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I. SUMMARY.

The writer has ovserved, by experimentation, the de~-
gree of local overheating that ocecurs during the gasifi-
cation of metallurgical coke with air in a fluidized bed
between the temperatures 1300=2100°F. with auperficiai vel-
ocitiescranging 0.25=-0.70 feet,per‘second. The experi-
mentation is of industrial importance, because the fluid-
ized bed promiges to eliminate the major overheating prob-
lems of present fixed bed methods of gasifying coke at
high temperatures, due to thorough solids mixing during
fluidization.

An earlier worker in the fleld, Paxton, found that
serious local overheating occurred (causing faillure of
a stainless steel reactor) between 900-1150°F. with richer
0, mixtures (21-35%). However, the results of the writer
indicate only a mild overheating with air above 1900°F.;
below this temperature, solids mixing in the 2"dia. x 18"dp.
bed used was quite sufficient to distribute thé 1arge heat
release at the bottom of the bed (inlet gas region).

The author concludes that solids mixing in the inlet
gas region is the main problem to be solved in eliminating
local overheating. Before a commercial size reactor is
built, further experimentation to determine tQG optimum

design for this region is desirable.



I. INTRODUCTION.

A. The Industry and This Investigation.

The long run increasing demand for CO,, CO, Ho and
N2 for synthesis gas and/or fuel, correspondingly stim=-
ulates the desire for cheaper production of thekmaterials.
At this time, reactions among O, from air, steam fnd coke
in a fixed bed are used to produce these gases, which
afterwards may be purified and processed as désired.
This fixed bed method has a serious difficulty in that
the highly exothermic reactions cause severe local over-
heating at the point of gas entrance to the fixed coke bed,
which often results in a burnt-out grate or furnace wall
and the formation of hard, fused clinkers.

The successful use of fluidization in'the petrol-
eum industry in burning deposited carbon off finely di-
vided catalyst particles indicates that this method might
solve the overheéting problems mentioned above. A finely
divided coke, with 1ts enormous surface area, reacts much
more rapidly than the lumps of a fixed bed gas producser,
however, Thorough solids mixing must be maintained dur-
ing fluidization, or "hotspots" will develop, just as in
the fixed bed.

Before a commercial size gas producer cén be suc-
cessfully designed, additional data to that already in the
literature, are needed. Since past experimental work

indlicates that the solids mixing will be a key factor in
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the design, it 1s necessary that the designer know just
how much assurance from hotspots is obtainable for a cer-
tain gas velocity, particle size, height :dlameter ratio
of the dense bed, etc. The intention of the author is to
suppliment the data concerning the degree of local over-
heating to be expected when reacting air with finely
divided coke at temperatures and gas veloclities of indus-

trial practicability.

B. Related Investigations of the Past at M.I.T.
1. Review of, Paxton's "Low Temperature Oxidation of
Carbon".(&)

Paxton's objectives were (a) to obtain quantita-
tive information concsrning the burning of carbon part-
icles in a fluidized bed and (b), to collect quantitative
physical-chemical data on the carbon-oxygen system. Oy
partial pressure was controlled with 002, co, or N, dil-
uvuent. Three types of carbon were used, namely, hardwood
charcoal, metallurgical coke and Ceylon graphite. He
worked in the temperature range 600-1000°F,, with super-
ficial gas velocities between 0.4-0,6 feet per second, at
a total pressure of 1.1 atmospheres at the bottom of the
reactor. The reactor was a 10 ft, long alloy steel pipe,
1.78"'1nside diameter, with thermocouple wells and pressure
taps through the pipe wall.

Concerning the mechanical perfdrmance of the fluid-
ized coke bed, Paxton found that local overheating always

occurred if the O, content of the feed exceeded 21%, due



to Insufficlent solids circulation in the dense bed (height:;
diameter ratio was approximately 60). With air, however,
continuous isothermal operation could be maintained, even
at the highest temperatures investigated, about 1150°F.
At 1150°F., all O, of the air was consumed, burning the
coke carbon at about 3% per hour. Isothermal operation
was quite sensitive to Op partial pressure at 1150°F.;
when Op concentration was increased suddenly to 30%, a
slow uncontrollable temperature rise started with the bot-
tom of thé reactor beconing 40°F. hotter than the rest.

