@ Pergamon

Int. J. Heat Mass Transfer. Vol. 38, No. 3, pp. 419-432, 1995
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

0017-9310/95 $9.50+0.00

0017-9310(94)00170-7

Heat transfer between a rotating cylinder and a
moist granular bed

CHARLES A. COOK and VIC A. CUNDY?}
Department of Mechanical Engineering, Louisiana State University, Baton Rouge, LA 70803, U.S.A.

(Received 11 April 1994 and in final form 7 June 1994)

Abstract—A model is developed which describes the heat transfer process between the rotating wall of a

desorber and an adjacent bed of wet, granular solids. A heat-balance integral method is used. This solution

includes the effects of water evaporation near the wall and a thermal contact resistance between the wall

and the first layer of particles. The model allows for water evaporation before the bulk bed temperature

reaches thz saturation temperature of the water. Experimentally measured evaporation rates compare

favorably to those predicted by the model. In particular, the water evaporation that occurs before the bulk
bed temperature reaches the water saturation temperature is predicted.

INTRODUCTION

Rotating cylinders are commonly used to process
solid materials. Examples include rotary kilns and
desorbers which are used to heat solid materials. In
these applications, the cylinders are usually slightly
inclined to horizontal so that the solids move along
the axis of rotaticn. This process is illustrated in Fig.
1, which shows the solids bed which forms near the
bottom of the cylinder. Heat is exchanged between
the rotating cylinder wall and the solids as the wall
passes under the solids bed. Heat is also transferred
to the solids from the freeboard gases and the exposed
wall surface via convection and radiation. However,
in applications involving relatively low temperatures
(gas and wall ternperatures of approx. 300°C), the
wall-to-bed heat transfer becomes the dominant
mechanism [1, 2]. These conditions are typical of those
found in rotary desorbers used to remediate con-
taminated soils. In this application, soils are heated to
a specified temperature and maintained at this tem-
perature for a time period sufficiently long to desorb
contaminants. The temperature history of the soil has
been shown to be critical in determining the rate of
contaminant desorption and the final level of decon-
tamination [1, 3-9]. Since the soils will usually contain
some amount of liquid water, a portion of the heat
transferred to the solids is used to evaporate this
moisture. The water evaporation rate can significantly
affect the temperature history of the solids, thereby
affecting the effectiveness of the desorption process.
The concentration of water is often much greater than
that of contaminarnts so that the contaminants can be
neglected in the heat transfer analysis; the con-
taminant desorption rate is determined primarily by
the temperature-dependent partitioning between the
contaminant and the soil particles.

tAuthor to whom correspondence should be addressed.

Several previous modeling efforts have attempted
to predict the effects of moisture content on the axial
temperature profile of solids in rotary desorbers and
kilns [1, 10-12]. This is accomplished in these models
by including a constant-temperature region in the
axial temperature profile when the bulk bed tem-
perature reaches the saturation temperature of the
moisture. During this constant-temperature period,
all heat transferred to the bed is applied toward evap-
orating moisture. These models, however, do not
include the effects of moisture evaporation within the
bed on the rate of heat transfer to the solids. More-
over, they assume that no water evaporates before the
bulk bed temperature reaches the saturation tem-
perature.

This paper presents and evaluates an analytical
model that predicts the rate of heat transfer between a
heated rotating cylinder wall and an adjacent granular
medium with an initial liquid water content equal to
2-7% of the mass of the dry solids. The model also
predicts the rate of water evaporation that results
from this heat transfer. In doing so, the effects of the
evaporation on the wall-to-bed heat transfer rate are
included along with evaporation prior to the bulk
bed temperature reaching the saturation temperature.
Evaporation rates predicted by the model are com-
pared to those measured experimentally.

BACKGROUND

Heat transfer to the solids bed is dependent, in part,
upon the motion of the bed. Several investigators [13-
17] have studied the motion of granular beds in ro-
tating cylinders. These studies show that the bed
motion can be described in terms of two bed regions,
as shown in Fig. 2. The first region, called the static
region, consists of particles that have no motion rela-
tive to the rotating cylinder. Particles in the static
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coefficients of the heat-balance integral

temperature profiles

A heat-balance integral parameter
defined by equation (27)

¢y specific heat of solid particle

D inside diameter of desorber

D characteristic particle dimension

Fo Fourier number defined by equation

(3%)

H, heat of vaporization of water

h, contact heat transfer coefficient

K permeability

k thermal conductivity

M., mass flux of water vapor generated at
the phase-change interface

(m.,), x-direction mass flow rate of vapor per
unit length of desorber

p pressure

g’ heat flux

S sum of the particle and wall
roughnesses

T temperature

t time for which a particle at location x
has been in contact with the rotating
wall

u, x-direction Darcy velocity of water
vapor

Uy speed of solids moving with wall

X mass of moisture in solids bed per mass
of dry bed

NOMENCLATURE

x axis along covered wall
y axis perpendicular to covered wall.

