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Abstract-Heat transfer in metal honeycomb monoliths, under non-adiabatic conditions, is considered in 
this work. Using a simple geometric simulation of the monolithic structure, steady-state heat balances are 
written separately for the solid and gas phases of the simulated monolith In the absence of chemical reaction 
the model is solved analytically to give solid and gas temperature profiles radially and axially within the 
monolith. An experimental system is used to compare heat transfer in a honeycomb metal monolith to the 
model predictions. Also, heat transfer in a packed bed of ceramic pellets is studied experimentally and 
compared to the metal monolith under similar, non-adiabatic conditions. Results point out the different heat- 
transfer merits of each of these two bed configurations. 

INTRODUCTION 

In recent years, monolithic catalyst supports have been 
considered as an alternative geometry to conventional 
packed beds of pellets. Typical ceramic or metallic 
monoliths consist of a honeycomb array of parallel 
channels of different shapes with catalytic material 
deposited on the channel walls. Notable advantages of 
monolithic structures include: (a) higher surface-to- 
volume ratio; (b) structural durability; (c) very low 
pressure drop (one to two -orders of magnitude lower 
than in packed beds) and (d) uniform flow distribution 
within the honeycomb matrix. Another attractive 
feature of monoliths is the accessibility of catalyst (on 
the monolithic walls) which results in faster reaction 
kinetics than when limited by pore diffusion (pellet 
catalysts). Therefore, the monolith system provides for 
more flexible reactor design. 

In designing more energy efficient catalyst systems, 
heat transfer to and from the catalyst must be opti- 
mixed. Proper transfer of heat in chemical reaction 
systems is necessary for controlling side reactions, 
maintaining catalyst activity and conserving energy. 
Energy conservation can be better real&d in systems 
where heat transfer by conduction and convection is 
more important than radiant heat transfer. Packed 
beds of ceramic pellets conduct heat poorly and large 
temperature gradients often exist radially and axially 
within the bed. Radial heat transfer is particularly 
important in endothermic reaction systems such as 
steam reforming of hydrocarbons where external 
heating through the reactor walls must be provided. 
The main medium for radial heat transfer in a pellet 
bed is the radially flowing gas. A typical honeycomb 
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monolith, on the other hand, does not allow for radial 
gas flow since it is a parallel channel system. However, 
its cellular structure provides a continuum for radial 
heat conduction as compared to the edge and point 
contact of pellets in a packed bed reactor. A ceramic 
monolith support, because of its low thermal conduc- 
tivity and the lack of radial gas flow (and heat transfer), 
tends to function in an adiabatic mode. A metallic 
monolith provides for improved radial heat transfer 
because of its higher thermal conductivity and direct 
contact of its external walls with the metallic reactor 
shell. A metal monolith, clearly a non-adiabatic system, 
can function in a quasi-isothermal mode. Theoretical 
studies of monoliths (Hegedus, 1975; Votruba et al., 

1975; Heck et al., 1976, At-is, 1977) have focused on 
ceramic honeycomb monoliths (for automobile 
exhaust cleanup, catalytic combustion, etc.) operating 
under nearly adiabatic conditions. Temperature and 
gas concentration profiles in all channels of the 
adiabatic monolith are nearly the same so that analysis 
and modelling of one channel suffice. 

In a non-adiabatic honeycomb monolith different 
conditions prevail in each channel and interactions 
among different channels through conduction dictate 
the simultaneous consideration of the large number of 
monolith channels. Such is the case with metal mono- 
lith supports which have been considered for steam 
reforming of hydrocarbons (Flytzani-Stephanopoulos 
and Voecks, 1981). In that work both metal monoliths 
and packed beds were used in steam reforming of n- 
hexane, and distinct advantages of monoliths in both 
heat transfer and activity were demonstrated. As 
shown in Fig. 1, the temperature gradient between 
reactor wall and bed centreline in the initial third of the 
catalyst bed length was found to be over 30 0k lower 
with a metal monolith than with a conventional pellet 
bed. In addition, the conversion (based on the total 
hydrocarbons present) was more than five times higher 
in the monolith than the pellet bed. These findings 
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Fig. 1. St- reforming of n-hexane. Axial bed temperature and composition profiles are for a metal 
monolith with 250 eells/in.2, consisting of Kanthal support/y-Al,O1 washcoat/NiO catalyst, and a packed 

bed of Girdler G-90 C pellets (l/4” x l/4”) of alumina impregnated with nickel. 

