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Abstract-Interphase heat transfer coefficients and effective axial conductivities were obtained for packed 
beds of uniform alumina spheres with gaseous throughflow in the temperature range 37513OOK. The 
method used was parameter estimation from frequency response measurements at two axial locations in a 
bed when a small sinusoidal temperature disturbance was imparted to the inlet gas temperature. A new 
model was proposed and frequency response expressions derived in order to take into account the large 
effective axial conductivity resulting from radiative transfer, unsteady temperature dist~but~on in the solid, 
and gas-solid interphase heat transfer. A key feature of the model is the use of the local average particle 
surface temperature as the dependent variable. Results showed that the interphase Nusselt number was 
independent of temperature but exhibited characteristically low values at low particle Reynolds numbers 
with a dependence given by 

Nu = 0.054Re’.48. 

Effective axial conducti~ties showed strong temperature dependence typical of radiative transfer. Cal- 
culations showed that the observed Reynolds number dependence of the Nusselt number could be partially 
explained by a microscopic distribution of porosity. These also showed why results with carbon dioxide+ 

a radiatively participating gas-were little different from radiatively non-participating gases. 

INTRODUCTION 

Trrn EXCHANGE of heat between a flowing fluid and a 
fixed bed of particles is a complex process involving 
several modes of heat transfer and an enormously 
complex geometry. In general, a geometrically 
detailed description of the process is both impractical 
and unnecessary and, instead, it is customary to 
describe the behavior in terms of a continuum heat 
balance model. In such a model, averaged values for 
the dependent variables and global parameters such 
as conductivities and interphase transfer coefficients 
are used. Experiments are designed to measure these 
parameters, often by inference from a comparison of 
experimental results with model predictions. The hope 
is that the parameters so obtained reflect the true 
process on the microscopic scale and can therefore 
be measured once and for all. The subject has been 
periodically reviewed [l-4], most recently by Dixon 
and Cresswell 1.51. Our concern in this paper is with 
heat transfer in packed beds at elevated tem~ratu~s 
with gaseous through flow. While the transmission 

t Present address : Center for Chemical Engineering, 
National 3ureau of Standards, Boulder, CO 80303, U.S.A. 

of radiation through packed beds has received some 
attention with both experiment and analysis [b-11], 
the simultaneous exchange of heat with a flowing gas 
has been neglected. In the work described here, we 
studied randomly packed beds of uniform ceramic 
spheres heated by gases at elevated temperatures. The 
object was to infer values of model parameters as 
functions of particle Reynolds number, particle size, 
and temperature under conditions where radiative 
processes become important. 

Previous studies [12-141 indicated that the fre- 
quency response technique would be particularly suit- 
able. It has the advantage of eliminating drift prob- 
lems associated with pulse and step tech~ques, and 
has the added potential of permitting the investigation 
of a broader range of dynamic conditions. Unfor- 
tunately, as we found in this work, the range of fre- 
quencies experimentally accessible is limited on the 
high end by one’s ability to detect small amplitudes 
accurately, and on the low end by the need to observe 
several cycles in a reasonable time. A further compro- 
mise was necessitated by the need to approximate an 
adiabatic bed. An earlier study [15] had shown the 
importance of maximizing the ratio of heat trans- 
mitted axially to that transmitted laterally, and hence 
lost through the bed walls. When this ratio was too 
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NOMENCLATURE 

a particle surface area/unit bed volume 

]m-‘I 
C heat capacity [J kg- ’ K- ‘1 
D particle diameter [m] 
G transfer function 
h particle-fluid heat transfer coefficient 

[Wm-‘I(-‘] 

i 
imaginary index 
objective function 

k thermal conductivity wrn- ’ K- ‘1 

KP Planck mean absorption coefficient 

&n geometric mean beam length [m] 
m mass flow rate [kg mm ‘s- ‘1 
A4 amplitude ratio 

4 heat flux [W m-‘] 

x 
radial coordinate [m] 
particle radius [m] 

s Laplace transform variable [s- ‘1 
t time [s] 
T temperature [K] 
V fluid velocity [m s ‘1 
X axial coordinate [m]. 

Dimensionless variables 
Nu Nusselt number, hD/k, 

Pee,. effective axial PecIet number, 

CrprD V/k,,, 
Per fluid Peclet number, CfppDV/kr 
Pr Prandtl number, C,plk, 
Re Reynolds number, D Vpr/+u 
w dimensionless frequency, oD/V 
x dimensionless axial coordinate, x/D. 

Greek symbols 
CI thermal diffusivity [m* s- ‘1 

& bed void fraction 
8 dimensionless surface temperature 

F viscosity [Pas] 

P density [kg m- 3] 
D Stefan-Boltzmann constant 

~m-2K-4] 

# phase angb [rad] 
w frequency [rad s- ‘1. 

Subscripts 

avg average over particle volume 
b bed value 
c convective contribution 
cd conductive contribution 
e effective value 
eax effective axial 
f fluid 
i in~rstitial 

P particle 
r radiative contribution 
s solid, superficial 
su surface of solid 
0 reference value. 

Superscript 
0 stagnant bed value. 

