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Abstract-The convective heat transfer from a flat plate immersed in a flowing granular medium has 
been investigated. An approximate analytical model which takes into account the particulate nature of 
the medium has been developed and experimental measurements were obtained. The results indicate 
that the Nusselt number for this configuration is influenced substantially, under certain conditions, by 
the non-continuous nature of the medium. A semi-empirical correlation is presented, based on experimental 

results obtained with four different granular materials. 

NOMENCLATURE 

specific heat of granular medium; 
specific heat of particle; 
particle diameter; 

local film coefficient; 
average film coefficient; 
thermal conductivity; 

thermal conductivity of interstitial gas; 
conductance at plate surface; 

particle to particle conductance; 
distance; 

length of plate; 
dimensionless length of plate; 
mass of particle ; 
average Nusselt number based on d; 
average Nusselt number based on L; 
average Nusselt number based on d and 
conductivity k, ; 
P&let number based on L; 
modified P&let number, equal to 

(&J2(d/L)‘PeL; 
heat-transfer rate from particle to particle; 
heat-transfer rate per unit area; 
time; 
temperature; 
wall temperature; 

velocity of moving granular medium; 
coordinate in direction of flow; 
coordinate normal to the flow direction. 

Greek symbols 

x, thermal diffusivity; 

B9 dimensionless parameter, equal to 

(KLIk)(lIJ(J%.)); 

*Presently at Sandia Laboratories, Albuquerque, New 
Mexico. 

Yt experimental constant; 

6, thermal boundary-layer thickness; 

AT, temperature difference; 

E, void ratio; 

% dimensionless parameter, equal to 

(L/d)‘(l/Pe~); 
0, dimensionless temperature. 

1. INTRODUCTION 

THE PRESENT study concerns the convective heat 
transfer from surfaces immersed in a flowing granular 

material. The particular type of flow to be considered 
is that in which the adjacent material particles are in 
physical contact and the interstitial fluid moves 
passively with the particles. In such a contact-domin- 

ated flow, the motion of the interstitial fluid is not the 
major means of stress or heat transmission. This is in 
contrast with the more frequently investigated two- 
phase or “fluidized” systems. Contact dominated flows 
are found to occur in certain industrial equipment 

designed to heat, cool, or dry granular materials [l, 21. 
It is expected that equipment of this type will be needed 
on a larger scale and that more exact design information 
will be required in order to achieve economical 
operation. This expectation gave the stimulus for the 
present investigation. 

A considerable amount of research has been per- 

formed to investigate the flow characteristics of granu- 
lar media (see, for example [3]). Less information is, 
however, available on the convective heat-transfer 
behavior of flowing particles. Previous work includes 

an experimental and theoretical study by Brinn et al. 
[4] of a contact-dominated flow in long, smooth tubes, 
and experimental measurements of the heat transfer 

from cylindrical bodies by Donskov [5] and Kurochkin 
[6]. Although all of the investigations consider the heat 
transfer from geometries having characteristic lengths 
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much larger than the granular particle size, they arrive 
at different conclusions: Donskov as well as Kurochkin 
found the particle diameter to be a significant variable 
governing the heat transfer from cylinders. while Brinn 

er al. demonstrated that their experimental results 
agreed with theoretical results based on the treatment 
of the granular material as a one-component con- 

tinuum. Another experimental study, by Harakas and 

Beatty [7], considered the heat transfer from a flat 
plate immersed in a rotating granular bed. In this work, 
the fine-grained materials tested were found to behave 
likea one-component continuum except under vacuum 

conditions, when substantial deviations from the con- 
tinuum prediction were observed. Thus, the previously 
published heat-transfer data indicate that the graininess 

of the media can, under certain conditions, directly 
and substantially influence convective heat transfer. 
No definite parameter characterizing the importance of 

the granular nature of the material was specified. 
The present investigation was planned to provide 

additional data on convective heat transfer, with em- 

phasis on the effect of particle size. Specifically, it was 
decided to determine the conditions for which the 
particulate nature of the media affects the heat transfer 

and to develop suitable correlations to account for this 
influence. 

The geometry chosen for the investigation is the thin 
flat plate, oriented so that the long axis of the plate 
is parallel to the flow field. This selection was made 
as it leads to one of the simplest and most basic con- 
vection problems and the results will be indicative of 
the general convective characteristics of granular 
media. In addition, the convective heat transfer from 
the plate for the observed flow field, a simple rectilinear 

flow parallel to the plate, can be solved analytically 
for different models of the granular medium. The ex- 
perimental measurements and the analyses may then 
be compared with the solution for continuum flow to 
assess the effect of the material graininess on the 
heat transfer. 