indicated that the thermal efficiency of a steam re- 
former may be improved by selecting a different 
catalyst/support geometry. In order to deiineate the 
heat transfer characteristics pertaining to each catalyst 
bed configuration (pellet or monolith), further work 
was focused on comparative heat transfer studies of 
metal monoliths and pellet beds under similar, non- 
adiabatic conditions. To simplify the comparison, heat 
transfer in the absence of chemical reaction was 
considered first. In this paper, a simple mathematical 
model of heat transfer in a metal monolith is developed 
and compared to experimental data. Comparisons of 
heat transfer in metal monoliths and packed beds are 
also made under similar experimental conditions. 

MODEL DEVELOPMENT 

A honeycomb monolith may be viewed as a series of 
concentric cylindrical rings of small width, 1, each 
consisting of a number of small channels (cells) as 
shown in Fig. 2(a). Thin solid slabs of width 1, thickness 
2w and height H connect these rings to each other at 
the walls, which have zero thickness [Figure 2(b)]. 
Thus, the solid mass of the monolith is assumed to be 
distributed only along the radial direction. This as- 
sumption reduces the transverse heat conduction in the 
solid to one-dimensional (radial) only. At any mono- 
lith cross-section along the axial direction z, each of 
these visualized concentric wall-tines has uniform 
temperature (g-symmetry). For very small channels, 
curvature effects can be neglected and the cylindrical 
coordinates may be replaced by rectangular ones. 

A model of heat transfer within the monolithic 
structure of Fig. 2, in the absence of chemical reaction, 
is constructed by considering the following transport 

mechanisms: 

-convective heat transfer in the monolith channels, 
-interphase heat transfer between the flowing gas and 

solid structure, 
-radial heat conduction in the solid. 

In this model, it is assumed that axial heat conduction 
in the solid is negligible and that no heat loss takes 
place from the monolith. In each monolith channel, 
uniform properties (p, C,, H k,, h) are assumed for the 
flowing gas. Also, an average value, <u >, is used for the 
linear gas velocity in each channel. No radial heat 
conduction in the gas phase is considered. This means 
that the gas-phase temperature, Tg. is uniform across a 
channel cross-section. Due to &symmetry, all channels 
of the same ring will have identical gas temperatures. 
From each ring to the next, however, Tg is different 
because of heat conduction through the solid. The heat 
balance equations for the solid and gas phases of the 
monolith are derived based on the above assumptions. 

(a) Steady-state heat balance for the solid phase 
Consider n rings, each of length 1 along the x 

direction as shown in Fig. 3. At the monolith centre, x 
= 0, while at the external monolith wall, x = nl = R. 
The heat balance for the solid is made on one slab (fin) 
of the ith monolith ring, since all cells within each ring 
are equivalent. Heat is transferred by conduction 
through the solid slab of cross-section 2wn. 
Continuity of heat fluxes is assumed at the ends of each 
slab (of length I) relating each ring to the next. Hence, 
the solid phase of the monolith is represented as a 
series of cooling fins (Bird et al., 1960). The one- 
dimensional differential heat balance equation for the 
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(a) 

(b) 

T T 
wi+l wi 

solid temperature in the ith ring, T,<, at steady-state is: 

d’T% 
- = N2(Ts, - T,) 
dt2 

with 

where h is the heat transfer coefficient and k, the solid 
thermal conductivity. At the L.H.S. boundary (< = 1) 
of the ith ring, Ts, = Twi, dT,/d< = pi, where T, 
denotes a wall temperature and fii is the temperature 
gradient at the wall. Note that because of continuity: 

and 
T,tlc=o = T,_s I<= 1 = T,,_. 

dT,r dC_, =- 
d5 c=o de 

= Pi_,. 
<=1 

(3) 

Equation (1) with boundary conditions (3) can be 
solved analytically. Its solution is: 

TS, = TsI+(TWj-TT,,)coshN(l -<)-asinhN(1 -5). 

