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ABSTRACT

Heat and mass transfer processes within dry and partially wetted
granular beds were investigated experimentally and theoretically when these
beds were subjected to convective streams of heated- air. The beds were
cylindrical in shape with a central channel. The channel was either left empty
for the | flow of heated air or packed with beads of different sizes. The
experimental study investigated the effects of the different parameters that
govern the transport processes within these beds. This investigation showed
that the packed channel brought about higher heat transfer rates. This was
attributed to the higher heat transfer coefficients and the dispersion of some
of the heated air into the bed.

Three theoretical models Wére attempted to simulate the characteristic
transport processés associated with the different cases. The predicted results
were in good agreement with the relevant experimental results for dry beds

and for drying wetted beds at low temperature levels.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Transport processes within porous media have been subject to numerous
iflvestigations in recent years. The interest in this field is motivated by the
wide range of engineering applications, for example, geophysics, in situ oil
recovery techniques, thermal insulation engineering, drying processes,..etc.
The present work originally stemmed from the work of Mehta (26) who
examined experimentally the combustion and transport processes within oil
sand beds. In his work, the bed was simulated as a cylindrical porous solid
medium with a relatively high permeability circular central channel (fracture).
In his study, combustion, low temperature oxidation and coke formation were
the major items investigated. Though the physical transport processes, such
as heat and mass transfer were acknowledged, a close investigation of these
processes was not feasible due to the high complexity encountered when
considering oil sands. For this reason, a closer examination was decided to be
carried out to investigate the physical 1;:1_'ansport processes in such
conﬁgurations; In order to make this possible, beds of the same configurations
with well-known properties were subjected to controlled hot streams of air
through the central channels. The two configurations studied are :

1) Open Central Channel, where the central channel was left empty for the



flow of the hot stream of air (figure 1.1-a).
2) Packed Central Channel, where the central channel was filled by glass
beads of different sizes (figure 1.1-b).
Moreover, a theoretical analysis was attempted in this study. Apart from the
relevance of this study to the previous work of Mehta, since the present study
involves several combiﬁations of heat transfer, mass transfer, fluid flow and
phase change both experimentally and theoretically, it contributes to the

general knowledge of this field.

1.2 ORGANIZATION OF THE THESIS

The text is divided into 7 chapters. Chapter 2 bresents a brief review
of the evolutionary path of the modelling of heat and mass transfer in porous
media. It also presents recent developments using volume-averaged
techniques. Chapter 3 describes the apparatus used, preparation procedures
and measurement techniques employed throughout the experimental study.
Chapter 4 describes the theoretical basis of the three models developed in this
work. Chapter 5 and 6 gives qualitative and quantitative results obtained both
experimentally and theoretically. A discussi.on of the experimental results and
evaluation of the theoretical models, via compa;:ison of the theoretical and the
corrgsponding éxperimental results are included. Chapter 5 is limited to the
results of dry bed runs while chapter 6 is devoted to those of the wet beds.

The last chapter summarizes the most important results and conclusions.



Recommendations for future study are also suggested in this chapter.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 CONDUCTION HEAT TRANSFER

Analysis of macroscopic heat transfer in porous media i_s often described
by homogenized equations. These equations resemble the equations of heat
transfer in sjﬁgle phase homogeneous media. In order to use these simplified
equations, eﬁ'ective properties such as effective thermal conductivity, effective
thermal capacity,...etc, have to be determined. In contrast to the effective
thermal capacity, the effective thermal conductivity ‘cannot be obtained by
simple volume averaging of phases. The most difficult aspect in the calculation
of the effective thermal conductivity is the fact that it depends on the structure
of the media which varies widely from one medium to another. The complexity
of the structure ranges from the relatively simple system of packed
nonconsolidated spherical particles to complicated fibrous structures. Even
When dealing with nonconsolidated particles, the contact between the particles
plays a significant role in determining the final value.

Early investigations were done by Maxw_.ell (24) who studied two cases:
the first is a dilute suspension of spherical particles in infinite uniform fluid
(designated as Maxwell lower bound) and the second of a solid body containing
dilute suspension of fluid filled voids (Maxwell upper bound). These cases

represent the two extreme bounds for a homogeneous, isotropic two-phase
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mixture. Several approaches since then have been tried to predict the effective
thermal conductivity of porous media. A comprehensive review of these
approaches is given by Kaviany (13). A brief review is presented with
emphasis on the recent approaches. Hashine and Shtrikman (9) used simple
statistical analysis to study the effective thermal conductivity of uniform and
isotropic multiphase media. Their analysis established bounds which are
identical to Maxwell’s bounds. As Hashine and Shtrikman did not considér the
effect of the structure, their formula did not giye realistic predictions. Miller
27 tbok into consideration the effect of microstructure to derive impr;)ved
bounds. Nayak and Tien (29) applied the principle of statistical
thermodynamics to determine the effgctive thermal con;iuctivity ofl random and
regular arrangements of spherical particles. Batchelor and O’Brien (1) modeled
granular systems of touching particles by applying ensemble average over a
large volume while considering the contact contribution to obtain the total

thermal conductivity formula.

2.1.1 Recent Approaches
: The introduction of volume-averaging techniques by Slattery (38) and
Carbonell and Whitaker (4) is one of the approa;-czhes that influenced the study
of heat transfer in porous media. Slattery applied his averaging theorems
“without making any assumptions abdut the structure to obtain a differential

local-averaged equation. The equation includes the effective thermal
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conductivity k, which depends on the phase conductivities and the structure
through a function that has to be determined empirically. Using this theory,
Carbonell and Whitaker (4) lﬁnited their work to periodic structures. Hence,
they related the previous function to the geometry of the unit cell. The unit cell
has to define the solid phase distribution as well as particle contact. In other
words, by choosing a representative unit cell, the derivation of the effective
thermal conductivity is possible by solving the closuré problem. The general

equation for heat conduction is expressed as follows:

[e(pc,), + (1-e)pe,)] % -V -k, -V D] @2.1)

where

p : density (kg/m?)

¢, : specific heat (J/kg K)

€ : porosity |

(T) : spacial average temperature (K)

t : time (s)

k, : effective thermal conductivity tensor (W/m K)
and 1';he subscripts are:

f : fluid phase

s : solid phase
Nozad et al.(32) proposed a two dimensional unit cell to solve-the plosvy.re

problem. Two predictions were considered; one with continious fluid phase and
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the other with the fluid phases discontinuous (i.e particle-particle contact).-
Their results for the discontinuous fluid phase case showed that only 2%
contact area gives theoretical results that are in excellent agreement with the
experimental data of various sources. They concluded that the theory is
satisfactory provided there is a .reasonably good contact between the particles.
Hadley (8) used a semi-empirical approach by combining the Maxwell upper
bound with an expression appropriate for a suspension of particles through an
adjustable function "f(¢)" and another WeigMng function "o ()", which are
determined experimentally. Their work yields a generalized correlation for
media of different consolidation. Moreover, their predictions showed good
agreement with two phase results from a variety of soﬁrces. In addition to the
previous techniques many empirical formulas are available (e.g. 19,20).
Finally, Kaviany (13) made an assessment of the previous results and

approaches for different values of phase conductivity ratios.

2.2 CONVECTION AND CONDUCTION

In the course of the present study, a fluid phase was not injected into
the porous bed as will be explained later. However, in the case of a bed with
a central channel filled with glass beads, the VTI"adial penetration of the fluid
phase through the bed was expected to occur. Accordingly, a background on
simultaneous fluid flow and heat transfer in porous media was needed for this

‘investigation. In general when considering simultaneous fluid flow and heat
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transfer in porous media, both Darcean and pore level velocities influence the
temperature field. Inclusion of the effect of the pore level velocity
nonuniformity on the temperature distribution is called the dispersion effect.
Hydrodynamic dispersion in tubes was examined by many researchers such
as Taylor (40,41). Taylor found that velocity nonuniformities lead to
enhancement of the diffusion of heat. He related the dispersion component to
a Peclet number. As for conduction, Carbonell and Whitaker (4) developed the 7
volume averaged equations with the inclusion of dispersion effect. The general

equation is given as follows:

(pc,), + (pe up - VIT) = (pe,), V - (D - V(T) (2.2)

oT)
ot
where:

(pey), = [ &lpey); + (1-e)pe,),]

up = Darcean velocity vector (m/s)
D = total effective thermal diffusivity tensor (m%s)
D, = Dispersion tensor (m”/s)
Determination of D, requires assuming a certain unit cell and solving

the Navier Stokes equations over the cell. A review of solutions of dispersion

tensor is given in Kaviany (13) for ordered and disordered media. He
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recommended the closed form solution of Koch and Brady(16) for random

arrangements of spherical particles.

2.3 DRYING

The first half of this century saw several theories put forward to explain
the various stages of moisture migration in porous media. A good review for
the work before 1977 is given in Whitaker (42). The first engineering analysis
for drying vs}as done by Lewis (21) who postulat;ed that the drying process
involved two independent processes: first the evaporation of the moisture from
the surface of the solid and second the diffusion of the moisture from the
interior of the solids out to the surface. The term moisture referred to the
liquid state (42). The diffusion idea was adopted by Sherwood (37) who
formulated a complete theory for drying based on the diffusion equation only
which took the form:

%ctj - D, g_zcz_ | 2.3)
X

. where "c¢" represented a vaguely defined moisture content and D, represented
a parameter which is determined experimentally. Hougen et al (11) discussed
the limitations of the diffusion equation in drying after investigating the
drying of granular solids. They pointed out thE:lt the capillary action can play
a dominant role in the movement of moisture. Their experimental results

when compared with the solutions based on diffusion theory and those based

on capillary action favoured the capillary theory. Krischer (18) was the first
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to consider the role that the transport of energy plays in the drying process.

During the later part of the century more comprehensive theories of
simultaneous heat and mass transfer processes have been introduced. De
Vries (7) considered capillary flow and vapour transport and included thé
thermal energy equation in their analysis. Similar equations for heat and
mass transfer in porous media were also used by Luikov (23) and Berger and
Pei (3). Starting with Whitaker (42,43) a new approach for the analysis of
drying is used, namely volume-averaged equations. A summary of the theory
is presented in appendix (A). The latter theory was also used in the model
developed in the present work. Whitaker’s theory was adopted by many
researchers. Ben Nasrallah and Pierre (2) used a model which is deduced from
Whitaker’s theory to study heat and mass transfer during convective drying of
flat porous slabs. The model comprises a comprehensive set of equatioﬁs that
takes the effect of the total gaseous pressure into consideration. Insight into
the effect of gaseous pressure was obtained by comparing the results of two
porous media ,namely, brick and wood. They concluded that when the gaseous
permeability is low, the pressure gradient generated by the diffusive flux is too
great to be neglected. Therefore, they introduced a correcting factor for the
vapour diffusivity in order to carry the calculation at constant pressure. On
the other hand, for higher permeabilities, such as in the case of brick, the total
pressure of the gaseous phase could be taken equal to the atmospheric

pressure without any noticeable error (less than 1% ) . They also introduced
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a parameter which is a function of the physical characteristics of the system
as a criterion for using a simplified model which assumes a constant total
gaseous pressure. Ilic and Turner (12) studied the convective drying of
consolidated slabs of wet porous materials. They formulated a model which
has the form of Luikov equations but uses the averaging fechnique of
Whitaker. They studied the same case of Ben Nassrallah and Pierre (2) and
used the same controlling input for comparison. Their results for dry brick
agree with the available experimental results of Ben Nassrallah (2). Moreover
the authors claim that their formulation could be extended to include non-
equilibrium processes such as problems where stress development is of
interest. |

Finally, in the present study the volume-averaged equations are used for
modelling three cases which are:

a) Dry granular Beds of open central channel configuration.

b) Dry granular beds of packed central channel configuration.

c) Wetted granular beds of open central channel configuration.
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 INTRODUCTION

The main objective of this investigation was to study the effects of some
of the main parameters which govern the processes of heat and mass transfer
in dry and partially wet porous granular beds when exposed to a éontrolled
stream of heated air. In order to carry out a parametric study of the processes
involved, beds of small urﬁform diameter beads were used to reduce the
uncertainty usually associated with nonuniform beds.- For this purpose glass
beads of different sizes were employed in turn as test materials. The bed
configuration was cylindrical with a central channel. As mentioned in chapter
1, two cases were studied which are:

1. Open channel configuration, where the central channel was left empty
for the hot stream of air.

2. Packed channel configuration, where the centzlal channel was filled by
glass beads of different uniform sizes.

All beds dimensions were 63 mm outer diamet;ér, 12 mm inner diameter and

120 mm long. In order to retain the glass beads in position, a thin stainless

steel cylindrical wire mesh (#70) was used so as to form the channel. The

ranges of stream temperature, stream mass flow rate, glass bead size and

water content (w) covered in this investigation was 100°C - 200°C, 1.6 kg/h -
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2.4 kg/h, 0.27 mm - 1.3 mm, 2% - 4% by weight, respectively.