2. ANALYTICAL STUDIES 

(a) The discrete purticle model 
To study the heat transfer from a flat plate to a 

granular medium analytically an idealized model, 
called the “discrete particle model”, was defined. In 
this model an idealized granular material is considered 

having the following properties: 

(i) The particles have infinite thermal conductivity, 
and are spherical with uniform diameter d; 

(ii) The particles flow past the heated plate in an 
orderly array, as shown in Fig. 1, and extend 
indefinitely in the ,V direction. The temperature 
of the particles far from the heated plate is T, ; 

Y- 
Smooth wall 

/ 
Temperature T, 

(iii) 

(iv) 

Fio. 1. Discrete particle flow past a heated 
plate. 

Heat is transferred only between adjacent par- 

ticles, the heat flow from particle to particle given 
by q = RAT,, where K is the particle to particle 

conductance and AT, the temperature difference 
between particles. This conductance R will 
generally depend on the properties of the inter- 
stitial medium and the particle diameter d; 
Particle to particle heat transfer in the x direc- 
tion is negligible compared with particle to 
particle heat transfer in the y direction. This 
simplification is analogous to the boundary- 
layer approximation used in continuum heat 
transfer. 

To provide a basis for comparison with continuous 
media, the bulk properties of this material must be 

defined. Suppose that this idealized medium is exposed 
to a steady, one-dimensional heat flow between two 
parallel plates, separated by a distance 1 much larger 
than the particle diameter. The thermal conductivity k 
of the composite is defined by 

1 
k= ” 

q if 

where q” is the heat flow rate per unit area, and AT 
is the temperature difference between the parallel 
plates. The bulk conductivity k can be determined 
experimentally. This quantity k can now be related to 
the particle to particle conductance R as follows. 
Noting that for n particles between the plates, I = nd 
and AT = nAT,. and since there are l/d2 particles per 
unit area of the plate, the heat flow per particle is 
q = q”d’. Using these relationships, and property (iii) 
of this idealized material to eliminate q”, 1 and AT 
from the definition of k yields 

R 
k=$. 
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The density p and specific heat c of the composite are 
given by (neglecting the mass and heat capacity of the 
interstitial voids) 

P=$ c = cp, 

where M and cP are the mass and specific heat of a 
typical particle. 

The equations governing the heat transfer to the 
particles from the plate will now be developed. In 
Fig. 2 a particular row of particles moving with 
uniform velocity U in the x direction is examined. 

Wall 

FIG. 2. Typical row of particles in a 
discrete particle flow. 

Denoting the temperature of the jth particle in Fig. 2 
by Tj, a heat balance for the jth particle at time t 
yields (neglecting conduction in the x direction) 

R[T_, + Tj+r -21;] = MC%, j=2,3 ).... 

Since the particles move at a uniform constant velocity 
U, the x coordinate of the particle centers, x = Ut, is 
used as a time scale, and the heat balance for the jth 
particle becomes 

K[T,_r+T,+r--2T,]=McCj~, j=2,3 ,.... (1) 

For the case when the plate is maintained at a con- 
stant temperature T, # T,, the temperature of the 
particle adjacent to the plate must satisfy 

R[T,+T,-2T,] = M&Z x30 (2) 

where it has been assumed that the conductance 
between the wall and adjacent particles is also R. 

Since heat conduction does not occur in the x direc- 
tion, the temperature upstream of the plate will be T, 

uniformly, i.e. 

Tj= T,, j= 1,2,...; x < 0. (3) 

Equations (l)-(3) are conveniently expressed in terms of 
the dimensionless temperature Bj = (q - T,)/( T, - T,), 

and the dimensionless length x* = xK/McU. Substi- 
tuting these new variables into (l)-(3) leads to 

Bj_1+Rj+l--2ej=$, j = 2,3,. . (4) 

&--281 = $, x* >o (3 

and 

Q,=l, j=l,2,...; x* < 0. (6) 

The solution 0,(x*) of this system [8] as may be 
verified by direct substitution into the relevant equa- 
tions, is 

0,(X*) = e-2x' ZCJ(2X*)-Zj(2X*)+2 i Z&X*) , 
m=l 1 

where the Z,, are the modified Bessel functions of 
first kind. 

the 

FIG. 3. Dimensionless temperature of the first particle, 
9,(x*), for a constant temperature plate. 

