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Gas flow and heat transfer through catalyst filled tubes
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Abstract — A detailed knowledge of the fluid flow profile and of the radial heat transfer parameters is essential for a proper design
of fixed-bed processes. For different sphere, ring and cylinder catalysts radial velocity profiles were measured below the fixed-
bed at empty tube velocities of air between 0.5 m:s™! < vy < 1.5 m-s~! and tube to particle diameter ratios 3.3 < di/dp < 11. As a
consequence of the statistical behaviour of packings, it was necessary to average velocity measurements after repacking in order to
obtain representative flow profiles. All profiles show a velocity maximum in the vicinity of the wall. In order to relate the measured
profiles below the packing to the velocity profiles inside the packing, model simulations have been performed. The model is based on
the extended Brinkman equation and the independently determined radial void fraction profiles. It considers an “effective viscosity” for
which correlations have been derived for spheres, cylinders and rings. Radial heat transfer parameters were obtained experimentally
from packings between two parallel plates of different temperatures. The determined heat transfer parameters can be transformed
to the round cross section of a tube by considering the respective radial velocity profiles. The transformed values of the effective
heat conductivity could be well described by literature correlations. For the heat transfer coefficient at the wall a new correlation was
developed. OO 2001 Editions scientifiques et médicales Elsevier SAS

fixed bed reactor / modeling / fluid flow / bypass behaviour / effective viscosity / heat transfer / effective radial (heat)
conductivity / wall heat transfer coefficient / radial flow distribution / fixed-bed adsorption

Nomenclature Kt constant to correlate the effective heat
conductivity in the tube
aspec  Specific surface of full particle . . . . . . m2.m—3 Ip  particlelength. . ... .......... m
Bip  Biot number, equation (14) It length of the heated section . . . . . .. m
cpt  specificfluid heat capacity . . . . .. .. Jkg~lk-1 ;o specific mass flow in the empty tube in
da  outer diameter of acylinder or ring axia direction. . . ... ......... kg-m—2.s71
particle . ... ..... ... .. ... m Nuy Nusselt number = ayy dp/As
de  equivalent sphere diameter = 6Vp/Ap m Nuw, o Nusselt number at stagnant flow
de Hc equivalent sphere diameter for rings after conditions
Brauer, equation (34) . . . . ... .. .. m P PrESSUME . . o e Pa
di inner diameter of aring particle . . . . m Pep  particle Péclet number = vodppscp f/Af
dp  paticlediameter . .. .. .. PR m gw  specificheatflux . ... ... ... .. W.m—2
dps eqytljvalent sphere diameter without inner R tuberadius . ... ... ... ..., . m
VOIGROE .« e m r radia coordinate . . . .......... m
dy tubediameter . . ... ... L m , : . . '
E"  factor to consider the inner void fraction d d mgns onless radial coordinate
of aring used in the correlation for the Rep  particle Reynolds number = voprdp/ 1t
pressure drop in a packing of rings s duct width (distance between parallel
K,  constant to correlate the effective heat plates) . . ... m
conductivity T temperature . . . ... ... K
Tin  entrancetemperature ... ....... K
Tw waltemperature . . . .......... K
"+ Correspondence and reprints. v interstitial velocity . . .......... m-s~1
E-mail address: egh@icvt.uni-stuttgart.de (G. Eigenberger). 0, max Maximum empty tube velocity . . . . . m-s—1
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vo average empty tube flow velocity,
—1

|v0|= /v§’0+vr2!0 .......... m-s

V0,7 average empty tube flow velocity in

axia direction. . . ... .. .. ... m.s~1
v, axial interstitial velocity . . .. . .. m-s~1
x lateral coordinate . . . .. ... ... m
xT dimensionless axial coordinate in the

monolith

Xmin  distance between tube wall and the
contact point of two spheres touching

thetubewdl . ............ m
Z axial coordinate . .......... m
Greek symbols
oW heat transfer coefficient at the tube wall

of thepackedbed . ......... w-m—2.K 1

; ; 3 -3
€ local void fraction . .. ....... Miuid Miotal

i i 3 -3
mean void fraction . . . .... ... M3 id Miotal

o]

€0 void fraction in the core of the packed
3 -3
beq. Ce Miuid Miotal

eo,Hc Vvoid fraction in the core of the packed
bedofrings . . ............ M3 g Moy

eo,c  Vvoid fraction in the core of the packed
bed of cylinders . . . . .. ...... M3 i Moo
& inner void fraction of aring =d?/d3 ~ m3  mo3

eémin  Minimumvoid fraction . . . . .. ..
£min,Hc Minimum void fraction in a packed bed

