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ABSTRACT

The utility of a catalytic ignition system to promote hydrogen-oxygen combus-
tion can be limited by the transient response of the system. The transient behavior
of a reactor packed with porous catalyst particles is a function of film and pore
diffusion of heat and mass as well as the chemical kinetics of the catalytic reac-
tion. A model has been developed which permits computation of concentration and
temperature profiles in the bulk gas phase and within porous catalyst particles as
functions of time for given reaction rate expressions. A computer program represent-
ing  this model has been used to evaluate the relative effects of various design and

operating characteristics of typical reactor systems on the transient behavior of
these systems.
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Report K910962-12

Transient Model of Hydrogen/Oxygen Reactor

Final Report

January 14, 1970 - January 13, 1971

Contract NAS 3-13317

SUMMARY

The Research Laboratories of United Aircraft Corporation under contract with
the National Aeronautics and Space Administration have performed an analytical
study of the transient behavior of a hydrogen/oxygen catalytic ignition system.
This final technical report summarizes work which was performed under Contract
NAS 3-13317 from January 14, 1970 to January 13, 1971l. Work during this period
has included the development of a computer program which is used to calculate tem-
perature and species concentration profiles as functions of time in typical reac-
tion chamber configurations. The computer program is based upon a mathematical
‘model of the reactor system which considers both thermal and catalytic reaction of
hydrogen and oxygen, along with simultaneous heat and mass transfer between the bulk
gas phase and the gas within the pores of the catalyst pellets. The possibility
that water vapor produced by catalytic reaction within hot catalyst particles might
condense or freeze in the colder bulk gas phase has been taken into account in the
model. The computer program has been used to evaluate the relative effects of
chamber pressure, feed temperature, initial bed temperature, stoichiometry, mass
flow rate, and catalyst bed configuration on the transient behavior of the reactor
system.
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INTRODUCTION

Effective design of a catalytic ignition system to promote hydrogen-oxygen
combustion requires the capability for predicting the effects of the design and
operating characteristics of the reactor system on the transient and steady-state
performance of the system. This general capability did not exist although the
feasibility of using catalysts to promote hydrogen-oxygen combustion had been demon-
strated in a number of experimental investigations (Refs. 1, 2 and 3).. These
investigations did not adequately assess the effects on reactor performance of such
parameters as chamber pressure, feed temperature, stoichiometry, mass flow rate,
and catalyst size distribution. Nor did these investigations adequately specify
ignition limits or ignition delay times. To achieve this information, a comprehen-
sive theoretical analysis is required which considers the simultaneous processes
of heat transfer, diffusion, and chemical reaction in the catalytic reactor. Such
an analysis was performed at UARL in order to establish procedures capable of pre-
dicting the steady-state behavior of the system (Refs. 4 and 5). These procedures
have been used to demonstrate the effects of various systems parameters on the steady-
state performance of the reactor, and thus to define the regimes in which ignition is
possible. Preliminary investigations at UARL indicated that the steady-state analy-
sis could be used as a basis for the development of a transient model of the hydrogen-
oxygen systen.

Based upon the above investigations, a comprehensive analytical program was
formulated with the objectives of (l) developing a transient analysis of a continuous
flow hydrogen-oxygen catalytic ignition system to permit the prediction of tempera-
tures, pressures, and species concentrations as functions of time as well as axial
position in typical reactor systems, (2) developing a computer program based on
this analysis, and (3) performing calculations using this computer program to demon-
strate the effects of various system parameters on the transient performsnce of
the reactor, and thus to define.ignition delay times. This effort is described in
detail in succeeding sections of this report.
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DISCUSSION

Transient Model of Hydrogen-Oxygen Catalytic Ignition System

The analysis of a catalytic ignition system to promote hydrogen~oxygen combus-
tion pertains to a reaction chamber of arbitrary cross section packed with catalyst
rarticles into which hydrogen and oxygen are inJjected. C(Catalyst particles are
represented as "equivalent" spheres with a diameter taken as a function of the parti-
cle size and shape. Both thermal and catalytic reaction of hydrogen and coXygen are
considered in developing equations describing the concentration distributions of
these reactants. Diffusion of reactants from the interstitial (free-gas) phase to
the outside surface of the catalyst pellets is taken into account. Since the catalyst
material is impregnated on the interior and exterior surfaces of porous particles,
the diffusion of reactants into the porous structure must also be considered. In
addition, the conduction of heat within the porous particles must be considered
since the hydrogen-oxygen reaction is accompanied by the evolution of heat. The
possibility that water vapor produced by catalytic reaction within hot catalyst parti-
cles might condense or freeze in the colder bulk gas is also taken into account in
the model.

The model permits the computation of concentration and temperature distributions
in the bulk gas phase and within the catalyst particles as functions of time for a
given reaction rate expression. Thus, the temporary reduction in catalytic activity
caused by capillary condensation or freezing of the reaction product in cold catalyst
varticles can be accommodated once the effect of condensation on activity has been
determined. Models are suggested to describe the effect of condensation on reaction
rate; evaluation of these models requires comparison of results obtained using the
models in the detailed transient reactor analysis with experimental results obtained
from reactor tests. Unfortunately, as noted in the subsequent section on "Kinetics
Information" consistent experimental data has not become available as of the end of
the contract period.