Of particular interest is t&(x*), shown in Fig. 3, since 
the heat flow at the wall due to an individual particle 
at position x* is given by 

- 
q(x*) = K(T,- T&(x*). 

The average heat removed per unit time by a particle 
traversing a plate of length L. is 

s L 

q(x*) dx. 
0 

Since there are l/d’ particles per unit area, the average 
heat flux from the plate q” is q/d’. Using the usual defi- 
nition for the average film coefficient, li = if’/T,- T,, 

the Nusselt number Nu, = fiL/k for the discrete particle 
model becomes 

- 
- 
Nu, = -& f F(L*) 

where L* = LRJMcU and 

s L’ 

F(L*) = Br(x*)dx*. 
0 
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The Nusselt number may be expressed in terms of the 
bulk properties of the medium, in particular the con- 
ductivity k = K/d and ditfusivity x = k/pc = i?d’/Mc 

In this expression Pe, is the P&let number, defined as 
Pe, = UL/a. This result is shown in Fig. 4, along with 

Constant heat flux plate 

Constant tempemture plate 

FIG. 4. Average Nusselt number as a function of P&let 
number for the discrete particle model. 

an analogous solution [8] for the constant heat flux 

plate. While Fig. 4 is illustrative in that it shows the 
infhtence of d/L on the Nu, vs Pe, curves it should 
be pointed out that these curves could be replaced by 
a single one by using the coordinates 

L2 1 
Nud and - --. 0 d PeL 

(b) Comparison of the discrete particle model with a 
one-component continuum 

For purposes of comparison, the heat transfer from 
the flat plate associated with the uniform flow of a 
one-component continuum with properties k and LX can 
be determined within the boundary-layer approxi- 
mation of negligible conduction in the x direction. For 

this continuum flow, the energy equation is 

a2T U c?T 
2=-- 
8Y u 2x 

(7) 

and with the constant temperature flat plate, the 
boundary conditions are 

VA x) = T,, x20 

IV, x) = T,> x<o 
T(cq x) = T,. i 

(8) 

Noting that (7) is identical in form to the well-known 
heat-diffusion equation, the solution for the local film 
coefficient is given by 

h(x)=-=kL. q”(x) 
G-T, cJ4 J@WJ) 

Integrating this expression over a plate of length L 
yields the average Nusselt number 

Nu, = ‘- I(PeL). 
($4 v 

(9) 

To compare the heat-transfer result of the discrete 

particle model to the continuum, the ratio of the 
Nusselt numbers obtained for these different materials 
is illustrative. 

R = Nufiscrete particles) ( JTC) F(V) 

Nu, (continuum) 2 (JV) 

where 

L2 1 

0 
-. 

’ = 7 Pe, 

FIG. 5. Comparison of heat transfer for the discrete particles 
and a one-component continuum. 

This ratio is plotted in Fig. 5, and the curve indicates 
that for n < 10, the discrete particle model deviates 
considerably from the continuum prediction. Of in- 
terest is the fact that this deviation is a function of the 

single dimensionless group ;r?. This variable can be given 
a physical interpretation by means of the continuum 
solution, which shows that the dimensionless thermal 
boundary layer thickness 6/L is proportional to 
l/ J(PeL). Thus, 

6 L’ 
2 a 2 

i 
(JPe,) = (Ja) 

represents the ratio of the thermal boundary-layer 
thickness to the particle diameter. It is quite plausible, 
therefore, that for larger values of 9 the continuum 
solution is a good approximation to the solution 
obtained from the discrete particle model. The two 
solutions differ, however, for lower values of q, that 
is when the thermal boundary layer is of the order of 
the particle size or smaller. 



Heat transfer to flowing granular media 101 

(c) Single resistance model 
One further comparison is of interest, that between 

the heat flux calculated from the discrete particle model 
(which has thermal resistances between each particle) 
and a continuum which, however, has a single thermal 
resistance at the wall. Such a comparison should 
indicate to what extent the overall heat transfer from 
the wall is influenced by the granular structure which 
is not adjacent to the wall. 