3 -3
M uid Miotal

; 3 -3
of.rl'ngs I My id Motal
emin,c Minimum void fraction in a packed bed
i 3 -3
B of .cyI i ndgrs ............. E M3 id Miotal
£C void fraction for the whol e cross section

of acylinder packing . . . ... ...
eyc  voidfraction for thewhole cross section

3 -3
M i Miotal

of aringpacking . . ......... M3 i Mooy
s void fraction for the whol e cross section

of aspherepacking . ........ mﬁuid-mt’of’al
neff  effectiveviscosity ... ....... kgm-1l.s1
nf dynamic viscosity . . . . .. ... .. kgm-1l.s1
nt “turbulent” viscosity . ... ..... kgm-1.s1
Ar effective radial heat conductivity in the

packedbed . ............. w-m—1k-1
Az effective axial heat conductivity in the

packedbed . ............. w-m—1k-1
of density of thefluid . . . . ... ... kg-m—3

1. INTRODUCTION

Reactions which are characterized by alarge heat evo-
lution and a great temperature sensitivity are mostly car-

ried out in wall cooled packed bed reactors. The behav-
iour of these reactors can be influenced by the reaction
itself, by the radial heat and mass transfer perpendicular
to the flow direction and by the radial mass flow profile
which is a result of the nonuniform void fraction across
the radius (Vortmeyer and Haidegger [1], Daszkowski
and Eigenberger [2]). It is well known that in randomly
packed beds the void fraction in the vicinity of the tube
wall approaches unity. Therefore, fluid flow through the
packed bed is characterized by a channeling effect at the
wall. Nevertheless, most fixed bed reactor models used
in industry are based on the assumption of plug flow and
do not take into account radial maldistribution. Severa
research groups, in particular Vortmeyer [1], Papageor-
giou and Froment [3] as well as Daszkowski and Eigen-
berger [2], questioned that reaction and radial heat trans-
fer can be modeled correctly without properly consider-
ing radial inhomogeneities.

Despite of a fair number of publications, systematic
investigations of the radial velocity profiles for small di-
mensionless tube diameters D /dp are lacking, especially
for nonspherical particles. Hence, the first subject of the
following report is the systematic determination of radial
velocity profiles in packings of spheres, cylinders and
rings. As aresult of these studies, correlations are given
to evauate fluid flow inside packed beds.

In the next section, these velocity profiles will be
used in the determination of the radia effective heat
transfer parameters, the wall heat transfer coefficient oy
and effective radial heat conductivity A,. Contrary to
al previous data (see Tsotsas [4] and Dixon [5] for
recent surveys), aw and A, vaues have been obtained
independently of each other by direct measurement in a
paralld plate set-up.

2. GAS FLOW

The investigation of the radial velocity distribution
was carried out in two steps. First the local velocities
below packed beds were measured. A mathematical
model was applied to reconstruct the velocity profile
inside the packing.

Figure 1 shows a sketch of the experimental set-up.
The position of the sensor can be varied in radial and
in annular direction. To obtain the radial distribution,
the measurements are averaged over each circumference.
Details can be drawn from [6].

In figure 2 velocity profiles after several repackings
are plotted. The experiments show that the general bypass
behaviour can be reproduced with an accuracy of 420 %.
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The velocities in the core region show much stronger
scattering. This is an obvious consequence of the fact
that no angular averaging can be performed at the cen-
tre of the tube. The differences between all measure-
ments close to the wall represent the statistical behaviour
of the fixed bed structure, which results in deviations of
the radial voidage and velocity profile in axia direction
(Borkin[7]). The mean velocity profile, representative of
the whole bed, must, therefore, be abtained by averag-
ing measured velocity profiles after repacking or by mea-
suring inside the packing in different layers. So far no
gas flow measurementsinside of packed tubes have been
reported and it remains uncertain whether the results of
liquid flow measurements (Giese et al. [8]) can be used
instead, because the behaviour might deviate due to the
different compressibility.

Our gas flow measurementswere, therefore, taken im-
mediately below the fixed bed which was supported by a
thin dice of a monolith. Before and behind the mono-
lith the fluid shifts from the region near the wall to

ball bearing

monolith
support

anemometer probe
measurement position

Figure 1. Sketch of the experimental setup for the measure-
ment of v(r).
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the centre. To take these changes into account, a two-
dimensional model containing the continuity equation
and the momentum balances in radia and axial direc-
tion is used. For the momentum balances the basic re-
lations are the Navier—Stokes equations for the intersti-
tial flow. They are extended by terms describing pressure
drop in porous structures as a volume force. For full par-
ticles, for example, the correlation of Erguniswell estab-
lished.

