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DEVELOPMENT OF HYDROGEN-OXYGEN RECOMBINERS

During the past year there have been several developments in the
reconbiner field which should be of interest to those concerned with
homogeneous reactor technology. It is the purpose of this report to review
our experience with recombiners under actual reactor operating conditions,
and to discuss new developments in the field. This end can best be
accomplished by reporting our work in three somewhat independent chapters,
each of which shall be & report in itself:

Chapter I - The testing and operation of flame and eatalytic

recombiners in the ORNL Homogeneous Reactor
Experiment - by J. A. Ransohoff

Chapter II - The effeet of oxygen concentration, temperature,

‘ Pressure, and space veloecity on catalytic recombination
by platinized alumina - by J. A. Ranschoff and I. Spiewak

Chapter III - The development of a flashback-proof, automatic load

adjusting flame recombiner, mainly for use on a boiling
reactor - by J. A. Ransohoff and I. Spiewak. .

J. A. Ransohoff

I. Spiewak




CHAPTER I

THE TESTING AND OPERATION OF FLAME AND CATALYTIC RECOMBINERS
OF THE HOMOGENEOUS REACTOR EXPERIMENT

Sumary
It is estimated that the HRE produces 10 cfm (STP) of 2H2 + Oo per
megawatt during power operation. There is no evidence that any of the com-
bustible gas produced in the reactor escapes unrecombined. In this section
we will describe the off-gas system, and discuss the preliminary testing of

the recombiners, the performance of the recombiners under operating

conditions, and the reliability of our gas production estimates.

Description of the Off-Gas System

The HRE was expected to produce 11.3 cfw® (STP) of 2Hp + 02 per megawatt
of reactor power. Since the operating level may be set at any fraction of
that power for prolonged periods of time, the gas handling system was
designed to handle all gas quantities between zero and 15 efm. A simpliﬁed

flow diagram ¢f the HRE off-gas system is shown in Figure 1.

* T. J. Sworski (p.117, HRP Quarterly Report, Jan. 1, 1953, ORNL-1478,
Uranyl Sensitized Reaction of H2 and 02) has developed an equation to be

used in predicting the amount of gas produced in aqueous homogeneous reactors.
For U0280L solutions it is:

g = 1.83 - 0.0488(c)1/2

vhere..... g = molecules Hpo formed per 100 ev of
fission energy

C = concentration of U (total) in solution---
gus of UOoSOY/liter

For mean operating conditions in the HRE on Feb. 23-24, the predicted "g" value
using Sworski's equation was 1.53, and the predicted gas production 11.3 cfm (STP)
per megawatt of reactor power.
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HRE OFF-GAS SYSTEM
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The gas formed in the fuel solution at pressures up to 1000 psi and
temperatures up to 250°C is removed from solution, let down to atmospheric
pressure, recombined to water, and returned as such to the fuel solution. The
gas, along with some steam and fuel solution, is throttled through a valve (8)
into the dump tanks (9) where an evaporator (12) adds up to 4O cfm (STP) of
steam to the gas so that the mixture flowing from the dump tanks to the
reconbiner system is noncombustible.*s*® The steam is condensed from the gas
in a large condenser (13), making the mixture once again combustible; and the
condensate i1s elther returned by gravity to the dump tanks, or is collected in
condensate weigh tanks if it is desired to concentrate the fuel solution.

The gases then flow from the condenser to the flame recombiner (14) where
the Hp and Op are burned to water, most of which is condensed in the combustion
chamber which is a 3 1/2 foot length of 10 inch pipe, jacketed by a 12 inch
pipe through vhich cooling water is circulated. At extremely low power levels
(1ess than 20 kw), operation of the flame recombiner is erratic, and overall
recombiner operations are improved if the spark is simt off and the gases are
allowed to flow into the catalytic recombiner (15) where the H2-02 reaction is
catalysed by 1/8 inch platinized alumina pellets. Following the catalytic
recombiner is another condenser (16) in which most of the remaining water vapor
is condensed. The gases still remaining (fission produects plus 1200 ce/min. of

02 that are continually bled into the system at (11)), then pass through cold

* D. W. Kuhn et al, Explosion Limits in Mixtures of Hp and 02, Steam and He,
Oak Ridge National Laboratory, Y-T731, 1951. Secret.

% H. M. McLeod et al, Recombination of Stoichiometric Mixtures of H2 and 02
in a Flame Recombiner (Feasibility Report), Oak Ridge National Laboratory,
Y-706, 1951. Secret.



traps (17) vhere last traces of water vapor are removed from the gas. Before
the Op is released to atmosphere, it is stripped of accompanying fission
products by being passed through a charcoal bed. The condensed products of
combugtion are returned to the fuel in the dump tanks by gravity.

In addition to the gases produced in the fuel solution, it was expected
that up to 1/4 cfm of 2D2 + 02 would be produced by decomposition of D20 in
the reflector. Accordingly, the He used to pressurize the reflector is
circulated through a catalytic recombiner placed in the high pressure D20 gas
system. The gas circulation is accomplished by use of a ligquid-gas jet placed in
the D20 c¢irculation line, and the recirculated gas returns to the reflector
vessel along with the liquid. To provide for a means of handling the
decomposed gas in the event of a reflector dump or He bleedoff, a catalytic

recombiner is also placed in the low pressure Do0 system.

Recombiner Details

Catalytic Recombiners

All of the catalytic recombiners on the HRE are essentially the same as
that shown in Figure 2. Unless the gases passing through the catalytic re-
combiners have a low enough Ho concentration so that the mixture is non-
conbustible, an explosion is likely to result.

There is enough He in the reflector vessel, and the veloecity with which
it 1s ecirculated is sufficiently high to adequately dilute the radiolytic
Do + 02 formed in the reflector. Whatever gases flow into the low-pressure
catalytic recombiner in the fuel system are first diluted by up to 3 cfm (STP)
of steam produced by a small evaporator (19) placed between the flame and

catalytic recombiners. This quantity of steam is more than enocugh to dilute
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the 1/4 cfm of 2Hp + 02 that the catalytic recombiner is expected to handle
at maximam load.

The catalyst may be poisoned by either a liquid f£ilm of water or a layer
of adsorbed Io. Protection from "water poisoning” is provided by Jjacketing
the recombiners with high-pressure steam which serves to keep the catalyst
dry. It is now believed that the Io prodﬁced by fission in an 02 rich fuel
solution will be oxidized to IO§, and if this be the case, no precaution
against poisoning need be taken. If molecular Io is produced however, the
catalyst may be cleansed of I, by occasionally heating the bed to about kooC®c
with the hot gases produced in the flame recombiner during relatively high
povwer operation.

Flame Recombiner

The flame is established at a many-holed nozzle upon which a spark
impinges from one of three spark plugs located along the periphery of the
nozzle (see Figure 3). The spark impulse is produced by a magneto, and an
ignition transformer is held in standby in case of magneto failure.

The flow area of the nozzle consists of 147 holes 1/32 inch in diameter,
the total cross section being 0.112 sq. in. When the flow rate through the
nozzle reaches 25 cfm of reactor gas, the velocity through the nozzle becomes
640 feet/sec., and the pressure drop through the nozzle approaches the 11 foot
water head by which the condensate is returned to the dump tanks. At flows of
less than three cfm, the pressure drop across the nozzle is so low that the

flame burns too close to the tip, the nozzle overheats, and flashbacks result.
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To prevent flashbacks at low power levels, a steamer pot (18) provides
2 to 3 cfm (STP) of steam to the gas stream flowing from the fore condenser
to the recombiner. The steam produced serves both to cool the flame by
dilution, and to provide the minimmm flow necessary to keep the flame from
burning directly on the nozzle. The spark is operated continmucusly at all
times to insure constant burning of the gas, although at flows of greater

than 2 cfm a stable flame is established.
Testing of the Recombiners

Do0 System Recombiners

The low pressure D20 catalytic recombiner was tested by passing
electrolytic ZHp + 02, diluted with He, through the D20 low pressure system,
and observing the temperature rise in the catalyst. No extensive quantitative
data was taken, but a flow of I cfm of He with 2 percent Hp increased T0°C
in temperature while flowing through the bed, and this was accepted as
sufficient proof that the overdesigned bed would serve its function.

