condense in the gas phase, but not in the flame zone.
Natural convection effects are significant and can be
correlated using the procedure suggested by Spalding (23).
The inclusion of condensation effects in a theoretical
model increases the predicted variation of burning rate
with pressure. The effect of including condensation in
the model i8 to provide a more realistic prediction of
the structure of the boundary layer. However, the no-
condensation model does provide reasonable estimates of
the burning rates, particularly in light of the
uncertainties in the tramnsport properties.

The effect of condensation on the combustion process

is significantly reduced when a noncondensable is present,
much like the effect of a noncondensable present in normal
condensation processes, such as steam condensation.

The presence of noncondensable contaminants may have

very significant effects on low-pressure combustion

processes involving condensable products. In particular,
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the strong varlation of burning rate with pressure seen
in the present study could be a result of the greater

influence of low levels of contamination at low pressure.

7.3 Recommendations for Further Study

The present study, while providing useful information on the
combustion of metals in pure, and nearly pure, oxidizing atmospheres,
leaves several areas that should be examined in more detail. 1In
particulaf, these are:

(1) More experimental data must be obtained concerning the
dependence of lithium burning rate on pressure. This
will serve to clarify the behavior seen in the present
study and resolve more thoroughly questions concerning
the possible effect of noncondensable contaminants.

(2) 1If the behavior of the data seen in the present study is
confirmed, the theoretical model should be modified to
include dissociation effects on flame temperature and
condensation effects on the temperature profiles across
the boundary layer. Radiation losses caused by the
presence of condensed particles at high cemperature should

also be consildered.
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APPENDIX A
’
DETERMINATION OF UNBURNED LITHIUM FOR LITHIUM BURNING RATE TESTS T
Prior to calculating the lithium burning rate, it was necessary
to determine the amount of unburned lithium remaining at the end of a (B

test. Most of the unburmed lithium remaining was collected in a cup
located below the test sample. The cup was fabricated from a short

piece of heavy-walled pipe welded to a piece of plate. The cup was

made sufficiently massive to cool the lithium drops quickly, to a

temperature below the ignition temperature. In this way, little, or

no, lithium was allowed to burnm in the cup. The bottom of the
chamber was covered with stainless steel sheet to catch any spattered
fuel that did not fall into the cup.

After the vacuum chamber had been back-filled with argonm, .
the chamber was opened and the sample removed. The remnants of a

test were divided into three general categories: (a) "pure"

4 & Ao e s

products, which were discarded, (b) "pure" lithium, and (c) pieces ®
. of mixed product and lithium. This procedure was used to reduce
: potential errors in the wet-test analysis introduced by the presence
;Al . of the lithium sulfide in the product material. The significance ..

of the presence of the lithium sulfide will be discussed later.
The reactions of interest in the determination of the

amount of unburned lithium are as follows: -

L1 +1

20 + LiOH + 1/2 H2 (A.1)
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and

LiOH + HC1l -+ LiCl + HZO . (A.2)

Equation (A.l) represents the reaction which occurs between lithium
and water to create a basic solution. Equation (A.2) represents the
reaction occurring during the titration analysis. This set of
reactions are the only ones needed to analyze the pieces of '"pure"
lithium found after a test.

The remnants which consisted of mixed products and lithium
were treated in a similar manner. However, the presence of lithium
sulfide in the product adds one additional reaction which must be

considered:

Lizs + 2320 -+ 2LiOH + HZS . (A.3)

The LiOH produced by this reaction was an obvious source of
significant error, depending on the amount of product in the remmants.
Since all the analysis was done at room temperature, a test
was performed to determine if the production of lithium hydroxide
from the lithium sulfide in the products were sufficiently rapid to
require a more complex wet-test analysis than outlined by Equations
(A.1) and (A.2). Several samples of products (about one gm) were
placed in about 200 ml of distilled water containing phenolphthalien
indicator. The solution normally took about one hour (and sometimes
longer) before the solution was sufficiently basic to turn uniformly
pink. Several more hours were required before any significant
depth of color was seen. The first tinge of pink could be made to

disappear, and, hence, neutralize the solution, with less than 0.1 ml
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of titration solution (about 2.3-2.4 M HCl). One-tenth ml of
titration solution was a potential error of less than three percent

in the amount of unburned lithium for all the tests. It was concluded
that the solid solution formed by the products severely inhibits the
rate at which the lithium sulfide could react with the water. The
lithium sulfide must be leached out of the solution before it can -
react, and this process takes some time.