(4) 

Equation (4) gives the solid temperature for each 
monolith ring i as a function of < and TB, (uniform with 
respect to 4). In order to find an expression for the wall 
temperature at any point of the monolith structure, eq. 
(4) will be used along with overall boundary conditions 
applied at the monolith centreline and external wall: 

dT,, 
dT <co 

= Be = 0; x=0,2 20 (5) 

Fig. 2. (a) Schematic of a honeycomb.monolith depicting 
the concentric rings used in the simulation. (b) Detail of 

(a) showing cells within the ith monolith ring. 

T Tw T 
w w Tw. Tw. 

n n-l n-2 I 1-l wi-2 w2 

Tw_ = Tw; x = nl, 2 2 0 (6) 

where eq. (5) is the “no heat-sink” boundary condition, 
and eq. (6) prescribes a constant external wall tempera- 
ture, uniform with z (alternatively, a constant heat flux 
could be prescribed on the external wall). The general 
formula derived for the wall temperature T,, (at x = il) 

. . . . . . 
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Fig. 3. Mathematical representation of the monolith solid phase on which heat balance is made. Cell 
positions and assigned temperatures are indicated. 
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is then: 

TW, = TW, cash iN + i 
I=1 

Ts, [cash (i -j) N 

-cash (i -j + l)N]. (7) 

The temperature at the monolith centreline, TWO, is 
calculated by using eq. (7) at i = R, where T,. = T,,, 
(known). 

(b) Steady-state heat balance for the gas phase 
The heat balance for the gas phase is made on a 

single cell (channel) of the ith monolith ring, Fig. 4, 
since all cells within each ring are equivalent. 

dTs - = a%, -T’,) dz 
with 

2(Z+d) h 

==Id P<V>C, 
= aSt (9) 

where u is the surface-to-volume ratio of the monolith 
cells and St is the Stanton number. In applying eq. (8), 
an assigned value of the solid temperature, T,,, is 
considered_ At mid-distance, e = 0.5, eq. (4) gives: 

sinh (N/2) 
T., = =so+(T~+Tw,_~) sinhN 

(10) 

which for small N (g 0.5) reduces to the arithmetic 
mean, 

T 
T., = 

w,_ , -+ T, 
2 - 

Since TW, as given by eq. (7) is a function of all the 
monolith cell gas temperatures, which are changing in 
the z-direction, the following system of n simultaneous 
differential equations must be solved, 

dT,I ~=~fi‘(T~,Ts,,Tsz ,... ,T,.), i=l,2,. ..,n 

with prescribed initial conditions at the monolith inlet 
(z = 0), e.g. uniform inlet gas temperature, Ts, = TB, 
(z=O),i= 1,2 ,..., n. The system of linear drfferen- 

tial eqs (12) with constant coefficients, is solved 
analytically to calculate the monolith gas tempera- 
tures, TBr, at any axial distance from the inlet. The 
monolith wall temperatures, TW8, are then calculated 
from eq. (7). 