Simulated flow distributions, based on void fraction
profiles extracted from literature, are characterized by
greater maximum velocities than measured flow profiles.
An “effective turbulent viscosity” was therefore assumed
and adjusted to such a value that the measured profiles
below the bed could be matched [6]. The effective
viscosity accounts for turbulent flow fluctuations inside
a packing. It turns out that in our model the effective
viscosity only plays arole in the larger voids at the tube
wall. Its influence inside the packing has already been
accounted for by the Ergun-type pressure drop relation.

The “effective” viscosities increase with increasing
mean velocity vg. Correlations of the effective viscosity
as a function of particle Reynolds number have been
derived and are given below.

A calculation of the radial velocity profile inside
the packing can now be carried out with the extended
Brinkman equation

(1—e(r))? 1—e(r)

dp 2
— =-150 —1.75
dz sz " " erde "
net 1 d dv(r)
—_— - 1
e(r) r dr <8(r)r dr ) @
together with the entrance equation
2 R
Vo, = ﬁ/o v(r)e(r)rdr 2
2.0
15|
1.0
051 . rings d_=l.=8mm
0.0 - : ' :
0 5 10 15 20 25
radius in mm

Figure 2. Comparison of measured velocity profiles v(r) after repeated repacking, mean velocity vy = 0.5 m-s~1. Lines represent the

simulated flow profile.
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and the correlationsof the effectiveviscositiesfor spheres

d dp\?
et _ g4 <7-1o—6 d—‘ + 2-10—5> <M) ©)
P

nf nf
for rings
d d 06
et _q 4 (0.0815 LI 1.088) (M> 4)
nf deHc nf

and for cylinders

neff dy pivoda 2
=14 (1.7.105— - 1.7.105) (—) (5)
n da n

It hasto be stressed that the correlations for the effec-
tive viscosities result from empirical fits between model
results and velocity measurements. The main physi-
cal impact is the increase of viscosity with increasing
Reynolds number. It should be the contents of further
work to develop a closed set of correlations for differ-
ent particle shapes and tube to particle diameters. In the
mean time, the range of application should not exceed the
range of measurements.

The used radial void fraction profiles can be taken
from appendix I. It should be mentioned that recent
attempts have been published to solve the flow profilein
a randomly packed bed of spheres by direct numerical
simulation (e.g., Derkx and Dixon [9] and Lauschke et
al. [10]). Here the detailed flow field of a specific pellet
arrangement in a tube is resolved. But in addition to the
numerical effort the question of turbulence modeling in
packed beds has not yet been solved satisfactorily.

3. RADIAL HEAT TRANSFER

Heat transfer perpendicular to the main flow direc-
tion consists of convective heat transport, radiation and
molecular conductivity through gas and pellets. Thereis
a continuing debate in literature whether heat transfer in
packed beds should be modeled with radially varying ra-
dia conductivity A,(r) and T(r = R) = Ty or with a
constant radial conductivity plus awall heat transfer co-
efficient ey (Krischkeet al. [11], Vortmeyer and Haideg-
ger [1]). Itisgenerally agreed, however, that at mass flow
velocities between 0.1-2 kg-m~2.s~1 which are typical
of most industrial applications both approachesgive sim-
ilar results [4]. Hence, the classical model of effective
heat transfer parameters was applied, lumping together
the different physical transport mechanisms into an ef-
fective heat conductivity and a heat transfer coefficient at

electrically heated main flow direction oil cooled
plate plate

1 200
AT, ZZC
transported N NN

- 5 {150 Tin °c
heat

X in mm

Figure 3. Experimental setup for measuring lateral heat trans-
fer parameters.

the wall. Using a homogenous model, temperature pro-
filesin packings will be described by the energy balance

. oT a oT 190 oT
():”"lO,z(”)CPa_Z - B_Z()\z g) - _<r)\r E) (6)

Measured radia temperature profiles in packings are
characterized by a steep gradient in the vicinity of the
wall, which is known to be a consegquence of the absence
of convective heat transport. The resulting assumption
of an unmixed layer at the wall leads to the boundary
condition:

oT
heosl = aw (Tw — Tlr=r) ()
rlyr=Rr

For the experimental determination of heat transfer co-
efficients a setup with a parallel plate geometry was ap-
plied (figure 3). Comparable setups were used previously
by Schroeder et al. [12] to investigate radial heat trans-
fer in water flow through a packed bed. Ofuchi and Ku-
nii [13] used a similar design to determine the stagnant
radial heat transfer. But to the best of our knowledge it
was the first time a parallel plate geometry was applied
to determine the radia heat transfer in gas flow through
packed beds.

The two plates were kept at two different tempera-
tures. After an entrance region alinear temperature pro-
file developed in the core of the packing. It was deter-
mined by linear regression of the measured temperatures
over the width of the packing. The effective heat transfer
parameters were obtained directly from the heat flux gw
perpendicular to the main flow direction and the temper-
ature gradient or the temperature jump ATy at the wall
with the following equations:

dT

and

gw = awATw 9)
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A requirement of the simple evaluation using equa
tions (8) and (9) is that a constant radial temperature
profile has been established in the measurement plane.
This has been checked by additional temperature mea-
surementsas well as by adetailed smulation of axial de-
velopment of the temperature profile for all experimental
conditionsused [14].

