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ABSTRACT: A two-region, two-dimensional (2R2D) model aimed at improving the heat transfer description of multitubular
catalytic reactors is introduced here. The effects concentrated in the wall thermal resistance (1/h,,) of the standard 2D model
(S2D model) are distributed in a fluid channel from the wall up to a distance of half-particle diameter and in the particle layer
against the wall. The use of computational fluid dynamics (CFD) on regular arrays allowed estimations of two of the 2R2D key
parameters: the heat transfer coefficient between wall and core channels 4¢ and the “true” wall-to-fluid coefficient h,z The 2R2D
and S2D models are compared at conditions when fluid mechanisms dominate radial heat exchange and reversible or irreversible
catalytic reactions are carried out. The case of NH; synthesis was taken as a basis of comparison. Significant differences are
obtained in temperature predictions within the usual range of the tube-to-particle diameter ratio, 5 < N < 10, mainly for

irreversible kinetics.

1. INTRODUCTION

Packed beds are extensively used in the field of process industry,
in particular as fixed-bed reactors with conventional granular
catalysts. When the process requires simultaneous heat exchange,
multitubular packed-bed reactors presenting low aspect ratios (N
= Dt/DP) are used, being S < N < 10 a typical range in industrial
units.

Modeling and simulation of multitubular catalytic packed-bed
reactors have been the objective of many studies in past decades.
Temperature differences over the bed cross section in the range
of tenths of degrees are usually developed. Due to the highly
nonlinear dependence of catalytic reactions with temperature
and frequently to safety reasons, it has been long ago
acknowledged that two-dimensional (2D) models describing
changes in radial and axial directions are necessary as a basis for
mathematical simulation.

The standard 2D model (S2D model) describes radial heat
transfer by means of an effective radial conductivity, 4., which
along with axial velocity and bed voidage is assumed to be
uniform over the cross section. As a steep drop/rise in
temperature is observed close to the wall of the tube, the S2D
model introduces a contact thermal resistance at the wall,
normally expressed by its inverse: the wall heat transfer
coefficient h,. Pioneer research to evaluate h, was made by
Coverly and Marshall' and Brétz.” Since then, many other efforts
have been made to measure and correlate both parameters, 4,
and h,, (it is noted that these thermal parameters enclose particle
and fluid contributions or, equivalently, stagnant and convective
contributions). Some relevant references on the estimation of A,
and h,, have been discussed recently by Dixon.> Although the
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need for introducing h, can be in principle justified by the
existence of an unmixed film of fluid in contact with the wall, it
has been recognized that additional effects arise as a consequence
of the arrangement of particles close to the wall. Thus, a highly
ordered layer of particles, especially for monosized spherical
particles, can be identified against the wall surface. The ordering
effect of the wall is attenuated toward the interior of the bed until
a virtual random packing is reached, as can be appreciated in
Figure 1 in terms of a void-fraction profile £(y*), with y* being
the distance from the wall measured in units of D,, from
experimental data of Mueller* and also from a bed packing
simulation from Salvat et al.> Concomitant profiles of the axial
superficial velocities u(y*) arise, such as those depicted in Figure
2 from the experimental data of Giese et al.® Roughly, u(y*)
follows the attenuated wave defining e(y*), except for the
existence of a sharp maximum very close to the wall.

The organized packing near the wall and the induced
variations of the velocity field impair radial heat transfer
mechanisms and thermal resistances along a finite distance
from the wall arise, in addition to that of an unmixed fluid film
just against the tube wall. In the S2D, all these effects are
accounted for by h,, and therefore its evaluation becomes
strongly dependent on the specific measurement techniques and
experimental conditions, facts that are responsible for the general
dispersion of results. Only at high Re, numbers the effect of the
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Figure 1. Experimental (symbols, Mueller*) and predicted (continuous
curve, Salvat et al.*) void fraction radial profiles at N = 7.99.
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Figure 2. Local superficial axial velocity measured by Giese et al®at Re,
=532 and N = 9.3. The continuous line is a trend curve.

unmixed film dominates and Nu,, (the corresponding Nusselt
number of h,) can be correlated reasonably well with the Re
number (see, e.g., ref 7), but the data are strongly dispersed for
moderate or low Re, (less than around 500 see, e.g,, ref 8), when
the different effects operate simultaneously on Nu,,.

Such dispersion of data for Nu, has raised controversy about
the usefulness of the S2D model. According to some authors,
noticeably Tsotsas and Schliinder,” the 2D model and the use of
h,, should be abandoned in favor of models with variable effective
thermal conductivity. On the other hand, efforts leading to obtain
careful experimental results and proper accounting of the
mechanisms that h,, represents are believed to make possible
the development of useful correlations for Nu,, as recently
discussed by Dixon.?

Provided that proper values of h,, and 4, can be assessed, the
S2D model will correctly predict the heat flux to the wall when
the fixed bed is operated strictly as a heat exchanger (without
heat reaction effects), even when the temperature profile close to
the wall cannot be evaluated with precision. However, when a
catalytic reactor is to be simulated, the temperature profile gains
in significance, as heat exchange is basically intended for
removing/providing the strongly temperature-dependent heat
involved in the catalytic reactions, rather than cooling/heating
the fluid stream.

Following the purpose of achieving a conceptually better
description of the heat transfer mechanisms or motivated by the
S2D limitations in simulating catalytic packed bed reactors,
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several models intending to disaggregate the effects lumped in
the parameter h,, of the S2D model have been put forward in the
literature. These models will be referred to here as two-region two-
dimensional (2R2D) models, and some representative examples
will be briefly described in section 2.

The main objective of this paper is to present a new
heterogeneous 2R2D model for packed beds of spherical
catalytic particles with gas flow. The model is intended for
correcting the most significant deficiencies of the S2D model by
identification of the largest thermal resistances caused by the wall
itself and the ordered layer of particles against the wall (first
particle layer). Hence, two channels for fluid flow are identified,
with the boundary at D,/2, where heat (and mass) is strongly
restrained, and the first particle layer is explicitly recognized.
Similarities and differences between the proposed and precedent
models are discussed in section 2.

2. SURVEY OF 2R2D MODELS

The 2R2D models intend to disaggregate the effects lumped in
the parameter h,, of the S2D model. To this end, the effects are
distributed over a finite portion of the bed cross section, which
will be called wall region. The rest of the bed, up to the bed axis, is
defined as the core region, whose thermal behavior is modeled
with uniform properties, much in the same way as in the S2D
model. In this sense, one exception is set by the formulation of
Ahmed and Fahien,'® which uses variable effective thermal
conductivity in the core region, .

A representative list of 2R2D models is given in Table 1,
together with some relevant features shown by each of them.

Table 1. Main Features of Several 2R2D Models Proposed in
the Literature

radial heat transfer parameters in

reference wall region extent of wall region
Botterill and 1/h,, (concentrated), uniform 4,  y¥* = 1/2 (jump to reach
Denloye'! Aec)
Ahmed and linear profile A,(y*) between ~4;  y& = 2 [4,(y*) reaches
Fahien'® and 4, Aol
Gunn et al.'? 1/h,, (covering a finite distance y& & = 0.3

from the wall)

Borkink and 1/h,, (concentrated), uniform A,  3/4 < y#(N) < 5/4
Westerterp'? (jump to reach 4,.)
Legawiec and  fluid: 1/h,¢ (concentrated), Aq % = 3.5 (jump to reach

Zidtkowski'* piecewise constant in four efc
subregions
solid: conduction in three particle i = 3.0 (to start using
layers of thickness D), and gas- esc
fillet resistances in between
Winterberg A(r*) = Ao(e(3®)) + Ap ("), yi& =2 (Re, = 66)
etal'® quadratic profile . (y*),
between 0 and Ap
¥ % 0.44 (Re, > 500)
[Ap(y*) reaches Ap ]
Vi~ 1 ()
reaches Ay
Smirnov 1/h,, (covering a finite distance y& y& = 0.25
etal'® from the wall)

Only the model of Legawiec and Ziétkowski'* makes a
distinction between fluid and particle temperatures; ie., it is a
heterogeneous model. In spite of further complexity, this is
believed to be a desirable feature, since significant temperature
differences in the wall region can be expected (even without
catalytic reactions), as a consequence of the heat source/sink
represented by the wall and also because of different heat transfer
capacities of both phases. For example, computational fluid
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dynamics (CFD) calculations by Magnico'” clearly show those
differences. In the remaining 2R2D models the effective
conductivity is evaluated as A, = A, + A.p, where A is the
static contribution (without fluid flow) and A, is the dispersion
contribution due to lateral fluid mixing.ls’1

Most 2R2D models are basically formulated for monosized
(near) spherical particles. Instead, Winterberg and Tsotsas*
provide a specific formulation for cylinders and Gunn et al.'* and
Smirnov et al.'® approaches were used by the authors to simulate
experiments with cylinders.

The 2R2D models widely differ in the description of properties
in the wall region, as can be appreciated in Table 1 for the thermal
parameters. On one hand, some models'"* eliminate the use of
h,, by employing in the wall region a decreasing variation of 1, up
to a value close to A;at y* = 0. In the remaining models h,, is kept
under the conception that it represents a thin film of unmixed
fluid in contact with the wall. As can be appreciated in Table 1,
the modification to the S2D model proposed by Gunn et al."*
and Smirnov et al."® just consists in assigning a finite region to the
thermal resistance 1/h,,.

A common definition of the wall region y¥ cannot be made for
all models in Table 1. For the just mentioned two models, y¥ can
be assigned to the extent covered by 1/h,, which is defined by
fitting experimental data. For the remaining models, y can be
assigned to the thickness of the regions in which the effective
thermal conductivity is allowed to change. In this way, a wide
range for y¥ arises: 0.25 < y¥* < 3.5 (Table 1).

On the other hand, the 2R2D models listed in Table 1 use
different values of void fraction and superficial velocity in the wall
region (continuously varying or piecewise constant), with
exceptions of the Gunn et al.'* and Smirnov et al.'® approaches.

In spite of their differences, all the 2R2D models are shown to
describe better temperature profiles than the S2D model—as
shown in the original publications—for heat transfer experi-
ments without chemical reactions. Therefore, it seems that
prediction of temperature profiles close to the wall can be
improved if a reasonable spatial distribution of the thermal
resistance is provided. Only the models of Ahmed and Fahien'
and Winterberg et al.'® were tried by the authors for simulating a
limited number of experimental tests under catalytic reaction
conditions.

