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Abstract

Ž .Literature correlations for the apparent wall heat transfer coefficient h in fixed bed catalytic reactors are compared. Atw
Ž .low to moderate values of the Reynolds number Re , different correlations can produce estimates of the dimensionless wall

Ž .Nusselt number Nu sh d rk that differ by an order of magnitude or more. Some correlations give Nu as a functionw w p f w

of Re only, others allow for the effects of tube-to-particle diameter ratio and particle and fluid thermal conductivities. The
value of Nu that is used in a simulation of a fixed bed catalytic reactor can have a strong effect on the predicted behavior.w

Two examples of fixed bed reactors are simulated and show that the more general correlations for Nu are to be preferred.w
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1. Introduction

Heat transfer in fixed beds is a very impor-
tant topic for the chemical engineer because
fixed beds are widely used in the chemical
industry, as reactors, thermal storage devices
and contacting units for adsorption and absorp-
tion. The radial heat transfer in a wall-cooled
fixed bed reactor is determined by resistances in
series. There is a resistance to heat transfer
through the bed, a resistance in the wall, and a
resistance from the wall to the coolant. Fre-
quently, significant radial temperature gradients
exist in the bed, which are commonly described
in a pseudohomogeneous model by an effective
radial thermal conductivity k .r

Experimental data, however, show a tempera-

) Corresponding author.
1 Presently with DSM, Geleen, The Netherlands.

ture jump near the wall. A typical example from
a laboratory fixed-bed heat exchanger is shown
in Fig. 1. Apparently there is an extra resistance
to heat transfer near the wall, and this cannot be
described by models using a constant value of
k . In the literature there is still not a consensusr

about this extra resistance. A literature survey
w xby Vortmeyer and Haidegger 1 reveals that the

majority of researchers still favour the wall heat
transfer coefficient approach of Coberly and

w xMarshall 2 :

<q sh T yT 1Ž .Ž .rsRr w w

In this equation, the radial heat flux q at ther

wall is evaluated by a temperature jump at the
wall in combination with a wall heat transfer
coefficient. The quantity 1rh represents thew

extra resistance to heat transfer near the wall,
which has been idealized to be an extra resis-
tance at the wall.
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Fig. 1. Typical radial temperature profile in a wall-heated fixed
bed laboratory apparatus.

Much has been published in the literature
about the wall heat transfer coefficient in fixed
beds, however, there is still no general agree-
ment about it. There is discussion about the real
meaning of this coefficient, about the range of
applicability and, most importantly, about how

w xthis quantity can be predicted 3 . Although the
concept of this model is simple and appealing,
the behavior of wall heat transfer coefficients
gained by comparison of the model with mea-

w xsurements is quite discouraging 3,4 . In the
Žoperating range of fixed bed reactors Reynolds

.numbers between 100 and 5000 , experimental
data show that there appears to be no unique
correlation between the wall heat transfer coef-
ficient h , expressed in terms of a wall Nusseltw

number Nu , and the gas velocity, expressed inw

terms of a Reynolds number, Re.
Many researchers state that there should be a

w x w x w xunique correlation between the two 1 , 3 , 5–7 .
Some of these authors refer to the wide spread
in the measured values of Nu as experimentalw

w xerror or scatter, others 5,6 explain that not all
data points are independent of the length and
claim that the so-called scatter is caused by the

fact that different researchers use different tech-
niques to measure the temperature profiles in
fixed beds. Some researchers show that, theoret-
ically, there is not supposed to be such a unique

w xcorrelation 8,9 .
Disagreements between predicted and mea-

sured fixed bed reactor performance have led
some researchers to consider complex reactor

w xmodels 1 . Some of the features that have been
introduced by different workers include axial
conduction, non-uniform velocity profiles, non-
uniform porosity and thermal conductivity and
conduction along the reactor wall. It is question-
able whether these phenomena are important for
the reactor simulation, or whether the failure of
models to predict in some cases is attributable
to some other cause.

Clearly there is a need to resolve this issue,
because the engineer who has to design a fixed
bed reactor must choose a model or correlation
for predicting correct values of the heat transfer
parameters, so that he or she is able to simulate
a reaction based on these heat transfer parame-
ters and compare the results with experimental
data. He or she is faced with an enormous
choice of conflicting results with no clear crite-

w xria available for guidance 10 . In this paper, the
two existing approaches for correlating wall
heat transfer coefficients in fixed bed reactors
will be compared. The wall heat transfer coeffi-
cient will be predicted with two representative
correlations, and applied in two reactor simula-
tion examples. The differences in simulated be-
havior will be used to discriminate between
correlations for Nu , and to draw some conclu-w

sions on the need for complicated reactor mod-
els.

