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1. SUMMARY.

The rate of the surface-catalyzed decompositfon of hydrogen
peroxide vepor to form water and oxygen may be controlled either by
the catalytic reaction rate or by the diffusion rate of peroxide from
the bulk to the surfacee The mechanism controlling will be determined
by the catalytic activity of the surface and by the partial pressure
and temperature of the peroxide. It is the purpose of this investi-
gation to study the diffusional-controlled reastion, and to obtain
data on the decomposition rate for comparison with values predicted
from mass-transfer theory.

Vepor ﬁixtures of hydrogen peroxide, water, and oxygen from partial
| decomposition in the process of vaporiszation, have been passed in a flow
system through an insulated, cylindrical catalyst tube. Vaporization
was accomplished with a recently developed thermal boiler, representing
an improvement over catalyst bed vaporizers previously employed. The
initial peroxide concentration ranged from 5 to 35% by weight; operation
was at a total pressure of one atmosphere, with flow rates corresponding
to tube Reynolds numbers from 4000 to 5000. The catalyst tube employed
was of silver, 0.25 in. diameter, and 24 in. in length. Data were
obtained on the decomposition oceurring in the tube, and on the surface
temperature of the catalyst tube.

A design equation has been derived from mass-transfer considergtions;
ignoring, however, the effect of large temperature gradients on mass
transfer under a concentration gradient. This approximate relation
allows a prediction to be made of the tube length required fof a given
degree of decomposition attained in an adiabatic, diffusional-controlled

reaction, and the values so predicted have been compared with the



experimenteal data.
The resultes of this investigation heve shown that the reaction is

indeed comtrolled by diffusion rate under the conditions studied. The
catalyst tube lengths predicted by the theoretical expression for the
decomposition, however, are 337 below the actual tube long'th‘ employed.
This devistion of experiment from theory may be due inm part 6 the
approximetions mede in the derivation, end in part to the feilure to
consider mass transfer wnder = thermal gradiemt. '

- The entrance temperature of the stream was observed to have small
effect on the amount of decomposition obtained in the diffusion-controlled
reaction, provided partial condensation is avoided. The pi-‘ésence of
condensate in the eéntering stream in amounts sslittle as 2% of the total
stream decreased the final bulk temperature by 40 °F., and increased the
percent peroxide not decomposed leaving the catalyst tube from a level
of 15% to 30%. The decomposition obtained has been found to be dependent
on three factorss the partial pressure of the entering peroxide, the
total weight flow rate, and the molal flow rate of the entering peroxidee

The surface temperature of the catalyst was found to be higher than
the bulk stream temperature at all points. The catalyst temperature went
through a maximum a short distance from the upstream end of the tube, and
decreased along the tube in the direction of flowe The partial pressure
of peroxide and the temperature of the bulk stresm were found to determine
the catalyst temperature, and a value of h/k for this system has been
calculated.

Recommendations have been made for further study, both experimental
and theoreticale The range of variables must be extended to include

Reynolds numbers above 10,000, and an examinetion should be made of



the effect of catalyst tube lenéth and catalyst activity on the
decomposition attained and on the surface temperature of the catalyst.
Severel improvements in the apparatus are neededs flueuations in the
amount of decomposition occurring in the boiler should be reduced, and
more effactive insulation should be employed, or means prowided for
quantitative determination of the magnitude and distribution of the

heat loss from the catalyst tube. The theoretical analysis should be
examined in greater detsils the proper temperature function for
integration of the diffusion equation across the film and along the tube
is not completely established, the method of evaluation of the "“effective
£ilm thickness™ is not satisfactory, and the role of thermal diffusion

should be investigated more fullye



iL. ODUCTION.

The decomposition of'hydrogen peroxide,
Ho0p = H0 + 1/2 05 + 23,470 cal/g.mol.

is an important potentisl source of energy for propulsion units
requiring a high ratio of power output to weight, since it provides a
convenient supply of high pressure, high temperature steam and oxygen.
In addition, the vepor mixture produced from the decomposition can be
employed to burn additional fuel, resuliing in a gas phase of very high
pressure and temperature capable of expansion in a suitable engine.
Although the decomposition is reedily catalyzed, hydrogen peroxide is
quite stable in concentrated form, and it is available in moderate
quantities at rather low cost.

Work along these lines was begun by investigators in Germany during
World War II, and research has been continued in the United States.
However, it has been found impractical to attempt precise design of
decomposition chambers without further knowledge of the basic mechanisms
of the reaction itself. In addition to providing the basis of chamber
design, an increased knowledge of the reaction would assist in the design '
of vascuum distillation units for peroxide, and would contribute to the
development of a direct synthesis of peroxide from the elements.
Consequently, an extensive program of basic study has been inaugurated,
principally by the military research offices. The present investigation
is a part of that overall programe

The rate of a reaction bgtwnen a gas phase and a surface active in the
reaction may be controlled by the rate of one of five steps in the overall
reaction mechanism,

l. Diffusion of the gas from the bulk stream through the laminar film



surrounding the surface,

2. Adsorption of the gas from the film emto the surface,

3. Chemical reaction between the adsorbed gas and the surface,

4. Desorption of the reaction products from the surface, and,

5 Diffusion of the reaction products from the surface to the
bulk stream.

The diffusion of the reactants and the diffusion of the products are
interrelated, and only the diffusion rate of the overall system need be
considered. In catalytiec reactions, it is convenient to combine Steps 2,
3, and 4 into an overall "chemical reaction™ ratee

The catalytic decomposition of hydrogen peroxide vapor, therefore,
may be controlled in rate by either the rate of diffusion or by the
activity of the catalyst employed. For example, the rate of chemééal
reaction increases much more rapidly with increasing temperature than
does the rate of diffusions If the temperature level of the decomposition
is increased, a point will be reached where the rate of chemiocal
reaction (catalysis) is greater then the rate of diffusion, and hence the
observed decomposition rate will be that of the diffusion. Similarly,
if the level is decreased, the reaction rate may becomes less than the
diffusion rate, and control by reaction rate will existe.

Previous investigations have shown that this transition from reaction
to diffusion control of the rate of decomposition in the vapor phase
occurs within the range of conditions of interest for decomposition
chambers.

Isbin (7), (8) has reported a diffusional-controlled reaction in a
study conducted with 50 - 83% peroxide at 500 Peseiege in 2 small scale,

ediabatic decomposition chamber. Peroxide, as liquid, wes passed under



pressure through a bed composed of catalyst screens. Since the heat

of decomposition liberated by partial reaction of strong liquid peroxide
is sufficient to vaporize the siream, much of the decomposition in this
system ocourred in the vapor phase. Date were obtained on the effect on
the fraction peroxide decomposed of the flow rate, dimensions of the bed,
catalyst activity, peroxide concentration, and amount of throughput.

It was possible to correlate the data (9) in e number of empirical
equationse.

The data of Isbin indicated that diffusion was the rate controlling
mechanism for 837 peroxide, and that control gradually shifted to reaction
rate as the concentration was reduced to 50%, under the conditions existing
in the chembere The presence of such a transition is shown by the
following considerations.

1. The fraction peroxide decomposed was found to vary with a
fractional powsr of the flow rate, the exponent being 0.4 for 83%, and
increasing to 1 at 50% peroxide. It is possible to predict from
theoretical diffusion and chemical reaction rate expressions that a
diffusional~controlled decomposition woﬁld vary as a fractional power of
the flow rate, while chemical-controlled decomposition would be directly
proportional to the first power of the flow rate. Control by diffusion
at the high temperatures corresponding to the adiabatic decomposttion of
83% peroxide is indicated, control gradually shifting to chemical reaction
rate with decreasing concentration, and hence temperature level.

2. Activities of different catalysts, which varied widely at lower
temperatures, were found to become wniform as the temperature level was
increased. Since reaction rates increase more rapddly with temperature

then do diffusion rates, control by diffusion at high temperatures is



again indicated.
3. In runs made with solutions containing negative catglystis, the

effective screen catalyst activity was relatively constant for a time,
later undergoing a sharp bresk and slow decline. These data suggest
that the initial decomposition was reaction controlled umtil poisoning
reduced the chemical rate below the diffusion rate.

It was not possible to compare the rate data obtained with the values
to be predicted from a theoretical mess itransfer or chemical rate
expression because of the complexity of the geometry of a screem bed
chamber. For this reason, a quantitative delimitation of the transitional
region from reaction control to diffusion control could not be madee

Wentworth (17), (18) later studied the decomposition of a vapor
nixture passing through a cylindrical eatalyst tube. Derivation of a
theoretical rate for this geometiry can readily be made, and it was proposed
to compare the actual decomposition obtained with that predicted from
a diffusion rate expression. The investigation was carried out at a
total pressure of 500 pe.s.i.g. with 83% peroxide in order to compare the
data obtained with those of Isbin. The peroxide solution under pressure
was passed through a catalyst screen bed sufficient in length to vaporize
the stream by heat liberated in the partial decompositione The vapor
mixture of peroxide and decomposition products was then passed through a
tube whose walls were an active catalyst. Samples were removed from
points along the tube to determine the peroxide remaining in the streams
However, considerable difficulty was experisnced with entrainment resulting
from the vigorous reaction in the sereen bed "boiler®, in the form of
liquid droplets of peroxide solution, even though the temperature in the

catalyst tube was far above the liquid-vepor equilibrium temperature.



The sampling technique did not ;llow for homogeneous sampling of a
two phase streem, and the desired results could not be obtainede It
was possible, nevertheless, to conclude on a semi=-quantitative basis
that diffusion wes controlling under the conditions of the experiment.

At the time of the investigation of Wentworth, there was no way of
obtaining peroxide vepor for a flow system by direct thermal vaporization,
all attempts resulting in serious decomposition or explosion. Recently,
however, a direct thermal boiler has been developed for peroxide solutions
which will produce a steady supply of vapor with small decomposition and
with little danger of expldsion at moderate concentrations. The present
study represents a continuation of the work begun by Wentworth, employing
the newly developed boiler to replace the catalyst sereen "boiler".

The object of this invesiigation was to examine the decomposition
of hydrogen peroxide vapor, from a suitable boiler, when passed through
a cylindrical catalyst tube, with the purpose of obtaining data for
comparison with the values predicted from the theoreticel diffusiom
expressionse Due to the limitations imposed by the apparatus availsble,
the major variable was the initial conocentration of the peroxide, ranging
from 5 weight percent to an upper limit of 35%, slightly below the
explosive limit of the vapor. Operation was at a total pressure slightly
greater than atmospheric, and the flow rate through the ocatalyst tube
was held relatively constant at 1.3 gm./(cm.2)(sec.) during the rums,
corresponding to a Reynolds number of 4000 - 5000 in the tubee The
catalyst tubes employed were of silver, 24 inches long, 0¢25 ine i.d.,

0e26 ine oede, and wrapped with pyrex gless wool insulation to approach
adiabatic decomposition conditions.



The physical picture presoﬁted by this errangement is quite
complex, involving multicomponent counter-diffusion of peroxide,
water, and oxygen across a laminar film, together with simultaneous
heat transfer from the catalyst surface to the bulk streame. A
differential equation may be written to represent the diffusion in

this system,

Dp
v3 ¥ (vy = v3) = -D1pgrad y + ";“" grad T (1)

- where, Y1y Y2 = Mol fraetions of componenis 1 and 2

vl, v2 - Convection velocities of components 1 and 2
T < Tempersture
D12 = Moleocular diffusivity of component 1 through 2
Dp = Thermal diffusivity.

It is seen that the first term of the right represents the molecular
transport under the influence of a concentration gradient, while the
second term, the transport under a temperature gradient (thermal
diffusion). Unfortunately, limited data are available on the values of
thermal diffusivities, and these are principally for systems of isotopes
where thermal diffusion is employed as a moané of separation. Indeed,
little is knowm quantitatively of simultaneous heat and mass transger
in systems with a large temperature gradient; most of the data and
correlations arailablo are based on systems found in drying, absorption,
and psychrometry with temperature differences of the order of only 20 ©F.
It is only in certain chemical reacting systems, such as in the present
case and in combustion, that temperature differences of several hundred
degrees are found in mass transfers

Since thermal diffusivity of this system  is not known, asimplified
approach to the problem must be made. An eq;;tion has been derived

neglecting the thermal diffusion which has been employed to predict the
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tube length required for a given degree of decomposition for comparison
with the experimental data.

However, the use of any theoretical diffusion expression is predicated
on the assumption that diffusion is rate controlling in this system,

a faot that must be established from the experimental data.



II1. EXPERIMENTAL PROCEDURE.
Construction of Apparatus. The equipment employed is shown in Fige. 1

and Fige 2« The liquid feed is introduced from the feed reservoir to

the boiler and the vapor produced is passed through the reaction tube.
Both the feed levelling device and the boiler are maintained under a
pressure of 10 inches of water by helium connected from a supply
cylinder through a 5 gallon surge tenke Provision is made for analyses
of the vapor stream before and after the catalyst tube, both through
collection of liquid samples and through measurement of the non-
condensible ges rate by a wel test meter. Thermometers and thermocouples
are installed at various points to determine the temperature profilee
The discussion af the equipment is logically divisible into two sections:
the vaporization and the decomposition apparatuses.

Preliminary studies in the vaporization of peroxide solutions
indicated that best operation was obtained with (a) a deep pool qf
liquid and (b) small residence time in the boiler to reduce the amount
of decomposition of the boiling peroxiae. Both of these requirements
are mot in the annular boiler shown in Fig. le

Considerable difficulty was experienced at first with pressure
surging in the epparatus. Boilers of this type, when fed through a
levelling deviee open to the atmosphere, operate satisfactorily when
at atmospheric pressure. However, when coupled to an apparatus in which
there exists a pressure drop due to the vapor flow, the boiler must of
necessity be at greater than atmospheric pressure, and hence there is a
pressure difference between the feed levelling device and the boilere
Any change in thié fluid-flow pressure drop due to readjustment of

stopcocks in the line or variation in the vapor rate will change the

11



F1laURE 1¢
PRESSURIZED BO(LER FOR THE VAPORIZATION OF
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Vepor From

Figure 2.
APPARATUS FOR THE MEASUREMENT OF THE DECOMPOSITION OF
HYDROGEN PEROXIDE VAPOR IN A CATALYST TUBE
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pressure difference between thé boiler and the feed reservoir, changing
the level in the boiler, either backing concentrated boiler liquid into
the feed line or introducing a large amount of cold feed into the boilere
In addition, if the cold feed is introduced in rather large amounts, as
from a Mariotte bottle, the boiling rate will be reduced periodieally,
the vapor rate and consequéntly the pressure drop will decrease, and
more cold feed will be admitted to the boilere. Eventually, the heat
supplied to the boiler will reestablish the boiling rate, and the sycle
will be repeated. It is apparent that this type of vaporization will not
produce vapor of constant conecentration er rate.