In this .‘chapter, the apparatus used, experimental methods employed

and measurements techniques adopted are presented.

3.2 MAIN EXPERIMENTAL APPARATUS

The apparatus used m the present study was originally designed by
Mehta (21) for studying the combustion and transport processes within
fractured oil sands beds. A schematic layout of the apparatus is presented in
fig (3.1). It consists mainly of two horizontal reactors in parallel. Electrically
* heated air was introduced to the reactors through flow manifolds. A central
flow bypass line was providéd to allow time for achie‘zving a prescribed flow
condition prior to the introduction of the heated air to the reactors. The flow
of air was controlled by several valves and was metered by means of pre-
calibrated choked nozzles. Air was then heated in an electric heating furnace
fo raise its temperature to the prescribed value before conveying it to the main
flow manifold. All flow manifold lines were covered by ceramic insulation to
minimize the heat losses to the surroundings. The apparatus was designed to

have also provisions for the following systems:.

oty

. fuel injection

N

electric ignition
3. liquid fuel evaporator

4. exhaust gas sampling
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5. reactor quenching ‘
6. exhaust gas conditioning
In the present study the above systerns were isolated from the main apparatus
because they were not used. Hence, they will not be described further in this
chapter. The features of the main apparatus are explained in more detail in

the next sections.

3.2.1 TEST REACTORS

The apparatus was provided with two stainless steel reactors made up
of two halves. Each reactor can accommodate a cylindrical sample bed (63 mm
diameter, 120 mm long). The upper half of the reactor was equipped With a
thermocouple bank having connections for six chromel/alumel (ISA type K)
thermocouple. The therrﬁocouple connections‘ were placed at equal intervals
along the length of the reactor. This thermocouple connector design provided
flexibility in placing six 0.25 mm diameter thermocouple probes at any desired
radial position within the beds. The apparatus was fitted with two matching
flanges to accommodate the reactor after assembly. In the present study, only
one reactor was used for all the runs to provide for ‘better repeatability of
readings and reduce the errors that may arisg due to any differences in the

thermal behaviour of the two similar reactors.
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3.2.2 FLOW SYSTEM

The main purpose of the flow system was to provide the heater box and
in tufn the reactor with a precisely metered supply of air. Air flow was
measured by means of four pre-calibrated choked nozzles of different sizes.
The nozzles were calibrated using a wet test meter and. calibration curves are
. given in Appendix (B) for mass flow rate versus (P,N'T,), where P_ and T, are
the upstream pressure and temperature of the nozzie, respectively. Each
nozzle was provided with two regulating valves for coarse and fine adjustments
of the upstream pressure and flow. High precision stainless steel Bourdon
tube gauges and thermocouple were employed to monitor the pressure and

temperature mentioned above.

3.2.3 AIR HEATING SYSTEM

The gas flow heating system consists mainly of an electric furnace of six
heating elements connected to a 208 V, 30 A power supply through dN-OFF
solid state relays. A microprocessor assisted temperature feedback controller
was provided to controi the relays. It was capable of maintaining any preset
temperature within 1°C for the entire air flow and temperature ranges. The
safe upper limit for the temperature of the air leaving the heater box was
550°C, approximately. Three temperature control points were provided, one

in the main flow manifold and two at the inlet of the reactors.
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3.2.4 TEMPERATURE MEASUREMENTS

The air stream temperature at the inlet of the reactor was continuously
monitoréd using Inconnel sheathed chromel/alumel (ISA type K) thermocouple
probes. Since the transient temperature within the bed was the main criterion
for comparison of different cases, it was found ultimately important to
investigate the time taken by the air stream to reach the prescribed
temperature. This "warm up" period had been observed to vary from 20
minutes for a stream temperature of 200°C to 10 minutes for a stream
temperature of 100°C. Consequently, a temperature-time schedule was
established for every temperature level so that the comparison of different
cases would be at the same flow conditions. |

The temperatures within the beds were monitored using six chromel /
alumel (ISA type K) thermocouple probes with 1.6 mm O.D. The probes were
connected to the thermocouple bank located in the upper half of the reactor.
The thermocouples were connected to a Fluke, 60 channel "Model 2240 B Data
Logger" for displaying and recording the readings of the
thermocouple simultaneously with the corresponding time during the run.

Two different techniques were tried for holding the thermocouple probes
in place within the bed. They are as follows: :

i The thermocouple probes, suspended from the upper half, were inserted
into the bed through holes drilled in sample holders to the required

depth. The upper half was then closed carefully and the two halves
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tightened together. It was found that the thermocouple were so loose
that the position of the junction was altered completely upon assembly
of the reactor which led to false measurements corresponding to
temperatures at the wrong locations. Hence this technique was
discarded.

It was required to find a way to make the inserted portion of the probe
an integral part with the sample holder so that it would not be affected
by the assembly process. It was found inconvenient to design a clamp
to hold the therniocouple in place due to the sn_nall space available. An
alternative technique was to fix the thermocouple to the wall by means
of epoxy resin. A bead was used to support the thermocouple and to
provide the required contact surface area for adhesion (fig. 3.2). This
assembly was left for six hours until the epoxy attained its full strength
then the top cover of the rector was placed. This technique proved to
be successful in keeping the thermocouple in placg and was adopted

during the whole experimental program. The apparatus was then left

Epoxy resin

Figure 3.2 Schematic diagram of the thermocouple fixture
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to be heated for twelve hours to check any effects that might occur due to the

heating of the epoxy. The previous procedure was repeated for every new

setting.

3.3 SAMPLE PREPARATION AND REACTOR PACKING

The preparation of the bed and packing of the reactor could be described

as follows:

i.

1.

iii.

iv.

The sample holder was placed in the bottom half of the reactor. The
thermocouple probes were connected to the thermocouple bank located
in the top half and inserted into the sample holder according to the
procedure mentioned in the previous éection. |

Glass beads of the required size were poured into the annular portion
of the holder. For wet beds, glass beads and distilled water were first
thoroughly mixed in the desired proportion .

The central channel was either left empty for open channel runs or filled
with glass beads of the required size for the packed channel
configuration.

The sample with the reactor were subjected to an ultrasonic shaker to
achieve uniform distribution of the bed.z—

Lids were placed on top of the sample holder and were sealed using
nylon tape.

The reactor was then placed between the two matching flanges, the



20
gaskets placed and all the bolts were tightened.

vii. The reactor was insulated with high temperature ceramic insulation by

using an insulation box around the reactor.

3.4 EXPERIMENTAL APPROACH

In light of the main objective mentioned in section 2.1, the experiments
carried out in this study were aimed at finding out the effects of the following
parameters on heat and mass trgnsfer in open and packed channel
configurations for dry and partially saturated cases:

a. glass bead size of the bed

b. glass bead size in the channel
c. mass flow rate of air

d. water content of the bed

e. temperature level

To investigate the effects of the different parameters, the respective
parameter was varied, keeping everything else unchanged. The general

procedure in operating the apparatus for any run can be summarized as

follows:

1. The apparatus was tested for leaks. .

2. The filter in the compressed air line was replaced.

3. The bypass line was opened while the reactor line was closed.

4. The desired air flow rate was set by adjusting the upstream pressure to
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the required number of choked nozzles.

The heater controller was connected to the thermocouple located at the
outlet of the heater box (i.e, the latter thermocouple acts as a

temperature control point), programmed for the required temperéture

and the heaters were switched on. For high temperatures the final

required temperature was reached in several steps to avoid burn out of

the heater elements. |

The sample was prepared and the reactor was packed according to the

procedure described in section 3.3.

Once the required temperature of the air flow was stabilized in the main

flow manifold, the Data logger was switchéd on to monitor the

temperatures within the beds, the bypass line was closed while the

reactor line was opened. The temperature control point was switched

to the thermocouple located at the inlet of the reactor.

Readings for the temperatures within the bed were recorded at

prescribed time intervals for further analysis.
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CHAPTER 4

THEORETICAL STUDY

4.1 INTRODUCTION

The present chapter considers theoretically the problem of heat and
mass transfer within granular porous media. Three models were formulated.
The first model analyzes the heat transfer process in dry granular beds of open
channel conﬁgurationh. The second model describes the heat transfer procesé

‘within dry granular bed of the packed channel configuration. The Third model
analyzes the simultaneous processes of heat and mass transfer within partially
water saturated beds of open channel configuration. These three models were
formulated primarily to simulate the transport processes that occurred within
the scope of the present study so as to serve the purpose of comparison and

extension the experimental findings.

4.2 OPEN CHANNEL DRY BEDS

4.2.1 PHYSICAL MODEL

The bed was represented by a finite ci;rcular cylinder subjected to a
convective stream of hot air passing through a concentric axial channel. The
outer and end surfaces of the cylinder were assumed to be impermeable to flow
and were insulated. In order to simulate more realistically the operating

conditions, the insulation was assumed not to be perfect but heat losses were
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taken into consideration. The governing equations were deduced and solved

for a range of operating conditions and for beds of varying ‘properties

simulating beds of different porosity and bead sizes.

4.2.2 SIMPLIFYING ASSUMPTIONS

ii.

ii.

iv.

The heat transfer was solely due to conduction, i.e there was no

. convection within the bed. The latter condition was confirmed

exp'erimentally. By comparing the temperature transients obtained for
runs with permeable and impermeable central channel, the profiles were
found to be effectively identical.

Heat transfer by raaiation was neglected. This assumption was
considered to be valid due to the relatively low temperatures
éncountered in this study.

There is a local thermal equilibrium between tHe solid and gas phaées.
This assumption was based on the fact that there was no heth
generation within the solid or gas phases and relatively very fast
transients were not encountered in this study.

Circumferential heat transfer was assumed to be negligible within the
axially symmetrical bed.

Heat transfer in the axial direction relative to that in the radial
direction was assumed small and was neglected. This assumption was

supported by the experimental observation that the temperature



variation in the axial direction was effectively negligible.

vi.  To formulate a model that include the insulation region, the insulation
box was replaced by an equivalent cylindrical surface. In order to make
both configurations equivalent, first, a m‘ean thickness for tl';e insulation
was used. Secondly, an equivalent convective heat transfer coefficient
at the insulation surface was derived by equating the heat losses of both

systems. Details are presented in section 4.2.6.

4.2.3 GOVERNING EQUATIONS
The simplifying assumptions made in the previous section reduce the
model to that of a simple transient one dimensional heat conduction problem.

Figure (4.1) shows the geometrical configuration schematically.

Figure 4.1 Geometrical configuration of the bed.
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The local-averagec} energy equation (2.1) for the bed could be represented as

follows:
o _ 1 9 AT
(pc = o2 k 27 4.1
&2 ot r'ar[rear:l
where:
(T) = local spacial average temperature within the bed (K)
t = time (s)
(pe,), = effective volumetric heat capacity (J/m? K)
k, = effective thermal conductivity of the bed (W/m K)
r = radial distance (m)

As mentioned earlier external heat losses were taken into consideration,
hence a similar equation has to be introduced for heat conduction within the

insulation region. The equation could be written as follows:

JoT _ 1 o oT |
. — = = 2 k. 2 (4.2)
Pios Co, ot r or Lr Ko or ]

~ where subscript "ins" refers to the insulation.

4.2.4 INITIAL AND BOUNDARY CONDITIONS
a) Irﬁtial conditions: 7

T (r,0) = Tamt for rSr<y
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b) Boundary conditions:

1) Central channel Boundary (r =1, )
The balance of heat transfer rates on the channel surface due to

convective stream leads to:

c, ST b [T, - Tt ] (4.3)
or
where:
h, = average convective heat transfer coefficient (W/m? K)
T, = average temperature of the convective stream of air (K)

2) Convective boundary at the insulation surface (r = r,)

- (k. %'f. = hy (T@yt) - T,) (4.4)
where:
T = ambient temperature (K)
“hy = average heat transfer coefﬁdent of natural convection over

the insulation surface (W/m? K)

4.2.5 SOLUTION OF GOVERNING EQUATION
Solution of the second order partial differential equations can be carried
out using either analytical or numerical techniques. Although analytical

solutions are available for solving transient heat transfer problems similar to



27
that of the present model (22), the solution Wdﬁld be very complicated for the

case of wet beds. Hence, the finite difference numerical technique was
employed‘ in solving the present problem. In order to get an unconditionally
ste;ble.numerical solution, the "Crank-Nicolson" (5,33) method was chosen to
" formulate the finite difference equations. A problem associated with such an
~approach was that the results may become oscillatlory around the exact
solution. Smith(39) suggested the arithmetic average of each two consecutive
values to be used to suppress the oscillatory effects. This method was tried in
this investigation and found to be successful. Appendix (C) lists the computer

program developed to solve the present problem.

