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Abstract

The high temperature catalytic dissociation of sulfur trioxide and the synthesis of its
products in a closed-loop system presents an attractive prospect for converting,
transporting and recovering solar energy. A laboratory scale, closed-loop, sulfur-oxide
based experimental system was assembled and operated on the NMSU campus to
demonstrate technical feasibility and to study the engineering problems associated
with this chemical cycle. The system, which operated at a nominal 500 watts of energy
conversion, contained most of the elements of a large scale power plant. Twelve
separate experiments were performed with the system in a study of system stability
during start-up and shut-down procedures and dissociator temperature variations.
Descriptions of the laboratory closed-loop and the chemical reactors are given along
with the experimental procedure, conditions, and results for each of the tests. Exten-
sive discussion is given on the solar implications that the results from these experi-
ments may have, and recommendations are made for follow-on experiments that may
assist in resolving potential problems for thermochemical transport in a solar-powered
plant.
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SOLAR THERMAL TECHNOLOGY
FOREWORD

The research and development described in this docu-
ment was conducted within the U.S. Department of Energy's
(DOE) Solar Thermal Technology Program. The goal of the
Solar Thermal Technology Program is to advance the engi-
neering and scientific understanding of solar thermal
technology and to establish the technology base from which
private industry can develop solar thermal power produc-
tion options for introduction into the competitive energy
macket.

Solar thermal technology concentrates solar radiation
by means of tracking mirrors or lenses onto a receiver
where the solar energy is absorbed as heat and converted
into electricity or incorporated into products as process
heat. The two primary solar thermal technologies, central
receivers and distributed receivers, employ various point
and line-focus optics to concentrate sunlight. Current
central receiver systems use fields of heliostats
(two-axis tracking mirrors) to focus the sun's radiant
energy onto a single tower-mounted receiver. Two
approaches are predominant for distributed receivers. One
approach is to use parabolic dishes up to 17 meters in
diameter to track the sun in two axes and use mirrors or
Fresnel lenses to focus radiant energy onto a receiver.
Another approach is to use troughs and bowls as line-focus
tracking reflectors to concentrate sunlight onto receiver
tubes along their focal lines. Concentrating collector
modules can be used alone or in a multi-module system.

The concentrated radiant energy absorbed by the solar
thermal receiver is transported to the conversion process
by a circulating working fluid. Receiver temperatures
range from 100°C in low-temperature troughs to over 1500°C
in dish and central receiver systems.

The Solar Thermal Technology Program is directing
efforts to advance and improve promising system concepts
through the research and development of solar thermal
materials, components, and subsystems, and the testing and
performance evaluation of subsystems and systems. These
efforts are carried out through the technical direction of
DOE and its network of national laboratories who work with
private industry. Together they have established a com-
prehensive, goal-directed program to improve performance
and provide technically proven options for eventual
incorporation into the Nation's energy supply.
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To be successful in contributing to an adequate
national energy supply at reasonable cost, solar thermal
energy must eventually be economically competitive with a
variety of other energy sources, Components and system-
level performance targets have been developed as quantita-
tive program goals. The performance targets are used in
planning research and development activities, measuring
progress, assessing alternative technology options, and
making optimal component developments. These targets will
be pursued vigorously to insure a successful program.

Thermochemical transport is being researched and
developed in conjunction with distributed receivers as an
alternative to energy transport systems based on sensible
or latent heat of heat transfer fluids, with the aim of
minimizing heat losses incurred in transport as well as
minimizing the insulation requirements for transport
lines. A recent comparison of thermochemical and sensible
heat transport for a distributed receiver solar field (1)
indicated a significant advantage in overall efficiency is
realized for an optimized thermochemical system as compared
to the overall efficiency of an optimized sensible-heat
system. This report documents the results of work
performed at the Physical Science Laboratory of New Mexico
State University in conjunction with Sandia National
Laboratories on a laboratory-scale thermochemical transport
loop based on the dissociation of sulfur trioxide.



I. INTRODUCTION:

Because of the diffuse nature of solar energy. its
utilization for many processes requires that it be concen-
trated and very often converted to a more appropriate form
of energy. Invariably it becomes necessary to transport
the energy to a site that is separéte and removed from the
collection site. 1In collecting energy with a field of
distributed receivers such as parabolic dishes, the trans-
port of energy becomes a crucial part of the utilization
of solar energy and transport losses can have a signifi-
cant impact on the economic feasibility of this renewable
resource. Thermochemical transport (TC-T) has been con-
sidered as a means of achieving the transport of converted
solar energy with minimal transport losses because of the
possibility of achieving the transport at close to ambient
temperatures.

TC-T consists of a reversible chemical reaction sys-
tem in which an endothermic process is carried out at the
energy collection site by absorbing thermal energy and
converting it to potential chemical energy by dissociating
chemical bonds. The dissociated chemicals, preferably
gases for ease of transport, are cooled via heat exchang-
ers and transported at close to ambient temperatures to a
user site. There the reverse or exothermic process can be

carried out releasing the energy associated with bond



formation. The TC-T cycle is completed with the recircula-
tion of the products of the exothermic process back to the
energy collection site to repeat the cyclic process.
Several chemical reaction systems have been studied
in the past in conjunction with TC-T (2-9) as well as in
considering the storage of solar energy (10-12). One of
the earliest concepts, proposed by T. A. Chubb (13-18),
was Solchem. This concept was based on distributed
receivers heated by solar parabolic dishes with thermo-
chemical transport to a central power generating facility.
Two chemical reaction systems are presently being investi-
gated experimentally under the Transport and Storage Task
of the Distributed Receiver Technology Program at Sandia.
The two systems involved are: 1.) the COZ—CH4 reforming-
methanation cycle and 2.) the dissociation and synthesis

of 803.

An SO3 based energy conversion and transport loop
is uniquely suited to the collection and delivery of high
temperature heat enerqy. The chemical reaction cycle
utilizing SO3 is characterized by simple chemistry and
no side reactions. 1In the presence of a suitable cata-
lyst, SO3 gas can be dissociated into SO2 and 02 at
temperatures in the range of 800-1000°C with the endo-

thermic capture of 22.3 kcal. of heat per mole of So3

~reacted (19). The product gases, after heat exchange, can

be transported through pipes at modest temperatures and



pressures to a central thermal storage or power utiliza-
tion facility. Here, the components of the energy rich
mixture of gases can be catalytically recombined at
500-600°C to regenerate the 503 and release the chemical
heat of reaction. Hence. by passing the gaseous 803
through a dissociation reactor in a high temperature
receiver, sunlight can be converted into chemical energy
in a form which can be readily transported and reconverted
to relatively high temperature heat. By using countercur-
rent heat exchangers in conjunction with the chemical
reactors at both ends of the loop. gas circulation piping
can be Kept at moderate temperatures at which
no So3 condensation will occur at the working pressure.
Although 503 is a highly toxic and potentially cor-
rosive chemical, there are well established rules for
handling the material in an industry with production rates
of 2x101°kg/yr. In addition, 503 is the end product
in the atmospheric oxidation of 302. a substance intro-
duced into the atmosphere in enormous quantities during
the burning of coal. 1Its use in a closed loop energy con-
version and transport process thus imposes no new ecologi-
cal problems. The use of 503 can, however, involve sig-
nificant materials problems. At 100°C, these problems are
not severe, although common material choices are largely
restricted to teflon, mild steel, stainless steels, glass,

quartz, and ceramics. At receiver temperatures of 1000°C



teflon and steel are not usable. While there are indica-
tions that aluminum rich alloys. such as Kanthal A-1, may
be usable, the materials of choice for 803 energy con-
verters are fused silica, ceramics, and possibly some
Incoloys. An effort to address metallic materials compat-

ibility in SO /02 as well as 503 environments was

2
conducted at Sandia by L.J. Weirick (20,21).