Since the validity of Paxton's physical-chemical
data depended on the existence of continuous isothermal
conditions within the dense bed, he made experimental tests
and various heat release-heat transfer calculations to
prove that, in fact, isothermal conditions did exist in
the dense bed for all 0, partial pressures at temperatures
beiow QOOOF, under which conditions the greatest part of
the data were taken. However, he did show with calcula=-
tions that at higher temperatures (1800°F.), the rate of
heat release from a particle bathed in 0o rises more rap-
idly than does the rate of heat transfer to the surround-
ings (also at 1800°F.), concluding that an individual part-
icle's temperature can rise to a high level under such
conditions - limited not by chemical resistance, but rather
by inward 0, diffusion rate.

Concerning the physical-chemical data, Paxton found

mol '
the CO/(C0+CoYratio in the product gas to be constant and



equal to 0.24 for all carbon types below 1000°F., but
decreasing rapidly at higher-temperatures. He concluded
that both CO and GO, were primary products of combustion.
Data collected between 840-950°F, with coke and 05
diluted with COp or No show that the specific carbon gas-
ification rate was proportional to the number of mols of
carbon in the bed, the log mean average partial pressure
of O5 in the dense bed and the temperature of the dense
bed (other conditions, such as particle size distribu-
tion, ete. were held constant). Paxton correlated the
rate data with the equation
ke Ae-DYHT
where
k= gpecific reaction rate (fraction carbon gasified
rer minute per log mean average atmospheresg of
O, partial pressure).

A= constant= 4.5 x 10° (same units as those for "k").
for the specific metallurgical coke used.

B= constant = 52,200 Btu/ 1b. mol. for the specific
metallurgical coke used.

R= gas constant=1.987 Btu/ 1b. mol. RO,
T= reaction temperature (R®)

e=base of natural logarithms.

Paxton recorded that net carbon gasification rates
with CO diluent were more than twlice the corresponding
rates with COp and N, diluents for Os partial pressures
between 0.05-0.21 atm. He also recorded that CO leaving
was always greater than CO entering for runs made with

CO diluent and Op concentrations less than 34%, despite



high net carbon gasification rates.

2. Review of McBride's "Gasification of Carbon by CO,

in a Fluldized Bea", (2)

McBride's objectives were (a) to study the reaction
rate and (b), the mechanism of the reduction of CO, to CO
by carbon, with maln variables of CO, and CO partial pres-
sure and carbon type (reactivity). He worked in the range
of 1400-2000°F., at about 1.1 atm. total pressure in the
bottom of the reactor. The batbh-type reactor, itself,

was quite similar to the one used by Paxton, but only 7 ft.

tall.
MgBride correlated the rate data with
=dn k1P002
aw A 1+ kcho 4 k3P002
where

n= C0p passing any point within the dense bed,
1b. mols./min.

W= weight of carbon 1in the dense bed, 1lb. atoms.

Peo,+FPoo= partial pressure of CO, and CO, respectively
2 above the dense bed, atm.

kl,k2,k3==AeB/RT, where (for the metallurgical coke used)
ky . A =
(1b.mols./min.atm.) x 10 ) 9 |
1b.atom C in bed e =10 i
ko
(atm.)™* 0.0114 o7, TOO
k3

(atm. )1 0.206 11,500



T=reaction temperature, B9
R=gae constant, Btu/ 1b. mol. R°.

=bhagse of natural logarithms.

i "
It 1s seen that 398 1ig equivalent to "fraction

carbon gasgified as GO-pgi minute",

The above correlation equation indicates that the
rate of COo reduction, "EE", is retarded by CO (under the
operating temperatures uggd), moreso at lower temperatures
(about 1600°F.), which is contrary to the findings of
Paxton at a lower temperature range (600-1000°F.).

MeBride did make one run with coke and O,-N, mixtures
(OQ:NQ mol ratio equalled 0.22) at four temperature levels
(1475°, 1600°, 1775° and 1900°F.). He found that the
appropriate correlation equation would predict the CO for-

mation rate, assuming that the O, formed CO, immedlately

at the bottom of the bed.

C. Purpose of This Investigation.

The purpose of this investigation is to determine
experimentally the degree of local overheating to be ex-
pected in a bed of coke fluidized in air at 1350-2150°F.
The effect of superficlal gas velocity and operating temp-
erature on the formation of "hotspots", if any, will be
studied. The mechanical performance of the bed will be
studied in view of the findings of Paxton.

McBride's data for 05N, mixtures with coke will be

compared with those of the writer.