4.2.6 PHYSICAL PROPERTIES AND HEAT TRANSFER
COEFFICIENTS
A) Volumetric heat capacity
The volumetric heat capacity (density x specific heat) of the bed was

obtained by simple value averaging of phases using the following formula (13):

fpede = (1 -€)fpc) +¢ (pcp)g (4.5)
where: .
£ = porosity of the bed
and the suffixes:
S = solid phase
g = gaseous phase (air)
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Since the heat capacity of air is much smaller than that of the solid

matrix, equation (4.5) could be approximated to:

el = (1 -¢) (e,

B) Effective thermal conductivity

In contrast to the volumetric heat capacity, the effective thermal
conductivity of porous or gra.nular porous media cannot be calculated using a
simple value averaging of phases (13). In general the effective thermal
conductivity depends on:

1. The thermal conductivity of each phase (relative magnitude of (k/k,).

2. The structure of the solid matrix and the extent of continuity of the
solid phase.
3. The contact resistance between the nonconsolidated particles for

granular porous beds.

In spite of much research in the area of effective thermal conductiv{ty
of porous beds, yet there ié a lot of discrepancy and uncertainty due to the
different nature and systems involved in evg'ery study. Furthermore, the
sensiﬁﬁty of the value of the thermal conductivity to the structure and contact
area of particles enhances the errors due to different preparation of beds. As
mentioned earlier in section 1.2, Kaviany (13) has invesﬁgated the various

formulas which were proposed by many researchers whether empirical or
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theoretical. The latter investigation showed that for low values of relative
thermal conductivities of the solid to the fluid phases (less than a value of 25),
the following mean relation could be used for estimating the effective thermal

conductivity of the porous media:

k, = (&) (k) 4.7
Since the relative thermal conductivities of phases encountered in the present

study lie in above region, equation (4.7) was used.

C) Thermal and physical properties of the insulating material
The values of the thermal conductivity and density of the ceramic
insulation were obtained from data sheets provided by the supplier. The
values are as follows:
k,, = 0.07 (W/m K)

Pins = 96.0 (kg/m®)

D) Coefficient of convective heat transfer on the channel surface h,

The present problem involved laminar to slightly transient forced
convection in a circular channel. Accordingly,the average coefficient of heat

transfer could be estimated using the following relation (10,17,25):
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3 0.14
Nu, = 1.86 Re(® pr» (%) ' (e | (4.8)
usu

Nusselt number based on the diameter of the circular
channel (hd/k,)

average coefficient of heat transfer by convection (W/m? K)
average thermal conductivity of the flowing fluid (W/m K)
diameter of the circular channel (m)

length of the circular channel (m)

~ average flow Reynolds number (u.d/vp

kinematic viscosity of the flowing fluid (m?%s)
average free stream velocity of the flowing fluid (m/s)
Prandtl number of the flowing fluid {(c,n/k)g}

average absolute viscosity of the flowing fluid (kg/m s)

Properties of the convective air stream were obtained from standard

tables, and evaluated at the mean film temperature except for p,, which was

evaluated at the surface temperature. The mean film temperature was defined

as:

T_ =05 (T, +T,)

mean film temperature (K)
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T = surface temperature (K)

E) Coefficient of convective heat transfer at the insulation surface(hy)

The insulation was packed in a square box around the reactor. Hence,
this represented a situation that involves heat transfer by natural convection
over a box composed of two hot vertical plates and: two hot horizontal plates.
The heat transfer coefficient for natural convection. over plates could be

estimated using the following relation (9,16,25):

Ny, = a ( Gr Pr )® o | (4.9)
where |
Ny = Nusselt number based on the length of the plate (hl/k)
h = average coefficient of heat transfer by convection (W/m? K)
1 = length of the plate (m)
Gr = Grashof nﬁ.mber based on the plate length
[gB(T s ~To)1 °V7]
g = gravitational acceleration (m/s?)
B = . Coefficient of vol@etﬁc ex'.pansion XhH
a = 0.54 for vertical plate and horizontal hot plate facing

upward

= 0.27 for horizontal hot plate facing downwards
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b = 0.25

Properties of the convective air were obtained from standard tables, and
calculated at the mean film temperature.

Finally, to calculate the equivalent heat transfer coefficient over the
cylindrical surface, the heat losses from the box and the cylindrical were

equated using the following equation:

il b A, at . hy A, at (4.10)
where:
h, = convective heat transfer coefficient over the ith plate
(W/m? K) |
A, = Area of a plate (m?)
at = temperature difference (T,,-T,,) (K)

A, = surface area of the equivalént surface (m?)
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4.3 PACKED CHANNEL DRY BED
4.3.1 FORMULATION OF THE PROBLEM
In case of packed channel configuration, a radial penetration of the flow
was expected to occur within the bed. Since velocities could not be measured
within the bed, the use of a model to predict the effect of radial dispersion of
flow was needed to estimate the relative magnitude of the dispersion compared
to that of only conduction. The first problem arises from the multi-
dimensionality of the problem in addition to the complexity of the flow pattérn
within the bed. The initial approach was to use the conduction model to
predict the temperature history within the bed. To overcome the problem of
" multi-dimensionality, an approximate, yet adequate me-thod was er;lployed that
assumed the bed to be made up of six segments in the axial direction. It was
also assumed that heat transfer occurs radially within each ségment. For each
segment, the corresponding experimentally measured surface temperature was
used as an input to the conduction model to predict the temperature histories
at various radial locations. In order to check the' validity of this approach, a
comparison between the predicted temperature history using the model and
the experimentally measured count-‘erpart was, done for a set of runs carried
out. The results of the comparison showed that the predicted temperatures are
consistently lower than their corresponding measured ones even at the steady
state. This emphasizes that the effect of dispersion needs to be included in the

modelling process of packed bed configuration.
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4.3.2 DISPERSION MODEL

To include the effect of dispersion, the general volume-averaged
conduction-convection energy equation for dispersion in porous media ( 2.2 )

has to be used instead of equation (2.1).

(pc,),

ag? +(pe)up - VD) = (pc), VD -V () (41D

Where:

(pcy), = [ &lpey), + (1-e)(pey); ]

D= i +¢e D,
(pe,);
u, = Darcean velocity vector (m/s)
D = total effective thermal diffusivity tensor (m?%s)
D, = dispersion tensor (m%s)

The rest of the symbols were defined earlier.

4.3.3 SIMPLIFYING ASSUMPTIONS
i. The assumptions (ii) through (iv) of section 4.2.2 were assumed to be
valid for this model also.

ii. The net Darcean velocity was assumed to be radial everywhere within

the bed ( [upxrly, = [upxr]y).

Finally, the approximate method described in section 4.3.1 was



35

employéd. Hence, the heat transfer and flow within each segment was assumed

to be in the radial direction.

4.3.4 GOVERNING EQUATIONS
The assumptions made in the previous section reduce the general

equation (4.10) to the following form:

AT A _ oy Lidm, 3Dy a1
(pc,), = * (pc,); up - (pc,); = [EE(D r -5r—)] (4.12)

The heat conduction equation for the insulation region (r, <r<r, ) was

assumed as in equation (4.2). .

4.3.5 INITIAL BOUNDARY CONDITIONS

The initial and the convective bouﬁdary condition at the insulation
surface were assumed to be the same as those of the conduction model. In
addition, the experimentally measured surface temperature was used as input
for the model. Hence:

T(rl,t) = Texp(rl’t) :

where T is the experimentally measured teri;perature.

4.3.6 PHYSICAL PROPERTIES AND HEAT TRANSFER
COEFFICIENTS

The relevant physical properties and heat transfer coefficients were
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assumed to be the same as that for the conduction model. Finally, discussions
of the results of this model are presented in section (5.3). Moreover, the
temperature histories predicted by this model were compared to the
corresponding experimental temperattire histories to check the validity of this
approach. Also, a comparison between these results and those using the

conduction model are presented in the same section.

4.4 OPEN CHANNEL WET BEDS

4.4.1 FORMULATION OF THE PROBLEM

The configuration is that of a hollow cylinder constituted of a solid
phase, liquid phase(wateﬂ and a gaseous phase ‘composed of air and
vapour(water vapour). The cylinder is exposed to a stream of hot air of known
properties through the inner channe-:l while the outer surface was impervious
and insulated. As a result of the convective flow of air, heat will be
transported to the bed? water will vaporize and diffuse towards the central
channel. Heat losses from the bed were taken into consideration using the
same method of the previous mbdels. Though the rate of evaporation was not
measured experimentally, the present model was formulated as a
complementary part to the experimental stud§ to help in understanding the
role of different parameters. Furthermore, the experimental transient
temperature profile will be compared with those predicted by this model to
check the validity of the model.



37
4.4.2 THEORETICAL BACKGROUND

The theoretical formulation of the equations was drawn from Whitaker’s
theoretical approach(42,43). Whitaker used the local volume averaging
technique to develop a rigorous set of gove'rrﬁng equations for the transport
processes in porous media. He defined two different averages of a quantity;
these are spacial average (local volume average) and the intrinsic phase

average. The local volume average of a function ¥ is represented by (¥) and

is defined b}lr:

W == [vav (4.13)
\'%

<

while, the intrinsic phase average of a function ¥ over the phase i is

represented by (¥) and is defined by:

L1
i=1 (yav .
W) T J v (4.14)

Appendix (A) shows the final set of equations derived by Whitaker in
their general form along with the main assumptions of his theoretical

approach.

4.4.3 MAIN ASSUMPTIONS OF THE THEORY OF WHITAKER
1. The enthalpy of solid, liquid and gaseous phases is a linear function of
temperature

2. - The solid phase is a rigid matrix fixed in an inertial frame.
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8.  Liquid phase density is constant.

4, The three phase system is in local equilibrium.

5. The gas phase is ideal in the thermodynamic sense.
6. The gas phase is continuous.

7. There is no chemical reaction in the gaseous phase.

4.4.4 SIMPLIFYING ASSUMPTIONS

1. The liquid ﬁhase is not continuous, and there is no transport of moisture
due to liquid motion. Initially the bed could be considered in the
pendular state” where moisture migration is in the vapour state only.

2. The total pressure is constant everywhere and equal to the atmospheric

pressure.
3. Transport processes occur along the radial direction only.
4. The partial pressure of the vapour in the wet region is equal to its

equilibrium pressure at the corresponding temperature.

5. There is no chemical reactions in any of the phases.

"According to ref. 18 the Pendular state is the phase distribution at very
low saturations (wetting phase), where the wetting phase is distributed in the
pores as discrete masses. Each mass is a ring of liquid wrapped around the
contact point of adjacent elements of the solid matrix.
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4.4.5 GOVERNING EQUATIONS OF THE PRESENT MODEL

(DRYING MODEL)
The assumptions made in the previous section reduce the set of

equations to the following:

~ a) Total thermal energy equation

0 AT .
g(pcpT) + ((p)g(vv)((cp)v)g) =— * {m) ah,

19 (rx 9T (4.15)
r or or
where:
(m) = mass rate of evaporation per unit volume (kg/s m®)
ah = enthalpy of vaporization per unit mass (J/kg)
v, = velocity of the vapour phase (m/s)

and for the subscripts:
g = gaseous phase
v = vapour

b) Liquid phase continuity equation

3 N
— + =0 4.16
at(p]e,) () (4.16)

where 1 stands for the liquid phase
¢) Gas phase diffusion equation

where:



2o + 220 x ) T ) = 0

r or

YD, 3 by
(o5, -1 = {p¥p e or (p;)g)

where D, is the vapour phase effective diffusivity

d) Volume constraint

g, + g(t) + glt) =1

where the subscript "s" stands for the solid phase.

e) Thermodynamic relations

@5 = (p)s B, (D)
(P = )R, (D
(BJ* = (B)F + s

{pg® = {pe + ¥
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(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

where subscript "a" stands for air and (P )¢ =1 fPV dv in accordance with

g v

equation 4.13
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(P = PT) 4.24)

where P is the equilibrium pressure at the corresponding temperature.

4.4.6 INITIAL AND BOUNDARY CONDITIONS
a) Initial conditions

Initially the temperature was assumed constant everywhere and equal
to the atmospheric temperature. The moisture content was also constant

everywhere within the bed.