The 2R2D model introduced in this paper distinguishes
between fluid and solid temperatures and is intended for packed
beds of spherical catalytic particles.

Considering that conduction through the solid particles is
relatively fast, the main resistances for heat transfer in the first
particle layer are imposed by the thin films of fluid surrounding
the contact point of each particle with the wall and the contact
points with inner particles. Then, only two temperature levels are
considered within the particle layer.

Radial dispersion of fluid contributing to heat transport is
suppressed at the wall and strongly restrained around y* = 1/2,
where the fluid is essentially confined by surrounding particles
and consequently shows little motion, as revealed by very low
superficial axial velocities (Figure 2). Then, a wall channel for
fluid flow is identified from the wall up to a distance y* = 1/2,
where the mixing-cup average temperature will represent the
thermal level of the fluid, and two concentrated thermal
resistances are considered: one at the wall (unmixed fluid film
on the wall) quantified by 1/h, and the other at y* = 1/2
quantified by 1/hg where h¢ is the heat exchange coeflicient
between the fluid in the wall channel and in the core region.
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The remains of the bed, comprising the fluid at y* > 1/2 and
particles other than those in the first layer, constitutes the core
region, which is basically treated as in the S2D model
Nonetheless, a heterogeneous description discriminating fluid
and solid temperatures is maintained for consistency with the
wall region and both, solid and fluid phase, are assumed as
pseudocontinuous media. Different values of superficial velocity
and void fraction are assumed in the regions 0 < y* < 1/2 and y*
> 1/2. The model is further conceptualized and formulated in
section 3.

The main differences from most previous 2R2D models are
the following:

1. An heterogeneous thermal description for solid and fluid
phases is considered (this feature is shared with Legawiec and
Zibdtkowski’s model, Table 1).

2. It is recognized that radial fluid-dispersion contribution to
heat transfer presents two minimum (at y* = 0 and y* = 1/2)
within a distance of 1D, from the wall. In the 2R2D models that
discriminate this contribution, a decreasing trend toward the wall
was always considered in the wall region.

3. No adjustable spatial parameter is introduced to define the
wall region, as the heat transfer mechanisms are directly related
to the bed structure near the wall. This feature is expected to
facilitate the development of reliable correlations for heat transfer
parameters.

The concept of a significant thermal resistance at D,/2
between the wall channel and the fluid in the core region has
been employed in some previous papers. Mariani et al.*' used
both parameters, h,s and h; for the liquid phase in trickle beds,
and in this way they could successfully interpret heat transfer
rates measured at low aspect ratios N. Martin*> employed the
concept to analyze fluid to particle heat transfer data, although
Martin assumed the heat exchange coeflicient h¢as being directly
nil. Yagi and Kunii*® expressed the (overall) wall heat transfer
coefficient in terms of several thermal resistances, and one of
them can be assimilated to 1/A;.

3. FORMULATION OF THE PROPOSED 2R2D MODEL

The sketch in Figure 3 will be employed to describe the proposed
2R2D model, for which spherical particles of uniform diameter
D, in a cylindrical container of diameter D, are assumed.

Some aspects of the formulation will be restrained to values N
=S

3.1. Distribution of Particles and Fluid Flow in the Bed
Cross Section. In order to visualize the accommodation of
particles close to the wall, the distribution of particle centers from
random packing simulation® in a N = 5.04 bed is presented in
Figure 4. The outer neatly defined ring of particle centers is at y*
= 1/2, and essentially all particles are touching the wall. They are
defined as those pertaining to the first particle layer. A significant
dispersion is observed for the centers in the second layer and
some particle centers around y* = 1 can be observed between
both layers, while virtually no center is observed in the middle
zone, say 1/2 < y* < 0.9. These results are completely in line with
the observations of Legawiec and Zidlkowski,** who further
evaluated that centers at around y* = 1 amount to ~10% of those
in the first layer. Those particles are the main cause of some
defects in the arrangement of the first particle layer, as can be
visualized in Figure 5.

In the following, according to convenience, the radial position
will be described by either the dimensionless distance y* from the
wall or by the radial coordinate p, noting that p = p, — Dy,
where p, = D,/2.
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Figure 3. Sketch for the 2R2D model introduced in this paper. The
contour of the particle touching the wall represents the first particle
layer. The schematic fluid and particle temperature profiles are drawn at
different levels.
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Figure 4. Dlstrlbutlon of particle centers from bed packing simulation
using Salvat et al® algorithm for N = 5.04. Cartesian coordinates
normalized with tube radius.

Figure S. Projections of spheres with centers at 1/2 < y* < 1 onto the
plane, from bed packing simulation using Salvat et al.> algorithm for N =
5.04 and a bed height of nearly 6D,,. Dark circles correspond to spheres
touching the wall, and light circles correspond to spheres with centers
close to y* = 1.
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The number of particle centers in the first layer (y*=1/2) per
unit area of the cylindrical surface of radius p. = p, — D,/2 (see
Figure 3) is defined as n,. According to the analy51s of Marlanl et
al,, > the normalized den51ty ni=n D is relatively insensitive
to values of the aspect ratio N when N > 5 and is very close to
unity.

Figure § is also useful for visualizing the confinement of the
fluid around y* = 1/2 in the openings left by the particles of the
first layer, as discussed in section 1, with very restrained fluid
motion (see Figure 2). The wall channel can be defined by the
region between the wall and the position y%;, of the minimum
local voidage. For particles touching the wall, y%; is slightly larger
than 1/2 at small N, because of curvature effects. For the same
reason, the fraction @ of particle volume intersected between the
wall and y5;, is somewhat larger than V,,/2. Restrained to values
N > 5, we will approximate y%;, = 1/2 and the fraction @ at this
position can be approximately evaluated as

@ = 0.5(1 + 0.3/N) (1)

The average voidage ¢, of the channel region 0 < y* < 1/2 (p. < p
< p,) can now be evaluated from

(1- 51)(42 - ,OCZ) = wnP(%Dps)ch (23)

In dimensionless terms,

e

(1-e)n-3)=otnie- o)

The average axial superﬁcial mass velocity of the fluid in the
wall channel will be denoted by G,. Hence, the fluid flow in the
wall channel is G,z(p.> — p.*) = G,(7/4)D,*(2N — 1). As regards
the fluid flow, the remaining part of the bed (y* > 1/2) is defined
as the core channel, where the axial average superficial mass
velocity is G, and the average voidage is €. The ratio G,/G. is a
model parameter, which in principle can be estimated from
literature information (e.g, refs 6 and 26). On the other hand, ¢,
can be calculated by subtracting the solid volume in the wall
channel from the total solid volume in the bed:

T3
—D’ |2
“’”P( 6 " ) & (3a)

where ¢ is the average bed voidage. Using eq 2a to replace n, and
expressing in dimensionless terms

(1-e)(N =1 = (1 - N> = (1 - &)(2N = 1)

(1-e)p’=(1-¢ep’

(3b)

Given N and values of a pair of properties related to particle
distribution (e.g., € and n*), the remaining two properties (e.g,
. and €;) will be determmed with the use of eqs 2b and 3b.

Now, as stated in the Introduction, particles other than those
in the first layer will be treated as a pseudocontinuous phase with
uniform properties (solid core region). To determine the distance
y¥ at which the solid core region begins (see Figure 3), the
volume of particles within 0 < p < p; = p, — D, y{ is equated to
the difference between the total volume of particles and the
volume of the first particle layer. Assuming that the voidage in 0 <
p < ppis €, we can write

(1- ec)pL2 =(1- e)pt2 - nP(%D;)ZpC (42)

Alternatively, using eq 2a to replace n, and expressing in
dimensionless terms
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(1 —&)(N - 2y)
=(1-e)N-(1-¢)2N-1)/o (4b)

Usual values of yi from eq 4b are in the range 0.85—0.95.

A useful geometrical interpretation of y§* arises by considering
abed oflarge N — oo built up from particle layers identical to the
first one, which keep uniform spacing L. Then, eliminating the
term in 1 — € between eqs 3a and 4a and taking N = D,/D,, = o
and @ — 1/2 in the result, (1 — &)L/D, = (7/6)n¥ is finally
obtained, with L/D,, = (2y# — 1). Furthermore, assuming that the
separation between layers is determined by the contact between
particles of neighboring layers, L is also the distance between
consecutive planes containing contact points. Thus, it is
concluded that for the described case y# corresponds to the
distance from the wall at which particles of the first layer maintain
contact with inner particles. Although approximate for cylindrical
beds of finite N, this interpretation for yf is significant, as the
particle temperature suffers a jump around contact points and
therefore it seems to be the natural boundary between the first
particle layer and the solid core region.

We can appreciate in Figure 3 that at both sides of yf small
spherical caps of particles in the first layer get into the solid core
region and vice versa. The assumption of a boundary between the
two particle regions implicitly moves the volume of the caps
inside their own zones. Although in this way heat exchange
between the solids and fluid will be modified, the effect should be
of no practical consequence, due to the small volume of the caps
and their short spatial reallocation.

It is convenient to stress that in both intervals, 0 < p < p; (solid
core region) and 0 < p < p, (core channel), the void fractions
have been assumed to be €. Therefore, in the intermediate zone
pL < p < p. the void fraction will be also €.

3.2. Heat and Mass Conservation Equations. A lumped
description is adopted for the thermal behavior in the wall
channel (mixing-cup average temperature T}, see Figure 3). The
fraction of the external surface of particles in the first layer
exchanging heat with the fluid in wall channel is assumed to be w,
i.e,, the same as the particle volume fraction in the wall channel,
and the surface average temperature on fraction @ is T}. The
remaining fraction 1 — w exchanges heat with the fluid in the core
channel within 1/2 < y* < yf, and the surface average
temperature on the fraction 1 — w is T3 (Figure 3).

Distributed temperature profiles are used for the core channel,
T.(p), and solid core region, Ti(p) (particle surface temper-
ature); see Figure 3.

The proposed heat exchange mechanisms between the solid
and fluid regions and their parameters are summarized in the
sketch of Figure 3.

The surface areas on which the heat transfer/exchange
coefficients are defined are as follows:

By e wall surface, p = p, (y* = 0)

hy hg: cylindrical surface at p = p. (y* = 1/2)
hy : cylindrical surface at p = p; (y* = y§)

hg 1, B oo external particle surface

Both coefficients h,, and hg are assumed to include the
thermal resistance inside the particles.