III. EXPERIMENTAL PROCEDURE.

A. General Conditlons.
The experimental work was carried out under the
following conditions:
1. Reaction temperature: 1300-2100°F,
2. Superficial gas velocity: 0.25-0.70 FPS.
3. Reactant gas: air (approximately 21% Oy; T9% Ny).

4, Carbon type: metallurgical coke (from the same batch
as that used by McBride and Valleroy'(2))

5. Particle size distribution:

U.S. Series Mesh No. Per Cent.
=40 0.7
4+ 40-60 20,2
+60-80 43,2
+80-100 27,1
+100-140 8.8
100.0%

6. Depth of dense bed: 17.5-19.5 inches (héight:diameter
ratio= 9).
B. Apparatus.

The reactor consisted of a lagged, stainless steel
pipe, 2.065" I.D. x 50" high, with a removable gas inlet
section (see Figs. 1 and 2, pp.7 and /0). The inlet section
contained a 200 mesh stainless steel screen and a "calming
section", which helped distribute the entering air more
uniformly than a mere taper at the bottom of the reactor.
(This effect was_studied.by ornea3), g e ol metallurgi-
cal coke with pure O5). A 3"long x 1%"dia. pipe, with a

removable cap, welded at an angle to the top of the reactor,
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provided an entrance for the solld charge. A small glass
cyclone separator and a glass wool filter collected the fines
carried over. Cylinder N, provided an inert gas for
fluidizing the coke while heating the bed to reaction temp-
erature ﬁy means of electrical energy supplied to\the two
Nichrome wire windings around the Alundum cement-covered
reactor pipe. Electrical energy input was controlled by
means of variacs. (Note: the lower resistance wire wind-
ing heated the 17" of pipe above the inlet screen, which
cbntained essentially all the dense coke bed. The energy
input to the upper winding was constant during the entire
experimentation; temperature of the dense bed was controlled
by changing the energy input to the lower winding, only).
The reactant gas, air, was supplied from cylinders, also.
Both N, and air flow rates were controlle& by means of
manually-operated pressure regulators and measured by
capillary tube gages.

Temperature within the bed was measured by Chromel-
Alumel thermocouples (20 gage) inserted through the top
of the reactor along the axis of the pipe. An automatic
Brown "Electronik" temperature recorder was used for the
first run only; a manually-operated potentiometer was used
" during the remaining runs.

The thermocouple arrangement was altered several
times in an attempt to meagyre temperature variation with-
in the dense bed as accurately as possible with minimum
time delay. The best arrangement found consisted of seven

thermocouples, 3" apart, sheathed by a stainless steel
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tube 9/16" 0.D. x 1/16" wall thickness, tapered starting
8" above the bottom end to a smaller cross sectiomal area
at the bottom (about half the cross sectional area of that
of the tube, itself), in order to minimize the fraction of
the cross sectional area of the inside of the reactor
occuppied by the thermocouple well., The bottom end of
thls sheath was centered along the axis of the reactor
about %" above the inlet screen. The first thermocouple
was located about 3/4" above the inlet screen. Thie ar-
rangement was used for Runs 4 through 7. (See Table 1,
p./5, under column headed "Remarks" for description of

thermocouple arrangement used in Runs 1 through 3).

C. Mechanics of a Run.

The empty reactor was brought to a temperature
about 100-200°F, higher than the reaction temperature
desired. Then N2 was placed on stream at about the super-
ficial velocity desired. Then the solid charge was ad-
mitted and the bed allowed to reach near-thermal equil-
ibrium (temperature crawl rate of about 0.5 F°/min.) at
the desired initial reaction temperature and superfic-
ial gas velocity. (Electric energy input was not changed
afterwards). At this time, the N, was replaced with an
alr stream at the desired superficial velocity. Data
on-temperature and superficial veloclty were taken about
every twenty minutes until the bed again reacﬁggfzhermal

equilibrium. Gas samples were taken before and/or after

near-thermal equilibrium, as desired. After near-thermal
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equilibrium had been reached, the run was terminated by

replacing air with N, and turning off the electrical ener-

gy input.

When the bed had cooled to near-room tempera-

ture, the N2 was turned off, the inlet section was re-

moved and the residue was collected and weighed. (Fines

carried over were of negligible weight). The residue was

observed visually for signs of ash and ash agglomeration.

D. Data Recorded During a Run.

i
2,
3'

4,

5.