The general equations describing the rates of change of enthalpy and species
concentrations with time and axial distance in the interstitial phase can be simpli-
fied by noting that gas velocities are sufficiently high so that the time lag from the
reactor inlet to any axial position for the gas is negligible compared with other
transient effects. These equations can then be written as

3(Wo,).
__a_;?_‘_ = - ~é Thom & + (kelo, Ap {(P02)i - (POZ)DS] ()
O(Wp, ), 2M (

aZZ Lo _(l;_ l rhoms MO:2+ (kC)HZ Ap[(PHz)i - (PHZ)PS] ‘ (2)
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d(Wh o) : M (v) (v) (v)
'——a—z—a—— = _(!3__ rhomb‘ ‘Vt)zzg - (kC)HZO Ap (PHZO)i - ('DHzo)pS (3)

The partial derivatives of specles concentrations with respect to axial distance are
then given by

a(ry); a(Wy); d P
= P + § — L
(s) (1)
where _‘“ _a—’l )(S) ( )(L) i a(WHao)i . 0 (WHZO) i
Pi 0z ( HpO ' R PY I B 9z a0z
V) =W )
Pi | oP | | T
T T T oz
and - -
A /
W) J M,
I A o (vapor) J < (6)
w9 T W), |
J
(vapor) My
Heat and mass transfer coefficients may be estimated from (Ref. 6)
() \"0.667 -0.4
_ W) <Cf #> G -
hC = 0.6} F)f G\ K Ap pt

-0.6867 5 -0.41
0.6IG H
| . —_—_— 8
(kely= =70 ( pi(v)(Di)J > (ApH ) ©

In the entrance region of the reactor, where the temperature in the interstitial
phase is low enough to cause freezing of the water vapor diffusing out of the cata-
lyst particles, the enthalpy of the interstitial phase varies as

oh. | B 4hy T
SR A T URRC Rl Mt )

(v) v) {v) f C-
+(kC)H20 Ap | (Puyo)i ~ (Puolps] | AH +4H
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where the term involving h, in Eq. (9) represents the heat loss from the bulk vapor
to the wall of the reactor. Taking the reactor wall temperature as uniform, the
rate of change of wall temperature with time is

iy Cyp S d = 7d f ho(Ti = Tw) dZ = hg Ay (Tw - Ta) (10)

where the last term on the right side of Eq. (10) represents the heat loss by forced
convection from the reactor to the surrounding atmosphere. Heat loss by natural
convection or radiation can be ripreseﬁted in Eg, (10) by adding a term of the form
hg ' (TW - Ta)l‘25 or hy"A, (TW - T ), respectively.

In this "ice region" (s)
a(WHzo)i 0 (WHZO)I'

9z B 3z (11)

In the higher temperature, "ice-liquid region" of the reactor, the enthalpy of the
interstitial phase varies as

dhi |

- Hor  8+he Ap [ Ti‘(Tp)S] + [TrTW]
8z G hom
(12)
(s)
{v) 2 (v) hi- hi
+(Kelyo Ap| (Puoli - (Pujolps AR+ o] Qs (s) j
1 1
and the rates of change of ice and liquid weight-fractions are given by
©) Co (s
OWny0)i  oWnpo); [ hi®-h o ohi (13)
9z dz lhi(s—z)_hi(s) (hi(sw)_hi(s)) dz
) (s)
A Wh,0); 0 Whp0); [ hi— hi ]+ I ohj (L)
= - -1 )
0z 0z hl(s £y |(s) (hi(s )‘hi(s) dz

where, at a fixed axial position, z, in the ice-liquid region, the enthalpy required
for melting the ice existing at that position may be calculated from
(s=0) .
hi "= hil2) + A (W0 )P(2) (15)

At still higher temperatures, where water exists in liquid form in the interstitial
phase, the change in enthalpy with distance is given by



K910962~12

oh; | | 4hy o
57 "G )Hozfhomd + NeAp PW ‘(Tp)4"+ a4 [T'“TW]
’ (16)
{v) (v) (v)
+ (ke Thp0 Ap[(PHZO)i ~{Prp0)ps J [AHC]
In this "liquid region" (0
0z 0z (17
In the "liquid-vapor region" of the reactor, the enthalpy varies as
ohi | | . 4h,,
== ~-€-{H02rhmn8 +hCAp[Ty-Ub)4 + [T - Tw] (18)

(v) (v) v) hy - h{@
+(ke)n,0 A|o[(’°Hgo)i “(PHgo)ps] [AHC <h.@l~v)_‘hi(ﬁ)

and the rates of change of liquid and water vapor weight-fractions are given by

a(WH20)§m . 9Why0)i V-, ) I ah; (19)
oz 9z hIif’V)_, hl(ﬂ) hi(Z'V)_ hiw) oz /
d (WHzo)(iV) _ 'a(szo)i | h - h@ . | dhi 20)
0z a4z hi(ﬂ*V)__ hlw) hiw‘V)__hi(f) 9z (

where, at a fixed axial position in this region, the enthalpy required for vaporizing
the liquid existing at that position may be calculated from

V= hi @) + AHE (Wi0) P @) (21)

In the high temperature, all vapor, reglon of the reactor, the change in enthalpy
with distance is given by

oh; ! , 4hw
-B;— = —_G—{HOZ rhom 8 +hCAp[Tl_(Tp)S] + —'a-g" [TI _TW]} (22)

and

O(Wh,0); _ O (Whyo)l"