Mass conservation equations in the fluid flowing in both wall
and core channels for a species (molar concentration C)
undergoing a catalytic reaction with effective rate r, and heat of
reaction AH will also be formulated. It is assumed that r,(T%,C*)
stands for the effective reaction rate evaluated by assuming a
spherical particle of D, with uniform temperature and

concentration (T° and C°) on its external surface. The
formulation for evaluating r.(T%,C") is not written here as it is
standard, but it is noted that any temperature departure inside
the particle from T* can also be accounted for in evaluating ..

Following similar arguments that were employed for heat
exchange, a concentrated mass transfer resistance (1/ay) at y* =
1/2 is assumed to cause significant differences between
concentrations in both channels (C, and C_ ;). In turn, different
particle-surface values arise: C] on the fraction @ and C; on the
fraction 1 — w. The analogy between heat and mass transfer can
be employed to evaluate o from a known value of h; (see section
4). Fluid/particle mass transfer coefficients g, and ay, . are also
related to the analogous heat transfer coefficients g, and hy
(see Figure 3).

Following the previous considerations and on the basis of the
sketch in Figure 3, the thermal and mass conservation balances
written for steady state conditions and ignoring axial dispersion/
conduction effects can be expressed in the following ways:

In the wall channel:

dT 6hfs,1 s
cpeG — = (1 - &) (T = )
dz )
N 2ph (T, = ) + 2phe(T,, = T)
nl=n (s2)
d(c,/é;) 6ag
G —XE =(1-¢) (c:-¢C)
dz Dp
N 2pcotf(Cc’1 -C)
nl-n (5b)

In the first particle layer, sides @ and 1 — w:

6hfs,l

(1-e)(n* - pf)l(—AH)re(Tf, C)) — —=L(1; - To]

P
= 2ph (T} = T,) + 2ph (T} = T3) (62)

2 2 6hfsc
(1-e)n —n )[(—AH)%(TS; C) - (T - 2)]

= 29, hy(T5 = T1) + 20k (T; = T}) (6b)

In eq 6b T, is the average value of T, in the cross section zone
defined by 1/2 < y* < y¥ (Figure 3), i.e.,, py < p < pe.
In the core channel (y* > 1/2, p < p.):

d(padT./o oT 6hy, .
_lefc M + Cprc - = (1 - gc)ﬁ(Ts - Té)
’ p op 0z D,
(7a)
d(p 0C_/0,
-D.. (p c/ p) + GC a(cc/(sf)
’ p op 0z
6afsc
=(1-g—(C-0C)
D, (7b)
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atp = pg:
oT,
Tc = Tc,l’ T efc — = hf(Tc,l - Tl)
dp
aC. (7¢)
Cc = Cc,l’ e = af(Cc,l - Cl)
dp
In eqgs 7a and 7b
T e
(T;, G ifp, <p<p (7d)
In the solid core region (y* > y¥, p < pp):
d(pdT;/dp)
“Mes,c T 5
p op
6hfsc
= (1 )| 2B (T - T + (—AR)(TS, )
b,
(8a)
S S aTcs S S
Tc = TcLl _/,{esc - = hsL(TcL - TZ)I atp = pL
) il ap )
(8b)

For evaluating the particle-surface concentration C°

6a
r(T¢, C%) = —2(C - C°)
b, ©)

where C = C, in the wall channel or C = C. in the core channel.

The heat flux at the wall is evaluated from

qw = hwf(TI - Tw) + hws(TlS - Tw) (10)

It is clear from the spatial definition of the core regions that
fluid and solid present different radial extents (from y* = 1/2 and
y* = y¥, respectively), and so do their differential equations, egs
7a, 7b, and 8a. This spatial mismatch may be uneasy for the
numerical solution of the problem. An alternative for equating
the domains of the differential equations is to use a lumped
description for T, and C. in the range 1/2 < y* < yf. The
modified formulation, which does not add any new parameter, is
given in Appendix A.

3.3. Discussion on Major Assumptions and Thermal
Parameters Introduced in the Proposed Model. The
proposed model is based on identifying the first particle layer and
the effects that it causes on fluid flow distribution, on radial
dispersion, and, consequently, on heat (and mass) transfer
mechanisms. It is reasonable to think that a similar treatment
could have been given to the second layer of particles. A first
point to remark in this regard is the fact that the second layer is
considerably more dispersed than the first one, as revealed by the
distribution of particle centers (see Figure 3). According to
Mariani et al,*® the centers can be assumed to be uniformly
distributed between 1.2 < y* < 1.5. Therefore, the fluid can find
some paths to flow in this zone. Actually, minimal axial superficial
velocities nearly double the corresponding values at around y* =
1/2 (see Figure 2). Radial dispersion will also take place more
significantly than in the zone around y* = 1/2, due to deflection
of the streamlines, and it can be expected that radial dispersion of
heat will be more effective than evaluated by the heat exchange
coefficient h Heat conduction through particles of the second
layer will be also more effective than in the first particle layer, due
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to the larger number of contact points between particles than the
single contact point with the wall. If, in addition to the enhanced
mechanisms, it is considered that temperature variations at the
level of the second particle layer will be smaller than in the first
layer zone, it can be concluded that a more detailed description of
heat transfer in the second layer would most probably be of
second order of importance.

In neglecting further details for the proposed model, we also
took into account the practical difficulty in evaluating new
parameters that should be additionally introduced. Also, as
clearly noted by Borkink and Westerterp,"* upscaled models of
the type considered here will be ultimately inappropriate at
conditions when catalytic reactors show high parametric
sensitivity, thus making unsound any effort for introducing a
higher degree of complexity. CFD provides a possibility to deal
successfully with such cases.

In the first particle layer two temperature levels were
introduced, T} and T5. This discrimination was made because
large temperature variations may take place across the particles at
high heat transfer rates. As a consequence, a heat exchange
coefficient h between the frontal fraction @ and back fraction 1 —
@ of the particles has to be introduced. A simple expression for h
derived in Appendix B (see eqs BSa—BSc) is thought to be
accurate enough, provided that T{ — T3 does not turn out to be
very large.

The use of particle-surface average temperatures (T} and T5
for particles in the first layer and T in the core region) instead of
particle-volume average temperatures deserves some explan-
ation. This choice allows evaluating fluid to particle heat
exchange on the basis of coefficients kg (in the wall channel)
and hg,,. (in the core channel), strictly accounting for the thermal
resistance on the fluid side. Otherwise, the use of particle-volume
average temperatures will need associated heat transfer
coeflicients including the thermal resistance inside the particles.
It is also noted at this point that the distinction made for hg in
both fluid channels (kg and hg, ) is made on account of different
superficial velocities, voidage, and geometrical configurations.
Expressions as that of Gunn®’ or that presented by Martin®>
introducing the effect of void fraction may be useful in this
regard.

The energy conservation equations in the solids (eqs 6a, 6b,
8a, and 8b) are written under the assumption that heat exchange
between the wall and particle and between particles can be
expressed with the same underlying heat transfer parameters
(hys g, and A, ) as in the case of heat transfer in a stagnant bed
without chemical reactions. This is an approximation because
these parameter values are associated with certain temperature
distributions inside the particles, which will be modified as a
consequence of simultaneous heat transfer with the fluid stream
and reaction heat effects. At high Re, however, the fluid
convective mechanism will dominate and such an approximation
will be of lesser importance. On the contrary, conditions at low
Re, involve low heat exchange rate with the fluid and, in practice,
low rates of chemical reaction heat generation. Then, wall/
particle/particle heat exchange will dominate and heat transfer
rates will be well estimated by using standard correlations for £,
hg, and ... In any case, uncertainties will be lower for higher
particle thermal conductivities, as milder temperature changes
inside the particles will arise.

The expression analyzed by Bauer and Schliinder”® is regarded
as a reliable tool to estimate A, . Besides, i can be written in
terms of A, as discussed in Appendix B (see eqs B7b and B8),
where the evaluation of h,, is also discussed (see eq B7a).
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The remaining thermal parameters of the model are those
accounting for radial heat transport through the fluid phase, h,
hgy and A Except at very low Re, when conduction is the
dominant heat transfer mechanism, a coherent set of expressions
for hyp hg and A describing the effect of fluid convection will be
paramount for accurate predictions. Available correlations for h
are not straightforwardly appropriated for the proposed model.
Most of them are developed on the basis of the S2D model, and
the effect of the thermal resistance 1/h¢identified in the proposed
model should mainly be included in values 1/h,¢ from such
correlations. If the dispersion of available data for h,, is recalled, as
mentioned in the Introduction, it seems that any effort to extract
values of h; from literature information on h,, will be fruitless.

From section 3.1, where geometrical parameters of the model
were introduced, and the discussion given above, it can be
concluded that most parameters of the 2R2D model presented
here have been studied in the literature and estimations to them
from different sources are available. An exception to this picture
is given by the couple h,sand h. Preliminary efforts for estimating
them in regular arrays of particles are presented in section 4, and
their significance is discussed in the rest of this paper. Further
studies on them in random packed beds are under way. The final
stage in our planning is the assemblage of new and old
parameters to obtain a reliable set for modeling packed-bed
reactors.

Preliminary estimations of h; and concomitant values of h,
obtained from CFD calculations will be reported in section 4.

4. CFD EVALUATIONS

Evaluation of coeflicients h,¢and h¢representing heat exchange in
the wall channel and the ratio G,/G_have been performed in the
framework of ANSyS-Fluent 14.0 computational fluid dynamics
software. The detailed numerical procedure and methodology
for the analysis of results are explained by Zambon.” We only
highlight here the main features of the procedure and additional
numerical experiments performed for improving the final
correlations for h,g hy and G,/G..

As described in ref 9, regular arrays of spherical particles
between parallel plates were considered to this end. Heat
exchange between the fluid and particles was suppressed by
imposing zero thermal flux at the fluid—particle interfaces. Thus,
the calculations were performed to quantify the heat exchange
process between the flowing gas stream and the parallel plates
maintained at uniform temperature. The regularity of the particle
arrays allowed employing a basic cell with periodic boundary
conditions. Consequently, asymptotic values of the parameters
have been retrieved, without entry and exit effects.