2. Wall heat transfer coefficient correlations

The wall heat transfer coefficient h is oftenw

correlated as a function of Ren in analogy with
the wall heat transfer coefficient in an empty

w xtube. Li and Finlayson 5 reviewed and brought
together a lot of experimental heat transfer data
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from prior researchers. They stated that the wall
heat transfer coefficient depends on length and
that this length dependency becomes less promi-
nent with increasing Reynolds number. They
re-examined all data in order to exclude studies
that they considered were influenced by the
length effect, and from a best fit to the remain-
ing data they suggested the following correla-
tion for spherical packings:

Nu s0.17 Re0.79.w

Li and Finlayson reported this correlation to be
valid for 20-Re-7600 and a tube-to-particle
diameter ratio 3.3-d rd -20. Their correla-t p

tion does not have any material thermal conduc-
tivity dependency nor does it have any tube-to-
particle diameter ratio dependency.

w xDixon and Cresswell 8 presented a model
matching approach that takes both solid and
fluid phase heat transfer mechanisms into ac-

w xcount. Their earlier results were extended 11
and are recast here in terms of theoretical pre-
dictions of Nu and the effective radial thermalw

conductivity k :r

High Re

k RePr Bi q4r f
s qb ,sk Pe Bif rf f

8b Pes rf
Nu s qNu 1qb , 3Ž .w wf sž /d rd RePrt p

where

k rkrs f
b s , 4Ž .s 8 Bi q4s

q
N Bis s

and

2
1.5 1ye d rdŽ . Ž .t p

N s . 5Ž .s k 1 0.1rs
q

k Nu k rkf fs p f

Low Re

k k Bi q4r rs s
s qb ,fk k Bif f s

8b k d bf rs p f
Nu s q2 Bi 1q , 6Ž .w s ž /d rd k d k rkt p f t rs f

where

RePr rPeŽ . rf
b s , 7Ž .f 8 Bi q4f

q
N Bif f

and

2
1.5 1ye d rdŽ . Ž .t p

N s . 8Ž .f RePr 1 0.1
q

Pe Nu k rkrf fs p f

These formulas give the lumped parameters
k rk and Nu in terms of the more fundamen-r f w

tal parameters for the individual phases and the
interphase heat transfer coefficient. These pa-
rameters may be independently determined from
experiments designed to isolate the transport

Table 1
Single-phase heat transfer correlations for use in the extended
DixonrCresswell parameter relations

Single-phase Correlation Reference
parameter

dp 0.33 0.738Ž . w xNu Nu s0.523 1y Pr Re 17wf wf dt

dt 2Ž . w xBi Bi s2.41q0.156 y1 11s s dp

k k Bi q4rsrs sŽ . w xk rk s 18,19rs f k k Bif f s

krs Ž .s f e ,k rkp fk f

1 1 et
w xPe s q 20,21rf Pe Pe RePrŽ .rf rf

dp 2Ž . Ž Ž . .Pe s7 2y 1rf dt
0.33 0.6 w xNu Nu s2.0q1.1 Pr Re 22fs fs
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Fig. 2. Predicted effective thermal conductivity using extended
w xtheory of Dixon and Cresswell 8,11 .

mechanisms, for example by analogy with mass
transfer experiments in which only the fluid
phase contributes, and from stagnant bed exper-
iments in which solid phase conduction pre-
dominates. The correlations used in the present
work for these individual transport parameters
are listed in Table 1.

Fig. 3. Comparison of predictions for Nu using correlation of Liw
w xand Finlayson 5 and extended theory of Dixon and Cresswell

w x8,11 .

Ž . Ž .Eqs. 3 – 8 are depicted in Fig. 2 and Fig. 3
for a typical case of a ceramic, spherical cata-
lyst packing with a d rd ratio of ten. Ant p

interpolating curve has been drawn for each
case between the two limiting curves. In Fig. 3,

Ž .Eq. 2 has also been included for comparison.
w xSome more recent papers 7,9 have also formu-

lated approaches along the same lines, with
empirical fits to their own or others data.

3. Reactor model equations

The object of the present work is to compare
the effects of different correlations for Nu , sow

a standard pseudohomogeneous two-dimen-
w xsional model was chosen 12 , with axial disper-

sion and conduction neglected. No attempt was
made to evaluate the necessity for a heteroge-
neous model in the reaction examples analyzed
here. The model equations are:

EX d E2X 1 EX r X ,TŽ .A p A A A
s q q ,2ž /Ez Pe Er r E r Gy rMŽ .rm A0 0

9Ž .

and

ET d E2T 1 ETp
s q2ž /Ez Pe Er r Errh

yD H r X , TŽ . Ž .R A
q , 10Ž .

GĉŽ .p

with initial conditions

X 0 s0,Ž .A

T 0 sT , 11Ž . Ž .0

and boundary conditions

EXA
rs0 s0,Ž .

