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Abstract-Temperature distributions were measured in steady state in packed beds of solid particles 
with stagnant fluids, from which both the effective thermal conductivities and the apparent wall-film 
coefficients of heat transfer were obtained. Measurements were made for each of twelve kinds of 
particles with five fluids, i.e. water, air, carbon dioxide, helium and hydrogen. 

Experimental data of the effective thermal conduct~vities showed good agreement with the theoreti- 
cal eauations Dronosed bv the authors before. 

The authors’ theoretical equation for the apparent wall-film coefficient of heat transfer was modified 
here and applied to the analysis of the present experimental data. 

NOMENCLATURE 

specific heat of fluid [kcal/kg de&] ; 
diameter of solid particle [m] ; 
superficial mass velocity of fluid based 
on sectional area [kg/msh]; 
heat-transfer coefficient of thermal 
radiation, solid surface to solid surface 
[kcal/m2h degC]; 

L, 
PP 
pr, 
4, 
Rem, 
fa,, 

heat-transfer coefhcient of thermal 
radiation, void space to void space 
[kcal/meh degC] ; 

f’, 

thickness of marble pIate Em]; 
emissivity of solid surface; 
Prandtl number, = CppJkf; 
heat flux [kcal/msh] ; 
modified Reynolds number, = G &/p; 
apparent wall temperature extrapolated 
from temperature distribution in packed 
bed to the wall surface [“C]; 
temperature at I&/2 from the wall 
surface [“C] ; 

t m, mean temperature in packed bed [“C] ; 
apparent wall-film coefficient of heat fW1, fW2, wall temperature [“C] ; 
transfer in packed bed with fluid x, distance from surface of cooling jacket, 
flowing [kcaI/m2h degC] ; m; 
apparent wall-film coefficient of heat 
transfer in packed bed with stagnant Greek symbols 
fluid [kcal/&h degC] ; 
effective thermal conductivity in packed 
bed with fluid Aowing [kcal/m h degC]; 
effective thermal conductivity in packed 
bed with stagnant Auid Bcalirn h degc]; 
effective thermal conductivity in packed 
bed with stagnant fluid in the vicinity 
of the wall [kcal/m h degC] ; 
thermal conductivity of fluid [kcal/m 
h degC]; 
thermal conductivity of solid [kcallm 
h degC]; 
thermal conductivity of marble plate ? W, 

[kcal/m h degC]; FY 

749 

(mass velocity in packed bed in the 
direction of heat transfer)/(superi?cial 
mass velocity of fluid based on sectional 
area of empty tube in the direction of 
A uid ff owing) ; 
a-value in the vicinity of the wall; 
(effective length between two neigh- 
bouring particles in the direction of heat 
flow)/ 4 I 
void fraction; 
void fraction in the vicinity of the wall; 
(effective thickness of fiuid f3rn)/Dp; 
+value in the vicinity of the wall; 
viscosity [kg/m h]. 
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INTRODUCTION 

IN CONNECTION with design calculations of 
catalytic reactors and heat exchangers of pebble 
heater type, it is very important to know the heat- 
transfer properties of packed bed. In addition 
to a number of studies [l-6], Hatta and Maeda 
[7] analysed their experimental data of heat 
transfer in packed beds by means of their theo- 
retical procedure including both the effective 
thermal conductivity k, and the apparent 
wall-film coefhcient of heat transfer h,.. Coberly 
and Marshall [l], Plautz and Johnstone [2], 
Yagi and Kunii [3], Campbell and Huntington 
[5], and then Maeda and Kawazoe [8] analysed 
their experimental data in almost the same way 
as Hatta and Maeda [7]. 