2
0z 0z (23)
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Species concentrations and temperatures at the outside surfaces of the catalyst
particles can be determined, together with the concentration and temperature profiles
throughout the particles, using an integral equation method described in Appendix I.
At some time, t, the concentrations and temperature at position x within a porous
catalyst particle are given by

| a fon (o) =1, (% 0) t
P02 (x,t) = - 47002fx02 [ 2 T 2 / ToGoz(x,t/xo,To) dto
o

0
(2k)
+roz'(xo,o)fGoz(X,T/Xo,'fo) dtg “Po* (x0,0) Goa(x,'r/xo,o) dxg
o]
2MH2 fog (X0 ~roy(%0,00 ] £
sz* (X,f) = 47TDH2f ‘ M02 [ . } g A TQGHZ(X,T/XO,tO)df‘O
(25)
2 My, !
+ —= Mo ro?_ Xo’O)fGHz (x,1 /%0, 10 dfo “Pujt (x0,© )GHz(x’r/xo,O) dxg
(0]
a ‘ fo. (Xo, 1)~ roslxo,0)
| 2MH20 02 ‘\AO» 02\ A0,
* R t.) dt
przor (x,1) /X 2 [ foGHzo(xT/xo, 0
: 4m0H0 Jp O Moz T 0 (26)
2MH20 ! ! ' *
+ ‘—MO‘;' rOZ(XO,O) A GHZQ(X,t/Xo,To)dTO +IOH20 (X0,0) GHZO(X,t/Xo,O) dXo
{ / I} ’
a Ho. &k [ fo. (Xg:t)=To, (%0,0) !
T*(x‘f) - - ,—l_—/‘ on %2 %2 1 —Z / toGT(X,T/XO,To)dTO
4K o Kp 0 (27)

Hozl K
kp

t
+ rOZ’(xo,O)[ 61 (X,1/X0ato) dio = T*(xq,0) GT(XJ/XOvO)% dxo
0
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The Green's functions associated with Egs. (24) through (27) are given by

Gy (Xt /%y, 1005

8 O NPi(pra-n®
omay ntiera-i )$n<Mfi> (28)

AXXo n= Nf+—¢Ia(¢¢q4
N
n
) XO ‘(T) QI (f-fo)
sin Nn?f_ e

where I = Op, Ho, HoO or T, and N,'s are the positive roots of the characteristic
equation,
Np cot N + (¢ a-1=0

ay and ¢I are the appropriate diffusion constants'exPressed as follows:

For mass transfer (Egs.2L-26) (kCG
Dy

For heat transfer (Eg. 27) he
QI = K and ¢I: -;—;)—

Equations (24) through (27) are implicit integral equations which can be solved
numerically to determine the temperature and species concentrations at any point in
a porous particle at any time in terms of the temperature and concentrations in the
bulk gas. Since the reaction rate for this hydrogen-oxygen system is a function of
oxygen concentration and temperature (see section on "Kinetics Information"), it is
necessary to solve Egs. (24) and (27) simultaneously. Numerical procedures have
been developed to accomplish this and these have been programmed for digital compu-
tation. The procedures consist basically of (1) assuming the reaction rate distri-
bution, r'oe(xo,t), at the end of a short time interval t (see Appendix I), (2)
computing the concentration distributions at time t for oxygen using Eq. (24), (3)
computing the temperature distribution at time t using Eq.(27), (4) computing the
reaction rate, r’Og(xo,t), using the computed distributions from (2) and (3) above,
and (5) comparing The computed and assumed reaction rate distributions and repeating
the procedure until a desired accuracy is obtained. An iterative procedure has been
developed which averages assumed and computed distributions for rate of reaction to
effect rapid convergence over a fairly wide. range of variables. The concentration
distributions for hydrogen and water, which are not involved in the rate of reactlon’
expression, are computed only after the rate of reaction at time t has been deter-
mined from the iterative procedure.
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Kinetics Information

&5 noted in Ref. &, estimating the chemical kinetic rate law and constants
appropriate to the catalytic reaction of hydrogen and oxygen is quite difficult.
Although a substantial number of experimental investigations have been conducted
with this objective, the results of various investigators differ considerably for
diverse conditions of concentration, temperature and catalyst. These results in-
dicate that, even for low temperature reaction on platinum family metals, the
reaction mechanism changes with gas composition. Reaction of chemisorbed oxygen
with hydrogen molecules in the gas phase appears to be the rate-controlling step
in systems where eXcess oxygen is present, while this relatively slow reaction does
not seem to influence the overall reaction rate in systems containing excess hydro-
gen. For low temperature, hydrogen-rich systems, Miller and Deans (Ref. 7) and
Meymo and Smith (Ref. 8) report an activation energy of approximately 5.5 kcal and
an order of reaction with respect to oxygen of 0.8. In the latter study, the rate
of reaction was found to be uninfluenced by the presence of water in the vapor
rhase. No work was done in these studies to estimate the order of reaction with
respect to hydrogen. 1In the present work the results of Refs. 7 and 8 were used
to get a reaction rate expression of the form:

} n 0.8 ¢ -5000/T 3_ '
r’02 = af 5%2) ( p02> e ~5000/T 13,4 Oy reacted/ft°-sec (29)
where T is in deg R. The rate constant, o, is specific to the type and structure

of the platinum family metal employed.

It was originally intended to estimate n and « for the Shell 405 catalyst by
using the steady-state program (Ref. &) to find the values of these rate constants
for which calculated axial temperature profiles exhibited the best agreement
with temperatures measured in engine tests reported in Ref. 9. TUnfortunately,
the measured temperatures reported in Ref. 9 exhibited both large radial variations
and values which were higher than possible for uniformly mixed streams with the
mixture ratios and inlet temperatures reported. While the indicated lack of radial
mixing in the experiments make the measured temperatures of questionable value, it
was feasible to use the computer program to find the values of the rate constants
for which ignition or lack of ignition in the engine tests is predicted for all cases,
particularly those in which ignition was marginal. These include low feed tempera-
ture or mixture ratio tests as well as tests in which the mass flow rate was parti-
cularly high. The criterion for ignition was determined by noting that when the
steady-state temperature of the particles at the inlet of the bed is too low to
permit water to exist in vapor form, condensation or freezing of water within the
particles would ultimately render the entire bed ineffective.