The high pressure D20 recombiner was tested with water in the reflector
vessel at 200°C and circulating, and enough He in the system to bring the
total pressure to 650 psi. Ho and 02 were added in nearly stoichiometric
smounts from high pressure cylinders. The results are expressed below in

terms of equilibrium recombiner temperatures:



Equilibrium
Recombiner
Reflector Temperature Reflector Pressure Gas Admitted Temperature
oC pei cfm (STP) 2H2+02 oC
197 650 0.0 200
196 625 0.33 286
197 653 0.h42 360

Fuel Catalytic Recombiner

To test the fuel catalytic reconmbiner, electrolytic gas was admitted to
the low pressure fuel system, and allowed to flow through the recombiners
with the spark turned off and both steamer pots producing approximately 2.5

cfm of steam. Operation was satisfactory.

The Data
Gas Admitted Recorbiner Temp. °C
cfm (STP) 2Ho + 02 t.c. No.k t.c. No.5
0.0 115 115
0.22 270 210
0.10 208 165

Flame Recombiner

The flame recoumbiner on the HRE was operated at flows varying from less
than 1/4 to more than 15 cfm (STP) of 2Ho + 02 prior to power operation of the
reactor. It was discovered during this operation that the fuel off-gas
recording apparatus was not entirely reliable, and it was decided to make a
heat balance across the recombiner system to see if off-gas flow could be
determined accurately in that mamner. From the data taken (see table below),
it was agreed that heat balance determination of off-gas flow rate would be

accurate to within 5 or 10 percent.
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The Data

Gas Flow Heat Balance (BTU/Min.)

cfm at STP A B Percent Difference

Ho 02 In with Gas Out with Cooling Water (A-B) /B
1.67 0.80 54l 541 0.6
2.58 1.k 877 805 8.9
3.3 1.60 1090 oTh 11.9
2.35 1.27 T80 793 1.6
5.0 2.45 1670 1394 19.8
4.3 2.0 1362 1322 3.0
5.0 2.46 1675 1545 8.5
6.4 3.1 2110 1953 8.0
6.2 4.0 2110 2313 8.7
Excess 0.68 Lek h99 -7.0
Excess 0.60 ko9 427 4.3
7.1 3.6 2k10 2hok 0.3
T.7 3.7 2520 2ol 4.8
5.3 2.45 1670 1773 -5.8
2.6 1.22 832 853 -2.5
5.7 2.67 1816 1720 5.6
6.8 3.1 2110 1977 6.7
9.5 k.3 2930 2640 11.0
3.k 1.72 1152 1080 6.7

There is an inherent error of about five percent due to variations in
cooling water flow, and an error of a percent or two in gas flow measurement
through the calibrated orifices used for these tests. Errors that might be
caused by conditions in the off-gas cell and general heat losses and gains due
to irrelevant factors were accounted for by using as "zero" temperature the
temperature of the exit cooling water when no Ho was flowing.

Flashback Testing

Flashbacks originating in the recombiner system create peak pressures of
from 100 to 400 psi depending on the starting pressure and the Ho-Op

concentration.¥*

* T. H. Pigford,Explosion and Detonation Properties of Mixtures of Hp and 02
and Water Vapor, Oak Ridge National Laboratory, ORNL-1322, 1952.-
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Such explosions will be quenched in the line between the dump tanks and

the fore condenser, or in the condenser itself, if the gas mixture contains
more than T0% steam*, There is, of course, a possibility that the process
solution eveporator (12) may fail or be turned off for some reason, or that
gas flows mch greater than expected will have to be handled. It was feared
that 1f the mixture in the off-gas line were combustible, an explosion
originating in one of the recombiners might travel back through the off-gas
line to the dump tanks and thence through the let-down valve into the high-
pressure system.

To see whether or not this would be the case, Ho and 02 were admitted
to water circulating in the high pressure system at (1) with that system
operating at 2500C and 1000 psi. The gases then flowed with the water
into the core (2) where the circulatory motion of the liquid sét up a gas
vortex (5). From the vortex, the mixture of Hp, Op, steam and water passed
through the let-down heat exchanger (7) and valve (8) into the low pressure
system where the gas was allowed to pass undiluted to the recombiners. The
liquid taken from the core was replaced by pumping water from the dump tanks

back into the core with a pulsafeeder (10).

* H. M. McLeod et al, Recombination of Stoichiometric Mixtures of
Ho and 02 in a Fleme Recombiner (Feasibility Report), Oak Ridge National
Laboratory, Y-706, 1951 il
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The sparks in the flame recombiner were left off, and when the
combustible gas came in contact with the catalyst, flashbacks resulted.
With a gas flow of 8 cfm, it was immediately evident that the flashbacks
were travelling all the way to the dump tanks. However, when the gas flow
was increased to 12 cfm, the flashbacks, which had been occurring every
ten seconds, increased in frequency to about once every 6 or 7 seconds , and
then ceased. Concurrently the temperature in the line connecting the dump
tanks and the recombiner system rose sharply, and the gas was immediately
turned off.

Apparently a flame had become established somewhere between the let-
down valve and the line leading from the dump tanks, but we were satisfied
that an explosion originating in the recombiners would not travel back up
through the let-down valve into the high pressure system at design

temperature and pressure.
Recombiner Operation

On February 20, 23, 24, and March 18, the HRE was operated at power
levels high enough to learn something about the operation of the recombiners
under actual power operating conditions. The following observations were
made:

D20 Recombiners

No decisive temperature increase in either of the D20 recombiners was

observed. However, it would require a considerable period of high-power
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operation to effect a very large increase in D2 - 02 concentr&tion in the
He diluent, and there is no reason to suspect the recombiners of being
ineffective; so no conclusions can yet be drawn.

Fuel Catalytic Recombiner

The spark to the flame recombiner was left off during power operation
of the reactor at 10 and 20 kw, and the catalytic recombiner was allowed to
recombine the gas produced, whieh'it did nicely. Some buildup in pressure
was observed during this operation, but it is believed that this was due to
frozen cold traps which did not allow the excess 02 to escape; rather than
incomplete recombination.

Flame Recombiner

Minor flashbacks which could best be described as mild pressure surges
were observed in varying degree from the point at which the flame recombiner
was put into use (varied from O to 40 kw) up to power levels of 200 kw.
From about 150 to 300 kw reactor power, there is a transitional range in
vhich burning is relatively smooth but is accompanied by a rather shrill
vhistle. At power levels above 300 kw, burning is extremely smooth and is
unaccompanied by noise of any kind. As the reactdr power:is increased much
above 1 Mw, the pressure drop through the reconbiner nozzle becomes such
that it is difficult to keep the pressure in the fore condenser below 1
atmosphere as is desired because of a leak in the condenser. It was found
that shutting off the steamer pot directly before the recombiner reduced the
mass rate of flow and the gas temperature to a point where the condenser

pressure was no longer excessive.



It 1s possible, however, to reach a reactor power* where so much gas
is produced that the temperature (at the base) of the recombiner exceeds
600 °C, a temperature considered too high for safe long term operation.
This is probably the limiting factor in determining maximum permissible

operating power of the present HRE.

* During the high power run of March 18, the thermocouple at the base

of the flame recombiner read 610 OC at which point the reactor power was
reduced. The muclear instruments read 1480 kw at the power level corresponding
to the recombiner temperature mentioned above. At that power approximately
15 cfm of 2Ho + 02 should be produced (by extrapolating the data obtained on
February 23-24). The power was not maintained long enough to determine

the amount of gas produced, but during pre-power tests on the recombiners,
flows of 15.6 and 13.2 cfm were established long enough to obtain reliable
data. The corresponding temperatures at the base of the recombiner were

480 ©C and 575 ©°C, so it seems probable that about 16 cfm were being burned
in the recombiner during the run-of March 18, and that the reactor power
was probably much nearer to 1600 than 1500 kw. This contention is not
weakened by an admission on the part of the muclear people that it is
possible that the muclear instruments could have been as much as 10% low
during that particular operation.



Estimated Gas Production in the HRE

Earlier in this report it was noted that radiolytie gas production
had been predicted to be 11.3 cfm (STP) of 2Ho + O2 per megawatt of reactor
power; and the reliability of using heat halance across the recombiners to
determine gas production was discussed. During the power operation of the

HRE on February 23-24, the following data were taken using the heat balance

method.
Estimated Recombiner Power
Estimated Reactor Power (Cooling HoO Balance) cfm (STP) 2H2 + 02
kw kw to Produce Heat Removed
T0 2.8 0.7
260 9.6 2.%
520 20.8 5.2
540 22.0 5.5
810 31.7 7.9
1000 ko.0 10.0

The above data are expressed graphically in Figure 4.
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CHAPTER II

THE CATALYTIC REACTION OF 2H2 + O2 ON PLATINIZED ALUMINA

Sumnmary

A study is made of the effeet of oxygen concentration, temperature
from 230 °C to 520 ©C, pressure from 25 to 110 psia, and space velocity
from 725,000 to 1,850,000 hrs.~l. Also, a comparison of the recombination
rates of H2 and Dp under comparable conditions is made. The rea.;:tion
controlling mechanism is stated to be diffusion of gas to the catalyst

surface, and the basis for this conclusion is developed.

