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Introduction

A great many industrial processes involve
contact and interaction between solids and flu-
ids . In gas —solid suspension and fluidization
flows, the solid particles play important roles
on the heat transfer from the wall or immersed
surfaces. Heat transfer mechanisms due to
impacts are gas ~ mediated heat conduction,
induced gas convection caused by the move-
ment of the particles, and direct conduction
through the contact areas connecting the sur-
face and the particles during impact. The con-
tribution of the third process is usually

believed to be small due to the short impact
duration and small contact area(Botterill,
1975). However, estimations of relative impor-
tance of these processes still vary, presumably
due to lack of definitive solutions and experi-
mental data. Recently, Kaviany(1988) carried
out two — dimensional numerical calculations to
show the effect of a moving particle on wall
heat transfer in a channel flow. In his study, a
single square particle moves with constant
speed in a channel with given parabolic inlet
velocity. It is very difficult to separate the effect
of gas — mediated conduction from induced gas
convection. The mechanism of the surface heat
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transfer can not be fully understood until the
individual processes are clarified. No attempts
to separate the two effects have been reported
yet. It is the main objective of this research to
clarify the nature of gas — mediated heat trans-
fer and induced gas convection by carrying out
numerical calculations for the proposed model
problems. The focus of this research is to clari-
fy the mechanism involved in suspension flows
by numerically modeling the collision of parti-
cles with the wall. In order to achieve these
goals, two - dimensional numerical models
were developed. The present work is limited to
laminar flow and regular arrays of particles.
Although the assumption of the regular array
is not realistic, it still can give us some insight
about the mechanism of heat transfer between
the particle - fluid — wall.

Problem statement

For most practical applications, such as flu-
idized beds or other suspension flows, particle
impacts with the wall usually take place in the
presence of many other particles, and more or
less concurrently with many other particle -
wall collisions, in a stochastic manner. At the
present state of understanding and computa-
tional capability, modeling such a many - bod-
ied, stochastic process is not feasible and per-
haps not justified even if feasible. A more
tractable problem is that of a regular array of
particles impacting the wall in an otherwise
well defined convective environment, such as a
laminar or turbulent boundary layer. The pre-
sent study is undertaken under the assumption
that an analysis of such a problem might pro-
vide enough qualitative and semi - quantita-
tive insight to make the effort worthwhile, or
perhaps even to facilitate a more realistic and

more accurate analysis in the future.

In the context of particles impacting a sur-
face in the presence of a pre - existing convec-
tion environment, henceforth to be referred to
as "background convection”, it is reasonable to
expect the strength of the pre — existing convec-
tion, relative to the disturbance caused by the
particle, to be an important parameter. One
might expect that when the relative strength of
the background convection, measured in terms
of the relative velocity or another suitable
dimensionless parameter, is sufficiently small,
the incremental convection is primarily depen-
dent on the parameters of the particle - its size,
velocity, and only weakly dependent on the
parameters of the background convective envi-
ronment. It would then seem reasonable to
hope that in this limit one might be able to dis-
pense with the background convection, and
substitute in its place a background conductive
environment. One such conductive environ-
ment which possesses a familiar feature found
in convective systems is the time — dependent
conduction boundary layer due to a sudden
change in the boundary temperature. The con-
duction boundary layer thickness at the time of
particle impact might play a role which is qual-
itatively and semi~ quantitatively similar to
that of the thermal boundary layer thickness in
a background convection environment.

We consider an infinite fluid whose boundary
temperature is suddenly changed at time t=
- t,. Separately, a particle of diameter D at a
large distance away approaches the wall at a
velocity vp, ultimately colliding with the wall at
t=0. The fluid is stationary except for the
motion induced by the particle. Both the fluid
and the particles are isothermal at tempera-
ture T=T, until t= -~ t,, when the lower
boundary temperature is suddenly changed to
T=T,. The incremental total heat transfer
rate, that above what would have resulted from
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conduction alone, is integrated with time to
obtain the total incremental energy exchange
E, which is attributed to particle collision. To
investigate the influence of fluid flow to the
heat transfer, the following two boundary tem-
perature conditions are used.