Parametric eficts 
The model predictions depend on the values of the 

parameters N and a defined in eqs (2) and (9), respect- 
2 112 

ively. The parameter N = 
( > 

k can be expressed 

as the square root of the” ratio of (conduction 
resistance)/(convection resistance). Large values of N 
would reduce heat conduction through the solid 
resulting in lower bed temperatures. In the limit (as N 

-+00X LO=T’,, eq.(7), T,=T,(i=1,2 ,..., n), 
eq. (10). Hence, flat temperature profiles are calculated 
for large heat transfer coefficients, h, low solid thermal 
conductivity, k,, or small monolith wall thickness, 2w, 
all corresponding to large values of N. Conversely, 
small values of N, enhance heat conduction. In the 
limit (as N -+ O), TWO -+ T,,,, and all T,, -+ TWm [eq. (7)], 
i.e. “step-function” temperature profiles are obtained 
for all monolith wall temperatures. The cell size, r, only 
has a minor effect on the model. For a change in I 
(keeping Q constant), the product nN = R (h/k,w)‘12 is 
independent of Z, and the model parameter a = &It 
changes only slightly (through p (u >, which depends 
on e)_ The effect of the parameter a on the calculated 
gas temperatures is “step-function” axial profiles (from 
the initial gas temperature to T,.) for large values of a 
or llat temperature profiles for very small a. Large 
values of h or low mass flow velocities give large a. In 
solving the model equations, it was found that vari- 
ation of a through the heat transfer coefficient alone 
has but a small overall effect on the calculated 
temperatures. This is because both parameters N and a 
change in the same direction as h changes, thus, 
offsetting the impact on the model. Of course, in the 
limit (for h --, co), the controlling model parameter is N 
(rather than a) and flat temperature profiles are 
obtained everywhere in the monolith. 

MONQLITH MODEL COMPARISONS WITH 

EXPERIMENTS 

In the following examples, the model developed in 
the previous section is used to calculate gas and solid 

GAS FLOW 

Fig. 4. Cell element within the ith monolith ring considered for the gas-phase heat balance. 



Heat transfer in non-adiabatic monolith reactors 1207 

wall temperatures within a cylindrical honeycomb 
monolith, 6.021 cm I.D. x 7.6 cm length. The steady- 
state profiles are obtained for different flow rates of 
nitrogen at prescribed gas inlet temperatures and for a 
uniform external monolith wall temperature, T,. 
Experimental comparisons are made using a metal 
monolith of Fecralloy@ substrate made by Johnson 
Matthey, Inc. The geometric parameters and solid 
thermal conductivity of this monolith (Pratt and 
Cairns, 1977) are shown in Table 1. 

The real monolith consists of sinusoidal cells while 
the simulated one has cells of rectangular cross-section, 
A, = Id. The parameters of the simulated monolith 
were calculated here for a choice of I = 0.1115 cm, 
which gives an integer number of rings, n = 27. The 
wall thickness, 2w, was kept the same as in the real 
monolith. The value of the cell cross-sectional area, A,, 
was chosen equal to that in the real monolith. All other 
parameters were calculated based on the relations: 
A, = 2~1, n, = l/(A,+A,), E = n,A,, a = 2(Z +d)/ld 
and G.S.A. = UE. An accoumof all symbols is given in 
the Notation. 

The gas properties &k,, Cp) were calculated at a 
constant average film temperature, T,, estimated here 
for cells of a ring located halfway between the mono- 
lith wall and centreline, and assumed to be the same for 
all rings. The analytical solution for cylindrical tubes of 
constant wall temperature (Grigull and Tratz, 1965) 
was used to calculate Nusselt numbers, Nu. This 
gives Nu in terms of the Graetz number, X* 
= 4z/(D,RePr), with Re and Pr the Reynolds and 
Prandtl numbers, respectively. The Reynolds number 
is expressed as: Re = D,p < v >/p, with p < v > the mass 
flux through each monolith cell, p (v > = 4G/(nD%). A 
constant value of 0.74 was used for the Prandtl number 
(Perry and Chilton, 1973). For high values of X*, the 
asymptotic Nusselt numbers corresponding to fully- 
developed laminar flow are obtained. These are given 
in Table 2 for different channel geometry (Shah and 
London, 1971). In the examples considered below the 
Nusselt numbers were higher than these asymptotic 
values even close to the monolith exit (z = 7.6 cm). 

