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Abstract

In industry, many heterogeneous solid/gas reactions are exothermic. Consequently, the radial heat
transfer properties can be an important key for the process optimization. In this context, thermal
tests were conducted in an innovative laboratory pilot. Radial temperature profiles are measured
between a central hot-wire and the cooling jacket of the tube. Two models were presented in
order to estimate the heat transfer coefficients from the experimental data. The results are
discussed and compared with the main literature correlations. The influence of the particle shapes
on heat transfers and the pressure drop is investigated.
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Nomenclature

List of symbols
Cp: Spectific heat capacity (J/kg/K)
Duire: Hot-wire diameter (m)

Dt Internal tube diameter (m)
1

. . . . . L¢
Dpv: Diameter of equivalent volume sphere without inner voidags & D, * (2 *3 yl)s)
cyl
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Deq: Diameter of equivalent specific surface sphéxg & 6 = Z—Z)

Drole : Hole diameter of hollow cylinders (m)

Dqyi: External diameter of cylindrical particles (m)
Hcrit: Critical bed height (m)

hJ .. : Global heat transfer coefficient at the wall (W7/K)
I: Intensity in the hot-wire (A)

k: Thermal conductivity (W/m/K)

kfff'md: Global effective radial thermal conductivity (W)

Lwire: HOt-wire length (m)
Lbes: Bed height (m)
Ler: Cooling jacket height (m)
Leyi: Length of cylindrical particles (m)
N: Ratio—
Dps
%
k
Pe: Radial Peclet numbéPe, = Re * Pr)

Pr: Prandtl numberRr = “k—cp)
f

Nu: Particle Nusselt numbeN{t = h *

P: Pressure (bar)

Q: Flow rate (n/s)

R, Electrical resistance of the hot-wire (ohm)
r: Radial position (m)

R: Internal radius of the column (m)

Re: Particle Reynolds numbeRé = DPS*u*p)

S Surface of the particle (m?)
T: Temperature (K)

t: Time (S)

U Fluid velocity (m/s)

V,: Volume of the particle (f
z Axial position (m)

Greek symbols

@: Heat flux (W)

¢: External porosity of the porous media
u: dynamic viscosity (Pa.s)

p: density (kg/m)




Subscripts and superscripts

ax: axial axis

eff : effective

f: fluid going through the column (air in this wgrk
g: Global

h: Hot-wire

i intrinsic

s: solid (catalyst support)

in : Inlet

out: Outlet

rad : radial axis

water: cooling fluid (water in this work)

wall: near the wall on the porous media side
0: stagnant condition

1. Introduction

Since decades, the estimation of heat transfempeas in packed bed has been a topic of
studies in open literature (Bunnell et al., 194%gland Kunii, 1957; Zehner and Schltinder,
1970; De Wasch and Froment, 1972; Bauer and Scétiirk®78; Gunn et al., 1987). The
effective thermal conductivityk(, ., , the wall heat transferf, ) and the pressure drop

(AP) are keys for the design of catalytic reactorsf@d and Schnitzlein, 2001; Bhattacharyya
and Pei, 1975; Bey and Eigenberger, 2001). Thesargders depend on the composition, size,
shape of the particles, the bed porosity, experiaieconditions, etc...(Dixon et al., 2008;
Smirnov et al., 2004; Chueh et al., 2014)

In the case of an exothermic reaction, temperajtadients and hot spots are established in the
fixed bed (Zhu et al., 2014; Calverley et al., 20R8ilippe et al., 2009). Beyond the runaway
risks, the poor control of the bed temperature aeduthermal deactivation, sintering phenomena,
and decreases the production yield (Bartholomevdl12@-orzatti and Lietti, 1999). In this
context, the optimization of these three key patense;; ..., i, AP) is necessary.

wall?

In the literature, several apparatus were developearder to measure the radial temperature
profile in porous media under gas flow conditioBgperimental apparatus can be distinguished
from one another following the method used for imgabr cooling the porous media (e.g. heating
wall/cold gas in (Wen and Ding, 2006; Edouard et 2010; Dixon et al., 2012; Bianchi et al.,

2012), exothermic reaction/cooling wall (Pangar&amal., 2009), endothermic reaction/heating
wall (Guo et al., 2014)). Another method consistsheating up metallic spheres generated by
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imposing an electric current passing through theigles (Glaser and Thodos, 1958). This last
technic allows simulating an exothermic reactioreclly at the surface of particles. However, it
requires a particular set up and it is only valedbk the metallic particles. It is also possilde t
heat the porous media from the center of the colwith a hot-wire. Zhu et al. (2010, 2014)
compared the radial temperature gradients obtdiroed an exothermic reaction with the data
obtained from a central hot-wire device. The awtlsbrow that the analogy is possible. However,
the effective parameters are not directly measuaed, mathematical models are necessary in
order to derive these values.

Generally, the 2D-heterogeneous model (De WaschFamahent, 1971) is usedt consists in a
thermal balance on each phase of the porous nmibéidneat transfer between each phase is also
considered. However, under high flow conditionisifrequent to observe a similar temperature
between the solid and gas phases in fixed bedamadthus, the 2D-heterogeneous model can be
simplified into 2D-pseudo-homogeneous model (Edduetr al., 2010) and the porous media
considered as one continuous phase. Moreover, usgecific conditions (stabilized axial
temperature profile), more drastic simplificatiocan be done and lead to use the analytical
solution of the Fourier’'s equation in order to estie the effective thermal conductivity (Zhu et
al., 2010).