Other symbol 
- underline denotes Laplace transformed 

variable. 

low, the axial bed conductivity could not be deter- 
mined with useful precision, Thus, in the present 
study, we used as large a bed as possible (12.7 cm in 
diameter) consistent with reasonable laboratory gas 
flow rates and electrical power consumption. Bed tem- 
peratures ranged between 375 and 1300 K. 

In order to carry out frequency response analysis 
of the experimental results, we had to extend earlier 
mathematical models to include strong axial con- 
duction resulting from radiative transport. The model 
is described below and takes as a starting point Gunn’s 
single particle model 1161 with centrally symmetric 
particle tem~rature dist~butions. Radiation is 
accounted for by an effective thermal conductivity in 
an axial conductive transport equation for the solid 
phase with particle surface temperature, averaged 
over the particle surface, as the dependent variable. 
This is coupled to local intraparticle heat transport 
through the surface heat flux. In the fluid phase, both 

accumulation and dispersion are neglected, leaving 
convection and fluid-to-solid transport. 

The results show characteristically low values of 
Nusselt number at low Reynolds numbers and also 
show, surprisingly, an insensitivity to strong gas-to- 
solid radiative transport. These findings are discussed 
in terms of the well-known fact that porosity is dis- 
tributed on a microscopic scale in random packed 
beds [ 171. Results are, of course, model dependent, 
in common with all such techniques of parameter 
estimation and are offered in that spirit. 

EXPERIMENTAL SYSTEM 

The experimental method used the frequency 
response technique, which has been described and 
used successfully in packed bed heat transfer studies 
previously [12-141. It involved generating a sinusoidal 
temperature disturbance at a known frequency and 



A frequency response study of packed bed heat transfer at elevated temperatures 845 

FIG. 1. Diagram of experimental packed bed apparatus. 

ving the changes in amplitude and phase as the 
disturbance propagated down the bed. 
obsep 
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A diagram of the apparatus is shown in Fig. 1. Cold 
gases at a little over atmospheric pressure were heated 
in a preheater consisting of an alumina tube of 12.7 
cm i.d. and 1.52 m in length filled with alumina 
rings. The tube was surrounded by six silicon carbide 
heating elements and the entire assembly was encased 
in lightweight, machineable, fibrous alumina insu- 
lation with a 0.40 m o.d. The alumina tube fitted at 
its lower end directly into the test bed of similar inside 
diameter of 0.30 m length. The bed assembly was also 
constructed of concentric cylinders of fibrous alumina 
insulation to a 0.40 m o.d. The packings consisted of 
uniform diameter alumina spheres of 3.03,9.40, 12.73, 
and 19.82 mm diameter. Void fractions measured by 
water displacement were 0.39, 0.42, 0.42, and 0.43, 
respectively. 

The gas temperature at the preheater outlet was 
given a sinusoidal temperature disturbance by the 
platinum heater element. The resulting perturbation 
wave in the particle surface temperature was detected 
by two platinum thermometers shown in Fig. 2. These 
were in the form of horizontal grids of 0.127 mm 
diameter, 99.9% pure platinum wire of 0.61 m length 
wound on thin, square, alumina frames of 8.3 cm 

0.012 mm din Pt Wire 

Akwnlne Tube, 0.127 m dla 

~dk%?dc-Ld 
FIG. 2. Platinum thermometer element. 

TIME. e 

FIG. 3. Typical record of thermometer resistance vs time for 
upstream and downstream thermometers, respectively. 

side. These thermometers were placed horizontally at 
selected heights in the bed packing and were in direct 
contact with the solid particles and gas. One can show 
that even with a 50 K temperature difference at the 
bed inlet, the gas temperature differs by no more than 
a few millikelvin from the solid at the position of the 
first platinum thermometer. This is about the limit 
of precision of the thermometers and thus the error 
introduced by partial contact with gas is negligible. 

The adequacy of the insulation was tested by meas- 
uring the amplitude of a 72 K step disturbance super- 
imposed on a gas inlet temperature to the bed of 1058 
K. The results indicated that 97% of the energy in the 
step was transmitted between the grid thermometers ; 
that is, only 3% was lost through the insulation. 

To run an experiment, the gas flow was set, the gas 
temperature at the bed inlet was brought up to the 
required operating temperature and the sinusoidal 
perturbation was generated by open loop control from 
a microcomputer. Observations were made at a mini- 
mum of six frequencies for each set of temperature, 
flow rate, and particle size. Platinum thermometer 
resistances were measured by a four-wire technique 
using a digital voltmeter with microvolt accuracy 
interfaced with the microcomputer. The resulting sine 
waves were fit to a sinusoid superimposed on a second- 
degree polynomial to remove small drift voltages, the 
amplitude and phase being parameters of the fit. A 
typical record of thermometer resistance for both 
thermometers is given in Fig. 3. The 95% confidence 
intervals for the amplitude of the sine waves were l- 
2% of amplitude. 

MODEL DEVELOPMENT 

Several mathematical models have appeared over 
the years. In the traditional approach, a uniform 
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superficial velocity (plug flow) is assumed and the 
model consists of partial differential equations and 
appropriate boundary conditions expressing the con- 
servation of energy over the solid and fluid phases 
separately. Exchange between the phases is described 
in terms of a heat transfer coefficient based on the 
specific surface area of the packing. In the mathe- 
matically more rigorous volume averaging tech- 
nique, exact equations are derived for volume-aver- 
aged solid and fluid temperatures [ 18,191. This 
method is still under development however, and, for 
our purposes, a disadvantage is that numerous new 
parameters are introduced which have not as yet been 
evaluated. Another disadvantage is that, as currently 
formulated, equations are not derived in terms of 
particle surface temperatures which we regard as 
essential to the expression of radiative transfer and 
interphase transfer. Thus we preferred the traditional 
approach. 