Er

EXA
rsR s0,Ž .

Er
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ET
rs0 s0,Ž .

Er

ET Bi
<rsR s T yT . 12Ž . Ž .Ž .rsRw

Er R

The equations were solved by discretizing the
radial derivatives using the orthogonal colloca-

w xtion method 13 , and the resulting set of first-
order ordinary differential equations constituted
an initial-value problem which was integrated
using variable-order variable step-size predic-

w xtor–corrector methods 14 .

4. Reactor simulations

Two model reactions will be used for the
simulations reported in the present work, the
catalytic combustion of ethane and the synthesis
of vinyl acetate from acetylene and acetic acid.
Both reactions exhibit the need for cooling at
the wall to prevent thermal runaway, and can
thus illustrate the effects of varying the radial
wall heat transfer coefficient. In addition, both
reactions have been studied extensively and the
kinetics are available in the literature. For both
examples, the kinetics and parameter values of
the original authors are used, except where ex-
plicitly stated. For the sake of brevity, the reader
is referred to the original references for these
equations and values.

4.1. Example 1: ethane combustion

C H q3.5O ™2CO q3H O.2 6 2 2 2

This reaction was studied by Vortmeyer and
w xHaidegger 1 in a tubular cooled reactor. The

reactor had a total length 0.86 m, where the
0.16 m long catalytic section was sandwiched
between two inactive particle layers. The cata-
lyst used was PdO on g-alumina. The tube to
particle diameter ratio was 10.

w xDetailed kinetics are presented in Ref. 1
resulting from extensive laboratory study. Sev-

w xeral models were evaluated in Ref. 1 , and both

Fig. 4. Simulations of ethane combustion using different Nuw

values: temperature profiles.

those results and the present simulations showed
the hot-spot displaced downstream from the
measured location. Better agreement with the
trends in the data was obtained in our work by
adjusting the multiplying factor f in the rates

expressions from 1.067 to 1.71, for all cases
run. The parameter values for the model and

w xcorrelations were as given in Ref. 1 , except
that k rk and Nu were evaluated using Eqs.r f w
Ž . Ž . Ž Ž . .3 – 8 or Eq. 2 for comparison , under the
conditions of Fig. 2 and Fig. 3. This resulted in
values of k rk s10.0 and Nu s26 from Eqs.r f w
Ž . Ž . Ž .3 – 8 . Using Eq. 2 gave Nu s2.w

Representative simulations are presented in
Fig. 4 and Fig. 5 for Res25, an inlet tempera-
ture of 603K and a coolant temperature of 601K.
In Fig. 4, the temperature profiles simulated
using Nu s26 are in reasonable qualitativew

agreement with the data of Vortmeyer and
w xHaidegger 1 . Using Nu s2, however, gavew

simulations that grossly overpredicted the hot-
spot magnitude and which could not reproduce
the strong temperature differences between the
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Fig. 5. Simulations of ethane combustion using different Nuw

values: profiles of ethane mass fraction.

Ž . Ž .bed center rs0 and the bed wall rsR . In
Fig. 5, axial profiles of the ethane mass fraction
are given. The profile at the bed center was
reasonably well predicted using either value of
Nu . At the wall, the lower temperatures pre-w

dicted using Nu s26 allowed higher massw

fractions of ethane to persist, in qualitative
agreement with the data. The higher tempera-
tures predicted using Nu s2, on the otherw

hand, forced consumption of the ethane uni-
formly across the bed radius. Neither value of
Nu led to good agreement with the rsR dataw

w xfor y . Vortmeyer and Haidegger 1 also foundeth

the two-dimensional pseudohomogeneous plug-
flow model predictions to be lacking. They
investigated some more complex models and
obtained some improvements in the agreement
between model predictions and data.

4.2. Example 2: Vinyl acetate synthesis

C H qCH COOH™C H O .2 2 3 4 8 2

This reaction was investigated by Valstar et al.

w x15 who conducted experimental measurements
using a catalyst of zinc acetate on activated
carbon. They compared their measurements with
two-dimensional reactor calculations, having
measured the kinetics and the heat and mass
transfer parameters in separate experiments.
They found reasonable agreement between pre-
dictions and data, and concluded that the value
of k rk had a stronger effect on the simula-r f

tions than the value of h . Recently, this reac-w

tion was re-visited by Herskowitz and Hagan
w x16 , who used it as a test case in their study of
different one-dimensional fixed bed reactor
models.