T(r,0) = T, r,<r< (4.25)

g(1,0) = g, r;<r<r, (4.26)

b) Boundary conditions
1) On the central channel surface (r,)

The heat and mass fluxes are continuous:

P %v,) = h () - (p,) (4.27)
where :

h, = convective mass transfer coefficient (m/s)

() = average vapour density in the convective stream (kg/m®)
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k, aam = h(T, - (D) (4.28)
r

2) On the outer surface of the bed (r,)

The surface is impermeable to the mass flux.

p v,y = 0 (4.29)

Equations 4.2 and 4.4 were applied for the insulation region

4.4.7 PHYSICAL PROPERTIES AND COEFFICIENTS
- 1L.Effective mass diffusivity

A literature review has been done by Kaviany(13) for the reliable
formulas of effective mass diffusivity in porous media. Neale and Nader (30)
have determined a formula for the effective mass diffusivity for a binary gaé
mixture within packed beds of impermeable spheres. The formula was derived

using a geometric model and verified experimentally and given by:

D __2 (4.30)
D, 38-¢
where:
D, = effective binary mass diffusion coefficient (m%s)
D, = binary mass diffusion coefficient (m?/s)

Ryan et al (36) determined another formula for isotropic media in the
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form:

D,. D, © (4.30)
D D :

Both formulas are in good agreement with each other (13). Equation
(4.29) was modified by Kaviany (13) to account for the presence of the liquid

and takes the form:

Dve = 2e (1 - S) ’ (4.31)
D 3 -¢€ .

v

. where S is the liquid saturation, Equation (4.31) was used in this study. The

following empirical equation by Brokaw is recommended by Reid et al (35) for

estimating the binary mass diffusion coefficient of binary mixtures D,

for systems containing polar components:

D. = 1.858x1073 T3’2\/ /M, +1/M, (4.32)

12

Po,2Q
.Where:
D,, = gas diffusion coefﬁcie:nt (em?%s )
= absolufe temperature (K)
M, M, = | molecular weights of components 1 and 2

P = absolute pressure (atm)
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collision diameter, A

Q
[ ]
[

Q = - collision integral for diffusion

Detailed calculation procedure of D,, is given in reference (35)

2) Effective thermal conductivity

In ‘wet granular porous media, the liquid partially or completély
displaces the gaseous phase thus increasing the effective thermal conductivity
of the bed. Literature review in the area of wet porous media reveals a lack
of information regarding the effective thermal conductivity. The‘ following

relation was used as given by Nield and Bejan (31)

k, = eSk+S k) + (1-e)k, (4.33)
where: |
S, = saturation of the liéuid phase
3) Convective mass transfer coefficient
Kays and Crawford (14) confirmed that if heat transfer data for the case
of no blowing or suction at the surface is available ,which is usually expressed

as:

Nu = C Re® Pr® (4.34)
then analogy of heat and mass transfer processes is ﬁossible if the mass

transfer rates are small, and the mass transfer coefficient could be calculated

using the following relation:
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Sh = C Re® Scb (4.35)
where:
Sh = Sherwood number (h,,d/D,,)
h, = average convective mass transfer coefficient (m/s)
Se = Schmidt number (vf/D,,)

Other terms were defined earlier.

4. Heat transfer coefficient
The heat transfer coefficient in the case of drying was discussed by
Keeys (15), for the case of undersurface evaporation and small mass fluxes, the

local heat transfer coefficient is given by the following relation:

h =A X Rem™pra (4.36)
X
where:
h, = convective heat transfer coefficient (W/m? K)
X = the distance in the direction of the convective stream (m)

A, m and q are empirical constants which depend on the physical problem.
For developed laminar or turbulent flow in ducts of arbitrary geometry, the
values of the constants are given by Keeys (15), as follows, A=0.538, m=(2/3)

and g=(1/3). In this case, the Reynolds number (Re,) is not based upon the free

stream velocity but the friction velocity which is defined as follows:

where 7, is the shear stress at the surface. Employing the relations of the
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Tg (4.37)

shear stress for laminar flow in pipes (e.g. ref. 37) and with mathematical

manipulation the final equation is given as follows:

@ (b

h, = 1.85Rey” Pr® ()32 :
X
Averaging the latter equation over the length leads to equation (4.8) of the dry
beds without the refining factor of the relative viscosity. .In other words, the

heat transfer coefficient is slightly affected in case of small mass fluxes. Hence

equation 4.8 was used to calculate average heat transfer coefficient.
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CHAPTER 5
DRY GRANULAR BEDS

RESULTS AND DISCUSSION

5.1 OPEN CHANNEL CONFIGURATION

It was expected that the primary mode of heat transfer within the beds
with open central channel configuration is by pure conduction. This makes the
open channel configuration considerably simpler to study compared to the case
of beds with packed channel. The open channel configuration was studied at
the beginning for the following reasons :

i. To examine some of the available formulas for establishing the effective
thermal conductivities of granular beds and to determine the formula
most suitable for modelling the packed channel configuration.

ii.  To provide information about the thermal characteristics and behaviour
of the apparatus and estimate the essential associated heat transfer
data for modelling. .

iii.  To study the effects of the different parameters that control the process
of heat transfer in granular beds. ‘

In order to achieve tinese goals, a set of experimental runs were carried
out. The experimental procedure and measurement techniques outlined in
chapter 3_ were followed in conducting these tests. Three sizes of glass beads‘

were used, namely, of 0.27 mm, 0.7 mm and 1.3 mm diameter. The air mass
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flow rate of the electrically heated air ranged from 1.6 kg/h to 2.4 kg/h. The

heating air temperature was varied from 100°C to 200°C at the inlet section.r
Figure 5.1 ‘show schematically the Open Channel configuration with the
location of the measured temperatures.

Figures 5.2 - 5.4 inclusive show typical temperature histories for open
channel beds of different glass bead sizes and different flow conditions. The
figures show the same general trend, namely, a relatively fast initial rise of
temperature which gradually tends to approach the steady state conditions.
This could be explained as follows: as air is introduced, the high temperature
difference between the air and the bed creates a high thermal driving force
that leads to high heat transfer rates and thus relatively faster ;:emperature
rise. As the bed temperature rises and the temperature difference decreases,
the rate of heat transfer drops and consequently the temperature rise rate
drops.

It was observed experimentally that the spacial temperature gradient
in the axial direction was negligibly small (as illustrated in figure 5.5). Hence,
the average temperature, deﬁned-as the arithmetic mean of the temperatures
within the bed and in the direction of the flow, will be used thereafter for
cdmparison purposes. It has to be noted that tl;e temperatures were measured

at the mid-radii of the beds.
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Figure 5.1 A schematic diagram of an Open Channel bed showiﬁg the
location of the various thermocouples.
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Figure 5.2 Variation of the measured temperatures with time for a dry bed
Configuration: Open Channel, d, = 0.7 mm, m= 1.6 kg/h
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Figure 5.3 Variation of the measured temperatures with time for a dry bed
Configuration: Open Channel, d,= 0.27 mm, m= 1.6 kg/h
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Figure 5.4 Variation of the measured temperatures with time for a dry bed

Configuration: Open Channel, d,=1.3 mm, m=1.6 kg/h
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5.1.1 EFFECT OF MASS FLOW EATE

Figure 5.6 shows the average temperature history for a bed of 0.7 mm
glass beads when exposed to a heated air stream of 200°C at different mass
flow rates. The graph shows that higher mass flow rates of air, in general,.
bring about higher temperature levels ﬁthin the bed. This could be attributed
to the enhanced convective heat transfer coefficient associated with higher
stream velocities within the channel. This leads to higher surface temperature

and heat transfer rates.

5.1.2 EFFECT OF GLASS BEAD SIZE

Figure 5.7 shows the average bed temperature hﬁstory for three sizes of
bed gléss beads, namely, 0.27 mm, 0.7 mm and 1.3 mm diameter, when
exposed to the same mass flow rate of 1.6 kg/h and T;=200°C. It is obvious
that the thrée temperature histories are almost identical. This implies that
the glass bead size has a negligible effect on the heat transfer process. An
explanation could be offered for this observation. It has been reported by
many research(;rs in the literature review given in reference (135 that for
isotropic beds of spherical particles, the effectivg thermal conductivity could be
expressed as a function of the following factors:
1. Relative magnitude of the solid and fluid phases thermal conductivity.
2. Porosity of the bed.

Since the same combination of solid and fluid phases were used, hence
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Figure 5.7 Variation of the measured temperatures with time for dry beds
of different glass beads sizes, Configuration: Open Channel,
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the first parameter was constant for all beds tested. Secondly, for random
packing of spheres the value of porosity was reported to vary from 0.37 to 0.38
(13,26,15). Using these values the maximum difference in the effective

thermal conductivity was found to be less than 2%.

5.1.3 COMPARISON WITH THE CONDUCTION MODEL

Figures 5.8 and 5.9 shows examples of the pfedicted temperature
histories using the conduction model and applying the geometﬁc mean relatioﬁ
to describe the effective thermal conductivity of the bed versus the
experimental temperature histories. The experimgntal transient stream
temperéture was used in generating these plots to simulate the heat input
exactly. As it can be seen from the graph, excellent agreement is evident.
These sets of runs confirmed the validity of the model and the boundary
conditions used in this model. Accordingly, it can bé concluded that the
conduction model and the boundary conditions appears to simulate accurately
the real problem. Also, the geometric mean relation could be used with
confidence in evaluating the effective thermal conductivity of these granular
beds.

Thus, the main objectives of this set of ;xperiments were successfully

achieved.
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5.2 PACKED CENTRAL CHANNEL CONFIGURATION
In the second set of runs, granular beds with the central channel filled

with glass beads were examined. The main objectives of this study were:

i. To expand the understanding of the mechanism of heat transfer in
packed beds when some radial dispersion of air and internal convection
are expected to occur.

ii. To deterrﬁine the effect of changes in the various parameters that
govern the process of heat transfer in such configuration.

iii.  To estimate the extent of internal convection relative to conduction heat
transfer within the beds.

iv.  To provide some information about the flow of air within the bed which
should help in examining the wet beds of the same configuration.

A éet of runs were carried out to study the heat transfer behaviour in
this configuration. Figure 5.10 shows schematically this configuration with the
location of the measured temperatures. For comparative Apurposes;r the same
sizes of glass beads of the open channel configuration were used namely 0.27
mm, 0.7 mm and 1.3 mm beads. The glass beads used in the central channel
were 1.3 mm and 3 mm diameter and the mass flow rate ranged from 1.6 kg/h
to 2.4 kg/h. | a

Figures 5.11 -5.14 show typical temperature histories along the length
of the bed. The graphs show that the presence of glass beads in the central

channel, in general, led to higher heat transfer rates to the bed. Higher level
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of temperatures could be seen within the bed when compared to the
corresponding values for the open channel configuration at the same operating
conditions. Also the thermal response was faster when compared to the open
channel runs. The presence of glass beads within the central channel led to
higher velocities which enhanced the convecti\;e heat transfer coefficient at the
bed inner surface, and hence higher heat transfer rates as well as faster
thermal responses. Moreover, the presence of glass beads in the channel
induced some flow of hot air radially into the bed which enhanced the heat
transfer; this phenomenon is known as dispersion.

In order to improve the understanding of the mechanism of héat transfer
in this configuration, a parametric study was performed expérimentally to
investigate the effect of the various parameters that govern the heat transfer
process. The results of the later investigation are presented in sections 5.2.1
to 5.2.3. Section 5.2.4 shows a comparison between the experimental results
and the results obtained when using the conduction model and the convection

model discussed in sections 4.2 and 4.3, respectively.

5.2.1 EFFECT OF MASS FLOW RATE

Figure 5.15 shows the effect of the mass flow rate on the temperature
history at middle of the bed for 0.7 mm diameter glass beads bed with the
central channel filled with 3 mm diameter glass beads. The graph shows an

increase of temperature level within the bed with the increase of mass flow
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Figure 5.10 A schematic diagram of a packed Channel bed showing the
: location of the various temperatures.
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Figure 5.11 Variation of the measured temperatures with time for a dry bed
Configuration: Packed Channel, d,=0.7 mm, d,=3.0 mm, m=2.4
kg/h
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Figure 5.13 Variation of the measured temperatures with time for a dry bed
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rate of the heating air. This could be attributed to the enhanced heat transfer

coefficient which is associated with the higer stream velocities. Also, higher
mass flow rates induces a higher rate of dispersion of air through the bed

which enhances the heat transfer process.

5.2.2 EFFECT OF CHANNEL GLASS BEAD SIZE

The effect ;of the glass beads size of the central channel on the heat
transfer rate can be seen typically in figure 5.16. Three sizes were used in the
central channel, 3.0 mm, 1.6 mm and 1.3 mm for a bed of 0.7 mm diameter
glass beads and at the same mass flow rate. It can be seen that finer channel
beads resulted in higher heat transfer rates Whiéh is manifested in the higher
temperature levels attained. The finer glass beads have almost the same
porosity but they have ‘lower permeability which represents a further
restriction to the flow and induces higher radial dispersion. This may account

for the higher heat transfer rates within the bed associated with finer channel

beads.