Time (min.)
Individual thermocouple potentials (millivolts).

Pressure 4drop across N2 and alr capillary
gages (in. of Hg.).

Line pressure on downstream side of the cap-
t1llary gages (in. of Hg.).

Heating coil variac settings. (Variacs were cal-
ibrated with their respective coils according to
Variac Setting vs. Electrical Energy Input).

(Occasionally) Pressure drop across the dense
bed and the line pressure at the top of the
reactor (in. of Hg. ).



IV. RESULTS.

Table 1 tabulates seven representative data points
for each of the seven runs made. This tabulation shows
clearly the temperature and superficial gas velocity con-
ditions as well as the temperature variation that existed
in the dense coke bed durlng each run. Remarké are made
concerning thermocouple arrangement to point out that
the first three runs were made with slightly different
appagius than that with which the last four runs were made.

Figure 3 shows the comparison of the time histories
for all runs, plotting the figures from Table 1 headed
"Increase in Avg. Dense Bed Temperature Since Time==0"
ve. "Time".

Table 2 ‘tabulates the exit gas composition for the
two or three samples taken during Runs 3, 5 and 7. The
KP ratio,

Pco
Peo,

Kp-—

is calculated and the corresponding ratio at equilibrium
(at the average dense bed temperature) is tabulated for
comparison to indicate proximity to eguilibrium.

Figure 4 illustrates the variation of temperature

in the lower region of the dense bed during Run 7.
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REMARKS

3 thermocouples, 8" apart, used
inside stainless steel tube
(3/8" 0.D.)sheath. Bottom
couple 5/8" above 200 mesh
screen. "Electronik" tempera-
ture recorder used. No ash
formation noticed.

7 couples, 3" apart, used. Tips
exposed to hot coke. All
couples exposed and were shorted
to each other by coke & cement
used to bind them together. No

ash formation .noticed.

7 couples, 3" apart, sheathed by
0.01" nickel, used. Nickel worn
through by heat & sbrasion. All
couples shorted by coke. Sandy,
light-brown, partially fused
ash found on screen and in res-
due.

k%
7 couples, 3" apart, sheathed by
stainless tuce (1/16" wall).
Sandy, light-brown, partially
fused ash found on screen and in
residue.

Same remarks as for Run 4.

Same remarks as for Run 4.

4" thick, fragile agh formation
found on top of screen.

Same remarks zas for Run 4.

3n thick, fragile ash formation
v found on top of screen.

| Pipe scale flakes also found.

** Number 7 thermocouple excluded from average, since it was above dense bed.

* o
Number 1 couple was 3" above screen; number 2 was 33" sbove screen; number 3 was 62" above, ete.
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Fun Time

No. (min.)

3 85
321
381

5 &5
225

7i 243
265

Super-
ficial
Vels

(FPS)

0.26
Q.58

0.30

0.53
0.61

0.60
0.68

Avg.
Dense
Bed

Temp.
(F°

1525
1589
1589

1847
1893

2110
2118

TABLE 2.

Exit

cO,

1676
1567
1512

T.97
7.53

0978
1.09

Gas Analysis¥®

()

co

7.06
8.53
9.58

2107
2181

3325
3280

0o

0.00
0.22

0.00

0.11
0.11

0.11

0.11

17

iy

Fiyon
P(c0)®

CO5)

He (atm.)

7619 000297
7559 0.0463
7530 0.0607

7085 0.557
7Q55 0.630

6586 14.15
6600 9.58

P(COQ)
(atm.)

12.2
21.8
21.8

158
222

860
930

*Based on Orsat analysis for COﬁ and O

centages calculated by O, and

only; other

) balances.

per

atlhq.bena=3ed7énqt

#¥Equilibrium constant for the reaction CO~+C =200,
are from McBride's Thesis, p. 189 (his data are from
Austin and Day and from Rossini, et.al., for graphite).

Figures
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- V. DISCUSSION OF RESULTS AND CONCLUSIONS.

A. Local Overheating.

Runs 1 through 5, at temperatures ranging from 1300~
1900°F. and superficial gas velocities ranging 0.25-0.60
FPS, indicate that the tendency towards local overheat-
ing was suffliclently overcome by solids mixing to pre-
vent hotspot formation under these operating conditions.
The "Deviation of the Individual Thermocouples from the
Average Dense Bed Temperature" in Runs 2 and 3 1is biased
on the 10& side due to the fact that the exposed thermo-
couples (hot Junction only) were short-circuited to one
another by the coke and the porcelain cement used to bind
them together. This effect of diminishing the amount of
temperature variation indlicated is believed to have been
small, however, because the electrical resistance between
thermocouples was almost always several orders of mag-
nitude higher than the resistance of the thermocouple
wires, themselves.