The problem may be solved by (a) maintaining the feed levelling
device and the boiler at the same pressure, and (b), introducing the
fedd in small amounts. Sinee the boiler vapors are condensible (exespt
for the oxygen present through decomposition), the boiler. and the
levelling device must be connected through an intermediate gas. In the
present apparatus, helium, chosen because it is both inert and lighter
than the vapors, is connected to the boiler vapors through a non-
condensible~condensible gas interface in & reflux condenser, and to the
free space above the levelling device. The helium is meintained under
a slight pressure to allow for the pressure drop through the reaction
apparatus. In operation, this arrangement allows for the variation in
pressure drop throug%vchanges in the amount of reflux flowing bask to
the boiler, and the fapqrs delivered are at a relativeiy steady
concentration and rate of flow. The levelling device employed is shown
in insert in Fige 1, and is designed to deliver a small and almost
constant flow of feed to the boilere:

The boiler was 80 mme 0.de, 65 mm. i.d., 150 mme high and was heated

~



by a 2000 watt heating coil con%rolled by a Variac voltage regulator.
The boiler had a capacity of about 350 ml., the reservoir holding

3 liters of feed solution. A large duct atteched through the reflux
condenser from the boiler to a water head slightly greater than that
of the helium pressure provided a blow-off for the vapors in case of
violent decomposition in the boiler. The boiler assembly (Fig. 1)
was placed behind a 1/4 inch steel plate shield to offer additiemal
proteoction to personnel.

The vepors from the boiler were passed (Fige. 2) through an
entrainment separator and through a superheater, controlled by a Variac,
to prevent condensation before the catalyst tube. Both were added between
Runs 29 end 39, not being employed on the earlier runs. After the
superheater, part of the vapor stream was split off and passed through
a condenser for analysis at the upstream station. Provision was also
made for determination of the temperature of the stream at this point.
After passing through a 50 disseter calming section, the streem was
introduced into the 1/4 inch diam:ter silver catalyst tube, and the
effluent passed through a condenser. The liquid was removed for analysis,
the non-condensible oxygen rate being determined by a wet test meter
reading. The entire apparatus from the boiler to the econdensers was
insulated to a 3 inch diameter with pyrex glass wool, and wrapped with
sluminum foil. Except for the silver catalyst tube, construction was
entirely of pyrex glass, gound glass ball joints being employed to
to connect units.

The problem of joining the silver catalyst tube to the glass sections
was never completely solvede The ends of the tubes were held butt-to-

butt with a short length of Teflon tubing, the assembly being sealed
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with a mixture of glass wool and partially polymerized silicone resin.
This arrangement was subject to two types of failure. The silicone,
while bonding to the glass and silver, did not adhere to the Teflon and
the joint developed a leak in Runs 25 -=29. In addition, in a run made
with concentrated peroxide, where the temperature level was high, the
Teflon decomposed, swelled, and crushed the silver tube.

Copper-constantan thermocouples were silver-soldered to the catalyst
tube wall at five positionss 1, 3, 10, 16, and 22 inches from the
upstream end; in addition, a thermoéouplo probe was inserted in the
bulk stream below and parallel to the catalyst tube. By an arrangement
of switches, successive thermocouple eircuits could be connected to either
a millivoltmeter or to a potentiometer eircuit.

Limitations of The Apparatus. The apparatus as described imposed several
limitetions on the range of variables that could be investigated. The
most important of these was the limitation of the boiling rate to a
maximum of 27 cc./min. (tube Reynolds mumber of about 4000) imposed by
the sigze of the boiler. It is doubtful if full turbulent flow existed

at this flow rate.

Since the catelyst tube was silver, the concentration of peroxide
wag limited to below about 35% to prevent catalyst burnout. However,
the lower explosive limits of peroxide vapor are believed to be about
40%.

The decomposition was designed to be adiabatic, no provision being
made for the addition or removel of heat from the catalyst tube. However,
the heat losses through the insulationm proved to be greater than expected,
approﬂhately 20% of the heat of decomposition being lost through the

insulation in some runs. In the runs made without the entrainment



separator and superheater, addi£iona1 heat was consumed in the re=-
evaporation of the condensate, at the expense of the sensible heat of
the vapor streame

Operation of Apparatus. The feed reservoir and levelling device were
charged with peroxide of the desired concentration, the peroxide being
introduced through the top of the reservoir after the pressurising and
boiler feed valves were closed. The boiler was then filled through the
reflux condenser with the concentration of peroxide in equilibrium with
a vapor of the seme strength as the feed to permit a more rapid attainment
of steady-state boiling. The levels in the feed levelling device and in
the boiler were equalized by opening the pressurizing and feed valves,
and the feed line was then drained separately to replace with feed liquid
any boiler liquid that might have backed into the line. The power was
then turned on in small increments, =nd the system pressurized with
helium when the reflux rate became appreciables The vapor stream was
split between the upstream ana downstream stations to put 60-70% of

the total flow through the catalyst tube. When steady-state operation
had been attained, as evidenced by the constantcy of the thermocouple
readings along the catalyst tube, the actual run was begun. An hour to
an hour and a half was usually required for establishment of the steady-
state.

During the run liquid samples were taken every minute, being collected
in the separators for 55 seconds, 5 seconds being allotted for drainage
of the liquid into sampde beakers. The oxygen rate was determined by
observation of the wet test meter during the periods when the separator
cock was closede At the conclusion of the run, the samples were titrated

for peroxide content with stendardized potassium permanganate (Appendix) .
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A minimum of three ohservers were required for the operation of
the equipment, their duties being as follows,

1. One observer to operate the upstream sample stations noting the
time and calling to the downstream station operator the times to open
and close the separator stopcock for collection of liquid, collecting
the liquid samples at the upstream station, recording the upstream
temperature once a minute, and checking on the operation of the boiler;

2. One observer to operate the downstream stations collecting liquid
samples, and reading the wet test meter once a minute;

3. One observer to operate the thermocouple station, reading, as
rapidly as possible, the voltages of six thermocouples. A pproximately
six minutes were pequired for a complete set of readings, including
restandardisation of the potentiometer circuit.

Atthe conclusion of the run, about ten samples being taken at each
station, the apparatus was shut down and drainede.

Calculation of Data. The data obtained from a run included volumes and

peroxide content of the liquid samples, the wet test meter readings, the
temperatures at the upstream tﬁermometer, and the thermocouple reauings
along the catalyst tube and at the exit bulk stresm. From the

analytical data, the fractional decomposition of the peroxide as a result

~ of passing through the catalyst tube may be calculated for each of the
minutes. If the system were at true steady-state opéQation, the fractional
decomposition should be the same for each of the minutes. A small
flucuation was noted, although the variation in the fraction decomposed

at the upstream station was usually greater than that of the downstreem
stationy and was eyclic in nature. The calculation of the data, while

not complex, is lengthy, and hencelms been developed in the Appendix as

a sample calculation of a run. The data are also presented in summarized

form in the Appendixe.
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During the process of vapofization, the peroxide-water solution
has & tendency to coneentrate or dilute in the boiler, i.e., the stremgth
of the generated vapor is not the seme as the feed liquid although steady-
state operation has apparentiy been ettained in the catalyst tubes A
water balance written on the system wili close within % 10¢ for most of
the minutes. For this reason it is convenient to define and calcuiate
a "pseudo-feed", the strength of the feed corresponding to the siream
actually collected at the stations. In this menner it is possible to
componsafe for errors in the water balance when employing the data for
further calculations.

Reproducibility of Data. An error analysis is given in the Appendix

diseussing the precision of the measurements taken, the analysis indicsting
2 5% error possible in the date. It is the purpose of this section to

discuss the errors introduced by the apparatus and techniques employed.
The factors affeeding the reproducibility of the data are enumerated

and discussed below.

1. Regubation of feed rate.

2+ Regulation of vapor rate.

3« Regulation of heat input.

4. Reproducibility of wet test meter readings.

5. Maintainance of adiabatic conditions.

6« Decomposition in the boiler.

7+ Decomposition in the tubes leading to the datajyst tube, in the
eondensers leading to the sample ' points, and in samples before
titration.

8. Accuracy of thermocouple readings. ‘

9. Entrainment or partial condensation in the lines before the
catalyst tube.

l. The feed rate is controlled by the constant levelling device. The
purpose of the small bulb inside of the supply reservoiy, Fige. 1, is to
permit relatively steady flow of liquid, eliminating large flucuations in
boiler level. Therefore, the feed rate may be considered constant well

within the accuracy of the other -data.



2. The regulation of the rate of vaporization has been covered
above, and has been shown to be a mejor problém in the generation of
peroxide vapor in an apparatus of this fype. With the present pressurized
system it is believed that the problem has been eliminated.

3. The heat input to the boiler and to the superheater mey be closely
controlled by the voltage regulators des_cribed. However, no provision
was made for the determination of the entrance temperature of the vapor
to the silver tube when superheating was employed; the results indicate
that the entrance temperature is not eritical in this system.

4, Since the boiler is pressurized with helium through a reflux
condenser, the possibility exists that helium may be present in the bulk
stream and be messured by the wet test meter as oxygen. Howsver, since
the interface is well up in the reflux condenser, since the flow of
vapor in the condenser is against any flow of helium, and since helium
is considerably lighter than the vapot, this error is negligible+

S5« The heat losses from this system are appreciable despite the
insulation, and represent a source of error is the system is considered
as true adiabatiec decomposition. However, allowance may be made in the
calculations for the heat loss.

6. Any decomposition occurring in the boiler will furnish heat for
the vaporization rather than increasing the sensible heat of the vapor.
A variation of the boiler decomposition, therefore, will not affect the
temperature of the stream but only the concentration of peroxide in it.
A eyelie variation in the strength of the vapors generated was observed,
and although not large, presents an opportunity for improvement. The

downstream samples were relatively constant despite this variatiom in the

stream entering the catalyst tube.
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7. Decomposition in the giass tubing leading to the catalyst tube
will be indicated by an upstreesm temperature higher than the boiling
temperature recorded in the literature (1). This decomposition, however,
is small under the conditions of these runs since glass with clean,
smooth surfaces is very inaciive as a caﬁalyst for peroxide wapors. NoO
appreciable difference in boiling temperatures was obeserved during the
experiment. The decomposition in the condensers, separators, and in the
semple beakers is negligible in the absence of dust, dirt, or other
contamination.

8. The hhermocouple readings are beiieved to be accurste to within
at least 10 °F., considerable attention having been given to the comstruction
of the thermocouple installations aﬁd to the ¢old Jﬁhction employed.
Although, because of the time required, it was not possible to read the
temperatures every minute to correspond with the other samplying
techniques, the temperatures were not sensitive to the minute-teminute
variations in the bulk stream, and are representative of the runs as a
whole. Since the thickness of the tube walls was only 0.0l inch, the
axial heat flux is very small, and each segment of the catalyst surface
is essentially insulated from its neighbors. Consequently, the thermo-
couple temperatures represent point conditions on the surface.

9. The presence of condensate in the streem entering the catalyst
tube will reduce the sensible heat of the stream through re-evaporation,
and possibly will interfere with the mass transfer pattern normally
present. This situation was present in the early runs, Runs 19-29, before

the addition of the entrainment separator and superheaters
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IV. THEORETICAL ANALYSIS.

The fundamental equation for this system has already been given in

the Introduction as,
Dp
V1 v2(vy =vg) = =Dijpgrady + -;—- grad T , (1)

representing the sums of molecuiar transport under a concentration
gradient and under a temperature gradient. The evaluation of this
expression for the present case is not possible because the value of
the thermal diffusivity for peroxide systems is not known. However, it
is of interest to compare the experimental data with an apprmoximate
equation based solely on mass trensfer considerations.

If it may be assumed that a temperature gradient does not affect
mass transfer under a concentration gradient, the last term of Eqn. (1)
may be discarded, and ettention focused on diffusion under concentration
gradient alone. The rate of transport of peroxide across the stagnant
film in multi-component, counter-diffusion at any length of the catalyst

tube may be written,

D AP
N - - o s e - wan aw (2)
R TPy x
where, N - Rate of diffusion of peroxide, g.-molq/(cm.z)(sec.),

D = Diffusivity of the peroxide in this system, om.2/sec.,
W~ Total pressure, atm.,
R = Gas constant,
T = Temperature, 9K, a mean across the f£ilm,
x - Effective film thickness, ¢m.,
AP - Partial pressure difference of peroxide across the film,
Pp = Film pressure factor, logarithmic mean across the film of
the term (T +8Py ), wheresis the increase in total

number of moles pgrzmole of peroxide reczctede.

In order that this equation may be integrated along the catalyst

tube for an integral reactor, the following assumptions have been meade:
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1. That the process is adiabatic, both with respect to the
surroundings and to adjacent differential tube elements;

2. That there is no axial diffusion along the tubes

3. That the bulk streem is well mixed;

4. That the partial pressure of the peroxide at the surfagée is zero;

5. That there is no homogeneous reaction in the gas phase, i.e.,
all of the decomposition oocurs on the surfaces

6¢ That the diffusivity for this complex system may be found as a
mean of the diffusivities of several, separate, equivalent, binary
systems, the binary diffusivities in turn being obtained from empirical
correlations of Gilliland (3);

7. That the effective film thickness may be considered constant
along the tube, or that a mean value may be employed, and furthermore,
that this film thickness may be evaluated from previocus mess-transfer
correlations;

8. That the temperature function required may be approximated by the
adiabatic decomposition temperature of the bulk streasm slong the tube.

Consider a mixture of 1 mole of peroxide and W moles of weater
entering the boiler undecomposed, as feed, and let the fraction of the
peroxide entering the catalyst tube that has decomposed in boiling be 1
and the fraction decomposed leaving the catalyst tube be fz. Since the
partial pressure and the adisbatic decomposition temperature may be
expressed in terms of f, and since the rate N is the rate per unit
diffusional area or per unit (tube circumference)x(tube length), Eqn. (2)
may be integrated to give an expression for the tube length required for
a given decomposition of peroxide. The details of the derivation and the
evaluation of the constants are given in the Appendix; the final form of

the equation may be written ass

. R m, [ 2W+ 3 VR 1 2,
2 --- Atenh™" [ smmcom o eeee AfAF + D 3
Kkm(a/x) Lfa+bd a+b 2 a £ (3
100 - c*
W oz (34/18) =em--e-- (32)
c*
a = 0.0382 (C¥)2 + 15.05 (C*) (3b)

b =2 Ty -~ af) (3¢)



where,
- Pseudo-feed, weight perecent peroxide in the feed
calculated on a basis of the downstream samples.
= Ratio of tube diameter to effective film thickness.
= TFraction decomposed of peroxide entering as feed; f;
entering eatalyst tube, f5 leaving.
- Diffusivity cemstamt, 4.45 x 10-5,

Rate of peroxide feed (at £ = 0;, gm.-moles/sec.
- Gas constant, 82.06 (eme3)(atm.)/(g+-mol.)(oK.).
= Temperature of vepor stream entering catalyst tube, °K.
= molal ratio of water to peroxide in the feed (at £ = 0).
- Axial length of catelys. tube, om.

and,

[+ 9
:\ eq:aéa:nJF o rb;? ﬁi
]

- Ratio of circumference to diameter, 3.14159-.