The temperature field associated with a continuum 
that has a thermal conductance K at the plate surface 
must satisfy the convective heat-transfer equation (7) 
with the first boundary condition in (8) replaced by 

where T, is the constant temperature of the plate. The 
quantity K is the conductance per unit area of the 
plate, related to the particle to particle conductance 
through K = K/d2 = k/d. The solution to (7) with this 
boundary condition is found in [9] and yields the local 
film coefficient 

y = Fe8: erfc [/IX]. 

In this expression, pX = Kx/k ,/(l/Pe,) and erfc [fix] is 
the complimentary error function. Averaging this local 
film coefficient over the plate gives 

NQ=~=? 4 
G( 

e~‘erfc(~)-l+2pl 
C&r) 11 

= yf(B, 

where 

/3 = F J(l/Pe,). 

To compare this result with the discrete particle solu- 
tion, the latter must be expressed in terms of the same 
variables. For the discrete particle model with a con- 
stant temperature plate, the Nusselt number was seen 
to be 

Nu, = f PqF(q) 

with rl defined as 

L2 1 

‘= d Pe, 0 
-. 

But, 

L KL KL 

d=Kd k’ 

hence rl= /12. Thus, 

- Nu = gF(B’) KL 
L 

k B2 
-=kF*(8) 

-Discrete portick analysis 

P= &z= L 

FIG. 6. Comparison of the discrete particle solution with a 
continuum with conductance K at the plate surface, for a 

constant temperature plate. 

for the discrete particles. In Fig. 6 the function F*(p) 
associated with the discrete particle analysis is shown, 
as is the function f(B) for the continuum with a single 
resistance at the wall. Also shown is the numerically 
approximate form for f (/I) 

1 

f(B) = 1 +&,/x)/2 

which corresponds to 

- 1 
NuL = 

k (& 1 ’ 
(11) 

KL+:- 2 JUW 
For large /I, both f(B) and F*(b) converge to the 
asymptote 2/(BJrc), this asymptote corresponding to 
the continuum solution, 

- 
NuL = 2 J(PeL). 

(Jd 
For smaller /I, the continuum with resistance at the 
wall also behaves like the discrete particle model. It 
would seem, therefore, that a reasonable approximation 
for the Nusselt number in a discrete particle flow would 
be obtainable by considering the medium as continuous 
except for a special thermal resistance at the wall. 
Indeed, a more detailed analysis applied to the constant 
heat flux plate [8] indicates that the single resistance 
approximation improves, as one would expect, if the 
wall to particle resistance is greater than the particle 
to particle resistance. 

3. EXPERIMENTAL APPARATUS 

The flow apparatus, shown schematically in Fig. 7, 
consists of three basic parts, from top to bottom: the 
supply hopper, the plexiglass test section, and the 
regulating valve. 

The regulating valve is basically an adjustable clamp 
acting on a rubber membrane. This clamp provides a 
continuous adjustment of the mass flow rate through 
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O_ 

Scale h-t) 

FIG. 7. Schematic diagram of the flow apparatus 

the valve and is the means by which the velocity in 
the channel is controlled. 

The test section is constructed of plexiglass to 
facilitate visual observation of the flow. Removable 

front and rear sections are provided for the mounting 
of models in the flow field. The flow area of the test 
section can be changed by adding area-reducing inserts, 
shown by the dotted lines in Fig. 7. These inserts 
permit higher velocities to be maintained in the test 

section while keeping the mass flow rate within 
reasonable limits. 

The supply hopper has considerably larger volume 

than the test section and enables flow to persist in 
the channel for several minutes. In the heat-transfer 
experiments, continuous flow is required for an ex- 
tended period, necessitating periodic refilling of the 

supply hopper through its open top. 
The system as described is capable of maintaining 

a continuous velocity in the channel between approxi- 
mately 05 and 5Ocm/s, the exact limits depending on 
the particular material used in the flow. The lower 
limit on the velocity results from the inability of the 
flow valve to pass a steady flow without clogging and 
the upper limit from the difficulty in maintaining the 
level in the supply hopper. The obtainable range, how- 
ever, was entirely sufficient for the present program. 