Catalyst and materials studieé have been previously
conducted by the Advanced Energy Systems Division of West-
inghouse (22) in Pittsburgh, PA. A Mathey-Bishop catalyst
(MB-3), consisting of 1% platinum on alpha alumina, was
found to work in 503 dissociation/synthesis. Dr. J. F.
Pierre generously provided a supply of this MB-3 catalyst
for use in this project. 1In related catalyst aging
studies the Rocket Research Company in Redmond, WA found
some degradation of a platinum-alumina catalyst during
accelerated life aging tests (23).

An experimental investigation of 503 dissociation
as a method for converting solar enerqgy to chemical heat
of reaction was conducted at New Mexico State University
in 1979 and 1980 (24,25). During that work an acceptable
dissociator/heatexchanger receiver element design was
developed. The 303 dissociation fraction was measured

as a function of space velocity, temperature, and catalyst

configuration to help provide a degree of understanding



for optimization of the chemical engineering parameters
involved in the design and operation of solar receivers.

Figure 1 represents a typical plot of the 503
equilibrium dissociation fraction as a function of temper-
ature for a pressure of 1.6 absolute atmospheres (26).

The dissociation fraction is defined as the fraction that
the Soz'concentration constitutes of the sum of the
overall concentration of these gases, or

D.F. = [80,1/{[S0,] + [S0,]}
From the curve in Figure 1 it is seen that the temperature
regions in which the two reactors of a closed-loop system
must operate at 1.6 atmospheres are 800-1000°C for the
dissociator and 500-650°C for the synthesizer in order to
achieve a satisfactory efficiency overall. Different
temperatures can be achieved at the synthesizer using 4dif-
ferent operating pressures as indicated by the dotted
curves in Figure 1.

In the present work the sulfur oxide-based energy
conversion and transport loop was closed, and the power
converted in the dissociator was transported through
uninsulated, low temperature lines to a synthesizer
reactor where it was recovered as high temperature heat.

A small, continuously cycled charge of gas allowed the

system to operate continuously for extended periods of

time. During seventy-five hours of operation, the only
detectable degradation of any system component was a

slight discoloration of the dissociation catalyst from a
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black to a gray color. It is possible that this discolor-
ation may be associated with a possible loss of platinum
from the catalyst surface. Some loss in the reactivity of
the dissociator catalyst was evidenced after a high tem-
perature trial during the last experiment.

An estimate of the power converted in a two-reactor,
closed-loop system involving sulfur oxide gases can be
obtained using the following equation:

PC

l'un(F2 - Fl) Eqn. 1
where PC = power converted in kilowatts,
h = heat of reaction

1.145 kJ/g SO, reacted,

3

gas flow rate in g/sec,

r
1

dissociation fraction in diss. outlet line,and

= dissociation fraction in dissociator inlet line.

%
|

Since volume flow rather than mass flow is measured in
these experiments, equation 1 must be amended to account
for the difference in the molecular weights of the gases in

the two legs of the loop. Thus,

PC = 4.1761PV(F2 - Fl)/(l + O.SFZ) Eqn. 2
where P = pressure in the So2 line in psia and
V = volume flow rate in the SO, line in 1/min. at

2
the working pressure.

In equation 2 the gas temperature in the 802 line is

assumed to be 30°C.



II. Project Objectives:

The principal objective of this task was to perform

experimental research on the SO, dissociation and

3

recombination processes as these apply to thermochemical

energy conversion and transport. The following specific

tasks were defined to meet this objective:

1

Design and assemble a laboratory-scale, closed-loop
energy conversion, transport, and recovery system
based on the high temperature dissociation of gaseous
so3 and the recombination of its products with the
low temperature transport of these gases. Provision
shall be made for monitoring and recording tempera-
tures and pressures at selected points in the
reactors, heat exchangers, and lines and for measur-
ing and recording the mass flow rate. The molar
fraction of the 302 in both legs of the loop shall

be monitored.

Conduct a series of closed-loop experiments to deter-
mine the reactivity of the dissociation and recombin-
ation reactors and the energy conversion and delivery
efficiencies as a function of temperature, pressure,
and flow rate.

Conduct a series of closed loop experiments to deter-
mine whether energy conversion and delivery efficien-
cies are adversely affected by changes in the length
and configuration of the interconnecting tubing

between the endothermic and exothermic reactors.



4. Conduct experiments directed toward the definition
and resolution of problems associated with system
shutdown and start-up after both short and long-term
interruptions.

5. After determining the optimum operating parameters of
the laboratory-scale, closed-loop system, conduct a
series of long-term tests with overnight shut-down
simulating the operation of a solar-powered plant.

6. At the optimum operating conditions and after accumu-
lating enough data with only overnight shutdown, con-
duct a series of long-term tests with periodic inter-
ruptions that allow for partial to complete cool down
of the reactors and transport system. Determine the
effects of these transients on the energy conversion
and delivery efficiencies of the system over short
and long-term periods.

The degree to which these tasks were completed is discussed

in Section VI - Conclusions and Recommendations of this

report.

I11. Experimental ‘arrangement:

Figure 2 depicts the experimental, closed-loop system
as it was originally set up with the synthesizer and
dissociator reactors oriented horizontally. The primary
components are the two quartz converter/heat exchangers
installed with the reactor portions inside of a their

respective tube furnaces. The interconnections shown
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consisted of 1/2" teflon tubing with stainless steel
fittings. The connection between the quartz tubing of the
heat exchangers and the teflon lines consisted of a tight
slip fit without any additional clamping. The system was

designed to operate with the following nominal specifica-

tions:
1. Dissociator temperature 900°C
2. Synthesizer temperature 550°C
3. 303 line temperature 55°%C
4. so2 + o2 line temperature 30°C
5. Startup feedstock 2502 + 02
6. Volume flow (diss. outlet) 15 1/min.*
7. Pressure (diss. outlet) 1.5 atm. abs.
8. Power converted 500 watts

During the course of the experiment changes to the flow
configuration depicted in figure 2 were developed. These
will be presented chronologically in the Experimental
Procedure section of this report. A description of each
of the major system components is presented below.