Introduction

In the Intermediate Scale Homogeneous Reactor, it is planned to re-
conbine the radiolytic deuterium and oxygen at reactor pressure, thereby
eliminating equipment involved in low-pressure recombination such as a
let-down system, a large pulsafeeder, additional heat exchangers, etec.
Since the consequences of an explosion starting at a pressure of 1000 psi
are likely to be quite severe, and since the only way to guarantee against
a dewterium-oxygen explosion is to prevent a combustible mixture from
occurring, a flame recombiner of the type used in the HRE is not applicable.
The information available on the catalytic recombination of Ho and 02 by
rlatinized alumina as of Jamary 1, 1953 was insufficient to enable the
design with confidence of a high-pressure catalytic recombiner ft;r.the ISHR.

Therefore, experiments were planned:
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1. To study the effects of excess Op, flow rate, temperature,
and pressure on the reaction rate. The primary range of
interest was with excess 02 present, since this would be
the case in the ISHR, for reasons dealing with uranyl
sulfate corrosion.

2. To determine if possible the reaction controlling mechanism
from the available data.

3. To investigate the applicability of Hp data for Do recombiners.
4., To investigate other catalysts and recombiner types.

5. To investigate the effect of Ip poisoning quantitatively.

The Apparatus

A simplified flow diagram of the test apparatus is shown in Figure 5.
The recombiner consists of a short piece of 1 inch stainless steel pipe with
a thermocouple well inserted 1/2 inch into it, and with a steam jacket around
it. A 1 1/2 inch section of the pipe is sereened off with perforated plates,
and the volume within the plates contains 1.39 in.3 of 1/8 inch platinized
alumina right cylinders. (Figure 6). Steam is admitted to the system through
a calibrated orifice, and Hp, or D2, also metered through a calibrated orifice,
is added to the steam. The two gases then flow through a superheater at the
base of which a measured quantity of Op is added to the mixture. The non-
combustible mixture (HQ concentration varies from 2 to 10 percent, 0o from 1
to 10 percent) then flows through the catalyst where a portion of the ga.s is
recombined, and out of the system through one or both of two needle valves
which conmtrol the system pressure. One of the valves is a six-turn, 3/4 inch
valve used for coarse control, and the other is a 30 turn, l/ll- inch needle

valve, in parallel with the other, used for fine control.
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After leaving the higher pressure system, the now highly superheated
steam-Ho-0o mixture 1s joined by a metered stream of air, and the new
mixture then flows through a condenser. At the base of the condenser is &
small cylinder in which the condensed water is separated from the air stream.
The water and most of the air flow through another pressure controlling valve
(condenser pressure i1s maintained at about 5 psi) to waste. A small portion
of the air flows through a drying bed of CaSOy to a Hp analyser (see
Appendix A). By knowing the amount of air metered into the system and the
excess of Oo, and the -Hé concentration of the off-gas stream, one may
determine the amount of Ho which goes through the system unrecombined. The
following data were taken for each run: Hp, 0o, steam, and air flow, pressure
drop across the recombiner, pressure in the recombiner, temperature in the
reconibiner, temperature of the gas before and after the recombiner, off-gas
Ho concentration, and various cooling water and other control measurements
of no consequence in analysing the recombiner characteristies.

In the interest of safety, the entire high-pressure system from the
point vhere Oo was admitted to beyond the exit valves was sandbagged, and
the valves were remotely operated. The pressure was measured by means of a
remote instrument thereby removing the danger of an exploding gage should an
accident occur, and rupture discs were located at appropriate places in the

system. No accldents occurred.
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Discussion of Results

Tests conducted by an MIT Practice School Grou;p* on H20=-H2-02 mixtures
indicated that diffusion of gas to the catalyst surface controlled the
reaction rate. As the ratio of 02/H2 was increased, the amount of re-
combination increased, until at ratios above 1, additional 02 did not increase
reconbiner effectiveness. This was explained on the basis that at ratios
below 1, both hydrogen and oxygen diffusion were important, but above 1
hydrogen diffusion alone controlled the kinetics. Similar results were
obtained in the present investigation. Figure 7, which records efficiency vs.
02/H2, indicates that the efficiency levels off just above a unit ratio.

——s210%
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Th . v
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Figure T
d Recombiner Efficiency vs. Oxygen to Hydrogen Ratio

* Gaven, J. V. et.al., "Catalytic Recombination of Hydrogen & Oxygen-II"
Kr-13% (1952).
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For diffusion controlling, three modes of operation exist:

1. Using stoichiometric gas, the diffusion of the heavier component,
oxygen, would control rate throughout.

2, With a starting 02/Ho greater than 1, hydrogen diffusion would
control.

3. With a starting ratio between 0.5 and 1, there would be some point
in the bed where the controlling diffusant would change from bxygen

to hydrogen.
If diffusion is the only factor governing the reaction rate, the following

equation can be derived (Appendix B) to apply to the third mode of operation:

Hp 0o (x-1)%-1
In - ____=x1n + 1ln -1ln?f 1)
200"30 20°-Ho (-x-)x (
2

vhere H, is initial hydrogen flow
Hy is unrecombined hydrogen flow
Op is initial oxygen flow
£ 1s the ratio of Hy/He for a run in the same bed at the
same temperature, pressure, and total flow rate with

hydrogen diffusion controlling throughout.

x 1s a constant depending on the relative diffusivities of
hydrogen and oxygen in steam. x = (%’g) 2/3.
For a given run, values are obtailned experiwentally for Ho, He, and Oo-
The quantity £ may also be determined experimentally, and was done so during
the early.‘ develomment of the method, by operating with enough excess oxygen so

that hydrogen diffusion was controlling throughout the bed.
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For a series of runs, at constant temperature, pressure and total flow

% 5. Ef
200-Ho 200-Ho
(1), this should result in a straight line of slope x, with an intercept when

rate, a log-log plot is made of . According to equation

x~-1
1n__22_ 1s zero of (X-1)" " Such a plot for the runs of Figare 7 is shown
200-Ho # (x)x
2

in Figure 8. The two lowest points have a considersble excess of oxygen, the
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third point is Just on the borderline of hydrogen diffusion econtrolling
throughout, and the uppermost point is in the region where oxygen diffusion
controls throughout the bed.

The runs for which equation (1) applies, those in which the diffusion
of both components is important, are seen to fall on a straight line vhose
slope, x, is 2.09. This corresponds to (DH/D°)°6°5, based on literature
d.ata."". The agreement of the experimental exponent with the theoretical one
of 2/3 is believed to be excellent, since there is considerable uncertainty
in the diffusivity data and also in the theoretical exponent.

The intercept of Figure 8 indicates that £ equals 9.1. The value of
T obtained experimentally from the lowest three runs shown varies from 9.1
to0 9.7.

Ancther observation may be made from the slope of Figure 8. ‘The 02/Hp
ratio at which the recombination levels off should be x/2, the ratio which is
shown in Appendix B to be the demarcation betvgen oxygen and hydrogen con-
trolling. The value of x/2 from Figure 8 is 1,05; in Figure 7, the

recombination levels off Just above 1.

*  The hydrogen-steam diffusivity is listed in the International Critical
Tables. The oxygen-steam diffusivity was obtained by a minor correction on
the air-steam diffusivity of ICT, using the Gilliland equation. The
theoretical 2/3 exponent is based on the Chilton-Colburn mass transfer
correlation. Both Gilliland equation and Chilton-Colburn correlation are
found in Hougen and Watson, "Chemical Process Principles”, Vol. 3,

Chapter XX, John Wiley & Sons, New York (1947).
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The consistency with which the experimental data fit the correlation
strenghtens the contention that the recombination is d.ifrnsiqp-eontrolled.

0o He
vs. at temperatures ranging
200-Ho 200-H,

from 231 to 515°C. and pressures of 30 to 110 psia. The flow rate was

Figures 9-12 are plots of

maintained close to 13.2 standard cfm. The slopes of all the lines are Qlose
to 2.1.