The flat plate used for the heat-transfer experiment 
is shown in Fig. 8. A pair of heated copper plates are 
imbedded on opposite sides of the thin plexiglass 
holder which is placed in the flow channel with its 
long axis coincident with the channel centerline. The 
resulting symmetric flow will expose each plate to a 

;ftT 
segments 

0 
LLL3 @ 

Scale (in.1 Section A-A 
(double scale) 

FIG. 8. Schematic diagram of the Rat plate model. 

similar flow field. Referring to the front view of the 

plate (Fig. 8), each plate is split into three segments 
separated by thin air gaps. The actual heat-transfer 
measurements are made only on the central segment 

of the plate. The outer segments act as guards to 
ensure all the heat supplied to the central heater is 
actually transmitted to the flow. The isolation of the 

central plate from the edges also ensures the two- 
dimensionality of the heat transfer. All the plate seg- 

ments are provided with chromel-alumel thermo- 

couples to permit the balancing of the system and the 
measurement of heat-transfer coefficients. 

A plate length (254cm) was selected, using the 

discrete particle analysis as a guide. so that measurable 
non-continuum effects would be encountered for the 
materials under investigation. A provision is made, 

however, to replace the 254-cm long plate by a 
similar one of 1.52cm in length in the same holder, 
for the purpose of permitting the independent variation 
of the plate length to particle diameter ratio. 

Heat losses from the central plates are a source of 
error which must be carefully controlled, in view of the 
low heat-transfer coefficients encountered with the 
typically poor-conducting granular materials under 
investigation. The major losses are due to heat con- 

duction from the central segment to the plate holder, 
and to those outer segments which are not at exactly 
the same temperature as the central segment. Estimates 
of these losses [S] indicate that for typical operating 
conditions these losses constitute less than 6 per cent of 
the heat supplied to the central segment. 

The distance from the surface of the plates to the 
walls of the flow channel, both with and without the 
area-reducing inserts installed, is many times the 
thermal boundary-layer thickness estimated using a 
continuum theory. The channel wall is therefore 
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expected to be effectively an infinite distance from the inte~tit~al medium and k is the bulk conductivity of 
plate surface. This contention is checked experimentally the heterogeneous granular substance. In arriving at 
by comparing heat-transfer data obtained using the this ratio it was assumed that the heat transfer from 
channel with and without the area-reducing inserts particle to particle is by conduction through the inter- 
installed. stitial gas. The heat conduction through areas of direct 

4. THE GRANULAR MEDIA contact and the radiative exchange was taken to be 
Four granular materials were selected for the experi- negligible. This assumption is valid for the test con- 

mental investigation. Three of these materials consist ditions of the present experiments in which the pressure 
of hard, spherical particles with a narrow distribution was atmospheric and the temperature differences were 
of diameters about the mean. A fourth material, a small. 
common fine-grained sand, has irregularly shaped In the results to be presented the independent par- 
particles of relatively nonuniform size. 

In order to interpret the experimental results the 
ameters cover the following ranges: 0% < k,/k < 0.14; 
12 < L/d < 120; and 100 < Pe,. < 9000. The void ratio 

thermal conductivity, thermal diffusivity, mean particle E is essentially constant for the three materiais with 

Table 1 

~_ 
Mean particle size 

(in) . Standard devlatron (%) 
Bulk density (specific weight) 

Critical state 
Dense state 

Void ratia (7;) 
Critical state 
Dense state 

Thermal diffusivity x la6 
(ft?s) 
Critical state 
Dense state 

Thermal conductivity 
(Btu/h-ft-“F) 
Critical state 
Dense state 

Glass traffic Glass impact Mustard Fine-gtained 
beads beads seed sand 

.-_._______I -~----~-- 

0.013 0.053 0@85 OW3 
2.4 1.0 1.2 2.5 

1.5 1.7 0.7 1.5 
1.6 1‘8 0.8 I.7 

73 71 74 91 
60 59 59 63 

1.7 1.7 DY 3.1 
2.1 l-8 O-9 3.3 

0‘12 0.11 0% 0.2 
O-16 0.13 .0-W 0.3 

diameter, and the flowing density of the materials 
must be determined. Thermal properties were deter- 
mined by transient methods outlined in [4, S]. All the 
thermal properties were measured in the flowing 
(critical) and densely packed states, although only the 
former were used for reduction of expe~me~tai data. 
Particle size and size distribution were measured 
optically, using average values from a large number of 
measurements. The results of the property measure- 
ments are summa~zed in Table 1. 