In this present work, a new experimental apparetysesented and used to obtain a new set of
effective data for different catalytic particleshel well-known 2D-pseudo-homogeneous model
and an analytical solution of the Fourier's equatawe used in order to derive the global radial
effective thermal conductivityk; . .,,) and global heat transfer coefficient at the whf] ().

The values of the effective parameters obtaineddaseussed and compared to the literature
correlations. Finally, the radial Peclet values preposed and influence of the shape of the
catalytic particles is discussed.

2. Material and Methods

2.1. Experimental devices



The experimental set-up is shown in Figure 1.
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Figure 1 : Sketch of the set-up

The air flow was controlled with a mass flow cotien(Brooks SLA5851S). The glass tube is
installed vertically with air at the inlet (fromehop). At the outlet, a grid (0.8mm mesh) allows
to maintain the particles.

The porous medium is heated with a vertical hoewachnology Thermocoax type ZEZ), which
is depicted by the central thick line in FigureThe heating zone is positioned at the center of the
tube.Voltage and intensity of the power suppliermeasured online. A cooling jacket is used.
The water flow rate is regulated with mass flowtcolter (Brooks) and the water temperature is
measured at the inlet and outlet of the jacketued).

Temperature gradients are imposed between the in@tawd the cooling jacket; 11 tri-
thermocouples are placed along the effective lefigtigth of the cooling jacket), every 50
millimeters. Thermocouples are inserted radialhptigh the tube wall (Figure 2).
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Figure 2 : Tri-thermocouple positions and sketch @f-thermocouple

The tri-thermocouples are 3 thermocouples type injldiameter) of different length (at 3mm
distance from each other) (Figure 2).

The tri- thermocouples are sealed in a 3mm dians#teath in order to facility the airtightness
between the glass tube (wall reactor) and thén&irhocouples (Bola HT Laboratory screw joints
technology). The sheath (in alumina) is given asilaion (no conduct heat) by the manufacturer
(http://www.tcsa.fr). The sheath is cut at the watbnsequently in the bed, only the
thermocouples (type K) are present (figure 2). Thdial and axial positions of the tri-
thermocouples are listed in Appendix I. Some ofrttege placed close to the wire (at 1.5 mm of
the center) and others are close to the interntl(atal3 mm of the center).

A differential pressure sensor@neywell) is set between the inlet and outlet (which ighet
atmospheric pressure) of the column. The pressoqeid measured on the totality of the particle
bed (neg=0.525 m). A run was done with empty reactor (ahky sensors, the wire and the grid
are positioned); in this case the pressure dropeggigible (compared to the pressure drop with
the filled tube).All sensors were calibrated befase and connected to a PC (data acquisition
system).During the loading of the particles in todumn, in order to center the hot wire, a set of
centralizers is used to maintain the right positidrihe wire. Next, when the column is filled,
they are withdrawn before the experimental measenésn

Parameters values
Hot-wire length (Lwire) 0.585 m
Hot-wire diameter (Dyire) 1.5x10° m
Cooling jacket height e+) 0.45m
Internal tube diameter (Dy) 26x10° m

Table 1: Characteristic lengths of the set-up



Air is injected at the inlet of the column (frometkop) with a velocityy) in a range of 0.3 to 2.5
m/s. The corresponding Reynold number varies betw8eand 860 (following the particles
tested). The heat flux delivered by the wire (Edslgalculated from the measured intensity and
the electrical resistance of the wie,(,.) given by the manufacturer.

Phtot = Rejec * I? (1)

The heat is homogeneous distribution along thetlteagd the heat generated along the effective
length of the wirel(s,) is given by (Eq.2)

Le
Pn = Repec * I* * —eIL (2)

wire

The heat flux removed by cooling jacket is given(By.3).

Pw = Qw * Cpy, * py, * AT, (3)

The water flow rate () is imposed at 175 mL/min. As a consequence, &erdifice of
temperature is noticed between the water temperatlet (Twaer in) and outlet Twaterout)- ATy,
depends on the experimental conditions and thedgxrticles.

2.2.Packed bed tested

In this work, only ceramic particles were testede do their interesting thermal, mechanical
properties and costs (Vatcha, 1998). Effectivdig, ¢deramics are often used as catalyst carrier for
reactions in drastic conditions (oxidative mediumgh temperatures, etc...). Two groups of
ceramics are studied, oxide ceramics such as Alusiiicon (Al/Si) and Zirconium (Zrg), and

the carbide silicon with two different phaseSiC andpSiC (Xu et al., 1992). These materials
have distinct thermal properties including theimgic conductivity k). Several particle shapes
such as spheres and cylinders (full and hollowndgrs) are also studied. Particle compositions,
sizes and shapes are reported in Table 2. Indhls,tdiameter of equivalent spherical (with the
same volume Dp,) and diameter of equivalent spherical (with thmeapecific surface area -
Dey) are also reported. Those values are further ueedhake comparison with literature
correlations.