The variation of reaction rate with temperature and pressure can best
be seen in Figure 13, which is a graph of mass transfer coefficlents with
temperature and pressure parameters. The coefficients » Wwhich are hydrogen-
controlling, ere caleculated from the plots of Figures 9-12 by means of the

following equation:

M(ho-he) = Kg A A hyy | (2)
which simplifies to:
Ky = M 1o ihg/hf) _X in g (3)

where:
M is total mol flow rate, 1b. mol/sec.

hy and he are initial and final hydrogen mol fractions

is hydrogen mass transfer coefficient 1b. mol.
= ¥ sec.ft.2(mol. fraction)

A 1s total area of catalyst pellets, £t.2

Abjy, is log mean mol fraction driving foree with hydrogen
concentration at catalyst surface being zero.

£ 18 ho/hp defined previously under equation (1).




- 3b -

Dwg. 21058
30 T T T | |
20
TEMPERATURE 23I°C
FLOW RATE 13.2 sc¢fm
o o 30psia o’(?/
| vV 50psia
o O 8O0psia
8 o A 100psia v
or —
08
06
05 | | 1 1 1
05 .06 08 .10 0.2 04 0.6 0.8
Ho
200—Hp
FIGURE 9
H
PLOT OF 00 ys £ ap 23100

500-Hg 200-Ho




- 35 -

30 T T . T T u
a””’
20
[}
T
[} lo
©lo
o TEMPERATURE  347°C
i ﬁgaf FLOW RATE  13.2scfm i
08 O 30psia
v 50psia
L o 88 psia .
A | ia
06 >
05 1 ! i 1 | 1
.05 .06 .08 10 02 H 04 06 08 10
f
200~ Ho
FIGURE 10

0 H
PLOT OF 2 vS __"f _ AT h370C
00-H,  200-Ho 3T




- 36 -

Dwg. 21060
30 , , . 1 '
/ ~
(o]
I
ol !
(@] o
Q Pr.; / TEMPERATURE  432°C
1.0 T FLOW RATE 132 scfm
B O 30psia —
0.8 v 50 psia
O 80psia
— A 110psia -
0.6
0.5 ! ! | |
05 06 .08 0 0.2 0.4 06 08
Ho
ZOQ—HO
FIGURE 11
0
PLOT OF 20 va__2f _ ap 432

200-Ho 200-Ho



- 37 -

Dwg. 2106

30 I T | |
20 7
A //O// TEMPERATURE  5I5°C
ol o™ FLOW RATE 3.2 scfm
e — ,/ v  30psia |
O 50psia
08 O 80psia
B A 100psia -
0.6
05 1 | 1 L
05 .06 .08 0O 0.2 H 04 0.6 08
2
20,-H,
FIGURE 12
0 H
PLOT OF O f__ ar 515
200-Hgp 200=Ho




| — -3 -

It can be seen that the mass transfer coefficients (recombination rates)
increase gradually as the temperature is increased, at temperatures above
300 °C. The kinetics at 231°C appear to be abnormally low, indicating
probably that the chemical and adsorption kinetics on the catalyst surface
are coming into play. The theoretical coefficients (Appendix C) are also
plotted in Figure 13, and they increase slowly with temperature.

The effect of pressure on recombiner efficiency appears to be that
inereasing pressure aids recombination, particularly close to atmospheric
pressure. At 100 psia. the effect of pressure change appears to be much
less; perhaps the mass transfer coefficients are approaching an asymptotic
value. Diffusion theory predicts a mass transfer coefficient independent of
pressure. The experimental dependence may be explained by postulating
mltimolecular layers of the non-controlling diffusant adsorbed on the
platinum surface, through which the controlling diffusant mmst travel. Since
the resistance of such a layer might change very little with pressure, the
relative resistance of the layer and the true gas film might be negligible
at high pressures, but apiarecia'ble at the pressures of the current investi-

gation.

Figure 1l shows the change in hydrogen mass transfer coefficients with
flow rate, at constant temperature and with e pressure parameter. The
curves are parallel to the theoretical diffusion-controlling curve, but they
lie about a factor of three below the theoretical. It is believed that

channeling can account for the diserepancy.
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Normal channeling in a bed of granular particles where the particle
diemeter is 1/8 the bed diameter causes a decrease in the friction factor
of 0.67%. Since the friction factor is proportional to the mass transfer
coefficient, according to the heat transfer-mass transfer-momentum transfer
analogy, the same change would occur in the mass transfer coefficient. The
test bed was further handicapped by a large thermocouple well, and entrance
and exit distributor plates with a small amount of hole area.

A better bed, also in a l-in. pipe, but with no thermocouple well, was
tested by Gaven, et. al.* This bed contained an entrance screen of high
porosity and no exit screen. The major portion of their investigation was in
the oxygen-diffusion qontrolling range, but one point in the hydrogen-
controiling range, based on the average of three runs, is plotted on Figure
1k. Although the Gaven point is at lower pressure than the curves of the
rresent investigation, the mass transfer coefficient is about twice as high.
Combining the probable effects of normal channeling and abnormal channeling
introduced by poor bed design, the experimental results of the present
investigation are brought quite close to the theoretical mass transfer

predictions.

* Perry, "Chemical Engineers' Handbook", 3rd edition, p. 39%, (1950)

e Gaven,.et. al., op.cit.
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In order to evaluate the relative recombination rates of deuterium and
hydrogen, a series of carefully controlled runs were carried out at 350°C. and
50 preia. varying the amount of excess oxygen. These are plotted in the usual
mahner in Figure 15. The deuterium line is seen to fall below the hydrogen
line, which 1s expected because of its lower diffusivity. However, the slope
of the D2 line, which remains 2.1, according to the theory developed
previously should have decreased to about 1.T4.

Its failure to conform to the predicted slope may be caused by the
catalytic exchange reaction, D2 + HpO = HD + HDO = Hp + D20, which occurs
quite rapidly on a platinum catalyst. This side reaction should have been
quite important in the oxygen-diffusion-controlling range, where an adsorbed
D2 would find an HoO molecule mmch quicker than an Op. It is believed that
in a heavily oxidizing region, such as the platinum surface in the deuterium
controlling range, the exchange reaction was retarded considerably. - Nothing
quantitative can be gained from this speculation; apparently the D2 runs
should have been carried out with a D20 diluent rather than the normal steam.

| It is possible to calculate a deuterium mass transfer coefficient
for the run shown in the lowest point of Figure 15, which was deuterium-
controlled for the entire bed. The table below compares the predicteq and
dbser&ed mass transfer coefficients for deuterium and hydrogen. An oxygen
mass transfer coefficient, obtained in the same series of hydrogen runs, is

also listed.
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Mass Transfer Coefficients, Lb. Mol/Sec. Ft.2 (mol fraction)
Temperature-350°C.- Pressure-50 psia.- Flow Rate- 9.65 scfm.

Observed " Predicted Observed
Diffusant Coefficient Coefficient Predieted
Hydrogen 3.52 x 10~3 13.05 x 10-3 0.270
Deuterium 2.58 x 10-3 10.72 x 10-3 0.240
Oxygen 2.05 x 10-3 5.78 x 10-3 0.355

Based on the hydrogen diffusion, the deuterium diffusion was somewhat

poorer than expected and the oxygen diffusion somewhat better.

Reliability and Possible Socurces of Error

The possible sources of error in this work lie predominantly in the
flow measuring devices. One major exception to that generalization is the
seriousness of a leak of any kind in the high pressure system. Early in the
experimentation a leak did develop, but it was stopped, and great pains were
taken to see that no others developed. There are severa.l_ conerete check
points which do testify to the lack of a leak in the syst;em during the
operations which led to the data reported herein. First, the presence of
8 leak would cause the apparent effect of pressure on recombination to in-
crease with increasing pressure rather than decrease as was the case. Also,
pressure control, recombiner temperatures and variations in pressure drop
through thg bed were of such consistency as to give confidence in the

tightness of the system.
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The Hp analyser was found to be sensitive to very small changes in
Ho concentration, and the air metering system which measured the diluent air
into the system was found to be reliable. Furthermore, the Ho analyser
was recalibrated a few times each day, and no drift was discovered, testifying
to the validity of Hp off-gas measurements.

The Hp, O2 and air meters were all calibrated by a wet test meter, and
are believed to be accurate within 2 or 3 percent. The steam orifice was
calibrated by weighing condensate, and it is believed that an error of
several percent is possible in the steam measurements. Furthermore, the
steam measuring system has been known to accummlate some condensate, and this
condition caused occasional errors in measurement. In fact, the space
velocities for two of the points (they are asterisked in Appendix E) in the
flow rate data were calculated from the recombiner temperature and the
Ho-0p flow because the steam flow measured was in doubt and unreasonable,
and pressure drop data also lent support to the calculated rather than the
directly measured values for steam flow.