The four regular arrays considered for calculations were those
illustrated in Figure 6. They provide two levels of €, three levels
of &, and three levels of the difference (g, — £_). The different
combinations are significant for correlating the desired
parameters.

Zambon® assumed that the net direction of gas flow in the
schemes in Figure 6 is vertical. However, the gas flow will face
different particle configurations when the net direction is rotated
around an axis normal to the plates, and heat exchange
coeflicients can be expected to change in this way. Therefore,
further numerical experiments were carried out with the gas flow
rotated 30° for hexagonal close packing (Hep) and orthorhombic
packing (Orp) and 45° for cubic close packing (Ccp) and simple
cubic packing (Scp) (note that an additional turn with the same
angle restores the same situation as for vertical flow). In
particular, the results were significantly different for coefficient
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Hexagonal close-packing (Hcp)
£=0.395, £=0.259

Cubic close-packing (Ccp)
£=0.476, £.=0.259

Front view Side view

Front view Side view

Simple cubic packing (Scp)
£=0476, £.=0.476

Orthorhombic packing (Orp)
£=0.395, £.=0.395

Side view

Side view Front view

Front view

Figure 6. Regular arrays. “Front view” is parallel to the heat exchange
plates.

h,¢in Hep and Orp. The values employed for correlating h,q by,
and G,/G, were the averages from both configurations.

The number of layers between both plates was increased up to
the point that no significant variations in the estimated values of
the parameters h,, hy and G,/G. arose for given operating
conditions. In this way, seven layers were found to be suitable.
Figure 7 shows the calculation cell for the Hep.

Wall
Boundary
J - /
Periodic / ‘
Boundary - x |
-
/
Gas Flow k l‘ﬁ
ﬁ;\ Symmetry
) Boundary

[v

Figure 7. Cell with seven particle layers employed for CFD evaluation
with Hep.

To avoid a very fine meshing around particle—particle and
particle—wall contact points, the diameter of the spheres was
decreased by 1%. This procedure was found to be effective, as in
previous works using it, 73" and brought no significant lost of
precision in the evaluation of the desired parameters.

The overall Reynolds number (based on overall superficial
mass velocity G) in the range 100 < Re,, < 2000 was considered by
Zambon,” while additional CFD experiments were performed for
extending the range of Prandtl numbers: 0.4 < Pr < 3.5. For
values larger than Re, = 200, the Spalart—Allmaras model of
turbulence was employed.

The average heat flux at the wall (q,) and mixing-cup
temperature in the wall channel (T}), within the calculation cell,
were evaluated from the CFD results to estimate the wall heat
transfer coefficient h= q,./(T; — T,,). CFD velocity fields were
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directly used to evaluate the ratio G,/G. The 2R2D model
proposed in section 3 was reformulated for a Cartesian
transversal y-coordinate, no chemical reaction effect, and
insulated particles. Given the values of q,,, T}, and G,/G,, values
of hy and Ay  were estimated by fitting the core channel
temperature distribution of the model solution to the y-profile of
the mixing-cup temperature from CFD calculations. As expected
from the layered structure of the regular arrays, values of A were
lower than from correlations in random packed beds.

The values of Nu, = h,D,/ Ay Nug=hdD,/ A5 and G,/ G were
correlated with the bed structure parameters &, and &, Reynolds
number, and Prandtl number, as summarized in Table 2.

Table 2. Correlations for Thermal and Fluid-Dynamic
Parameters Obtained from CFD Temperature and Velocity
Fields,” with 100 < Re,< 2000 and 0.4 < Pr < 3.5

Nu,; = A{Rel, Pr'

A =0285 +0.008, @ = —2.4 + 0.4, f = 0.50 + 0.05, y = 0.50 + 0.02
Nug=[A + B(e, — &.)]e{Re,Pr
A=034+003,B=4+2,a=40+£07

G,/G. = Aei’e{Ref

A=055+001, a=15+03,7=-24+02 f=—-004 + 003

Some aspects of the correlations in Table 2 are worth
mentioning. Nu,, is better correlated with wall channel
parameters, £, and Re,; = G,D,/py as expected. Also, note that
the effects of Re,; and Pr upon Nu, are of the form (Replpr)o's,
just as in the well-known penetration theory. Instead, Nu¢
depends directly on (Re,Pr), revealing that the heat exchange
mechanism between wall and core channels is dominated by
convective effects, at least for Re, > 100. The factor €] in the
expression of Nu, is most probably related to the size of the
openings at y* = 1/2. To explain the occurrence of the term £, —
&y we can consider arrays with a symmetry plane at y* = 1/2
(Orp and Scp in Figure 6). In this case & — & = 0 and,
accordingly, there will be a small driving force for convective
exchange between both channels. On the contrary, &, > €. (Hep
and Ccp arrays in Figure 6) means that particles at the side of the
first layer can be accommodated in its openings and the lower
permeability at y* > 1/2 can promote an incursion of the fluid
from the core to the wall region and increase of Nu;.

The effect of both void fractions €, and &, on the ratio G,/G. is
in the expected sense and Re, shows only a modest influence.

Note that, using the analogy between heat and mass transfer,
the correlation for Nu; in Table 2 allows writing for the mass
exchange coeflicient between channels

ar = hf/(5fcpf) (11)

To conclude this section, it should be said that the use of regular
arrays allowed estimations of the parameters at significant
different values of the structural properties €, and €., making it
possible in this way to assess properly their effect. Nonetheless, as
the final purpose is to evaluate h, hy and G,/G, in cylindrical
random packed beds, the results presented here should
ultimately be compared with evaluations in such conditions.
Such evaluations are currently under way, and we expect that
effects as those caused by the vessel curvature when N > 5 and
defects in the structure of the first particle layer, such as those
visualized in Figure 5, may be only of second order of magnitude.

5. COMPARISON BETWEEN THE PROPOSED 2R2D
AND S2D MODELS FOR AN AMMONIA SYNTHESIS
REACTOR

An ammonia synthesis reactor has been chosen as a basis to
perform numerical evaluations employing the proposed 2R2D
and S2D models. It should be noted that the goal in considering
the ammonia synthesis process is not to carry out a rigorous
simulation of the catalytic reactor, but to disclose some feature of
the 2R2D model, and its comparison with the S2D model, under
a realistic frame. Therefore, some aspects have been simplified or
modified to gain a more clear interpretation of the results.

5.1. 2R2D Model. In order to assess in the 2R2D model the
relevance of discriminating the thermal resistances at the wall (1/
h..) and at the boundary between wall and core channels (1/A),
the fluid radial exchange mechanisms will be assumed to
dominate over conduction inside particles and between solid
surfaces, a situation that in practice can hold at high enough
values of Re, This assumption implies that local thermal
equilibrium is achieved between particle and fluid. To maintain
consistency, differences between C and C° are also neglected. In
this way, only the fluid conservation equations should be
considered and the following formulation is derived from eqs
Sa—9.

In the wall channel:

dT;
G d_zl = (1 - g)(—AH)r(T, C))
pthwf(Tw - Ti) + pchf("-[;,l - Ti)
+2 > 5
TR (12a)
d(C,/$ ai(C.,—C
G, G _ er(T, € + 2ol T Y f(z CE V.
dz p= R
(12b)
In the core channel (p < p.):
d(p JdT./9 oT,
5, Seotiop) o Ok
' p op PEe 0z
= (1 - &)(-=AH)r(T, C) (12¢)
d(p 9C./9 o(C./6
D, 9p 9C/9p) + G AC/3) _ (1 - e)r(T, C))
’ p op 0z
(124d)
atp = pe
oT,
TL Tc,l’ _/1ef,c - = hf(’I;,l - Ti)
dp
ac. (12e)
Cc = Cc v _Dec - = af(ccl - Cl)
] 2] ap ]

5.2. S2D Model. For the S2D model, under the present
assumptions, the following formulation applies.

d(p 0T /dp) oT

Ao p op TG = (1 -¢&)(-AH)r(C, T)
(13a)
n Ap aC/dp) . - AC/5) _ (1-e)r(C, T)
p op oz
(13b)
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Table 3. Base Set of Conditions and Properties Employed in the Simulations®

operating conditions

thermophysical properties

tube and pellet dimensions

P [atm] = 300 3¢ [kg m™%] = 49.05 H [m] = 3.00
T, [K] = 650 o J kg™ K1) = 3356 D, [m] = 0.04
G [kgm™s7'] =0.786 pe[kgm™ s71] =2225 X 107° D, [m] = 0.008
(Re, = 283) A [Wm™ K] =0.1858 (N=5)

(Pr = 0.401)

“Inlet conditions: T, [K] = 650; N, [mol %] = 22.8; H, [mol %] = 67.7; NH; [mol %] = 5.4.

oT

2, T aC
dp

=h (T, - T), 0, atp =p/2

(13¢)

where G and ¢ are the overall superficial mass velocity and void
fraction, which in terms of 2R2D values are evaluated as

G= [pchC + (pt2 - ,()CZ)GI]/pt2

e=[p’e+ (p* — pHel/p’

Average values will be suitable in section 5.3 to discuss
differences between S2D and 2R2D models. The mixing-cup
temperature in the core channel and in the whole cross section
are expressed as

2R2D model:

2 ff T

p'GT + (5 = p)GT

=TT T
s PG
$2D model:
P,
_ 2/0 Tp dp
I'=s—75—
P

Similar definitions hold for mixing-cup concentrations.

In order to carry out a fair comparison between both models,
the value of the wall heat transfer coefficient h,, of the S2D is
evaluated by matching the behavior of the 2R2D model under
two alternative reference conditions. One of them, leading to a
value h, is set by equating the asymptotic overall heat transfer
coefficient from both models at constant T, and without
chemical reaction (ie, by taking heat generation rate Q =
(—AH)r, = 0). The second one, giving h% is defined in a similar
way, but with a uniform value of Q. Both formulations are
summarized in Appendix C.

To solve the 2R2D and S2D model formulations, discretiza-
tion on the radial coordinate was done according to the
Orthogonal Collocation Method,** and the resulting set of
algebraic and ordinary differential equations was integrated along
the axial direction by using the STIFF3 algorithm®* modified by
Barreto and Mazza.> For all cases discussed in section 5.4, the
results using three or more collocation points were virtually the
same. Compaq Visual Fortran 6.0 was used to perform the
numerical solution.