Equation (3) may be employed to predict the tube length for a
given rate of peroxide flow (my), concentration (¢), and limits of
decomposition (f), provided the term d/k may be evaluated. Since the
equation has been derived on the basic assumption that there is no
effect on mass transfer by a large temperature differ;nce, various
correlations of d/x based on data from wetted-wall a bsorption towers
might be employed as approximations. Sherwood (15) presents two such
relations which are useful. One is based on data from absorption towers,

the other on heat transfer data inside tubes, correleted by Mcadams (11):

d/x = 0.023 NggO*83 y, 0.4 (40)
d/x 3 0.023 Npe¥8 Np.0-4 (4v)
where, . Npqe - Reyholds mumber, (d)(G)/(«)

Nge = Schmidt number, (&« )/(£ )(D)
Npy - Prandtl number, (cp)QAz)/(k);

d - tube diameter

@ = flow per unit time per unit area

D - Diffusivity

Cp- Molal heat capacity at constant pressure
k - Thermal conductivity

A~ Viscosity

/= Density

Equation (4b) has been used in conjuction with Eqn. (3) to prepare a

plot of ?he fractions NOT decomposed (1 = f) ¥s. the catalyst tube length,



for the special conditions of peroxide entering undecomposed (£3 = 0)
at a flow rate of 1.17 gms./(cm.?)(sec.), for concentrations of 1, 10,
20, and 307 entering peroxide (Fige 3)e

Although it is not apparent from the equation itself, it may be seen
from Fige 3 that the logarithim of the percent not decomposed is virtually
linear in the catalyst tube length, a fact shown experimentally by Isbin (9).
Inspection of Equations (3) and (4) will show that the theoretical
length required is independent of total pressure and of tube diameter
as such, the latter appearing in various dimensionless moduli.:

The accuracy of this equation will depend on the validity of the
assumptions made in the derivation. Granting the basic assumption of pure
mass transfer under a concentration gradient, the other assumptions may
be justified as followss

l. The decomposition may be made adiabatic with respect to the
surroundings by insuletion of proper quality; by employing = catalyst
tube of sufficiently smell wall thickness, the heat transfer by conduction
from one wall segment to adjacent segments may be reduced to negligible
proportions. It may be shown (ef. Appendix) that with a wall thickness of
0.01 inch under the temperature gmadient along the wall existing in this
experiment the heat flow along the tube is only 0.0627 of the increase in
sensible heat of the vapor stream passing through the tube.

2. ixial diffusion of peroxide in the bulk stream under the pressure
gradient established in the tube by decomposition may be shown to be
negligibie with the flow rate employed in this study.

3¢ The assumption of a well-mixed bulk stream requires turbulent
flow in the catalyst tube.

4+ If the decomposition rate is indeed controlled by the diffusion
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rate, it is implied that the chemical reaction rate is many times greater
than the diffusion rate, and the partial pressure of peroxide on the surface
of the catalyst will approach zero in the limit.

5. Homogeneous reaction is believed to be smell under the conditioms
existing in the catalyst tube (7), (9), (18).

6. The method employed for evaluation of the mass transfer
diffusivity for this system is discussed at length in the Appendixe.

When the method developed is used to predict the diffuivity of peroxide
vapor in air, the agreement with the experimental data of MeMurtrie (12)
is within 47.

7. The determination of the effective film thickness is subject to
considerable error; the only procedure available is the use of correlations
based on wetted-wall absorption tower date, Eqn. (4a), heat transfer in-
side tubes, Eqn. (4@), or the Jp factor of Chilton (la). These
correlations in mass transfer with small temperature gradients are in
error by as much as 20% when used for such systemsy the error
introduced by use of these correlations in the present system with o
large tempereture gradient is difficult to estimate. However, since the
basic essumption of this derivation was that mass transfer was
unaffected by a temperature gradient, and since no other data are
available, the use of these correlations is partially justifiede The
role of eddy diffusion (16) need not be considered in this system since
the "effective" film thickness is by definition the total resistance to
mass transfer.

8¢ The use of the adiabatic temperature function is not corrects
Eqne (2) is the result of an integration across the laminar film, and

hence the temperaturs function should more properly be the mean fiim



temperature. Further work is required for determination of the proper
temperature expression for this equation.

The accuracy of the final equation for the diffusion-controlled
region can be determined only by direet comparison with the experimental
data: it is difficult to assign numerical values to the errors cited

above.

28
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V. RESULTS AND DISCUSSION OF RESULTS

A summary of the runs made is given in Tables I and Il A word

of explanation sbout the nomenclature of the runs is perheps desirable:

since samples were taken at one minute intervals during a given rum,

i+ is important to refer not only to the run number but also to the

representative minute upon which calculations have been based. Hence,

the terminology "Rumn 19.52" has been established to refer to the data

taken during minute 52 (from an arbitrary starting time) in run 19.

RUN NUMBERS

1-18

19 -

25 =

30 -

39 -
41

24

29

RUN NO.

19
20
21
22
23
24

TABLE I.

CHRONOLIGY OF RUNS MADE

- ———— ——r——

NOTES

Preliminary runs made during design of boiler
(under D. I. C. 6552, September to December, 1949).
Runs made without superheating the vapor entering
the catalyst tube: presence of condensate in the
gtream suspected.

A leak was discovered at the upstream joint of

the catalyst tube to the glass tube after Run 29;
the temperature data indicated leak was developing
during these runs.

Runs made after reconstruction of apparatus to
check joint, adiabaticity, and emount of boiler
decompositione.

Runs mede with superheated vapor entering tube.
Run made with 357 peroxide tfeed. Apparatus failure
due to excessive temperature level: collapse of
silver tube.

TABLE II.

SUMMARY OF RUNS MADE.

Feed conecentration in weight percent
Flow rate in grams/square centimeter/second.

FEED CONC. FLOW RATE RUN NO. FEED CONC. FLOW RATE
18.6 1029 25A 10.1 1.43
20617 1.33 258 10.1 0.527
2043 1.33 26 5.10 1.40
14.9 1.31 27 9.69 1.35
20.80 1.45 28 14.75 1.39
20.84 1.45 29 19.73 137

RUN NO. FEED CONCo FLOW RATE
39 2030 1.40
40 10.44 1.07
41 35425 0.945
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The data obtained are summarized in Figures 4 and 5, and tabulated in
t+he Appendix.
Decomposition Data. Figure 4 presents a plot of the mole fraction
peroxide in the streem leaving the catalyst tube vs. the mole fraction
entering the tube, for each minute of Runs 19 - 24, 39 - 403 the other
runs have been omitted for the reasons outlined in Table I. Although a
convenient method of presenting decomposition data from a number of runs
made at virtually the same total flow rate, this type of correlation does
not show the effect of boiler decomposition (f£j). While the total weight
flow rate and entering mole fractions may be identical for two data points,
the amount of decormposition in the boiler determines the ratio of water to
oxygen in the streem, and hence the molar flow rates of peroxide entering
need not be identical. Consequently, a series of constgnt inlet peroxide
mole fractions at constant weight flow rate need not attain the same
level of exit decomposition, because of variations in decomposition in
boilinge The vertical spread, or "irreproducibility} of the data points
of Figs 4 is due primarily to this cause. The magnitude of the effect may
be seen by inspection of Table III, where the data of two runs are
comparede.

TABLE III.

EFFECT OF VARIATIONS OF DECOMPOSITION
IN BOILING ON DECOMPOSITION IN THE CATALYST TUBE.

RUN NUMBER 1951 20047
Mole fraction Hp0s entering tube 0.0641 0.0645
Total flow rate, gm./cm.2/sec. 1.27 1.30
Fractioh not decomposed entering tube 0.682 0.849
Pseudo~feed, weight percent 16.6 13.4
Mole fraction leaving tube 0.0266 0.0304

Peroxide flow rate(feed), g-mol./sec.  0.00187 0.00157
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FIGURE 4—
VAPOR PHASE H,0, DECOMPOSITION IN A 0.25 INCH
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Comparison of the experimental éata with the theoretical relationship
derived in the preceeding section should be made on the basis of a
correlation similer to Fige. 33 however, Fige. 4 provides a more convenient
repredhtation of & large amount of data, and the effect of variations in’
boiler decomposition is not excessive.

The theoretical line givem in the plot represents the values predicted
for the conditions of the runs from the mass transfer equation, Eqn. (3).
Although shown by & line, the poinis are actually somewhat scatiered, as
explained above. The runs have been divided into two groups, Runs 19-24
(circles), in which the entering stream was not superheated, and Runs
39 - 40 (triengles), in which superheating was employed. (Because of the
leak, Runs 25 = 29 have not been shown; Run 41 has been omitted because
of the catalyst failure)e It will be noted that the data of runs in which
superheating was used lie much closer to the values predicted from Eqn. (3).
In order to show that this effect was not due solely to superheating alone,
two runs were made at different degrees of superheat; the results are

outlined in Table IV.

TABLE IV.

St S ————— —————————l . P ——————  ——

FRACTe NOT DECOMPe  UPSTREAM FRACT. NOT DECOMP .

RUN_NG. FLOW RATE _ENTERING CAT. TUBE TEMPERATURE LEAVING CAT. TUBE.
40. 58 1.06 0620 310 f 0.1405
40.100 0.99 0.624 422 0.1409

The velues obtained by increasingthe superheat by 112 OF. were welil
within the minute~to-minute variations of the initial rung it is
concluded that superheating itself is not responsible for the increased
decouposition shown in Fig. 4 for Runs 39 - 40. (The very low temperature

coefficient of the reaction is also indicative of diffusion control.) If
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condensate was present in Runs 19-24, where there was no superheating,

two effects on the amount of decompogition occurring may be predicted,
depending on the amount of condensate presents (a) the evaporation of
droplets in the vapor scream would cool vhe siream, Jowering the diffusion
rate to the surface, or (b), part of the catalyst surface would be masxed
from mess transfer by drops of conaensaie evaporating on the surface. In
either case, decomposition would be reduced by the presence of condensatee
Sénce the heat loss from the section of tubing leading to the catalygt
tube is constant (the condensetion temperature of different concentrations
of vapors not varying widely), the data of these runs correlate on this
type of plot despite the presence of condensate. The divergence from
theory of Runs 39-40 will be discussed below.

Temperature Qgﬁg; The temperature profiles along the catalyst tubse,
together with the measured exit bulk stream temperature, are éhown in
Fige 5¢ The plot is presented in three sections for clarity, the runs
being separated according to whether they were characterized by (a)
condensate, (b) leak, or (¢) superheating. The observations to be made
from these data are best tabulated Before discussionor

l. The catalyst surface temperature is considerably higher than even
the final bulk stream temperature, initial temperéture differences, wali
to bulk, being the order of 200 = 400 °F.

2. The catalyst temperature decreases along the tube in the majokity
of the runs; in runs where a leak was present, the temperature increases
with length.

3« The cataly;t wall temperature goes through a maximum a short
distence from the upstream end, both in the runs with condensate, and in

runs with superheatinge.
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4. Increasing the superheat (i.e., the entrance temperature of the
stream) merely increases the temperature level of the surface, Runs
40-A, 40-B.
5. The data are reproducibis, as shown by the series of 20% runs.
6e The effect of condensate is to lower the temperature level.
Although it might be expected that the catalyst temperature would
increase along the tube as the bulk stream became warmer through decomposition,
a heat balance will show the data to be consistent. In an adiabatic
decomposition the heat liberated by the decomposition on the surface must
be transferred to the bulk from the catalyst surface,
h Ay AT = kg Ap (Hp) &P (5)
where, h - Localgoefficient of heat transfer,
kg = Local coefficient of mass transfer,
Catalyst surface area, Ag for heat transfer, Ap for

mass transfer (reaction),
Heat of reaction,

>
:

o

AT - Temperature difference, wall to bulk,

AP - Partial pressure difference of peroxide, bulk to wall.
By rearrangement,
ke (Hp)  Ap
(Ty = T8) = ====-==- ====-- (Pp) (5a)
h AY

where the subscripts W and B represent the catalyst wall and bulk stream
conditions respectively (the partial pressure of peroxide on the surface
being zero).

From Eqn. (5a) it is seen that in the upstream section of the catalyst
tube, where the partial pressure of peroxide is high, there must be a large
temperature difference from the wall to the bulk to sustain the required
heat flux. However, as the stream is depleted of peroxide, the teuperature
difference will decrease along tne tube. Whether the catalyst temperature

will decrease with length will depend on the profile or ihe bulk streaw
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temperature (and any heat loss through the insulation). When the leak
developed at the upstream end of the cabalyst tube, the escaping vapors
oondensed, wetting the insulation and greatly increasing the heat loss
from the upper end of the tubee Apparently this cyange in the operating
conditions was responsible for the reversal of the surface temperature
profile.

The existence of a maximum in the temperature profiles is probably
due to the existence of a transitional of a transitional tube-length
required for establishment of the full mass t-ansfer pattern, similar to
the transitional length long recognized in fluid mecheniese If the mass
transfer is not fully developed at the beginning of the catalyst tube, then
from Eqn. (5a) it is spparent that the temperature difference required will
be lesse

The effect of entrance tempersture on the temperature profile of the
catelyst surfece is shown by comparison of Runs 40-A and 40-B (Table IV).
Although Run 40-B hed not reached complete thermal equilibrium when the
sample was token, as indicated by the fact that the exit bulk stream is st
a slightly higher tempersature than the catalyst surface, it may be surmised
that the effect of superheat is merely to increase the temperatgre of the
surface at all pointse

The reproducibility of the data and the effect of the amount of boiler
decomposition on the temperature profile are shown admirably by the profiles
for the 20% runs, Runs 20, 21, 23, 24, and 39. Table V contains the
operating characteristics of these runs. .In the runs made without superheating
the entrance stream, Runs 20, 21, 23, 24, the temperature level of the
catalyst surface is seen to depend markedly on the amount of boiler

decomposition, i.e., on the mole fraction of the entering peroxide.
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TABLE

TABLE V.
)

COMPARISON OF RUNS MADE WITH 204 PEROXIDE

RANGE OF FRACTIONS NOT TEMPERATURE LEVEL
RUN FEED FLOW RATE DECOMPOSED ENTERING TUBE OF CATALYST TUBE

20 20.1 4 1.33 g/cm®sec  0.760 = 0.846 580 - 519 °F.
21 2043 1.33 04732 = 04877 590 - 510
23 20,80  1.40 0.783 = 0.977 580- 557
24 20,84  1.45 0.944 = lo= 690 - 637
39 20,30  1.40 04765 = 0.870 620 - 577

Run 39, made with superheated vapor, corresponds in feed, flow rate,

and fractions not decomposed with Run 21y yet, the catalyst temperature
is both higher at the beginning of the tube and at a higher level along
the tube. Sknce the amount of superheating in Runs 39-40 was based on
calculations of heat loss through the insuia‘bion before the catalyst tube
in steem runs (Run 37), the intent being to introduce just sufficient
superheat to prevent condensation before the tube, the temperature of the
vapor entering the catalyst tube in Run 39 should be relatively close to
that of Run 21. In Run 40, 100 °F of superheat changed the surface
temperature level by 50 OF. Since the superheat of Run 39 over Run 21 is
only 66 °F, and the difference in surface temperature level is again the
order of 50 OF., there is additional indication of the presence of conden=-
sate in Run 19 éz seg. The greater initial increase in catalyst temperature
1 to 3 inches downstream in Run 39 as compared to Run 21 suggests that
part (but not all) of this maxima effect may be atiributed to the
evaporation of condensate in this section of the tubee

Anglysis of gggg; The magnitude of the heat losses in the system (i.e.,
the departure from adisbaticity) mey be seen from Table VI, where the

measured bulk temperatures leaving the catalyst tube are compared with the



TABLE VI.