The pressure measuring device had a drift of several psi. throughout
a day's operations, but showed no permanent drift.

Conclusions

1. It is concluded that diffusion of hydrogen and oxygen to the
catalyst surface is the controlling resistance to the recombination. The
design of an actual bed operating at temperatures above 300°C. may be
calculated on the basis of the usual Chilton-dolburn correlation for mass
transfer. Care should be taken that channeling is minimized; if this is
done then a safety factor of 2 in the thickness of the bed is considered

very conservative for all operating pressures.



2. For temperatures below 300°C., chemical and adsorptive rates enter
into the picture. The safety factors for bed design should be increased in a
manner consistent with the data of this investigation. For temperatures
below 230°C. s Tor which no quantitative dats are available, additionsal

experimental work is required to permit good design.

3. The difference in the recombination rates of deuterium and hydrogen
is attributed to the difference in the diffusivities. The chemical and
adsorptive activity of the two appear to be comparable for the catalytic re-

conmbination.

4., Because of the lack of experimental information, no conclusions as
yet are made on the effect of fission product poisons, or the life of the
catalyst. In the two months of intermittent operation, no deterioration of

the catalyst was observed, although there was an accummlation of rust.

Future Plans and Recommendations

1. It is planned to operate & high pressure recombiner loop. The
objectives of this system are to investigate the life of the catalyst and the
struetural materials at ISHR design pressure and temperature, and to confirm the
tentative recombiner design based on the diffusion-controlling mechanism. The
relative severity of explosions at varying deuterium (or hydrogen) to oxygen

ratios will be evaluated.,

2. It is planned to evaluate experimentally the amount of iodine poisoning

likely to occur in the ISHR system.
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3. It is planned to operate a small-scale system simmlating the ISHR,
to test the relation between the various components involved in the gas

system. Startup procedures will be defined.

k. For other investigators of the Hx-02-HpO catalytic recombination,
it is suggested that additional information on the reaction should be obtained
in the hydrogen-rich region. This was not done here because it 1s outside

the ISHR specifications.




CHAPTER ITII

THE DEVELOPMENT OF AN EXPLOSION PROOF, AUTOMATIC LOAD ADJUSTING,
FLAME RECOMBINER

Summary

The advantages, possible uses, and operating characteristics of a new
type, safer, lower temperature fleme recombiner are described. It is
particularly adaptable to reactors where the radiolytic gases that are
evolved are assoclated with large quantities of steam such as in a boiling

reactor. Due to a lack of time, the information reported here is mostly

qualitative, but the method definitely has been proven wvalid.

Introduction

McLeod et al*, found that Ho-Op-steam mixtures containing less than
25 percent 2H2 + 02 in a pipe would arrest the explosion of a combustible
mixture of the gases elsewhere in the system. In a boiling reactor, the
rediolytic gases produced are expected to be only sbout 1 percent of the
steam volume concurrently evolved. The total volume depends upon the power
level of the reactor. It was reasoned that as the steam-gas mixture
travelled up the condenser which is used to remove power from the system, the
mixture would eventually lose enough steam to become combustible. The
location of the first combustible gas would depend upon the power level of the

reactor. It follows then, that if one could distribute ignition sources

* H. M. McLeod et al, Recombination of Stoichiometriec Mixtures of H2 and
02 in a Flame Recombiner (Feasibility Report), ORNL, Y-T06, 1951~
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(for example spark plugs) throughout the condenser, wherever the gas became
combustible it would burn, and the noncombustible front directly behind the
flame would protect against flashbacks. In order to test the validity of fhis
idea, & column containing alternating cooling coils, and spark plugs was
constructed, and means were provided to add steam, Hy and Op to the columm,

and te remove water from the bottom and unreconbined. gas from the top.

The Apparatus

A drawing of the apparatus is shown schematically in Figure 16, and a
detall of a section is shown in Figure 17. The cooling coils, of coﬁrse, serve
to condense out part of the steam admitted, the spark plugs to provide an
ignition source, the thermocouples to indicate the temperature at various
points in the system, and the sight glasses to allow visual observation of the
combustion. A 3-inch thick plexiglass shield was placed directly in front of
the apparatus to protect operators in the event of an accident, of which there
were none.

The steam, Ho, and Op were metered into the system through calibrated
orifices - the same ones described in Section II of this report. Pressure was
controlled by adjusting the O, excess and the opening of the remotely operated
valve, at the upper outlet of the column, and the condensed water was &llowed
to flow through a valve at the base of the column, the valve operation being
controlled by a differential pressure cell which was activated by the water

level in the column.
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The Hp analyser described in the previous section was also used in this
work. Diluent air was admitted downstream from the pressure control valve.
| The spark impulse was generated by an automobile battery charger, connected
in series with an induction coil; the spark was distributed to the 12 plugs by
a Lincoln distributer driven by an electric motor. The spark gap was adjusted
to 1/8 inch. The plugs were protected from shorts, due to water dripping on
them from the condenser coils above, by a sheet metal shield located just

above the spark gap.

Operatigg Characteristics

Noncombustible mixtures of Hp, O2 and steam (usually containing about 5 to
15 percent Hp) were admitted to the bottom of the column described in the
previous section. The column's temperature profile could be directly attributed
to the partial pressure of steam at the position of the thermocouples in the
colusm from the bottom thermocouple up to thermocouple No. 6 (the thermocouples
are numbered from the top). That is, the bottom two or three were at the same
temperature, that being the boiling point of steam at colummn pressure; and the
next few points were somevhat lower due to the reduced partial pressure of
steam in the system.

However, thermocouple No. 6 began to rise sharply upon the introduetion of
Hp to the system, as did the thermocouples No. 5 and No. k, immediately above it.
Gas flow, vhich at first was less than one cfm (STP) of 2Hp + 02 (plus a slight
excess of 02), was then gradually increased until the flow of Hy and Op reached
9.6 efm. At no point during the transition from less than one to 9.6 ecfm of



2Hp + O2 flow were any pressure surges or other types of instability noticed
in the system. Furthermore, once the flow reached 3 cfm, the maximum
temperature appeared to have been reached in the system.

With a flow of 3 efm of 2Ho + 02, a temperature of 320°C was noted at
thermocouple No. 6, the temperatures below that corresponding to partial
pressures of steam as described earlier, and. the temperatures of the
thermocouples above ranging from a little above 200° down to about 50°C. As
the flow was increased, the temperature at No. 6 was seen to remain essentially
constant, and the temperatures of thermocouples 1 through 5 rose considerably
until they were all above 150°C.

All during this period, the column was being operated with a slight
excess of Op. The colummn pressure was maintained at approximately 60 psi by
throttling the outlet valve at the top of the coluzm. The Hp analyser indicated
& recombiner efficiency of 99.5 to 99.98 perecent, depending upon the amount of
excess 0o used. It was decided that 1f stoichiometric geas could be admitted
to the system, and the valve at the top completely closed off, it might be
possible to obtain recombiner efficiencies of 100 percent.

This was done, with the capacity remaining about the same. It was, of
course, impossible to obtain exactly stoichiometric mixtures of Hz and 02, so
the column was operated between 50 and 70 psia pressure, the pressure rising
vhen an excess of 02 was being admitted, and falling when H2 flow was in-
creased. This somevhat questionable procedure proved to be satisfactory over
relatively short periods of operation, but would doubtlessly become quite
trying i2 the periocd of operation were to be increased to several hours.
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During the total recombination operation, it was noticed that
thermocouple No. 1, the one at the top of the columm eventually became
hottest -- 350°C. This may be explained by recalling that during open
operation of the colummn, the amount of unrecombined Hp increased with in-
creased excess 0Op. Apparently, combustion of the gases in the presence of
a diluent is incomplete. At high flows of combustible gas, the Hy
concentration in the noncombustible residue at the top of the column in-
ecreases quite rapidly, and as a result there is enough combustion at the
No. 1 spark plug to maintain a relatively high temperature in that region.

A sample curve of gas flow vs. thermocouple temperature is shown in
Figure 18. This curve 1s not exactly reproducible due to inability to
exactly duplicate conditions.