We chose to represent the radiative contribution to 
the axial heat flux in terms of an effective conductivity 
in a solid-phase transient heat conduction equation. 
While the use of a simplified equation of transfer like 
the two-flux model [6,7] would have been more 
general, here again, more parameters are introduced 
about which we have little previous knowledge. 

Traditional energy balance models may be divided 
into two categories : discrete and continuous. Among 
the former, mixing cell models have been studied [20]. 
These can be extended to take account of radiative 
exchange between adjacent cells and are in principle 
simpler to solve than continuous models. Again, how- 
ever, additional parameters such as view factors and 
emissivities must be introduced. We have found that, 
with judicious choice of parameters, such models are 
capable of matching qualitatively the frequency 
response curves of continuous models [21], but the 
reverse process of parameter estimation for all of these 
parameters would be difficult. 

Continuous models may be further subdivided into 
two groups depending on the treatment of the solid 
phase. In dispersion-concentric (DC) models [22], the 
dynamics of the local solid phase are realistically rep- 
resented by those of a sphere with centrally symmetric 
temperature profiles. Particle to particle conduction 
in the solid phase is not considered. Wakao and co- 
workers [23,24] compensated for this by introducing 
excess dispersion in the fluid phase. In continuous 
solid phase (CS) models [12], the solid phase is treated 
as a continuum and thermal conduction in the solid 
phase is permitted, but this at the expense of realistic 
local particle dynamics : the solid phase temperature 
is not locally distributed. In both DC and CS models, 
the partial differential equation for the fluid phase 
contains a source term for interphase transport. 

A final approach which has met with some success 
and generated a good deal of discussion is due to 
Vortmeyer and Schaefer [25]. In their model, a single 
differential equation is derived from the two-phase 
equations by the simple expedient of equating second 

derivatives of the solid phase and fluid phase tem- 
peratures. Cresswell and Dixon [26] showed that this 
amounted to equating second moments of the pulse 
response in the two phases. The result is a single-phase 
equation containing a dispersion term with a modified 
dispersion coefficient, a convection term, but no 
source term from interphase transport. This results in 
one parameter less to be determined. 

For the analysis of frequency response data under 
conditions of strong radiation, one should consider 
the following factors. The model must be expressible 
in terms of the particle surface temperature. It must 
also take into account the temperature variation 
within the particles. At low frequencies, the tem- 
perature perturbation is transmitted completely into 
the solid, but as the frequency of the wave is increased, 
the perturbation in the solid becomes more and more 
localized at the surface. A rough estimate of the criti- 
cal frequency can be obtained by setting the dimen- 
sionless penetration variable X = J(R ‘w/a,) equal to 
one. For example, with 19.82 mm diameter alumina 
particles at 11.58 K, the critical frequency is approxi- 
mately 1 x 10m2 rad s-l; above this frequency, non- 
isothermal effects are important. The experimental 
data in this study were taken at frequencies where 
non-isothermal effects are just becoming important. 
Another important consideration is that if exper- 
imental data are obtained at low flow rates, it is neces- 
sary to account for axial conduction in the solid phase. 
Finally, for generality, one should not be restricted to 
cases where the fluid and solid temperatures are equal. 

In view of these requirements, we decided that no 
single existing model was adequate and that a new 
model should be developed. 

The new model, which we call the extended single 
particle model (ESPM), considers the solid phase to 
have an average particle surface temperature dis- 
tributed in the axial direction. Thus, T,, = TSU(x). 

Each particle at axial position x is described in terms 
of a one-dimensional radial temperature profile : 
T, = TS(r). Conduction and radiation are permitted 
to occur in the solid phase, but axial conduction and 
dispersion are neglected in the fluid phase. 

Model development for the ESPM begins by writ- 
ing an energy balance equation for the fluid phase and 
a local particle energy balance. It is assumed that the 
properties of the fluid and solid are constants over the 
range of temperature perturbations of interest, the 
fluid is in dispersed plug flow, the bed is adiabatic, 
and the particles are spherical, each with a centrally 
symmetric temperature distribution. 

Fluid 

aTf a2Tf 
EP&,, = ke f ~ - Vp,Cf+z(Tf- T,) ; 

2 ax2 

(1) 

Local particle 
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W a2Ts 2a, dTs 
x=a*ar2+Tz 

at r = 0, T, is finite 

at r=R, qr=-k,:. 

(2) 

At this point the boundary condition on the particle 
has been left general. The DC model uses a purely 
convective condition at the particle surface. Instead, 
consider the flux at the particle surface to arise from 
not only convective, but also radiative contributions 
and particle to particle conduction. Furthermore, for 
small temperature gradients (Siegel and Howell [27]) 
these modes of transfer may be considered to act 
in parallel, with no significant interactions, Thus we 
assume that AT/Tis small, so that the flux may be split 
up into additive radiative, conductive and convective 
contributions. 