OBSERVED AﬂngALCULATED BULK TEMPERATURES
LEAVING CATALYST TUBE.

RUN BULK ADIAB. A RUN BULK ADIAB.* _4

19 358 °F 444 OF - 86 OF 39 532 °9F 574 °F - 42 OF
20 435 515 - 80 40(a) 381 380 0

21 424 509 - 85 4] 840 1020 ~180

22 287 396 =109

23 455 525 - 70 (*Assuming vapor enters tube at

24 526 630 =104 condensation temperature.)

temperatures calculated for an adiabatie system corresponding to the
decompositions observed. In the rums madg in the presence of condensate,
apparently as much as one half of the total loss in sensible heat of the
vapor isé due to evaporation of condensate.

A temperature profile for Run 19.52 is given in Fige 6, showing the
cataly;t surface temperature, adiabatic bulk temperature, and calcu}ated
bulk streem temperature corrected for heat loss, along the tube lengthe
The calculations are based upon the assuwyiion tnat the logarithim ot vhe
fraction not decomposed is linear in the length of tube, as discussed
above in conjuction with the mass transfer equation and tﬁe data of Isbine
Knowing, then, the fractional decomposition at any point by interpolation,
the adiabatic bulk tumperature may be calculated and the bulk stream
temperature calculated by assumiug a heat loss distribution. The
calculations are given in detail in the Appendix. The evaporation of
condensate has been assumed to occur in the first section of the tubes
the profile of the bulk stream contains a finite discontinuity for the
lfirst two inches to allow for this effect. The bulk stream profile
obtained in this manner is much flatter than the adiabatic profile;
ind8ed, it may be shown that for longer tubes the heat liberation by
decomposition of 20%‘3eroxide will barely compensate for the insulation

heat losse.
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Figure 7 shows the tempereture differsnce, wall to (ediabatic)

bulk stream, plotted against the partial pressure difference of peroxide,

bulk stream to well, at several points along the tube for Runs 19-24.
The celculation of the mole fraction distribution along the tube is
readily made through the linear relationship mentioned above; however,
the computation of the actual bulk stream temperature distribution is
laboriouse Therefore, although the actual bulk stream temperature should
be used, the adiabatic temperatures have been employede It will be noted
that the data points are consistent, both within a run and among rums,
and that a straiggth line‘may be drawn through the points without
difficulty.

The significance of Fig. 7 may be shown vy a modification of Eqn. (5)
to allow for insulation heat loss (Q), neglecting the initial section

of the tube where evaporation of condensate occurs,

ke (He) Ap Q .
AT = AP = mmmmmey, (6)
h Ay h Ag

If some assumption is made as to the constantcy of the heat losses, so
that an h may be defineu based on the difference between the catalyst
surface and adiabatic bulk temperatures; then the slope of the best line
through the data points will give the value of the slope term of Eqn. (6),
and the intercept on the AT axis will be the temperature potential lost

because of non-adiabatic decomposition. The k/h term may be evaluated

from the plot as,

ka (H.) Ap
-9---5— --== = 5500 °F./atm.
h Ay

If the heat of decomposition is taken as 43,400 Btu./ib.-mol., and the

entire surface is regarded as catalytic so that Ap = Ay, then,

¥



h/kg = 7.9 (Btu./OF.)/(1b. mol./atm.),
where h is based on the adiabatic bulk temperature. Because of the
limitea aata teken with superheated vapor, it was not considered aesirable

to repeat the procedure for Runs 39 = 40.

Cowparison of Data With Predicted Values. Before employing the theoretical
relation derived, it is first necessary to establish that diffusion is the
rate controlling step in this systeme Since the range of variables
considered was Limited, unquestionable confirmation of diffusion control
is difficult; however, three considerations favor such a conclusione.
Fisrt, the decomﬁosition showed no marked temperature coefficient (Table IV),
such as would be expected of a reaction-rate controlled decompositione.
Secondly, the decomposition did not vary linearly with the flow rate
(Table VII below), as is the case in a reaction rate systeme Finally, the
reproducibility of the data obtained is indicative of control e¢ther than
by chemical reaction rate where the systems are strongly affected by the
condition of the catalyst surface. It is not unreasonable on the basis of
these limited data, then, to assume a diffusion mechanism controllinge

However, the principal difficulty lies not with determination of
diffusion control, but rather with the determination of the presence of
full turbulent flow in the catalyst tube, as required by en assumption
made in the derivatione.

TABLE VII.

EFFECT OF FLOW RATE ON DECOMPOSITION

FRACT. NOT DECOMP. FRACT. NOT DECOMP.
RUN NO. FEED ENTERING CAT. TUBE FLOW RATE LEAVING CATe. TUBE
25426 10.1% 0.864 1.32 g/em2sec 0.348

25.39 10.1 0.866 0.527 0.368
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Only a slight increase in decombosition was observed when the flow rate
was reduced by a haif, indieating (a) diffusion control ana (b) turouient
tiow as vompared to transitional flowe On thio. wvasis, turbulent flow
would seem to exist in this system; however, the Reynolds numbers ior

tae runs are the order of 4000 = 5000, bordering on the upper transitional
or lower vurbulent region (la)e It is doubtful if full turbulent flow
existed at these flow rates.

If diffusion is accepted as rate~controlling, and if the flow is
considered to be fully turbulent, then the tube lengths required for the
decomposition noted may be readily‘calculated from the relations derived,
Eqn. (3 et. al) and Eqn. (4). Sample calculations are given in the Appendix.
The values obtained are summarized in Table VIII.

TABLE VIII.
COMPARISON OF DATA WITH VALUES PREDICTED BY MASS

I
TRANSFER EQUATION, EQN. (3).
Actual Tube Length 24 inches.

RUN NO. PREDICTED TUBE LENGTH RATIOs PREDICTED/ACTUAL

19.51 9.72 inches 04405
20426 11.6 0.484
2l.41 12.2 0.509
22.47 8.06 0.388
22448 9.41 0.393
23.13 10.9 0.454
39.41 15.9 0.663
39.43 16.13 0.674
40457 16.9 0.705

Some variation in minute~to-minute values for the runs is noted.
As mentioned in conjunction with Fig. 4, the runs made with superheated
streams entering the catalyst tube show better agreement with the predicted

diffusion equation than do the runs made without the superheat. However,
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the mass transfer equation remains in error by 33% for the runs made
with superheated vapor, error due to both the method of evaluation of ?he
effective film thickness and the temperature function. The divergence
due to the effect on mass transfer of a temperature gradient cannot be
estimated from these data.

Conclusions. On the basis of ths discussion of the results obtained in
this investigation, it is possible to draw several important conclusions
regarding the heterogeﬂbus decomposition of hydrogen peroxide vapore.
However, it must be emphasized that the majority of the data are from
runs made with two-phase streams:s only three runs were made where there
was no condensate in the vapor entering the catalyst tubee.

Diffusion of peroxide from the bulk stream to the catalyst surface
is the rate controlling mechanism under the conditions investigated.
However, thermel diffusion may be important in reducing the rate of
transport of peroxide vepor to the catalyst surface below that required
by the partial pressure potential. The equation derived solely on the
basis of mass transfer by a concentration gradient is a useful
approximation, the error in the predicted tube length being the order of
33% below the actual.

The surface temperature of the catalyst tube is higher than the
bulk stream at all points, decreases with inecreasing tube length in the
absence of excessive, localized heat loss, goes through a maximum a
short distance from the entrance to the tube, and is determined by the
partial pressure of peroxide in the bulk streem and by the bulk stream
temperature profile. The entrance temperature of the vapor to the catalyst
tube appears to have only a small effect on the smount of decomposition

obtained, even though it be raised by 112 OF. The presence of condensate
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in amounts of the order of 2% 6f the entering stream decreased the exit
bulk streem temperature by 40 °F., and increased the fraction not
decomposed leaving the datalyst tube from a level of 0.15 to 0.30.

The amount of decomposition attainable is dependent not only on the
mole fraction of peroxide entering the stresm and on the total weight flow
rate, but also on theextent of previous decomposition, as it determines
the ratio of water to oxygen in the siream and hence the molal flow rate
of peroxide entering the tube. It is unfortunate that the boiler
employed in this investigation, while producing a vapor at a relatively
steady flow rate, was still subject to & cyclie flucuation in the amount
of decomposition occurring in the vaporization of peroxide.

Recommendations. This work represents but a preliminary investigation
with this type of equipment; consequently, the recommendations are
extensive, both in the experimental program and in the theoretidal aspects
of the problem.

The variables to be examined must be more inclusive. Qperation at
higher flow rates, Reynolds numbers of 10,000 or greatgr, es ﬁell as
consideration of flow rate as a variable, is essential. The length of
catalyst tube should be examined as a variable, particularly in a
"differential reactor” to evaluate the significance of the maximum
observed in the catalyst surface temperature profile and of the
transitional tube length postulated for mass transfer systems. Different
cafalyst surfaces should be employed besides silver, to delimit more
effectively the region of diffusion control. .

Improvements in the spparatus may be made. If possible, the
cyclic flucuation of boiler decomposition should be eliminated or reduced,

since the boiler decomposition is an important (and uncontrollable)



variasble. Heat losses from the catelyst tube should either be re@yggd»
by more effective insulatioﬁ, or measured by suitably installed thermo-
couples. It is particularly important to provide some means of
determining the entrance temperature of the stream whep superheating is
employed. Since the flow pattern would be disturbed by probes, the
measurement must be made by determination of the heat loss along the
calming sectione

Further work is required in the theoretical analysis of this system,
in the determination of the proper temperatupe function for the mean film
temperature, and in the evaluation of the effective film thickness. The
role of thermal diffusion must be investigated to a greater extent than

hes besn possible at this time.



VI. CONGLUSIONS.

1. Diffusion is the rate-controlling mechenism in the (quasi-)
ediabatic heterogeneous decomposition of hydrogen peroxide vapor‘on a .
cylindrical, silver catalyst tube at 1 atm. total pressure, in concentrations
from 5 to 35% by weight, and etflow rates of 1.3 gm./(cme?) (s6ce) o

2. The equation derived solely on the basis of mass transfer as a
result of a concentration gradient, without consideration of the eflect of
the large temperature gradient present in this system, is a useful though
aéproximaie theoretical relation, the predicted values being the order of
33% below the experimental.

3. The surface temperature of the catalyst tube (a) is higher than
the bulk stream temperature at all points, (b) decreeses with increasing
tube length in the direction of flow , (e¢) goes through a meximum a short
distance from the upstream end, perhaps because of a transitional tube
length required to establish the transfer pattern, and (d), is determined
by the partial pressure of the peroxide in the bulk stream and by the
bulk stream temperature.

4. The entrance temperature of the vapor to the catalyst tube,
although not studied widely, eppeared to have small effedét on the amount
of decomposition obtained, even though it be increased by 112 OF.

5. The presence of condensate in the entering stream has a marked
effect on both the decomposition level attained and on the temperature
level of the catalyst surface and the bulk streame The presence of
condensate in amounts of the order of 2% of the entering stream decreased
the bulk stream temperature by 40 °F., and increased the fraction peroxide
not decomposed leaving the tube from a level of 0.15 to 0.30.

6+ The amount of décomposition attainable is dependent not enly on



the mole fraction of peroxide in the entering stream, but also on the
smount of prior decompositione. |

Te The boiler employed in this investigation, while producing a
vapor at a relatively steady rate, was still subject to a cyclie
flucuation in the amount of decomposition occurring in the process of
vaporizatione.

8. The method of insulating the epparatus was not satisfactory, nor
was the determination of such heat loss reliablee.

9. The type of silver-té#glass Joint employed in this apparatus was

not satisfactorye.



VII. RECOMMENDATIONS o

1. The range of variables investigated must be extende§:
(a) Higher Reynolds numbers of the order of 10,000 are required
to assure full turbulent flow in the catalyst tubes
(b) The flow rate must be considered a variabley
(¢) The dimensions and material of the catalyst tube should be
examined critically. The tube length should be varied to investigate the
existence of a transitional length at the beginning of the tube, to
establish the dependence of decomposition on the tube length for comparison
with the theory developed, and to examine the decomposition in a "differential
reactor”. A study of the effectiveness of different active qatalytic surfaces
will serve to delimit the region of diffusional rate controle
2. Further work is necessary in the theoretical aspect of this
decompesitions
(a) The proper film temperature function for integration of the
diffusion equation across the film and along the tube is not completely
establisheds
(b) The method of evaluation of the "effective film thickness™
is not satisfactorys
(¢) The role of thermal diffusion in this decomposition
mechanism should be investigated more fully, both theoretically, and by
imposing an external heat source on the catalyst tube.
3¢ Improvements in the apparatus may be mades
(a) Elimination or reduction of the flucuations in boiler
decomposition of peroxide will permit a closer correlation of the data
obtainedy
(b) The insulation employed should be morgeffective in nature,
or means should be employed to determine quantitatively the magnitude and

distribution of the heat loss from the catalyst tube surfaces



(¢) Provision must be made for determination of the entrance
temperature of the vapor stream when superheating is employed to prevent

condensation in the calming section and lead tubese.
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| ANALYTIGAL PROCEDURES
Determination of Hydrogen Peroxide (5), (1)

The quantity of perdxiéo contained in the liquid samples is
determined by titration with standard potassium permenganate. A pertion
of the sample, usually 1 ec., is added to 20 ec. of hot 1/20 N sulfuric
acid.tuéh; hot mixture is titraxed tb the pink endpoint with ea. 0.2 N
potassium permanganate.

Standardization of Potasgium Permanzante (2).

About 0.3 gram of sodium éxalate (dried at 105 °C) is added to a
600 ml. beaker. 250 ml. of diluted sulfuric acid (5 ml. acid to 95 ml
water), previously boiled for 10 to 15 minutes and cooled, are added.