5.3. Reaction Rate Expression, Operating Conditions,
and Parameter Estimations. The NH; synthesis reaction

N, + 3H, = 2NH;, (14)

is moderately exothermic [(—AH) = 111370 J/mol has been
used in the calculations], but reaction heat effects are potentially
strong, as the N, and H, are almost stoichiometrically fed in the
catalytic bed with only minor amounts of other species, e.g., NH;,
from the recycle. Thus, the adiabatic temperature rise for
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complete conversion is around 1000 K. Therefore, in some
technologies the process is carried out in multitubular catalytic
reactors, as will be assumed here.

The classical kinetic expression proposed by Temkin and
Pyzhev>* for Fe based catalysts will be employed here.

1.5
PP p
r, [mol/(m?s)] = flk—2tt — g
NH; H, (15)
k [%] = 8280 exp| — 27>
atm " m™ s T [K]
0.5
o | molatm © a;m = 119 X 10% exp| - 23871
m>s T [K]

In eq 15 f is the catalyst activity factor, which is defined as
explained later on.

In spite of the potentially large reaction-heat effects, ammonia
synthesis reactors are not prone to suffer runaway, because the
reverse reaction rate is strongly accelerated as temperature
increases. In addition, as the molar ratio between N, and H, is
nearly stoichiometric in the feed, the forward reaction rate
rapidly diminishes when conversion increases. The effective
forward reaction order is higher than 2.5, if the effect of pNH;1 is

accounted for. Calculations considering the irreversible reaction
rate from eq 15, i.e,, taking k' = 0, will be also described.

The set of values used in the simulations is displayed in Table
3. Thermophysical properties were evaluated at the tube-inlet
conditions and assumed constant along the tube. Results for inlet
and wall temperatures different from 650 K will be also discussed.
Nonetheless the thermophysical properties in Table 3 will be
maintained.

The tube-to-particle diameter ratio in Table 3 is N = 5. As N'is
a key parameter to compare both models, simulations have been
carried out at additional two levels, N = 10, 20. For this purpose,
D, was reduced and D, was kept at the value reported in Table 3.
However, in doing so the Reynolds number would decrease to
Re, =70, a very low value for the comparison conditions stated at
the beginning of section 5.1 and outside the range of the
correlations presented in Table 2. Therefore, variations of N were
accompanied by other two simultaneous changes. First, the mass
flow velocity was raised to maintain Re, =283, i.e,, G [kgm™s7"]
= 0.786(N/S). In this way the residence time decreases causing
temperature and conversion much lower than for N = 5. As this is
undesirable to evaluate the effect of N, the activity factor fin eq 15
was also increased so as to maintain similar temperature levels.
For N = § the activity factor is taken f= 1 and values for N > 5 will
be informed in section 5.4.

To evaluate the structural garameters of the 2R2D model, n}* =
1 acording to Mariani et al,, ® £.= 0371 + 0.13/N (Mariani et
al.*®), and the fraction @ from eq 1 were used. The correlation of

dx.doi.org/10.1021/ie403219q | Ind. Eng. Chem. Res. 2014, 53, 3587—3605



Industrial & Engineering Chemistry Research

Table 4. Model Parameters (1., W m™ K™% h, W m™ K™")

2R2D model S2D model
N £ £ G,/G. Aete he ot € At hs, hg
S 0.507 0.401 143 1.83 133 401 0.436 2.11 173 213
10 0.489 0.388 147 1.94 225 897 0.407 2.11 252 292
20 0.482 0.381 1.50 2.01 424 1942 0.391 2.11 420 484
Bey and Eigenberger36 was employed to evaluate A, and the 790 7
random walk mechanism of Baron'” was used for D: 70
1
A = 1(6G)D, (162) g 750
) é; 730
D = g(G/‘Sf)DP (16b) E’_ 710
In using eqs 16a and 16b for the 2R2D model’s parameters A, & 690
and D, , G, instead of G is employed.
Expressions in Table 2 were employed for kg, h, and G,/G, 670
eq 11 was used for o, while h,, was evaluated from the matching 650 : ‘ . ‘
procedures explained in Appendix C. 0 0.005 001 0.015 0.02
5.4. Results and Discussion. The results for thermal
parameters of 2R2D and S2D models are displayed in Table 4. p [m]
Before presenting the results of the reactor simulations, some Figure 8. Stationary radial temperature profiles from 2R2D (2R) model
relevant observations from the values in Table 4 will be discussed and $2D model using h2 (SQ), for Q = 1700 kW m™ and T, = 650 K.
next.
The ratio h,/h; for the 2R2D model in Table 4 varies in the
range 3 < h,¢/he < 4.5, due to different values of £, and g.as N
changes. This range clearly reveals that the thermal resistance now assumed to take place under the temperature profiles in
between channels is several times that at the wall. The ratio h,.¢/h¢ Figure 8, the average reaction rate will depend on the way that r,
decreases at higher Re,,, but it can be checked from correlations in depends upon T. If 0°r,/0T* > 0, as for an irreversible reaction,
Table 2 or from the data in ref 9 that even at Re, = 2000 the ratio the larger variation of T around T will usually make the average
h..¢/h¢keeps on being larger than 1. Then, the thermal resistance reaction rate from the 2R2D model be larger than that from the
between channels will be larger than that at the wall for most S2D model and a higher maximum of T along the tube (hot spot)
commercial-scaled packed bed reactors. can be expected. Strongly reversible reactions, such as the
The adjusted S2D coefficients 9, and h& are closer to h,; than ammonia synthesis reaction, can show 0%r,/dT* < 0 in practical
to h,,. This can be expected in advance, as the thermal resistances ranges of temperature, and the hot spot temperature can be larger
1/h¢ and 1/h,¢ of the 2R2D model operate in series and the for the S2D model.
former is much larger. However, 1/h, and (especially) 1/h$ are Other effects should also be mentioned as regards differences
significantly lower than 1/h¢at N = 5, while some contribution of between values of T predicted by both models. For example, the
1/h,; might be expected. The finite (and significant for low N) larger fraction of solids in the core region [(1 — &) > (1 — &)]
extent of the wall channel promotes the relatively large matching will tend to enlarge the difference discussed above. On the other
values of 1% and hQ This effect is weaker for N = 20 and K> hand, the reactant concentration in the core channel of the 2R2D
becomes very close to h; (Table 4). The corresponding Nusselt model will be lower than in the corresponding zone of the S2D
numbers show a significant effect of N, e.g., Nul, = 7.5 for N=5 model, as the residence time is larger than in the wall channel (G,
and Nu® = 4.5 for N = 20. On the other hand, differences between < G;) and an additional mass transfer resistance (1/a;) takes
K and hQ are evident. Altogether, these observations emphasize place at the boundary between channels. Although this effect
the difficulty in assigning a clear physical meaning to the plays an opposite role to those described above, it probably will
parameter h,, of the S2D model. not be determining for setting differences between both models,
It is relevant to visualize the radial temperature profiles of both as mass transfer is usually fast enough to avoid significant radial
models. In Figure 8 the stationary profiles resulting for uniform concentration profiles.
heat generation Q = 1700 kW m™ and T, = 650 K are plotted for Axial temperature and N, conversion profiles from the 2R2D
the 2R2D and S$2D models, the latter with h =213 W m™> K™} model, corresponding to mixing-cup values in the core channel
(Table 4). According to the fitting criterion, both profiles in (T.and %), in the whole cross section (T and &), and in the wall
Figure 8 present the same value T = 717.7 K and the same flux at channel (T and «,), are presented in Figure 9 for the base case
the wall (g, = 2Q/p,). In spite of the same value of T, the defined in Table 3. The axial positions (hot spots) where T. and
variation of fluid temperature from the axis to the wall is T show maximum values always are virtually coincident;
significantly larger for the 2R2D model than for the S2D model. therefore no distinction will be made in this respect henceforth.
This is mainly so because the adjustment of the S2D model At the hot spot, maximum differences between temperatures (T
moves the effect of the large thermal resistance (1/h;) between and T;) and N, conversions (%, and x;) in both channels also
channels to the wall, where it does not exert influence on the fluid arise. The differences T, — T, and to a lesser degree ¥, — x,
temperature. The same qualitative conclusion is reached when h?, around the hot spot are very significant. The difference %, — x;
is used for the S2D model. If an exothermic catalytic reaction is responds to two causes: the different fluid velocities in wall and
3596 dx.doi.org/10.1021/ie403219q | Ind. Eng. Chem. Res. 2014, 53, 35873605
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Figure 9. (a) Axial temperatures and (b) N, conversions from the 2R2D
model. Ty= T, =650 K, N =5, r, (eq 15) with f= 1.

core channels and the difference T, — T,. The latter is far more
relevant for most conditions in this study.

The effects of wall channel variables T and x; on the averages
T and ¥ are very strong for the case N = 5 in Figure 9. This is not
surprising, if we recall that the ratio between the cross-section
area of the wall channel and the overall cross-section area is 36%
and, taking into account the ratio G;/G, (Table 4), the mixing-
cup contributions of the wall channel rise to almost 45%.

Also for the base case (Table 3), profiles of T and % from both
models, 2R2D and S2D, are compared in Figure 10. 2R2D
model’s results are identified by the subscript “2R”; those from
the S2D model with 1Y, (no heat generation source, Q = 0) are
identified by “S0” and those with h2 (uniform Q) are identified
by “SQ”.

It can be appreciated in Figure 10a that hot spot values of T
from both models differ significantly. The differences between
hot spot values T,g — Tgyand Ty — TSQnearly amount to 20 and
35%, respectively, of the temperature rise of the 2R2D model
AT,y = T,y — T,. On the other hand, differences in N,
conversion (Figure 10b) start to be significant around the hot
spot and maintain relevance even up to the reactor exit (z* = 1).

Radial temperature profiles at the hot spot predicted by each
model in Figure 10a are plotted in Figure 11a. The companion
conversion radial profiles are presented in Figure 11b.

Modest changes in conversion are observed from the 2R2D
model in Figure 11b, mainly due to the mass transfer resistance
1/a; between the channels, while negligible variations are
predicted by the S2D model. These observations are valid for all
cases discussed in this section.