To obtain an expression for qp in terms of the local 
average fluid and solid surface temperatures, consider 
a small volume element of a packed bed of width Ax 
and unit cross-sectional area. An unsteady-state, one- 
dimensional energy balance on the solid particle phase 
contained in the volume element leads to 

(1 -e)p,C,% = - 2 +h,,ra(T,-Ts,) (3) 

= rate of heat abso~tion in the solid, per unit bed 
volume 

= aq,. 

The term qd,r is the axial heat flux due to conduction 
and solid to solid radiation, while h,,, is the local heat 
transfer coefficient due to convection and gas to solid 
radiation. 

If we define an effective axial bed thermal con- 
ductivity by 

then equation (3) may be used to write the following 
boundary condition for a particle at the axial position 

atr=R, k,aT=G{-k,,%} 

FREQUENCY RESPONSE EXPRESSIONS 

In this section we develop frequency response 
expressions for the new model. We now assume that 
(1) the heat capacity for the fluid is much smaller than 
that for the solid, so that the thermal capacity of the 
fluid phase may be ignored, (2) in the presence of 
strong radiation the axial conduction term in the fluid 
phase is much smaller than that in the solid phase, 
and may be neglected. This gives 

fluid 

VP&$ -i-h,,,a(T? T,,) = 0; 

local particle 

(6) 

aT a=T 2u aT B=agL+--r!_..L, 
at ar2 r ar (7) 

The development of the frequency response 
expressions begins by introducing perturbation vari- 
ables defined reiative to a steady state profile within 
the bed. The model equations and the local particle 
boundary conditions are next Laplace transformed 
and the local particle balance solved for the perturbed 
particle temperature. This may be evaluated at r = R 
in order to obtain an equation for the perturbed local 
particle surface temperature 

T,, = &j {h&T,--&)} + % 2 (8) 
s 

where 

This may be solved for the perturbed fluid tem- 
perature Tf in terms of the average local surface tem- 
perature,<nd differentiate with respect to axial dis- 
tance. When the resulting two expressions are sub- 
stituted into the fluid phase balance, and written in 
dimensionless form, the following third-order ordi- 
nary differential equation is obtained for the dimen- 
sionless perturbed local particle surface temperature : 

with coefficients 

A2 = ($1 -&)Nu/Pef 

kr 2%) k 
AZ = -6(1-s)NuF-- 

c,b NW kc+* 
A0 = -72(1-e)‘F(s)g +_ 

f e,b 

In equation (9), the particle surface temperature f3 
has been normalized by the amplitude of the sinu- 
soidally varying fluid temperature at the bed inlet. We 
have also used a = 3(1 -a)/R for the specific surface 
area in beds of spherical particles of radius R. 

The solution to this may be cast in the form 

e(xs) = Cg eYx+@lx (C,&zx+C,e-BF) (10) 

B = _(a+4 AZ @+4i 
1 ----~ 

2 3 2 

J3 B2 = 7j-[(d-@+(a-c)i] 

a = Re{s,), b = Im (sl) 

c = Re (s2j, d = Im {sZ) 
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s, = [y+(q3+y2)o.5]“3, s2 = [y-(q3+y2)o.5]“3 

@,A, -3.40) A: 
Y= -- 

6 21 

q+“: 
9 

y = (SI +s,)- +. 

It is next necessary to apply some boundary con- 
ditions to this differential equation, to determine the 
constants C,, Cz, and C3. Gunn and DeSouza [14] 
used semi-infinite bed boundary conditions in their 
analysis of frequency response data ; others have also 
addressed the validity of semi-infinite bed assump- 
tions for finite beds [28,29]. Observations of the decay 
of perturbations along the bed in our experiments 
indicated that the set-in~nite bed boundary con- 
dition could easily be applied. We thus take as the 
outlet boundary condition 

as X-r co, B-*0. (11) 

Since the differential equation is third order, two 
additional boundary conditions are necessary. We 
chose the case where the temperature perturbation 
originates in the fluid phase as a reasonable rep 
resentation of the experiments. At X = 0, the per- 
turbation has not yet entered the solid, therefore 

at X = 0, B = 0. (12) 

The perturbation is transmitted to the solid via con- 
vection and solid to solid radiation. The third bound- 
ary condition is obtained from equation (8) with 

T,, = 0 

d2B 
at X= 0, - = -6(l-.s)Nu$-. 

dXz 
(13) 

e,b 

This expresses the fact that the fluid perturbation 
becomes an energy source for the particle phase, 
through convection and radiation. 

An alternative set of boundary conditions was 
derived considering the fluid phase perturbation to 
be immediately transmitted to the solid at the bed 
entrance, i.e. 8 = I at X = 0. Frequency response cal- 
culations showed insensitivity to the choice under the 
conditions of the experiment. 

Upon application of equations (1 l)-( 13), and using 
the substitution s = iw, we obtain the frequency 
response expressions for the ESPM : 

M = abs(G(iw)) = [(Re{G))2+(Im(G})2]0~5 

(14) 

d, = arg {G(iw)j = tan- ’ R~{G) (15) 

where 

EXPERIMENTAL RESULTS AND DISCUSSION 

Values of the model parameters ke,b and h were 
obtained by fitting in the frequency domain using non- 
linear least square regression. The objective function 
was the same as that used by Gunn and DeSouza [14] 

(16) 

For a typical case with ke,b = 3.12 W m- ’ K- ’ and 
h = 5.11 W m- ’ K- ‘, standard deviations were 0.4 
W m-’ K-’ and 2.4 W m-’ K- ‘, respectively while 
the residual sum of the squares of the fits were within 
0.7% of M. Table 1 gives the results of the fitting 
procedure. It should be noted that, in the frequency 
range used, the Vortmeyer-~haefer model also gave 
good fits to the amplitude ratio data [21] but this 
model does not yield separate values for the heat 
transfer coefficient. 