At no time during the operation of this machine was a visible flame
established at any point; and the operation was completely free of flashbacks.
There were occasions when burning was observed in "noncombustible” regions,
but this may be explained as being due to channelling effects, and such
combustion was definitely not extensive. The dependence of the columm on a
noncombustible front for smooth operation was displayed as the result of an
accident during one period of operation. The valve at the base of the colummn
failed to operate properly, and a sizeable leg of water built up in the columm;
the bottom six condensing coils were covered. The result was that the columm
of water was cooled by the cooling water circulating through the coils, and
steam was in turn removed from the gas bubbling through the column of water
rresent in the bottom of the column. No longer were small amounts of gas
being burned while the whole mixture was still noncombustible, and no longer
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were there spark plugs every few inches which could ignite the gas as soon
as the mixture became combustible. Instead, the gas leaving the water leg
was highly co:hnstiblé » and a series of explosicns ensued.

The gas flow was left on while attempte were made to reopen the valve
at the column's base, and meanvhile the explosions continued and became
worse. The explosions were not only evidenced by mild pressure surges,
(mild due to the slowness of the pressure instrument) but persistant orange-red
flashes could be seen through the sight glasses as well. When it became
obvicus that the valve trouble would not be quickly remedied, and that as the
coluan of water contimued to rise the explosions would become more violent,

the apparatus was sbhut down.

Conclusions

This type of recombiner will ecertainly operate satisfactorily and is
definitely applieable to boiling reactors in general and the proposed "teapot"
in particular. Additional and more gquantitative testing is necessary, and
certainly a combustion apparatus of this type mmst be tested at high pressures
before being used in a reactor. However, its usefulness and applieability have
‘Been demonstrated by this work. It will probably be necessary to use some
other type of ignition source in higher pressure work, but this is not an
insurmountable problem.
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APPENDIX A

A Catalytic Combustion Hydrogen Gas Analyser

Description of the Hp Analyser

The analyser consists of two sensing cells and & cell block as shown in
Figure 19. The first cell is an active element with an electrically heated
platinum wire, while the second cell i1s a reference element of alumel wire
also electrically heated.

Each of the elements, wvhich are in series in the gas stream, has a |
thermocouple spot welded to :the center of the heater wire. The heaters are 10
mil diameter wire and the thermocouples are made from 12 mil chromel-P and
10 mil nickel wires. The aluminum cell block is & 1/2 x 2 x 2 inches and the
sensing cells are 1 1/4 x 1 x 1 1/2 inches over-all.

Operation

Figure 20 is a schematic diagrem of the complete analyser system. A
sample stream is taken from the process line, dried by passage through a
calcium sulphate bed, and then introduced into the cell block. A constant
differential pressure relay and needle valve are used to hold the flow through
the cells at approximately 0.6 CFH.

Figure 21 is a schematic drawing of the heater current control and thermo-
couple circuit. To place the analyser in operation, the platinum wire current

is adjusted to approximately 3 amperes and then the alumel wire current is
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adjusted until the two thermocouples, which are comnected in parallel
opposition, are at the same temperature with no hydrogen present in the gas
stream; with equal wire temperatures, the net output of the thermocouple
circuit is zero. When uncombined hydrogen and oxygen are present in the gas
stream, the hot platinum wire will catalyze the exothermic recombination
reaction of a small amount of the gas and the platinun wire temperature will
increase. Since no recombination takes place on the alumel wire, the two
themoconple's will be at different temperatures and a millivoltmeter in the
thermocouple circuit will indicate the difference in potential between them.
This potential is then related to the percentage of hydrogen in the gas by
calibrating the analyser with known quantities of gas from an electrolytic
cell.
Calibration

Figure 22 is a calibration curve obtained with a total flow of 0.6 CFH
through the analyser cells, and a platinum wire current of 3.0 amperes and
an alumel wire current of 1.8 amperes. Hydrogen and oxygen gas in a stoichio-
metric ratio for calibration was obtained from an electrolytic cell consisting
of two steel plate electrodes in a 15 percent sodium hydroxide solution. The
calibration on such a cell is 0.0037 SCFM of 2Hp + Op total gas liberated for
10 amperes of direct current through the cell.

For purposes of the calibration, the diluent air stream was passed through
‘the electrolytic cell to reduce the effect of a possible leak. Checks against
cell leaks and non-linearity were made by changing both the gas production and
diluent air flov, and observing any differences in analyser readings - there

-

were none.
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The analyser as described has a useful sensitivity of 1/4 percent hydrogen

as determined by drift on weekly checks.

Recorder

The recorder used was a Minneapolis-Honeywell self-balancing potentiometer

with a range of 0 to 1 millivolts. The range was extended in one millivolt
steps by use of an external suppression eircuit.

The platinum cell and cell bloeck were developed by Dr. S. B. Spracklen
of the Carbide and Carbon Chemicals Company and are avallable from the Davis
Emergency Equipment Company, Newark, N. J., as Code 11 thermal conductivity
units. The alumel reference cell can be fabricated from a platinum cell by
replacing the platinmum wire with alumel.
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APPENDIX B

Derivation of the Equation Relating Recombination Efficiency
. to Hydrogen-Oxygen Ratio

Assume a catalytic bed with uniform lateral mixing, no longitudinel mixing
and no channeling. Assume also that diffusion of Hp and O2 to the catalyst
surface is the only factor determining reaction rate. '

A slug of steam containing dilute amounts of H2 and O2 enters the bed. The
amount of O is slightly in excess of the stoichiometric ratio. Since 02 is the
slower-diffusing gas, it controls the reaction rate in tke initial portion of the
bed, and its diffusion may be expressed

9 .k, M0 (1)

vhere
0 is the concentration of 0o in the gas stream
© is time
Ko is the mass transfer coefficient for 02
A 1s the catalyst area in contact with the slug of gas
A0 is the concentration dgrrerence across the film
If it is assumed that the Op concentration at the catalyst surface is close
to zero, then equation (1) may be written:

a0
3 = Ko A0 (2)

As the gas passes through the bed, recombination occurs and the hydrogen-
oxygen ratio decreases until at some plane 1, hydrogen diffusion begins to

control the kineties. For the remainder of the bed:

. B-AE (3)
where H replaces O in equation (2).
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Integrating equation (2) between entering plane O and plane 1, and

equation (3) between plane 1 and final plane 2:

0
1n6§-= Ko A 6,3 (%)
ln_le KHAOI_Q (5)
Hp

vhere the subscripts o0,1,2 refer to the respective planes.
For a system possessing a comstant Reynolds muiber and assumed constant
density and viscosity:
2= (®)
vhere Dy and Dy are the diffusivdties; of Ho and 02, respectively.

n 15 an exponent of 0.6 to 0.7, according to the literature.
Substituting (6) into (4), adding (%) and (5), and simplifying by letting
Dn)n

X = :

Do

0 H
X o 1 1
-—-——K!ln-di+———K!1n—H2=Oo_1+Ol-2=ot (7

If Hp diffusion controlled throughout the bed (low Hp/Og), . equation (5)
may be written:

*
m?_;*=xn1xot (8)

vwhere
6 is the total time in the bed

E* refers to hydrogen concentration in a bed
where hydrogen diffusion controls throughout




For a given Reynolds mumber, temperature and pressure, 64 is a constant,

and equating Ot in (7) and (8):

1 Ho* x 0o 1 H
A CEFCEFA U0 T Em O B
If Ho*/Ho* is called £, this simplifies to:
1 01 H
lmg=xlng=+1n g (9)
Furthermore, at plane 1:
K01 = 0.5 KgHhy or 01 = £ By (10)
Also,
01 = 0.5 Hy + Og - 0.5 Hy (11)

from a material balance.

Combining (9), (10) and (11) and simplifying:

Hp 0o x-1)%"1 (12)
In =x1ln >~ ___ + 1n -
200-Ho 8 200-Ho ¥ x\X ot
) @
Ho

The quantities Hy, Op and H2 are measured experimentally. When

200-Ho
0
18 plotted ©_ on log-lo for a series of constant flow-
P against m g-log paper, er co (o}
pressure-temperature runs, a straight line of slope x should be produced. Further-

Hp Hp (x-1)%-1
more when is 1 (logarithm is o . = « This allows the
200"HO ), 2OO‘HO £ /x\X
2
evaluation of f, vhich may be checked experimentally by runs with high excess

oxygen.
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APPENDIX C

Theoretical Calculation of Receombination with
Diffusion Controlling

The method for caleculating recombiner ei‘ﬁeiency based on diffusion con-

trolling the reaction kinetics is presented in ORNL CF-53-6-162 (I. Spiewak and

R. E. Aven, "Deeign of ISHR Catalytic Recombiner"). This method has been used

to prediet the behavior of the experimental bed.