Regardless of the apparently very slow reaction rate of the
lithium sulfide contained in the products all the test solutions
containing products mixed with the lithium were titrated as quickly
as possible (usually within fifteen minutes) to reduce the potential
errors introduced by the lithium sulfide. For any one test, if the
solutions made from the mixed products and lithium veacting with
water Were condensed to be made entirely from product, the maximum
error in the lithium burning rate calculations would be about 12%,
with the average error about 6. Since this supposes that no lithium
was present in these mixtures, and that the product reacted faster
than was observed in the test described above, the probable error
in the titration analysis was probably about half of the maximum, or
about 3-6%. 1In view of other sources of potential error in the test
procedure, it was not deemed justifiable to devote significant effort
to separating the products prior to the wet-test analysis.

The amount of unburned lithium remaining after a test was
determined as follows:

(1) The remnants of a test were reacted in three of four

beakers containing about 150 ml of distilled water. The

extra number of samples were used to prevent an excessive
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temperature increase in the water by the heat released by :

the lithium-water reaction. Keeping the solutions cool

also served to slow the rate of the lithium sulfide- 1
water reaction.

(2) About four drops of phenolphthalien solution in reagent- .
grade methanol were added to each beaker. -j

(3) The solution in each beaker was titrated by a solution of

HCL. (about 2.3-2.4 M) until the pink color disappeared.

(4) The total amount of HCL solution used was measured.

(5) The amount of unburned lithium was calculated assuming the
only reaction occurring was as given by (A.1). Knowing
the number of moles of HCL necessary to neutralize the
solution yielded the number of moles of lithium which did
not burn. Combining this with the amount of lithium
originally in the sample and the burning time yielded

the average lithium burning rate.
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APPENDIX B

EXPERIMENTAL DATA FROM LITHIUM BURNING RATE TESTS

Table 9

Summary of Lithium Burning Rate Tests in Sulfur Hexafluoride

»

Wick Average
Test L D Pressure Temperature Burning Rate
(mm) (um) (Pa) (X) (kg/m2S)

1 30 32 7950 1328 -
3 30 32 8100 1333 .0251
6 30 31 7900 1316 .0245
7 30 32 16350 1394 -
8 30 32 13600 1372 -
9 30 32 10350 1344 -_
10 30 32 10750 1350 .0383
11 32 32 5250 1291 .0175
14 32,5 32 10750 1350 - .0384
16 31.5 32 13600 1389 .0542
17 30 31 15950 1386 -
34 60 | 31 10750 1354 .0313
35 59 31 2250 1208 .0124
36 59.5 31 8050 1322 -—
38 59 30.5 10750 1377 .0367
42 7.9 31 10750 1358 -
43 13.6 i1 10750 1366 -—
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Table 9 (Continued)
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Wick Average
Test L D Pressure Temperature Burning Rate
(mm) (mm) (Pa) (x) (kg/m28)
45 29 31 13300 1386 .0574
47 14,2 31 10750 - -
50 14.5 31.5 10750 1364 .0452
52 16.2 31 10750 - -
53 15.2 31 10750 1354 .0512
54 16.5 31 10750 1350 -
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Table 1Q

Summary of Lithium Burning Rate Tests in Argon-Sulfur Hexafluoride
Mixtures at a Constant Total Pressure of 13300 Pa

Wick Average

Test L D Yae Temperature Burning Rate
(mm) (zm) ) (X) (kg/m28)

30 30.5 31 +555 1372 .0267
31 30 30.5 .2755 1380 .0452
39 21 31.5 4707 1372 .0332
40-a 30.5 30 .668 1380 .0305
46 29 31 .137 - -
48-a 30.5 30 .583 1369 .0332
49-a 30.5 31 .165 1377 .0452
51 29.7 30 137 1377 .0427
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APPENDIX C
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SUMMARY OF DATA OBTAINED DURING WICK-TYPE COMBUSTOR TESTS