Greek symbols
e effective thermal diffusivity of dry
layer including convective effects
Oen thermal diffusivity of moist solids bed
A dimensionless thickness of dry layer
o thickness of dry layer
Om thickness of thermal layer in moist bed
region
& bed porosity
0 temperature relative to T,
v kinematic viscosity
p density
Po density of solid particle
oL mass of water per unit mass of dry bed

a reduced mean molecular free path

) angular rotation rate of wall (rad s™).
Subscripts

m moist bed region

s, b solids bed

sat  saturation conditions

v water vapor

w wall

w-b  wall-to-bed.

region move with the rotating wall until they enter the
second region, call the shear zone. In the shear zone,
particles move down the face of the bed, resulting in
the mixing of bed particles. Several studies [15, 18]
have suggested that this mixing action produces an
approximately isothermal bed.

Several models have utilized the simple bed motion
in the static layer and the approximate isothermal
nature of the bed to predict heat transfer between a
rotating wall and a bed of dry, granular solids. Wes
et al. [19] propose a simple penetration model in which

heat is conducted to the bed particles as they move
with the rotating wall. This model assumes that the
bulk of the bed is perfectly mixed and that the particles
are at the bulk temperature of the bed when they first
contact the wall. Lehmberg and Schugerl [15] use a
similar penetration approach, but include a thermal
contact resistance between the wall and the first layer
of bed particles. This thermal contact resistance has
been studied by a number of investigators [20-28] and
is a function of particle size and shape, particle and
surface roughnesses, and interstitial gas properties.
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Fig. 1. Schematic diagram of a rotary desorber.
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Fig. 2. Bed motion in a rotating cylinder.

Penetration models, with and without thermal contact
resistances, have also been used to describe heat trans-
fer between heated surfaces and flowing, agitated, and
fluidized beds [23, 25, 28-38]. These models generally
assume that the granular bed is dry, semi-infinite, and,
except for a region immediately adjacent to the wall,
homogeneous. Thus, they do not address the problems
encountered with the evaporation of moisture within
the bed. When moisture is present in the bed, the
particles near the hot wall may be dry while the
remainder of the bed is moist. In this situation, the bed
is clearly not homogeneous and, due to evaporation
within the bed, the problem is no longer one of pure
conduction. Schliinder and Mollekopf [39] consider
the drying of a mechanically agitated granular bed
heated by an adjacent surface. In this model, a uni-
formly moist bed of particles contacts the heated
surface, and the particles adjacent to the surface are
heated and dried. An interface dividing these dry par-
ticles from the remainder of the moist bed propagates
away from the surface. At some time after this process
has begun, the bed is assumed to be mechanically
agitated, causing the hot, dry particles to become uni-
formly dispersed with the remainder of the bed. The
process is then repeated with an interface moving
through the mixture of moist and dry particles. These
authors mathematically pose this moving boundary
process as a Stefan problem. The Stefan problem, as
applied to this process, involves transient conduction
from a heated wall (maintained at a constant tem-
perature) through the dry particles near the surface.
The temperature at the interface is assumed to be the
bulk temperature of the bed. Evaporation occurs only
at the interface, and all heat conducted to the interface
is applied toward evaporation. From this model, the
authors define a surface-to-bed heat transfer resist-
ance which is then placed in series with a thermal
contact resistance to obtain an overall surface-to-bed

heat transfer resistance. Stefan-type models have also
been used to describe the evaporation from an
exposed, heated surface of a porous material [40-43].

Evaporation in a static, porous medium adjacent to
a vertical or inclined surface has been studied by
Rubin and Schweitzer [44], Parmentier [45] and
Cheng and Verma [46)}. Similar to the Schiiinder and
Mollekopf [39] agitated bed model, these models con-
sider two regions within the porous medium: a layer
immediately adjacent to the heated surface in which
the pore volume is completely filled with vapor and a
region further from the surface in which the pore
volume is liquid-filled. The two regions are separated
by a phase-change interface. Essome and Orozco [47]
use a similar approach, but extend the analysis to
include a binary mixture as the interstitial fluid. Con-
densation in a porous medium along an inclined sur-
face is considered by Cheng [48]. These phase-change
models for porous media differ from the current situ-
ation in that the surfaces and solids are stationary,
and spatial variations result from the convection of
the interstitial fluid phase.

The methods proposed in the literature for cal-
culating heat transfer between surfaces and granular
media generally assume that the surface is maintained
at a uniform temperature. In the case of rotary desor-
bers and kilns, however, several studies have suggested
that the wall surface temperature may vary sig-
nificantly as the wall is alternately covered by the
solids bed and exposed to the freeboard gases [12, 49,
50]. That is, as the wall, which has a finite heat
capacity, exchanges heat with the solids bed, its sur-
face temperature will, in general, change. Thus, a
boundary condition that assumes the wall to be iso-
thermal may not always be appropriate.