In order to simplify the calculations, an average 
value of Nu was considered, uniform with z, from 

Table 1. Parameter comparison in the real and simulated 
metal monoliths 

Parameter 
Fecralloy @ Simulated 
monolith monolith 

Void fraction, E 0.890 0.963 
Geometric surf&c area, G.S.A., 

cm-’ 32.30 32.23 
Surface to volume ratio (cell), 

G = GSA./&, cm - = 36.29 33.48 
Hvdraulic diameter kelll. 

-DH, cm 
. ,, 

0.1102 0.1195 
Cell area, A,, cm2 0.0144 0.0144 
Cell density; cells/cm2 nE, 
Wall thickness, 2w, cm 
Solid thermal conductivity, 

k,, cal/cm /s/“C 

62 67 
0.005 0.005 

0.06 0.06 

Table 2. Asymptotic Nusselt numbers for laminar 
flow in ducts 

Channel geometry Nu,+ 

Circular 4.364 
Sw=e 3.608 
Triangular 3.111 
Sinusoidal 2.617 

+Constant wall heat flux. 
*Constant wall temperature. 

NV=* 

3.655 
2.976 
2.470 
2.120 

which the heat transfer coefficient, h = Nuk,/D,, 

was calculated (the same for all cells, hi = h, 
i=l,2,..., n). The error introduced by this assump- 
tion was estimated by also calculating heat transfer 
coefficients for fully-developed laminar flow using 
the asymptotic value of 2.976 for Nu (squarecell 
geometry, Table 2). The interesting finding was that 
the model predictions were rather insensitive to vari- 
ations in the heat transfer coefficient. As discussed in 
the previous section, this is due to the effect of h on the 
model parameters N and a. For example, for a given 
cell size, 1, which specifies n, a higher value of h would 
give higher N (and nN) that would reduce heat 
conduction through the solid, while a would also be 
higher tending to increase interphase heat transfer 
(from the solid to the gas phase). The overall effect on 
the calculated temperatures was found to be small. 
Hence, in the following examples, the assumption of 
fully-developed laminar flow throughout the monolith 
length is used to calculate h. 

In order to check the model predictions with 
experiments the Fecralloy@ monolith was heated in a 
flow of nitrogen under non-adiabatic conditions. The 
monolith was instrumented with 35 Inconel-sheathed, 
K-type thermocouples positioned inside cells at va- 
rious bed locations and held in place by sealing the exit 
end of each cell. Each thermocouple junction was 
secured against the cell wall by a metal insert. The 
monolith wall (rather than gas) temperatures were, 
thus, measured by the inserted thermocouples. The 
monolith was tightly packed inside a thin-wall stainless 
steel tube. The reactor wall temperatures were con- 
trolled by external heating with a three-zone electric 
Mellen furnace A schematic of the experimental 
system is shown in Fig. 5. Different, but constant, tlow 
rates of nitrogen were measured with a mass flowmeter 
and passed downward through the reactor. The inlet 
gas temperatures were monitored by four K-type 
thermocouples inserted from the bottom and extend- 
ing l/16” from the top of the monolith segment. 

Case 1 
The steady-state heating of 5 lb/hr of nitrogen gas 

flowing through the metal monolith is considered in 
this case. The measured monolith wall temperature, 
T,, was in the range of 9544015 K, while the inlet gas 
temperature varied from 811 K at the centreline to 
WOK close to the wall. The model equations were 
solved for T, = 994K and for a “step-function”- 
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Fig. 5. Schematic of the experimental system. 

inlet gas temperature: Ts = 811 K, 0 < x < R/2; TB, 
= 853 K, R/2 < x < R. The gas properties were calcu- 
lated at 853K, and the corresponding heat transfer 
coefficient for fully-developed laminar flow (Nur 
= 2.976) was equal to 3.44 x 10e3 cal/cm’/s/“C. The 
geometric parameters and solid thermal conductivity 
of the simulated monolith listed in Table 1 were used 
to calculate the model parameters N and a: N = 0.534 
and a = 18_403cm-I. The assumption for To [eq. 
(1 1)] is still valid for this value of N. Note that if N was 
B 0.5, a finer cell size, 1, would be chosen to lower N to 
< 0.5. As discussed previously, this would have only a 
minor effect on the calculated temperatures. 