The effective thermal conductivity kf of 
packed bed with stagnant fluid has been studied 
by a number of investigators, and there have 
been proposed many empirical and theoretical 
equations. Kunii and Smith [9] surveyed 
previous works, proposed a model for heat 
transfer in packed bed and gave a theoretical 
equation of stagnant conductivities, which 
takes account of thermal conductivity of both 
solid and fluid phases, 

where 

l+ ’ 
2(1 - :) 

cients of heat transfer h, in packed beds through 
which gases were flowing. Coberly and Mar- 
shall [I], Campbell and Huntington [S], Plautz 
and Johnstone [2], Calderbank and Pogoroski 
[I I ] and Quinton and Storrow [12] correlated 
their experimental data by their empirical 
equations, Yagi and Wakao [13] by j-factors. 
Hanratty [14] and Yagi, Kunii and Shimomura 
[15] proposed semi-empirical equations, applying 
surface renewal theory and boundary-lawyer 
theory, respectively. Most of these equations are 
represented by the following form: 

hzc Dp 

kf 
= CRe; (C, II : constant) (3) 

However, this is not available for flow condition 
of smalt Reynolds numbers, because (k, Dp/kf) 
tends to zero when Rem = 0. From heat transfer 
measurements in annular packed beds at low 
Re,, Yagi and Kunii [16] ascertained that It,,, 
does not reduce to zero when Re, tends to zero. 
They proposed the following theoretical equation 
for h,. 

In equation (4) 11: represents the apparent 
wall-film coefficient of heat transfer in packed 
bed with stagnant fluid. Yagi and Kunii [17] 
have obtained the following equation based on 
their heat-transfer model of a packed bed: 

Equation (1) can explain almost all experimental 
data of the effective thermal conductivities in 
packed beds with stagnant fluid, and can be used 
for their estimation. 

On the other hand, several groups of investi- 
gators have measured the apparent wall coeffi- 

In these equations, k$ is twice of the effective 
thermal conductivity near wall k& {the distance 
of D,/2 from the wall). Though the first term of 
the right-hand side of equation (4), hO, D,/kf, 
plays very important role at small Rem, there are a 
few experimental data of them. Some of them 
were obtained from extrapolation of previous 
data with flowing gases to Re,, = 0 by Yagi and 
Kunii [16], and others were measured in annular 
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packed beds by Yagi and Kunii [16] and Hill 
and Wilhelm [18]. Since equations (5) and (6) 
have not sufficient experimental backgrounds, the 
authors made a number of heat-transfer measure- 
ments in packed beds containing stagnant fluid 
where heat flowed completely in one direction 
in order to test the adequacy of the theoretical 
equations, namely equations (5) and (6). 

EXPERIMENT AND PROCEDURE 

The experimental apparatus, similar to that 
used for the measurement of thermal conductivity 
of concrete solid, is shown schematically in Fig. 1. 
The upper and lower jackets have flat heat-trans- 
fer surfaces made of 15 mm thick copper plates 
which are held at constant temperatures by steam 
and water, respectively. An annular Dewar tube, 
made of acrylonitrile-resin, is used as the 
container of the packed bed to prevent radial heat 
loss. The packed bed, 200 mm in diameter and 
50 mm in length, was formed upon a cylindrical 
marble plate which have the same dimensions 
as the packed bed. On the both flat surfaces of the 
marble plate are attached thermocouples to mea- 
sure the surface temperatures. Thermal conduc- 
tivity of marble plate was measured to be I.79 
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kcal/m h degC in the same apparatus by compari- 
son with the thermal conductivities of copper and 
iron plates. The temperature distribution in 
packed bed was measured by ten thermocouples. 
The thermocouples used here were made of 
alumel-chrome1 and were 0.3 mm in diameter. 

In the vicinity of the wall surface the orienta- 
tion of particles and void fraction differ from 
those of the interior of the packed bed, resulting 
in a difference of the thermal conductivity near 
the wall from that of the inside. Thus the apparent 
wall-film coefficient of heat transfer hyo in packed 
beds is interpreted as a correction term when the 
thermal conductivity is assumed to be constant 
throughout the bed. Measurements of void 
distribution [19] showed that these wall effects 
were restricted to about half the diameter of a 
solid particle from the wall surface. Thus we may 
take two mean values of the effective thermal 
conductivities in packed bed, i.e. k& near 
the wall surface (see Fig. 2) and kO, in the core 
of the bed. 