5.2.3 EFFECT OF BED GLASS BEAD SIZE

Figure 5.17 shows a comparison of the 'femperatui'e histories of three
different glass bead sizes when the central channels was filled with 3 mm
diameter glass beads. The experimental results show an increase of |

temperature level for beds of coarser beads. Comparing this behaviour to that
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of the open channel configuration, it can be seen that the ‘packed channel bed
behaved differently. In other Wordé, while the open channel conﬁmation
showed no significant effect of the bed glass beads size on the heat transfer
rates, the packed channel configuration showed that this parameter influences
the heat transfer rates. This different behaviour supports the existence of
dispersion of air within the bed and emphasizes the significant role of
dispersion in heat transfer for this configuration. The observed increase of
heat transfer rate in beds of coarser beads cpulci be explained as latter beds
possess higher permeabilities which enhances the dispersion of ai'r into the

bed and in turn, the heat transfer rates.

524 COMPARISON WITH THE DISPERSION MODEL

As mentioned earlier in chapter 4, two! models were attempted to
describe the problem of heat transfer within dry beds of the packed channel
configuration. The first approach was to use the conduction model along with
the experiﬁaental surface temperature to predict the temperature history
within the bed. In order to employ the conduction model for the packed
channel configuration, an approximate technique was introduced and explained
in section 4.3.1. The later technique assumes tﬂe bed to be divided in the axial
direction into six segments; within each segment heat transfer occurs in the
radial direction only. Figure 5.18 shows a typical comparison between the

conduction model results and the corresponding experimental measurements.
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Figure 5.15 Variation of the measured temperatures with time for a dry bed
when subjected to three different mass flow rates of heated air,

Configuration: Packed Channel, d,=0.7 mm, d,=3:0 mm

200 - T - : y T

o 150 b P .
L D
¥t T
% 100 + /// ————— d, = 1.3 mm -
L / ———d, = 0.7 mm
5 O+ db = 0.27 mm
-

O ! | { . | L

0 100 200 300 400
TIME (min)

Figure 5.16 Variation of the measured temperatures with time for dry beds
of different glass bead sizes, Configuration: Packed Channel,
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It is to be noted that the comparison was based on the temperatures at the

mean radius of the bed, hence the term "temperature" if stated alone will refer
to the va‘lues at the mean radius of the bed. It is_ obvious from ﬁgu're 5.18 that
predicted temperatures are consistently lower than the measured values even
at the steady state. In order to estimate thé extent of dispefsion, the
dispersion model described in section 4.3 was constructed and used. The same
approximate method mentioned above was used in addition to the assumption
that dispersion occurs only radially. The trial and error technique used to

estimate the dispersion velocity within each segment could be described as

follows:
1. A dispersion velocity at the channel surface was initially assumed.
2. Using the experimentally measured surface temperature as input to the

dispersion model, the temperatures within the bed were predicted and
compared to the corresponding measured one (i.e at the same radial
position).

3. Steps 1 and 2 were repeated f;)r different assumed dispersion velocities
until the predicted steady state temperature was matched with the
experimentally measured temperature. .

The same procedure was carried out for the s1x segments to get the velocity

distribution along the bed. Figures 5.19 - 5.21 show the final prediction of the

model for the mid-radius temperature at various distances from the entrance

versus the experimentally measured ones. As it can be seen, there is a
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noticeable improvement of the transient results when compared to those
predicted by the conduction model. To investigate the factors that affect the
dispersion rate, the next subsections show the results of several runs at

different conditions.

5.2.4.1 EFFECT OF MASS FLOW RATE

Figure 5.22 shows a comparison of the calculated radial dispersion
velocities at the channel surface for two 0.7 mm beds at two different mass
flow rates of 1.6 kg/h and 2.4 kg/h. It can be seen from the figure that the
radial dispersion velocities increase l_)y the increase _of mass flow rate of air

within the channel. This supports the explanation offered in section 5.2.1.

5.2.4.2 EFFECT OF CHANNEL GLASS BEADS

Figure 5.23 shows a comparison of the calculated radial dispersion
- velocity at the channel surface for 0.7 mm glass bead beds with the channel
filled by 1.3 mm and 3 mm glass beads. The figure shows that the level of
dispersion velocity increased by using finer glass beads in the channel. This
also supports the explanation offered in section 5.2.2.

Finally, it is expected to have a similar: trend for the effect of bed glass

bead sizes.
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5.2.4.3 FINAL DISCUSSION OF THE MODEL

Finally, the Peclet number was calculated along the bed and
used with various formulas of the effective diffusivity in order to examine the
effect of dispersion on the effective diffusivity. The runs showed negligible
effect on the temperature histories Wheﬁ using the different formulas. The
reason for this could be explained as follows. It was found that the maximum
Peclet number was less than 0.8 which is less than fhe critical value of 1.0.
It was reported (13) that up till Pe=1, the molecular diffusion dominated and
no significant dispersion contribution was noted on the total effective thermal
diffusivity. Thus the effect of dispersion comes from the convection term

(UVT). This behaviour agrees with the latter ﬁndingé.
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CHAPTER 6

WET GRANULAR BEDS
RESULTS AND DISCUSSION

6.1 GENERAL BACKGROUND

The introduction of a liquid phase to the dry porous media adds
complexity to the analysis due to the complex nature of heat and mass transfer
processes that take place simultaneously. In general, solids dryihg
encompasses two fundamental simultaneous processes: Heat is transfered to
evaporate the liquid and mass (moisture) is transfered as a liquid or as a
vapour phase within the solid and as vapour from the surface. During the
early stages of drying non-hygroscopic solids, the entrapped liquid is mobile
(funicular state) and the liquid movement is rapid enough to maintain a
saturated condition at the surface exposed to the convective stream (34). This
region is characterized by a constant rate of drying, and the mechanism'of
moisture removal is equivalent to evaporation from a body of liquid and is
essentially independent of the nature of the solid. If heat is transferred solely
by convection, the surface temperature approaches the wet-bulb temperature.
This period proceeds until the critical ﬁme where the falling rate period
("Pendular") starts. At the critical time, the entire evaporating surface can no
longer be maintained saturated by moisture movement within the solid. After

the critical time has elapsed the surface temperature starts to increase with
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time and the drying rate starts to decrease. Thus, a second region of falling
rate of drying starts (Pendular) in which the drying process proceeds as a
combination of internal evaporation-condensation and a moving evaporation
interface until the end of drying where the equilibrium moisture content is

reached.

6.2 | OPEN CHANNEL CONFIGURATION

The first configuration studied in the wet case was the open channel
configuration. For comparison with dry bed results, the same sizes of glass
beads and mass flow rates of air we;re used namely, 0.27 mm, 0.7 mm and 1.3
mm diameter and 1.6 kg/h to 2.4 kg/h, respectively. .Exploratory tests were
done to determine the maximum percentage of water saturation in order to
avoid drainage of water from the bed. The result of these tests showed that
the maximum percentage was around 4% by mass (i.e dry mass basis defined
as kilograms of water per kilogram of dry solids). This ratio corresponds to a
volumetric saturation of 16% by volume, the later value agrees with the results
of Moore et al (28). Hence, two water percentages were used namely 2% and
4% by weight. Figures 6.1 - 6.4 show typical temperature histories of wet open
channel beds at different flow and bed condiéions. The temperatures were
measured along the length of the bed and at the mean radius. In general,
three regions could be identified with respect to the temperature gradient

(dT/ot). For the first region, there was an initial relatively high gradient. This
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was followed by a second region of a smaller gradient of almost constant value
that ends with a sudden increase in gradient which may be disrcibed as a jump
in temperature. Finally, the sudden increase of gradient soon starts to flatten
until the steady state condition is reached. It was also observed that the time
interval at which the temperature jump occurs increases in the direction of the
air flow. For each run two graphs are provided. The first (a) shows the total
temperature history while the second (b) zooms on the area of température
jump for a closer inspection. In order to undefstand the later observation in
light of the general background given in section 6.1, it has to be noted that the
initial saturation of water used was around the cﬁtical saturation level which
means that the entire drying process occurs in the falling rate period
(Pendular). As hot air is introduced into the channel, temperature within the
bed rises relatively rapidly due to the high temperature difference between the
air streams and the bed. It was observed that this period coincides with the
heating up period of the air stream where high transients exist. This probably
accounts for the explanation given to the rapid rise of temperature. As a result
of high temperatures persisting in the channel, rapid evaporation at the
surface takgs place and the surface becomes completely unsaturated (critical
time). Hence an evaporation front starts to niove radially outward into the
bed, sweeping it in a manner similar to a combustion front. As the
evaporation front approaches a location, the liquid saturation drops to the

equilibrium saturation and a jump in the temperature occurs. The reason for
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Figure 6.1 . Variation of the measured temperatures with time

for a wet bed

Configuration: Open Channel, d,=0.7 mm, m=1.6 kg/h, w= 4%
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Figure 6.3 Variation of the measured temperatures with time for a wet bed
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Figure 6.4 Variation of the measured temperatures with time for a wet bed
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. the temperature jump could be attributed to the sudden increase in the
thermal diffusivity caused by the decrease of thermal capacity of the bed. Also,
the heat wasted és latent heat of evaporation is now used in heating up the
bed. After the jump the heat transfer at this location resembles that of the dry
conditions.

The increase of the time at which the jump takes place could be
attributed to two factors:
a. a decrease of temperature in the axial direction,
b. an increase of the vapour saturation of the heating air as it flows in the

channel which slightly affects the convective drying process.

6.2.1 EFFECT OF MASS FLOW RATE

| Figure 6.5 shows the effect of changing the mass flow rate on the
temperature history for a 0.7 mm diameter glass beads bed at an initial water
- saturation of 4% by mass and at 200°C inlet air temperatﬁre. The graph
shows an increase in the temperature levels as well as the drying rates
associated with the higher mass flow rater. The faster drying rates could be
interpreted from the location of the temperature jumps on the temperature-
time curve. The higher mass flow rates improved the convective heat transfer
coefficient and enhanced heat transfer rates to the bed which resulted in high
temperatures within the bed, as well as higher evaporation rates and enhanced

diffusion of vapours. Also a higher air velocity at the channel surface helps to
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entrain more vapour with its higher momentum which enhances the drying

process.

6.2.2 EFFECT OF GLASS BEAD SIZE

F1gure 6.6 compares the temperature h1stor1es of three different glass
bead beds at the same operating conditions. Faster drying rates can be seen
with beds of coarser beads. The coarser beads have larger permeabilities
which enhance the diffusion of vapour through the bed and in turn speads up

the drying process.

6.2.3. EFFECT OF INITIAL WATER CONTENT

Temperature histories of 2% and 4% water content runs were compared
to that of a dry bed of the same glass bead size and operating conditions so as
tq show the effect of the initial saturation. Figure 6.7 shows that after the
initial heating up period, the temperature level of wet beds becomes lower
compared to that of the dry bed case, until the temperature jump occurs. After
the jump the temperature approaches the'steady state value. The later
behaviour could be explained in a similar manner to that in sections 6.1 and
6.2. The figure also shows a faster drying for the 2% bed, depicted from the
location of the jump. This is mainly due to the lower heat requirements for the
evaporation of the 2% bed. Also, the lower saturation beds have a higher

permeability which enhances the diffusion of vapour within the solid matrix.
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Figure 6.5 Variation of the measured temperatures with time for identical
wet beds when subjected to two different mass flow rates of air,

Configuration: Open Channel, d,=0.7 mm, w= 4%.