Composition ZrO; Al/Si aSiC pSiC pSiC pSiC pSiC

Shapes Spheres Spheres Spheres SpheresFull cylinders  Full cylinders  Hollow cylinders
Dimensions (mm) 3 5.2 5.1 5.4 4.7x5.3* 3.8x8.3* 4.9x4.9x3**
Ratio Lcyl/Dceyl 11 2.2 1
k; (W/Im/K) 3.3 15 100 4.5 4.5 4.5 4.5
Dpv (Mmm) 3 5.2 51 5.4 5.6 5.7 5.6
Deg (Mm) 3 5.2 51 5.4 4.9 4.7 3.8
€ 0.39 0.44 0.44 0.45 0.45 0.47 0.62
* Dcy| X Lcy|

o Dcyl X I—cyI X DhoIe
Table 2: Particle characteristics

The intrinsic thermal conductivities are given hg manufacturers.

Experiments are carried out for different gas viéles (Us) and for different values olfJD—t <09.
PS

ZrO, spheres of 3mm diameter do not have internal jtgrasd the intrinsic conductivity is well
known. Thus, Zr@spheres can be used as a reference in the fotiawadelling part.

2.3.Method and Validation

As noticed previously, the equipment was desigmedrder to less disturb the heat and mass
transfers. In this context, the diameter of thetradrot-wire has been optimizeD;.=1.5x10

®m) in order to deliver enough energy to imposediatagradient of temperature. The residence
time distribution (RTD) curves (obtained with andheut the hot-wire and thermocouples) are
compared in order to check the possible effechef@équipment. Under gas flow condition, the
well-known method of inert tracer (see Saber ef24112) for the instance) is used.

An example of the RTD curves (with and without guomeént) obtained using Saber et al. (2012)
method is shown in Figure 3.



|mans Spheres 5,2mm with equipment
[==+Spheres 5,2mm without equipment
| m——=Hollow cylinders 5x5x3mm without equipment

E(t)

Figure 3: RTD for spheres and hollow cylindags0.52m/s

The RTD curves for the spheres with and withoutigment (tri-thermocouple and hot-wire) are
very similar. At the contrary, the RTD curves foiother packing are different. Consequently, we
can assume that the presence of equipment playsaaninor effect on the established flow and
at the contrary; the characteristics of the padied{porosity, size and shape of the particles) are
first order. We assume that the plug flow prevaltsg the z axis.

According to Ergun (1952), the pressure drop ofaekpd bed depends on the morphological
parameters of the bed : the sphere diam&tp) &nd the external porosity)(as well as the fluid
velocity, the physical characteristics of the flushd two empirical parameters A and B.
Macdonald et al. (1979) extended the Ergun equatiather particle shapes using the equivalent
sphere diameteiDfp,,) and set the empirical parameters A=180 and 1.8<@spending on the
roughness of the particles.

*(1— 2

L Dpeg®*e3

Pf(l_s) u 2 (4)

*uf + B *Dpeq*£3 * f



Several authors highlighted that in condition of l@tio Dt/Dp (namelyN), the wall effect must
be taken into account in the predicting equatiorihef pressure drop (Eisfeld and Schnitzlein,
2001; Romkes et al., 2003; Dixon, 1988).

Eisfeld and Schnitzlein (2001) state the coeffitseh and B as a function of structural
parameters and other empirical coefficients:

A =K1+ Aw? (4-1)
Aw
B=2" (4-2)
2
Aw=1+—"2 (4-3)
3(D§:q)(1_8)
Dpe 2 2
Bw = <k1( Pea)” 4+ kz) (4-4)

For examples of coefficients valud€l( k1 andk2 ) see Eisfeld and Schnitzlein (2001).

In our work, we have compared the experimental dasith the Macdonald's correlation
considering the values of empirical coefficient€Eadfeld and Schnitzlein (2001).

It is very clear that the shape of the particldedcs$ the pressure drop. The composition has no
effect on the pressure drop, only the size andstfage of the particle are important parameters
(Figure 4).

The parameters A and B are estimated from the ewpatal data and compared to the values
given by Egs. 4-1 and 4-2.

40 Correlation

400 ¢ Spheres 3 mm
350 ® Spheres 5 mm

W Full cylinders 5*5 mm

w
o
o
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N
wn
o

A Hollow cylinders 5*5*3 mm

AP/L (mbar/m)
S

[y
wn
o

100
50

0 -“
0

u¢(m/s)

Figure 4: Experimental pressure drop vs equatipnv(th fitted A and B parameters (
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CalculatedB  Estimated B Calculated A Estimated A

Spheres
5mm 1.48 1.29 239 253
3 mm 1.44 1.47 195 206
Cylinders
Full 4x8 mm 1.75 1.83 288 295
Full 5x5 mm 1.75 2.02 284 275
Hollow 5x5 mm 1.89 2.37 264 301
Table 3
Calculated B Estimated B Calculated A Estimated A
Spheres
5 mm 1.48 1.29 239 253
3 mm 1.44 1.47 195 206
Cylinders
Full 4x8 mm 1.75 1.83 288 295
Full 5x5 mm 1.75 2.02 284 275
Hollow 5x5 mm 1.89 2.37 264 301

Table 3: Estimated and calculated (from correlatitiisfeld and Schnitzlein, 2001)) parameters