The radial temperature profiles in Figure 11a show that the
maximum axis temperature (T%) predicted by the models are
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Figure 10. Profiles of (a) T and (b) ¥ predicted by 2R2D and S2D
models. Ty =T, = 650 K, N = 5, r, (eq 15) with f= 1.

very different. This feature is important, as T** defines the highest
thermal level in the bed and therefore its correct prediction is
paramount to checking tolerable temperature limits. For
example, the difference Ty — T5q = 71.7 K in Figure 11a is
very significant as it represents 50% of the temperature rise in the
axis predicted by the 2R2D model (T3} — T,, = 142.5 K).

It was discussed before in this section that the sign of 0°7./dT*
can be expected to determine which model will predict the
highest value of T along the tube. In the case illustrated in Figures
10 and 11, the fields of temperature and concentration involved
in the S2D model from the bed inlet up to the hot spot are such
that always 0%r,/0T> > 0. Nearly the same happens from the
results of the 2R2D model, although approaching the hot spot
the sign of d%r,/0T” changes along the radial variable (in Figure
11a Ozre/ 0T? > 0 in the wall channel, but azre/ dT? < 0 in almost
the whole core channel). As a result, the maximum value of T is
predicted by the 2R2D model.

This analysis suggests that, if Ty = T,, is raised up to a certain
value, the maximum T will be found from the S2D model, as the
acceleration of the reverse reaction (see eq 15) will make the sign
of 0’r,/0T* become negative in a earlier stage during the rise of
temperature along the bed. In Figure 12, temperature and
conversion axial profiles are plotted for the same conditions as in
Figure 10, but with Ty = T,, = 700 K. In agreement with
expectations, higher hot-spot values of T are predicted by the
$2D model (either using 49, or h2). Further increases of T, = T,
up to around 800 K do not significantly modify either the
magnitude or the sign of the differences between models. In the
end (T, = T,, > 850 K), a very low equilibrium conversion is
rapidly reached close to the bed inlet. It can be concluded that a
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Figure 11. (a) Radial temperature and (b) N, conversion profiles
predicted by 2R2D and S2D models at the hot spot. Ty = T, = 650 K, N
=S5, 1. (eq1S5) with f= 1.

strongly reversible reaction such as the one treated here
moderates the effect of temperature, and phenomena described
as “reactor runaway’ or “reaction ignition” can be hardly
identified. As a consequence, differences between models are also
tempered.

It is therefore important to explore differences between
models for the case of exothermic irreversible reactions, such as
are very common in many other industrial multitubular reactors
(e.g., hydrocarbon partial oxidations or oxy-dehydrogenations).
To avoid changing the whole platform of calculation, we will
simply consider the same case presented in section 5.3, but
dropping the reverse reaction rate in eq 15. Values of properties
(Table 3) and parameters (Table 4) will be maintained. Also, the
adiabatic temperature rise using (—AH) = 111370 J/mol and
activation energy in eq 15 are well in the range of those found,
e.g., for partial oxidation reactions.

As 0°r,/0T* > 0 is guaranteed by an irreversible reaction, the
first evaluation with the irreversible reaction is to check if at T =
T,, = 700 K the sign of the differences between hot spot values
Tyr — Tso and Tyr — Tsq change with respect to the reversible
case in Figure 12a. To do this, however, the activity factor f (see
eq 15) has to be lowered; otherwise the hypothetical irreversible
reaction ignites (even below T, = T, = 700 K) and the
temperature rises to very high levels (~1500 K). The value f= 0.4
leads to maximum values T similar to those of the reversible case
in Figure 12a (around 800 K). The profiles of T and % thus
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Figure 12. Profiles of (a) T and (b) ¥ predicted by 2R2D and S2D
models. Ty =T, =700 K, N =5, r, (eq 15) with f= 1.

obtained are displayed in Figure 13. The 2R2D model effectively
predicts higher temperatures, and the magnitude of the
differences with the S2D model’s predictions are quite large.
The hot spot values T_so —T,and Tsq — T, only reach 50% of the
2R2D model’s value T, — T,,. Conversions predicted from both
models are also significantly different: values from the S2D
model are around 25% lower than those from the 2R2D model at
the bed exit.

In practice, the difference between models seems to be
governed by the ability to predict average reaction rates, which in
turn has been related to 0%r,/0T> The magnitude of the effect
will be more properly quantified by the product (d*r./dT*)(T —
T,)*/re, with T — T, evaluated at the hot spot and (0°7./dT*)/r,
at some appropriate position between the bed inlet and the hot
spot. If T — T, is low enough, the models should predict very
similar temperature rises if h,, has been correctly evaluated. As an
example, the same (irreversible) case as in Figure 13, but with T,
= T,, = 650 K, leads to a maximum temperature rise Ty — T, &
18 K and the corresponding values of the S2D model (with either
2 or hQ) only differ in about +1 K. Other conditions involving
low enough values of T — T, are always accompanied by
negligible differences between the models, showing that values of
2 or h& chosen for the comparison are indeed suitable.

The effect of changing the aspect ratio N will be now discussed
for the base case (Figures 9—11) and for the irreversible case at
Ty =T, =700 K (Figure 13). We recall that parameter values are
those in Table 4. The catalytic activity factor f has been changed
with N so as to keep the same hot spot value Ty that arises when
N = 5. The results of average temperatures 1 and axis
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Figure 13. Profiles of (a) T and (b) % predicted by 2R2D and S2D

models. Ty=T,,=700 K, N = §, r, (eq 15) with k’ = 0 (irreversible case)
and f= 0.4.

temperatures T in the hot spots and average conversions ¥ at
the bed exit are presented in Tables 5 and 6. To better appraise
the significance of differences between the models, average
temperatures from the S2D models are expressed by the ratios

_ T — T _ T — T
Rg% = 100(_2“750), Rgq% = 100(M]

’TZR - Tw ’TZR - Tw
(17a)
and for the axis temperatures
Tox — Tso
R§% = 100 20|
T2R - Tw
Tox — Teg
RE % = 100[%)
Tr — T, (17b)

For the base case (Table S), significant differences between
temperatures predicted by the models are found up to N = 10,
with axis values R§;% and R§,% being always more important.

For N = 20, already a large ratio for multitubular industrial
reactors, the differences can be regarded as being almost
negligible for practical purposes. On the other hand, exit
conversions show low differences, even at N = S.

When the reverse reaction is suppressed (Table 6), thermal
levels predicted by the models keep on being significantly
different even at N = 20. The behavior of exit conversions is
markedly different from the reversible case, with notorious
differences also up to N = 20.

The results presented in this section suggest that the intrinsic
difference in the thermal descriptions of the 2R2D and S2D
models would be reflected in the accuracy of their predictions for
a variety of practical cases.

6. CONCLUSIONS

A two-dimensional (2D) model aimed at improving the heat
transfer description of multitubular packed-bed catalytic reactors
has been introduced in this paper. At present, the model is
restricted to spherical packing. The model, named the two-region
two-dimensional (2R2D) model, identifies the different effects
concentrated in the wall thermal resistance (1/h,,) of the so-
called standard 2D model (S2D) and locates them in accordance
with the highly ordered packing close to the vessel walls. In this
sense, a fluid channel from the wall up to a distance D,/2 and a
particle layer against the wall are identified. Formulation of the
model is given in section 3.2, but the alternative developed in
Appendix A is strongly suggested for practical numerical
implementation. The thermal and structural parameters
introduced by the model have been analyzed, and it is concluded
that most of them correspond to effective properties that have
been already evaluated in the literature or can be estimated from
them (see Appendix B). On the other hand, the thermal
exchange coefficient between wall and core channels k¢ and the
“true” wall—fluid heat transfer coefficient h,; need further
evaluation. These parameters, along with the ratio of mass
velocity in the wall channel and in the remainder of the bed (core
channel) G,/G, have been recently evaluated by using a CFD
technique in beds of regular arrays of spheres and the results
expressed in terms of correlations with the bed structure
parameters and operating conditions. As expected from the
conceptual description of the model, the thermal resistance
between channels 1/his substantially larger than that of the true
film resistance at the wall 1/h,,¢up to Reynolds numbers as large
as ~2000.

To assess differences between the descriptions provided by the
proposed 2R2D model and the S2D model, a multitubular
packed-bed catalytic reactor intended for ammonia synthesis was
employed as a base case for the simulations. To emphasize the
discrimination between thermal resistances 1/h and 1/hy, the
fluid radial exchange mechanisms were assumed to dominate
over conduction inside particles and between solid surfaces, a
situation that in practice can hold at high enough values of Re,,.

The overall heat exchange capacities of both models were
matched by adjusting the S2D model’s parameter h,,, using two

Table S. Average and Axis Temperatures at the Hot Spot and Average Exit Conversions®

N f Tr — T, Rgo% RSQ% T5x — T,
S 1.0 76.4 18.6 33.6 142.5

10 125 76.6 133 23.9 132.8

20 1.68 76.5 3.1 11.9 137.8

R§% Rgq% %1% (%o — %50)% (%R — Xsq)%
40.9 49.9 384 2.10 3.80
25.9 33.1 354 2.06 3.49
10.7 16.0 32.6 0.75 1.86

“Ratios Rgy and Ry defined in eqs 17a and 17b. Ty = T,, = 650 K; r, (eq 15).
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Table 6. Average and Axis Temperatures at the Hot Spot and Average Exit Conversions®

N f Tor — T, Rgo% RSQ% Tor — T
S 0.40 128.3 43.0 53.9 253.2

10 0.535 128.2 31.7 40.9 237.8

20 0.714 128.5 18.8 28.8 256.1

Rgp% RsQ% Xpr% (For — T50)% (For — Tsq)%
61.2 67.1 53.2 12.6 14.6

44.4 50.7 50.7 10.3 12.6

28.1 35.9 49.1 6.92 9.80

“Ratios Rgy and Ry defined in eqs 17a and 17b. Ty = T,, = 700 K; r, (eq 15) with k' = 0 (irreversible case).

alternative criteria (Appendix C). Values of A, are related to hj
but no clear physical meaning could be assigned to them.

Comparison between the 2R2D and S2D models was
performed under two kinetic schemes: the actual reversible
reaction rate for ammonia synthesis (reversible case) and the
irreversible reaction rate that results by ignoring the reverse
reaction (irreversible case). The latter was undertaken to
simulate important applications involving irreversible reactions,
such as hydrocarbon partial oxidations, and also to disclose
specific features shown by severely equilibrium limited reactions,
such as ammonia synthesis.