5. EXPERIMENTAL RESULTS 

The experimental results will be presented in terms - 
of the average Nusselt number (Nu, = fiL/k) and the 
P&let number PeL = UL/or). In addition a brief dimen- 
sional analysis shows that three further parameters 
should be considered. Two of these are geometrical 
ratios; the plate length to the characteristic particle 
dimension, L/d, and the void ratio E. The third par- 
ameter is k,/k where k, is the conductivity of the 

spherical particles, which all had a narrow size dis- 
tribution. The void ratio for the sand with its 
irregularly shaped particles was different. - 

In Fig. 9, Nu, vs Pe, data are shown for the two 
types of glass beads and the fine-grained sand for flow 
over the 1.52-cm long plate. On this same plot is given 
the expected result for the flow of a continuous 
material, abd the experimental data differ significantly 
from the continuum prediction. These differences, 
which are relatively small at low P&let numbers, grow 
considerably at higher P&let numbers. This divergence, 
qualitatively similar to the divergence observed with 
the discrete particle model, indicates clearly that the 
heat transfer is influenced by the noncontinuous nature 
of the granular medium. 

An attempt has been made to fit the data points in 
Fig. 9, with curves of the form 
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o Glass tmfflc beads CO.013 in die) 

A Gloss impact beads CO.053 in. dial 

Fro. 9. Nusselt number vs P&let number data for 
the @6 in plate. 

where y is a constant. This constant is selected to 
provide the best fit to the experimental data and each 
solid line in Fig. 9 corresponds to a different value of y. 

For the range of the experimental data considered, 
this function adequately describes the P&let number 
dependence of the Nusselt number, and thus one may 

conclude that in general y should be some function of 
the remaining dimensionless variables namely kg/k, 
L/d and E. The determination of this function may be 

simplified by noting that the function (12) is identical 
in form to the numerically approximate formula (11) 
discussed earlier to describe the heat transfer from a 
constant temperature plate with a thermal conductance 
K at the plate surface, i.e. 

This correspondence suggests that y might be given a 
physical interpretation, that is, y = k/KL, where in the 

actual flow of particles the “effective” K is due to the 
presence of the relatively poor-conducting interstitial 
air in the irregularly shaped region between the plate 
surface and the first row of particles. If such an inter- 

pretation is correct, this conductance K should not 
depend on the heated length L of the plate. Thus, if 

a particular material used with a plate of length L has 
associated with the heat-transfer data a certain y, then 
this material when flowing over a plate of length L!, 
should yield heat-transfer data represented by the same 
function (12) with 7 replaced by y’ = yL/L’. In Fig. 10 
are shown data for the same materials as in Fig. 9, but 
for heated plates 254-cm long. The y’s associated with 
the solid lines of Fig. 10 are derived from the y’s of 
Fig. 9 by multiplying by the length ratio 0.6. The 
agreement of the solid curves in Fig. 10 with the data 
is good, supporting the proposed physical interpret- 
ation of y. Figure 11 shows two curves corresponding 

25- 

ass traffic beads (0.013in. dia) 

0 250 500 750 1000 1250 1500 1750 2KJO 2250 

PeL 

FIG. 10. Nusselt number vs Pkclet number data for the 
1 in plate. 

Mustard seed 0085 I” die) 

0 -I in plate 
n -0.6 in plate 

FIG. 11. Nusselt number vs P&let number data for the 
mustard seed, using the 0.6 and 1 in plate. 

to the different length plates for mustard seed, this 
low diffusivity material covering a relatively high range 

of PCclet numbers. For these data the y’s associated 
with the different length plates are again in the ratio 
0.6, the length ratio. 

The above results indicate that the concept of an 
effective thermal conductance at the plate is a useful 

one. In the discrete particle analysis, it was assumed 
that the conductance at the wall would be the same 
as that existing between adjacent rows of particles. 
This assumption, together with the assumptions of a 
regular geometry and of infinitely conducting particles, 
permitted the determination of the conductance K in 
terms of the bulk conductivity, K = k/d. An actual 
particle flow differs from this both in the geometry of 
the packing and particle conductivity. It may be fruitful, 
therefore, to consider in more detail the factors affecting 
the wall conductance. With the notion that the con- 
ductance is due to the thermal interaction between the 
wall and the first row of particles, it follows that for a 
particular set of particles, the conductance should be 
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proportional to the conductivity of the interstitial gas 
k,, provided that heat conduction through the physical 

contacts and thermal radiation across the voids are a 

negligible portion of the total heat transferred. Further- 
more, with the same assumptions, the conductance K 
should be inversely proportional to the average thick- 
ness of the gas film between the heated plate and the 
particles. Noting that this average thickness, for geo- 
metrically similar particles at the same void ratio, is 