Figure 4 shows the experimental Nusselt numbers 
plotted against Reynolds number. The data were 
obtained over a range of temperatures from 600 to 
1300 K, but the temperature dependence is weak. This 
can be seen in Fig. 5 where the Nusselt number has 
been plotted against temperature for a virtually con- 
stant Reynolds number (6.1 < Re < 7.1). We note 
that most data shown are for a non-radiating gas- 
air-so that temperature effects are only to be 
expected as a result of tem~rature dependence of gas 
properties. The exception is the single datum point 
for carbon dioxide, but here again the Nusselt number 
is not exceptional. In Fig. 6, we show the effective 
stagnant bed thermal conductivities plotted against 
temperature. These show strong temperature depen- 
dence typical of radiation with the effect increasing 
with particle diameter. Predicted values according to 
the model of Yagi and co-workers [30,31] are shown 
for comparison. Experimental stagnant bed values 
were obtained by subtracting off a small flow con- 
t~bution [30,3 l] given by 

k,, - kz = 0.7Re Pr kp 

Agreement is not quantitative, but the trends exhi- 
bited by the model are certainly correct. Other models 
such as those of Zehner and Schhinder [32] and Bever- 
idge and Haughey [33,34] also give acceptable agree- 
ment within experimental error. 

We wish to draw attention to two points regarding 
these results. The first has to do with the relationship 
between Nusselt number and Reynolds number exhi- 
bited in Fig. 4. These results are in agreement with the 
preponderance of data in the literature [l] for small 
Reynolds numbers. The characteristic slope of 1.48 is 
somewhat higher than typical, probably due to not 
separating out particle size as a parameter. The subject 
has been discussed many times. The point is brought 
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T(K) 4 W-4 Re k_(Wm-‘K-l) h(Wm-*K-l) Pe, NU 

662 3.03 
819 3.03 
919 3.03 

1029 3.03 
112s 3.03 
1223 3.03 
1303 3.03 

375 9.40 
608 9.40 
728 9.40 
817 9.40 
903 9.40 
997 9.40 

1078 9.40 
1175 9.40 
1247 9.40 

653 12.73 
758 12.73 
844 12.73 
911 12.73 

1002 i2.73 
1052 12.73 
1103 12.73 
1122t 12.73 
1131 12.73 
1161 12.73 
1161 12.73 
1213 12.73 

803 19.82 
856 19.82 
897 19.82 
941 19.82 

1000 19.82 
1033 19.82 
1058 19.82 
1067 19.82 
1075 19.82 
1105 19.82 
1158 19.82 
1228 19.82 

2.17 
1.52 
1.25 
1.06 
0.90 
0.79 
0.71 

0.80 1.8 
0.90 1.4 

15.4 
6.66 
4.92 
4.06 
3.44 
2.92 
2.57 
2.24 
2.03 

1.20 
0.95 
1.00 
0.90 
1.35 

0.55 
0.55 
1.05 
1.50 
1.35 2.4 
1.05 2.9 
1.90 2.0 
1.65 1.6 
1.80 1.5 

10.7 1.40 
8.30 1.50 
6.94 1.95 
6.12 2.15 
5.23 2.75 
4.83 2.25 
4.48 2.00 
6.17 2.85 
4.30 2.55 
6.44 3.20 
3.35 1.80 
3.83 1.80 

11.7 
10.8 
9.78 
9.26 
8.39 
7.95 
7.46 
7.36 
7.4s 
7.12 
6.60 
6.00 

2.60 
2.75 
2.90 4.4 
3.10 4.6 
3.75 6.6 
3.35 3.8 
3.70 4.0 
4.15 3.8 
4.00 4.3 
4.40 4.5 
4.85 4.5 
4.45 3.0 

1.6 
1.1 
1.0 
0.8 
1.2 

5.7 
2.7 
3.1 
3.9 

5.3 
4.0 
4.5 
4.0 
5.5 
3.2 
4.2 
7.2 
3.0 
6.5 
1.8 
3.2 

5.1 
5.3 

t CO2 data. 

out that the ~nimum value for the Nusselt number 
should not be less in a packed bed of spheres than it 
is for an isolated sphere, and thus, the data should be 
asymptotic to a value of 2.0 at low Reynolds numbers. 
Opinions have been expressed for this apparent dis- 
crepancy: that, in a packed bed, not all the surface 
of the particle is accessible to the fluid [13] or that 
neighboring particles shield a given particle from the 
heat sink [35]; that heat transfer coefficients were 
estimated using a DC type model in which solid phase 
axial conduction was not permitted [ 141; or that, in the 
experiments, preferential flow occurred in low-void 
regions such as are known to exist adjacent to a wall 
[I, 361. In the latter case, when measurement are 
based on a mixed-gas outlet temperature, Martin [36] 
and Schliinder [1] have shown that the results 
obtained are to be expected even if, locally, the Nusselt 
number reached its low-Reynolds number asymptotic 
value. In this work, strong axial conduction was pre- 
sent but the ESPM model used expressly took this 