The kinetics and operating conditions for the
present simulations were taken from the study

w xby Herskowitz and Hagan 16 , and corre-
sponded to Res58, a d rd ratio of 12.4 and at p

catalyst thermal conductivity giving k rk s26,p f

presumed to be in cylindrical form. The reactor
was 1 m long, with inlet gas composition 60r40
acetylene to acetic acid, and temperature
465.1K. The coolant was at the same tempera-
ture as the inlet gas. Under these conditions

Ž . Ž .Eqs. 3 – 8 gave Nu s19.4 and k rk s16.4,w r f
Ž . w xwhile Eq. 2 gave Nu s4.1. Valstar et al. 15w

obtained k rk s12.8 and Bis7.22, leading tor f

Fig. 6. Simulations of vinyl acetate synthesis using different Nuw

values: temperature profiles.
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Fig. 7. Simulations of vinyl acetate synthesis using different Nuw

values: acetylene conversion profiles.

Nu s14.9. For the simulations reported here,w
w xthe k rk value of Valstar et al. 15 was usedr f

to avoid confusing the effects of the two param-
eters. Thus, the effects of changing Nu couldw

be studied in isolation.
The results of the simulations are given in

Fig. 6 and Fig. 7, showing the axial temperature
profiles and the axial conversion profiles of
acetylene respectively, both at the bed center
Ž .rs0 . Clearly the simulations using Nu pre-w

Ž . Ž .dicted from Eqs. 3 – 8 are in good agreement
with the simulations using the measured values

w xof Valstar et al. 15 . Using the low values of
Ž .Nu from Eq. 2 , however, led to predictionsw

of runaway, which was not observed experimen-
tally. Although the predictions of the two-di-
mensional model were not sensitive to relatively
small variations of the order of 20–30% in the
value of Nu for this reaction, changes in thew

Nu value of an order of magnitude or morew

had a strong effect. Use of an inappropriate
correlation could result in differences in the
value of Nu of this magnitude.w

5. Conclusions

From these simulations it can be concluded
that for the two reaction examples studied, more

realistic results were obtained using the two-di-
mensional pseudohomogeneous model if the
wall heat transfer coefficient was estimated us-
ing correlations that accounted for the effects of
tube-to-particle diameter ratio, and the thermal
conductivity of the catalyst. It should be noted
that both reactions were simulated at relatively
low values of Re. As Re increases, all correla-
tions are in good agreement and the issue is of
less importance. At low to moderate Re, the
values of Nu can differ by an order of magni-w

tude or more depending on the correlation used.
The main features of the data for both exam-

ples were reproduced using a relatively simple
model, provided that the better correlation for
Nu was used. Only marginal improvementsw

would be made by going to complex models
with radially-varying velocity and porosity, con-
duction in the wall, etc. These examples teach
us to examine the correlations for reactor heat
transfer parameters carefully, before using com-
plicated reactor models.

6. Nomenclature

w xc : fluid heat capacity JrkgKˆp
w xd : particle diameter mp

w xd : tube diameter mt
wG: superficial mass flow rate kgr

2 xm s
w xD H : reaction enthalpy kJrkmolR

wh : wall heat transfer coefficient Wrw
2 xm K

wk : fluid thermal conductivity Wrf
xmK

w xk : particle conductivity WrmKp

k : effective radial thermal conductiv-r
w xity WrmK

k : bed center solid phase radial ther-rs
w xmal conductivity WrmK

k : bed average solid phase radialrs
w xthermal conductivity WrmK

M : reactant feed molecular weight0
w 2 xq : radial heat flux Wrmr

w xR: tube radius m
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w xr: radial coordinate m
Ž . w 3 xr X , T : reaction rate kmolerm sA

w xT : bed temperature K
w xT : bed inlet temperature K0

w xT : coolant temperature Kw

X : conversion of species AA
w xz: axial coordinate m

6.1. Greek letters

b : dimensionless group defined in Eq.f
Ž .7

b : dimensionless group defined in Eq.s
Ž .4

e : fixed bed void fraction
w 2 xm: fluid viscosity Nsrm

t : fixed bed tortuosity

6.2. Dimensionless groups

Ž .Bi: Biot number h Rrkw r
ŽBi : fluid phase Biot number h Rrf wf

.k rf
ŽBi : solid phase Biot number h Rrs ws

.k rs
Ž .N : defined in Eq. 8f
Ž .N : defined in Eq. 5s

Nu : fluid–solid Nusselt numberfs
Ž .h d rkfs p f

Ž .Nu : Nusselt number h d rkw w p f

Nu : fluid phase Nusselt numberwf
Ž .h d rkwf p f

Pe : fluid phase radial Peclet numberrf
Ž .for heat Gc d rkˆp p rf

Pe : Peclet number for heat transferrh
Ž .Gc d rkˆp p r

Pe : Peclet number for mass transferrm
Ž .ud rDp r

Ž .Pr: Prandtl number c mrkˆp f
Ž .Re: Reynolds number Gd rmp

y : inlet mole fraction of reactant AA0

y : mass fraction of ethaneeth
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