Run 6 shows that the:bottom 12-15 inches of the
dense bed were essentially isothermal during th;ygxcept
during the last thirty minutes, when the bottom couple
climbed 10°F. above the next three. Ash agglomeration
2" thick found on the screen intimates that a hotespot
(at least a mild one) had begun. The higher "Deviation"
figures for Run 6 are apparently due to the fact that
thermocouple #6 was not quite covered by the fluidized

coke., This is cquite possible, even though bed weight



and superficial velocity were essentially the same as
those for Runs 2, 3, and 4, during which thermocouple #6
was at about the same temperature as those below it.
Unknown effects have been found to alter the mechanical
behavior of a fluidized bed operating under the same con-
trolled conditions from day to day.(l)

Run 7, as recorded in Table 1 and Figure 4, pp. /S
and /8 respectively, clearly shows the formation of a mild
hotepot (only’lOOF. above the feat of the dense bed, whereas
Paxton's hotspots were usually 40° hotter than the rest
of the bed) at the bottom of the bed, its gradual dis-
sipation and subsequent cooling. Even though the super-
ficlal gas velocity was about 0.65 FPS, the rate of heat
release above 1900°F. was too great for the solids mix-
ing conditions that prevailed. The heavier formation of
ash on the screen found after the run was similar in appear-
ance to the formation found after Run 6. This bears out
the writer's belief that a similar hotspot was in the
making at the time Run 6 was ended. The fact that the
operating conditions were at about the same temperatures
during the two runs, but that the superficial vélocity
was 0.3 FPS in Run 6 and 0.65 FPS in Run 7, would indi-
cate, also, that a hotspot likely did begin in Run 6,
whiech had poorer solids mixing due to the lower super-
flelal velocity.

Figure 4 shows that the portion of the dense bed

above the burnt-out hotspot (now cooling to temperatures

20



far below the rest of the bed) held a fairly steady pattern
with respect to the average temperature of this portion

of the bed, as long as the run continued. Thus, the hot~
spot did not travei up the bed (as Paxton's hotspots didr
occasionally) although it easily might have - in the author's
opinion - if the run had been allowed to continue longer,

due to the ehanneling of the inlet gas through the ash
agglomeration and resultant poorer solids mixing directly
above this agglomeration.

The writer concludes that no appreciable local over-
heating occurs in a fluidized coke bed using éﬁr at 0.5~
0.6 FPS superficial gas velocity between 1300-1900°F,
under the other operating conditions that existed during
his runs., Above 1900°F., however, slight overheating is
to be expected for the inlet region design and other con-
ditions employed. This mild overheating problem might
be eliminated entirely by another inlet region design

that affords better solids mixing at the bottom of the bed.

B. 1Increase in Average Bed Temperature va. Time.

Figure 3, p./6, compares the temperature rise of
the average dense bed temperature during the seven runs,
illustrating the more rapid climb at higher superficial
gas velocities. This would be expected, since gas anal-
ysis of the exit stream always indicated essentially total
O consumption; consequently, higher superficial velocity,
corresponding to greater mols/minute of O, consumed, would

release heat of combustion at a faster rate within the bed,

Zi



The rate of temﬁerature climb would be expected to
diminish at higher temperatures due to increased 02 con-
sumption to form CO ( G+ 0, =C0,, AHgnop= -170,500 Btu/
1bamol 0.5 20+ 0,=2C0, AHgon = =96,000 Btu/l1b.mol.0p)
and due to greater rate of heat loss from the hot reactor
to its surroundings (the latter effect would be quite small
because heat transfer from the hot reactor was controlled
by the rate of heat conduction through the "Santocel"
lagging). These effects are not discernible in Figure Bl
A plot of "Equilibrium" Heat Loss to Surroundings vs.
Average Dense Bed Temperature (as measured by thermo-
couples in the dense bed immediately before starting
or terminating a run) is given in Figure 5, p.23: This
plot shows that the effect of higher temperatures on the
rate of heat loss is, 1ln fact, small, as expected =~
at least, it is within the errors inherent in calculating
the "Equilibrium" Heat Loss. (See Appendix,"B! for a
sample calculation of "Equilibrium" Heat Loss to Surround-

ings, p.28).