A. Converter/Heat Exchangers:

The converter/heat exchangers shown in Figure 3 were
fabricated from quartz tubing by the William A. Sales Co.
of Wheeling, Illinois. The reactor/heat exchangers were
purposely designed conservatively in both their reaction

capacity and heat exchange capabilities since they were to

*volume flow given at system temperature and pressure

1l
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be used in a research environment and since it was
advantageous to use the same vessel in both dissociator
and synthesizer furnaces. The reactor volume was calcu-
lated to be 184 cm3. about one-fourth the volume of the
2-kW JPL reactor tested in earlier experiments (18). This

permitted the use of space velocities in the 2000 het

to 4000 hr=t

range with mass flows of approximately

0.5 g/s. The quartz tubing used in the fabrication of the
reactors was capable of withstanding internal pressures of
50 psig.

The catalyst beads were loaded into the reactors by
the William A. Sales Co. These contained 0.3% Pt on 4mm
diameter alumina spheres obtained from the Engelhard
Minerals and Chemical Corp. of Newark, NJ. This catalyst
had been purchased several years ago by the Naval Research
Laboratory for an earlier related project. This catalyst
was found to be unreactive during the first experimental
Eun and consultation with Englehard scientists revealed
that the catalyst support beads contained as much as 12%
silica which begins to sinter at 500°C.

The Engelhard catalyst loaded into the reactors was
discarded after the first experimental run. Replacement
catalyst, manufactured by Mathey-Bishop, Inc. of Malvern,
PA, was obtained for this project from Dr. J. F. Pierre of
the Advanced Energy Systems of Westinghouse. The catalyst

was an MB-3 type consisting of a 1% Pt on 1/8-inch alpha

alumina spheres (lot number 269-13-2). Reactor cutting

13



and resealing was accomplished at the Sandia glass shop
with all catalyst handling performed by the princiﬁal
investigators using lint-free gloves. All subsequent
experiments were conducted using this catalyst without any
significant problems.

B. Furnaces and Controls:

The reactors were designeﬁ to £it into electrically
heated, 12-inch long tube furnacés with the heat exchanger
portion, packed in high temperature insulation (Carborundum
Fiberfrax wool), located just outside the furnace. The
dissociator furnace was purchased from Applied Test
Systems, Inc. of Butler, PA. Their model 3110 furnace was
modified at the factory to include heavy duty windings
rated at 2.26 kW and 240 volts.

The synthesizer furnace was of the split shell design
to permit easy cooling of the converter tube after the
reaction started. This furnace was manufactured by Electro
Heat Systems, Inc. in Washington, PA. 1It was rated at 1.2
kW with 240 volts supplied. Both furnaces were supplied
with electrical power from manually controlled variable
transformers. The transformer output could be varied from
0 to 240 volts at a maximum current of 26 amperes. During
normal system operation the dissociator furnace control
. ran at about 60% of full output voltage and the synthesizer

power input was zero after the initial startup.

14



C. Lines, Fittings, and Valves:

All lines in the system were made of 12 mm OD by 9.5
mm ID teflon tubing (Cole-Parmer Catalog No. Y6407-40).
Teflon fittings were also purchased from the Cole-Parmer
company in Chicago, IL. The fittings, which matched the
tubing in size, were made so that teflon was the only
material which contacted the fluid. Metal nuts and
meoprene O-rings compressed the fittings to the tubing.
The fittings were specified to have a maximum working
pressure of 50 psig. Teflon stopcock type valves were
used throughout the system. The valves (Cole-Parmer
catalog number 6392-40) had the same nuts and compression
rings as the rest of the fittings. The valves had a 4-mm
bore. The system, as originally designed, contained three
line valves (Figure 2). The number of valves was
increased to eight in the final apparatus configuration
(Figure.4). The line which carried So3 from the synthe-
sizer to the dissociator {(top line in both Figures 2 and
4) was heated by an electrical tape to a temperature of
about 55°C to prevent condensation of SO3 in the line
(see Figure 9, Appendix).
D. Compressor:

Gas was moved through the system by a two cylinder,
all-teflon and glass bellows pump. This pump was pur-
chased from Cole-Parmer Instrument Co. under their catalog
number K-7152-60. The pump operated pneumatically and
its speed was controlled by adjusting the inlet air

pressure.
15
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It had a capacity rating of 0.74 cfm at ambient tempera-
ture with a zero pressure differential and 0.52 ¢fm with
a 15 psi differential. The pump was found to be very
reliable and relatively easy to clean. Leaks developed
around the ends of the glass cylinders, but they were con-
trolled by tightening the clamping nuts. The pumping
speed was found to be extremely constant over long periods
of time (10 hrs). Figure 10 in thé Appendix is a copy of
the pump description from the Cole-Parmer catalogq.
Typical compressor speeds were in the range of 100 to 120
cycles/min.
E. Gas Supply:

It was originally planned that cylinders of pre-mixed
So2 and 02 in the ratio of 2 to 1 would supply gas to
the closed loop system (see Figure 2). Periodically, gas
would be drawn from one line or the other for analysis in
the Dupont Model 400 gas analyzer and disposed of through
the scrubber. Several problems developed with this mode
of operation during the course of the project:
1. A fairly large quantity of gas is needed to obtain an

accurate measure of the SO, concentration.

2

2. Because of the 502 vapor pressure, cylinders of
pre-mixed feedstock could contain only about 50 psi
of gas.

3. The supplier of the pre-mixed gas (Liquid Carbonics)

decided against further shipment of pre-mixed gases.

17




4. It was observed that this mode of operation did not
constitute a true closed loop.

For these reasons a decision was made to change the system

configuration from the one shown in Figure 2 to that of

Figure 4. Separate cylinders of SO_ and O2 were pur-

2
chased and a gas proportioner (Matheson model 7372) was
used to provide a stoichiometric mixture. This mode of
operation proved to be quite successful and also more cost
effective in view of the practice of disposal of the
analyzed gases through the scrubber.

F. Instrumentation:

Gas Analyzer - A Dupont model 400 uv absorption anal-
yzer designed for continuous gas flow was used to measure
the 502 fraction in both lines of the closed loop SYyS-
tem. The optical beam in the instrument is filtered to
pass 0.313 micron wavelength radiation which is absorbed

by SO, but not by SO, or O0,. The sample cell is

2 3 2

mounted in an oven whose temperature is controlled at
100°C. The only materials which contact the sample gas
are quartz, stainless steel, and teflon. The instrument
supplies a 0 to 100 mV analog signal to the data logger.
The size of this signal is proportional to the 502 vol-
ume fraction in two manually selectable ranges; 0 to 70%
and 0 to 14%. It was found that the total system flow of
10 to 12 1/min., measured at ambient conditions, could be

passed through the Dupont instrument with no perceptible

loss of flow rate or pressure. Appropriate use of the

18



valving shown in Figure 4 permitted the SO, concentration

2
to be measured alternately in both legs of the loop.
Thermocouples - Ten type K (chromel-alumel)
thermocouples were used to measure temperatures in the
system. The thermocouples were sheathed with 1/16 inch OD
stainless steel tubing and were ungrounded. The locations
of the first eight thermbcouples are shown in Figure 5.
These devices were attached to the outside surface of the
quartz tubing using a high temperature ceramic cement
(Sauereisen) and tied with thermocouple wire. Thermo-

couples 9 and 10 were mounted on the S0O_. and SO2

3
lines, respectively, near the center of their runs.
Thermocouple number 11 {(copper-constantan) was mounted in
the Dupent analyzer oven. All thermocouples were wired
directly to the data logger.