A) Adiabatic case : Particles will have zero
normal temperature gradient conditions to see
the pure effect of induced convection due to
particle — disturbed flow field

B) Isothermal case : Assume constant parti-
cle temperature to see the combined effect of
fluid - mediated conduction and induced con-
vection between particle and wall. This condi-
tion means a particle has a very large heat
capacity compared to the surrounding fluid or
gas and may be close to the real situation.

The difference between these two cases is
considered to represent the pure gas — mediat-
ed conduction effect of the particle, because the
combined effects of gas — mediated conduction
and induced convection are obtained from the
isothermal particle simulations.

In this paper, two - dimensional computa-
tions will be considered, since most of the
important phenomena which will be revealed
by this model may be similar. The computation-
al domain has height H and width 2W as
shown in Fig. 1. Since symmetric conditions
exist between particles, the calculation domain
can be confined to contain only one particle as
illustrated in Fig. 1. The temperature of the top
wall is initially T,, and the corresponding tem-
perature of the semi — infinite conduction prob-
lem is imposed later on. And the bottom wall
has constant temperature Ty for the tempera-
ture boundary conditions. An upper surface is
imposed to simplify the boundary condition on
the top of the domain. The effect of this bound-
ary conditions will be limited because the con-

duction thermal boundary layer thickness, &

0 2W

Fig. 1. Domain of the computation.

plays the primary role and should be consid-
ered as the relevant parameter instead of H or
ty. The time parameter t; is chosen such that
the thermal boundary layer thickness, 3,
becomes given values when the particle hit the
bottom wall. At time -t;, the computation
starts and the particle begins to move toward
the wall, with normal velocity component vp. If
-ty is earlier than - t;, then the initial temper-
ature distribution can be computed from the
analytical solution of the semi— infinite con-
duction problem, and then entered as the ini-
tial condition. If —t; is later than -t then the
initial condition is isothermal, with the wall
temperature changing at - t,. Initially the par-
ticle is a half diameter away from the top wall.
After the particle hits the wall, it is assumed to
move away from the wall with the same speed.
When the particle reaches a half diameter
away from the top wall, a new top wall is
applied two diameters below the original loca-
tion of the top wall. The resulting computation
makes it possible to see the remaining effect of
the disturbed fluid motion until the incremen-
tal heat transfer becomes very small.

The given parameters of the problem are the
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temperature difference AT=T,, - T,, the parti-
cle diameter D, the particle velocity vp, and the
thermo - physical properties such as p, and a.
Dimensionless independent variables can be

introduced as follows :

‘—i' *=l' '= t
X ‘D’y D’t D/Up (1)
ua:l;v'zl;T‘_T-f ,p = p2 (2)
Up Up pv,

Using these variables, the governing equa-
tions become :
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At the particle surface
u'=0,v=1, (15)
T" =0 for isothermal,

aT"

an

=0 for adiabatic case (16)
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where

T, y)= 1—erf[-3;— \/Ee} (19)
t

Heat transfer rates per unit depth, q and the
energy exchange per unit depth, E which was
transferred from the bottom wall to the fluid

during the calculation are defined as follows :

q(t)= 2qu”(x,t)dac (20)
h)

t
E(t)= [qdt (21
Zte
where q"(x, t) is heat flux at the bottom wall.
The net incremental heat transfer and energy
exchange are defined in the following equa-

tions.
Ag(t)=q(t) — gy(t) (22)
AE()=E(t) - Eyt) (23)

Where, qq is the heat transfer without the
particle and E; is the energy exchange without
the particle.

Discretization

The governing equations were discretized
into a set of difference equations to solve them.
Instead of using the commonly used stair - case
boundary (or block - off boundary) at the parti-
cle boundary in the Cartesian coordinate, veloc-
ity and temperature boundary conditions are
applied at the exact locations of its boundaries
(Li, 1992) to apply more accurate boundary

conditions. Momentum and energy equations
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are discretized by Taylor — series approxima-
tion and the continuity equations are dis-
cretized by control volume method to ensure
the mass conservation at the particle boundary.
Because of the non - linearity and coupling
between the velocities and the pressure, itera-
tive algorithm was used to solve the equations.
SIMPLER algorithm was used for the simula-
tion models. Numerical results were obtained
for selected Prandtl numbers and Peclet num-
bers and background thermal boundary layer
thickness, &/D. The pressure equation which is
derived from the continuity and momentum
equations was solved by iterations. Uniform 32
X 96 meshes were used to discretize the gov-
erning equations. Numerical calculations were
conducted mostly on the Axill - 311 worksta-
tion. The solutions were judged to be conver-
gent when maximum value of residuals falls
within the convergence criterion. The conver-
gence criterion e=1X 107® was used for these
calculations.