PROBLEM FORMULATION, ANALYSES AND
SOLUTIONS

From the review of existing literature, it is apparent
that a number of important considerations are rel-
evant to the problem at hand. However, all of these
considerations have yet to be incorporated into a
single analysis which describes heat transfer between
a rotating cylinder wall and an adjacent moist granu-
lar bed. The model described in this paper calculates
the wall-to-bed heat transfer rate and the moisture
evaporation rate resulting from this heat transfer,
while considering the following :

(1) the bed motion commonly encountered in
rotary desorbers;

(2) the transport of energy via the flow of water
vapor generated at the phase-change interface ;

(3) the effects of bulk bed temperatures below the
evaporation temperature of the moisture ;

(4) the thermal contact resistance between the wall
and immediately adjacent particles;

(5) a time-varying wall temperature.

In this way, the important features of wall-to-bed heat
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Fig. 3. Axial regions of the desorber and a hypothetical axial temperature profile.

transfer in a rotating cylinder are included in a single
model.

Description of axial regions

In describing the wall-to-bed heat transfer model,
itis helpful to consider three axial regions in the rotary
desorber. These are illustrated in Fig. 3, which shows
the general characteristics of the bulk solids tempera-
ture, T, as the solids move axially through the ro-
tating cylinder. In the first axial region, Region I,
the solids bed contains moisture and the bulk bed
temperature is less than the saturation temperature of
the moisture, T,. Even though the bulk of the bed is
at a temperature less than the saturation temperature,
the temperature of the bed near the hot wall may be
greater than T,,,, and so some evaporation of water is
possible in Region I. In Region II, the bed contains
moisture, but the moisture is at saturation condition.
All heat transferred to the bed in this axial region is
assumed to evaporate moisture ; there is assumed to
be no sensible heating of the bed in Region II. Finally,
in Region III it is assumed that there is no moisture
remaining in the bed, and the bed is heated to tem-
peratures above the saturation temperature. The divi-
sion of the bed into these three axial regions is sup-
ported by the bed temperatures measured by Silcox
and Pershing [11], Owens e al. [1], Walker [12], and
Cook et al. [51]. In the following discussion, detailed
wall-to-bed heat transfer models are developed for
Regions I and II. Region III, which involves only dry
solids, has been addressed in the literature {15, 18, 19,
52].

Region I problem formulation

The main objectives of the wall-to-bed heat transfer
model are to calculate the heat transfer rate from the
wall to the bed and the evaporation rate of water from
the bed that results from this heat transfer. The model
is developed first for an arbitrary axial location in
Region 1. The approach of the analysis in Region I is

to develop and solve the governing equations in two
layers within the bed at this axial location: a layer
near the heated wall where no liquid remains (a dry
layer containing only water vapor and dry solids), and
a layer further from the wall which contains liquid.
These two layers are separated by a phase-change
interface. It is at this interface that the moisture in the
bed is evaporated. The situation being modeled for
Region 1 is shown in Fig. 4. In Fig. 4a, the actual
geometry of the desorber cross-section is shown. In
Fig. 4b, a cross-section of the bed near the wall is
detailed. In Fig. 4b the curvature of the wall is neglected,
and the dry layer near the wall and the phase-change
interface are illustrated. The bed near the wall moves
with the wall so that the bed moves with a uniform
velocity relative to the fixed reference frame shown.
Heat is conducted from the wall to the adjacent bed
particles, and will be transported along the wall by
the movement of the bed. In addition, energy will be
transferred by the movement of the water vapor that
is generated at the phase-change interface. In Region
1, the following assumptions are made :

(1) the conditions (temperature and moisture con-
tent) of the solids when they contact the heated wall
(at x = 0) are those of the well-mixed bulk bed ;

(2) allevaporation and recondensation occur at the
phase-change interface; thus there is assumed to be
no flow of water vapor into the subcooled layer above
the phase-change interface ; any such vapor would be
recondensed at the phase-change interface ;

(3) all physical and thermal properties are constant
with respect to temperature ;

(4) the saturation temperature is assumed to cor-
respond to the pressure inside the cylinder ; since changes
in the saturation pressure along the phase-change
interface were determined to be small, the cor-
responding variations in the saturation temperature
are neglected ;

(5) the local temperature of the vapor phase is
equal to that of the solid particles.
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The recondensation mentioned in assumption (2) may
actually occur within a thin layer above the phase-
change interface; however, if the water vapor is
assumed to be in thermal equilibrium with the local
solids (assumption 5), this recondensation layer col-
lapses to a line at the phase-change interface. The
phase-change interface provides the net rate of evap-
oration that satisfies the energy and mass balances
developed below. Assumption (5) is supported by
several studies [53-55]. For systems in which a gas is
flowing through a bed of solids, it can be assumed
that the vapor instantaneously reaches thermal equi-
librium with the solids particles that it contacts. This
assumption is justified by comparing the thermal time
constants of the solids and the gas. Due to the large
thermal capacitance of the solids relative to that of
the gas phase, the time constant of the vapor is much
less than that of the solid particles. Thus, the vapor
will quickly approach the local temperature of the
solids.