Calculated B Estimated B Calculated A Estimated A

Spheres
5mm 1.48 1.29 239 253
3 mm 1.44 1.47 195 206
Cylinders
Full 4x8 mm 1.75 1.83 288 295
Full 5x5 mm 1.75 2.02 284 275

Hollow 5x5 mm 1.89 2.37 264 301
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Table 3 the estimated values of A and B are very clogbecaalculated values and seems confirm
the reliability of the pressure drop measured whih set up. The deviations between calculated
and estimated values are respectively around ofds% and around 15% for B. The equation 4-

2 is not available for hollow cylinders. Accordibg Nemec and Levec (2005), the value of B

must be higher for hollow than for full cylindendeed, the hollows increase the friction area and
consequently create turbulences in the porous mredithese pressure drop values and the
previous results (RTD curves, Figure 3) confirmt tiie packings are not very disturbed by the
presence of the intrusive apparatus; consequdmlgtudy of the heat transfer can be made with
a good confidence.

3. Results and discussion
3.1. Modeling: Pseudo-homogeneous model and analytiodien

In this section, we propose a simplified procedwased on analytic solution in order to estimate
directly the global heat transfer from the expentaédata. This simplified model is compared to
the well-known pseudo-homogenous model which igdgppresented and validated in the
following paragraph. In open literature, the 2Dedmegeneous (2D-HT) and 2D-pseudo-
homogeneous (2D-PH) models are usually used fdrtreasfer modelling in fixed bed reactors
(Edouard et al., 2010), (Bianchi et al., 2012), (d&asch and Froment, 1971). 2D-HT is
composed of two heat balances (one on each phageled by heat exchange between the solid
particles and the fluid phase. It involves 6 effeetparameters (radial effective conductivity of
the fluid, radial and axial effective conductivgief the solid, solid-fluid heat transfer coeffitige
wall heat transfer coefficients (fluid and solidpccording to Edouard et al. (2010), the
estimation of many parameters causes convergesgesi@nd a wide confidence interval. In this
way, the 2D-HT was mathematically simplified by eegsing the gas temperature as a function
of the solid temperature (see for instance Edowsrdl., 2010). After derivation, this model
lumps together the inter-correlated parametersjaiad the number of fitting parameters at 3
global effective parameters (global heat transteffecient at the wall, global axial and radial
effective conductivities). In this study, the 2D-Rtbdel is thus preferred.

The dynamic 2D-PH model was developed considehagieat capacity of the gas is negligible
compared to the solid one. Consequently, the dymashithe system is given by the solid
composition. One radial contribution (namely thebgll radial effective thermal conductivity)
and two axial heat transfer contributions (conwettdue to the flow and the axial effective
thermal conductivity) are taken into account.

The main assumptions are:

1. Plug flow prevails along the z axis
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2. Radial heat transfer is accounted for by efiecgias and solid heat conductivities.
3. Any physical parameter is radially and axialystant.

5. Axial heat conduction by the gas is neglected.

6. Viscous dissipation, work of pressure force, ate neglected.

T _ ;g 82T | 10T g a2T aT

(1- E)IDSCPSE - keff,rad (m +7 r ar) + keff ax g2 ‘ufPprfg ()
Boundary conditions:

__uspsCp
Vr,z = 0' 9z I:gf}; ! (T Tf m) (5'1)
Vr,z=H, ﬂ =0 (5-2)

- 0T —__%n -
Vz,r =0: pw Kraders (5-3)
aT nd

Vz,r =2 ot = g (T = T) (5-4)

2 aT effrad

At the inlet (5-1), the boundary condition are giviey Bianchi et al. (2012). In this work, we
assume that the heat flux generated by the wirenlg transferred to the porous media by
conduction (5-3) phenomena (in other words, no hesisfer due to the forced convection
between gas phase and wire is considered).

Normally, these transport equations (Eq. (5)) naestoupled with the steady volume — averaged
momentum equation that governs fluid flow in poranedia. But, in this work the effect of a
radially non-uniform velocity profile has been moihsidered.

According to Edouard et al. (2010), the global etifee parameters of the 2D-PH model depend
on the effective parameters of each phase:

2

9 _ (urprCrr)
keff,ax = Keff,axs + ha, (6-1)
kegff,rad = Keffraas + Keffraas (6-2)

k9

g effrad _

hwa” ( )( effrads eff,rad,f) (6 3)
2 hwalls wall,f

The energy equation of the 2D-PH model was solhsdgua constant grid spacing along bath
and r axis. The special discretization was performechgighe standard cell-centered finite
difference scheme. In order to obtain a satisfgct@mperature profile, 3360 points (60x56) are
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used in simulation. The temperature profiles olgdimith 2D-PH model are compared at the
experimental data (ZrOspheres) in Figures 5 and 6. Figure 5, we plotatkial temperature
profiles. Consequently, the exact thermocouple tjpms are approximated on the graph. For
r~7.5 mm (given in the legend), the exact valueshef tadial coordinater) are given in
Appendix | and are between 6.6 < 7.7 mm. Figures 6 and 7, the real value afe used on the
graphs.