The potassium permangate is added at a rate of 25 to 35 ml./min. while
stirring slowly. After the initial pink color has disappeared, the solution
is heated to 55 to 60 °C, and the titration completed.

The excess of permangate required to impart color to the solution is
determined by adding permanganate to the same volume of diluted sulfuriec
acid at 55 to 60 °C. This correction usually amounts to 0.03 to 0.05 ml.



e = T

DERIVATION OF THE GENERAL EQUATTON FOR REACTION RATE
CONTROLLED BY DIFFUSIONAL PROCESSES

If the decomposition rate is controlled by diffusional processes,
the rate of reaction will be determined by the diffusion of hydrogen
peroxide from the bulk stream to the surface of the catalyst tube
through the stagnant filme Since the reaction is irreversible, and
since the equilibrium lies far towards the formation of water and oxygen,
the possibllity of diffusion rate eontrol by the reaction products may
be discarded, and attention focused on the diffusion of the peroxide alone.
This section will be sub-divided into two parts:s +the general
derivation of the diffusion equation, and the evaluation of the factors in

that equation.

I. Derivation of Diffusion Equation.

A feed mixture of hydrogen peroxide and water is fed to the boiler,
where it is vaporized, the vapors being passed through a length of
unpacked, cylindrical tube. Some decomposition of the peroxide occurs
before the ecatalyst tube, the peroxide partial;y decomposing in the process
of vaporization, or possibly on the walls of the glass tubing leading to
the catalyst tube. This latter effect is believed to be small, and it will
be assumed that all of the decomposition taking place before the catalyst
tube occurs in the boiler, and, in addition, that the heat liberated by
this decomposition furnishes heat of vaporization for the boiling liquid,
rather than raising the sénsible heat of the generated vapor. It will
also be agsumed in this derivation that,

a. The bulk stream is well mixed at all points in the tube (turbulent
flow),

3



b. The decomposition is adiabatic, and
c. No decomposition ocours in the bulk stream without catalysise.

The feed entering the boiler may be conside.ed to consisi of 1 mole
of peroxide (basis) and W moles of water per mole of peroxide, the feed
rate being m, moles of peroxide per sssond. The boiling temperature, and
hence the initial temperature of the vapors, is Ty, %K, and the fraction
decomposed of the peroxide emtering the system occurring in the boiler is
f1+ The vapors enter the catalyst tube at temperature T,, which may be
equal to or greater than Ty, depending on the amount of superheating. The
peroxide at a length of catalyst tube Z cme from the upstream end has
undergone a total fractional decomposition f and is at an adiabatic
decomposition temperature T. A complete table of nomenclature will be
found at the end of this section.

It is desired to derive an equation relating £ and Z for various
entering congcentrations of peroxide.

The diffusional processes involved here are those of multicomponent
diffusion through a laminar film, the peroxide diffusing towards the
interface countercurrent to the water and oxygen liberated by the
decomposition diffusing towards the bulk streams In addition, there is
a heat flux from the interface to the bulk stream. The interaction on
mass transfer by simultaneous heat transfer will be neglected, since little
is known of this effedt.

A rigorous solution for this system of multicomponent diffusion has
been developed by Gilliland (15) in the form of two simultaneous equations.
A more convenient relation is presented by Hougen and Watson (4), based
on the simplifying assumptiun tnat in a complex system of diffusing gases,
the diffusional gradient established for amy component A is equal to

the sum of the grauients which would result from the separate diffusion

54
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of A with each of the other components in separate binary systems in
which the concentrations and rates are the same as in the complex system.
By direct comparison of the equation derived on this basis with the more
rigorous method of Gilliland, Hougen and Watson demonstrate that this
assumption is justified. The equation so derived will be used for the
system under consideration,

DAmTr (PAI - PAZ)

(NA)g = =mmmmmm —ommemeenZe (1)
RTx Pp
(07 + §,Pa3) - (T+ 8.pAz)
Pp B commcmcccccaan ——— (1a)
(m+ 84Ps3)

Ine
(T+ 84Ppy)
where, Dag - Mean diffusivity of component A (Hg03) in the

syitem of diffusing components A + B + C + s-o,
em?/sec.
(Na)z - Diffusional rate of component A at point Z, moles/-

cm?~gec. |

P) = Pertial pressure of component Aj P1 at bulk=-film
interface, P2 at film-surface interface, atm.

R - Gas constant, 82.06 em3-atm/mole=-K,

T - Temperature, %K. -

x = Effective film thiockness, cme

W~ Total pressure, atme.

$a - Change in total number of moles per mole of A reacted.

At any point in the tube, the composition of the stream, on the basis
of 1 mole of peroxide entering in the feed, will be,
1 Hp02+ WHz0 « (1 - £) H202 + (W+ £) H0 + (0.5 £) 02. (2)
Substituting into the defining relmtion fors ,
S pop = * /2
and from Eqne (la), the defining equation fer Py, considering that Ppq

will be gero if diffusion is the rate controlling step,

1 l-¢

- - TT

2 1+05¢2+ W
2W+3 '

ln L 2L L T Y )

t+2W+2



However, the logarithmic meen may be replaced by the aritlmetic mean
if the logaritimic group ratio is unity. The range of concentrations is
from 1 to 40 weight percent, or values of W from 2.8 to 190, and f may
vary from O to 1.0; the maximum value of (2w + 3)/(f + 2w + 2) is 1.13.
Consequently, Py may be written as,

(m+ 1/2 Py,) + (1r+ 1/2 Py,)
Pp 5 =mommmonm== o A 2 o 1/4 Py (4)

The diffusivity for a binary system of A diffusing through a
stagnant £ilm of B is given by an empirical equation of Gilliland (3),

based on correlation of experimental data and the kinetic theory,

0.0043 73/2 [T 1
DAp = === + (5)
’"'(VAI/ 34 VB‘I/ 3)2 M, Mp
where, M - Molecular weigni
V = "Molecular volume®, values given in the reference.

In order to simplify the notation, define

0.0043 Jl/uA + 1/

AB = (;;73 +vg/32 ] €
or, in terms of Egn. (5),
K, 7%/2
Dp = —ooe-e (7

Continuing with the assumpiion that diffusion in a complex system
may be represented by the sum of diffusions in separate, equivalent
binary systems, Hougem and Watsom recommend that a weighted average of
the binery diffmsivities be used fur the overall coefficiemt Dy ,

(1-7,) Oag 5 2 ¥n Pam (8)
where, Dpm = Diffusion coefficient of A in the complex system,
Dp~pn = Diffusion coeffiecient of A in a binary system of
A and the n-th component,

¥n = Average mole fraction across the film of the inert
component in the binery system of A and n.
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Ce R. Wilke has recommended the use of a harmonic mean (20),

1-y,
Dy =~ (9)
In

Dp-n
Both averages give virtually the same values for Dy, for this system;
Eqn. (8) will be employed. In any case,
Kn T3/ 2
D ---‘ﬁ--- - (10)
Combining Equs. (1), (2), (4), and (10),
axt/2 1.
(Wp)z @ =====-m=m —oooee —— (11)
R x £+ 4W+5
By defining the following symbols, and noting that N A represents
the moles of peroxide transported across the film per unit time per unit
area, Ny may be expressed in terms of the fraction decomposed, f,
n - Moles of peroxide diffusing per unit time, at point 2,
m - Moles of peroxide flowing in bulk stream per unit time, at
poin‘t Z,
mo~ Moles of peroxide entering at £ = O per unit time.
By definitiom, -i-- b POE ]
f m oo (12)
By
and by a material balance on peroxide at point 2,
dn = - dm (13)

Eqn. (12) may be differentiated to give,

m,df = - dm . (12a)

By definition, dn
(Np)z = === (1¢)

dA

where A is the area of diffusion; assuming the entire tube surface
is active, A s (Trd) dZ, 4 being the diameter of the tube. Combining
'Eqn.. (13), (12a), (13), and the area expression,
| m, daf
(Np)z = ==2- —m-- (15)
Td az

57



e g

Combining Eqms. (11) and (15), and separating the variables,
4 Kwd 1 f+4W+5
- ubal) Wb S OB dz

Rmgx . T2 (1-1)
It will be shown below that the temperature may be eXpressed as a

as (16)

linear function of the fraction decomposed,

T = af+h, (17)
and the dimensionless ratio d/x will be considered eonstant over the
tube length for lack of accurate datas The differential equation may
now be inte grated between the limits 0< Z <Z and £ < £ <f, f, being
the frac'iion decomposed At the end of the catalyst tube. The resultant
expression is the theoretical diffusion equation for this system,

R m, 2v+3 af+hdb

1 £
Z g Wemmme= | =mmoaee A tanh” - aJaz+n|l 2 (18)
kr(d/x) Lya + b athd 2a £

The factors K, d/x, a and b, and W are to be evaluated.

1I. Evelustion of Fastors.
4. Feed Concentration.

The molal rati.g qf water to peroxide in the feed, W, may be e xpressed
in terms of the weight pereent peroxide,

| 34 100 - c*

W g ==m= =ceececee-, (19)
18 c*

where c* is the weight percent peroxide in the pseudo-feed.
Be Adiapatic Temperature As A Function of Fragtional Decomposition.

In order to perform the imtergration of Egqn. (16), it is necessary
to express the temperature intcm of one of the varialbles,

It is desired to caloculate the adiabatic decomposition temperature

corresponding to various fractions decomposed for various concentrations



of peroxide vapor, initially at the boiling temperature of the liquid in

equilibrium with the vapor.
The method of computation will be outlimed for 5% peroxide vapor,

and the results for other concentrations summariszed.

Basiss 1 1b. 5% Hy0p

Ho02 Hz0
0.05 1b. 0.95 1b.
(34.016 1b./mol.) (18.016 1b./mol.)
0.0014699 moles 0.052731 moles
Hy0g z Hg0 + 1/2 o,
(0.0014699)(1-2) (0.052731)f moles (0.00073495)f moles

moles
The boiling temperature of & 5% solution is 213 °F (1). The
corresponding base enthalpies, from the Becco Data Book (1) and the Steam
Tables (10), are,
Ho% w33 e wewibaed
03 3 hyy3 = 1,010 Btu/lb-mol.
and the heat of deccmposifion at 213 OF is 43,860 Btu./lb-mol Hs0s.
An enthalpy balance on the system gives,
(43,860)(0.0014699)f = (0.0014699)(14)(113202 - 1325) + (0.052731)f...
x(bgyo = 20,774) + (0.00073495)f(hg, - 1010)  (20)
which may be solved for the adiabatic decompogition temperature
corresponding to each value of fraction decamposede The results are
sumnarized in Table A-I,
Jgble A-1

I

Adiabatic Decomposition Te tures

For Various Fractions Decomposed, 52 Ho02
T

L I, °K
0.0 211
0.1 235
0.4 274
0.7 308

1.0 355

59
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By plotting t ys. £, it is found that T is very nearly linear in £3 the
values of the intercepts and slopes of the linear plots for various

concentrations of peroxide are summarized in Table A-2,

Table A=2

Values of The Constants In The

Equation T = af + b For Various
Initial Concentrations of Ho0o

Weight Percent Ho0o 2 =% b -%K

O%* 0 373
1% 15 373
5 : 76 373
10% 155 374
20% 318 376
30% 483 378

Plotting a against the concentration, C%, it is found that a is
second order in C¥%,
a = 0.0382 (C*)2 + 15.05 (C*) (21)
In the system under consideration, some decomposition oceurs in the
boiler, where the heat of reaction does not increase the sensible heat
of the vapor. Hence, Eqn. (31) must be corrected so that T = T, when
fafe On the basis of the derivation, b is T, when £ u 0, and thus the

final tempe&ture function may be writien

Teaf+hd ) (22)
a = 0.0382 (C*)2 + 15.05 (C*) (22a)
b=Ty~-afy (22v)

where T, spould be epproximately the boiling temperature, since that was
the basis 'of the enthalpy calculations. Small error will be introduced
by slight changes in the entrance temperature.
B. Determina tion of Diffusion Coefficients.

Gillilgnd presents (§_) the following data in eonjunotion with his
equation for estimating diffusion coefficients, Eqn. (5),

*Calculated by Wentworth (19).
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Teble A~3
Atomic Volumes, Egn. (5)
Element Atomic_Volume
Hydrogen 3.7
Oxygen 12.0
Nitrogen , 15.6

The atomic volumes are additive for compounds,

Table A-3a
"Atomic Volumes™
Component Atomic Volume Molecular Weight
Ho02 22.3 34
Ho0 14.8 18
0s 14.8 32
No 31.2 28

Upon substituting the values of Table A-3a into the basic equation,
Eqn. (5), and evaluating K from Eqn. (6), the following values for the

diffusivities in the binary systems are obtained;

Table A-4
Binary System K = (D)/(13/2)
Hy02 in H0 4.52 x 10™°
H202 in O2 3.81
HzOg in Np 3,09

Eqne (8) will now be evaluated over the range of the variables.

Basiss 1 mole Hp02 , W moles Hy0/ mole Hg0g .

Component Moles in Bulk Stream Moles at Surface
Ho09 1-2 0
HgO W+t v+ L
Oz 05 ¢ 0.5 ¢

Total Moles l1+05¢f+ VW l5 0+ W



Mole Fraction

Mole Fraction

Mole Fraction

Component Bulk Siream At Surface _Film Average
l-¢ l-¢f
HzOz 0 S Seessease
1+ 0.5+ W £+ 2W+ 2
L+ W L+ W (£ + w)(2r + 2w+ 1)
H - s o - - - o S
20 1+ 0.50+W 150 + W (LeS2 + W)(£ + 2w + 2)
0.5 ¢ D.8 ¢ (0.52)(22 + 2w+ 1
02 - e SR e 59 S8 4GP S EbaR Bt e T GRS Y E we -en ey .
1+ 050+ W 15 + W (1.5¢ + W)(£ + 2w + 2)

Substituting these average mole fractions across the film of the components
into Eqn. (B), substituting the velues of the binapy system diffusivities
from Table A~4, and simplifying results in the following expression for
the mean diffusion constant for the system in terms of the water-peroxide
ratio and fho fraction deéomposod,

12.84 £ + 9,04 W

B mmeeeccmmeceoee 23
- 3t+2vW (2

The term W may be expressea in terms of the concentration through

Eqn. (19),

(100 = C*)
6042 £ + 8054 mmmmmecoan

c*

Ky = - - (23a)

(100 - o*)
150 £ 4 1089 wacccnvam~

C*

Eqn. (23a) has been evaluated for the range

£ =0 to £ =1
C*al toc*sw%,

and the resulis are summarized in Table A-4.
It is interesting to compare the values obtained by use of Eqne (23a),
based on the average of Eqn. (8), with those obtained using the method of

Wentworth (12), in which an average value of Mp is substituted directly in
Eqn. Y(S)H. The average moleculsr weight of the non=-diffusing components
will first be caleculatede.
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' Average Molecular Weight
Component Moles Grems With Respect to_Component

Ha0 £+ W 187 + 18W 34£+18W
1l + W 347 + 18W leSf + W
Fraction Avorage Moiecular Weight Average Molecular Weight
Decomposeu With Respect To Component Component and Decamposition
0 18
18w + 34 36 w+ 61
1 ————m———- Mp, 2 —=-=m---- (24)
W+ 15 ave o w+ 3
or, incorporating Equ. (19),
(100 - c*)
61 + 6841 =~mmacema-
- (24a)
Mp,, = ==-=-=-—= . 24a
Bav. (100 - c*)
3 + 3,78 ====- -
C*

Evaluation of Eqn. (24a) for the range of concentrations from 1
to 40% and substitution into Equn. (6), as for the binary systems, leads

to a series of values which are included in Table A~4 for comparison.