Computer runs were made with various pre-exponential constants, «, using orders
of reaction with respect to hydrogen, n, between zero and one in an attempt to match
the ignition behavior noted in Ref. 9. Values of 3 x 107 for @ and zero for n per-
mitted the prediction of the same ignition characteristics observed in all of the
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engine tests. Results of calculations. made using these rate constants are shown
below for cases where ignition was marginal.

Upstream Propellant
Ref 9 Chamber Mass Flow Mixture Feed
Case No. Pressure Rate Ratio Temperature Ignition ?
Tbs Op/ '
psia 1b/ft2-sec b Hp deg R Observed Predicted
823 13.1 0.26 0.759 237 Yes Yes
82k 15.0 0.64 0.80T7 225 Yes Yes
8Lt 4.1 0.40 0.628 235 Yes Yes
8L8 10.8 0.48 0.498 210 No No
86L 15.7 1.28 0.610 235 No No
866 90.7 3.20 0.792 235 Yes Yes
867 57.6 3.07 0.707 210 No No
868 81.6 5.38 0.777 210 No No
869 42,5 2.90 0.867 260 No No
886 112.1 3.58 0.998 235 Yes Yes
890 125.6 3.89 1.010 310 Yes Yes
891 53.3 3.56 0.7h2 210 No No
892 124.8 3.52 0.99k4 280 Yes Yes
961 98.8 5.17 1.038 210 Yes Yes

While the effects of propellant feed temperature and mixture ratio on reactor
behavior are evident, it is interesting to note the effects of mass flow rate. High
mass flow rates result in high heat transfer coefficients and correspondingly low
differences between particle and gas temperatures in low temperature regions where
the rate of reaction is not strongly. influenced by the rate of mass transfer from
the gas to the surface of the particle. For a low propellant temperature, then,
it is more likely for water produced by reaction in the catalyst particles to
condense or freeze when the mass flow rate is high than when it is low. The be-
havior of Ref. 9 case 847 as opposed to case 864 exemplifies this behavior.

1t is clear that in the early stages of transient operation of a catalyst bed
which is initially at a low temperature, consideration should be given to the effects
on transient reactor behavior of the temporary reduction in catalyst activity caused
by capillary condensation or freezing of water in cold catalyst particles. Unfor-
tunately the mechanism of catalyst "poisoning” by condensed or frozen water is open
to question. While significant quantities of water could block enough pores to
isolate large segments of a porous particle from the reactants, the interconnected
nature of the pores and the limited time available for condensation in the hydrogen-
oxygen system make it appear likely that any significant reduction in activity would
be due to local condensation or freezing. A simple, reasonably general model repre-
senting this type of poisoning is given by

10



K910962-12

i =yt I )
rOg(x’T)~[r02 (X,T)]NC { I+ 8 [PHQO (X,T)]yf (30)
] [

where {r‘o (x, t)] ne is the value the local reaction rate would assume if there
were no condensed phase, and B and Y are constants to be determined by using

Eq. (30) in the transient program to find the values of these constants for which
calculated temperature variations with time exhiblited the best agreement with tem-
perature profiles measured in reactor experiments. The rate of buildup of local
condensate (or ice) concentration with time, at temperatures low enough to permit
condensation (or freezing), would be directly proportiomal to the local reaction
rate.

Results of Calculatidns

Sample calculations have been made using the transient computer program to
test the effectiveness of the transient model neglecting the effects of condensation
or freezing of water within cold catalyst particles on catalytic reaction rates.

The computed results can presently be used to evaluate the relative effects of
various design and operating characteristics of the reactor system on the transient
behavior of the system. One series of calculations pertains to a reactor 0.24 in.
(0.006 m) long and 0.43 in. (0.01l m) in diameter packed with Shell 405 catalyst
particles and run at a nominal chamber pressure of 300 psia (2.07 x 106 N/m?). A
-reference case was chosen in which the initial bed temperature and the feed tempera-
ture were taken as 360 deg R (200 deg K), the mixture ratio as 1 1b Oy/1b Hy, the
mass flow rate as 1.05 lb/fta-sec (5.1 kg/m?—sec), and the catalyst particle size

as 14-18 mesh. The calculated axial gas temperature profiles for this reference
case are shown at various times following reactor startup in Fig. 1. The corres-
ponding axial profiles of catalyst particle surface temperatures are plotted in

Fig. 2. Temperature response rates are far more rapid in the upstream end of the
bed where oxygen concentrations and catalytic reaction rates are high. Most of

the heat transferred to the gas in the upstream section is transferred back to the
prarticles downstream. Gas and particle surface temperatures are cross-plotted as
functions of time in Fig. 3 for two axial positions, one at the end of the bed and
one at approximately the midpoint of the bed. It is clear that the exit gas tem-
perature for this case would have risen far more rapidly if the bed were half as
long. In Fig. 3 temperatures are plotted from reactor startup through an arbitrary
shutdown point represented by a step change in the feed mixture ratio from one to
zero (i.e., subsequent to shutdown pure hydrogen is taken to flow through the reac-
tor at the total mass flow rate). Also included in Fig. 3 is a plot of the chamber
wall temperature variation with time. The relatively slow response rate is due
mainly to the limited surface area available for heat transfer to the wall. Transient
axial profiles of mole fraction of oxygen in the gas phase for this reference case
are plotted in Fig. 4. Changes in phase of the reaction product, water, within

the reactor are reflected in the oxygen concentration profiles. A shift in the pro-
files with time towards the upstream end of the reactor, as temperatures rise, is
also evident.