The agreement between 2D-PH model and experimeatislayjood. However, near of the hot
wire, the 2D-PH model not describes very well tbegibning of the bed. Maybe, the difference is
due to the temperature of the hot wire which iduwlized by the fluid near the entrance. The
values of the effective parameters used in simala(iTable 4) are derived from the usual
correlations of Zehner-Schliinder-Bauer (Zehner Sctlinder, 1970; Bauer and Schlinder,
1978).

Parameters values
us (M/s) 1.26
eﬁmd (W/m/K) 1.04
effax(W/m/K) 8.55
hY _ (W/m2/K) 174.1

Table 4: Simulation parameters

The value of the inlet temperature of the fluid .@&=4) is given directly by the temperatures
measured on the top of the bét=0m). The temperature increase on the first 0.2Bigufe 5),
next the axial temperature profile is stabilizetleTirst part is the zone of the reactor where the
gas flow pattern is establishing. Close to the @&lL3mm), after the bed height of 0.25m the
temperature slowly decreases following the axiardmate (z) due to the temperature at the inlet
cooling jacket. Indeed, cold water is injected frdine bottom (countercurrent mode) of the
column.

14
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Figure 5 : Axial temperature profiles
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Figure 6 : Radial temperature profiles

Analytical model and simplified procedure for thetimation:
In this work, we propose to combine the method psepd by Zhu et al. (2010) (using analytical
solution of the Fourier's equation in a cylindemq(E) for estimated the global radial effective
thermal conductivity alonelcgff,md) and the approaches proposed by the Bey and Eeggeib

(2001) for estimated the heat transfer coefficiet,;;) near of the wall .
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According to Zhu et al. (2010), from the bed heighamely Hci), the axial gradient of
temperature are flat (see for instance Fig 6)his tondition the radial temperature profiles can
be obtained by a simple Fourier’s equation (doliteslin Figure 6) and the global radial effective
thermal conductivity is then given by:

19 _ o, In(7) 7)
effrad = oL T-T,—p

T,—g is the temperature at the wall in the particle bate. The value oHgi; depends on the
experimental conditions and tested particles. TéleevofHi; can be determined directly from
the experimental data measurements. In the caide o&ference particle (Ze3pheres of 3mm)
and the air velocity=1.26m/s , it is easy to see that the valug@f is around of 0.25m.

kgiraq 1S €stimated from the data of temperature acqubbegond Heir with a classical

Levenberg-Marquadt algorithmMg@tlab software). The Fourier's temperature profile and
experimental temperatures are plotted in Figurdht uncertainty of 0.5 mm on the radial
position of the thermocouples is also plotted. Theertainty on the temperature measured by the
thermocouples is 0.2 °C which is too low to be espnted on the graph.
Hot-wire Cold-fluid
65

60

—rFourier's profile

55
O Experimental data
50

40
35
30

25

r(mm)

Figure 7: Fourier’s temperature profile vs experitaé data

In Figure 7, Fourier's equation (7) fits well theperimental data. The uncertainty bf},f‘mdis
derived from the sensitivity study to the differamriables (Appendix IlI). The present method
provides an estimation @ffff,md with an uncertainty around of 15%.
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Always from the critical bed heighH{;), and near of the wall, the heat transfer coedfiti
(h) ) can be estimated. Assuming that the heat is caoigdonly by convection, in this
condition a simple heat balance can be established.

@ = 2TRLegrhyay (Tr=r = Twan) ®)

The mean wall temperatufg,,;; is not precisely measured, only the inlet andeauémperatures
of the water Tyarerin @Nd Tyqteroue) are measured. A linear gradient of temperaturéhen
coolant fluid can be assumed. In this work, théedehce of temperature between the inlet and
outlet varies between 1°C and 2°C depending ortasted particles and the gas flow rate. The
water temperature beyomht};i; can be approximated by the mean water temperbaiveeerH;;

and the bottom of the cooling jackét):

Twater = Twater,in + E (1 - ﬁ) * (Twater,out - Twater,in) (9)

The flux is transferred by conduction through thiekness of the wall:

Twaii—Twater
Pp = 2ﬂkglassLeff * £ Reoxt - (10)
in(=ext)

Then, by combination of (9) and (10j,,,;; can be derived (11)

Rext
oaIn(75%)
27rkglassl'eff

1 Heri
Twall = + Twater,in + E (1 - rfft) * (Twater,out - Twater,in) (11)

The Eqg. 11 with the Eqs 7 and 8 allow to estimheakfff,md andh,,,;. This is the same set of

equations used by Bey and Eigenberger (2001) ierdodestimate the effective parameter values
between two hot plates. The difference is the esgpom of the Fourier's equation, indeed the
radial profile of temperature is linear between plates.

In the next paragraph, this simplified procedurghen used for estimated the global radial
effective thermal conductivitykf; ., ,,) and the heat transfer coefficiehf)(,,,) near of the wall.
The uncertainties are respectively 15% and 20%lfacompositions and/or shapes of the tested
particles.

3.2. Effective thermal conductivity of spheres
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According to Zehner and Schlinder (1970) and Baaret Schlinder (1978), the effective
thermal conductivity is a combination of the stagné:,,,,) and dynamic radial thermal

conductivity (k.¢f.ragq) -

g _ 1.9
keff,rad - keff,rad,O + keff,rad,d (12)
With "%f” = % « RePr (13)

Different correlations can be used to predict tldue of radial Peclet numbePd;,.). Dixon
(2012) listed the main correlations. The authohhgipted thatPe, is independent of the particle
composition. Most of the authors are agreeing gt is slightlydependent of th#&l (ratio
Dt/Dpy) in a range of 8-12 (with constadt) for the spherical particles. Dixon (2012) claithat
Pe, can be approximate by a constant vake. (= 10 with an error of 20%).