0.094 0.108 
0.069 0.071 
0.047 0.075 
0.055 0.047 
0.048 0.041 
0.050 0.030 
0.031 0.044 

0.604 I.850 
0.391 0.548 
0.175 0.541 
0.111 0.621 
0.113 0.353 
0.134 0.205 
0.069 0.258 
0.074 0.194 
0.065 0.177 

0.261 1.360 
0.214 0.915 
0.150 0.945 
0.127 0.792 
0.092 1.012 
0.108 0.570 
O.il7 0.720 
0.118 1.246 
o.OQo 0.505 
0.109 1.074 
0.101 0.291 
0.120 0.512 

0.183 1.733 
0.168 1.710 
0.149 1.370 
0.137 1.370 
0.108 1.895 
0.117 1.060 
0.102 1.100 
0.090 1.040 
0.095 1.170 
0.085 1.200 
0.074 1.160 
0.077 0.741 

- 

into account. Fu~e~ore, by the way we measured 
temperatures, the wall effect argnment can be elim- 
inated ; our thermometers measured particle surface 
temperature in the core of the bed. When the core 
mass fluxes were corrrected to allow for preferential 
flow adjacent to the wall, little change was noted for 
the smallest spheres used, while, for the larger spheres, 
the corrections paralleled the trend of the data. This 
leaves the possibility, implicit in Martin’s parallel 
capillary model, that preferential flow channels may 
also be found in the core of the bed. 

The second point we wish to make is that, in our 
experiments, both radiating (CO,) and nonradiating 
gases (air) were used. Wakao 137 had shown that a 

radiating gas would have little effect on k,,. In 
contrast, we had calculated that quite significant 
differences would be seen in the Nusselt number, all 
other conditions being equal. To illustrate, the radi- 
ative contribution h to the gas-solid heat transfer 
coefficient can be estimated using the diffuse gray 
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FIG. 4. Interphase Nusselt number vs particle Reynolds 

number for four different particle sizes. 

approximation. Optically thin conditions can be 
assumed, Kp <. 1, and the mean beam length is the 
geometric mean beam length, 4&/a. The following 
expression can then be derived for brad 

kl = 
16Kp~DaT3 

6(1-e) . (17) 

Calculations of the Planck mean absorption 
coefficient, Kp, have been reported for CO2 by two 
methods. At the temperature appropriate for our 
observations on CO*, 1122 K, the results of Tien f38J 
obtained by integration of spectral data give a value of 
K,, = 21.3 m- ‘. From total emissivity measurements 
1391, a corresponding value of 11.5 m- ’ results. The 
heat transfer coefficients are 36.5 and 19.7 W m-* 
K-‘, respectively. The experimental result is 7.2 W 
mm2 K- ’ and is not significantly different from results 
for air (Fig. 5), however any conclusions drawn from 
this should be considered tentative pending further 
experimental study. 

We have postulated that these two facts may have 
the same explanation. We suggest that the observed 
heat transfer coefficient, when a macroscopic region 
of the bed is sampled, is lowered from its point value 
through preferential tfow ch~ne~ng. But we do not 
consider it likely that preferential flow channels exist 

10 
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Nu 1.0 

0 

0 .B 
0 0 

T, K 

I%. 5. Interphase Nusselt number vs temperature for the 
particle Reynolds number range 6.1 c Re < 7. I. The single 

fibi circle is for carbon dioxide. 
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FIG. 6. Effective axial thermal conductivities corrected for 
stagnant bed conditions compared with the correlation of 
Yagi and Knnii f303. The symbols for different particle sizes 

are the same as in Fig. 4. 

on a macroscopic scale since the beds were carefully 
prepared. Instead, the microscopic distribution of 
porosity appears to be capable of explaining the 
apparent lowering of the heat transfer coefficient. 

To investigate this hypothesis, we performed cal- 
culations using a model with a continuous distribution 
of porosity. Beveridge and Haughey [ 17,401 provide 
curves for the variation of local mean voidage about 
a given sphere center in a randomly packed bed of 
equal size spheres. For ease of calculation the Bever- 
idge and Haughey local void fraction dist~bution was 
approximated by a three-parameter gamma dis- 
tribution of the form 

1 
I 1 e-i(e-“) f(&+-p4)- , U<‘EW (If-9 

=o, ECU 

with parameter values 

1 = 32, r = 3.5, u = 0.28. 

These values give a mean bed voidage of 0.389 and a 
standard deviation of 0.05, close to the parameters 
found by Beveridge and Haughey for loose packed 
beds. 

For a fixed value of frequency, particle diameter 
and temperature, we chose a reference interstitial vel- 
ocity Vi, at some reference void fraction Q,. If it is 
assumed that the interstitial velocity varies as the 
square of the mean hy~~ic diameter then, for a bed 
of spheres 

The reference velocity was chosen and a local Nusselt 
number calculated from a single particle correlation. 
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FIG. 7. Comparison of experimental interphase Nusselt num- 
bers with calculations showing the effect of a porosity dis- 
tribution : (a) single particle correlation of Ranz [41] for CO* 
with additional contribution for radiative transfer; (b) Ranz 
correlation ; (c) distributed porosity calculation for CO*, 
12. 7 mm spheres, 1122 K, L/D = 4; (d) as for (c) with air, 
1053 K; (e) 3.0 mm spheres with air, 1019 K, L/D = 12; 

(f) as for (e), L/D = 8. 