C. Comparison of the Author's Data with MeBride's Data
for 02-N2 Mixtures.
Table 3, p.245 compares the author's data with Mc-
Bride's data for 0,-N, mixtures. . The results do not agree,
apparently mainly due to the greater weight of coke bed

and the lower O2 partial pressure used in McBride's runs.

McBride illustrated in his thesis that the GO pro-
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Total C CO Pro- Exit Gas

Avg. Gasifica- Fraction duction Fracticn Ratio
Dense Super- Carbon tion Rate Total C Rate C Gasified 9(60)2
Bed ficial in Bed lb.stoms G .sified lb.molg as CO per --

Run Temp. Vel. (1b. min4 per min.  min. miﬁ. Pleo,)

No. (F°) (FPS) atoms) =x 10 x 10%  x 104 x 10 p

Weidman's 3 1589 (.20  0.081 0.87 8,33 0.88 @ B.22 0.0607
Data 7
5 1823 (GlelEE e Ahes 21l.3 1.14 o G653
7 2110 0.68 H.052 1.9l 58D

McBridets 1600 0.77 U.207 L.H24 Sl 0.228 IL RS 0.0082

Data 1600 BlaTee) U208 l.Z4 baidd Oas i Bt g.0101
1900 £ ,80 DLl Laes 9.0 G i AniE
1200 U380 0207 491 e a8k Sl 5 S

g
runs. Veidman's inlet gas was air. MNcBride's inlet gas was 02 and ‘{Iz
mixed with ratio OE:N(==O.22. -Weidman's total rexctor pressure (bottom
of bed) was 31 in.“of"Hg.; McBride's was 33 in. lig.

NOTE: There w:s negligible Os in the exit gas of both Veidmen's and McBride's
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duction rate for the O,-N, runs was practically the same
as that for the 002-N2, which would indicate that the ent-
ering O, is converted to CO, immediately at the bottom

of the bed, then is partially reduced to CO as it flows
upward through the hot coke.

This hypothesis is upheld by the author's finding
that mild local overheating occurs only above 1900°F.;
this local overheating occurs at the bottom of the bed,
at least, in the beginning stages. This would not be ex-
pected 1f CO, and CO were primary products only, because
.the Inereasing equilibrium favor to the formation of CO
at higher temperatures would correspondingly reduce the

rate of heat release.
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VI. RECOMMENDATIONS.

Solids mixing at the inlet region is the main prob-
lem to be overcome in order to eliminate mild hotspots
in a coke bed fluidized in air above 1900°F. in a com-
mercial size reactor, assuming that the rest of the bed will
mix as well as the author's 2"dia. x 18" dp. bed. More
design work and experimentation on the inlet region, to
improve solids mixing there, is desirable before bulilding

a large reactor.
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APPENDIX

A. Details of Apparatus and Procedure,
/ The thermocouples used were 20 gage Chromel and
Alumel, fused at the hot Junction in an oxy=-acetylene
flame using a fluorspar flux. The thermocouples used
were not calibrated, since relative temperature vari-
ation, rather than a precise measurement of the level
of temperature in the bed, was desired. Runs 1 and 2
used thermocouples made from the same spools of Chromel
and Alumel wire; Run 3 employed couples made from two
different spools; Runs 4 through 7 used the same ident-
lcal thermocouples, made from the second palr of spools.
Experience has shown that it is not necessary to cal-
ibrate all couples made from the same pair of spools,
except for the most exaeting work. In this case, any
difference of properties affecting the indicated temp-
erature of thermocouples made from two different pairs

of spools was not noticeable.

Two caplllary gages were calibrated at room temp-
erature (75°F.) by means of a wet-test meter, timer and
compressed gas (N2 was used with one; air was used with
the other). The data points were correlated according
to 100g vs. AP where

VP

a=gas flow rate at 1 atm. and 75°F. (cu. ft.
B.D. air/min.)



P= prgsure immediately downstream from capil-
iary (in. of Hg. abs.?

AP = pressure drop across capillary (in. of Hg.)
See Flgures 6 and 7, pp.27and 30, for the calibration

curves of the two capillary gages.

Gas samples were collected over mercury and ana-
lyzed according to standard Orsat technique by a professional

analyst.