Wick Combined
Time Temperature Pressure Heat Flux
(min) (K) (Pa) (kow/m?)
Test 3
20 1078 400 24
22 1078 440 24
24 1079 570 24
26 1081 610 24
28 1086 640 24
30 1093 670 2
32 1110 780 59
34 1125 950 59
36 1137 1010 59
38 1145 1050 59
40 1151 1110 59
42 1158 1210 72
44 1173 1420 72
46 1183 1520 72
56 1080 540 35
58 1080 570 35
60 1080 570 35
62 1080 710 53
64 1085 740 53
66 1096 - 780 53
68 1103 780 53
70 1107 780 53
72 1109 1050 74
74 1136 1210 74
76 1143 1210 74
78 1144 1180 74
80 1141 1180 74
82 1139 1250 80
84 1146 1320 80
86 1171 1450 93
88 1196 1720 93
Test 4
6 1101 740 39
8 1121 880 39
10 1132 980 39
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Wick Combined
Time Temperature Pressure Heat Flux
(min) () (Pa) (lw /m?)
Test 4 (Continued)
12 1141 1110 39
14 1149 1280 39
16 1165 1620 39
18 1187 1690 39
20 1198 1920 39
22 1207 2200 47
24 1219 2400 47
26 1224 2700 47
28 1234 2930 47
30 1242 3210 47
32 1249 3480 47
34 1252 3780 47
36 1264 4050 51
38 1271 4350 51
40 1277 4620 48
42 1283 4960 48
44 1285 5260 48
46 1289 5430 54
48 1294 5800 54
50 1298 6110 54
Test 5
8 1112 780 33
10 1115 840 33
12 1122 840 33
14 1129 1010 33
16 1132 1010 33
18 1138 1180 33
20 1142 1180 29
22 1146 1350 29
24 1155 1520 29
26 1159 1520 29
28 1164 1690 29
30 1170 1720 27
32 1172 1790 27
34 1175 1860 27
36 1179 1990 27
38 1180 2020 27
40 1184 2020 27
42 1186 2020 27
44 1190 2160 27
48 1102 1080 29
49 1114 1180 29
50 1123 1350 29
51 1129 1350 29
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; Wick Combined
[ Time Temperature Pressure Heat Flux
L‘i (min) (K) (Pa) (kw/m) '0:
~ Test 5 (Continued)
| 52 1135 1350 29
_ 54 1146 1520 29
56 1155 1650 29 ¢
#j 58 1161 1690 29
60 1164 1690 29
, 62 1203 2030 180 -
; 64 1199 2530 180 -
66 1207 2530 180 j
1 68 1207 2560 180 '@
! 70 1210 2600 180 )
72 1212 2630 180 3
74 1215 2700 180 )
94 1216 2560 169
95 1215 2560 169
96 1216 2560 169
98 1217 2670 169
99 1266 4050 245
. 100 1275 5230 245
101 1312 5900 245
102 ) 1317 6380 241
103 1320 6680 241
104 1324 6820 238
Test 6
15 1124 1620 32 ®
15.5 1135 1690 32
16 1147 1720 32
16.5 1156 1760 32
17 1162 1860 32
17.5 1166 1920 32
18 1175 1960 32 °
20.5 1111 1350 32 1
21 1124 1620 32
21.5 1135 1690 32
22 1147 1760 32
i 22,5 1156 1790 32 }
} 23 1159 1920 32 s
'_‘ Test 7 1
i 3.5 1160 1690 30
i 5.0 1171 1790 30 ;
- 6.5 1179 1960 30 -
! 8.0 1190 2020 30 1
4 9.5 1199 2230 30
| 11.0 1207 2450 30
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Wick Combined
Time Temperature Pressure Heat Flux
(min) (K) (Pa) (kv /m2)
Test 7 (Continued)
12.5 1215 2630 30
14.0 1221 2730 30
15.5 1224 2870 30
17.0 1226 3000 30
18.5 1229 3140 30
20.0 1232 3270 30
21.5 1242 3610 36
23.0 1255 4150 36
24.5 1266 4760 36
26.0 1274 5230 36
27.5 1268 4860 28
29.0 1262 4690 28
30.5 1259 4520 28
32.0 1256 4420 28
33.5 1254 4350 28
35.0 1254 4290 28
36.5 1254 4290 28
38.0 1251 4250 28
39.5 1251 4220 28
41.0 1270 4960 36
42.5 1277 5640 26
44.0 1294 6380 36
45.5 1305 7020 36
Test 10
2 1082 660 19
4 1138 1000 19
6 1186 1620 19
8 1199 1970 19
10 1208 2260 19
12 1254 5180 112
14 1239 4220 112
16 1246 4520 112
18 1256 4940 112
20 1252 4850 103
22 1252 4810 103
24 1252 4850 103
26 1254 4920 103
28 1255 4980 103
30 1257 5050 103
32 1257 5150 103
34 1258 5210 103
36 1260 5420 103
38 1261 5550 103
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Wick Combined
Time Temperature Pressure Heat Flux
(min) (K) (Pa) (kw/m2)
Test 13
40 1066 410 6
80 1111 730 15
85 1119 730 18
90 1125 770 18
95 1130 810 18
100 1136 930 18
1 110 1151 1200 18
115 1161 1330 18
1169 1530 18

Lﬁ 120
s




—— v ——

o

&

e e — e~

Distribution and Addressee Listing

Addressee

Director

Advanced Research Projects Agency
Architect Building

1400 Wilson Blvd.

Arlington, VA 22209

Officer in Charge

David W, Taylor

Naval Ship Research and Development Center
Annapolis Laboratory

Annapolis, Maryland 21402

Attn: Mr, S. Cox, Code 2724

CDR C. E. Moore, OPNAV 233

Chief of Naval Operations, Off of the
Room 5E577 Pentagon

Washington, D.C. 20301

TACTEC .

Battelle Columbus Laboratories
505 King Avenue

Columbus, Ohio 43201

Dr. Eugene C. Gritton
The Rand Corporation
1700 Main Street

Santa Monica, CA 90406

Cogies

3/0

9/1

1/0

1/0

5/0

)

.

[
R SO W S §