In the following discussion the approximate equa-
tions governing the flow of vapor in Region I are
solved. Thus result is then incorporated into the
governing energy equation, which will be solved to
find the heat transfer rate from the wall to the bed for
Region I.

The equations governing the transport of momen-
tum in the vapor region adjacent to the wall can be
approximated by Darcy’s law and the continuity equa-
tion [45] :

2pt, = —Vp M

Vepi, =0 #)

where 7, is the Darcy velocity of the water vapor, K
is the permeability of the dry solids bed, and p, and
v, are the density and kinematic viscosity of the vapor,

respectively. Combining these equations under the
assumption of constant properties gives

Vip=0. 3

Since the length scale in the y-direction (the thickness
of the vapor region) is much less than the length scale
in the x-direction, equation (3) may be approximated
as

d*p

PR @

y

The boundary conditions are

dp
— =0 S
(dy)y=0 ®
P(Y=0) = Pu ©6)

where p,,, is the pressure at the phase-change interface
and ¢ is the thickness of the dry layer. The first boun-
dary condition results from the impermeable wall.
The solution to equation (4) with these boundary
conditions is

p = psat' (7)

Thus the solution to Darcy’s equation predicts that
the pressure in the vapor region is not a function of y
and that the flow of vapor in the x-direction is uniform
(not a function of ).

The x-direction vapor mass flow rate can be deter-
mined by first finding the rate at which vapor leaves
the phase-change interface. This is done using a mass
balance at the interface between the liquid and vapor
regions. Similar mass balances are used in the analyses
of Rubin and Schweitzer [44], Parmentier [45], Cheng
[48], Cheng and Verma [46], and Essome and Orozco
[47] in the study of phase change processes in static,
porous media. In the present model, this interface
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Fig. 5. Mass balance on vapor in the dry layer.

mass balance provides the flux of water vapor gener-
ated, m..,p, at the interface :

M = p;_usgg ®)
where p1 is the mass of liquid per unit volume of the
bed, and dd/dx is the rate of growth of the dry layer.
The speed of the solids moving with the wall, u, is
given by wnD, where w is the desorber rotation rate
and D is the desorber diameter.

Now consider a mass balance on a differential
length of the dry layer, as shown in Fig. 5. This mass
balance yields

dem).
= Mew ®

where (my), is the mass flow rate in the x-direction
per unit length of the desorber. From equations (8)
and (9),

domy). dé

dx - pLusa- (10)

Integrating equation (10) with the condition that the
mass flow rate of vapor is zero when the vapor thick-
ness, 9, is zero gives the mass flow rate of vapor in the
dry layer per unit length of the desorber,

(M) = pLud. (1
Dividing this result by the local thickness of the dry
layer, &, gives the local mass flux of vapor, p,u,, in this
layer,

L),
p\/ v 5

= pLu. (12)
Note that the vapor mass flux given by equation (12)
is constant. Equation (12) also allows the Darcy vel-
ocity in the dry layer to be estimated. For example,
assuming a bulk bed density of 1230 kg m~3, a vapor
phase density of 0.46 kg m >, a wall speed of 0.032 m
s~' (a 0.61 m diameter drum rotating at ! rpm), and
a 5% water mass fraction (based on the mass of dry
solids) yields a vapor Darcy velocity of 4.3 ms™".
Knowing the mass flux of vapor near the wall, the
heat transfer in this region (including heat transfer

resulting from the flow of vapor) can be determined.
An energy equation can be written for a fixed control
volume adjacent to the wall through which solids and
vapor flow. This energy equation must include the
convection of energy due to the movement of the bed,
the convection of energy in the x-direction by the
water vapor generated at the interface, and the con-
duction of heat in the direction normal to the heated
wall,

0 T T
(1 —e)usppcpégﬁ—pvuvcv% = ksaa—y; (13)
where T is the local temperature in the dry layer, p.u,
is the mass flux of vapor with respect to the fixed
reference frame, w, is the Darcy velocity of the vapor
in the x direction, ¢, is the specific heat of the solid
particles, k, is the thermal conductivity of the dry
layer, & is the bed porosity, and p, is the density of the
particles. Conduction in the x-direction is neglected.
The derivative with respect to the fixed coordinate,
x, in equation (13) can be replaced by a time derivative
using the following relation :

(14)

X = ugt

where ¢ is the time for which a particle at location x
has been in contact with the rotating wall. The energy
equation then becomes

or Pty T
E((I—E)ppcp“{- T)*’%(a—yz- (15)
Defining
k
. E— 16
(1 _g)ppcp+chv ( )
gives
00 0%0
3 =% P 17

where 8 = T—T,,. Substituting equation (12) into
equation (16) gives

ks

N (I_S)ppcp_*—pilcvl (1)

ae
Note that, under the assumption of constant proper-
ties, o, is constant.