Figure 6 shows calculated and experimental axial 
wall temperature profiles at reduced radial distances, 
x/R = 0.0 (centreline), 0.67 and 1.0 (wall). For the 
conditions of this example, over 70 o/0 of the tempera- 

ture change has taken place by the end of the first half 
of the monolith length. The deviation of the calculated 
from the experimental curves of Fig. 6 is less than 10 % 
at all radial distances, and for the total monolith 
length. Taking into account the simplified approach 
adopted in developing the model, these results are very 
encouraging. Moreover, no heat loss from the mono- 
lith was considered in the model. However, under 
“static” conditions (in “no-flow” experiments), the 
metal monolith was non-isothermal at steady-state, 
losing heat from the bottom. This can, in part, explain 
the lower values of the experimental temperatures of 
Fig. 6. 

Case 2 
The model predictions are compared here with 

experimental data for heating the monolith at a higher 
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Fig. 6. Calculated and experimental axial wall temperature 
profiles in the Fecralloy metal monolith (Table 1) used for 
heating 5 lb/hr nitrogen. The model was solved for T, 
= 994K, and TB, = 811 K (0 6 x/R c OS), Tp, = 853 K (0.5 

G x/R G 1). 

flow rate of nitrogen, G = 30 lb/hr (corresponding to a 
space velocity of - 51,000 hr-l). The model was used 
with monolith wall temperature equal to the average 
experimental value of 922 K, and inlet gas tempera- 
tures of 47?.6K in the range 0 C x -z R/2 and 533 K 
for R/2 6 x ,( R. The calculated values of the par- 
ameters N and a in this case were: N = 0.440 and 
a = 2.21 cm-‘. Figure 7 shows experimental and 
calculated axial wall temperature profiles at three 
reduced radial distances, x/R = 0.0, 0.67 and 1.0. 
Similar observations as in Case 1 are made, the model 
deviation from experiment being - 10%. Because of 
higher flow rate, the temperature profiles are much 
flatter in this case. In the model this is accounted for by 
the lower value of the parameter a, which is inversely 
proportional to p<~>. It is noteworthy that higher 
flow rate conditions did not have a significant effect on 
the approach of the calculated to the experimental 
temperature profiles. 

EXPERIMENTAL COMPARISONS WITH PACKED BEDS 

The experimental system shown in Fig. 5 was also 
used to study the heating of a packed bed of alumina 
pellets at identical test conditions to those used for 
the metal monolith. The packed bed consisted of 
small (l/S” x l/S”) cylindrical pellets with G.S.A. 
= 11 cm2/cm” and void fraction (bed porosity) of 
0.40. While this geometric surface area is only one third 
of the corresponding monolith value, selecting an even 
smaller size pellet bed (higher G.S.A.) may be im- 
practical for most industrial applications because of 
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Fig. 7. Calculated and experimental axial wail temperature 
profiles in the Fecralloy metal monolith vable 1) used for 
heating 30 lb/hr nitrogen. The model was solved for 
T, = 922 K. and Th = 477.6 K (0 < x/R <O-5), Tg, 

= 533 K (0.5 < x/R < 1.0). 

associated larger pressure drops. On the other hand, a 
larger size pellet bed, which conducts heat better 
(Smith, 1970) and causes lower pressure drop, would 
have too low an activity (because of very low G.S.A.) 
for meaningful comparisons with the monolith under 
actual reaction conditions. 