Pressure Gauge - A single pressure gauge was located
as shown in Figure 4. The device used was a stainless
steel Bourdon tube with a 3-inch dial calibrated from 0 to
50 psia. Since the pressure gauge was located at the com-
pressor inlet and the flowmeter at the compressor outlet,
a correction had to be applied to the measured pressures
before calculating the power converted. Repeated observa-
tions made with and without the compressor running indi-
cated a decrease of 10 to 15% in the pressure readings

when the compressor was turned on. Since the pressure

indicator was installed on the inlet side of the compressor

19
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(see Fiqure 2), it is reasonable to assume that the conm-
pressor outlet pressure was higher when the compressor was
operating. Thus, in calculating power converted, the
observed pressures were increased by 10% to correct for
the drop across the compressor. The accuracy of pressure
readings was estimated at + or - 0.5 psi.

Flowmeter - The volume flowmeter, located as shown in
Figqure 4, was a 150-mm Aalborg model FM044-40 S rotameter.
The unit was calibrated with air at the factory. Aalborg
recommended the use of a correction factor equal to the
square root of the ratio of the densities of air and feed-
stock. The rotameter reading was thus multiplied by 0.6
to obtain the volume flow rate of gases in the line.
Flowneter readings were made visually and recorded period-
ically in the laboratory notebook. Although the rotameter
ball oscillated + or - 1 1/min. with the frequency of the
compressor, average readings were not difficult to obtain.
In our estimation the accuracy of the volume flow rates
can be assumed to be + or - 10%.

Data Logger - An Esterline-Angus model PD-2064 data
logger was used to record the thermocouple and analyzer
signals. This unit can accommodate as many as 31 trans-
ducers with any mix of Type K and Type T thermocouples and
other analog signals. Thermocouple signals were corrected
for cold junction offset and temperatures were recorded in
degrees centigrade. The data logger had the capability of

recording data as frequently as once every minute or at

21



glower rates. During most of the experimental runs, which
involved either steady state conditions or slow transients,
data were recorded at five-minute intervals. The tempera-
ture plots presented in the Appendix were obtained from
these data.

G. BSafety:

Personnel safety must be an important consideration
in any system involving toxic substances or potentially
hazardous conditions. $Safety in these experiments was
provided by a fume hood and a gas scrubber.

The fume hood, 7 feet long by 3.5 feet wide by 3 feet
high, was fabricated by the PSL machine shop from 0.060-
inch stainless steel. A straight, vertical, eight-inch
duct led from the top of the hood to a 2-speed, 1400 cfm
(free air capacity) blower mounted on the roof of the
building. A photograph of the hood with the closed loop
system installed is shown in Figure 6.

The SOZJSO scrubber was constructed after the

3
pattern of Miyamoto (27). It consisted of a 20-inch length
of perforated 3/4-inch PVC tubing buried in a sand-lime
mixture contained in a 2-foot by l-foot rectangular box
located in the back of the fume hood. This type of scrub-

ber is very efficient in converting $0., and 503 by

2
reaction with the lime to form calcium sulfite and calcium
sulfate, respectively, which remain trapped in the scrub-

ber, This scrubber was used mainly during start-up and

22
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shut-down operations to vent small gquantities of So2 and

803 used for flushing or purging the system.
IV. Experimental Procedure:

After the completion of the closed-loop system in
accordance with initial plans (Figure 2), a preliminary
test (Run #1) was conducted on April 5, 1984. The systenm
was first flushed with argon, the reactors were heated to
their operating temperatures, and the system then flushed
and filled with the pre-mixed so2 and 02 to a pressure
of 15 psia while a flow rate of 8 to 10 1/min (measured at
operating conditions) was maintained by the compressor.
The system was operated in this mode while repeated analy-
ses were made of gas from both legs of the loop. Gas from
both legs exhibited the same dissociation fraction of about
0.25 to 0.30 indicating essentially no dissociation. This
composition was commensurate with the temperature of the
synthesizer reactor. Run #1 was terminated after 45
minutes.

Efforts to explain the lack of dissociator reactivity
eventually pointed to the catalyst. As explained in
Section III, the original catalyst loaded was found to be
defective and was subsequently replaced with the Mathey-

" Bishop MB-3 catalyst obtained from the Westinghouse Corp.
The catalyst in both reactors was exchanged on April 24,

1984 in the Sandia glass shop. Since the bead size of the

replacement catalyst was smaller than that of the original
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catalyst, it was necessary to leave about an inch of the
old catalyst beads in place in order to contain the new
catalyst beads in the reactor. The net effect of this
procedure was to shorten the length of the active catalyst
bed by about an inch out of a total 9-inch length.

Run #2 was made on May 2, 1984 with the same system
configuration as shown in Figure 2. Furnaces were heated
with a slow flow of argon in the system. The argon was
then flushed out with the pre-mixed feedstock and data
were taken at one-minute intervals for 24 minutes. WNominal

values of operating parameters during Run #2 were:

dissociator reactor temperature = 900°C,
synthesizer reactor temperature = 600°C,
pressure = 15 psia
flow rate = 10 1/min.

Energy was successfully converted, transported, and
recovered in this run. During the latter half of the run,
the dissociation fractions were 0.70 in the dissociator
outlet and 0.35 in the synthesizer outlet. These fiqures
correspond to about 175 watts of power converted.

In studying the data from Run #2, catalyst problems
were again suspected. Since the catalyst beads were not
tightly packed and since the reactors were oriented hori-
zontally, it was suspected that catalyst free channels
might exist across the top of the reactor tubes. To
eliminate this possibility, both furnace-reactor assem-

blies were reoriented with their axes vertical. Both
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reactors were plumbed so that gas flowed in through the
center tube and up through the catalyst bed.

Run #3 was performed on May .10, 1984 with a system
configuration as shown in Figure 2 except for the vertical
orientation of the reactor-heat exchanger assemblies.

Nominal system parameters were:

dissociator reactor temperature = 875°C
synthesizer reactor temperature = 550°C
pressure = 18 psia
flow rate = 10 1/min.*

Improved dissociation fractions were noted in this experi-
ment which resulted in a power conversion of 330 watts.
The test was terminated after 38 minutes to conserve a
dwindling gas supply.

Run #4 was conducted on May 17, 1984 as a demonstra-
tion for visiting Sandia personnel. FExperimental configu-
ration and operating conditions were identical with those
for Run #3. Run #4 was terminated after 22 minutes when
the feedstock gas supply was exhausted.

After Run #4 was terminated, the pre-mixed gas input
line was removed from the system and replaced with the
Matheson gas proportioner operating from separate gas

cylinders of SO, and 02. Several preliminary opera-

2
tions were conducted with the furnaces unheated in order
to gain experience with the gas proportioner and to check

out the gas concentrations calculated from the proportioner

*3]11 flow rates are given at operating conditions
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flow rates against the concentrations measured with the
Dupont 400 gas analyzer. The concentrations measured with
the Dupont analyzer agreed quite well (within about 5%)
with the proportioned mixtures.