Region I analysis and solution

The governing equation to be solved for Region I
is given by equation (17). If no thermal contact resist-
ance existed at the wall and the wall temperature was
assumed to be constant, the problem would be ana-
logous to the classical Nuemann problem [2]. To
include the effects of a thermal contact resistance at
the wall and a circumferentially varying wall tem-
perature, however, equation (17) must be solved with
the following initial and boundary conditions:

6t=0)=0 19
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06
k. (a—y) RO ()~0)  (20)

8(3,1) =0 Q1)

where 6, = T,,— T..,, T, is local temperature of the
rotating wall, and 4. is the heat transfer coefficient
describing the thermal contact resistance between the
wall and adjacent particles.

Since no exact analytical solution exists to this prob-
lem, an integral solution method was applied. The
integral solution method requires an assumed form
for the bed temperature profile in the y-direction. In
the present model, the heat-balance integral method
with a parabolic temperature profile between the wall
and the phase-change interface is used to solve equa-
tion (17) with the conditions of equations (19)-(21).
Cook [2] has shown that the second-order polynomial
approximation introduces errors in the wall-to-bed
heat flux of less than 5%.

Integrating equation (17) over the dry layer thick-
ness, d, gives

d ? 08 a6
a_l .[)Gdy N aelj(@)J"é B (é;)v:o:l' (22)

In the following discussion, the two bracketed terms
on the right-hand-side of equation (22) are deter-
mined. The second term follows from the form of the
temperature assumed for the dry layer, while the first
term is found by considering an energy balance at the
phase-change interface.

The parabolic temperature profile assumed for
O<y<idis

6 =a(y—9)+b(y—9)* (23)

where @ and b are coefficients that must be determined.
With this profile, the second term on the right-hand
side of equation (22) can be directly evaluated,

(@> = q—2b4.
dy 0

In order to evaluate the first term on the right-hand
side of equation (22), an energy balance at the phase-
change interface must be considered. In Region I, the
interface energy balance must account for the fact that
the bulk temperature is less than the temperature of
the moving interface. Heat will be conducted from the
interface to the moist bed; thus, not all of the heat
conducted to the interface will vaporize moisture. The
interface energy balance at a location in Region I is
then

26 86 30
k(| = XH,p % —kn| o 5
(&) .~ oa (3, o

where H, is the Leat of vaporization of water, X is the
mass fraction of water in the moist region, and p; is
the bulk density of the dry solids bed. The subscript
m represents properties and conditions of the moist
bed above the phase-change interface, and 0, is the
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temperature profile in the moist region, where
0 = Tn— T, Using equation (25), the first term on
the right-hand side of equation (22) is obtained,

0 B k()
dy y=5_ or k. \0y /s (
where
XH,
A=—k“—ps. @7

However, equation (26) cannot be applied until the
temperature profile in the moist region, 0, is known.
To find this profile, the transient energy equation for
the moist region was solved using a heat-balance
integral method. The governing equations, initial con-
dition, and boundary conditions for the moist region
are as follows:

a—glﬂ = O, 662% (28)
On(t=0)=0 (29)

0n(5,1) =0 (30)
On(c0, 1) =0, 3

where d,, is the thickness of the thermal layer beyond
which there is no change in temperature with respect
to y, and 6, = T,— T,,.. Equation (28) is integrated
from y = 8 to y = d,, using the rule of Leibnitz. The
result is

d [+ d(6+6,,)
d_t J; Hm dy—9b ———dt

a0 o0
= | 5 —om| =) . (3D
( ay >y=5+5m ( ay >y:5

A second-order temperature profile is assumed for
d < y < 8, that satisfies the following conditions :

0(6,1) =0 (33)
0,(0+6,,1) =06, (34)
06
(—m-) =0. (3%5)
dy =040,
The resulting profile for the moist region is
-6 —d&\?
9, = 26, (%)— 0, (%) . (36)

Substituting this profile into the heat-balance integral
for the moist region, equation (32), gives the following
ordinary differential equation for 4§, :

dé, k, dA Uk omks (k)
dFo = h—cm(‘”“rbkm)”%ekmeb (z) ~

37

In equation (37), the following dimensionless par-
ameters have been introduced :
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ot
Fo = 2 (38)
()
oh,
A= r 39

Knowing §,, by integrating equation (37), the moist
bed temperature profile, 8, is obtained from equation
(36) and the required term in equation (22) can be
directly calculated,

(40)

Substituting equations (26) and (40) into the heat-
balance integral for the dry layer, equation (22), gives

dredy [ Adé K 26,

dr FTRE S N O 21’5)]

C

To evaluate the integral in equation (41), the tem-
perature profile, 8, must be determined. The
coefficients of the temperature profile, equation (23),
are determined by the condition given by equation
(20) and the interface energy balance [2, 56, 57]. The
results are