The basis of a sample calculation is as follows:

1.

2.

30
l"o

- 5.

. 6.

Hydrogen diffusion controlling.

Temperature of catalyst bed - 800CF.

Pressure - 20 psia.

Flow of gas plus steam - 11 scfm. = 1.535 1b./sec.ft.2

Catalyst bed - 1/8-in. cylindrical pellets, 1.39 in.3 bed volume
in l-in. schedule 40 pipe.

Gas properties those of steam

specific volume, 37.5 f£t.3/1b.
viscosity, 1.680 x 10=5 1b./sec.ft.

diffusion coefficient of Ho through steam, 3.09 x 10-3 £t.2/sec.

The Reynolds mumber for these conditions is defined as DpG//( » Where Dp

is pellet diameter, f£t; G is mass flow, 1b./sec.ft.2, and M 18 viscosity,

1b. /sec.ft.

Re = Dpf . (11962g1.535% = 952
A 1.680 x 10~ 9

The Chilton-Colburn dimensionless parameter is calculated as follows:

Jp = 0.99 (Re)=O-41 = 0,050k

The mass transfer coefficient, Kz, is:
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o= g (/3{ D)a/ % (-059!&)8.533())) (1/37.5)(3.09 x 10'3)] 2/3 "

1.66 x 10=>

1b. mol

= 7.2 -k ,
Kg = 7.29 x 10 sec. £t.2 psi.

where M is average molecular weight of gas stream
Pp 18 gas pressure, psi.
/0 1s gas density, 1b. /£t.3
D is diffusion coefficient ft.2/sec.

The equation deseribing the mass transfer is:

AH _
7t = KA afry (2)
vhere AH/At is moles of hydrogen transferred per second

A 1s the catalyst area in the bed

Afyy 1s the log mean driving force expressed as mol fraction
hydrogen in gas stream

The amount of hydrogen transferred per second is also equal to the total gas
flow rate times the change in hydrogen concentration going through the bed.

Therefore, modifying equation (2):

AE _ p (£1-fp) = f1-f2
A% (£1-£2) KeAlnflfa

1n £ /£, = KA (3)

where f;,f> are mol fractions of Hp in and out of bed

m is gas flow rate, 1b. mol./sec.
Substituting into equation (3)

= 7,29 x 10~k mol, = 1.46 x 10-2 _ mol.
K = 7.29 x sec.ft.<psi. sec.ft.<(mol.fraction)

A = 0.278 £t.2 for catalyst bed
m= 5.1 x 10~% 1b. mol./sec.
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£1/£o = 2850
This ratio has been defined as £ in the body of the report.
The theoretical amount of mass transfer for a given mass flow rate and

composition 1s independent of pressure. The varistion in Kg with temperature
between the limits 400OF and 1000°F is only 12%.




APPENDIX D

Table of Observed Mass Transfer Coeffiecients

Total Coefficient
Pemperature Presgure Flow Rate Controlling 1b. mol.
ocC. psia. scfm Diffusant sec. ft.=(mol.fraction)
232 80 16.27 Hydrogen 2.70 x 10-3
243 100 16,45 Hydrogen 2.52 x 10=3
222 50 16.15 Hydrogen 2.63 x 10~3
285 30 16.23 Hydrogen 2.65 x 10~3
296 50 16.3 Hydrogen 3.01 x 10~3
302 80 16.25 Hydrogen 3.10 x 10-3
ko5 35 16.15 Hydrogen k.97 x 10-3
435 50 16.15 Hydrogen 5.38 x 10~3
k32 80 16.0 Hydrogen 5.98 x 10~3
L34 100 15.95 Hydrogen 6.4% x 10-3
‘ho3 30 13.33 Hydrogen 4.87 x 10=3
438 50 13.27 Hydrogen 5.3% x 10-3
439 80 13.27 Hydrogen 5.73 x 10~3
ko7 110 13.2 Hydrogen 5.77 x 10~3
516 8o 12.98 Hydrogen 6.1% x 10-3
516 100 13.08 Hydrogen 6.18 x 10-3
507 30 13.17 Hydrogen 4.66 x 10-3
522 50 13.17 Hydrogen 5.73 x 10~3
347 50 13.17 Hydrogen 4.69 x 10~3
342 30 13.27 Hydrogen 4,08 x 10~3
348 80 13.23 Hydrogen 4.03 x 10-3
351 110 13.3 Hydrogen 5.19 x 10~3
233 30 13.33 Hydrogen 2.38 x 10-3
231 50 13.3 Hydrogen 2.19 x 10-3
229 80 13.33 Hydrogen 2,15 x 10~3
230 100 13.4 Hydrogen 2,08 x 10-3
4ol 50 9.06 Hydrogen 3.51 x 10=3
400 50 13. Hydrogen k.38 x 10-3
396 50 17.1 Hydrogen 4,88 x 10-3
koo 50 20.0 Hydrogen 5.12 x 10-3
397 50 23.6 Hydrogen 5.48 x 10-3




APPENDIX D (CONT'D)

Table of Observed Mass Pransfer Coefficients

Total
Temperature Pressure Flow Rate

oC psia. scfm
398 100 8.81
ho1 100 12.2
399 100 16.2
396 100 18.7
395 100 20.8
398 100 23.3
396 100 21.8
koo 100 16.%
hol 100 12.7
395 100 8.25
4o5 100 1%.8
ol 100 12.0
399 100 18.1
ko1 100 8.05
350 50 9.61
350 50 9.60
350 50 9.Th

Coefficient
Controlling 1b. mol.
Diffusant sec.ft.~(mol.fraction)

Hydrogen 3.68 x 10-3
Hydrogen 4.60 x 10-3
Hydrogen 5.78 x 10-3
Hydrogen 6.31 x 10-3
Hydrogen 6.57 x 10~3
.Hydrogen 6.89 x 10~3
Hydrogen 6.73 x 10~
Hydrogen 5.33 x 10-3
Hydrogen .53 x 10"
Hydrogen 3.73 x 10~
Hydrogen h.97 x 10-3
Hydrogen h.h1 x 10-
Hydrogen 5.80 x 10-3
Hydrogen 3.59 x 10-3
Hydrogen 3.52 x 10~3
Oxygen 2.05 x 10~3
Deuterium 2.58 x 10-3




APPENDIX E

Summary of Observed and Calculated Data

He, Un-
Inlet Flow | recombined
Rate, scfm Pressure Temperature °C Efficiency| Hydrogen He 0o
Date HoO Ho 0o psis Inlet Bed Outlet 9 scfm 200-Ho | 200-Ho
April 15 12.1 .591 .546 50 147 352 346 87.9 L0717 .143 1.09
12.1 .585 462 50 147 348 3k0 85.8 .0830 -2 1.36
12.1 .580 116 50 148 340 332 83.6 .0950 377 1.65
12.1 .629 b8 3o'> 145 332 330 78.0 .139 .520 1.67
12.2 .629 .512 30 142 34k 338 81.6 .115 .292 1.30
12.1 .629 .550 30 1k2 350 34 83.2 .106 .225 1.17
12.2 .5Th .555 80 151 349 342 89.6 .0595 2111 1.03
12.2 .579 LTT 8o 152 350 345 87.9 .0702 .187 1.27
12.1 579 | .h26 8o 152 345 342 86.4 .0789 289 | 1.56
3 12.2 | .579 | 7| 110 163 39 333 86.9 .0758 297 | 1.63
) 12.2 .580 486 110 . . 163 351 334 89.2 .0625 .160 1.2%4
12.2 .580 .570 110 163 353 334 90.2 .0567 .101 1.02
April 16 11.8 842 .T23 30 139 435 ko9 86.9 .110 .183 1.20
11.8 842 .616 30 140 yo1 ko9 82.8 145 .372 1.58
11.9 .863 .578 30 1h2 412 W11 8.4 .186 .635 1.97
11.8 .851 .552 50 1hs 435 430 8k.5 .132 .521 2.18
11.8 .832 .626 50 146 s ] 432 88.3 .0970 .231 1.%9
11.8 .798 . 718 50 1hks5 439 k30 90.5 .0756 .119 1.13
11.8 .TT8 .718 80 152 ks 4ho 92.3 .0596 .0906]| 1.09
11.8 .T80 .630 80 152 439 430 91.2 .0683 .1h2 1.31
11.8 .T780 .569 80 152 43k ko6 90.3 .0TT2 .215 1.59




APPERDIX E (CONT'D)