It should be mentioned that the experimentsin the par-
alel plate apparatus (figure 3) yield the effective heat
conductivity A, and the heat transfer coefficient oy di-
rectly via equations (8) and (9). In contrast, standard ex-
periments in circular tube geometry need to be evalu-
ated by comparison with simulation results using equa-
tions (6) and (7). In this evaluation a strong correla-
tion between the A, and oy values obtained cannot be
avoided. In addition, the calculated values for the effec-
tive heat conductivity A, and the heat transfer coefficient
at the wall ey change with the assumed velocity profile
which is not the case with the above parallel plate results.

3.1. Determination of heat flux

The configuration of figure 3 has been realized in a
set-up which will briefly be described in the following.
More details can be found in [14]. The flow channel was
built from two auminium plates of dimensions given in
figure 4 and from side elements made of teflon for a gap-
width of 25 or 50 mm.

One of the aluminium walls was electrically heated
by resistance wires the location of which is shown in
figure 4, left. Around the measurement window addi-
tional heating elements are positioned and temperature

30cm

UUUUUN,
o

main flow direction U

30cm

inlet area

=

10cm HJU”“”W temperature sensors
temperature 0
10cm ° controlled id %)
. o
.
o

10cm measurement
window

oil chanels

Figure 4. Design of the electrically heated wall (left wall in
figure 3).
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controlled to the window temperature such that no lat-
eral heat flux would leave or enter the measurement
window. At the back side of this plate an oil-heated
lid prevented respective heat losses from measurement
plane (figure 4, right). The electrical heating power ap-
plied to the measurement window divided by its areais
then the specific heat flux qw, required in equations (8)
and (9).

The second aluminium wall was thermostated by an
ail circuit flowing through dlits which were milled into
the back of the plate and covered by a lid. The inflow
of the oil was inside the measurement window to tightly
control its temperature to the set value.

3.2. Determination of the temperature
profile in the packing

Sufficiently accurate temperature measurements in a
random packing which neither disturb the random nature
of the packing nor introducean additional heat conductiv-
ity through the connecting wires present a nontrivial task
(Borman et al. [15]). For our set-up the following solu-
tion was applied. A fixed random arrangement of pellets
for the required gap width was set up by carefully glue-
ing adjacent particles at their contact pointstogether. Into
this “particle bridge” arrangement five 0.5 mm OD ther-
mocoupleswere fixed at specific positions. Four particles
bridges were positioned in the measurement window and
carefully embedded into the random packing. The ther-
mocouple | ets leave the measurement window parallel to
the aluminium side walls to prevent any measurement er-
rors due to additional heat conduction.

3.3. Experimental results

Measurements for spheres and rings with different
particle diameters have been performed. The geometrical
data of the investigated particles are listed in table I.
Some of the spheres used had an imperfect shape which
is typical of industrial catalysts or adsorbents. Three
different kinds could be distinguished, ceramic spheres
produced by a rolling process, denoted as “spheres,
imperfect” with imperfect spherical shape and some
variation in mean diameter, spheres from a tabletizing
processresembling aflat cylinder with two spherical caps
(denoted “spheres, cylindrical”) and almost idea glass
spheres.

The values for the effective heat conductivity A,
could be well described by the correlation of Bauer and
Schlinder [16] (see figure 5):
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TABLE |

Geometrical data of the investigated particles.

Form Material da di Ip .
[mm] [mn] g O O
sphere, imperfect ceramic 45+20 - -
sphere, cylindrical ceramic 82+0.8 - -
sphere, imperfect ceramic 9.8+1.0 - - d
sphere, cylindrical ceramic 120+ 10 - - L
sphere glass 6.0+0.3 - - ®¢ dp O ¢
ring ceramic 5 22 5 ax =
ring ceramic 8 4 8
ring ceramic 10 5.3 10
ring ceramic 15 9.5 15
20 20 spheres d,=9.8mm rings d,=8mm
glas spheres 3.0 3.0
15 \ 15 rings
— tube
« 10 T’\ < 10 a0l parallel plates 20
-------- oo.og _ -
5 | catalyst spheres 5r, "o O g
0 0 £
2 4 6 8 10 12 2 4 6 8 10 12
s/d, s/dey

Figure 5. Literature correlations for K, in a tube and own
experimental values for the parallel plate geometry (empty
symbols s =50 mm, full symbols s =25 mm).

b o, P
Af Af K,
_ %o, mocpdes (10)
MM MK,

The heat transfer parameters were determined in two
parallel plate slots with a width of s = 50 mm and
s = 25 mm. The measurements in packings of rings and
spheres can be correlated with an average error of less
than 20% by the expression

d
L des
)

A 2
Nuy = 2'470 4 o.oas( ) RepPri/3 (12)
f

Since most technical applications are carried out in
round tubes a transformation from the flat geometry to
the tube geometry had to be performed. It was based
on the assumption that similar flow conditions should
lead to similar heat transfer parameters. As characteristic
for the wall heat transfer coefficient ayy the maximum
velocity close to the wall was considered, the effective

radial conductivity was correlated with the velocity in the
central part of the packing.