A decision was made to have Run #5 last for five
hougs. the first long term experiment. The experimental
configuration for Run #5 was still that shown in Figqure 2
with the exceptions of a vertical érientation for the
reactors and the use of a gas proportioner to supply the
feedstock. 1In order to more closely approximate closed
loop operation, Run #5 was made with a minimum of gas
analyses. The reason for minimizing the number of gas
analyses was to minimize the input of fresh feedstock
necessary to replace the analyzed gases exhausted to the
scrubber as this cannot be considered a true closed loop.
As a consequence, virtually no concentration data were
obtained during run #5. With this exception, however., the
five-hour run was quite successful. The reactor tempera-
tures were remarkably stable at 900°C and 525°C for the
dissociator and synthesizer respectively. Flow rates of
10 to 12 1/min. were maintained at pressures of 15 to 17

psia. Several attempts to measure gas concentrations

resulted in loss of pressure before an accurate measurement

could be made. Efforts in this direction were thus
abandoned. After synthesizer ignition was determined, the
synthesizer furnace was turned off and partially opened

during the entire five hours.
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After Run #5 the system was replumbed as shown in
Figure 4 so that all system gas in either leg could be
channeled through the Dupont analyzer. Preliminary tests
indicated that the flow impedence of the analyzer sample
cell was low and could be handled by the compressor. 1In
this mode of operation air was flushed from the system by
argon which was then swept out through the scrubber with
proportioned 502 and 02. The system was then pressur-
ized to about 16 psia and sealed off. The result was a
true closed loop operation with continuous gas analysis.

Run #6, performed on June 26, was the first test of
the new configuration. It was made with operational con-
ditions similar to those attending Run #5:

dissociator reactor temperature 900 to 950°C

synthesizer reactor temperature = 550°C
pressure = 16 psia
flow rate = 10 to 12 1/min.

The start up of Run #6 was somewhat erratic due to a pre-
mature turning off of the synthesizer furnace. The run
lasted for 10 hours and served to demonstrate a full day
of simulated solar furnace operation.

At a meeting held on May 17 with Sandia personnel it
was agreed that a set of five eight-hour runs would be
made on consecutive days with a minimum of system pertur-
bations during start-up and shut-down in an effort to
simulate continuous unattended solar operation for several

days and to determine what type of problems might develop.
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Run #7 through Run #11, conducted during a one week period,
represent the attempted unattended solar simulation.
During these experiments it was planned that gas loss and
make-up would be kept to a minimum. Shut-down at the end
of a day was achieved by turning off the dissociator fur-
nace power and the compressed air supply required to
operate the circulation pump. Start-up on the next day
wag accomplished@ by the reverse of this procedure without
any transfer of additional gases. At night the 303 line
was Kkept warm and both furnaces were kept at about 100°C
to prevent SO_ condensation. The intended operating

3
conditions for these experiments were:

dissociator reactor temperature 925°C

synthesizer reactor temperature 550°C

[}

pressure 16 to 18 psia

flow rate 10 to 12 1/min.

1]

Run #7 was initiated at 6:00 A.M. on July 9, 1984 and
proceeded smoothly for eight hours. There was no loss of
pressure during this run and no gas was added to the sys-
tem. The dissociator furnace was turned down to 100°C and
the compressor was turned off at 2:15 P.M. Run #8 was
started early the following day without any problems and
without any addition of gas. After achieving operating
temperatures in the reactors, the line pressure was the
same as for Run #7 the day before. During the course of
Run #8 there were some indications of loss of power con-

verted as determined by the temperature of the synthesizer.
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It was necessary to add a small amount of heat (~20 volts
on the variac) to the synthesizer furnace in order to
maintain the reactor temperature. TFor the previocus run
the furnace had been off during stable operation. Run #8
lasted for the planned eight hours. At the end of the run
pressure readings were taken with the compressor operating
and with it turned off for comparison. It was noted that
the pressure inéreased by about 1.5 psi when the compressor
was turned off due to the pressure indicator location
being upstream of the compressor (see Figure 4). To a
first approximation, it would be expected that the total
pressure drop throughout the loop should not be more than
twice this amount or about 3 psi.

Run #9 was started early the following day. At the
start of the run a definite loss of pressure was noticed,
and small deposits of a dark sludge at low points in the
lines were evident. It was surmised that these deposits
might be due to the presence of condensed 503 or sulfuric
acid and dispersed platinum catalyst. The system was
purged with the pre-mixed SO2 and O2 and pressurized
to 16 psi. Two hours into Run #9 the pressure had dropped
to 14 psi and a check for leaks was performed. A small
leak was located in one of the compressor seals and was
repaired by tightening of the c¢ylinder clamping bolts.
After again pressurizing the system to 16 psi, no more gas
was added during Run #9 which was carried out for the full

eight hours.
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Run #10 was carried out for eight hours the following
day without any problems.

For Run #l11 it was necessary to add sufficient make-up
feedstock to raise the pressure by 3 psi in order to com-
pensate for an overnight loss due to a leak in one of the
fittings. The experiment then continued smoothly for the
full eight hours. A check performed on the gas analyzer
at the end of Run #l1l showed that both the span and the
zero readings on the instrument were still correct after a
week of operation.

Run #12, performed on August 22, included additional
lengths of teflon lines to simulate a longer transport
system. A coiled, twelve-foot length of the 12-mm teflon
tubing was added in each of the two legs of the closed
loop in an effort to determine any possible effect the
increased length might have on system operation. The coil
added in the 503 transport line was heated by an elec-
trical heating tape. During the ten-hour length of this
run, several different dissociator temperatures were used.
The system pressure was recorded at 19 psi and the flow
rate was 11 1/min. during most of the run. At the end of
the run the 12-foot coils of teflon tubing were visually
inspected and found to be clean and dry. The only differ-
ence in system operation noted during Run #12 was an
appreciable decrease in the vibrational amplitude of the
rotameter ball. This is attributed to the buffering

effect of the increased system volume.
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V. Results and Discussion:

Graphs showing time base plots of temperature and gas
compogsition data for all of the experiments (except Run #4)
are contained in the Appendix of this report. Specific
results for each of these tests are discussed briefly,
after which general results and comments are presented.