11
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In Figs. 5 and 6, transient axial gas temperature profiles are plotted for
mixture ratios of 2 and 4 respectively with all other conditions taken as those of
the reference case. The very dramstic effect of mixture ratio on transient response
may be noted by comparing Figs. 1, 5, and 6. The effect on gas temperature at a
given axial position in the reactor is far less apparent, particularly in the down-
stream section of the reactor where, after a short time, there is little oxygen
left to react and the catalyst particles become little more than a heat sink. The
variations of both exit and mid-bed gas temperatures with time are plotted in
Figs. 7 and 8 respectively for the three mixture ratios.

" In Fig. 9 transient axial gas temperature profiles are plotted for a feed
temperature and initial bed temperature of 530 deg R (295 deg K) with all other
conditions taken as those of the reference case. Similar plots are presented in
Figs. 10, 11, and 12 for temperatures of 420, 330, and 300 deg R (233, 183, and 167
deg K) respectively. The effect of the combination of feed temperature and initial
bed temperature on transient response is quite evident in Fig. 13 where variations
in exit gas temperatures with time are compared for the five different feed tempera-
tures.

Transient axial gas temperature profiles are plotted in Fig. 14 for an initial
‘bed temperature of 530 deg R (295 deg K) with all other conditions, including feed
temperature, taken as those of the reference case. Variations in exit gas tempera-
ture with time are compared with those of the reference case in Fig. 15.

Figures 16 and 17 illustrate the effects of doubling the mass flow rate over
that of the reference case on the gas temperature transient response. Flow rate
has little effect on the rates of temperature rise at early times when temperatures
are low; here overall reaction rates are controlled by the rates of reaction on
the catalyst surfaces. As temperatures rise the overall reactlon rates are control-
led by the rates of heat and mass transfer between the flowing gas and the catalyst
particles; these transport proceéses are quite sensitive to mass flow rate as
exemplified in Fig. 17.

The effects of decreasing the catalyst particle size to 25-30 mesh on tempera-
ture response rates are illustrated in Figs. 18 and 19. Heat and mass transfer
rates, which vary inversely with particle size, cause temperatures to rise faster
in the upstream section of the reactor and to fall faster downstream for the smaller
particle size. This effect is clearly shown in Fig. 19 where gas temperatures are
plotted as functions of time at two axial positions for the two particle sizes.
Transient response of exit gas temperature would have been enhanced in this case
if the catalytic reactor were packed with small particles upstream and larger
particles downstream. '

A second series of calculations was made for a reactor 0.24 in. (0.006 m) long
and 0.87 in. (0.022 m) in diameter again packed with Shell 405 catalyst particles
but now run at a low nominal chamber pressure of 15 psia (1.0k x 100 N/m2). A
reference case was chosen in which the initial bed temperature, feed temperature,

12
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mixture ratio, and catalyst particle size were taken as the same as the previous
reference case and the mass flow rate was taken as 0.26 1b/ft°-sec (1.25 kg/m®-sec).
The calculated axial gas temperature profiles for this reference case are shown in
Fig. 20 at various times between reactor startup and shutdown. The corresponding
axial profiles of catalyst particle surface temperatures are plotted in Fig. 21.
Gas and particle surface temperatures are cross-plotted as functions of time in
Fig. 22 for two axial positions under both normal operating conditions and shutdown
conditions. Transient axial profiles of mole fraction of oxygen in the gas phase
are plotted in Fig. 23.

In Fig. 24 transient axial gas temperature profiles are plotted for a mixture
ratio of 4 with all other conditions taken as those of the reference case. Varia-

tions of exit gas temperatures with time are compared for this case and the refer-
ence case in Fig. 25.

In Fig. 26 transient axial gas temperature profiles are plotted for a feed
temperature and initial bed temperature of 530 deg R (295 deg K) with all other
conditions taken as those of the reference case. The effect of the combination
of feed temperature and initial bed temperature on transient response is shown in
Fig. 27 where the transient temperature response for this case is compared with
the reference case.

Finally, the effects of doubling the mass flow rate over that of the reference
‘case on gas temperature transient response is shown in Figs. 28 and 29.
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LIST OF SYMBOLS

a Radius of porous catalyst particle, ft(m), or, moles of species A

A Symbol for primary reactant species A, or, surface area, £t2(m?)

Ap Total external surface of catalyst particle per unit volume of bed,
ft-1(m-1)

b Moles of species B

B Symbol for reactant species B

C Specific heat, Btu/lb-deg R (Cal/kg-deg K)

Cr - Specific heat of fluid in the interstitial phase, Btu/lb-deg R,(Cal/kg~
deg K)

5% Average specific heat of fluid in the interstitial phase, Btu/lb-deg R
(cal/kg-deg X)

de Diameter of reaction chamber, ft(m)

D Effective diffusion coefficient in the porous catalyst particle, ftg/sec
(m?/sec)

Dy Diffusion coefficient of reactant gas in the interstitial phase, ft2/sec
(m?/sec)

F General function

G Green's function, 1/ft-sec (1/m-sec), or, Mass flow rate, 1b/ft2-sec
(kg/me-sec)

hy, Heat convection coefficient to ambient, Btu/sec-ft2-deg R (Cal/m°-sec-deg K)

he Heat convection coefficient to catalyst particles, Btu/sec-ft2-deg R
(Cal/mP-sec-deg K)

hs Enthalpy, Btu/lb (Cal/kg)

n;(s) Fnthalpy at the Ice/Ice-Liquid interface, Btu/lb (Cal/kg)

ni{5=4)  Enthalpy at the Ice-Liquid/Liquid interface, Btu/1b (Cal/kg)
h;(£) Enthalpy at the Liquid/Liquid-Vapor interface, Btu/1b (Cal/kg)
n;{£-V)  Enthalpy at the Liquid-Vapor/Vapor interface, Btu/Ib (Cal/kg)

hy Heat transfer coefficient at reactor wall, Btu/sec-ft2-deg R (Cal/m°-sec-
deg K)