Differences between both models have been discussed mainly
in terms of different temperatures predicted at the hot spot. The
analysis of the features of both models and numerical results
allowed concluding that the main cause of temperature
differences is the large thermal resistance 1/h¢between channels
of the 2R2D model. At a given aspect ratio N, the magnitude of
the differences is determined by the product (0*r./dT*)(T —
T,)*/r, where T — T, is evaluated at the hot spot by, e.g., the
2R2D model, and (0*r,/dT*)/r, is evaluated at some appropriate
position between the bed inlet and the hot spot. Whether the
2R2D model will predict a higher or lower value of hot spot
temperature is defined by the sign of d%r,/dT> The second
derivative is always positive for an irreversible reaction, and
temperatures from the 2R2D model are always higher. Also, the
high parametric sensitivity and reaction ignition phenomena
shown by irreversible reactions are associated with strictly
positive values of d%r,/0T”. Then, the numerical comparison of
the 2R2D and S2D models for the irreversible case showed that
predicted average and axis temperatures at the hot spot are likely
to be much different under reasonable operating conditions and
monotonically increase as the reference temperatures T = T, are
raised, up to the point of reaction ignition. Exit conversions also
differ significantly. Differences between models remain large in
the range of aspect ratios 5 < N < 10, and decay significantly only
when N = 20.

The behavior of the reversible case (analyzed with the original
ammonia synthesis reaction rate) is rather different. The sign of
differences between temperatures at the hot spot predicted by
both models changes when the reference temperatures T, = T,
reach some specific value, as a consequence of the change in sign
of 0’r,/0T". Further increase in T = T,, does not modify much
the magnitude of the differences between models. Although in
the reversible case temperature rises above T, = T, are moderate,
significant differences from both models in hot spot average and
axis temperatures are still found at N = 5. Nonetheless, the effect
of N is stronger than in the irreversible case: at N = 10 the
differences between models decrease significantly and almost
disappear at N = 20.

Further investigation on coefficients h¢ and h,¢ in random
packed beds of spheres are under way. The next stage in our
planning is the assemblage of new and old parameters to obtain a
reliable set for modeling catalytic packed bed reactors. A relevant
additional issue concerns the effect of packing shapes different
from spherical. In particular, cylindrical particles deserve due
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consideration, as they are commonly employed. In this regard, it
is expected that the conceptual description of the 2R2D model
can be maintained, but evaluation of certain parameters here
undertaken should be revised, namely the location of the
boundary between wall and core channels and correlations
(Table 2) for hy hg and G,/G..

B APPENDIX A: REFORMULATION OF PROPOSED
2R2D MODEL BY INTRODUCING OUTER AND
INNER CORE CHANNELS

To make equal the sizes of core regions for the fluid and solid, a
lumped description can be adopted for the fluid in the zone 1/2 <
y* < yF, which will be identified as the outer core channel. In terms
of the radial variable, this zone extends over p; < p < p,, its
thickness is p. — p; = D,(yF — 1/2), and its temperature and
concentration levels are defined by T, and C,, respectively. The
inner core channel extends over 0 < p < p;, i.e,, matching the size of
the solid core region.

The sketch in Figure 3 becomes modified according to Figure
14. The radial thermal resistance of the outer core channel is split

e~
Z

g Solid core
E region

Quter Core-Channel
——————

.

| h Inner
Wall | L Core-Channel
Channel; p ¢l
G T : E /Lﬁc T
i | — <

Figure 14. Modified sketch for the 2R2D model (see Figure 3 in the
main text) introducing an outer core channel (p;< p < p.) and an inner
core channel (0 < p < py).

and each half is concentrated at the boundaries with the wall
channel and the inner core channel. Thus, at the boundary with
the wall channel the heat exchange coefficient A is corrected
according to

hfzzl

1

1, InG/p
hf

—1
)
zj'ef,c

dx.doi.org/10.1021/ie403219q | Ind. Eng. Chem. Res. 2014, 53, 3587—3605

C

(Ala)



Industrial & Engineering Chemistry Research

and the heat exchange coeflicient i; between the outer and inner
core channels becomes expressed as

1 Zﬂef,c

B = e
" p In(p/p,) (Alb)

The analogous mass exchange coefficients ap and a; are
obtained from eqs Ala and Alb by using a;instead of h;and D,
instead of A..

Conservation equations for the first particle layer and solid
core regions remain the same as in the text (eqs 6a, 6b, 83, and
8b), while for the fluid in the wall and core channels the
formulation becomes (from eqs Sa, Sb, and 7a—7d in the text)
the following.

In the wall channel (p. < p < p,):

dT 6hfs,1 s
cpeG — = (1 - &) (T = )
dz )
+ Zpthwf(Tw - ’Ii) + chhfZ(TZ - ’Ii)
PR (A2a)
d(c /5 ) 6af5;1 s
G, — (1-¢) (¢ -¢)
dz D,
chaQ(Cz -C)
2 2
pTR (A2b)
In the outer core channel (p, < p < p.):
dT; 6hfs,c s
Cprc —2 = (1-¢) (T; - 1)
dz )
+ 20, h(T,p — T,) + 2php(T, — T)
P
(A3a)
d 6afs,c s
G —(Cy/3) = (1 - &) (G -GC)
dz D,
szaL(Cc,L -C) + ZPCO’fz(Cl -GC,)
+ 2 2
o~ P
(A3b)
In the inner core channel (p < p):
d(p 0T./9 oT.
_Aefc M + Cprc <
’ p op 0z
6hfsc
=(1-¢g)—(T"-T)
Dp (A4a)
d(p oC_/o d(C./6
_p, i) | o ACS%)
’ p op 0z
6afsc
=(1-¢g—(C=-C)
D, (A4b)
atp =pyp:
o,
I = Tc,u _ﬂ'ef,c - = L(Tc,L - Tz)
dp
ac, (A4c)
Cc - CcL’ _‘Dec - = aL(CcL - CZ)
] ) ap ]
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It is remarked that the modification presented in this appendix
does not introduce any new thermal or mass transfer parameters,
as the coeflicients h;, and h; in eqs Ala and Alb only depend on
parameters already defined, and a similar observation holds for
ap, and ;.

B APPENDIX B: HEAT TRANSFER IN THE FIRST
PARTICLE LAYER. EVALUATION OF COEFFICIENTS
hy, h,, AND hy;

In order to evaluate coefficient h,, we will consider for the first
particle layer a reference case defined by N - oo (@ = 1/2),
negligible reaction heat effect, and negligible heat exchange with
the wall surface and with the core-region particles. This situation
could correspond to high Re, numbers, when convective heat
exchange with the fluid will determine the thermal behavior of
the first particle layer. It is further assumed that hg; = hg o = hy,.
Taking into account eqs 2a—4b in the main text, under the
conditions defined above eqs 6a and 6b are reduced as follows:

T S s s\
Enphfs(Tl - Ti) + hs(Tl - TZ) =0 (Bla)

T s s s\ __
Enp hfs(TZ - TZ) + hs(TZ - Tl) =0 (Blb)

The fluid temperature is assumed to show a linear variation
with the coordinate y* (normal to the wall surface):

T=(T+T1%)/2+ (" - 1/2)(T, - T),

0<y*<1 (B2)

where T, and T, are average temperatures in the wall channel (0
< y* < 1/2) and in the part of the core-channel zone defined by
1/2 < y* < 1, respectively. The energy balance within a given
spherical particle is simply stated as

Vo =0

inV, (B3a)

—/1PVn€ =h(0—T) on S, (B3b)

where V,, is the projection of the gradient on the normal to the
external surface, € is the local particle temperature, and 4, is the
particle thermal conductivity.

The solution of the problem (eqs B2, B3a, and B3b) for 6 can
be written as

5
0= (T +T)/2 + ——b

*— 1/2)(T, — T,
1+Bifs/2(y /2)( 2 1)

(B4)

where Big = hiD,,/4, is the Biot number.
It is noted that the dependence of @ just on coordinate y* is not
a simplification, but a feature arising from the type of boundary
condition in this problem (i.e., as defined by eqs B2 and B3b).
From eq B4, the following is obtained for the surface average
temperature on the hemispheres at each side of y* = 1/2:

Bi
TS=(T +T)/2 - —= (T, - T)/4
= (L + 1) 1+Bifs/2(2 b
TS = (T, + T,)/2 + Bis (T, — T,)/4
> te 1+Big/2 >

By replacing T} and T5 in either eq Bla or eq Blb, the
following is obtained for h:
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h

S

_ T %

) 4/ Dy (BSa)
The coefficient &} based on the projected particle area JTDPZ/ 4
(area of the intersection between a particle and a plane at y* = 1/
2) is related to g as

LIPET
h, = 4nP hy (Bsh)
Consequently
h = 2,/(D,/2) (Bsc)

Equation BSc clearly expresses that the thermal resistance inside
the particle is equivalent to that of a cylinder of diameter D, and
length Dp /2.

As explained in the main text, the proposed model is expected
to be suitable when relatively low values of T} — T arise. In this
case, the results will not be sensitive to values of h  and therefore
refinements to eqs BSa—BS5c probably will not be necessary.

Turning back to eqs 6a and 6b in the main text, it is remarked
that the driving forces for coefficients h,, and h; are based on the
surface average temperatures at each side of the particle, T} and
T3, respectively. Literature references (e.g., ref 14) define similar
coefficients, here denoted h,,, and h,;, but with driving forces
based on an overall particle temperature, which will be denoted
T°. Therefore, coefficient h,, should be smaller than h,, by virtue
of their respective driving forces: T} — T,, and T° — T,
respectively. A similar comment applies for the pair hy, and h,;,
defined with driving forces T5 — T¢; and T° — T¢;, respectively.

To establish the relationships between each pair of related
coeflicients, consider the first particle layer exchanging heat just
with the wall and with adjacent particles, i.e., under negligible
reaction heat effect and no heat exchange with the fluid (a
situation likely to apply at low Re,). Thus, the heat flux at the wall
(p,) can be expressed as

pLhPLhWP ( s
L

— Tw)

9, =

Prhpr + phyg (B6)

Using eqs 6a and 6b in the text in the same situation (ie.,
neglecting the reaction heat and particle/fluid exchange terms),
eq B6 can be exactly satisfied by defining

L1~
he hy,  2ph, (B7a)
1r_1_ A
hsL - hpL chhs (B7b)

There are expressions available in the literature to estimate the
heat transfer coefficient h,,, e.g, as given by Legawiec and
Zidtkowski.** These authors developed the expression of hy, by
considering the curvature of the wall surface and assuming flux
lines in the direction of the radial coordinate. Although the flux-
line assumption may not be suitable for highly conductive solids,
it seems a reasonable simplification for many catalyst materials.