Run #1 - Figures 11, 12, and 13 from the first system
check-out experiment demonstrate the successful operation
of the furnaces and instrumentation. The effectiveness of
the heat exchangers is evidenced in Figure 11 by the dif-
ference in temperature between the thermocouples found in
the dissociator furnace area (TC-5,6,7) and the thermo-
couple attached to the first loop of the dissociator heat
exchanger (TC-8) as indicated for the dissociator in
Figure 5. Without adequate heat exchange thermocouple
TC-8 would be expected to increase more in temperature than
the increase indicated in Figure 11. A similar observation
can be made from Figure 12 for the synthesizer heat
exchanger effectiveness. Figqure 12 also shows the inacti-
vity of the initial catalyst as the reactor temperatures,
indicated by thermocouples TCl to TC3, cannot be sustained
at the operating level (>500°C) whenever the power to the
furnace is cut down. Once ignition or initiation of the
synthesizer reaction has been accomplished the temperature
should be sustained by the synthesis process, allowing for
small losses to the environment. The catalyst inactivity

is further evidenced by the dissociation fraction levels
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being almost identical in both the synthesizer and disso-
ciator lines. 1If both of the processes were working
properly a significant difference in the dissociation frac-
tions would be observed between both ends of the loop.
The value of the dissociation fraction corresponds to an
operating temperature of about 625°C for the synthesizer
reactor. However, without dissociation taking place in
the dissociator, the synthesis process is not able to sus-
tain reactor temperature due to lack of dissociated gases
for synthesis. The fact that synthesis was apparently
taking place suggests that the Engelhard catalyst in the
dissociator was deactivated during the short time of Run
#1 at the high dissociation temperatures. This hypothesis
was further supported by consultation with the catalyst
manufacturer who indicated that this specific catalyst was
not intended for operation at these temperatures as the
12% silica content of the catalyst support would begin to
sinter. Our results confirmed this. The catalyst beads
originally intended for use in these experiments were of
100% alpha alumina and would reportedly perform satisfac-
torily at the temperatures intended for these experiments.
From the results of Run #2 (Figures 14-16), the
effectiveness of the Matthey-Bishop catalyst is apparent.
The relatively high synthesizer temperatures resulted in
correspondingly high synthesizer dissociation fractions.
The drop in dissociation fraction in the dissociator out-

let at t = 9 minutes cannot be adequately explained. It
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may have been due to sampling technique error. The con-
centration measurement times used in this run were of the
order of the Dupont instrument time constant. The sampl-
ing technique was changed in subsequent experiments to
permit longer concentration measurement times.

Run #3 - This was the first run with no serious sys-
tem problems. Both reactors were turned so as to have a
vertical orientation for the reactor axes and the flow was
from bottom to top in the catalyst beds. The time

intervals for performing the SO, concentration measure-

2
ments were increased from one minute to five minutes with
alternation between the synthesis and dissociation lines.
It should be pointed out that thermoccouple TC-1 on the
synthesizer was located near the bottom of the converter
tube such that it was next to the interface between some
inert catalyst beads (used to help retain the active
catalyst beads) and the active catalyst beads (see Figure
5). Conéequently. this region of the converter tube ran
slightly cooler. Thermocouples TC-2 and TC-3 were opposite
active catalyst beads. Calculations performed indicate
that during the latter half of Run #3 about 330 watts of
power was being converted.

Run #5 - As this was intended to be a "long-term*®
experiment, no meaningful 502 concentration measurements
were obtained due to the mode of operation as explained in

section IV. This run proceeded smoothly with remarkable

thermal stability for the entire five-hour duration. The
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synthesizer furnace power was turned off and the furnace
half-shells were opened slightly to permit adequate cool-
ing of the converter. It was estimated that 390 watts of
power were being converted, transported, and delivered
during most of this run. Heat exchanger stability for
both uvnits is also apparent for this run from the tempera-
tures of TC-8 and TC-4 in Figures 20 and 21 respectively.

Run #6 - This run was the first experiment with the
system in its final configuration (Figure 4). The ragged
start-up of the synthesizer can be attributed to opera-
tional error due perhaps to the smoothness in operation of
the previous run. It may alsoc be indicative of what can
be expected in terms of the control of a thermochemical
transport system when changes are made to an existing con-
figuration. This run was only the second time that the
system feedstock was made up using the gas proportioner.
From the sharp rises in the temperatures of TC-2 and TC-3
at 35 minutes and again at 135 minutes into the run (see
Figure 23), it was assumed that synthesizer ignition had
occurred and the furnace power was turned off. These
actions turned out to be premature and the power was sub-
seguently turned back on. Synthesizer ignition and
stabilization eventually took place approximately 200 min-
utes into the run and the system operated smoothly there-
after. The corresponding stabilization in the dissocia-
tion fraction measurements can be seen in Figqure 24.

During the last two-thirds of this run, approximately 360
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watts of power were being converted with stable operation
in both furnaces. From observation of Figure 23, it can
bé gseen that during stable operation of the synthesizer
the temperature of TC-2 is about 50°C hotter than that of
TC-3. The location of TC-2 is opposite the center of the
catalyst bed and TC-3 is close to the downstream end of
the catalyst bed (see Figure 5). This would indicate that
most of the chemical reactivity is taking place in the
main portion of the converter, consistent with the conser-
vative design of the reactors.

Run #7 - Runs #7 through #1l1 comprised the forty-hour,
one-week endurance test. The first of these experiments
ran smoothly for the eight-hour period with a single excep-
tion. Approximately one hour into the run the temperature
registered by TC-2 on the synthesizer reactor suddenly,
and for no apparent reason, began to drop while the tem-
perature signal from TC-3 increased as shown in Figure 26.
it was found that by applying a small pulse of voltage to
the synthesizer furnace (approximately 20 to 30 volts on
the variac) this temperature inversion turned around and
the previous temperature patterns for TC-2 and TC-3
resumed. Evidently the region of maximum chemical reacti-
vity in the catalyst bed of the synthesizer reactor shifted
from the mid portion near TC-2 to the downstream end closer
to TC-3. The reason for this type of instability is not
clear, but a slight increase in the furnace temperature

quickly reversed the situation. Perhaps a slight transient

36



increase in the flow rate associated with valve manipula-
tion during sampling may have required an additional resi-
dence time in the reactor such that, because of the flowing
stream, synthesis would not ensue until a later time (i.e.,
a position further along the catalyst bed). An alternate
explanation might be a possible decrease in catalytic
activity in the center portion of the catalyst bed taking
place due to the unexplained drop in temperature. Restor-
ing the temperature in that portion of the catalyst bed by
supplying electrical power to the synthesis furnace
restored the catalyst activity. This phenomenon was
encountered about five times during subsequent runs. The
average conversion power for Run #7 was calculated to be
400 watts,

Run #8 - This test also proceeded without any
problems. The power converted was slightly lower than on
Run #7, 370 watts compared tc 400 watts. Since the
reactors were operated at the same temperatures for both
of these runs, it is possible that a diminishing in the
amount of feedstock may have taken place due to impercept-
ible leaks in the system during the two days of operation
without addition of make-up gas. The pressure in the
system had decreased slightly from what it had been at the
start of the previous day. The possibility of degradation
in feedstock is an alternate explanation as prior to Run
#9 some sludge was noticed in the lines. This sludge was

not analyzed, but it is conceivable that it could be a
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product of a side reaction involving only a suifur-bearing
component which would alter the stoichiometric ratio of
802 and 02 and only minimally affect the pressure.
Condensation of SO, would not alter the stoichiometric

3
ratio and should be more noticeable as a loss in pressure.
Unfortunately the pressure monitor for this system was
situated at the opposite end of the system from where
803 condensation would be most likely to occur.