B. Sample Calculations.

2
The ratio k. (Peo)”  for the reaction CO,wC=200
= —% >

| , €O,
was calculated as follows:
Using the Exit Gas Analysis figures from the third

gas sample of Run 3 (See Table 2, p./7), which are

COs 15.12%
co 9.58
0, 0.00
N3 7530
100.00%

k, . (0.0958 x 1 atm. )2
(0.1512 x 1 ata.)

"Equilibrium" Heat Loss to Surroundings was cal-
culated as follows:
An energy balance on the reactor during operation

at near-thermal equilibrium gives

—
_—

Elect 1 En L7 ]
(( lectrica ergy Inpu) M€+02=-%;AH20+02=200

[("Equilibrium" Heat Loss to Sur'roundings)-f- (Enthalpy of Exit Gts)]

gbove 7S °F base temp.

8
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For illustration, consider the operating conditions
of Run 3 at the time of the third gas sample.
Electrical Energy Input = 730 watts
(Pable 1, p.lb)
Avg. Dense Bed Temperature —s 1589°F,
Superficial Gas Velocity ==0.30 FP® (corresponds to ﬁn
O2 feed rate of 0.67x10™" lb.mols.

min.

Temperature of Exit Gas = about 160°F.(at the top of
the reactor-estimated by touch)

Composition of Exit Gas — Same as above.

Calculating,
aa -4
A HG+02 - GOu =-0.67x10 " 1b.mols.0, consumed
min.
x 15.12 1b.mols. 002 formed
24,70 1b.mols. 05 consumed
x 170,500 Btu releaséd
lb.mols. 002 formed
= T7.00 Btu. released/min. =123 watts.
Similarly,
AH = 22 watts

20+0,= 200

The Enthalpy of the Exit Gas is negligible since
the average heat capacity of CO.,and N, is 8.27 Btu/lb.mol.F?Q
and that of COp is 11.1 Btu/1b.mol.FQ in this temperature

range and the magnitude of the flow rate is quite low.

)

31
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Therefore,
"Equilibrium" Heat Loss]=

[(Electri cal Energy Input)+H AH

+ .
C+0,=C0 2c+o=2co]

2 2
= T30 + 123+ 22 = 875 watts lost to surroundings

when avg. dense bed temp. is 1589°F.

C. Discussion of Errors.

1. Temperature measurement: As mentioned above under
Appendix'hf the error of the relative temperature indica-
tions of the different thermocouples due to variation of
the physical properties of the tﬁermocouples used is be-
lieved to be negligible. The mainlerror of relative temp=-
erature measurement stems from the inaccuracy of the
potentiometer used (read to the nearestdo.l millivolt,
which corresponds to 4.5-5,0°F. ):and observational errors
involved in reading the temperature from a plot of temp-
erature vs. millivolts output for Chromel-Alumel thermo-
couples. The overall average error is estimated atj:BoF.

The error in the absolute values of temperatures
recorded is unknown, butj;25°F. is considered a reasonable
estimate of this error.

2. BSuperficial gas velocity: Errors in measuring sup-
erficial gas velocity originate mainly from errors of cap-

illary gage calibration and observational errors in meas-
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uring the height of mercury indicating the pressure drop
across the capillary gage. The latter source of error
was more important. In addition to these errors of meas-
urement, the flow rate, itself, varied between measure-
ments; therefore, the measured flow rates are average
values. The combined error in superficial velocity is
estimated at ¥ 5%. |

5.  Electrical Energy Input: The error in calculating
the electrical energy input is estimated from the plot
of "Equilibrium" Heat Loss to Surroundings vs. Avg. Dense
Bed Temperature (see Figure 5, p.23). Greatest deviation
from the estimated line of best fit occurs at 1800°F.
and is equal to about 50 watts.

4, Exit gas analysis: The figures on exit gas comp-
ositlon are based on Orsat analysis for CO, only, al-
though, 02 and, occasionally, CO were analyzed. The per
cent in this method would be expected to be greatest in
the second sample of Run 7, where CO2 content was at a
minimum (see Table 2, p./7)., This sample was analyzed
for CO5, O, and N,; the value of CO calculated from the
COp content agreed with the value of CO obtained by ana-
lysis within 5%. This is likely the maximum error in
the CO per centages recorded. The average error in the

CO, and CO percentages is probably* 2%.

D. Location of the Original Data.

The original data is in the hands of Dr. E.R. Gill-

iland, Thesis Supervisor.
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