Figure 8 shows axial bed temperature profiles ob- 
tained experimentally for this packed bed along with 
corresponding experimental profiles in the metal 
monolith shown before in Fig. 6 for a mass flow 
rate of nitrogen equal to 5 lb/hr (space velocity 
- 8,500 hr - i). The centreline temperature is higher for 
the metal monolith throughout the bed length. Hence, 
the radial temperature difference between the cen- 
treline and reactor wall is lower in the monolith than in 
the pellet bed. This is particularly important im- 
mediately downstream of the reactor inlet where 
temperature gradients are largest under reaction con- 
ditions. Another desirable heat transfer feature of the 
monolithic geometry is displayed by flatter radial 
temperature profiles than in pellets. This is shown in 
Fig. 9 at different reduced axial bed lengths (z/H) for 
the same conditions as in Fig. 8. 

For high space velocities or large temperature 
differences between the inlet gas stream and reactor 
wall, the differences in heat transfer properties between 
the monolith and packed bed geometries are magni- 
fied. An example is shown in Figs 10 and 11, which 
compare axial and radial temperature profiles, respect- 
ively, in the honeycomb metal monolith and the 
packed bed for a flow of 10 lb/hr nitrogen (S.V. 
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Fig 8. Experimental axial temperature protiles in the Fig. 10. Experimental axial temperature profiles in the 
Fccralloy metal monolith (Table 1) and a packed bed of JGcraUoy metal monolith (Table 1) and a packed bed of 

alumina pellets (l/8” x l/8” cylinders) used for heating alumina pellets (l/S” x l/8” cylinders) used for heating 
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Fig. 9. Experimental radial temperature profiles in the metal 
monolith and pellet bed at the conditions of Fig. 8. z/Ii is a 
reduced axial distance with H denoting the total bed height. 

- 17,000 hr- I) at approximately the same inlet gas continuous solid matrix. This is reflected by higher 
and external wall temperatures. The monolith con- temperatures at (and close to) the bed centreline. 
ducts heat better in the radii1 direction through its However, the packed bed is superior near the reactor 

860 I I G - 10 Ibihr N2 

S.V. - 17,GUD hr-’ 
- PACKED BED 

805 - 118” x 118” alumina pellets - 
--- METAL MONOLITH 

Fewalloy@ with 410 holesl in* 

75D - _--- -’ 
xlR - 1.0 (WALL) 

_/A- 
-B 

0 _-- 

6% 

INLET AXIAL BED DISTANCE rtcm~ EXIT 

860 
G - 1D IWhr N2 

S.V. - 17,wO hr-’ 
- PACKED BED 

8D5- 1183’ x l/B’ alumina pellets - 
- - - METAL MONOLITH 

I 

750 - 

with 400 holes/in 

0.0. 0.33 0.67 1.0 
CENTER REDUCED RADIAL DISTANCE. xl R WALL 

Fig. 11. Experimental radial temperature profiles in the metal 
monolith and packed bed at the conditions of Fig 10. 
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wall due to cross flow of gas (enhanced radial heat work with corrugated metal strips (Flytxani- 
convection and turbulent diffusion). At long bed Stepbanopoulos and Voecks, 1986), currently in pro- 
lengths (specified by the operating conditions) the gress in this lab has shown considerable heat transfer 
pellets conduct heat better than the honeycomb improvements over packed beds under a variety of 
monolith everywhere in the bed. operating conditions. 

SUMMARY AND CONCLUSIONS 

A simple model has been developed to treat the heat Acktwwledgwment-This work was sup~ortcd by the 
transfer problem in non-adiabatic honeycomb m&o- Phosphoric Acid Fuel Cell Program m&aged by NASA 
liths. A real monolith was simulated by the two-phase Lewis R esearch Center for DOE, under Interagency 

structure shown in Fig. 2, and steady-state heat bal- 
Agreement No. DE-AIOI-tWETl7088. 

ances were written separately for the solid and gas 
phases of the simulated monolith. In the absence of 
chemical reaction, the model was solved analytically to NOTATION 
give solid and gas temperature profiles radially and 
axially within the monolith reactor. 