As each particle in the first layer will share more than one
contact point with adjacent particles, it is expected that h,; can be
related to the effective particle-to-particle thermal conductivity
Aeso Which can be estimated from, e.g., the correlation analyzed
by Bauer and Schliinder.”® Assuming the bed as a set of successive
layers of particles separated by a distance L = D,(2yf — 1), as
expressed in section 3.1, the relationship between h,; and 4, can
be written as
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/L =2/

es,C

hy, = 22 [D,(2y; - 1)]

(B8)

es,C

For finite values of N, curvature effects may introduce some
uncertainty about the suitable surface of reference for h,; given
by eq B8. The following reasoning leads to the conclusion that
the suitable surface is that at p = p; (at y* = y¥, see Figure 3), i.e,,
the surface used as reference for h in the main text. Since A is
assumed constant in the solid core region of the proposed 2R2D
model, and considering that the main thermal resistance
quantified by 1/ is that around contact points, the energy
conservation balance in the solid core region (eq 8a) implicitly
assumes that at any radial position the number of contact points
is proportional to the perimeter 27p. If this description is applied
to the boundary between the first particle layer and the solid core
region, where the contact points can be identified at y* = yf, the
relation between A, and hy, as given by eq B8, is appropriately
assigned to hold at y* = yj* (rather than, e.g, at y* = 1/2).

Equations BSa—BSc, B7a, B7b, and B8 are the main results
from this appendix.

B APPENDIX C: EVALUATION OF THE WALL HEAT
TRANSFER COEFFICIENT FOR THE S2D MODEL

Under the comparison conditions between the 2R2D and S2D
models in section 5 of the main text, it is recalled that the
underlying formulation is given by eqs 12a—12e for the former
and eqs 13a—13c for the latter.

If the occurrence of a chemical reaction (Q = (—AH)r, =0in
egs 12a, 12c and eq 13a) is neglected, the fluid stream in the bed
simply exchanges heat with the wall assumed to be at uniform
temperature T,. Under such conditions, the solution of eqs 13a
and 13c for the S2D model can be expressed by a well-known
series, which for uniform inlet radial profile (T = T at z = 0) can
be written in terms of the cross-section average temperature Tas

T(z) - T, _ 4Biw2§: exp[—t/lefﬁnlzz/(Gcfthz)]
- T, - BB+ (C1)

where Bi, = Dh,,/(2A) is the Biot number and f, is the nth
positive eigenvalue defined by the root of the expression

Bi,J,(B) = BJ,(B)

Jo and J; are the zero- and first-order Bessel functions.

For axial positions far enough from the reactor inlet, only the
term corresponding to the smallest eigenvalue f, in eq C1 is
significant.

(C2)

T(z) =T, ,2eXP[—Mefﬂlzz/(GCprtz)]
T,-T, Y BB+ B (C3)

The overall heat transfer coefficient iy is defined from gq,, =
h(T,, — T), and an overall heat conservation equation can be
written on a differential length dz as g,, dz = (1/4)(zD;*) Gc,¢ dT.
Then

_ Dt GCPf g

T 4T, -T de (C4)

If C3 is used to evaluate T and dT/dz, the following expression
results for hp:

B

hy = A,
T, (Cs)
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The criterion employed to define the wall heat transfer
coefficient h,, of the S2D model can now be stated as requiring
that the S2D model presents the same heat transfer rate as the
2R2D model at large values of z. Equivalently, the same value of
hr (eq C4) is required for both models. To complete the
formulation of this criterion, the 2R2D model’s expression of T is
needed. The series solution of eqs 12a, 12¢, and 12e has been
given by Mariani et al.*' The expression—equivalent to C3—for
the leading term of T can be written as

T(z) — T,
% =T exp[—4/1€ﬁc/¢12z/(GccprC2)]

w

(Ce)

where I} is a constant, irrelevant for the present purpose, D, = D,
— D,, and y, is the leading eigenvalue, which satisfies

Dh,; G.(N — 1)
Bigly ()| 1> — =L ==
POA™ e Gi2N - 1)
_ ]( ) 2 l)chf + Dthwf GC(N - 1)2
= IV )“ef,c GI(ZN — 1) (C7)

where Bi¢ = D hg/(24..). Evaluating h from eq C4 by using eq
C6 to evaluate T and dT/dz

u’  GN?
hT = ef,c ~ s N2
. G.(N - 1) (C8)
Finally, from egs C5 and C8
2
WN-DA) _ 4G
N/’tl /1ef Gc (C9)

Equation C9 should be satisfied by finding the matching value of
the S2D model’s parameter h,,, which is denoted kY.

The second criterion mentioned in section S considers a
uniform heat generation rate Q (per unit catalyst volume) in the
heat conservation equations of the models, eqs 12a, 12¢, and 13a,
Q = (—AH)r,. At constant T,, and high enough values of z, a
stationary temperature profile develops, which allows trans-
ferring to the wall the whole amount of heat generated. Equation
12c (with 0T./dz = 0) can be easily integrated and the amount of
heat transferred at the boundary p = p_ is then evaluated as

2ph (T, - T,) = 7p°Q(1 — &) (c10)

where h = 44 ./p.. The thermal boundary condition in eq 12e
becomes expressed as
2phe(T,, — T) = 7pQ(1 — &) (c11)

The energy conservation equation in the wall channel (eq 12a),
with dT,/dz = 0, becomes

21ph (T = T,) = 2mphe(T,, = T) + 7(p” = p)Q

(1-¢) (C12)
The global heat transfer coefficient hy is defined from
20phi(T = T,) = 7p’Q(1 — ¢) (C13)

From eqs C10—C13 and the definitions of G, ¢ and T in
section S
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hwf
hy = ;
Tty
3
G\(1 -
p |2 (_)( %)hwf(iJri]
p)\GNAL ¢ he  he (C14)

Following for the S2D model (formulated in eqs 13a—13c)
similar considerations as for the 2R2D model and using
definition C13, it follows that

h

w

=—Y _  h=81/D
1+ h/h v

B (C15)
Equating hy from egs C14 and C1S, h,, (denoted hQ) can be
evaluated as

hy

hE=——2
YL+ = hy/h

(C16)

From eq C13 we learn that by equating hr the stationary value T
also becomes the same in both models.
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B NOMENCLATURE

C = molar concentration of key reactant in the fluid, mol m™
C.1 = molar concentration of key reactant in the core channel
at p = p, mol m™>

C° = molar concentration of key reactant on the catalyst
surface, mol m™>

¢,¢ = specific heat of the fluid, ] kg™ K

D, = radial effective diffusivity, m* s™*

D, = tube diameter, m

D, = particle diameter, m

f = catalyst activity factor

G = specific mass flow rate (generic or average on the bed
cross section), kg ms!

L = spacing between parallel layers, m

N = tube-to-particle diameter ratio (=D,/D,,)

Nu = Nusselt number (suffix is that of the heat transfer
coefficient h) (=hD,/A¢)

n, = number of particle centers in the first layer per unit area of
the cylindrical surface of radius p, m™

n¥ = normalized density of particle centers (=n,D,*)

H = tube length, m

he = heat exchange coeflicient between the wall and core
channels, W m™ K !

hg, = fluid—particle heat transfer coefficient, W m™> K™!

h = heat exchange coeflicient between particle hemispheres,
Wm? K™
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hy = heat transfer coeflicient between the solid core region
and the facing particle hemisphere of the first layer, Wm™> K™
h,, = wall-to-bed heat transfer coefficient in $2D model, W m™
K™

h?, = value of h,, estimated without heat generation rate, W m™
K™

h = value of h,, estimated with uniform heat generation rate,
Wm? K™

h. = heat transfer coefficient across an unmixed fluid film on
the wall, Wm™2 K!

h.s = heat transfer coeflicient between the wall and the facing
particle hemisphere, W m™ K™*

k = forward reaction rate coefficient in ammonia synthesis,
mol atm™®* m™3 s7*

k" = reverse reaction rate coeflicient in ammonia synthesis,
mol atm® m™ s~

Q = heat generation rate, W m™

q = heat flux, W m™

Re, = Reynolds number (=GD,/uy)

r. = effective reaction rate (per unit volume of catalyst)

T = fluid phase temperature, K

T, = temperature in the core channel at p = p,, K

T;;, = particle surface temperature in solid core region at p =

PL K
T® = particle surface temperature, K

u(y*) = local superficial axial velocity as a function of y*, m s~
V,, = particle volume, m?

x = N, conversion (=1 — C/C;)

y* = dimensionless distance from the wall (=y/ DP)

yi = value of y* where the solid core region begins in present
2R2D model (eq 4a)

¥ = value of y* where the core region begins in 2R2D models
z = axial coordinate, m

z* = dimensionless axial coordinate (=z/H)

2

1

Greek Symbols

a; = mass exchange coeflicient between the wall and core
channels, m s

AH = heat of reaction, ] mol™

5¢ = fluid density, kg m™>

€ = void fraction (generic or average on the bed cross section)
A = effective radial thermal conductivity of the bed, W m™!
K™

Ao = static contribution (without fluid flow) to A, Wm ™ K™!
Aep = fluid-dispersion contribution to 4, W m™ K™

Ao = contribution of fluid to 4, W m™ K™!

Aes = contribution of particles to 4, W m™ K™!

¢ = fluid thermal conductivity, W m™" K™*

p¢ = fluid viscosity, kg m™"' 57!

p = radial coordinate, m

p. = radial coordinate at y* = 1/2, m

o = fraction of particle volume intersected in 0 < y* < 1/2

Subscripts and Superscripts

1 = average quantity evaluated in 1 < y* < 1/2

2 = average quantity evaluated in 1/2 < y* < yf
2R = evaluated by 2R2D model

ax = quantity evaluated at the tube axis

¢ = relative to the core channel or core solid region
I = quantity evaluated at reactor inlet

L = quantity evaluated at yf*

S0 = evaluated by S2D model using coefficient hJ,
SQ = evaluated by S2D model using coefficient h$
t = quantity evaluated at the tube wall
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— = mixing-cup average quantity
w = quantity evaluated at the tube wall
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