Results and discussion

Figuress 2 - 3 are representative plots of the
streamlines and the temperature isotherms for
both adiabatic and isothermal cases at various
computation times for Re=20 and Pr=1. Nega-
tive t* means that particle is moving closer to
the wall and positive t* means that it is moving
away from the wall after hitting the bottom
wall. It is seen that the fluid around the parti-
cle is pulled and pushed by the particle and
recirculated at the boundaries. In Fig. 2, it is
shown that at t*= - 1, the temperature profile
is slightly disturbed by the particle near the
point of impact due to the flow movement,
hence increasing the heat transfer near the
point of impact. Up to this time, both the
isothermal and adiabatic cases exhibit almost
identical temperature profiles which suggests
that the conduction plays a minimal role in
heat transfer at the wall, while the convection
effect is commanding until the particle reaches
one particle diameter away from the wall. It is
also seen from Fig. 3 that the temperature
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Fig. 2. (a) Streamlines, (b) temperature isotherms for the isothermal case, and (c) temperature isotherms

for the adiabatic case at t*= - 1.
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Fig. 3. (a) Streamlines, (b) temperature isotherms for the isothermal case, and (¢) temperature isotherms

for the adiabatic case at t*= - 1.
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Fig. 4. Incremental heat flux at the obttom wall for
adiabatic case.

fields are disturbed to a greater extent by the
movement of the particle especially near the
impact point when it moves away from the wall
after hitting the wall. Plots of the incremental
heat flux at the wall for the adiabatic particle
are illustrated in Fig. 4 for Pr=1, Pe=20, and
8/D=1.5 at different dimensionless times. Fig.
5 is a corresponding plot for the isothermal
particle, where 8/D is the ratio of background
thermal boundary layer at the time of impact
to the diameter of the particle. When the parti-
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t'=0.125 _|
t'=-0.125%

1 1 1

t'=-0.25
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Fig. 5. Incremental heat flux at the bottom wall for
isothermal case.

cle approaches the wall, the results are repre-
sented by solid lines and when it moves away
from the wall by dot lines. It is seen in Fig. 4
that heat flux for the adiabatic case is large
near the impact point(x/D=2) due to the down-
ward flow of the fluid induced by the particle
when the particle is one diameter and one half
diameter away from the bottom wall respec-
tively(i.e., at t*= - 1.0 and t*= ~ 0.5). Howev-
er, the heat flux near the boundaries(x/D=0,
x/D=4) is smaller due to the upward flow
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movement shown in Fig. 4. As the particle
moves closer to the wall, for example at t¥*=
— 0.5 and t*= — 0.25, the heat flux increases at
the impact point. After hitting the wall, the
heat flux is smaller near the impact point even
when the particle is more than one diameter
away from the wall(t*=1), because of the
reversed flow field. On the contrary, for the
isothermal case, Fig. 5 shows that the heat flux
becomes large near the impact point when the
isothermal particle approaches or moves away
from the wall. The heat flux near the impact
point becomes very large when the particle is
very close to the wall. These indicate that the
gas — mediated conduction effect is dominant
over the induced gas convection caused by the
movement of the particle when the particle is
very close to the wall. It is easily inferred from
Fig. 5 that there has been a larger temperature
fluctuation near the impact point than at the
boundary.