Table A4
Summary of Values of Ky
K, x 10°
c* Equs. (6) Equation (23a);
And (24a) £ = O £ m 0.5 f =10 Average

1 4,52 4,52 4.51 4.52 4.52
20 4.42 4.52 4.50 4.48 4.50
40 4.321 4,52 4.46 4,43 4.47
Aversage 4.42 4.47

The mean value of K will be taken as,

Ky 4.45 % 3% (25)
In order to check the validity of the basic assumption of the

applicability of Egqn.(5) to a peroxide system, the diffusion coefficient
for a peroxide-air system has been calculated, both by Eqs. (6)=(24a) and
by Eqn. (23a), and compared with the experimental value reported by



McMurtrie (12).

Table A=5
Dy For The System Peroxide-Air
60°C.

Experimental Sons. (6)=(24a) = _Eqn.(23a)
0.191 ,
0.189 0.194 0.197
0.183

s Evaluation of The Mean Film gicknesg.

Detemination of the film thickness is based solely om correlations of
previous data, taken mainly from absorption towers. Two relations are

recommended by Sherwood (15),

0.83 0.44
a/x = 0.023 - ) ( (26)
0.8 Oed
d e c
a/x = 0‘023(;&:) (_Ekﬁ) (27)

The Prandtl Number for Eqn. (27) may be estimated from an equation

of McAdems (11),

4

Wpp 2 --mmmmeeee (28)
5°v

9 L T ]

%

This expression has been evaluated for the range of concentrations
involved, using thermal data from Millard (13) and Becco (). The
results are summarized in Table A-S.

Table A-6

Prandtl Numbers
CcH £=0 ful

1 0.779 0.767
30 0.779 0.776

A mean value of 0.774 will be taken for the Prandtl Number.
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Values of the viscosity are re.quired for use of either equation.
However, ne¢ data are available om the viscosiiy of peroxide vapor, and
hence, because of the diluteness of the m;sturea (80 mole percent water),
the viscosity of the mixture is taken as equal to that of water vapor (;_q).

Properly, the term d/x should be included im the integral of Eqn. (16);
the accuracy with which the film thickness may be predicted does not seem
to warrant such refinement, and the use of a mean betwesn the enirance and

oxit values will be employed.

E. Theoretiocal Diffusion Equation.
The f£inal form of the theoretical equation for the case where the

< an

aecomposition wmte is controlled by the diffusion of the perexide is,

Rm 2W+ 3 af + D 1 £
Z = ° [ Atgnh-l wwmmvw @  mmae A J af + b] 2 (29)

km(a/x) L/a+d a+hd 2a £y

100 - C*
W & 1.89 c~wemomen= . (29a)
c*

a = 0.0382 (c%)2 + 15.05 (c¥) ' (29b)
b =2 Ty, = afy (29¢)

where,
C* « Pseudo-feed, weight percent peroxide in the feed calculated
on a basis of the downstream samples.
= Ratio of tube diameter to effective film thickness; predicted
from Eqs. (26) or (27). "
= Fraction decomposed of peroxide entering as feed; £1 entering
catalyst tube, f5 leaving.
- Diffusivity conmstant, 4.45 x 10~
Rate of peroxide feed, gm.-moles/second.
Gas constant, 82.06 cm3-atm/g-mole-%kK. ~
Temperature of vapor stresm entering catalyst tube, %k,
Molal ratio of water to peroxide in feed. .
Length of catalyst tube, em.
Ratio of circumference to diameter, 3.14159=

£
quOHWG'H - \N\
[}
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SAMPLE CALCULATION OF DATA

The data obtained in Minuve 41 61‘ Run 39 are ss follows:

Run 3932

Normality of KMnO4 titrating solution 0.228 N.
Barometric pressure 29.84 1in. Hg.
Feed: cce KMnOg /ec. fesd 56.2 ec./cc.
Minute 41:

Upstream Station
Volume of liquid collected in minute 4.4 e¢c.

KMnOg, cc./cc. sample 42.2 oc./cc.

Dowmnsgtream Station
Volume of liquid collected in minute 18.0 ece.

KMnOg, ¢c./ecc. sample 9.9 cc.
Gas Station
Wet test meter temperature 24.5 ©9c.
Gas rate 0.20 liters in 10.9 seconds

The following equations may be written,

« H 1 1 .
f?f--_f?g = (ec Kln04)(N Kuno4)(_-_--_-_)(Tf_fﬁ_gggf)(fff__?g?f)
cc. smple oc smple meq. H 02 wmole H)0,
ec KMnO4
= =-=--=--- x (N KMn04)(1/2000)(34)
cc smple
= 0.0170 (ec KMnO4/ce smple)(N KMnO4) (30)
Wi £ Hg 2 soeeenie? o - (0.0170)( ety mo,) (31)
total gms 4 cc smple

The preceeding equations may be employed to prepare the following
table for the data:

VOLIME  oc KMnOy  ce
ce

STATION SAMPLE cc smple wt 4 He02 wt H0,
Feed -~ 5602 12080 2003 badanad

Upsim 4.4 42.2 9.61 15.52 0.719 gms.
Dnstm 18.0 9.9 2026 3.81 0.691

By dividing the grams of peroxide by weight fraction peroxide, the
total weight of sample may be obtained, and the weight of water found by

difference.



STATION  Wl. HpOp  TOTAL WT.  WI. Hpd

Upstm. 0.719 ge 4463 g. 3.91 g.
Dnstm. 0.691 18.13 17.44

fhe peroxide equivalent to the oxygen rate is found by applying
the following expression, noting that the vapor pressure of water at
the wet test meter temperature is 0.91 in. Hg., and hence the partial

pressure of oxygen is 29.84“- 091 in. Bg.

g. Ho0p (1iters ) sec. , 1 273 29.84 = 0.91
——— equiv « to 02 - cmm———— (60 ---—)(—---) (-o--)( ------------- ) (2) ( 34)
minute (second ) min. 22.4 298 29.92

= 161 (liters Op/secund)

For Minute 41,

e Hzog
- er oo o equivalent ‘to 02 = (16104)(0'20/]'0.9)

minute

2.95 grams/minute

1.56 grams/minute

o equivalent to 0, = (2.95)(18/34)

A water balance may be calculated to check the equilibrium conditionse.
From the known feed concentration and the oxygen rate, inc waier tnat
should be in the liquid sample may be calculated, and compared with the
water found by analysis.

The total peroxide will be (Hp0z in smple.) + (Hxds equiv. to 0s)
Total Peroxide = 0.691 + 2.95 = 3.64 g./min.
The water associated with this peroxide is,
Assoc. water = 3.64 (100 - 20.3)/(20.3) = 14.30 g./min.
The water from decomposition, or water equivalent to oxygen is,
Decomp. water = 1.56 g./min.,
and the total water calculated is,
Cale. total water = 15.86 g./min.
The water in the sample by snalysis is,

Actual totel water = 17.44 g./min.,



or, the error in the water balanoo'is,

A H0 = + 1.58 g./min., or + 97%.
This gain of water results from conceniration of the feed in the boiler,
the vapors generated not being the same strength as the feed liquid.

Due to this non-steady operation, it is comvenient to define a
"pgeudo”~feed concentration, or the feed equivalent to the wapors actually
evolved if no concastration or decomposition occurred in the process of
vaporizatione.

3.64 (100)

C* a2 ~- - -~ = 18.61%
3.64 + (17.44 - 1.56)

The fraction NOT decomposed at the upstream station, F;, is given
by the ratio of the peroxide in tue -~=aupie taken to the total peroxide,
or the peroxiie in ihe pseudo-feed. However, calculations are to be
based on the downstream data since no measurement of the upstream oxygen
rate was made. The fraction NOT decomposed will be given by the ratio
(Hp02)1/(H202) oy Where the formula represents ihe weight in grams per
minute, and the subscripts refer to the upstream and feed conditions,
respectively. Since the reaction of one mole of peroxide forms one mole
of water, the sum of the moles of water and peroxide must be fixed
throughout the apparatus, and one may multiply the above ratio by the
ratio of the sum of the moles of water and peroxide in the feed and in

the upstreem sample (the ratio being unity numerically), obtaining,

1/18 (Hz0)o + 1/34 (Hg03)y (Hx02)y
- - W = - x
1/18 (Hx0)3 + 1/34 (HgOz)1  (Hg0s),
By rearrangement,

(Hg0/H202)0 + 0453
(Hg0/Hz02)3 + 0.53

(32)
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Applying Eqn. (32) to the data at hand,
(HpO/Hx02)o = (100 = 18.61)/(18.61) = 4.36

(Ho0/H202)1 = (3.91)/(0.719) = 5.44

F; = (4436 + 0.53)/(5.44 + 0.53) = 0.819

The fraction NOT decomposed at the downstream station, Fp, is given
by the ratio of peroxide in the liquid sample to the total peroxide, liquid
peroxide plus psroxide equivalent to oxygen,

Fs = (0.691)/(3.64) = 0.1900.

In terms of the fraction decomposed, f, the mole fraction peroxide is,

on & basis of one mole of oxygen in the stream at total decomposition.
Transforming the equation into terms of the fraction NOT decomposed, values

calculated above, the expression is obtained,
Y a “recena- — (33)

where W, the molal ratio of water to peroxide, is the quantity previously

termed (Hg0/H202)o multiplied by the ratio of molecular weights (34/18).

The mole fraction peroxide upstream is,

2(819)

Y = = 0.0896,
2(4.36)(34/18) + 3 = 0.819
and the mole fraction peroxide downstrean,
2 (0.1900)
Yo w comecccaen - - = 0.0197.

2(4.36)(34/18) + 3 - 0,1900
The values for Run 39.41 are then, recording in the manner foliowed

in the Table of Data and Calculated Values ai the end of this section,



RUN P 2 Pa Zy Og C* _El.. Fg
39.41 0.719 3,91 0.691 17.44 2.78 18.61 0.819 0.1900

The predicted tube length required for this degree of decomposition
way now be calculated, employing Eqn. (29).
The term a is
a = (0.0382)(18.61)2 + (15.05)(18.61) = 293
and, af] = (293)(1 - 0.819) = 53.1
afs = (293)(1 - 0.1900) = 237
From the Summary of Data, the upstream tempera:ture is 306 °F; the
assumption will be made thet the superheat is lost through the insulation
before the catalyst tube is reached. From Run 21 it is seen that the
condensation temperature is 240 °F, or 389 %K. Consequently, b* = 389.
Subtracting the term af] to correct for boiler decomposition,
b = 336
at+ b= 62
Va + b = 25.0
The final bulk temperature may be ecalculated as,
Tg = 237+ 336 =577 % = 574 °r.
The arithmetic average temperature u. the bulk streem is 407 OF; the
viscosity of water vepor at this temp erature is (10) 1.60 x 10™4 gm./om.sec.
The total flow through vie tubs is 0.691 + 17.44 + 2.78 or 20.9 gm./ming
on the besis of a 1/4 inch tube, the Reynolds Number may be celeuiated as,
Ngg = (1/4)(2.54)(20.9)/("/4)(i/4 x 2.54)%(60)(1.60 x 10~4)
= 4370
The d/x ratio becomes,

d/x = 0.023 (4370)°°8(0.774)04 . 17.3



Evaluating the constants,

R m, (82.06) (3.61)/(60)(34)

—mmm—m—s 2 —— = 60.4

K™(d/x)  (4.45 x 107°)(3.14)(17.2)

2W+ 3 (2)(4.36)(34/18) + 3
cmmmmme @ = -—- - =  0.780
\'S + b 25.0
Eqn. (29) then becomes,
J293 £ + 336 1 £, = 0.810
Z = 60.4 |0.780 Atanh™ Seccemememee o onn p f203 £ + 336
25.0 586 £, = 0.181

Evaluating the funciion,
Z = 40.4 ecm.
= 15.9 inche.
The theoretical diffusion equation then predicts a catelyst tube length
of 15.9 inches, compared to an actuel length of 24 inchesy

A = 24/15.9 = 1.5.



CALCULATION OF PROFILES ALONG CATALYST TUBE
(Preparstion of Figures VI, VII)

1. Adiabatic Bulk Stream Temperature Distribution.

The theoretical equetion, Eqn. (A-29), amd previous correlations
of Isbin (7), (9) indicate that the fraciion not decomposed is linear
in the length of satalyst tube within a small error; the accuracy of
this approsch may be seen by inspection of Figure III. Knowing the
fractions not decomposed at the upstream and domstresm stations,
one may find the fraetion not decomposed at any intermediate tube
length by linear interpolation, assuming the uate follow this
predicted relations The sdiabatic decemposition temperature at any
length may then be found through use of Eqn. (A=22).

2. Distribution of Heat Losses Alomg Catalyst Tube.

Preliminary design caleulations on the heat loss through the
insulation indieated that the heat loss should be small; however,
the disagreement between the adisbatiec decomposition temperaturs and
the final bulk temperature, even after improvements in the therme~-
couple techniqus, shows that the heat loss encoutered is appreciable.
Run 19.52 will be taken as illustrative. ‘

The data of this run will be repeated here for conveniences

Entrance texpersture 242 °r.
Exit temperature 340

First wall temperature 478
Last wall tempersature 414

The heat loss from the upstream thermometer to the finel bdulk
temperature position may be found by an enthalpy balance, datum 242 °F.
Letting the total heat loss be Q, the enthalpy H, and the heat of

decomposition AH,,

Q = H =Hz + AH,



The grams of peroxide decomposed in the tube in the minute will be
difference between the peroxide entering the tube and leaving,

Data:
Fraction not decomposed upsiream 0.763

Fraction not decomposed downstream 0.308
Peroxide collected downsiream 1.14 gms./min.
The peroxide decomposed is,
Ame= 1.14 (0.763/0.308) - 1l.14 = 1.68 gm./min.
The heat of decomposition at 242 °F. is 710 cal./gm., and hence the heat
relecase is,
A H. = (710)(1.68) = 1190 cel./min.
The increase in heat content of the stream must now be computed. The
required thermal data may be obtained from Ref. (1), (10), (}3).