In Figure 8, the values ofJ, ., obtained with the previous method are given fdfec#nt

particles. The linear evolution of tlkéff,md versus the Reynolds number can be observed for all

the tested particles.
The values ofPe, obtained by the 2D-PH model and the analytical ehd@&qs7-11) are

compared with the Dixon values in Table 5.
70

, e /// a

W Si/Al 5,2 mm

A BSiC5,4 mm

2 * aSiC5,1mm

®Zr02 3mm

0 100 200 300 400 500 600 700
RePr
Figure 8: Radial effective thermal conductivityspheres
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Spheres Pe (Dixon, 2012) Pe (2D-PH)  Pe (Simplified Model)

aSiC 10 11.4 11.4
pSiC 10 11.4 11.3
Si/Al 10 10.3 10.8
Zr0 10 8.5 8.5

Table 5: Comparison of the radial Peclet numbersgheres

Pe (2D-PH) andPe (Simplified Model- SM) are very similar, and thelwes are close to the
value given by Dixon. The second important paramistéhe stagnant contributiomgff,md,o)

which is obtained by linear regression. Results @mpared with correlations of the open
literature Van Antwerpen et al. (2010) found that a reasonaloleuracy is obtained with the
approach of Zehner-Schliinder-Bauer (Zehner andidirl, 1970; Bauer and Schliinder, 1978)
correlations. In Table 6, the values of the stage#fiective thermal conductivity estimated from
the 2D-PH and SM are presented and compared &athe obtained with the Zehner-Schliinder-
Bauer correlation.

Spheres kgff,rad,o kgff,rad,o (2D-PH) kgff,rad,o (SM)
aSIiC 0.46 0.42 0.40
BSiC 0.28 0.29 0.28
Si/Al 0.21 0.22 0.21
Zr0, 0.32 0.47 0.45

Table 6: Effective thermal conductivity in stagnhaohdition in W/m/K

The spheres otSIC, BSIC and Si/Al have the same particle diameter. Adiog to the
correlations of Zehner and Schliinder (19%),. ..., increases when the intrinsic conductivity
(k) of the material increases for similar sphere siZ&(Q, spheres are the smallest patrticles.
According to Zehner and Schlinder (1970) the effecstagnant conductivity for the spheres of
ZrO; 3mm is higher than the one @SiC 5.4mm. In gas/solid systemi]; .., is mostly
related to the intrinsic conductivity of the ma#trand the inter-particle contact area. So for the
small size particles, it requires a higher numtepanticles in order to fill the reactor. In other
words, the number of inter-particle contacts (conhtaea) increases with the decreasing porosity
of the bulk. The estimatekl/ ., , are in relatively good agreement with the expeetdes.

The estimation ok, .., is done by linear regression (Fig.8). To measiffe ..., at Re=0

(without natural convection), an technic solutioould be to put the tube under vacuum (Sadeghi
et al., 2011), unfortunately the pilot used in thverk was not designed for such experimental
conditions.
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3.3. Effective thermal conductivity of cylinders

The same method is used to evaluate the full atidvinaylinders. Dixon (2012) listed and
discussed about some correlations and suggestesRe, equals to 7 and 6 respectively for the
full and hollow cylinders.

120
100
80
gl 60
h
_~
40 m Full cylinders 5*5
A Hollow cylinders 5*5
20 # Full cylinders 4*8
0
0 100 200 300 400 500 600 700
RePr
Figure 9: Radial effective thermal conductivityaylinders
Particles Pe, (Dixon, Pe, (2D-PH) Pe, (SM)
2012)
Full cylinders 4x8* 7 7.1 7.6
Full cylinders 5x5* 7 7.5 7.7
Hollow cylinders 5x5x3** 6 6.4 6.5

Table 7: Comparison of the radial Peclet numbergybnders with *Dg; X Lgy and ** Dgyi X Ley X Dpgle

The estimated radial Peclet from 2D-PH or SM amglar (Table 7). Results are in a good
agreement with the correlation aRe (Hollow cylinders) <Pe; (Full cylinders).Pe of the

cylinders is lower than the one of the spheres @8]y which means that the dynamic effective
conductivity qcegff,rad,d) is affected by the morphology of the particleseTylinders are

preferred for the intensification of the radial hzansfer.

The full and hollow cylinders 5x5 have the sameemdl aspect but a different Peclet number;
consequently we can think that the internal aspéthe particles plays an important role in the
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distribution of the heat flux in the bedigure 9 shows a more important slope for the hollow
cylinders than for the full cylinders. The presenaethe hole in the particle allows the
intensification of heat transfers for high flow eat(Re>450), while for the low flow rates, the
heat transfers are intensified with the full cyknsl Indeed, according to (12), the effective
conductivity is the combination of the stagnant dgdamic conductivities. All the cylinders are
in BSIC material, so only the effect of the form of traticle onk]; .., , is reported in Table 8.