The net incremental energy exchange due to
particle impact is equal to the net increase of
the total heat transfer integrated over the
entire wall and integrated with time. It is con-
sidered the total heat transfer above that of the

1s T 1 T T T T

8/ D=1.5
Pr=1

-och.:n.14

adiabatic

H/R=12 ]

H/R=16

Fig. 6. Incremental energy exchange at the bottom
wall for both adiabatic and isothermal
cases with different domain heights.

background state without particle as defined as
equation(23). It is an ultimate goal to get the
net incremental energy exchange for the sever-
al different parameters. One representative
plot of net incremental energy exchange as a
function of time, is illustrated in Fig. 6. It also
shows the effect of the height of the computa-
tional domain. The calculations were done for
H/R=12 and H/R=16, and the effect of the
height on the results is seen to be almost unno-
ticeable. Hence all other calculations were done
for H/D=12. This also justifies the selection of
the boundary condition at the top computation
domain. The net incremental energy exchange
for isothermal particle is much larger than that
of the adiabatic particle, which shows the effect
of conduction is still very large in spite of their
relatively short duration near the wall. Notice
the difference between the adiabatic and the
isothermal cases is very small until just before
particle hits the wall, i.e., t*=0, but becomes
large thereafter.

The influence of particle spacing or width of
the computational domain on the numerical
results, is illustrated in Fig. 7. It can be seen
that the effect of computation width or particle

18 T L T T T T
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\v - -
10 [ -
>
~
- [>]
ald adiabatic
< [ o ’ o
*® g - .
&§/D=1.5
Pa=20
Prel
0 1 1 1 i 1 1
2 3 4 5 6 7 8 9

w/R

Fig. 7. Incremental energy exchange at the bottom
wall versus computational domain width for
both adiabatic and isothermal cases.
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Fig. 8. Incremental energy exchang nondimension-
alized with energy scale kA AT/v, at various
Pr and Pe numbers.

spacing becomes small as W/D increases. This
allows us to carry out some calculations with
W/D=4 to save computation time. Although
the results may be quite different when the
width is very small, it is not the prior objective
to investigate the effect of width on the heat
transfer mechanism in this particle - fluid -
wall interaction model.

In Fig. 8, semi - log plots of the incremental
energy exchanges for 8/D=1.5, are shown for
several Pr and Pe number for both adiabatic
and isothermal case. Non - dimensionalized
values using the energy scale kA AT/v,, which
is based on the heat conduction mechanism are
used in this figure. A, is the projection area of
the particle to the wall. In two — dimensional
case, A is equal to DL where D is a diameter of
the particle and L, which is equal to unit
length 1 in this model, is a length of the cylin-
drical particle. Even though the effect of Pr is
small for the range of Pr, 0.5 — 3, the incremen-
tal energy exchange increase as Prandtl num-
ber increases for both the isothermal and the
adiabatic case. The figure also reveals that the
incremental energy exchange increases as the
Pe increases, especially for the adiabatic case

F (/-1
| 6/D=1.5 —0— Pre(.S
I ——®— Pr=1.0
I —e— Pre2.0
r —&—  Pred.0
10 =
. F Sgq. " N 3
m.- F ]
ald ]
o L 4
L] < r -
ﬂ:.
" L .
a1 E 3
: 3
L ]
0.1 L 1 1
[} 20 40 60 80

Pe
Fig. 9. Incremental energy exchange to represent
the gas mediated conduction effect at vari-
ous Pr and Pe numbers.

showing the induced convection effect becomes
important for high Pe.

The difference between non — dimensional-
ized incremental energy exchange for the two
particle models(adiabatic and isothermal)
demonstrates the sole effect of gas — mediated
heat conduction. The results are illustrated in
Fig. 9 for &/D=1.5. We can see the effect of the
gas — mediated heat conduction is almost inde-
pendent of the Peclet number, thus showing
the energy scale, kA AT/v,, is a appropriate for
representing the effect of gas — mediated heat
conduction. The gas - mediated conduction
effect decreases as Pr increases even though
the effect is barely noticeable.

The incremental energy exchange normal-
ized with a different energy scale, pc;VolAT,
based on the heat capacity of fluid of equal vol-
ume as the particle, is plotted in Fig. 10. The
volume of the particle, Vol is equal to DL in
the two - dimensional model. This figure also
reveals that at small Pe or Re, gas — mediated
conduction plays a dominant role and at large
Pe or Re induced gas convection caused by the
flow movement plays an important role. From
figures 8 - 10, we can conclude that the energy
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Fig. 10. Incremental energy exchange nondimen-
sionalized with energy scale pc;VolAT at
various Pr and Pe numbers.

scale, kA AT/v,, is better for the correlation of
gas — mediated - conduction and the energy
scale, pcsVolAT, is more appropriate for induced
gas convection.