proportional to the particle characteristic length d, it 
is postulated that 

Kc!!! (131 
xd 

\ I 

where 1 is a dimensionless proportionality constant 

which is independent of the thermal properties of the 
interstitial gas or the particles. This 1 may be in- 

terpreted as the ratio of the thickness 1 of a uniform 
gas film, with a conductance K = k,/l, to the particle 
characteristic length d. For geometrically similar 
arrangements of particles at the plate surface, x should 

have the same numerical value. However, any changes 
in physical conditions which might affect the local 

geometrical arrangement of particles near the wall will 
generally change x. For example, the presence of a 
rough plate as opposed to a smooth one, or the use 
of irregularly shaped particles instead of spherical 

particles will affect the local particle geometry and 
therefore x. 

The validity of (13) must, of course, be verified by 
experimental data. To examine the verifiable conse- 
quences of (13), substitution of this relationship into 
(12) yields 

‘d&*= 1 

43 d x + !J? J(I,lq) 

(14) 

2 
- 

where Nut is now the Nusselt number based on the 

particle diameter d and gas conductivity k, and a 
modified P&let number has been defined as 

This parameter is closely related to 9 which was intro- 
duced earlier. It then follows from (13) that the heat- 
transfer data for geometrically similar particle arrange- 
ments such as occurs with spherical particles flowing 
over a smooth plate, should lie on a single curve with 
the Nusselt number NM,* and P&let number ?%t as 
coordinates. In Fig. 12, all the results for spherical 
particles are shown in terms of this modified co- 
ordinate system, and the data do in fact lie reasonably 
close to a single curve. Furthermore, this single curve 
is well represented by the function (14) with x = 0.085, 
i.e. for an “effective” air film thickness about l/10 of a 

q . Impact beads 
A . hlustard seed 

FIG. 12. Nusselt Nu,* number vs modified P&let number 
data for all materials tested, with both plate lengths. 

particle diameter. The data for the fine-grained sand, 

with its irregularly shaped particles, lies distinctly 

below the spherical particle data. This difference is 
consistent with the physical interpretation of the wall 

conductance discussed above; the sand, with its irregu- 
larly shaped particles and different void ratio should 
not necessarily have the same value of x. In addition 
it has to be remembered that the reasoning l’eading 

to equation (14) has been based on the assumption 
that the dominant heat-transfer mechanism is pure 

conduction through the interstitial gas. The actual con- 

ditions in this respect must also be expected to cause 
some deviation of the data from a single curve. 

DISCUSSION AND CONCLUDING REMARKS 

The experimental data presented shows that the 
treatment of granular media consisting of spherical 
particles as effectively a continuum with a thermal 
conductance K at the wall leads to a reasonable 
description for the heat transfer from the flat plate 
immersed in a granular flow. Equation (14), containing 
one empirical constant, correlates the experimental 

results reasonably well. For the present experiments a 
constant of x = 0.085 provided the best representation. 
Substantial errors can occur if one attempts to predict 

heat-transfer rates for granular media on the basis of 
a continuous substance with perfect conductance at 
the wall. The extent of the deviation will be a function 

of a single dimensionless group, the modified P&let 
number, Pet. 

The results of the present study also show that the 
nature of the heat transfer from the flat plate differs 
considerably, depending on the magnitude of P&let 
numbers encountered. For low modified P&let num- 

bers, Pe* < 2, the granular materials function as a 
single component continuum and the heat transfer 
from the flat plate is governed solely by the bulk 
thermal properties k and CC Those properties charac- 
terizing the detailed structure of the granular material, 
that is, the particle diameter and gas conductivity. 
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have no direct influence on the heat transfer for these 
low modified P&let numbers. For large values of the 
modified P&let number (greater than 1000). the heat 
transfer is dominated by the thermal resistance at the 
wall; as a resul the film coefficient is close to being 
inversely props tional to the particle diameter and 

directly propor onal to the interstitial gas conductivity. 
In between thl se two extremes of modified P&let 
numbers is a large transitional regime where both the 

bulk and structural properties of the medium influence 
the heat transfer. The notion of two different heat- 
transfer regimes corresponding to the continuous or 

noncontinuous behavior of granular materials can be 
used to explain the differences in the conclusions of 