] He, Un-
Inlet Flow recombined
Rate, scfm Pressure Temperature,°C Efficiency | Hydrogen He Oo
Date H20 Ho | 0o psia Inlet Bed Outlet % scfm 200-Ho | 200-Ho
11.8 .800 .591 110 165 o h2) 90.5 .0758 .199 1.55
1.7 .805 645 110 164 430 422 91.6 .0676 .1ko 1.33
1.7 .800 .T16 110 165 yos 420 92.5 .0601 .0950 | 1.13
April 21 11.2 .887 .883 100 159 518 488 94.3 .0508 .0579 | 1.01
11.5 .953 767 100 159 515 487 93.3 .0639 .110 1.32
11.3 .935 .703 100 150 515 487 92.7 .0680 .145 1.50
11.4 .945 .691 80 149 509 475 87.% .119 .273 1.59
11.3 .928 .12 80 153 519 koo 92.5 .0697 .1k 1.hh
11.4 .915 .63 80 152 519 490 93.9 .0562 .0916 | 1.25
1.4 .912 .858 80 150 - 518 490 9k.6 .0k95 L0614 | 1.06
April 22 11.% .98k | 781 30 14 508 480 86.9 .129 .219 1.33
11.4 .951 .854 30 14 501 k79 87.9 .115 .152 1.13
53 1.4 | 1.0 .720 30 1h2 511 488 85.3 .148 .338 | 1.6k
]
11.4 .995 .713 50 146 522 500 88.9 110 .256 1.65
11.h 972 TT2 50 146 522 500 90.8 .0895 .157 1.35
11.5 .96k .875 50 145 521 500 92.4 .0731 .092 1.11
11.3 .892 | .8u8 80 151 511 490 9k.7 .0kT72 .0586 | 1.00
11.3 .883 .698 80 151 509 L8Y 93.5 .0571 J11 1.36
11.3 .882 657 80 152 508 482 92.6 .0654 .151 1.52
11.5 .910 .658 100 160 505 470 92.3 .0705 .173 1.62
| 11.5 +900 . T84 100 160 510 k70 9k.2 .0520 .0780{ 1.18
|
} April 23 12.7 .346 .330 30 144 . 242 233 65.5 .120 .382 1.05
| 12.7 .346 .300 30 ©1hb 235 230 61.9 .132 .520 1.18
12.7 385 | .27k | 30 1k5 223 20} 58.14 .1kh 696 | 1.32
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APPENDIX E (CONT'D)

| _ Hf, Un-
Inlet Flow recombined
Rate, scfm " | Pressure Temperature ,°C Effieiency | Hydrogen He 0o
Date HoO Ho 0o psia Inlet Bed - Outlet | - % sefm | 200-Eo | 200-Ho
12.7 .328 .269 50 1hk9 229 226 60.0 .131 .624 1.28
12.7 327 | .309 50 149 233 228 62.4 .123 21 | 1.06
12.7 .313 .276 80 154 225 227 59.7 .126 .527 1.16
12.6 .365 .276 80 154 227 229 58.7 .151 .810 1.48
12.6 .346 .327 80 154 235 230 62,1 131 425 1.06
12.7 .359 .316 100 160 230 235 60.4 k2 .520 1.16
12.7 .359 .355 100 160 230 230 60.4 142 .hos5 1.01
April 24 15.2 576 .183 80 155 233 255 62.0 .219 .561 1.24
15.2 576 143 80 156 231 25k 60.4 .228 .T35 1.h5
15.2 571 .522 80 155 233 258 63.1 .211 ks 1.10
15.3 .588 .515 100 161 245 263 63.7 .213 .h82 1.17
15.4 .602 475 100 160 240 261 62.3 .227 .630 1.37
15.1 .580 .188 50 150 225 250 59.9 .233 .588 1.23
15.1 .575 .h39 50 149 218 240 56.2 .252 .831 1.45
April 28 14.8 .781 .570 30 143 275 275 58.7 .322 .895 1.58
14.8 ST67 631 30 142 287 275 62.6 .286 .578 1.28
14.8 .785 .689 30 142 292 289 61.6 .302 .511 1.17
14.9 «T37 .635 50 1k9 302 298 67.7 .238 Lh6 1.19
15.0 .735 .567 50 149 295 290 65.h .25h .627 1.42
15.0 811 .514 50 1k9 290 280 59.7 .327 1.51 2.36
1.9 .Th6 .514 80 155 295 296 64.8 .262 0.93 1.82
15.0 .T35 .586 80 155 310 304 68.0 .235 .536 1.34
April 30 14.2 1.0k .855 35 142 422 koo 83.2 ATk .260 1.27
14.3 1.18 .736 35 14y 429 410 73.8 .309 1.06 2.52




APPENDIX E (CONT'D)

. Hf) Un-
Inlet Flow recombined
Rate, scfm Pressure Temperature, °C Efficiency | Hydrogen He 0o
Date B20 Ho Oo psia Inlet Bed Outlet - scfm 200-Hy |200-Ho
1.4 1.12 .703 50 148 435 420 78.9 .236 .833 2.48
14.3 .986 . T80 50 148 435 4oo 84.5 .152 .265 1.36
14.3 .911 <TT3 80 154 431 421 89.0 .101 .158 1.21
14.3 .960 .691 80 154 432 426 85.6 .138 .327 1.64
1%.3 .919 .Th6 100 160 432 422 89.9 .0927 .161 1.30
14.3 .976 .660 100 159 437 426 85.9 138 . .4oo 1.92
May 19 9.06 .312 .322 50 151 352 320 89.0 .0344 .970 10k
9.06 .31% .263 50 152 352 319 88.2 .0372 1.24 175
9.06 314 .211 50 153 350 315 85.1 .0k69 1.95 R
9.06 .314 2u2 50 153 352 320 87.2 .0ko2 1.43 .236
9.06 .31 .226 50 153 351 318 86.4 .0h28 1.64 .310
9.06 | .326 | .198 50 153 349 31k 81.5 -0601 2.83 .859
9.06 .355 .183 50 153 348 315 75.2 .0879 16.7 8.0
9.06 .330 .196 50 153 350 314 81.0 .0627 3.16 1.01
9.06 .308 .348 50 152 348 310 89.7 .0315 0.898 0.0813
9.06 .308 .506 50 150 345 315 89.6 .0320 0.718 0.0454
May 22 9.08 .329 .326 50 150 350 295 19.5 .0676 .209 1.01
Deuterium 9.06 .329 .279 50 152 352 310 79.6 L0671 .293 1.22
Runs 9.08 .333 248 50 152 350 308 75.8 .0805 4ol 1.52
9.06 .342 222 50 153 345 303 70.8 .100 .980 2.18
9.06 .34k .237 50 152 348 304 T2.2 .955 .35 1.82




APPENDIX E (CONT'D)

. He,Un-
Inlet Flow recombined |
Rate, scfm Pressure Temperature, °C Efficiency | Hydrogen
Date H20 Ho 0o psia Inlet Bed Outlet % scfm Ho/He
May 11 8.3 .369 | .387 50 150 4ol 370 90.2 .0361 10.22
12.5 .620 .576 50 153 - 400 379 85.3 .0912 6.80
15.6 .752 . 755 50 155 39% 376 81.9 136 5.53
18.2 .906 876 50 155 koo 379 8.4 .196 4.62
21.4 1.11 1.06 50 154 379 372 75.1 276 4.02
May 12 8.1 .335 .370 100 156 398 350 91.8 .0276 12.14
11.2 .516 .529 100 159 Lol 35k 89.6 .0538 9.58
14.8 .681 .12 100 162 "~ 399 365 88.3 .0800 8.51
17.1 .780 .83 100 162 396 375 86.7 .10k0 7.50
19.0 .864 .918 100 162 395 368 8h.9 .130 6.65
21.2 1.02 1.05 100 162 398 371 83.0 .173 5.89
\ May 5 19.6 1.16 1.04 100 158 396 382 84.3 .182 6.37
o 1%.8 .823 | .800 100 157 400 378 85.8 17 7.03
' 11.5 .64k .598 100 159 kol 369 88.3 .0755 8.53
T.5% .358 395 100 159 - 395 360 93.4 .0237 15.12
May T 13.3 .T94 Tl 100 158 - ko5 382 86.6 .106 T7.49
10.8 .628 614 100 158 ol 369 88.9 .0697 9.01
16.3 922 .928 100 157 399 379 85.4 .135 6.83
T.3% .354 .395 100 158 ol 362 93.1 .0245 14.45

* Steam flow rate calculated from recombiner temperature because of |
condensation in steam orifice. |
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