Run #9 - New gas was introduced into the system at
the beginning of this run because of the visible presence
in the low points of the system, especially at stopcock
valves, of what appeared to be so3 condensation or
sulfuric acid with dispersed metal-like material in it,
perhaps platinum. The purging was thought to be necessary
to prevent any possible undesirable reaction as this
material could get swept into a high temperature area.
Both reactors operated well and no temperature inversions
occurred in the synthesizer as evidenced from Figure 32.
The peculiar changes in the SO2 concentrations as seen
in Figure 33 cannot be readily explained. 1t is possible
that the Dupont instrument sample cell or its lines may
have contained small quantities of condensed liquids and
that these materials may have caused the short term drifts
in the concentration measurements in both lines. It can
be seen from observation of Figures 31, 32,and 33 that a

slight modulation in the temperatures of both reactors

coincides with the valving back and forth between the two
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legs of the loop for gas analysis. This effect is more
obvious for the dissociator (Figure 31) and is barely
noticeable for the synthesizer (Figure 32). The possibil-
ity also exists for the presence of some slight obstruc-
tion in the teflon valve in the direct dissociator line
such that shunting the flow through the analyzer instru-
ment would Actually reduce the back pressure and more
dissociation would take place in the dissociator to
compensate for this slight reduction in pressure in keep-
ing with Le Chatelier's principle. The effect that an
obstruction would have on the flow rate and and the result-
ing changes on other parameters would be difficult to
quantitate for the present system. The power converted
during this run was calculated to be 385 watts using a
conservative value for (F2 - Fl) of 0.70 (Equation 2).

Run #10 - The first five hours of this fourth consecu-
tive day of operation proceeded without incident with a
caiculated power conversion of 375 watts. Two of the syn-
thesizer temperature inversions discussed above were
experienced during the last three hours of this run as seen
in Figure 35. Both of these were successfully inverted by
applying a five to ten minute pulse of voltage power as
described earlier for Run #7. The effect of these temper-
ature inversions is apparent in the So2 concentration
readings (Figure 36). 1t is surmised that when the chemi-
cal reactivity is taking place close to the end of the

catalyst bed some of the material gets by unreacted due to
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the lack of sufficient residence time in the synthesis
reactor. This could account for the higher levels of
So2 detected.

Run #11 - An obvious feature of the graphs for Run
#l1 (Figures 37-39) is the loss of the data logger for 30
minutes. This minor annoyance had no effect on the
experiment. During the last half of the test, three syn-
thesizer reactor temperature inversions were experienced.
The first two were detected and reversed early while the
third developed more fully. This allowed more 502 to
pass through unreacted as seen in Figure 39 towards the
end of the graph. The mean power conversion during this
run was calculated to be 410 watts.

Run #12 - Prior to this experiment the system lines
were disconnected in order to insert two twelve-foot coils
of teflon tube to test operation with longer tramnsport
lines. 1In addition to the longer transport lines, the
temperature of the dissociator was varied during the
course of this run. Figure 40 shows the dissociator
temperature slowly increasing to 1000°C, holding for an
hour, followed by one-hour periods at 900°C and 800°C,
then increasing to 950°C for the remainder of the run.
The dissociator heat exchanger reached equilibrium rather

quickly and closely followed the temperature profile of

the dissociator reactor. The dissociation fraction curve
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for the dissociator outlet (Figure 42) follows an unanti-
cipated profile when compared to the dissociator tempera-
ture profile from Figure 40. The increase in the 502
concentration with temperature up to 950°C was as expected,
but the apparent decrease on ramping up to 1000°C was not
expected. Although increments in the dissociation fraction
are more difficult to achieve at these high temperatures,
as evidenced from an inspection of the 803 dissociation
curve in Figure 1, the apparent decrease goes against what
one would predict for this reaction. Another interesting
feature of the dissociation fraction curve for this run is
the decrease in the SO2 levels when compared to the
levels at equivalent temperatures under 950°C achieved in
previous runs. This may be indicative of dissociator
catalyst deactivation and can be attributed to the brief
exposure to temperatures above 1000°C.

Using equation 2 to determine the power converted
from the dissociation fraction data of Figure 42, the
power curve shown in Figure 7 was obtained as a function
of time for the ten-hour experiment. The most important
feature of this graph is the constant power conversion of
500 watts from 50 to 150 minutes into the run followed by
a slight drop during the next 50-minute periocd. During
the first 200 minutes of operation the mean temperature of
the dissociator was increased to and held at approximately
1000°C (see Figure 40). The power converted then decreased

further as the temperature of the dissociator was lowered
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to 900°C and held for an hour and then to 800°C and held
for an hour. When the temperature was raised back up to
950°C at about 400 minutes into the run, the power con-
verted never regained its initial value of 500 watts.
This behavior also suggests that the catalyst may have
been damaged due to the exposure to temperatures above
1000°C. This catalyst material had not been previously
exposed to temperatures that high in any of the previous
runs. Figure 41 shows the temperature profile for the
synthesizer reactor. The synthesizer furnace was off
during the entire run except for the short period from 300
to 350 minutes (while the dissociator furnace was at
800°C) and again for a few minutes during the synthesizer
temperature inversion at about 520 minutes. It is inter-
esting to note that TC-2, adjacent to the center of the
synthesizer catalyst bed, roughly follows the temperature
profile of the dissociator. This behavior would be
expected if indeed this portion of the synthesizer were
responding to the supply of dissociated gases from the
dissociator, i.e., the reduced amount of reactants was
producing less synthesis and consequently less heat was
being produced resulting in a lowered temperature. One
might then expect TC-3 to follow a similar profile below
that of TC-2. The fact that TC-3 does not trail below
TC-2 could be explained in part by a shift of the reaction
front from the area close to TC-2 to that closer to TC-3

(downstream). The coincidental application of externatl

43



heat to the synthesizer at this time should also have a
bearing on the response of TC-2 and TC-3. Perhaps TC-2
would have dropped lower in temperature but did not due to
the external heat application, while TC-3 may be displaying
the combined effects of synthesis heat output and external
heat application. The SO2 concentration data for the
synthesizer outlet (Figure 42) are more in keeping with
exit temperatures above 500°C. An interesting and impor-
tant implication of this behavior for solar applications
is the possibility of loose coupling or decoupling of the
dissociator and synthesizer reactors in an operating
system, especially one with a larger buffering capacity.
This small-scale experiment, because of the inability to
adjust heat removal from the synthesizer to compensate for
a reduced heat generation, is apparently not able to sus-
tain the synthesis reaction when the feed-stock reactant
composition drops below the equilibrium concentration
level fof the given temperature. A larger-scale system
with a higher buffering capacity would be capable of
maintaining the reaction conditions and the required
equilibrium concentrations for longer periods of time. 1In
essence it would have a much longer time constant for the
system.

After Run #12 was completed and the system had cooled,
the reactors were removed from their furnaces for inspec-
tion. It was noted that the dissociator catalyst beads

had changed from their original black color to a light
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shade of gray and some of the beads were nearly white. No

discoloration was observed for the synthesizer catalyst

beads upon inspection. Although the discoloration could
be strictly cosmetic in nature, when taken in conjunction
with the reduced dissociation activity it lends support to
the conjecture that the dissociator catalyst may have been
damaged due to the exposure above 1000°C. Since there was
no detectable change in the overall reactivity of the
dissociator until Run #12, it is strongly believed that
the Matthey-Bishop catalyst used in these experiments is
good up to but not above 1000°C, at least for time periods
up to the length of these experiments.