4 cell cross-section, Id, cm* 

The assumptions used in developing the model 
4 solid wall area per cell, 2wl, cm* 

appear adequate for this first generation approach. 
CP heat capacity of the gas, Cal/g/C 
d 

Heat transfer in the honeycomb monolith is enhanced 
cell width, cm 

D 
at low values of the parameter N (i.e. low h, I or large k,, 

monolith diameter, cm 

w) and large values of a (i.e. large h, u or low p < u >). In 
D, hydraulic diameter (cell), 4/a, cm 
G 

solving the model, it was found that the assumption of 
mass flow rate, lb/hr 

G.S.A. 
uniform heat transfer coefficient, h, in all the monolith 

geometric surface area (surface-to-volume 

channels is good, since the calculated temperatures 
ratio), monolith, UE, cm*/cm” 

h 
were rather insensitive to changes in h (compensating 

heat transfer coefficient, cal/cm’/~/~C 
H 

effect on the parameters N and a). The choice of cell 
axial monolith length, cm 

size, I, for constant LT, does not significantly alXxt the ;, 

location of monolith ring, i = 1, . . . , n 

model predictions. For eq. (ll), however, to bc valid k f 
gas thermal conductivity, cal/cm/~/~C 

(low N), a fine cell increment is chosen. In general, it 
solid thermal conductivity, cal/cm/s/“C 

1 
was found that for all flow rates (space velocities) the 

radial cell length, cm 
n 

calculated temperatures were typically within 10% of 
total number of monolith rings, R/l 

the experimental values which is rather good consider- 
% monolith cell density, 1 /(A, + A,), holes/cm* 
N 

ing the assumptions of the model. The approach 
monolith model parameter, (h12/k,w)1’2 

Pr 
presented here may, thus, be used as a simple compu- 

Prandtl number, C&k, 

R 
tational technique for expeditious comparisons with 

monolith bed radius, cm 

experimental data. By including reaction terms in the 
R, Reynolds number, D,p < u >/p (monolith 

model, heat and mass transfer in a non-adiabatic 
cell) 

St 
monolith may be calculated numerically by a variation 

Stanton number, h/(p (u >C,) 

of the present model. 
T, average film temperature, gas phase, K 
T 

Experimental heat transfer comparisons of a 
00 

inlet gas temperature, K 

F-alloy@ metal monolith with a packed bed of 
To, gas temperature, ith monolith ring, K 

alumina pellets have revealed the conductive heat 
T% solid temperature, ith monolith ring, K 

transfer merits of honeycomb monoliths in the top 
=w, solid wall temperature, ith monolith ring, K 

part of the reactor and around the bed centreline. The 
TW external monolith wall temperature, K 

convective element of heat transfer, characteristic of 
<u> average fluid velocity in monolith cells, 

packed beds, was significant in the vicinity of the 
4G/(p?cD*6), cm/s 

W 

reactor wall. The significance of these findings is 
half wall thickness, monolith, cm 
radial distance, cm 

two-fold. First, it appears that honeycomb metal f* 

monoliths may be used to retrofit existing reactors (or 
Graetx number, monolith cells, 4z/(DnRePr) 

Z axial distance, cm 
heat exchangers) by replacing a certain length Of pellets 
at the most energy-demanding location (e.g. inlet part) Greek letters 
of the bed. This will result in higher energy efficiency 
because of reduced external heat requirements. ii 

monolith model parameter, dt, cm- 1 

Secondly and, perhaps, more importantly the data 
wall temperature gradient, ith monolith ring 

E 
presented here has indicated certain directions to be 

percentage open frontal area, monolith, ncA, 

P 
taken for catalyst design improvement and optimiz- 

fluid viscosity, g/cm/s 
c: 

ation. For example, a novel monolith geometry allow- 
dimensionless radial distance, (X - (i - 1)1)/Z 

P 
ing for radial gas mixing may combine the best heat 

fluid density, g/cm3 
Q surface-to-volume 

transfer features of both the honeycomb monolith and 
ratio, monolith cell, 

the pellet bed geometries and result in still higher 2(Z + d) 

savings in an industrial application. Experimental Id 
= 4/D, = G.S.A./e, cm- r 

_- 
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