Figure 6 shows the respective flow profiles in a tube
and between parallel plates for spheres and rings. It can

0 5 10 15 20 25 ~o 5 10 15 20 25
rin mm rin mm

Figure 6. Velocity profiles in round tubes and between parallel
plates.

be seen that in the examples shown the core velocities are
almost identical but the peak velocities at the wall differ
by a certain amount. To transform the respective Nusselt
value measured with the parallel plate velocity profile
of figure 6, left, to the tube geometry, a different tube
velocity (proportiona to the differences in the depicted
peak velocities) had to be assumed. An experimental
verification of this procedure will be presented | ater.

3.3.1. Effective heat conductivity

The effective heat conductivity is mainly influenced
by the velocity in the core of the packing. Hence, the
effective heat conductivity was correlated with the mean
core velocity (figure 6).

Since the core velocities in tube and plate geometry
are amost the same, the heat conductivity in packings
between parallel plates and in round tubes can be consid-
ered identical.

The measured values for the radia heat conductivity
A in packings of rings agree well with literature correla-
tions, e.g., Bauer and Schliinder [16] and Dixon [5] (fig-
ures 7 and 8, right diagrams).
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Figure 7. Effective heat conductivities in the tube (d; = 50 mm). The solid lines are represented by equation (12) with K, values from

figure 8.
spheres rings
2 —_ Bauer 20 "o d/d,=0.44 —— Bauer
--------- Fahien Smith 0d/d,=0.5 ------ Bauer
20 — — Dixon 1 15 - A di/da=0'53 - — - Bauer|
.. —— - cylinder Bauef <d/d,=0.63 — — Bauer
15 glas spheres 1 — — Dixon
< >~ Siatuiuintaie & 10 h
10 _e o =
5 ON O — - _ _ _ Q| 5}
catalyst spheres
0 - - - . 0 . - - '
2 4 6 8 10 12 2 4 6 8 10 12
d/dp d/d. or s/d.g

Figure 8. Literature correlations for K,; and own experimental values (empty symbols d; = 50 mm, full symbols d; =25 mm).
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For catalyst spheres, the measured radial heat conductiv-
ities A, liein between the correlationsfor spheres and for
cylinders (figure 8). This may be a consequence of the
non-ideal shape of the investigated spheres as specified
intable | and will be taken up later.

3.3.2. Heat transfer coefficient at the wall

The heat transfer parameter at the wall was correlated
with the maximum velocity at the wall. The underlying
idea consists of the assumption of an unmixed layer at
the wall. The thickness of the layer is mainly influenced
by the velocity gradient in the vicinity of the wall. The
gradient should be described by the maximum velocity.

158

The wall heat transfer coefficients were correlated
as Nusset numbers Nuw = awdp/A, with a linear
dependency from Rep number. As can be seenin figure 9,
the dope of the Nuy values decreases with decreasing
dimensionless gap width s /dp.

It is obvious from figure 9 that for zero flow thereisa
nonzero wall resistance. This leads to a new correlation
for the wall heat transfer coefficient, consisting of a
stagnant and a convectiveterm:

Nuw = Nuy,o + aRe Pri/3 (13)

The stagnant term Nuyw o considers the wall hest transfer
resistance at zero flow conditions [17, 18]. Values for
Nuw, o have been determined by fitting eguation (13)
to the measured values in the parallel plate setup. To
compare our results with literature correlations Nuw o
was converted into a Biot number by
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spheres rings
80 T T 60 T T —x
a ° A A A
f“— 60 | . Ooa A i f" 50 a o o i A 4
- 50 O, 2, dp=4.5mm 'cg 40 0 a A -
240 & = .
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5 20 Ad,=12mm | Foq [T o d,=10mm -
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Re=m, d,/n; Re=m,  d.s/m,

Figure 9. Values for Nuy over Re measured in the flat setup (s =50 mm).