In the present experiments, heat flowed 
completely in one direction, so that the tempera- 
ture distribution in the packed bed was linear, 
as shown in Fig. 2. The heat flux is expressed as: 

200mm.---_I 
FIG. 1. Experimental apparatus. 

1. Packed bed 6. Thermocouples 
2. Steam jacket 7. Vacuum tap 
3. Cooling water jacket 8. Fluid inlet 
4. AML&U Dewar tube 9. Rubber gasket 
j. Marble plate 
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MARBLE PLATE PACKED BED 
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1 I 

distance. X. mm 

FIG. 2. Schematic diagram of temperature distri- 
bution in packed bed. 

q z k; ;x = k0 ” - ‘wl 
ew 042 

= h%tap - tzQ) 

= km twl L tw2 (7) 

Temperature gradients in packed bed dtldx 
were obtained by averaging of temperature 
distribution by delta-sigma method. From 
equation (7) the following expression is derived, 

Comparing equation (5) with equation (8), it 
is found that kf, = 0.5 kz,. 

RESULTS 

Measurements were made for each of twelve 
kinds of solid particles with five fluids, i.e. 
water, air, carbon dioxide, helium and hydrogen. 
Experimental conditions are shown in Table 1. 
Reproductivity of results was examined by 
repacking of solid particles. Comparison of 
experimental results with the values of calculated 
by the authors’ theoretical equations are shown 
in Table 2, Figs. 4 and 5. In Fig. 4, k&,,lkf are 
plotted against kslkf, in which the solid line 
illustrates equation (6), with the assumption that 
kiw = O-5 kz, and cW = O-40, with no radiation 
contribution. Figure 5 shows hi Dp/kf vs. ks/kf) 

Table 1. Experimental conditions 

-- 

Solid Glass spheres (DP = 1.15, 2.26, 
3.69, 6.38, 8.70 and 12.1 mm) 
Steel balls (DP = 3.09, 6.32 and 
10.9) 
Raschigrings(D, = 5.12and8.18) 
Cement clinckers (DP = 7.31) 
Nickel catalyst pellets (cylinder, 
D, = 4.75) 
River sands (the Akikawa river, 
DP = 2.45) 

Fluid water, air, carbon dioxide, helium 
and hydrogen 

void fraction 0.338 - 0.603 
bed temperature 30 - 9O”C, tm = 50°C 

_____ _____ 

with a solid line calculated from equation (8), 
ktw and kf from equations (6) and (l), where 
cW = 0.40 and E = 0.34, respectively. 

COMPARISON OF CALCULATED AND 
OBSERVED VALUES 

Equation (1) was applied for calculation of 
stagnant thermal conductivities kf in packed 
beds and equation (6) with k& = 0.5 k: for the 
effective thermal conductivities in the vicinity 
of the wall surface with stagnant fluid k&. The 
values of k,, kf and p were taken from physical 
tables [20]. The unknown term l W, average void 
fraction in the vicinity of the wall surface, 
was estimated as the following way. In the 
present measurements, as solid particles were 
packed upon a horizontal plate, it was observed 
that the arrangement of particles near wall was 
almost in the closest packing. Thus cW was 
determined the volume average void fraction 
from the wall surface to Or,/2 for the closest 
packing of spherical particles on a horizontal 
plate, i.e. cW = 1 - r/(32/3) + 0.40. The quanti- 
ties &,+s and dzU can be read from Fig. 3, which 
was taken from reference [4]. Thus calculated 
values of kz and k:, were compared with the 
observed ones, Figs. 6 and 7, where the average 
deviations are smaller than 15 and 25 per cent, 
respectively. Then it can be reasonably concluded 
that equation (6) can be used to estimate kFw, 
so that ht from equations (1) (6) and (8). In 
case of ordinary packed beds, the arrangement of 
particles in the vicinity of the wall may be 
different from the present case, i.e. the packed 
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CONCLUSIONS 

(1) Heat-transfer measurements were made in 
packed beds with stagnant fluid. Finite values of 
the apparent wall-film coefficients of heat transfer 
were observed. Thus at small Rem equations (3) 
cannot be used for estimating A,:. 