100 1 T T i i
:(_-)\ 80 f . a-u:
W =TT
& 60} T -
~ == |
w40 ’///' ————— d, = 1.3 mm
E b
e 20 ‘F/ d, = 0.7 mm }
----- d, = 0.27 mm
O 1 i 1 H 1 1 1 — 1 L i 1
0 100 200 300 400 500 600
TIME (min)
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6.2.4 COMPARISON WITH THE MODEL

Since no measurements were taken for the mass loss from the bed, only
transient temperatures within the bed, which were measured experimentally
will be the subject of comparison. Hence, the predicted temperature using the
wet model described in section 4.4 will be compared to the corresponding
experimental measured temperature. Typical comparative results are shown
in figures 6.8 and 6.9. The experimental transient stream temperatures were
used to simulate the actual heat input. Examination of these plots
demonstrates a good agreement between the exberimental and theoretical
results in the low temperature region Whi(;h wés found to be less than 50°C,
while a monotonic increase of deviation occurs at hi’éher temperature levels
within the bed. In order to look at the whole picture, figures 6.10 and 6.11
present the predicted transient saturatiop within the bed and the transient
mass loss respectively for 0.7 mm glass beads bed. Figure 6.10 also shows the
location of the evaporation front which is manifested in the sudden drop ‘of |
saturation. The later figure illustrates that the evaporation front reached the
mid-radius slightly after 200 min. Comparing this time with the experimental
results shows that the later time is shorter than the experimental observation
which was around 300 minutes. This may i?nply that the model predicts
higher drying rate which is probably not the case. Examination of figure 6.9
shows that as the deviation starts to oéi:ur, an associated monotonic increase

in the saturation is noticed at the impermeable surface which also implies that
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a flow of vapour occurs radially outwards in addition to the mass lost by
evaporation towards the channel. The reason for this could be due to the
deterioration of the validity of the constant total pressure assumption which
was used in the model. Hence, a total pressure build up leads to the gaseous
migration towards the central channel due to the total pressure differential.
Also, higher mass fluxes of vapour at the channel surface deteriorate the
applicability of the assumption of heat and mass transfer analogy which
appears to be valid for the first region. Moreover, the convective heat and
mass transfer coefficient at the channel surface has to be evaluated at
corrected air-\;apour mixture in the béundary layer, as explained in (15). In
summary, the previous problem could not be solved in‘ the scope ;)f this study
since the evaporation rates were not measured. Nevertheless, apart from the
fact that this model helped in understanding the processes involved, it shows
that the applicability of heat and mass analogy is possible in drying processes
when low evaporation rates are involved such as in the case of laminar flow at
low temperature levels. It also implies that the assumption of constant total
pressure could be used for the moderate sizes of particles at lower temperature
levels such as those encountered in this study. However, this assumption is
not likely to apply as the sizes of the ﬁore-g decrease as shown by Ben
Nassrallah (2). Finally the factors that could also influence this deviation is the
assumption that the heating is at zero humidity in air during the whole

process and the modelling is one-dimensional.
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' 6.3 PACKED CHANNEL CONFIGURATION

The second set of runs involves a packed channel configuration which
adds the complexity of dispersion to the wet analysis. For a comparison with
the dry bed runs, the same flow parameters, glass beads and channel bead
sizes were used. The moisture content employed were 2% and 4% by mass (dry
mass basis). Figures 6.12 to 6.14 show typical temperature histories of wet
beds with their channels filled with glass beads. The figures show three
dilstinctive fegions with respect to the temperatﬁre gradient.

Region 1: This region is characterized by only slight changes in temperature.
Two cases were observed; a continuous decrease in temperature until the end
of this region or the negative temperature gradient was proceeded by a period
of slight increase in temperature.

Region 2: This region is characterised by very high temperature gradients
similar to those of the dry beds. |

Region 3: Moderate temperature gradients similar to those for the case of dry
beds that decrease gradually until the steady state is reached.

It can be seen that the time interval of the first region increases in the
axial direction. This could be attributed to the time required to heat up the
channel glass beads and the additional Iilzgher heat requirements for
evaporation within the bed.

An explanation of the temperature variation in region 1 could be

suggested. At the early stages, the temperatures within the bed, as well as
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Figure 6.12 Variation of the measured temperatures with time for a wet bed
Configuration: Packed Channel, d,=0.7 mm, d,=3.0 mm, w= 4%,

m=1.6 kg/h
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the channel are relatively low. The two modes of heat transfer, conduction and
convection, cc;mpete to dominate in addition to the phase change requirements.
The conduction mode tends to raise the temperature of the bed as the
temperature of the air flow rises. On the other hand, the dispersion of air at
relatively low temperatures within the bed tends to decrease the temperature
towards the wet bulb temperature, at the corresponding dry bulb temperature
and relative humidity. The magnitude of the temperatﬁre gradient and
behaviour of the temperature within this region at any stage is controlled by
the dominance of one regime over the other. It was noted that the period of
initial rise of temperature - if any - usually ends with the end of the heating
up period of the air stream.' In general, when the dis-persion rate is low, the
effect of conduction is dominant at the very early stages and is manifested by
the initial temperature rise. On the other hand, for higher rates of dispersion,
the convective cooling effect of the dispersed air may override the conduction
eﬁ'éct resulting in an entirely negative gradient of temperature. In light of the

above discussion, the effect of the different parameters could be explained.

6.3.1. EFFECT OF THE BED GLASS BEAD SIZE

Figure 6.15 shows that the glass beads éize of the bed has a significant
effect on the temperature profile in region 1. The graph shows that for 1.3 mm
glass beads, the temperature gradient in region 1 is entirely negative while for

0.7 mm and 0.27 mm, an initial temperature rise is evident. The 1.3 mm glass
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beads possess the highest permeability followed by 0.7 mm and then 0.27 mm

beads, hence the dispersion rate is higher for 1.3 mm and least for 0.27 mm
beds. Applying the argument mentioned in section 6.3, it can be seen that it

is in agreement with the trends of the experimental results.

6.3.2. EFFECT OF CHANNEL GLASS BEADS SIZE

Figure 6.16 shows the effect of the channel glass beads size on the
temperature history within region 1. It can be seen that finer channel glass
beads (1.3 mm diameter) bring about an entirely negative gradient while for
3 mm glass beads the two sub regions occur. As discussed in section 5.3.3 of
dry beds , finer glass beads channel leads to higher rates of dispersion and

hence the above explanation applies.

6.3.3. EFFECT OF MASS FLOW RATE

Figure 6.17 shows the effect of the mass flow rate on the temperature
history of region 1. Alhough a higher mass flow rate has the same effect of
enhancing the dispersion, it also means a higher heat input and an enhanced
heat transfer rate by conduction. This may account for the relatively slight
effect of mass flow rate in‘spite of the fact thaé‘it has a considerable effect on

the dispersion.
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Figure 6.17 Variation of the measured temperatures with time for identical
wet beds when subjected to three different mass flow rates of air,

Configuration: Packed Channel, d,=3.0 mm, d,=0.7, w= 4%.
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6.3.4. EFFECT OF THE INITIAL WATER CONTENT

The effect of the initial water content in region one is illustrated in
figure 6.18. It shows that a lower water content ( 2% by weight ) bed has a
shorter time interval for region 1 énd entirely a negative gradient of
temperature. The reason is that a lower saturation is associated with lower
heat requirements in evaporation which leads to higher transients within the
channel. It is also associated with higher permeabilities that leads to higher

dispersion rates and hence negative gradients.
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Figure 6.18 Variation of the measured temperatures with time for wet beds
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The main results of the present investigation can be briefly summarized

as follows:

ii.

iii.

It was shown experimentally that the glass bead size of the bed has a
negligible effect on tﬁe heat transfer rate for the range of parameters
studied,’ while a higher mass flow rate of heating air enhances heat
transfer within the beds.

Comparison between the predicted temperatures using the conduction
model with the corresponding experimentally measured tempe;ratures
were found to be in excellent agreement for different beds and at
different operating conditions. Thus, the conduction model with the
assumed boundary conditions appeared to simulate accurately the real
problem.

The experimental investigation of heat ’t:.ransfer within dry beds of the
packed channel configuration showed that the presence of the glass
beads within the channel, in general, brought ;elbout higher héat transfer
rates when compared to the open ‘channel configuration. The reason for

this increase was attributed to the enhanced convective heat transfer
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vii.
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coefficients at the channel surface as well as the internal convective
heat transfer associated with the dispersion of some of the air into the

bed.

- The experimental study for dry beds of the packed channel configuration

showed that higher heat transfer rates were associated with higher air
mass flow rates, finer channel glass beads and coarser bed glass beads.
Employing the conduction based model develoiaed to simulate the heat
transfer process within dry beds of the packed channel configuration
was found to be invalid both for the transient and steady states. The
dispersion model which considers the simultaneous processes of heat
transfer and fluid flow due to the dispersion of hot air within the bed,
showed a significant improvement in the predicted temperature
histories. An estimate of the dispersed air radial velocity distribution
along the bed length was obtained for different runs.

Wetted beds of the open channel conﬁguratioh showed three distinct
regions characterized by different rates of temperature rise within the
bed. An initial and relatively high temperature gradient was followed
by a second region with a smaller gradient that ends with a sudden
increase in the temperature (JUMP): For the third region the
temperature approaches the steady state value of the corresponding dry
bed case.

The experimental parametric study of the wetted granular beds of the
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open channel configuration showed that faster drying rates were
associated with higher mass flow rate of air, coarser beads and lower
initial water saturation.

Comparison of the experimental and predicted results using the drying
model showed good agreement at lower temperature levels while

deviation occurs as the drying process proceeds.

7.2 RECOMMENDATIONS

i

ii.

iii.

iv.

Extension of the present study to other combinations of solid-liquid-gas
systems is required of further understanding of ’Fhe transport processes.
Investigation of heat and mass transfer processes within beds saturated
with various hydrocarbon fuels when subjected to streams of air heated
at medium temperature ranges.

Extension of the present work into higher Reynolds number range and
well into the turbulent region.

Extensive studies to determine the principal properties and transport
coefficients of wetted porous media are crucially requ;'red to facilitate
further modelling processes. The required parameters include: effective
thermal conductivity, effective mass di:f‘fusivity, and convective maés

transfer coefficient.
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APPENDIX A

WHITAKER THEORETICAL APPROACH

105

The governing equations according to Whitaker could be written as follows:

a) Total thermal energy equation:

%(pcpT)  Ipe) ) + (e Jo 1Y (@
+ mAh,= V . (k, .V (T)+®)

where
{pe,) = (epc,)_ + (epey), + g, (pJ¥c,) + eflp)¥(c,)

b)Liquid phase contiﬁuity equation:

%(p, g) + V.pifv) + m) = 0

¢) Liquid phase equation of motion:

&) = 2LV o) - o)

n

d) Gas phase continuity equation:

_aa;(egwm V.(pJsvy) - i) = 0

(A.1)

(A.2)

(A.3)

(A4)



106

e) Gas phase continuity equation:

v) = - _I]‘:*_zw @) -pg) (A5)

g

f) Gas phase diffusion equation:

_a%(egwg) + V.(pdv,) ~ i) = 0 (A.6)
where
' e
pJev,) = pEv) - V. (e D, . V ST ) - (A7)
p

| g) Volume constraint:

g, +g(t) + gt) = 1 | (A.8)

h) Thermodynamic relations:

()¢ = {p)% R, (T) (A.9)

(B)% = (p )5 R, (T) (A.10)



107

e = (P)e + (P8 (A.11)
(gt = (pe + (p,)e (A.12)
¢ =P, exp(2-B

P, . exp( T (T)) | (A.13)

The above are 12 governing equations in 12 unknowns. The main draw
back of these equations according to Whitaker was the complexity of the
formulation and the insufficiency of boundary conditions for the transport
equations. Fdr the latter reason he carried some mani;iulations to simplify the
model. The relevant simplification was that the dry air‘ﬂux is often weak
compared to the vapour flux. Taking ( p,v,=0 ) equation (A.7) could bé written

as:

<pg>gDve (pv>g |
(b )elv) = - .V ‘ A.l4
p, v, T (ool e (<pg>g) ( )

Where: .
T : temperature
t : time
v : averaged velocity

p : density
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¢, : specific heat at constant pressure

P
k, : effective thermal conductivity tensor

Ah, : enthalpy of vaporization per unit mass

m . mass rate of evaporation per unit volume
g : gravity vector

g : volume fraction of it phase, Vi/V

. : partial pressure of it phase

K, : phase permeability
R; : gas constant for the ith phase
® : rate of heat generation

suffix:
sv : solid phase
1 : liquid phase
g : gas phase
v : vapour

a : air
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APPENDIX B

CALIBRATION CHARTS FOR CHOKED NOZZLES

The following are the calibration curves of the choked nozzles employed

for the compressed air. These were calibrated against a wet test meter.
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APPENDIX C

LIST OF COMPUTER PROGRAMS
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CONDUCTION MODEL
TRANSIENT TEMPERATURES WITHIN CYLINDRICAL DRY GRANULAR
BEDS OF THE OPEN CHANNEL CONFIGURATION

This program was devloped to solve the heat conduction problem within
dry granular beds mentioned in chapter 4 of this thesis.

ao-ab are the coeflicients determined experimentally for
the mean air stream temperature

ta = ambient air temperature (c)

rou = average density of the granular bed (kg/m3)

cp = average specific heat of the granular bed (kcalkg c)

rkc = thermal conductivity of the insulation (kcal/h m ¢)

roc = density of the insulation (kg/h m ¢)

cc = specific heat of the insulation (keal/kg ¢)