. Ao . dp

Nuw o =Bip—2—

W, 0 0  C

Now these values can be compared with correlations of
Nilles[19]

(14)

o .dp 1 dy dp
Big2— == —( 1.3+ 5— 15
0“4 de( + dt> (19
or Dixon [5] for spheres
dp  _dp dy 2
Big2— =2—1241+0.156( — — 1 16
°"d dt[ " (dP )} (10
and for nonspheres
.dp  _dp dy 2
Big2— =2—10.48+0.192( — — 1 17
““a dt[ i (dp ) } (7

The experimentally obtained values for Big are in be-
tween the different literature correlations but show no
significant dependence of the dimensionless tube diam-
eter or the duct width (figure 10). A value of Nuw o =
2.4).0/As was therefore assumed.

10.0 A ——=this WOTK
“‘-.‘ --------- Nilles
75\ — — - Dixon spheres
g; Y — - - Dixon nonspheres
o 50 \\ o spheres -]
N \ e o rings -7
s o5 -\‘ N \\“--u.._. 04 _ ’_,_/—'—o_ =
N\, eITBe T T
0.0 - ’
0 5 10 15
d/d, or s/d,

Figure 10. Literature correlations for the Biot number Big from
Nilles [19] and Dixon [5] compared with own measurements
in flat channels of s =25 mm (full symbols) and s =50 mm
(empty symbols).

The flow contribution of the correlation was fitted
to the Reynolds number. The values of Nuy could be
well represented by straight lines, the slope of which
decreased with decreasing dimensionless tube diameters
di/dp (figure 11). The functional dependence on the
dimensionless tube diameter, expressed by (1 — dp/d:),

spheres rings
80 " 80 -
A d,=4.5mm A
0d,=8.2mm O
60 O0d,=9.8mm o> P4 .60t
< |>d=12mm > <
< o) fi'g X o d,=5mm
F40 [ C AP :} 40 od,=8mm -
i . ©d,=10mm
5 u] = Ad,=15mm
Z20°F 2 20 1
0 . v 0 . v
0 500 1000 1500 0 1000 2000 3000
Re=m,  d./n Re=m,_,dg /n;

Figure 11. Influence of the particle diameter on the heat transfer coefficient at the wall, oy, after transformation of the parallel plate
measurements (s = 50 mm) to the tube (D =50 mm), (—) equation (18).
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was taken from the results of Dixon and LaBua[20]. The
new correlation based upon the experiments in the flat
channels and transformed to round tubesis

A d
Nuy = 2'470 + 0.054(1 - d—PS)Rep Pri/3 (18)
f t

3.3.3. Verification of the heat transfer
parameters in the tube

Since the heat transfer experimentsfor the new corre-
lation, equation (18), have been performedin the parallel
plate assembly (figures 3 and 4), the correlation has to
be verified with experimental datafrom round tubes. The
tube set-up of Daszkowski [21] (see also [2]) was used.
A step-changein wall temperaturefrom 20 to 280°C was
applied and theradial temperature profile was determined
40 cm downstream of the wall temperature jump. Fig-
ure 12 showsthe measured wall temperatures Ty and the

300 T T T

T(z=l,1)
200 R

Tin°C

100

0.2 0.3
length in m

0 .
0.0 0.1 0.4

Figure 12. Measured () and simulated axial temperature
profiles of the fluid and of the tube wall for the heat-up
experiment (dp = 4.5 mm and ri1g = 1.75 kg-m~2.s71).

TinC

260
255
250
245
240
235
230

_ - 15
e ; 10
10 5 o0 °
o 15

5 -
Radius in mm

25 2

20 25

simulated packing temperaturesin the tube centre (» = 0)
and closeto thewall (r = R). Contrary to previous mea-
surementsradial profileswere determined at different an-
gular positions. The results are shown in figure 13 both
as 3D-plot (left) and asradia profilesfor different angles
(right).

The differences are characteristic of the angular in-
homogenity of temperature profilesin packed tubes. As
with velocity profiles, careful averaging is necessary to
get reliable experimental results.

A quasihomogeneous fixed bed model was used to
simulate the heat-up experiment. The axial heat conduc-
tivity was calculated after Tsotsas [22]. The flow pro-
file and the radial heat transfer parameters were taken
from the above correlations, i.e. the model contained
no fitting parameter. The simulation results obtained
agree well with the experimentsfor different spheresand
Raschig rings. Figure 14 shows some examples for cata-
lyst spheres.

For comparison, radial temperature profiles are given
using the A,.-correlation for round spheres of Bauer
and Schlinder [16] and the wall heat transfer data of
Nilles[19]. In this case aflat (plug flow) velocity profile
was assumed as suggested in VDI-Wérmeatlas [22]. The
differencesare mainly dueto differencesin K+ between
perfect glass spheres (K, + = 12) assumed by Bauer and
Schilinder [16] and nonideal catalyst spheres (Kt = 7)
used in this work (see figure 8).