_ho A(1+A) | ko,
T OAQ+Ak, T Suk,
1 \/ 2hcac,A(1+A)+2km9., 2+ 8h2a A6,
2 AQ+ Ak, Sk, KZAQ+A)
(42)
and
2
k
a mOpa 3)

T2 A kdgud

With these coefficients, equation (41) yields a differ-
ential equation for the interface location :

aa _
dFo ~
a 40, | 0a 45\ (A2 Ak b
00, dFo 06, dFo/\ 2 3 h, da
APk, 0b 45, 206,k
—?h*ais—d?o‘ 2 a Sk
da k, Bb da h,
— 2 — A2 - === =<
aA+bA*— hc A A A 7. 3a aA+A (ks>
44)
where
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da _
a6, —
hla A
kom0 A2+ A
ak?A(2+ A) —k ot A1+ A) — —‘“-"6—(~+—2
45)
da _
05,
akn0, AR +A)
— adik AR +A) +82h.a, A1 +A) +kn8,5.AQ2 + A)
(46)
da _
oA~
[ 2heteA AQ+A) ~2(1+48)"]  4hia.AB (1 +A)
k, A2+ A)? kIA2(2+A)?
oy 2t AER)  Dhkay
T TRAQ+TDA) T ok
47
) k.0
_b 4 K% (48)

and df,/dFo is the specified dimensionless wall tem-
perature gradient. Using the initial condition of equa-
tion (19), equation (44) can be numerically integrated
to give A as a function of Fo. The quantity dd,,/dFo is
given by equation (37), which must be solved simul-
taneously with equation (44) in order to determine g,,,.

With A known at a given value of Fo, several useful
quantities can be determined. The instantaneous heat
flux from the wall to the bed is

k.
Gub = ks (a —2b éh—>

where a and b are given by equations (42) and (43).
Equation (49) is integrated over the contact time, the
time a bed particle is in contact with the wall, to obtain
the average wall-to-bed heat flux at an axial location
in Region 1.

The local flux of water vapor generated at the inter-
face is

(49)

do
cvap = Xps sdx-

(50
This mass flux is numerically integrated over the
length of the covered wall to find the overall evap-
oration rate per unit length of the desorber at the axial
location under consideration.

Special case : bed temperature at wall less than satu-
ration temperature. The solution represented by equa-
tion (49) assumes that the temperature at y = 0 is at
least the saturation temperature of the moisture, so
that moisture can be vaporized. However, due to the
thermal contact resistance at the wall, this tem-
perature may be less than T, even if the wall tem-
perature is greater than T,,. In this case, no evap-
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oration occurs, and heat is simply conducted through
the thermal contact resistance and into the moist bed.
An integral method has also been used to solve this
case, and the resulting wall-to-bed heat flux is as fol-
lows:

Guv = kn(a—263,,) (5D
where
a=90 (52)
h.0,
=Y 53
h.0% +2k,.6,, (53)

In this case, the following differential equation
governs the growth of the thermal penetration layer
into the moist bed :

30m 40y o
2 Smh? k2 dFo (h 05+ 2k 61,)
dép  Om 3b(h62 + 2knb)’
Cm _ . (549)
dFo " ayh? [1 2(0wh36;+kmhcow5m>}
Om 3b(hO2 + 2Kk 01n)?

Region II problem formulation

A similar analysis can be made for Region II. How-
ever, several characteristics of this axial region pro-
duce a solution which is simpler than that of Region
I. Recall that in Region II the bulk of the bed is at
the saturation temperature of the moisture. Thus the
liquid is saturated, and, if the entire pore volume is
not filled with liquid, saturated vapor may exist in the
remaining pore volume. If this is the case, some of the
vapor generated at the interface may flow through this
volume, reducing the vapor flow along the heated
surface. As noted by Schliinder and Mollekopf [39],
the mass transfer resistance through the moist bed is
usually low, so that essentially all of the vapor gen-
erated at the interface will take this path when the
bulk bed temperature is equal to the phase-change
temperature. In this case, the governing equation,
equation (17), must be solved with a, = «,. That is,
with no vapor flow in the dry layer, the effective ther-
mal diffusivity reduces to that of the dry layer. With
the bulk bed temperature equal to the phase-change
temperature, the phase-change interface energy bal-
ance also simplifies. There is no longer conduction of
heat from the phase-change interface to the bulk of
the bed. These simplifications are demonstrated in the
following analysis.

Region Il analysis and solution

Similar to Region I, a heat-balance integral method
was used to find a solution to the governing transient
heat conduction equation with a thermal contact
resistance boundary condition at the wall. If the wall
temperature is constant, the integral solution for
Region II yields a closed form solution [56, 57]. A
more general case can be considered by allowing the
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wall temperature to vary with time. This case is con-
sidered in the following analysis.