Component Grams Cp 340 °F C, 242 °F Cp ave. NCp

Hg02 1.14 0.309 cal/gk 0.288 cal/g% 0.30 0.342

Hy0 20.9 (1211.7)* (1165.0)*

02 1.20 . 0.311 0.289 0430 0.360
(%~ Enthalpies.) 0.702

Hy = (0.702)(340 - 242)(1.8) + (20.9)(1/1.8)(1211.7 - 1165.0)
| = 666 cal./min.
The heat balance is then,
Q = 1190 -~ 666 = 524 cal./min. heatloss.

By assuming the fdlowing data,

Length, upstream thermometer to tube 18 in.

Diameter of glass tube 0.25 in.

Diameter of insulated glass tube 3 in.

Bulk temperature 242 op.

Temperature, outside insulation 74 oF.

Thermal conductivity, glass wool 0.024 Btu./(hr.)(ft.a)(%s)

the heat loss in the section before the catalyst tube may be calculated
as 58.5 oal./min.s

Area; = (3,14)(0.25)(18) = 10.2 in.2



(3.14)(3)(18) ; 170 in.2

Ag

Amean (170 = 10.2)/1n(170/10.2) = 5647 in.?

Q = k Ay AT/Ax
= (0.024)(56.7)(1/12)(168/137)(1/60) = 5845 cales/min.

Since this heat loss will result in partial condensation of the
stream, heat will be taken from the heat of decomposition to eveporate
this condensate. Hence, the total heat loss from the bulk stream will
be 2(58.5) or 117 cel./min. loss in sensible heat. The assumptions
employed in the calculation limit this figure to an estimate, but more
rigorous consideration does not seem warranted by the data.

(A calculation of interest is the amount of econdensate. Taking a
figure of 970 Btu./lb. for the heat of condensation, the condensate is,

970
(58.5)/(===) = 0.109 grams/minute out of 23.2 total.)

The following table may then be prepared for ine tube heat losses,

Total heat loss 524 cal./min
Lost up to tube 585
Lost from tube 465.8
Lost in evaporation 58.5

Insulation losses of tube 407 cal./min.

This insulation loses is now to be distributed along the tube length.
Assuming the outside of the insulation is at 78 9F. (later data indicate
that it is probably higher), and that the heat transfer coefficient is
independent of temperature, the equation may be written,

478 -~ T,

R Y W R s —

1n (400)/(Ty - 78)

At L = 24 inches, Ty = 414 °F, or ATy = 368 °F. Consequently,

h = (407)/(24)(368) = 0.0460 cal./min.=in.-%F.

g



478 « Ty
or, Q = 0.0460 L -I;-;;Sa;;-(-;;-:-;;; .
The procedure is .hen to choose a tube length L, obtain Ty from
the profile given in Figure V, and compute the‘ﬁeat lost through the

insulation wp to .hat point from the above equation. The losses are

summarized belows

. Tube Length, inches Insulation Heat Loss, cal./min.
8 143
14 , 247
19 328
24 406

When 'plLotted, these values of heat loss aie not linear in tube length,
although almost so. At 24 inches, a line througn the origin would pass
through a mean of the points to indicate 420, as compared to 406 read
from the curve. If the insulation loss is closely linear in length, then
it cannot be linear in the fraction not decomposed, for that is linear in
@ raised to the exponent tube length. Consequently, any correction of the
adiabatic bulk temperature equation, Eqn. (A-22), for heat loss becomes s
complex function of tube length and wall temperature. The computation may
be made for this case as outlined below, noting that the heat capacity of

the siream may be calculated as 7.34 cale/mine-%F. from previous data,

L Tadiab Qi nsul Z2Q AT Toulk Notes

0 242 0 5845 0 242 Two-phase siream
3 272 53 170 23.2 249 Evap. of condensate
8 326 143 260 35.6 290

14 380 247 364 49.7 330

19 415 328 445 60.6 354

24 432 406 523 71.4 360

Figure VI presents a plot of Tp,1y vs. L.



3. Comperison of Potentials, AY vs. AT

A plot of the mole fraction peroxide in the bulk stream ys. the
temperature difference, catalyst surface to (adiabatic) buik siream.

In Section (1) of this discussion, a method of calculating the fraction
not decomposed at intermediate tube lengtihs was deveioped. The
corresponding mole fraction may then be calculated from Eqn. (A-.,33).
The plot should more properly be based on the actual bulk temperature,
but lack of accurate data on insulation surface temperatures makes this
refinement unnecessary.

4. Comparison of Actual And Predicted Heat Transfer.

The heat actually transferred may be found by the amount of peroxide
decomposed and the heat of reaction, as was done in Section (1) above,
employing the intermediate fractions not decomposed as before.

The predicted heat transfer is computed by treating the catalyst
tube as a heat exchanger,

Q = h AATy ‘ (34)
tune neat transter coefficient, h, being predicted from a relastion of

McAdams (11) already cited,

0.8 0.4 -
d hd d G) (cp,a)
- = -k = o.ozs( by -;- ’ (27)

and discussed under 'Ehe derivation of the theoretical equation.
The thermal conductivity may be elimknated from the term hd/k by
dividing the expiession by tl_;e produet of the Reynolds and Prandtl
Numbers, |

. ,
=== =z 0.023 (d G/ )

GCp

~0e2

(Gp /i) (27a)



The predicted heat transfer may then be ea;lculated by somputing
the value of h, and substituting h, the heat transfer area corresponding
to a given tube length, and the memn temperature difference into Eqn.
(A-34). Since the bk tempersature correoted for heat loss was computed
for Run 19.52 only, the difference between the wall temperature and che
adiabatic bulk temperature is used as an approximation.

The calculation results are summarized below.

Table A-Ts
_ACTUAL AND PREDICTED HEAT TRANSFER, Btu./min.
(1) Tube length of 10 inches.  (2) Tube length of 16 inches

RUN Qactual Qpredicted Qactual Yreaicted
19 5.14 3.08 6.14 3.43
20 6.18 4.47 ' 7455 ekl
21 537 4.29 6.78 5.79
22 3.76 2.03 4.69 2.14
23 5.80 3.85 7.40 6+45
24 5.79 6.40 8.05 6.90

Table A-8s

EFFECT OF TEMPERATURE DIFFERENCE ON
PREDICTED AND ACTUAL HEAT TRANSFER.

L_ EEN_ (Ty - Tgas)ln mean ~ RATIOs Qqpg44 cted/Qactual
10 in. 19 ‘ 162 °F. 0.600
20 237 0.724
2 224 0.800
22 94.9 0.540
23 188 0.664
24 284 . 1.10
16 19 113 0.570
20 214 0.857
2 189 0.854
22 69 0.456
23 196 0.873

24 201 0.856



ERROR ANALYSIS

1. Experimental Data.

(2) Grems of peroxide per minute collec.uu as iiquid sampies.

From Egn. (A-30),
2
-------- - = 0.0170(cc. KMnO4)(N KMnOg)(1/cc smple)(Volume smple/min.)

By differentiating the functiom, dividing by the function, and approximate
ing differentiais by & finite error, the error expression becomes,

An/m = A(ce KinOg)/(cc KinOg) + A(N)/(N) + A(1/cc)/(1/cc) + AVAV.
The data of Run 39.41 will be used as representative,

Upstreams: Downstreams
A(ec KMnO4)/(cc KinOg) = 0.1/42.2 = 0.00237 = 0.1/10 = 0.01
A(N)/(N) = 0.0005/0.228 = 0.00219 - 0.00219
A(1/cc1/ce) = 0.005/1.00 = 0.00500 a 0.00500
A(V)/(V) = 0.1/444 = 0.0227 a 0.1/18.020.00555
0.03216 0.02274

The error in the grams of peroxiue coblected is 3.27 upstresm and 2.2%
downstream.

(b)Weight pereent peroxide, Eqn. (31).
Awt.2)/(wteZ) = A(1/oN1/p) + A(eo KinOg)/(ec Kinog) + A(1/ce)/(1/cc)

+ A(N)/(N).
= 0,001 + 0.01 + 0.005 + 0.002 =
S zo018
(¢) Weight of water.
Altovar weight)/(total weight) = A(Hg05)/(H,0;) £ A(wteZ)/(wt.%)

0.032 + 0.018

= 0.050

Alws Hg0)  A(total wte) 2 A(wte Hg0p)  (0.050)(27) + 0.03

Smmem—ess & e eee e e caeseccesmsceee g emeeeao- ——————— = 0.052

(wt. H20) ('!‘:otal wte) & (wt. Hy0p) 27 - 1



(¢) Gas Analysis.
The error from the wet test meter readings is approximately,
A0y A(1liters/see) A(liters) A(seconds)
02 (Lstere/ssc.)  (liters) (seconds)
The wet test meter may be read to 0.01 1., and the stop watch error
is approximately 0.2 ses;nd:
A0of05 = 0.01/0.20 + 0.20/10.9 = 0.028.
(d) Summary.
The erpor in the experimental date has been shown to be -
Peroxide in liquid sampies 3.2/ upstm., 2.37 dwnstm.
Water in liquid semples 5.2%
Oxygen rate 2.8%

The accuracy of the titration of peroxide with permanganaste from
a chemical viewpoint need not be considerea, since Huckaba and Keyes (5)
have shown the chemical error to be 1 part in 5000.

The experimental data are accurate, then, from 3 to 5%, and are
adequate for the present purpose. The major source of error in this
wprk lies not in the measurement of data but rather in experimental
difficuities with pressure surges and heat loss.

2. Theoretical Diffusion Equation, Egqn. (A-29).

Granting the correctness of the assumpticns mede in the derivationm,

the major source of error in the theoretical equation wiii be the
evaiuation of the term d/x. Both the Sherwood and McAdams equations

are empirical in nature, representing the best curves through data points.
These equations may be in error by as much as 307 under normel conditions,
and the accuracy is questionable in the present case where a large

temperature difference exists.



AXTAL HEAT TRANSFER IN CATALYST WALLS.
If there is heat transfer by conduciion along the siiver tube,

then the decomposition will not be adiabatic at a given point. It

is desired to calculate the megnitude of the heat conduction under

conditions representative of conditions during a rune.

Data:

Temperature potential along tube wall: 60 °F. \
Thermal conductivity of silver (212°F) 238 Btu/(nr-.)(£t2)(°F/ft.)

Length of tube 2 ft.
Inside diameter of tiube 0425 in.
Wall thickness of tube 0.,010 in.

"Ares of heat flow = 1/4Wdy? = 1/4 12 = 1/47(dy +d1)(dg = d1)
/4 (0.51/12)(0.01/12) f£t.2

Quuve = k A AT/Ax = (238)(™/4)(0.51/12)(0.01/12)(60/2) = 0.2 Btu./hr.

For comparison, the heat content of the gas stream may be estimated
by assuming an entrance iemperature of 212 °F., an exit temperature of
400 °F.., and omploy::"the enthalpy of steam as an appraimations

hHaé 400 °F = 1240 Biu./ib.
hpzo 212 °F = 1150
Ah = 90 Btu./1b.
If a representative flow rate of 27 gms./min. is taken,
Qeas = (27 x 60/454)(90) = 322 Btu./hr.

The ratio of the heat conduetion along the tube to the inerease
in heal content of the gas stream is,

Qtube /Qgas = 0.2/322 = 0.00062 , or, 0.062%.

Axial conduction of heat is therefare small.
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The following symbols are employeds
RUN - Data based on one minute samples taken d

SIMMARY OF DATA AND CALCULATED VALUES

1. DECOMPOSITION DATA

Z - Water collected in
streem station, Z
0s = Oxygen rate, gms./minute, as observed at downsiream wet test

moter.

f at dowmnstresmgation.
i

ng rune
P - Peroxide collected in liquid samples, gms./minutes P, at
upstream station, P

quid samples, gms./minute; Zj at up-

at downstream station.

C* - Pseudo-feed, weight percent peroxide.
F = Fraction NOT doeomposed of peroxide in feed, Fy upstream, F,

downstream.
FEED
RUN CONC Py 4 Pz Zs 0o C* F Fg
19.49 18.6 0.52 3,65 1.20 21e40 2451 16.2 0.758 0.308
50 051 355  lell 20429 2461 1603 o720 e28.6
51 0.46 3.49 1.10 20460 2,57 16.6 .682 + 288
52 0.50 3.55 l.14 20.88 2.41 15.9 «763 «308
53 0.50 3.67 1.09 20.81 .2.53 16,3 721 »288
54 0.51 3.54 1.08 21.02 2.45 15.1 .823 «293
55 0.53 3.54 1.29 23.11 2.53 16.1 964 «324
20.24¢ 20.17 0.48 267 1.32 21.06 3.02 18.9 0.791 0.292
25 0453 3.13 1l.31 21.11 2.88 18.7 «760 294
26 053 2493  1.24 20,52 3402 18.9 LT85 «279
27 0e56 2486 1427 21.03 3.00 18.7 846 285
28 0.55 2.85 1.28 20.11 3.02 19.5 .814 «285
29 O.44 2.,52 1420 20660 3.04 19,0 767 271
30 0.59 3.09 1l.22 20.96 3.13 19.1 826 «269
31 0.46 2.60 1l.22 20.68 3.04 18.9 oT79 o274
32 047 291 129 21.86 3.14 18,6 .731 «281
33 0650 2470 1.23 2027 3.00 19.1 «800 279
21.35 20.3 0,712 3.62 1.57 21e27 2.75 18.5 0.877 0.350
36 0691 3.74 1.47 20.42 2.75 18.9 «816 335
a7 0.714 3.72 1.46 20,95 2.86 18.9 .844 «325
38 06699 3.76 1445 20,79 2.90 19.1 807 «320
39 0.703 3.77 1e43 20452 275 18.7 .834 «329
40 0.698 3483 138 20.02 2486 19.3 .782 o312
41 0.719 3.81 1.40 20.58 2.86 18.9 .84 <316
22.46 14.9 0293 2.27 1.32 22.08 1.78 13.2 0.856 0.412
47 0.336 2.92 1.32 21.68 1.78 13.4 +849 412
48 0297 2431 1.32 21.73 1.85 13.1 +«860 «422
49 0.282 2.42 1.37 23.03 1.89 13.3 «T75 «405
50 0.306 249 1.31 21.89 1.87 13.6 «792 «399
51 0.298 2.39 1.30 21.83 1.87 13.1 «835 404
52 - 04285 2430 123 21.87 1.89 13,4 810 «380
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FEED

RUN CONC P 3 Py 2 0g c* ¥ Fj
23,07 20480 1.00 4.62 1.46 22.14 3.09 18.9 0,939 0.309
8 0.94 4467 1,53 22,57 3.00 18.5 904  .32¢
9 095 4.67 1.44 2236 2486 17.7 947 o321
10 0.85 4,23 1l.41 22.01 3.64 20.8 «783 +268
11 0489 4.61 1e46 22044 3.00 18.3 4962 <314