The following general comments and observations were
offered by the experimenters after completion of the
closed-loop, bench-scale, laboratory tests.

L Most system problems could be related to leaks into
or out of the system. The accumulation of small
quantities of acid in the system, the loss of feed-
stock, and the changes in stoichiometry could be
eliminated if the system were completely free of
leaks that allow the escape of reactant gases as well
as allow moisture to creep in.

2 If the 303 line is heat traced, the condensation of
small quantities of 303 appears to be only a minor,
manageable problem.

3. The synthesizer temperature inversions observed in

some of the later experiments are not completely
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understood. The data gathered in these experiments
suggests the existence of an ignition front within
the synthesizer catalyst column. The front was
observed to move downstream within the bed during
some of the later runs. When this happened, the
highest temperature occurred at the end of the
reactor, suggesting a decrease in the effective
volume of the catalyst and total reactivity decreased.
Since providing external heat by turning on the
synthesizer furnace for a brief period of time would
apparently restore the reaction front to the central
position, it is suggested that a small preheater at
the inlet of the synthesizer might help to eliminate
this problem.

There was definite evidence of dissociator catalyst
deterioration during the last experiment. The
Matthey-Bishop MB-3 material appears to work quite
well at the temperatures below 1000°C used in these
experiments. It seems fairly certain, however, that
the platinum catalyst on the alumina beads is
affected on exposure to about 1000°C. Analytical
work on this catalyst is currently underway at Sandia.
It can be said based on the results of the last six
experimental tests that, in general, system operation
is easy to initiate and maintain. With the exception
of occasional synthesizer temperature inversions,

long-term system operation in the order of several
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days is stable and reliable. The problem encountered
with losses of feedstock attributed to leakage would
require more careful attention on a larger system in
order to minimize it. It is advantageous that the
cost of the feedstock does not represent a major
capital expense. Changes in stoichiometry can be
corrected during operation, if necessary, by the use
of a gas proportioner (this worked well during the

tests).

VI. Conclusions and Recommendations:

Most of the original contract objectives listed in
section II were accomplished during the course of this
project. The most notable exception was the failure to
study the effect of short-term interruptions to system
operation. The purpose of that objective was to determine
the effect of a cloud passing over a solar plant under
full operation. It was agreed early in the project to
make an exception to this particular contract objective
for the following reasons: The heat capacity of the dis-
sociator furnace used in these experiments was quite
large; i.e., hours rather than minutes were required to
cool the reactor from 900°C to a temperature well below
that of the synthesizer. The only way to achieve rapid
cooling of the dissociator would have bheen to remove the
quartz reactor/heat exchanger assembly from the furnace.

Both system and safety considerations suggested that this
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mode of operation would not be prudent. Provisions should
be made in any follow-on experiments to address this
phenomenon.

Another exception was the failed attempt to study the
effect of pressure changes on the system. Due to the
nature of the joints betweep the teflon and the quartz
tube of the reactor/heat exchanger assemblies, attempts to
implement significant pressure increases led to disconnec-
tions at these joints with resultant losses of feedstock.
A third exception was the failure to provide experimental
data that would give a direct measure of the system energy
delivery efficiency. It was found that the system did not
lend itself to calorimetric measurements at the
synthesizer. These three items are areas that definitely
need to be addressed in any follow-up work with the 303
system for thermochemical transport.

Based on the results of the present work, it is con-
cluded that the dissociation of SO3 and the synthesis of
its products in a closed loop system present a viable
means for converting, transporting, and recovering solar
energy as high temperature heat. Although the size of the
system reported here is small, it contained all of the
elements of a much larger energy plant. It is held by the
present workers that the laboratory closed loop could be
scaled upward by a factor of ten or twenty in terms of
power converted and that the operation and analysis of

such a larger system would provide important data to the
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design and operation of a solar-powered pilot plant.
Problem areas suggested by the present work are: (1)
dissociator catalyst maximum operating temperatures and

(2) synthesizer catalyst bed instabilities.
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VIII. Appendix:
Note: All volume flow readings in the following
figures as throughout the text are given at the ambient

experimental conditions without correcting to STP.
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Pneumatic Teflon® bellows pump
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to eliminate croas-contamination. K-T152-70]{ 5.5 | Telion 1527 11047 | 6.7°| 20ms(8.1kg) 1568.00
gases, and mixed phasea{liquids K-7T152-80 { 176 | Glass | 16.9° [ 185" | 12.2" | 5Salba({26.4kg) | 3100.00

with gas bubbles) at difTerential pressures between 0 and 45 pai. K7152:85] 176 [Teflon | 16.9" 185" ) 12.2 ) 581be (26.4kg) | 3700.00 |

Pumps may run dry without damage,

Pumpa operate from a compressed air line
or compresaor, Use 40 to 60 pai for beat reaults. Order the air filter
and regulator at right.

Two pumping chambers, each consisting of
Teflon TFE bellows and cylinder {(glass or Teflonl, are placed oppoaits
each other so that one chamber fills as the other empties. Magnetic
inlet and outlet vatves seal the chambers between strokes.

Connect air line to the inlet. A pneumatic stast/
stop switch and speed control regulator are located between pumping
chambers for sasy accesa,

0.7t02.3gpm, 1.5t0 5.5 gpm,
and 1.5 to 17.6 gpm. Choose models with wetted parts of Teflon and
glass, or ail Teflon. All models have Teflon O-rings. The clear glass
cylinder lets you verify liquid flow at a glance. All-Teflan models
handle etching solutions.

K-7148-63 %" (F)NPT for K-7152-00, -10 pumps ... .. ..., $19.60en
K-7148-84 %" (F)NPT for K-7152-60, -T0 pumps ....... .. $19.60 ea
K-8469-23 1" (F)NPT coupling for K-7152-80, -85 -... $30,00 sa

K«7042-40 Alr filter with 50-micron element.
BT DOTE . . . e e $25.70

K-7042-44 Alr reguiator with gauge. 0-160

PBL T8 POTEE L v vttt ieei e $21.15
All flow rates are at maxitnum air pressure—60 psi
Catalog Ports | Input Ditterential prassure
number [MINPT | sctm | opsi 15 psi 30psi | 4Spsi
K-7152-00,-10 W | 126 | 23gpm | 1.8gpm | 1.3gpm | 0.7gpm
K-7152-60,-70 4" 236 55gpm | 3.9gpm | 26gpm | 1.5gpm
K-7152-80, -85 1" 800 | 17 6gpm 1032@ 83gpm | 1.5gpm

Teflon—Reg TM E.|. DuPort de Nemours & Co,

Teflon TFE bellows, glass cylindar,
Tefton TFE O-rings, Teflon TFE impelier

17.6 gpm
45 psi
266°F (130°C)
none

Figure 10: Teflon Bellows Pump
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