EPSF = porosity of the bed

q = mass flow rate of air (kg/h)

ro = inner radius of the bed (radius of the channel) (m)

roo = outer radius of the bed

dimension at(121),bt(121),ct{121),dt(121),temp(121),fo(121)
dimension r(121),rk(121),22(121)

open(38,FILE=MINAT")

open(9,FILE="MINA2")

read(38,*) ao,al,a2,a3,a4,a5,bo,b1,b2,b3,b4,b5,ta,rou,cp

&,rkc,roc,cc, EPSF,q
ro=,006

roo=.03

k=31

n=121
dr=(roo-ro)(k-1.0)
tau=.001
do9i=1,n
r(i)=ro+(i-1*dr
continue
ral=r(k-1)+0.6*dr
ra2=r(k+1)-0.5*dr
solution of the finit difference equtions

do 3 j=1,10000

time=j*tau*60

8s=j -

8f=88/100

1=j/100

sr=sf-l

if{j.eq.1) go to 63

templ=temp(n)

calculation of the mean temperature of the hot stream of air from the

4

33

experimental data
tg=aol+al*time-a2*time**2.0+a3*time**3.0-a4*time**4.0 +ab*time**6.0

do 5 i=1,n

iffi.eq.1) go to 33

ifli.eq.k) go to 66

if{i.gt.k) go to 66
fo(i)=(rk(i)*tau)}/((rou*cp)*(dr*+2.0))
z2(i)=(rk(i+1)-rk(i-1))*tau/(4.0%(dr**2.0)*rou*cp)
ct{i)=-.5*fo(i)

at(i)=fo(i)+1.0

bt(i)=-.6*fo(i)
dt(i)=(.6*fo(i)-(.6*fo(i))*(dr/r(i))-22(i))*temp(i-1)
&+(1.0-fo(i))*temp(i)
&+((+.5%fo(i))*(dr/r(i))+.6* fo(iHzz(i))* templi+1)
gotob

fo(i)=rk(i)*tau/((dr**2.0)*rou*cp)

2z(i)=(rk(i+1)-rk(i))*tav/(2.0%(dr**2.0)*rou*cp)
Bi=hg*dr/rk(i)

et(i)}=0.0

at(i)=1.0+fo(i+Bi*fo(i)

bt(i)= -1.0*fo(i)
di{i)=(1.0-fo(i)-Bi*fo(i)+(Bi*fo(i))*(dr/r(i))
&+2.0*Bi*z2(i))* temp(i)+(2.0*Bi*foli J(-Bi *foi))
&¥(dr/r(i))-2.0*Bi*zz(i))*tg+foli)*temp(i+1)
gotob

rev=(ral*rou*cp+ra2*roc*ce)}(2*1(i))

fo(i)=(rk(i)*tau}(rcvedr*+2.0)
z2(i)=(ck(i+1)-rk(i-1))*tau(2.04(dr**2.0)*rcv)
ct(i)=-.5%fo(i)

at(i)=fo(i)+1.0

bt(i)=-.5*fo(i)
dt(i)=(.6*fo(i)-.5*fo(i)*(dr/r(i))-zz(i)) *temp(i-1)
&+(1.0-fo(i))*temp(i)

- &+(.5*fo(i)+.6*fo(i)*(dr/r(i)}+22(i))* temp(i+1)

gotob
if{i.eq.n) go to 44
fo(i)=rk(i)*tau/{(dr**2.0y*roc*cc)
ct(i)=-.6*fo(i)
at(i)=fo(i)+1.0
bi(i)=-.5*fo(i)
di(i)=(.6*fo(i)-.5*fo(i)*(dr/r(i)))*temp(i-1)
&+(1.0-fo(i))*temp(i)
&+(.5*fo(i)+.5*fo(i)*(dr/r(i)))*temp(i+1)
gotob
fo(i)=rk(i)*tau/((dr**2.0)*roc*cc)
Bi=h*dr/rk(i)
ct(i)=-1*{o(i)*(.5)
a(i)=(1/2)+fo(i)*.5+Bi*fo(i)*.6

¢ll
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21

35

36
27

51
52

42

43

bt(i)=0.0
dt(i)=fo(i)*(.5)*temp(i-1)
&+{(1/2)(.5)*fo(i)-Bi*fo(i)*(.5)-Bi*(0.5* fo(i)y* (dr/(i)))
&*temp(i)
&+((fo(i)*.5*°Bi)+Bi*(fo(i)2.0)*(dr/r(i))+Bi*fo(i)*(.5))*ta
continue
call thomas (at,bt,ct,dt,temp,n)
goto8
Initial conditions
do 21 i=1,n
temp(iX=ta >
continue
tg=ta
templ=temp(n)
Calculation of the thermal conductivity at the different radii
do 27 i=1,n
ill.gt.k)go to 34
ifidt.k)go to 36
if{i.eq.k)go to 36
rk(i)=rke
go to 27
tk(i)=((0.65)**(1.0-EPSF))*(.024**EPSF)
go to 27
rk(i)=0.0
continue
ds(k)=rk(k)+{(ral*rk(k-1)+ra2*rk{k+1)¥(2.0*r(k)))
calculation of the convective heat transfer coefficient (h) at
the outer surface of the insulation
tempm=(templ+temp(n))2.0
tm=(tempm+tay2.0 *
rx=tempm-ta
rka=0.20670349E-01+0.90727888E-04*tm-0.51470522E-06*tm**2.0
&+0.30219847E-08*tm**3.0
v=0.47762390E-01+0.31292057E-03*tm+0.48599242E-06*tm**2.0
pr=.7
iflrx.1t.0)go to 51
gr=(8.81%(3600**2.0))*(tempm-ta)*(.18**3.0)
&/(tm+273)*(v**2.0))
go to b2
gr=0.0
ra=gr*pr
iftra.gt.2.0E+07)go to 42
rnl=.64%((ra)**.26)
rn2=27*((ra)**.25)
go to43
rnl=.136%ra**.25)
n2=.27%ra**.25)
h=((3*rn1+rn2)*rka/4.0)*7.0/(22*2.0*r(n))

23

!

72

“8

20

calculation of the convective heat transfer coefficient (hg)
at the channel surface
tl=(tg+temp(1)/2
if{t1.gt.90.0)go to 23
pka=-0.563062148E-01+0.40799766E-02*t1-0.67647692E-04%t1%*2.0
&+0.35930429E-06%t1*+3.0
v1=0.62262084E-01+0.13870765E-03*t1+0.88462286E-06*t1#42.0
&-0.62456973E-08*t1++3.0
go to 24
pka=0.21593280E-01+0.57795198E-04*t1+0.16187775E-07%t1%+2.0
v1=0.69344769E-014+0.22031764E-03*t1-0.245554 76 E-06*11**2.0
pr=0.70670844E+00-0.23322842E-03*t1+0.49920823E-06#t1**2.0
if{temp(1).gt.90)go to 71
v8=0.62262084E-01+0.13870765E-03*temp(1)
&+0.88462286E-08*temp(1)**2.0-0.62456973E-08*temp(1)**3.0
go to 72
va=0.59344769E-01+0.22031 754 E-03*temp{ 1)
&-0.24556476£-06%temp(1)**2.0
re=(7*q}(11*ro*vl)
hg=1.86*(pka/(2*ro))*((2*re*pr*ro/.12)**.33)*(v1/vs)**.14)
if{j.eq.1) go to 83
if{sr.gt.0.0)go to 3
write(9,*time,tg, temp(1),temp( 18), temp(k)
continue
stop
end

subroutine thomas(a,b,¢,d,x,n)
dimension a(1),b(1),e(1),d(1),x(1),q(3000),5(3000)
wi=a(l)

g(1=d(1)¥wi

do1i=2,n

q(i-1)=b(i-1Ywi
wi=a(i)-c(i)*q(i-1)
gli)=(d(i)-c(i)*g(-1)¥wi
X(n)=g(n)

do 20 i=2,n
j=n-i+l

x()=gG)-qG)*x(+1)
return
end

elt



0000060606000 000000O00000O06O0OGH GO

DISPERSION MODEL

TRANSIENT TEMPERATURES WITHIN CYLINDRICAL DRY GRANULAR BEDS

OF THE PACKED CHANNEL CONFIGURATION

This program'was devloped to solve the heat conduction problem within
dry granular beds mentioned in chapter 4 of this thesis.

ao-ab are the coefficients determined experimentally for
the mean air stream surfacetemperature

assumed Darcean velocity (m/h)

diameter of the glass bead

ambient air temperature (c)

average density of the granular bed (kg/m3)
average specific heat of the granular bed (kcal/kg c)
thermal conductivity of the insulation (kcal/h m c)
density of the insulation (kg/h m ¢)

specific heat of the insulation (keal’kg c)

specific heat of air

= density of air

rkf = thermal conductivity of air

EPSF = porosity of the bed

UL O TR TR AT (|

"283283854"

q = mass flow rate of air (kg/h)
ro .= inner radius of the bed (radivs of the channel) (m)
ro0 = outer radius of the bed

dimension at(121),bt(121),ct(121),d4(121),temp(121),fo(121)
dimension 1(121),ds(121),pe(121),xt(121),rk(121)
dimension 22(121) Sy
open(38,FILE="tral1’)

open(9,FILE="mfaikirl’)

read(38,*) ta,u,rou,cp,rp,rkf;rof;cf
&,rke,roc,cc,EPSF,q -

r0=.008

roo=.03

k=31

n=121

dr=(roo-roY(k-1.0)

tau=.001

EPSF=0.363

do 9 i=in

r(i)=ro+(i-1)*dr

continue

ral=r(k-1)+0.6*dr

ra2=r(k+1)-0.5%dr

solution of the finit difference equtions

33

55

do 3 j=1,10000

time=j*tau*60

88=j

8f=88/100

1=§/100

sr=sf]

if{j.eq.1) go to 63

templ=temp(n)

calculation of the surface temperature of t from the
Experimental Data

tl=aol+al*time-a2*time**2.0+a3*time**3.0-a4*time**4.0+a5%ime**5.0

do b i=1,n
if{i.eq.1) go to 33
if{i.eq.k) go to 66
if{i.gt.k) go to 66
B=rof*cf*u*ro*tauf{(2.0*rou*cp)*(dr**2.0))
fo(i)=(ds(i)*tau}((rou*cp)*(dr*+2.0))
zz(i)=(ds(i+1)-ds(i-1))*tau/(4.0%(dr**2.0)*rou*cp)
Stli)=-.6*foli)
at(i)=fo(i)+1.0
bt(i)=-.5*fo(i)
At(i)=(.5*fo(i)-(-1.0*B+.5*fo(i))*(dr/r(i))-z2(i))*temp(i-1)
&4+(1.0-foli))*temp(i)
&+((-1.0*B+.6*[0(i))*(dr/r(i)) +.6*fo(i Hr22(i) ) temp(i+1)
gotob

c(i)=0.0
at(i=1.0
bi(i)}=0.0
dt(i)=t1
goto b

rev={ral*rou*cp+ra2*roc*cc)(2*r(i))
B=rof*cf*u*ro*tau/((2.0%rcv)*(dr**2.0))
fo(i)=(ds(i)*tau) rcv*dr*+2.0)
2z(i)=(ds(i+1)-ds(i-1))*tau/(2.0*(dr**2.0)*rcv)
ct(i)=-.5*fo(i)
at(i)=fo(i)+1.0
bt(i)=-.6*fo(i)
dt(i)=(.6%fo(i)-.6*fo(i)*{dr/i))-zz(i))*temp(i-1)
&+(1.0-fo(i))*temp(i)
&+(.5*fo(i)y.5*foli)*(drx(i)+ze(i))* temp(i+1)
goto 85

if{i.eq.n) go to 44
fo(i)=ds(i)*tau/{dr**2.0)*roc*cc)
ct(i)=-.5*fo(i)
at(i)=fo(i)+1.0
bt(i)=-.6*fo(i)
At(i)=(.5*fo(i)-.6*fo(i)*(dr/r(i)))*temp(i-1)
&+(1.0-foi))*temp(i)

149!