12 0.84 4,26 - - - - - -
13 0498 4495 1le44 22426 2494 18.1 909 4317
14 0.82 4435 l1e42 22423 2.90 18.0  .890 .315
15 0695 4455 1.48 22¢42 3.04 18.5 +851 «3k4
16 0480 3.78 1.43  22.2T 2486 178 977 .319
24,57 20,84 1,10 4475 1436 22454 3.41 19,4 0.944 0,272
58 1.06 469 1.34 22,16 3¢35 19.5 00950 .273
59 1,06 4469 1.34  22.16 3.333 19.4 0,950 ,274
60 1.10 4467 139  23.01 3.28 18.7 1.02  .285
61 1.08 4.68 1.33 22,07 3¢41 19,7 0.944 4269
62 1,16 4473 1e35 22.15 3430 19.3 1.02  .278
63 1.13  4.84 1.35 2215 346 19.9 0.950 269
64 1.06 4471 1433  21.83 3.48 20.2 0.900 +264
65 1.10 4466 1033 21483 3435 20,0 04950 267
66 1.1 4075 1031 22.99 3433 18.7 1.018 270
67 01410 4075 1637 22473 3441 194 0973  .274
68 l.14 4,83 1l.39 23¢31 3429 1849 1,010 «279
25.23(4) 0e442 4¢32 04994 24.8 1.67 10.34 0.889 0.360
24  10.1 00985 4415 04938 24.5 1.67 1020 1.017 4346
25 0ed4]l 4.16 0,985 2446 1.7 10.69 0.889 349
26 0.424 4.14 0.941 23.5 1.67 10.70 864 .348
27 0.436 4423 04890 2443 1.67 10.18 o911 .333
28 0446 4413 00894 23¢9 1.62 10.18 4956 342
25.38(B) 1.746 17.95 0.388  9.62 0.607 10.00 0.877 0.375
39 10.1  1.780 18,04 0.369 9.08 0.600 10.31 .866 .368
40 14631 15460 00452 10.00 04613 1030 859 .409
41 1.595 15462 0.319  8.29 0.607 10.80 .850 831
42 10790 1812 0578 13.09 0.584 8,70 1.031 .484
43 1.804 18.10 0.424  9.88 0.641 10.39 0.870 .384
26021  5.10 04296 6427 04589 2646 0.825 5.29 0.848 0.403
22 04293 6417 04590 2648 O0.770 5407 915 <418
23 0.277 5497 04557 25.7 0.744 5.08 .873 .413
24 06298 6416 04556 25.3 0.744 5.42 .896 413
25 00297 6428 0.575 25.4 04752 5639 o868 0420
26 0e313 6424 04564 25.5 0.752 5.41 3927 414
27 0e288 6407 04559 25.3 0.785 5.29 854 401
28 04298 6+06 04559 25.3 0,806 5.36 870 .396
29 00294 636 04585 25.6 0.775 5430 836 o415
30 04277 598 04534 25.0 0.721 5.02 .38 .410

(2)
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RUN

CONC

27.41

42
43

47

49

28.25
26
27

30
3l
32

29.10
11
12
13
14
15

39.39

42
43

40.56
57
58
59
60
61
62
63

100

41.42
43

45
47
49

S0
51

9.69

14.75

19.73

20.30

10.44

35.25

Py
0.74
0.59
0.66
0.71
0.7
0.71
0.68
0.72
0470
0.72

04535
0.625
0.597
0.550
0.539
0.601
0.624
0.564

0.828
0.892
0.899
0.803
0.785
0.005

0.816
0.795
0.719
0.795
0.832
0.735

0.320
0.352
0.310
0.310
0.347
0.316
0.334
0.318
0.308
0.279

4.56
4.64
3.80
4.79
4.53
4.65
4.65
4.63

4.61
4.66

i Py
7.05 1lell
7.18 1.09
7.08 1.10
687 lel2
T¢16 1.07
7.07 1.13
6,97 1.09
T.05 1.09
T.l7 1.1
T7.05 1.08
3.62 1l.734
3.87 1.712
3.74 1.760
8.63 1.700
3.53 1.751
3.90 1.748
3.79 1.696
3.63 1.760
3.74 2.”0
4.10 24265
3.79 2.001
3.86 2.090
357 24335
3.91 1.930
4,25 0.712
4,16 0.712
3.91 0.691
4.16 04709
444 0.690
4.11 0.587
4.78 0.263
4.88 0.268
4.62 0.27T1
4.69 0. 264
4.76 0.273
4.7 0279
4.79 0.274
4.7T4 0.274
4,69 0.266
4.00 0.262
9.45 0.926
9.40 0.918
10.21 0.856
9.51 0.878
9.18 0.818
9.37 0.812
937 0.812
9453 0.800
945 0,782
9.46 04,775

23.94
23.49
23.70
23422
23.87
23.79
23.49
23.49
23.79
23.82

235
23.4
23.3
2249
23.3
235
23.2
23.2

23.0
23.8
2l.4
22.1
24.4
20.8

17.98
17.98
17.44
18.10
17.63
17.53

18.64
18.23
18.28
17.96
18.42
19.64
19.23
19.23
18,59
17.06

12.87
12.38
12.25
12.73
12.06
11.97
11.98
12.31

1%.46
12.25

02 c* 1 51
1.37 9.63 0.951
1.37 10.05 .861
le44 10,30 ,L812
1.37 10.20 .906
1.35 9.77 +,920
1.39 10.20 889
l.41 10.20 867
1.37 10.08 .911
le46 10.38 854
l.41 10.08 914
1.88 14.2 04925
l.94 14.5 «960
1.90 14.5 944
1.95 14.7 «889
1.91 14.5 «907
1.96 14.6 911
1.94 14,5 <972
1.9 14.6 «913
2.71 19,1 0,945
269 18.7 «954
272 19.8 +964
2.79 19.8 «860
2.71 18.6 «946
2.80 20.3 o915
2.94 19.05 0.836
2.78 18.21 870 .
2.78 18.61  ,819
2,91 18.74 .845
2,91 19.13 .814
2.94 19.36 .765
1.62 10.02 0.631
l.64 10.40 0.634
1.56 9.98 620
1.55 10.05 .606
1.54 9,83 681
1.83 10.07 570
1.61 9.76 o658
1l.48 9.07 .683
1.62 1011 o597
1.51 10.03 .624
4.44 35.15 0.912
4.44 36.2 «895
4.69 37.8 «678
4.44 35.3 «937
4.60 37.5 «859
4.48 37,1 «875
4.44 36.7 .886
4.63 37.0 «861
4.44 35.5 «907
4.69 37.4 «860

a2
0.432
.426
.18
419
428
o437
‘422
427
427
418

04466
*455
466
«451
464
«456
«451
*464

0.434
o444
+408
413
448
«394

0.1859
«1945
«1900
«1874
«1826
«1805

0.1329
«1332
+1405
<1382
#1430
+1259
«1384
«1490
«1338
<1409

0.1644
«1630
+1469
«1571
<1435
1455
<1471
<1400

1424
«1346



II. MOLE FRACTION HYDROGEN PEROXIDE

Y3 - Entering catalyst tube.
Yy = Leaving catalyst tube.

RUN bo Yy
19.49 0.0698 0.0277
50 0661 40257

51 .0640 .0266

52 0684 .0272

53  .0665 0261

54 .0704 0244

55 .0846 ,0281
20,24 0.0856 0.0306
25 .0810 .0308

26 .0850 L0310

27 L0910 .0298

28 L0877 .0299

29 .0836 .0287

30 .0965 .0297

31 .0846 .0289

32 0776 .0292

33  .0880 .0298
21.35 0.0935 0.0362
36 .0885 ,0355

37 L0917 .0343

38 .0885 .0341

39 .0896 .0345

40 .0868 .0337
41 .0885 .0334
22,46 040636 0.0229
47 .0639  .0304
48 .0634 .0305
49 .0576 .0208
50 .0608 .0800
51 .0613 .0292
52  .0610 .0282
23.07 0,103  0.0327
8 .0966 .0335

9 L0965 .0316

10 .0941 .0314
11 102 .0321
12,0046 .0320
13 .0920 .0317
14 .0880 .0324
15  ,1005 .0316
24.57 0.106 0.0295

58 0.107

0.0299

RUN Y3 Y,
24.59 0.107 0.0298
60 111 .0298
61 108  .0297
62 115 .0302
63 <110 .0304
64 0106 0300
65 »108  .0293
66 <110 .0283
67 104  .0298
68 JA11 0296
25423 0.0509 0.0203
A 24 0576 .0193
25 <0528 0204
26 .0514 .0203
27 .0514 .0185
28 .0286 .0189
25,38 0.0486 0.0205
B 39 .0495 .0208
40 .0491 .0229
4 0509 .0195
42 0644 .0298
43 0500 .0218
26.21 0.0247 0,0117
22 +0252 0114
23 .0241 .0113
24 «0263 .0120
25 .0253 .0121
26 <0271 ' .0120
27 0244 .0114
28 .0253 .0114
29 .0239 .0l118
30 .0239 .0111
27.41 0.0524 0.0247
42 <0512 0244
43 0463 .0236
44 .0511 .0233
45 »0519 .0252
46 .0504 .0244
47 «0490 .0235
48 .0508 .0234
49 .0490 .0236
50 .0510 .0232

(?)
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RUN
28425
26
27
28
29
30
31
32

29.10
11
12
13
14
15

39.39
40
41
42
43
44

¥

0.0743
«0790
«07T75
«0743
<0743
«0754
«0796
«0755

0.0959
«1025
1112
«0989
«1072
<1077

0.0916
«0910
«0880
<0861
+0895
«0853

Yo

0.0368
+0366

- «0366

.0368
«0374
<0371
«0363
«0377

0.0430
+0465
+0456
+0462
+0470
«0451

0.0198
«0198
+0200
«0196
<0196
<0197

RUN b4 Yo
40.56 0.0348 0.00723
57 0362 «00754
58 <0340 00765
59 «0335 «00759
60 <0368 «00806
61 «0334 «00731
62 «0353 +00735
63 <0341 «00736
64 «0332 «00739
100 «0352 «00790
41 .42 0.202 0.0336
43 «205 «0344
44 «159 «0323
45 «208 <0322
46 «204 +0314
47 «205 +0314
48 + 206 «0314
.49 «201 0302
S0 «203 «0294
51 «203 «0293
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III. TEMPERATURE DATA

S——

T, - Temperature indicated by upstream thermometer, 17.5 inches from
beginning of catalyst tube; Tqo*, superheated.
- The surface temperature of the tube indicated by thermocouples
located as follows,
Number Inches Downstream
1
3
10
16
22
Ty = Temperature of bulk streem 1 inch below end of catalyst tube.
Tq = Adiabatic decomposition tgpperaxure for the fractional decomposition
obtained, based on T,3 Tq" based on estimated temperature at
beginning of catdyst tube- ’

U w2

===-e==----Temperature, b
FEED Cat. Surface Temperature:
RUN  GONC To 1 2 3 4 5 T, 1 Ty
19 18.6 236 498 498 468 459 435 358 444
20 202 240 580 586 545 550 519 435 515
21 2043 240 583 591 540 536 510 424 509
22 14.9 235 383 395 400 405 392 287 396
23 20.8 242 565 592 578 582 557 455 525
24 20.8 247 697 685 680 633 637 526 630

254 10.1 234 424 417 415 392 395 341 395
25B 10.1 234 380 367 347 327 323 287 390

26 5e1 225 287 283 290 282 293 259 290
27 9.7 231 305 305 295 33 390 319 374

28 14.7 236 326 332 416 452 491 392 422

29 19.7 247 358 352 533 568 607 479 507

37 0 361* 315 301 304 298 286 307 361 361
39 20.3 306% 614 630 616 605 577 532 640 574

404 10.4 310 413 423 410 403 381 381 451 380
40B 10.4 422% 461 476 457 450 427 440 557 481
41 35.3 310% 915 1000 926 895 866 840 1110 1020



LOCATION OF ORIGINAL DATA

The originel data book and computations based on the data have
been deposited with the Hydrogen Peroxide Laboratory, Massachusetts

Institute of Technology (D.I.C. 6552).
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NOMENC
Catalyst surface area, mozg Ap, area available for mass transfer,
Ay, available for heat transfer.
Temperature coefficient, defined by Eqn. (A-22).
Peroxide equivalent to oxygen measured by wet test meter, gms.
Defined by Eqn. (A-22).
Molar heat capacity at constant pressure, cal./(g.mol)(°K.)
Molar heat capacity at constant volume, cal./(g.mol.)(°K.)
Concentration of peroxide in liguid feed, weight percent; C¥*,
concentration of pseudo-feed.
Tube diameter, om.
Diffusivity, em.2/sec.; Dpp, the diffusivity of A im diffusion
through By Dy, the mean diffusivity of A in a complex system;

Dpy thermal diffusivity.

Fraction decomposed of peroxide entering as liquid feed; f,, entering

catalyst tube; f,, leaving catalyst tube.
Fraction not decomposed, F = 1 - f.

Mass rate of flow, g.~mol./(em.2)(sec.)
Heat of decomposition of peroxide.

Enthalpy, calfg.-mol.

Local coefficient of heat transfer, Btu./(ft.2)(hr.)(°F.)
Diffusional constant, defined by Eqn. (A=6).

Local coefficient of mass iransfer, lb.-mol./(ft.2)(hr.)(atm.)
Axial length of catalyst tube, experimental quantity, inches.
Natural logarithim.

Molecular weight.

Rate of flow of peroxide, ge-mol./sec.; m) entering tube.
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Rate of diffusion of peroxide, g.-mol./(cm.2)(ses.)

Rate of diffusion of peroxide,«g.-mp;./éec. \
Peroxide in liquid samples, experimental quantity, gms./min.
Partial pressure, atm.

Heat loss, cal, or Btu./min.

Gas Constant, 82.06 (om.3)(atm.)/(g.-mol.)(’K.)

Temperature, °K; Tps boiling temperature; Tys temperature of
stream at entrance to catalyst tube; Ty end Tpy °F, temperature
of catalyst surface and bulk stream respectively.

Atomic voluge.

Convection velocity, Eqn. (1).

Molar ratio of water to peroxide in pseudo-feed.

Water equivalent to oxygen measured by wet test meter, gms./min.
Effective film thickness, ome ‘
Water collected as liquid sample, experimental quentity, gms./min.

Predicted axial length of reaction tube, cm.

Change in total moles per mole of peroxide reascted.
Difference

Viscosity

Total pressure, atm.; 314159~

Density

Summation

Subsc;ipts

-Component A, hydrogen peroxide.

Component B, nater..

Compenent C, oxygen.



.90

Mezn value.
Condition in feed; condition at zero decomposition of peroxide.
Condition in bulk stream; condition at entrance to silver tube.

Condition at catalyst surface; condition leaving silver tube.
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