4. SUMMARY AND CONCLUSIONS

Velocity profiles below packings of spheres, cylinders
and rings were measured. All measured radial flow pro-
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Figure 13. Radial temperature profiles behind a ring packing for the tube heat-up experiment (dy = 10 mm, rizg = 1.75 kg-m~2.s71),
left as 3D-plot with isotherm projections, right as radial profiles at different angles in circumferencial direction.
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Figure 14. Measured and calculated radial temperature profiles behind a sphere packing (dp = 4.5 mm) for the heat-up experiment.
(—) correlation using equation (18), (---) using effective heat conductivity A, after Bauer and Schliinder [16] for round spheres and

heat transfer coefficient at the wall after Nilles [19].

files are characterized by a velocity maximum in the
vicinity of the tube wall. Representative flow profiles
obtained by averaging the measurements after several
repackings were used to determine the influence of the
mean velocity and of particle shape and diameter. The
flow distribution inside the bed can be described by an
extended Brinkman equation. This equation consists of a
pressure drop correlation depending on the radially vary-
ing void fraction and of a term considering the shear
stress in the vicinity of the wall. It turned out that the
shear stress at the wall had to be calculated with an “ef-
fective turbulent viscosity”. Correlationsfor the effective
viscosity based upon the particle Reynolds number have
been derived for spheres, rings and cylinder packings.
A calculation of radia velocity profiles within random
packings of spherical, cylindrical and ring geometry can
now be performed using the radial void fraction profiles
extracted from literature and the given effective viscosity
correlations.

Compared to previous results of Daszkowski and
Eigenberger [2] the effective turbulent viscosity reduces
the relative velocity maximum close to the wall from a
value of vo, max/vo ~ 4 to avalue of vp max/vo ~ 2.5. This
hasimportant implicationson the validity of the plug flow
assumptions for tubular fixed-bed simulations. Contrary
to the findings of Daszkowski and Eigenberger, plug flow
seems to be a reasonable assumption for catalytic fixed-
bed reactor simulations except for the close vicinity of
run-away conditions. This has been shown in a series
of simulationsin [14]. On the other hand, breakthrough
curves of fixed-bed adsorbers are strongly effected by
the radially varying velocity profile also if the reduced
velocity maximum at the wall is assumed (see [14, 23]).

Detailed radial heat transfer experiments have been
performed for afixed bed between parallel plates. There-
sults allow for the first time determination of lateral heat
conductivity and wall heat transfer coefficients for gases

independently from each other and independent from the
assumptions of an underlying model. The results from
paralel plate assembly were transformed to the case of
a tube with circular cross section by considering similar
flow conditions. Thistransformation was verified by tube
experiments with wall temperature jump. The results are
in general agreement with previously published results
of Bauer and Schliinder [16], Dixon [5] and Nilles [19].
In particular, the lateral heat conductivity correlations of
Bauer and Schltunder [16] could be well confirmed. One
notable difference was that catalyst spheres with imper-
fect shape which are common in industry are better char-
acterized by the radial conductivity of cylinders than of
perfect spheres.

For the wall heat transfer coefficient anew correlation
(equation (18)) was derived which is valid for use with
theradially varying flow profile.
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APPENDIX |
Radial void fraction profiles in tubes

The following correlations are described in detail
in[6]. They wereextracted from literature measurements.
The geometrical data of the particles used are shown in
tablell.

For spheres the voidage profiles can be described by

xiin=0.5(dk — \/ (dk — dp)? — d3)
o di/2—r

Xmin

2
ewall = emin + (1 — Smin)(r/)

r T,
Ecore = €0 + (Emin — €0) EXP - cos| —r

-1

forr’ <0

b
forr’ >0 (1.1)
with
emin = 0.24 (1.2)
b =0.876 (1.3)
c=10 (1.4)

g0 was adjusted by fitting the integrated profile of £(r)
(equation 1.1) to the value of es obtained by an empirical
correlation of Jeshar [24] for the voidage of the whole
Cross sectionss:

d
Fs=0.375+ 0.343P (1.5)
t

The correlation of the void fraction profile in packings
of cylindersis similar to the correlation for spheres:
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TABLE Il
Geometrical data of the investigated particles.
2 _
Shape da di Ip Emin £0 2 /rs(r) dr €
[mm] [mm]  [mm]

equation (1.5):
sphere 45420 - - 0.27 0.39 0.409 0.406
sphere 6.3+1.0 - - 0.24 0.39 0.418 0.418
sphere 75+1.0 - - 0.24 0.395 0.427 0.426
sphere 9.8+10 - - 0.24 0.41 0.448 0.442
sphere 14+15 - - 0.24 0.41 0.47 0.47