For hollow cylinders, the center of the particlessubstituted by gas which is less conductive

than solid. It confirms that] . .., (Full cylinders 5x5) .. .. , (Hollow cylinders 5x5x3).
Particles Keffraao COIrelation keffraao (2D-PH) keffrado (SM)
(Bauer and
Schlunder, 1978b)
Full cylinders 4x8 0.35 0.28 0.25
Full cylinders 5x5 0.37 0.48 0.47
Hollow cylinders 5x5x3 0.26 0.29 0.28

Table 8 : Stagnant effective conductivity of théirmgers in W/m/K

The full cylinder group is characterized by two pioological parameters: the lengih,() and
the diameter @.,) of the cylinder. The full cylinders of the studiyave a similar equivalent
particle diameter with a different ratla,/D.y. Despite this difference of external aspect, their
values ofPe are similar. It confirms that the cylinders haimikar abilities to distribute the heat
in the medium under gas flow conditions. The pdyoét) of the packed bed of lengthened
cylinders is higher than the porosity of the otleres (Table 2). The wall effect is more
pronounced for the long cylinders and affects tagrsant thermal properties. For the higher bed
density, the stagnant effective thermal condugtigtiower for equivalent particle sizBgy).

The spheres 5.4 mm, hollow cylinders 5x5x3 and @ylinders 4x8 off}SiC have similar
kfff'md,o which ismuch lowerthan the one of the full cylinders 5x5x3.

Thus, in the aim of reducing radial gradient of pemature in a porous medium, the equilateral

cylinders (ratioL.,/Dey=1) are preferred. The full equilateral cylinders eseommended for the
low flow rates and hollow equilateral cylinders tbe high flow rates.

3.4. The wall heat transfer coefficient

The value of the Nusselt number at the whllify) is estimated with 2D-PH model and SM
model. The comparison is done for all the partidéshe Table 2. For Re<500, the deviation
between the models is below 5%; however, for tighdr Reynolds numbers, tiN (SM)
overestimates thBluyy obtained witi2D-PH (i.e. around of 25% (maximum) of deviatiam f

21



the highest Re). This result can be essentiallyagxgd by the difference betwe@&p, estimated
by the Eqs 9-11 and re@la.

In literature, it is generally observed that thathigansfer coefficient can be correlated Wi
number. Dixon (2012) suggests using Yagi and Ky{hB60) correlation (EQ.13). In this
correlation the wall Nusselt numbe&¥,, ;) is a combination of wall Nusselt number without
flow rate (Vu,qy ), the wall film Nusselt numbemVi,,,;) and the fluid mechanical Nusselt
number Vu,,).

1
Nuyau = Nuwall,O + (13)

Nuy,qn Num
With Nul,,;, = 0.3 x Prt/3Re®7>
And Nu,, = 0.054PrRe

In Figure 10 Nu,,,;; is estimated from the SM model.
Nuy,qno (estimated from the linear regression) and theutaled values (correlation) are
compared in Table 9.

50
45
40
35
30
S — Yagi and Kunii (1960) correlation
§ 25 A SM Spheres Zr0O2
20 ® SM Spheres Al/SiC
A 2 SM Full cylinders 5*5
15 A SM Spheres BSiC
10 > SM Spheres aSiC
5 m SM Hollow cylinders 5*5
¢ SM Full cylinders 4*8
0
0 200 400 600 800 1000
Re

Figure 10 : EstimateNu, vs the correlation (Yagi and Kunii, 1957)

According to Dixon (2012), Eq.13 represents verylwee experimental data obtained in this
work. It is important to note that this correlatioan be used for the spheres, hollow and full
cylinders. The main difference for the differenpparts is due to thé&vu,,,;, o value.
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The spheres and hollow cylinders present simildues of Nu,,,;,; , (Table 9) and the full
cylinders the highest values ofu,,,;,; . The different values obtained are compared with t
values ofNu,,4; o calculated from Hennecke and Schliinder (1973)tation.

Estimated Nu,,4;;0 Calculated Nu,,q4 0

Spheres
aSiC 21.6 23.1
pSiC 18.9 18.7
Si/Al 20.0 16.4
ZrO, 13.7 15.8

Cylinders
Full 4x8 27.1 27.1
Full 5x5 28.5 29.2
Hollow 5x5x3 19.5 20.5

Table 9 : Estimated and calculated,, o of spheres and cylinders

The estimated values are in the same order of matgthan the calculated valudfie maximal
percentage of deviation is 22% for the particleS@Al. Full cylinders are the shape of particles
with the most important heat transfer performaratdbe wall.

3.5. Towards an optimal shape

The shape of the particle affects the heat trasqfffective conductivity and coefficient at
the wall) and the pressure drop. These three phlygiarameters can be optimized by an
appropriate design of particle.

The external morphology has been studied by com@dhie performances of spheres and full
cylinders. Compared to the spheres, the full cgmsdallow increasing heat transfers (effective
conductivity and wall heat transfer) of the bedwdweer, the pressure drop is also increased. So,
the cylindrical shape is the kind of particles whimould be optimized. The ratlacyl/Deyl and
the presence of holes are the structural propestesh can be optimized in order to improve the
hydro-thermal performances of the packed bed.