H' Heat of reaction, (negative for exothermic reaction), Btu/lb (Cal/kg)

H't Heat of reaction, Btu/1b of species I (Cal/kg of species I)

AHC Heat of condensation, Btu/lb (Cal/kg)

Ant Heat of fusion, Btu/lb (Cal/kg)

i Moles of species 1

I Symbol for general species T

ke Mass convection coefficilent, ft/sec (m/sec)

kp Thermal conductivity of catalyst particle, Btu/ft-sec-deg R (Cal/m—sec-
deg K)

K Thermal conductivity of the interstitial fluid, Btu/ft-sec-deg R
(cal/m-sec-deg K)

L Length of reactor, ft(m)
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Thermal mass of reactor, lb(kg)

Molecular weight, 1b/1b mole (kg/kg mole)

Average molecular weight, 1b/1b mole (kg/kg mole)

Integer values: 1, 2, 3, . . . . etc.

Roots of characteristic equation; see Egq. (I-13)

Chamber pressure, psia (N/me)

Rate of (Heterogeneous) chemical reaction on the catalyst surfaces,
1b/ft3-sec (kg/m3-sec)

Rate of (Homogeneous) chemical reaction in the interstitial phase,
1b/ft3-sec (kg/m3-sec)

Time, sec

Temperature within catalyst particle, deg R (deg K)

Equals T-T;, deg R (deg K)

Temperature of ambient, deg R (deg K)

Ty Temperature in interstitial phase, deg R (deg K)

T Temperature of reactor wall, deg R (deg K)

(Tp)s Temperature at surface of catalyst particle, deg R (deg K)

u Moles of product species U

Symbol for product species U

v Moles of product species V

v Symbol for product species V

Wy Weight fraction of reactant in interstitial phase

X Radial distance from center of spherical catalyst particle, ft (m)

"z Axial distance, ft (m)

o Catalytic reaction rate constant, or, diffusivity, equals Dy for mass

convection or K for heat comnvection, ftg/sec (me/sec)

K Thermal diffusivity, £t2/sec (m°/sec)

) Interparticle void fraction

I Viscosity of interstitial fluid, 1b/ft-sec (kg/m-sec)

o)

p

&

HO-=EB 3=

mI—ZIIZEI—]d“ D_I'—i
g

5 Density of interstitial fluid, 1b/ft3 (kg/m3)
I Mass concentration of gas species I within the porous catalyst particle,
1b/t3 (kg/m3)
Prx Equals Pp - (P1);, 1b/£t3 (kg/md)
[ Bulk density of catalyst particle, 1b/ft3 (kg/m3)

Mass concentration of species I, J in interstitial fluid, 1b/£t3 (kg/m3)

¢ Equals (ke )1/Dy for mass convection, or, equals hc/kp for heat convection,
ft-1 (m-1)

Subscripts
a Refers to ambient conditions

Refers to primary reactant speciles A
B Refers to reactant species B

e
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c Refers to water within the catalyst particle in condensed form

F Refers to feed

Ho Refers to hydrogen

Hs0 Refers to water

i Refers to interstitial gas phase

I Refers to general species 1

J Refers to general species J

NC Refers to rate of reaction when no condensed water is formed

o] Refers to source system (Xq,to) of the Green's function, or, initial value
0o Refers to oxygen

Refers to catalyst particle

Refers to surface of catalyst particle
Refers to temperature

Refers to product species U

Refers to product species V

Refers to reactor wall

= <GB n-

Superscripts
Refers to liquid phase

)
s) Refers to solid phase
) Refers to vapor phase
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APPENDIX T

Derivation of Integral Edquations Representing Transient
Temperature and Concentration Profiles Within a
Porous Catalyst Particle Surrounded by a Gas Film

In this section a mathematical model of the simultaneous processes of diffu-
sion, heat transfer, and chemical reaction occurring within individual catalyst
particles under transient conditions is described. The system considered in this
model is a porous catalyst particle which is represented as an "equivalent" sphere
with a diameter taken as a function of the particle size and shape. The catalyst
particle is assumed to be surrounded by a stagnant film of gas through which react-
ant molecules must diffuse before diffusing into the interstices of the porous
rarticle and reacting on the catalytic surfaces.

In developing this analysis, a single reaction involving multiple chemical
species is considered where

aA+bg+ - —yytvv+ (T-1)
A, B, --- and U, V, --- represent the reactant and product species respectively and
a, b, === u, v, --~ represent the moles of reactants and products for stoichiometric

balance. It 1s apparent that the rate of chemical reaction can be expressed in
“termg of any of the reactants or products. However, the rate may be a function of
the concentrations of any or all of the species and temperature, such that

I" e
rI—F(pA'pB’ 'pr'“Purpvy.“T) (1_2)

In describing the diffusion of mass within the porous particle, it is assumed
that Fick's law can be applied by using effective diffusion coefficients to represent
the "average" diffusion of the chemical species and that spatial variations in the
mass density of the gas are negligible compared to spatial variations in the mass
concentrations. Assuming the effective diffusion coefficients to be spatially
uniform, the equations describing transient mass transfer of reactant and product
gases within the porous catalyst particle may be written as

DA d ( zap:) 5p: l
X -

%2 x ox at " (1-3a)
Reactants
0. 8 dp *. 0 bM
__B___<x2 pB)_ Po .78 (1-3p)
x2 o X X at GMA A
Sv 9 (xz "Pu*) _ %0 My (1-30)
x2  dx dx at am, °
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Products * 13 % v
D, a ( 2 apv )-_ apv ] MV / (T-3v)
_ X =~ ™
x2  dx A% ot aM,
® [ ] L
L) [ ] *
P ° ®
where
Pa= Pa=(py); Par= Py - (Pg).
PG Py~ (Py)i A= Py (R