We chose, for purposes of illustration, the single par- 
ticle correlation of Ranz [41]. For CO,, the additional 
radiative cont~bution by equation (17) was added. 
The amplitude and phase of the temperature per- 
turbation were then functions of V,(E) and, for a given 
value of E, 0&v) could be calculated using the ESPM 
model. An average value for the packed bed was found 
using the weighted average at each of the two ther- 
mometer positions 

s 

m 
(6(iw)> = B(iw, s)f(s) ds. (20) 

0 

Similarly, we found the average supeficial velocity 
and void fraction 

(21) 

(22) 

The amplitude ratio from equation (20) was then 
compared with that from equation (15) for a uniform 
porosity bed with the same average velocity and void 
fraction in order to find the value of Nusselt number 
which gave the same amplitude ratio. This was 
repeated for new choices of reference velocity. Sample 
results are shown in Fig. 7. 

The dis~buted porosity model, while not being in 
precise agreement with the experimental data, does 
show the correct trend with Reynolds number and the 
insensitivity to the additional radiative contribution 
observed for the CO2 case. However, certain short- 
comings of the model should be pointed out. The most 
serious is that the enhancement of velocity in regions 
of higher porosity according to equation (19) is over- 
estimated since we have tacitly assumed that the local 
pressure gradient is equal to the value it would have 

if the medium were a structureless continue and 
the interconnection of flow passages ignored. Ng and 
Payatakes [42] have demonstrated this fact by com- 
parison with a random network model. Our model 
also neglects the thermal interaction between adjacent 
regions of differing porosity. 

Thus we conclude that, while a distributed porosity 
model is an improvement over uniform porosity for 
predicting the dynamics of packed bed heat transfer, 
further developments in models need still to be made. 
The results are, nevertheless, encouraging. 

CONCLUSIONS 

(1) We have introduced a new model, the extended 
single particle model, which allows for axial con- 
duction in the solid, particle-particle and gas-particle 
radiative transfer, and intraparticle temperature 
gradients. Frequency response expressions for this 
model were developed, and used to obtain exper- 
imental values for the heat transfer parameters : gas 
particle heat transfer coefficient and the effective ther- 
mal conductivity of the packed bed. The model is 
useful for packed beds subject to high tern~ratu~s 
and low fluid flow rates. 

(2) We obtained experimental values for Nusselt 
number in the Reynolds number range 0.7-16, which 
were found to follow the relation 

Nu = 0.054Re’.48. 

The data showed a decreasing Nusselt number with 
decreasing Reynolds number, with no asymptotic 
limit apparent. A distribution of porosity in the bulk 
of the bed could be responsible for some of the 
observed depression of Nusselt numbers. Future 
model development should take into account this dis- 
tribution of porosity. 

(3) We obtained experimental values of the effective 
axial thermal conductivity. These data showed a 
strong dependence on temperature, increasing with 
particle diameter. They were compared with several 
correlations for kz available in the literature and 
found to be in general agreement. 
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ETUDE DE LA REPONSE EN FREQUENCE DU TRANSFERT THERMIQUE DUN LIT 
FIXE A HAUTE TEMPERATURE 

R&run&Des coefficients de transfer? de chaleur interphase et des conductivitbs axiales effectives sont 
obtenues pour des lits tixes de spheres uniformes d’alumine avec traverste de gaz pour un domaine de 
temperature de 375 a 1300 K. La mtthode utilisbe est l’estimation parametrique a partir des mesures de 
reponse en frequence en deux points sur l’axe du lit avec une petite perturbation sinusoIdale de temperature 
a l’entrie du gaz. On prend en compte la grande conductivitt axiale effective qui resulte du transfert radiatif, 
de la distribution instable de temperature dans le solide, et du transfert thermique a I’interface gaz-solide. 
Les resultats montrent que le nombre de Nusselt est indtpendant de la temperature mais que de faibles 
valeurs correspondent aux petits nombres de Reynolds de la particule avec la dependance 

Nu = 0,054&?. 

Les conductivites axiales effectives montrent une forte dependance a la temperature typique du transfert 
radiatif. Les calculs montrent que la dependance observie au nombre de Reynolds du nombre de Nusselt 
peut &tre partiellement expliquee par une distribution microscopique de porosite. 11s montrent aussi que 
les resultats avec le dioxyde de carbone-un gaz rayonnant--sont peu differents de ceux pour des gaz 

transparents. 