The governing energy equation is given by equation
(17), and the initial and boundary conditions are given
by equations (19)—(21). The heat-balance integral is
found by integrating equation (17) over the dry layer,

d ? 06 06
aﬁ“}‘“{(é;)y;(‘a;)yﬂ]' 3

As in Region I, the evaluation of the two bracketed
terms on the right-hand side of equation (55) is
required. The first term is found from the interface

energy balance,
00 06
(5) y=2a = 5{

Assuming a parabolic temperature profile for the dry
layer,

(56)

0 =a(y—08)+b(y—9)?

(@) = a—2bé.
/)0

Substituting equations (56) and (58) into the heat-
balance integral, equation (55), gives

(57)
yields

(58)

d ¢ dé
aLGdy=cxc[—Aa—t——(a—2b6)]. (59)

Again, the coefficients of the temperature profile are
determined by the condition of equation (20) and the

interface energy balance, equation (56). The results
for Region II are

(1+A)— (1+A)2+%A(2+A)

a= kAC+A) (60
o, Ah,
and
aZ
b= 2 (61)

With these coefficients, equation (59) yields a differ-
ential equation for the interface location :

4 _
dFo

1., 1/k\, , aloads, k,
[2“ - 3<hc>A a,A]&Gw dFo _“+2b(hc>A

k h dafl 1/k al

— 2(s _< A2 s 3
ah+bA (hc>+(ks)a°A aA<2A 3<hc>A m)
(62)

From equations (60) and (61) the following quantities
are determined :




428
2k (1+A)+a
da “ oAk,
ATk 63)
2 -(1
aoteAhcA(2+A) (1+A)
and

da he , 20, o
o —(k—> [(1+A) N %—AA(HA)} (64)

Using the initial condition of equation (19), equa-
tion (62) can be numerically integrated to give A as a
function of Fo. With A known at a given value of Fo,
the heat flux from the wall to the bed is

Ak
Gy = ks(a—zb ; >

where a and b are given by equations (60) and (61).
Equation (65) is integrated over the contact time to
obtain the total wall-to-bed heat transfer rate at any
axial location. Since there is assumed to be no sensible
heating in Region II, all of the heat transferred to the
bed yields evaporation of water.

(63)

RESULTS AND MODEL VALIDATION

To demonstrate the validity and usefulness of the
wall-to-bed heat transfer model described in this
paper, predictions of the model were compared to
experimental data. These experimental data were
taken from a batch-type, pilot-scale rotary desorber
with an internal diameter of 0.61 m and a length of
0.61 m. Unlike continuously fed desorbers, the exper-
imental facility operates in a batch mode. That is,
materials do not continuously pass through the cylin-
der; when materials are introduced to the unit, they
remain there until they are manually removed. Mea-
suring the transient response of the charge in this
batch-type unit is equivalent to monitoring a charge
of material as it moves along the axis of a continuously
fed rotary desorber. In the experiments, charges of
wet sand were introduced into the test section of the
desorber. Heat was transferred to the solids from the
rotating desorber wall and from hot combustion gases
passing over the exposed surface of the solids bed.
Both the rotating wall and the gas phase were at a
temperature of approx. 300°C. The transient tem-
perature of the solids bed was measured at several
locations by thermocouples placed within the bed. A
typical bulk bed temperature profile is displayed in
Fig. 6, where the three periods corresponding to the
three axial regions of Fig. 3 are clearly shown. As
indicated previously, the prediction of the water evap-
oration rate is of critical importance in predicting the
bed temperature profiles. The evaporation rate was
determined experimentally by measuring the velocity
of the gas leaving the exit duct of the pilot-scale
desorber. Using this velocity and the locally-measured
temperature, the mass flow rate of gas leaving the
desorber was calculated. By subtracting the baseline
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Fig. 6. Typical experimentally measured bulk bed tem-
perature profile.

mass flow rate (determined when no evaporation was
occurring) from the total mass flow rate with evap-
oration, the instantaneous water evaporation rate was
determined. Experiments were performed at two rota-
tion rates: 1.0 and 2.0 rpm. Details of these exper-
iments are described in Cook et al. [51], along with a
complete discussion of the results.

The heat transfer model requires input parameters
which specify the operating conditions during each
experiment. The following parameters, which were
measured during the experiments, were specified as
input values for the model: the transient wall tem-
perature, the initial temperature of the solids, the
initial mass fraction of the water in the charge, and
the wall rotation rate. The specific heat and the bulk
density of the solids bed and the density of the bed
particles were determined by independent experiments
[51], and were used as input parameters to the model.
In addition, the correlation of Krupiczka [58] was
used to estimate the thermal conductivities of the
solids bed. The required bulk bed temperature was
calculated using the model of Cook [2].