Conclusions

A two —~ dimensional finite difference model
for the particle — wall - fluid interaction envi-
ronment was developed in order to understand
the important phenomena in that environment.
The model presented information describing
the relative importance of the gas — mediated
conduction effect and the induced convection
effect. The results of the two ~ dimensional
model show the following.

(1) By comparing the results using (a) adia-
batic boundary conditions on the particle and
(b) uniform, elevated temperature conditions
on the particle, the contributions of fluid ~
mediated conduction and particle induced con-
vection were successfully separated.

(2) The energy scale, kA AT/v,, based on the
conduction near the wall, is a fairly good choice
for representing the effect of the gas — mediated
heat conduction. The energy scale, pc;VolAT,
based on the heat capacity of the fluid of equal
volume as the particle, is a good choice for rep-

resenting the induced gas convection effect.

(3) When the particle moves towards the
wall, the gas - mediated conduction and the
induced convection effect are very minor until
the particle reaches a distance of one to one
half diameter away from the wall.

(4) The temperature profiles for both the adi-
abatic and the isothermal cases are more dis-
turbed when the particle is bouncing from the
wall than when the particle is approaching the
wall.

(5) The gas — mediated conduction effect is
dominant over the induced gas convection
effect when Pe is small. The induced gas con-
vection effect becomes significant as Pe

increases.

Abstract

A numerical study was undertaken to clarify
the mechanisms of heat transfer in fluid - par-
ticle suspension flows. Such flows, including
fluidization, are of considerable industrial
importance. The present study uses 2-D
numerical computations of collisions of normal
incidence between a particle and a wall. By
comparing the results using (a) adiabatic
boundary conditions on the particle and (b) uni-
form, elevated temperature conditions on the
particle, the contributions of fluid -~ mediated
conduction and particle induced convection
were successfully separated. Computational
expedience led to the use of a transient conduc-
tion thermal layer as the background thermal
field for the analysis. The results shows that
the effect of particle movement is very small
until the particle reaches a distance of one to
one half diameter away from the wall. The
gas — mediated conduction effect is dominant
over the induced gas convection effect when Pe
is small and the induced gas convection effect
becomes significant as Pe increases.

-304 -



Numerical modeling of heat transfer due to particle impact on a wall

References

Botterill, J. S. M.(1975) : Fluid ~ Bed Heat Transfer.
Academic Press, London.

Cox, R. G. and Brenner, H.(1967) : The Slow Motion
of a Sphere through a Viscous Fluid toward a
Plane Surface - II : Small Gap Width, Including
Inertial Effect. Chem. Eng. Sci., 22, 1753 - 1777.

Denloye, A. Q. O. and Botterill, J. S. M.(1978) : Bed
to Surface Heat Transfer in a Fluidized Bed of
Large Particles. Powder Technol., 19, 197 - 203.

Hirsch, C.(1988) : Numerical Computation of Inter-
nal and External Flows Volume 1-Fundamen-
tals of Numerical Discretization. John Wiles &
Sons, New York.

Holen, Q. E. and Stemerding, S.(1981) : Heat Trans-
fer in Fluidized Bed. Part II, Interpretation of
the Heat Transfer Coefficient on the Basis of

Solids Movement. Powder Technol., 30, 175 -
184.

Kaviany, M.(1988) : Effect of a Moving Particle on
Wall Heat Transfer in a Channel Flow. Numeri-
cal Heat Transfer, 13, 111 - 124,

Kevorkian, J. and Cole, J. D.(1981) : Perturbation
Metheds in Applied Mathematics. Springer -
Verlag, New York.

Li, J.(1992) : Private Communication and Ph. D.
Thesis. Department of Mechanical Engineering,
University of Illinois at Urbana — Champaign.

Patankar, S. V.(1980) : Numerical Heat Transfer and
Fluid Flow, McGraw — Hill, New York.

Sun, J. G.(1989) : Analysis of Solids Dynamics and
Heat Transfer in Fluidized Beds. Ph.D. Thesis,
Department of Mechanical Engineering, Univer-
sity of Illinois at Urbana - Champaign.

-305-