In describing the transfer of heat within the catalyst particle, it is assumed
that energy transfer by mass diffusion may be neglected, that viscous and pressure
work can be ignored, and that the particle structure is the primary heat conduction
and heat storage media. By applying Fourier's law and assuming the effective ther-
mal conductivity is spatially uniform, the equation describing transient heat trans- -
fer within the porous catalyst particle may be written as

_“_e_i_(xz_d_f_>_PC SRR (1-1)
xZ  Ax dx PP gt AA

where T*=T-Ti

The boundary conditions which consider diffusion of heat and mass through a
gas film surrounding the catalyst particle are

op*
= (a,1)=- Py pa (a,1) (1-52)
ax
Reactants ap*
= (o=~ ¢ p, (a)) (1-5b)
ox
dp: .
J X (a,t)=- ¢y pyla,t) (I-5u)
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Products aP*
v -
= (a,1)=-d, o) (o,1) (1-5v)
-] [} @
] ® ®
L] ® ]
oT* *
vy (a,t)=-¢.T (a,t) (‘1-6)
(ko)
where ¢ = > for mass convection with I=A,B,-,U\V- I+7
he
and .= v for heat convection.
p

The initial conditions are taken as general functions of position with

pa(0,0)= p¥(x), (1-72)
Reactants

Py (%,0)= o (%), (1-7b)

p:(X,O):- pJ(x)o (I-Tu)
Products

pt(x,o)= p:(x)o (I-7v)
and T*(x,0) = T*(X)o (1-8)

With a knowledge of the reaction kinetics the system is completely defined.
Equations (I-3) through (I-8) can be solved, together with an expression for the
rate of chemical reaction, r'y, to determine concentration and temperature distri-
butions within the catalyst particle as a function of position and time. The
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simultaneous solution to these equations can be accomplished by converting Egs.
(I-3) and (I-4) together with the boundary and initial conditions given by Egs. (I-5)
through (I-8) into a set of implicit integral equations.

It may be noted that Egs. (I-3) and (I-4) are a set of simultaneous, non-
homogeneous partial differential equations, each describing a different scalar
diffusion function. Using Green's function techniques (Ref. 10) the non-homogeneous
diffusion equation can be converted to an implicit integral equation. Similar tech-
niques have been employed to solve a non-homogeneous steady-state diffusion equation
in Ref 11 and a set of simultaneous non-~homogeneous transient diffusion equations
in Ref. 12. Integral equations representing the primary reactant concentration,
the other reactant concentrations, the product concentrations, and temperature within
a spherical catalyst particle can be obtained using the methods developed in Ref. 12

as +
1 a

I
iy deodeo K2 e (kg 1) 6, (0,1 /xg 1)
0 0 (1-9)

9]

, 5k
—_ 2 G
+47rDA‘/‘dXo X0 [PA A}

(6]

where t* is chosen infinitesimdlly greater than t (cf Ref. 12).

t= 0

47rDB GMA

! 2
&%
+ 477Dsf dX o Xg [PBGB] )
0 TO—O

f+

by A d -
p:(x,t):— f dfof dxo xo Ta (Xg,10) G5 x,1/%x0,10) (1-10)
0 0
a

a
| uMy 2 1
. |
P02 00, Tam, fo df°/ @0 Xo 1y {XorTo ) Gy (,1/X0:To) (1-11)
0

a
| .lr 2 *
+ dXo Xo 1: UGU]

- 0

tt W0

x | Ha' .
T (XJ) == G" 'R‘S"fdt(’)[ de XO2 a (Xo,To) GT(X,T/Xo,to) (I"'lg)
0o

0
[ a
——— 2 *
T fdxoxo[T GT]
0 10:0
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Using lLaplace transform methods the Green's functions are found to be

8vaI

© 2 i
6o (x,1/%,1)= ("0) e e S (1-13)
- n

[eRAN a X

where T = A, B, ~--, T, U, V, -~-, and the N, are the positive roots of the charac-
teristic equation

Ny cot Ny + (¢ a-1)=0

ot and.¢I are the appropriate diffusion constants expressed as follows:

(ke)

I

For mass transfer aI..DI and ¢f .Ti;
he

F heat transfer =K and = e
or aI 951 Kp

Numerical methods must be employed to solve Egs. (I-9) through (I-12) simul-
taneously for the chemical species concentrations and temperature as functions of
time and position within the catalyst particle. By applying the mean value theorem
to the time integrals which involve the rate of reaction, Egs. (I-9) through (I-12)
can be rewritten as

a t
.. o s
pr = () = 47TDA/OXO A (Xo,i)LGA(XvT/XovTo) dto dxo (T-14)

a
| 2 *
4wDA£ XoPa (X01O) GA(X,T/XO,O) dxo

I bMy a v
* - 2.1
pe (1) = - 25 T /(; X0 Ta “o@/é 6a(x,t/xo, o) digdxg (1-15)

a
[
- 2
* oy '[ x2oe* (x0,0) Ga(x, t/x,0) dxo
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+
f
1 uMy [,
pu* ()= 47Dy qM,iJ f X0 Ta (Xo:é)’[GU(er/X01*o) dto dxo (1-16)
0 0

a
l

f+

Hy' a
T*(x,1) = - ZL —A-—/ x& 1 (xog)f Grix,t/xgto) digdxg (I-17)
T ko Jo 0 '

|

a
+ Z—Tf_;/ T*( Xo,O)GT(X,f/Xo,O)dXO
0

The mean rate of reaction with respect to time, r'y (XO’ &), is obtained from the

mean value theorem as
1+

/ ' (Xooto) Grlx,t/xo,tg) dig (1-18)
0

where o<¢ <t*
t* -
fGI(x,t/xo,fO) dto
0

To facilitate the numerical procedure it is convenient to integrate over time
intervals which are sufficiently short so that the rate of reaction, r'y (XO, to),
can be assumed to vary linearly with time. 1In the source coordinate system, the
rate of reaction over a short time interval O to t¥ can be written as

A

ra {xo€) =

ra (xo,to) = [rA'(xo,T+) - rA'(xo,O)] %O—;— + ra'(Xg,0) (I-l9).