The ratioLcyl/Dcyl does not seem to significantly affect the thertrealsfer at the wall or the
dynamic effective conductivity. However, it influegs the static conductivity and the pressure
drop. For iso-sizes particles (samey), we observed that increasihgyl/Dcyl (>1) allows to
reduce the pressure drop. It also decreases ttie cdaductivity. For the high gas velocity, the
main contribution for the effective conductivity the dynamic part, and thus the static
conductivity has a minor effect. However, the poesdrop of the bed is significantly decreased
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for the lengthened cylinders compared to the etprdé cylinders (around 20%). Thus the ratio
Lcyl/Deyl can be a key parameter for the optimization ofpiduicle shape.

The inner holes affect the pressure drop in twéedkht ways. On the one hand, the inner
holes allow increasing de global porosity of thel mnd consequently tend to decrease the
pressure drop of the bed. On the other hand, theriholes allow increasing the contact area
solid/gas and thus tend to increase the pressope 8o the size of the hole can have a negative
and/or a positive effect on the pressure drop. Goetpto the full cylinders the presence of the
holes leads to decrease static conductivity butesse dynamic conductivity. In other words, the
hollow particles are preferred for high gas flowerand full particles for the low flow rate. The
inner holes tend to decrease the heat transfeficdeet at the wall.

4. Conclusions

A new robust experimental set-up is presentedldtva to measure the pressure drop, axial and
radial temperature profiles in packed bed withogpartant disturb in the flow. The heat transfer
coefficient (effective conductivity and convectioat the wall) are estimated from the
conventional 2D-PH model and analytical model. Tdstimations are similar and a good
agreement with the main correlations of the litgmts observed for the conventional particles.
Different particle shapes and compositions weréetesinder similar air flow conditions. The
main results are:

(i) the composition of the tested particles chaniipesstagnant effective conductivity, so high
intrinsic conductivity materials are preferred fbe low Re (<300)

(ii) for the high Reynold, the dynamic contributimmore important, and only the shape of the
particle is significant

(ii) at iso-pressure drop, the cylinders are gathepreferred for the heat transfer intensificatio
(iv) the size of the cylinder (i.e.cyl/Dcyl) and the diameter of the inner holes are morphaoédgic
parameters which can be optimized in order to im@the thermal performance and the pressure
drop of the catalytic packed bed.

Finally, the present work introduces a robust expental setup and a simple procedure in order
to estimate the key parameters (for the designeattors). This method could be used to
characterize (in chemical engineering point of Viglae original catalytic supports (e.g. foams,

incurved cylinders) and/or mixing of different sup{s and will be subject of the future works.

Appendix |: Axial and radial positions of the thevoouples

Names r(10°m) z(10°m)
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ThO-1 15 0

ThO-2 4,5 0

ThO-3 7,5 0

Thl-1 7,1 50
Thl-2 10,2 50
Th1-3 13 50
Th2-2 5,4 100
Th2-3 8,9 100
Th3-2 4,7 150
Th3-3 7,5 150
Th4-2 4,5 150
Th4-3 7,4 150
Th5-1 6,6 200
Th5-2 9,7 200
Th5-3 13 200
Th6-2 4,6 250
Th6-3 7,3 250
Th7-1 7,1 300
Th7-2 9,4 300
Th7-3 13 300
Th8-2 4,7 350
Th8-3 7,5 350
Tho-1 6,8 400
Th9-2 10,2 400
Th9-3 13 400
Th10-2 4,5 450
Th10-3 1,7 450

Table 10: Axial and radial positions of the tritthmcouples from the center of the tube (Th-1 tigést and Th-3
the smallest)

Appendix Il: Uncertainty on the effective radiabtmal conductivity

P In (g)

k9 = *
effrad = 9 4« Lyire (T —Ty=g)

From the analytical solution of the Fourier's edom the sensitivity ok, ., to the variables

is calculated and the absolute uncertainty is definy Stasiek et al. (1996)
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2 0.5
5k‘g Z akeffrad 5x:
effrad axl 14

6 : Absolute uncertainty
x; . Variables

R
ok? In
eff,rad SAT = — P % ( ) * SAT
0AT 2 %1 * Lyjre AT?
kI
eff.rad SR = 3 . 1 « 6R
dR 2 %1 * Lyjre AT * R
kI
Hepraas w1 o
ar 2 %1 * Lyjre AT x71
g R
Okesfraas —_ In(5) . 80

do, (ph_Z*n*Lwire*AT h
For instance: Al/Si spheres ang1,8 m/s:
r=75+05mm
R =13+ 0.1mm
AT =4+ 0.2°C
@=381+31W

akegff,rad
J0AT

)
akeff rad

OR

g
akeff,rad
ar

)
akeff,rad

6(ph

6AT = 0.0712
6R = 0.0199
or = 0.1726

8¢, = 0.1160

8kS s raq =/0.0712% 4+ 0.01992 + 0.17262 + 0.1160% = 0.22

mx*xK
) — I - 0,
keff’md =1,44 + 0.22 K (15,2%)

The uncertainty is calculated for different pagihnd gas flow rates; the uncertainty is included
between 14.5% and 15.5% so we consider an uncgrtifi5% on the estimation &f/;. ...

Appendix lll: Radial temperature profile (experin@nand Fourier's equation) of two different
particle shapes in the same experimental condi{igns,8 m/s)
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