equation (1.9):
cylinder 45 - 45 0.275 0.365 0.377 0.378
cylinder 6 - 6 0.275 0.375 0.389 0.387
cylinder 12 - 12 0.3 0.42 0.44 0.44
cylinder 6 - 5-20 0.275 0.365 0.38 0.378

equation (1.11):
ring 5 22 55 0.38 0.476 0.50 0.50
ring 8 4 8 0.42 0.513 0.55 0.55
ring 10 53 10 0.45 0.533 0.587 0.583
ring 15 9.5 15 0.545 0.613 0.689 0.687

r/=aoR_r—1 Score = € + (emi —& )e’//"cos( nr’)
a core 0,HC min,HC 0,C 0.876
ap=18— P forr’ >0 (1.10)
dr . . .
ewall = emin e+ (1— Emin Q) (r,)4 forr' <0 The mean void fraction for rings of the whole cross

/
r T
Ecore = €0,C + (émin,c — €0,C) exp(—:) COS(Z ”/)

forr’ >0 (1.6)
with

b=0.876 (1.7)

c=2 (1.8)

The data for g were again developed from correlations
fore [25]:

d dps\? d
Tc=036+01"2407(=2) for =><06
dy d d
(1.9)
Voidage profiles for rings were calculated by
, R—r
r'=ap -1
a
d
ap=18-2-2
dy

2
ewall = min.HC — (L — eminno) (r')” forr’ <0

section eqc with dj/da < 0.5 results directly from the
void fraction distribution of full cylinders as shown by
Dixon [25]):
tHc=¢c+ (1—¢j)ec (1.11)
To avoid identical values for egHc and eminHe, @
packing of cylinders with eoHc = 0.35 and eminc =
0.23 was fixed as the origin of the voidage profiles
for the rings. Assuming the inner void fraction of the
rings distributed evenly over the radius as described in
equation (1.10), the data for eoHc and emin,c can be
obtained from

(1.12)
(1.13)

so,HC =& + €o0,c(1 — &i)

Emin,HC = & + &min,c(1 — &i)

APPENDIX 1

Equations to evaluate lateral velocity
profiles

To evaluate axially developed lateral velocity profiles
in setups with parallel plate geometry, a momentum
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balance, correlations for effective viscosities and for
lateral void fraction profile are used. Details can be drawn
from Bey [14].

Momentum balance in the flat duct

dp (1—e(x))? (1—e(x)
d_z = —1507” WU(X) — 175,0f WU()C)
net d dv(x)
T 5(8“) d ) -y
Boundary condition:
V0. = }/3 v(x)e(x) dx (1n.2)
s Jo

For hollow cylinders the hydrodynamic diameter after
Brauer [26] is used:

4 _ 6 ( 1—¢ )”
SMCT e \ 1+ (2/3) /i — £1/3
6
=——E" (11.3)
aspec
The exponent n = 1.9 weights the inner void fraction of
therings.

The fitted values for the effective viscosities can be
correlated for spheres by

2
Neff _ 14 <6.42-1o—6di - 1.37-10—5> <p“’—°d'°)

uli P n
(11.4)
for rings by
2 1.2
d,
@=1+2.75-10—5( i ) (pfvo e’HC) (11.5)
n deHc Ul

Lateral void fraction profiles between parallel
plates

Because no measurements of lateral voidage profiles
in literature are known, a simple experimental setup
was used. The space between two paralel plates was
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TABLE 11l
Geometrical data of the investigated particles in the flat
duct.
Form da d; Ip Emin £0 B
[mm] [mm] [mm]
sphere  45+20 - - 0.27 0.39 0.401
sphere  9.8+1.0 - - 0.24 0.41 0.424
ring 5 2.2 55 0436 0538 0.547
ring 8 4 8 0475 057 0.584
ring 10 53 10 05 0.588 0.59%4
ring 15 95 15 0.58 0.657 0.683

filled with particles. The voidage between the particles
was filled with silicon oil step by step. From the fluid
volume and the total volume, the local voidage can be
determined. The geometrical data of the investigated
particles are shownin table I11.

For spheres the measurements can be described with
the following correlation:
, 2(s/2—x)
Xr=——-
dp

1

Ewall =8min+(1_8min)(.x/)2 fOI’x/ <0

x' T,
Ecore = €0 + (€min — €0) exp<—?> cos(z X >
forx’ >0 (11.6)

withb =0.876 and ¢ = 2.
For rings the following correl ation was used:

2 —
x/:aos/ * g
da
d
ap=2-15-2

wall = €min — (1 — emin)(—x’)3 forx’ <0
&core = €0 + (€min — €0) g /e COS(rrx/)
forx’>0 (11.7)
withc =2, b =1, emin,c = 0.3 and gg,c = 0.427:
go,HC =& + €o,c(1— &i) (11.8)
Emin,HC = & =+ &min,c(1 — &i) (11.9)