By combining Eqs. (I-18) and (I-19) the mean time, &, can be obtained as
+

t
f TOGI(XJ/XOJO) dTO
g = 0 (1-20)
f+

/ GI(X,f/Xo, To)dfo
0

Then by substituting Egs. (I-19) and (I-20) into Egs. (I-14) through (I-17), the
chemical species concentration and temperature profiles at the end of a time inter-
val, t, are obtained as

a . rA'(XO,T)—rAI(XO,O) t
IOA* (X,t) = — 477l"DA XOZ l: f } fOGA(X,T/XO,*O)dTO
0]

(r-21)

0
' t
+ ra (xo,O)fGA(x,T/xo,To)dto —pa* (x0,0) Gal x,t/%0,0) ¢ dxo
0
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a 1 1
1) -rp (x5, 0) f
! 2 ) bvg | fa o t)ralxg ] f
* (x,t) = - [X toGgl X, /Xg,to) dig
PB 417DB o 0 aMa t 5

' (1-22)
b .
+ —2 (xo,o)f Galx,1 /%o, t0) dto —pg* (x0,0) Gyl X,1/%0,0) ¢ dxo
0

aMa

a 1 ! 1
| uM ra (xgh) =15 (x0,0)

1
uM |
+ E—M.;% A (XO,O)[ GU(X,T/Xo,To) dtg +,OU*(XO,O) Gu(X,T/XQ,O) dxo
0

Q ! ! ! t
] Hy Kk 'a (XQ,T)’YA (Xo,O)
T*(X,T) = - 47”(‘[x02 { kAp [ : oToGT(X,T/Xo,To) dto (1-2k4)

HA' K
kp

t
rA| (XO’O)‘/‘ GT(X,T/Xo,To)dTO —T*(XO7O)GT(X1T/XOIO) de
0]

It should be noted that Egs. (I-21) through (I-2L4) for the concentrations and tem-

perature profiles at time, t, involve only spatial integrals since the time integrals
can be evaluated in closed form.

The above equations can be used to solve numerically for the concentration and
temperature profiles within a catalyst particle as functions of time by representing
the transient as a series of successive short time intervals. The time intervals
are taken sufficiently short such that the rate of reaction is essentially linear
during each time interval. Concentrations and temperatures computed at each value

of time become the initial conditions for the computations pertinent to the sub-
sequent time.
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TRANSIENT AXIAL GAS TEMPERATURE PROFILES

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X 10° N/M?)
FEED TEMPERATURE =360 DEG R (200 DEG K)
INITIAL BED TEMPERATURE =360 DEG R (200 DEG K)
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TRANSIENT AXIAL PROFILES OF PARTICLE SURFACE TEMPERATURES
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K910962-12 FIG, 22

VARIATIONS OF GAS, PARTICLE SURFACE, AND WALL TEMPERATURES WITH TIME
AT TWO AXIAL POSITIONS

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X 10° N/M9)
FEED TEMPERATURE = 360 DEG R (200 DEG K)
INITIAL BED TEMPERATURE =360 DEG R (200 DEG K)
FEED MIXTURE RATIO=1.0 LBO,/LBH, (1.0 KG0,/KG H,)
MASS FLOW RATE = 0.26 LB/FT2-SEC (1.25 KG/M2 ~SEC)
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TRANSIENT AXIAL PROFILES OF MOLE-FRACTION OF OXYGEN IN GAS PHASE

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X 10° N/M2)
FEED TEMPERATURE =360 DEG R (200 DEG K)
INITIAL BED TEMPERATURE = 360 DEG R (200 DEG K)
FEED MIXTURE RATIO = 1.0 L8 02/LB H, (1.0 KG 02/KG Hy)
MASS FLOW RATE =0.26 LB/FT? —SEC (L25 KG/M2—SEC)
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TEMPERATURE IN INTERSTITIAL PHASE, T;-DEG K
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FIG. 25

VARIATION OF EXIT GAS TEMPERATURE WITH TIME FOR TWO FEED MIXTURE RATIOS
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TRANSIENT AXIAL GAS TEMPERATURE PROFILES

FEED TEMPERATURE =530 DEG R (295 DEG K)
INITIAL BED TEMPERATURE =530 DEG R (295 DEG K)

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X ]05N/M2)
FEED MIXTURE RATIO = 1.0 LBO,/LBH, (1.0 KG 02/KG H,)
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VARIATION OF EXIT GAS TEMPERATURE WITH TIME FOR TWO FEED TEMPERATURES

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X 10° N/M?)
INITIAL BED TEMPERATURE = 530 & 360 DEG R 200 DEG R)
FEED MIXTURE RATIO = 1.0 LBO,/LBH, (1.0 KG 0,/KG Hy)

MASS FLOW RATE =0.26 LB/FT2—SEC (1.25 KG/M 2—SEC)
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TEMPERATURE IN INTERSTITIAL PHASE, T; -DEG K

TRANSIENT AXIAL GAS TEMPERATURE PROFILES
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FIG. 29

VARIATION OF EXIT GAS TEMPERATURE WITH TIME FOR TWO MASS FLOW RATES
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