Brinn et al. [4] as compared to those by Kurochkin 
[6] and Donskov [5]. In Brinn’s experiments with 
fine-grained materials flowing through tubes, the maxi- 
mum modified P&let number encountered (based on 

the tube length and average particle diameter), is ap- 

proximately 4, and thus any non-continuum effects 
would be small and difficult to detect through the 

experimental scatter. The experiments by Donskov 
extended to modified P&let numbers as high as 3000 
and he noted a very definite effect of the grain size on 
heat transfer. Kurochkin also reported such an effect 
and although [6] does not contain enough information 

to compute P&let numbers, it may be inferred that 
they were relatively high. Most of the data in the study 
of Harakas and Beatty [7] correspond to low modified 
P&let numbers and the continuum behavior observed 

by these investigators is consistent with the results 
given here. There are, however, in [7] some results 

taken at modified P&let numbers in the range lo-50 
which differ somewhat from the proposed correlation. 

This disagreement is believed to be partially due to 
possible differences in the thermal property measure- 

ments, and partially due to differences in flow pattern. 

In the experiments by Beatty and Harakas a flat plate 
was mounted on a rotating arm and moved through 

a bed of particles. The packing density under these 
circumstances, could well be different from that for the 

present experiments and could even vary between the 
inside and the outside surface. These factors could 
contribute to the experimental differences. 
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TRANSFERT DE CHALEUR A UN MILIEU GRANULAIRE EN ECOULEMENT 

Rbum&On etudie la convection thermique a partir d’une plaque immergee dans un milieu granulaire 
en tcoulement. Un modele analytique approche tient compte de la nature divisee du milieu et on a fait 
des experiences. Les resultats indiquent que le nombre de Nusselt est fortement influence, sous certaines 
conditions, par la nature discontinue du milieu. On presente une relation semi-empirique basee sur des 

resultats experimentaux obtenus avec quatre mattriaux granulaires differents. 

EINSPRITZKtiHLUNG BEI TURBULENTEM FREISTRAHL 
UND AUSGEPRAGTEM DRUCKGRADIENTEN 

Zusammenfassung-Es wird iiber Messungen der mittleren Geschwindigkeit und Konzentration beim 
Einspritzen von Kohlendioxid durch eine gelochte Platte in eine Stromung berichtet. Die Bohrung bilden 
einen Winkel von 45” zur Plattenoberfllche und zum vorbeistromenden Fluid. Es zeigte sich, da0 bei 
m&gem Druckgradienten in der Stromung die eingespritzte Fltissigkeit in turbulente Striimung iibergeht 
und dadurch an der Plattenoberflache wesentlich hohere Konzentrationen auftreten. Ein Turbulenzgrad 
von ungef;ihr 4% verringert bei ausgepragtem Druckgradienten die Konzentrationen an der Wand urn 
durchschnittlich 10%. Bei gleichfiirmiger Geschwindigkeit der Stromung ist dieser Effekt vernachlassigbar 

gering. 
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llEPEHOC TEI-IJlA K I-IO~BMXHOMY 3EPHMCTOMY CJIOIO 

~~~OTBUHR-~CJT~A~‘~TCR KOHBCKTHBHbIfi IICPeHOC TeIlJIa OT IIJIOCKOfi ITJIaCTBHbI, IIOrpyWZHHOfi B 

nOABw~Hblt3ePHUCTbl~CnO~. Pa-Jpa6OTaHanpe6nH~KeHHaR aHanaTIlreCKaRMOAeeJIb,yYwTbIBatoqaff 

YaCTH'WIHyH, CTPYKTYP)' CpAbl, W ITpOBeAeHbI H3MepeHWI. Pe3)'JIbTaTbI lTOKa3bIBaIOT, ST0 AJIll 

AaHHOk KOH~HrypaLlHH IIOBCPXHOCTA HeOAHOpOAHOCTb CpeAbI IlpH Ol-I~AenCHHbIX YCJIOBHJIX 

CyLUeCTBeHHO BJIllReT Ha YCICJIO HyCCeJIbTa. nPABOrZEiTCR IIO~3MIIHpEi’ieCKaSl KOpf_WI5IUWI, OCHOBPH- 

Hall Ha 3KCIIepHMeHTanbHbIX ,,C3y.“bTaTaX fl,IR YCTbIpeX pa3,IHVHbIX THI,OB Q,aHyJIHpOBaHHbIX 

MaTepwanos. 
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