FREQUENZGANGUNTERSUCHUNG BEI DER WARMEUBERTRAGUNG IN 
SCHUTTUNGEN BEI ERHdHTER TEMPERATUR 

Znsammenfaasung-Es wurden Wlrmeiibergang und effektive axiale Wlrmeleitfahigkeit in einer gas- 
durchstromten Schiittung aus gleich groDen Aluminiumkugeln in einem Temperaturbereich von 375 bis 
1300 K ermittelt. Diese GriiBen wurden durch Parameterabschatzung aus Frequenzgangmessungen an 
zwei hintereinander liegenden Stellen in der Schfittung bestimmt, wobei der Gaseintrittstemperatur eine 
kleine sinusformige Temperaturstijrung aufgepragt wurde. Es wird ein neues Model1 vorgestellt, und 
Frequenzgangfunktionen wurden abgeleitet, urn die groBe effektive axiale Wlnneleitfiihigkeit zu beriick- 
sichtigen, die vom Strahlungsaustausch, von der instationaren Temperaturverteilung und vom Wiirme- 
iibergang herrtihrt. Eine Besonderheit des Modells ist die Verwendung von ijrtlichen mittleren Par- 
tikeloberfliichentemperaturen als abhangige Variable. Die Nusselt-Zahl ist unabhangig von der 
Temperatur, erreicht aber kleine Werte, wenn die Reynolds-Zahl der Partikel klein ist. Es gilt 
Nu = O,054Re’~“*. Die effektive Llngswlrmeleitfahigkeit zeigt eine fur Strahlungsaustausch typische starke 
Temperaturabhiingigkeit. Berechnungen zeigen, da8 die beobachtete Abhangigkeit der Nusselt-Zahl von 
der Reynolds-Zahl teilweise durch eine mikroskopische Porositatsverteilung erkllrt werden kann. Sie 
zeigen such, warum Ergebnisse mit Kohlendioxid (einem am Strahlungsaustausch beteiligten Gas) sich 

nur wenig von solchen mit nicht am Strahlungsaustausch beteiligten Gasen unterscheiden. 

HCCJIE,IIOBAHHE qACTOTHOfl XAPAKTEPMCTHKH TEIUIOOPMEHA I-IJIOTHOI-0 
CJIOII IIPH I-IOBbIIIIEHHbIX TEMI-IEPATYPAX 

Anwr~Ko3#niqEIIAeHTbI M~xu#I~~HO~O rennoo6Meira H S$@tTHBHble KOS$&iI@ieHTbI IIpOAOJIbHOti 

TellJlOlIpOBO~OCTE IlOJl~eEibIMn NIOTHbIXCJIOCB OEIiOpO~aJlloMHHEeBbIXUlapAKOBIlpH o6rera- 
HHB m n0~0K0h4 ra3a C rehtneparypofi or 375 no 1300 K. Hcnonbsyeh9brii Meron npencraenan co6ofi 
onemcy napaMerpon ria ocuoae ri3hsepeti qacrorrroil xapalrrepncrmra B n~yx roqsrax no ocn cnon c 
H&OJlbIUHME CHliyCOEiilaJIbHbIMH BO3MJ'IUeHEnMH TemepayphI ra3a Ha nxone. llpexno;sterra HOW 

MOAeJIbH BbIBeAC%ibl B~anreHanannqaCTOTHblXXapastTepH~KC9eJlbH)yneraB~~KOP~ETHBH09 
npOAOJlbHOfi TelUlOIIpOBOLplOCTH KaE CJIeACTBHg p~alViOHHOr0 TeIUIOO6MeHa, HeCr~OHapROrO 

pacnpeneneHHn rehmeparypbr n ~Bepmdx wmiuax H hmm$a3Horo(ra3-TBepmde qacmubt)TemooB 

MeHa.Oc~o~~ofi oco6emiombm Mogem nmne~cn mznonb30na~e nonanbaofi cpenrieil rekmeparypbr 
,TOBepXHOCTA 'iaCTA9 K8K 3aBBCEMOi8 IlepeMeHHOii. Pe3yJIbTaTLd IIOKa3UIH, WO ‘IECJIO HycCUlbTa JVIK 

Mex4a3HOrO TeIIJIOO6MeHa 6b1110 He3aBACHMbIM OT TeMIlepaTyPbI, HO IIpOAeMOHCTpHpOBaJIH HA3KEe 

3HaqeHHn ero npsi rie6onarrwr aenrmmrax qricna PeZhlonbnca (nmn SaccHIt) B COOTB~TCTBEA c 3ammi- 
mcrbm, npencrameHiiok KaK Nu = 0,054Re1+a. 3 @.leKTEBHbte BOS$I$HlUieHTbI IIpOAOJIbHOfi TeIlJIO- 
lIpOBO.UHOclaCHJlbHO 3aBHCRT OT T%%Il~aTypbl,'ITO XapaKTepHO JUlXp~~OHHOrO TeUJIOlIe~HOCa. 

PaC'ieTbl IIOKa3bIBalOT,'lTOHa6JIloAaeM~ 3aBHCHMOGrb 'IHCJlaHyCU%bTaOT ‘rHC_Ila PetiOJlbACaMOKCeT 

6b1~b orqacrri o6ancneHa Hamisierd hm~p~~~orwxCKo~ nopHcToCTH.~oTamceo6~ncHaeT~0~~aKT, 

'IT0 pe3yJIbTaTbI OIIblTOB, IlpOBeAeHHLdX C LUSyOKHCbIO jTJlepOEi (E3JIyUaTeJlbHO aKTEiBHbId r83), MaJIO 

OTJUiWUUiCb OTAaHHbnr,IlOJTy9eHHbIXCH3ny'IaTeJlbHO HeaKTHBHbIMHra3aMH. 