(2) Many experimental values of kg, kL, and 
1131, were obtained under various conditions, from 
which it was found that the theoretical equations 
proposed by the authors [17], equations (5) 
and (6), can give good estimation of ApI,. 
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Rhsum&Les distributions de temptrature ont CtB mesurtes en regime permanent dans des lits fixes 
de particules solides avec des fluides au repos, B partir desquelles les conductivites thermiques effectives 
et les coefficients apparents de transfert de chaleur par film pariCta1 ont 6th obtenus & la fois. Les 
mesures ont ett? faites pour chacune de douze esp&es de particules avec cinq fluides, c’est-&-dire l’eau, 
l’air, le gaz carbonique, l’hklium et I’hydrogkne. 

Les don.nCes expkrimentales des ConductivitCs thermiques effectives montraient un bon accord 
avec les Cquations thtoriques propos&es auparavant par les auteurs. 

L’Cquation thkorique de film par&al a 6th modif%% ici et appliqke A l'analyse des donntes expkri- 

mentales actuelles. 

Zusammenfassung-Im stationlren Zustand wurden die Temperaturverteilungen in Schiittungen fester 
Teilchen mit stillstehenden Fliissigkeiten gemessen, wodurch man sowohl das tats%chliche Wlirme- 
leitvermijgen wie such die scheinbaren Wtimeiibergangszahlen des Wandfihnes erhllt. Ftir jede von 
zwiilf Arten von Teilchen wurden mit fiinf Fliissigkeiten, d.h. Wasser, Luft, Kohlendioxyd, Helium 
und Wasserstoff Messungen gemacht. 

Die Versuchsergebnisse des tats%chlichen WLrmeleitvermGgens zeigten gute Ubereinstimmung mit 
den von den Autoren vorher vorgeschlagenen Gleichungen. 

Die theoretische Gleichung der Autoren fiir den scheinbaren Wandfilmkoeffizienten wurde hier 
modifiziert und bei der Analyse der vorliegenden Versuchsergebnisse angewendet. 

AEHOTtU&&i~-~aMepJUIOCb pacnpe~eneKaeTeMnepaTypBCTaq~OHapHOM C~CT~RHHHIIJI~TH~IX 

CJIOeB TBep@IX qaCTIIq B 3aCTOZtHbIX TeqeHHFIX,'ITO II03BOJIIIJIO IIOJIy'IHTb KaK N#@eKTHBHbIe 

KO3lj@H~AeHTbI TeIIJIOIIpOBO~HOCT&f,TaK II OTAeJIbHO KO3@$UUJEeHTbI AJIH IIJIeHOK Ha CTeHKe. 

I'f3MepeHKH IIpOBOfiIWIHCb J@If? qaCTHII ABeHaAUaTEi BIlAOB B IIRTII EUIAKOCTHX-B Bone, B03- 

Ayxe, ABY~KI~CH yrnepoAa, rejIw II Bogopone. 

&)&&!KTHBHbIe KOL@@iI@iE!HTbI Tf3IIJIOJIpOBO~HOCTH, IlOJlJ%!HHbIe EIKClIepHME!HTEUlbHO, 

XOPOIIIO COI'JlaCylOTCH C TeOPeTMWCKHMH J'pElBHeHMRMH, llpe~JlO?KeHHbIMM aBTOpaMEf PaHW. 

B AaHHOt CTElTbC TeOpeTElW3CKOe J'paBHeHIle FIBTOPOB AJIH MCTElHHOrO IIJIeHO'IHOrO HO@- 

@IfIieHTa Ha CTeHKe M3MeHeHO EI IIpHMeHHeTCH AJIfI aHaJIII3a IIpeACTaBJIeHHbIx 3KCIIepIP 

MeHTaJIbHhIX AaHHbIX. 