As mentioned previously, the thermal contact
resistance between the wall and the first layer of par-
ticles is a function of particle size and shape, particle
and surface roughnesses, and interstitial gas proper-
ties. Since the particles used in the experiments are
angular and non-spherical, the expression derived by
Malhotra and Mujumdar [27] for slab-shaped par-
ticles was used to calculate the contact heat transfer
coefficient,

(66)

i [ 0w
hc—Tln[m+l}

[}

where k, is the conductivity of the interstitial water
vapor evaluated at the average of the wall and satura-
tion temperature, D, is the length of one side of the
particle, ¢ is the reduced mean molecular free path,
and s, is the sum of the roughnesses of the particles
and wall. Following the recommendation of Schliin-
der [25], s, is assumed to be zero. The effects of this
thermal contact resistance on wall-to-bed heat trans-
fer are discussed by Cook [2].
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Fig. 7. Comparison of predicted and measured evaporation rates for bulk bed temperatures below the
water saturation temperature : slow rotation rate.

Of particular interest is the evaporation of moisture
before the bulk bed temperature reaches the satura-
tion temperature of the moisture. Recall that previous
models have neglected evaporation under these con-
ditions. In the following discussion, these exper-
imentally measured evaporation rates are compared
to those predicted by the model for Region I (bulk bed
temperatures below the water saturation temperature).

Figures 7 and 8 compare the experimentally deter-
mined evaporation rates with those predicted by the
model for the tirne period corresponding to Region I.
Results are shown for both rotation rates and for three
initial moisture fractions: 2, 5, and 7% mass. In Fig.
7, the results for an initial moisture content of 7% are
not shown, since the bed motion under these con-
ditions was inconsistent with that assumed by the
model. Figures 7 and 8 show that both the predicted
and measured evaporation rates increase with time.
This increase occurs simultaneously with an increasing
bulk bed temperature, as shown in Fig. 6. Given the
uncertainty in experimental measurement and par-

ameter estimation, the agreement between model and
experimental data is remarkably good. It is noted, how-
ever, that the evaporation rate is over-predicted for
the 2% initial moisture content cases, and is under-pre-
dicted for the 5% and 7% initial moisture content cases.

Further comparisons can be made between the
experimental and model results by considering the
total mass of water evaporated before the bed reaches
the saturation temperature (Region I). This quantity
was calculated both from the experimental data and
from the model predictions, and the results are shown
in Table 1. These results demonstrate the importance
of evaporation at bulk temperatures below the mois-
ture saturation temperature ; the experimental results
show that 25-40% of the initial water mass evaporates
before the bed reaches the saturation temperature. At
the slower rotation rate with an initial moisture con-
tent of 2%, the model over-predicts the total mass of
water evaporated in this region by 43%, relative to
the experimental data. For the remaining four cases,
the total mass evaporated before the bulk bed tem-
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Fig. 8. Comparison of predicted and measured evaporation rates for bulk bed temperatures below the
water saturation temperature : fast rotation rate.

perature reaches the water saturation temperature is
predicted to within 22% of the experimental results.
Again, both the experimental data and the model
show that moisture evaporation in Region I can be
significant under certain conditions. The relatively

good agreement between experimental data and the
model shows that the model accurately describes this
important evaporation process. Also, the wall-to-bed
heat transfer model described in this paper has been
used in a comprehensive heat transfer model (which
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Table 1. Comparison of experimental and predicted water evaporation for bulk bed temperatures below T,
(Region I)

Percentage of initial water mass evaporated

Initial moisture content Rotation rate (rpm) Experimental Model prediction
2% 1.0 39.8 56.9
5% 1.0 31.7 30.6
2% 2.0 37.5 4.4
5% 20 30.9 24.1
7% 2.0 24.7 21.7

includes the heat transfer mechanisms involving the
exposed surface of the bed) to predict changes in the
bulk bed temperature [2], resulting in axial tem-
perature profiles which agree well with those found
experimentally for Region I. This agreement suggests
that the wall-to-bed heat transfer model can accu-
rately predict the sensible heating of the solids bed
as well as the evaporation rate from the bed in this
region.

SUMMARY AND CONCLUSIONS

An analytical model has been developed to predict
heat and mass transfer phenomena in a wet porous
medium near a heated rotating surface. A heat-bal-
ance integral method is used to model heat conduction
from the wall to adjacent wet bed particles. This solu-
tion includes the =ffects of water evaporation near the
wall and a thermal contact resistance between the wall
and the first layer of particles. The model allows for
water evaporation before the bulk bed temperature
reaches the saturation temperature of the water. A
simplified heat transfer model is also presented for the
case where the bulk bed temperature is at the moisture
saturation temperature.

Experimental results show that evaporation before
the bulk bed temperature reaches the water saturation
temperature may, at times, be significant. The evap-
oration rates for this region that are predicted by the
model agree well with experimental measurements.
Thus, for the first time, it is possible to predict mois-
ture evaporation before the bulk temperature reaches
the saturation temperature (Region I). Since the water
evaporation rate can significantly affect the tem-
perature history of the solids, this ability may greatly
improve more comprehensive models that predict
temperature profiles throughout the desorber. Ulti-
mately, this will improve predictions of contaminant
desorption, since the contaminant desorption rate is
determined primarily by the temperature-dependent
partitioning between the contaminant and the soil
particles.
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