34

35

38

36

27

&+(.5*o(i+.6*fo(i)*(dr/r(i)))*temp(i+1)

goto b
fo(i)=ds(i)*tau/((dr**2.0)*roc*cc)

Bi=h*dr/ds(i)

ct(i)=-1*fo(i)*(.5)

at(i}=(1/2)+fo(i)*.5+Bi*fo(i)*.5

bt(i)=0.0

di(i)=fo(i)*(.5)*temp(i-1)

&+((1/2).5)*fo(i)-Bi*fo(i)*(.5)-Bi*(0.5*fo(i))*(dr/r(i)))

&*temp(i)

&+((fo(i)y*.5*Bi)+Bi*(fo(iV2.0)*(dr/r(i))+ Bi*fo(i)*(.5))*ta
continue

call thomas (at,bt,ct,dt,temp,n)

goto8

Initial conditions
do21i=1,n

temp(i)=ta
continue

tl=ta
templ=temp(n)

calculation of the dispersion companent { D* cf*rf
do 27 i=1,n '
if{i.gt.k)go to 34
ifli.lt.k)go to 35
iffi.eq.k)go to 36
rk(i)=rke
ds(i)=rk(i) .
go to 27 >
if{lu.eq.0)go to 38
ri(i)=aa*temp(i)+bb
pe(i)=u*ro®*rp*rof*cf{rkf*r(i))
xti)=.75*pe(i)+(1/6)*((22/7)**2.0)*(1.0-rE)* pe(i)*log( pe(i))
ds(i)=rk(i)+rE*rkf*xt(i)
go to 27
k(i)=((0.66)**(1.0-EPSF))*.024**EPSF)
ds(i)=rk(i)
go to 27
rk(i)=0.0
ds(i)=0.0
continue

da(k)=ds(k)+((ral*ds(k-1)+ra2*ds(k+1)}(2.0*r(k)))

calculation of the convective heat transfer coefficient (h) at

the outer surface of the insulation
tempm=(temp1+temp(n))¥2.0
tm=(tempm+tay2.0

61
b2

42

x=tempm-ta
rka=0.20670349E-01+0.90727888E-04*tm-0.51470522E-06*tm**2.0
&+0.30219847E-08*tm**3.0
v=0.47762390E-01+0.31292057E-03*tm+0.48599242E-06*tm**2.0
pr=0.70721436-0.22792489E-03*tm+0.72370256E-06*tm**2.0
pr=.7
ifrx.1t.0)go to 51
gr=(9.81*(3600**2.0))*(tempm-ta)*(.18**3.0)
&/(tm+273)*(v+*2.0))
go to 52
gr=0.0
ra=gr*pr
if(ra.gt.2.0E+07)go to 42
rnl=.64*((ra)**.25)
m2=.27%((ra)**.25)
go to 43
rnl=.135%ra**.25)

© mn2=.27%ra**.25)

53

20

h=((3*rn1+m2)*rka/4.0)*7.0/(22¢2.0*r(n))

ifj.eq.1) go to 83

if{sr.gt.0.0)go to 3
write(9,63)time,temp(1),temp(16)
format(F6.2,1x,F6.2,1x,F6.2)

continue

stop

end

subroutine thomas(a,b,c,d,x,n)

dimension a(1),b(1),¢(1),d(1),x(1),q(3000),g(3000)
wi=a(1)

g(1)=d(1)¥wi

do 1i=2,n

q@i-1)=b(i-1Ywi

- wi=a(i)-c(i)*q(i-1)

g)=(d(i)-c(i)*g(i-1)¥wi

x(n)=g(n)

do 20i=2n

j=n-i+l
XG)=gGH-aG)*xG+1)°

return

end

181



DRYING MODEL
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TRANSIENT TEMPERATURES WITHIN CYLINDRICAL WET GRANULAR BEDS
F THE OPEN CHANNEL CONFIGURATION
This program was devloped to solve the heat and mass transfer
problem withind wet granular beds mentioned in chapter 4
of this thesis.
ao-ab are the coefficients determined experimentally for
the mean air stream temperature
ta = ambient air temperature (c)
rkc = thermal conductivity of the insulation (kcal/h m c)
roc = density of the insulation (kg/h m c)
cc = specific heat of the insulation (kcal/kg c)
EPSF = porosity of the bed
EPSO = initial volume fraction of air (Va/V)
q = mass flow rate of air (kg/h)
ro = inner radius of the bed (radius of the channel) (m)
roo = outer radius of the bed

dimension at(201),bt(201),ct{201),dY(201),temp(201),fo(201)
dimension r(201),ds(201),pvg(61),rvg(b1),qv(51),tempf61)

dimension EPSG(61),EPSG1(51),dm(51),EVAN(51),22(61),CONV(51)

dimension rvgl(51),rgg(51),tempk(61),rggl(61),SAT(51)
dimension deff(61),ax(51),tgr(51),rcp(51),rcp1(51),CR(51)
dimension dp{51),VAP(51)
open(38,FILE='MINA")
open(9,FILE="CYRIL')
open(40,FILE="CYRIL1 ’)
open(41,FILE="CYRIL2")
open(42,FILE='CYRIL3')
open(43,FILE="CYRIL4’)
open(10,FILE="MARKY’)
open(11,FILE='MARK?2’)
open(12,FILE='MARK3")
open(13,FILE="MARK4")
open(14,FILE="MARKG5")
open(15,FILE='MARKS')
open(16,FILE="MARK7")
open(17,FILE='MARKS')
open(18,FilIE="MARK®")
open(19,FilE="MARK10")
open(20,FilE='MARK11%)
open(21,FilE="MARK12")
open(22,FilE="MARK13’)
rewind(9)

rewind(10)

rewind(11)
rewind(12)
rewind(13)
rewind(14)
rewind(15)
rewind(16)
rewind(17)
rewind(18)
rewind(19)
rewind(20)
rewind(21)
rewind(22)
rewind(40)
rewind(41)
rewind(42)
rewind(43)
read(38,*),ta,EPSO,EPSF,rkc,roc,cc,q
ro=.008
roo=.03

k=ab1

n=201
dr=(roo-roy(k-1.0)
tau=.000001
do 9 i=1,n
r(i)=ro+(i-1)*dr

9 continue

ral=r(k-1)+0.5%dr
ra2=r(k+1)-0.6%dr
Rv=461.52
pge=101300.0
rMa=28.97
rMv=18.016
ROUL=880.0
cpv=477

do 3 j=1,10000000
time=j*tau*60.0
88=j

af=88/83333
1=§/83333

sr=sf-]

calculation of the mean temperature of the hot stream of air from the

c
¢ experimental data
tg=aol+al*time-a2%time**2.0+a3*time**3.0-a4*time**4.0+ab%time**5.0

123 if{j.eq.1) go to 63
templ=temp(n)

¢ Calculation of the latent heat of vaporization and vapour

¢ partial pressure

do 12 =1,k
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VAP(i)=2604808.0-2457.069*%tempk(i)
pvg(i)=638.39+40.888*tempk(i}+(1.5924*(tempk(i))**2.0)
&+(0.023538%(tempk(i))**3.0)+{0.000306808*(tempk(i))**4.0)
&+(2.66620-06* tompk(i))**5.0)
12 continue .
~¢  Calculation of the effective mass diffusivity at various radii
do 540 i=1,k
ar(i)=(tempk(i}+273.0)(262.0)
tgr(i)=((1.06036/(ar(i)**.1566 1 )4+{.19300/exp(.47635*ar(i)))
&+(1.03687/exp(1.52996*%ar(i)))
&+(1.764 74/exp(3.89411%ar(i))))
defli)=(5.68973E-09%((273.0+tempk(i)y**1.5)/tgr(i))
&*(2.0*EPSFA3.0-EPSF))%1.0-SAT(i)) -
540 continue
¢ Calculation of the partial vapor density and total density
do 836 i=1,k
ifEPSG1(i.GE.EPSF)go to 631
go to 638
631 ifli.EQ.1)go to 633 .
rvg(i)=rvg1(i)-tau*3600.0%(r(i+1)*qv(i+1)-r(i-1)*qv(i-1)Y
&(EPSF*r(i)*2.0%dr)
go to 636
633 rvg(i)=rvgl(i)-tau*3B00.0%(r(i+ 1) quli+1)-rG)*qu(i)V
&(EPSF*r(i)*dr)
go to 636
638 rvg(i)epvg(iV(Rv*(273.0 +tempk(i)))
636 rgg(i)=pgg*rMa/(8314.0%tempk(i)+273.0)}+rvg(i)*(1.0-rMarMv)
635 continue :
¢ calculation of the vapour flux (density * velocity)
qv(1)=-1*BETA*rvg(1) T
qv(k)=0
do 14 i=2,k-1
qv(i)=-1*defi(i)*((rgg(i)**2.0)}(rgg(i}-rvg(i))*
&((rvg(i+1Yrgg(i+1))(rvgli-1Yrgg(i-1))¥(2.0%dr)
14 continue
¢ Calculation of the volume fraction of gaseous ph
EPSG(1)=EPSG1(1)¥(ROUL-rvg1(1)/(ROUL-rvg(1)))
&+tau*3600.0*(r(2)*qv(2)-r(1)*qv(1))(dr*r(1)
&*(ROUL-rvg(1)))
EPSG(k)=EPSG 1(k)*((ROUL-rvg 1{k)Y(ROUL-rvg(k)))
&+tau*3600%(r(k)*qv(k)-r(k-1)*qv(k-1)Xdr*r(k)
&*(ROUL-rvg(k)))
do 78 i=2,k-1
EPSG(i}=EPSG1(i)*(ROUL-rvg1 (i) ROUL-rvg(i)))
&+tau*1800.0*(r(i+1)*qv(i+1)-1(i-1)*qv(i-1)¥(dr*r(i)
&*(ROUL-rvg(i)))
79 continue
do 87 i=1k

i{EPSG1(i).GE.EPSF) go to 100
go to 97
100 EPSG(i=EPSF
EPSG1(1))}=EPSG(i)
97 continue
¢ Calculation of the ( density * specific heat) of the bed
¢ _at the various radii
do 745 i=1k
rep(i)=(EPSF-EPSG(i))*ROUL+EPSG(i y*(rvg(i)*.447
&+(rgg(i)rvg(i))*.24)+(1.0-EPSF)*2450.0*.2
746 continue
rep(k)=(ral*rep(k-14ra2*roctcc)(2.0*1(k))

¢ Calculation of the mass rate of evaporation per unit volume

¢ at the various radii
de 73 i=1,k
doi)}=ROUL*(EPSG(i)-EPSG1(i)}tau
73 continue
ifEPSG1(k).GE.EPSF)go to 811

815 doT4i=lk

CONV(i)=qv(i)*cpv*tau*3600.0/(2.0*dr)
EVAP(@)=dm(i)*(VAFi)*239E-06+0.5*tempk(i))*tau
74 continue
"goto92
811 do812i=l1k
qv(i=0.0
CONV(i)=0.0
EVAP(ix0.0
rep(i)=1660.0*.2
repl(i)=1560.0*.2
812 continue
92 dobi=ln
COND-=tau/(2*dr)
iffi.eq.1) go to 33

.if{i.eq.k) go to 66
if{i.gt.k) go to 656
foli)=(ds(i)* tau)(dr**2.0)
22(i)=(ds(i+1)-da(i-1)¥(2.0*dr)
ct(i)=-.6*0()
at(i)=fo(i)+rcp(i)
bt(i)=-.5*fo(i)

' dti)=(.5*fo(i)-.5*fo(i)*dr/r(i)+ CONV(i)-COND*zz(i))
&*templi-1)+(rcp1(i)-foli)}- CR(i))*temp(i)
&+{(-1.0*CONV(i}+.5*fo(i)*(dr/r(i))+.5*fo(i)+ COND*22(i))
&*temp(i+1)}-EVAP(i)
gotob

33  fo(i)=ds(i)*taudr**2.0)
zz(i}=(ds(i+1)-da(i)ydr
Bi=hg*dr/ds(i)
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ct(i)=0.0
at(i)=rcp(i}+fo(i)+Bi*fo(i)
bt(i)=-1.0*fo(i)
dt(i)=(repl(i)-foli)-Bi*fo(i)+Bi*fo(iy*(drir(i))+
&2.0*Bi*COND*z2(i)-2.0*Bi*CONV(i)-CR(i))*temp(i}- EVAP(i)
&+(2.0*Bi*fo(i)-Bi*fo(i)*(dr/r(i)}+2.0*Bi*CONV(i)-2.0*Bi
&*COND*zz(i))*tg+fo(i)*temp(i+1)
gotob
686 fo(i)=(ds(i)*tau)/(dr**2.0)
zz(i)=(ds(i+1)-dsm)}(dr)
ct(i)=-.5*fo(i)
at{i)=fo(i)+rep(i)
bt(i)}=-.5*fo(i)
At(i}=(.5*fo(i)-.5*foli)¥dr/r(i))-COND *zz(i))*temp(i-1)
&+(repl(i)-foli)*temp(i)} EVAP(i)
&+(.6*fo(i)+.6*fo(i)*(dra(i)+ COND*zz(i))*temp(i+1)
goto b
65 ifli.eq.n) go to 44
foli)=ds(i)*tau/((dr**2.0)*roc*cc)
ct(i)=-.5*fo(i)
at(i)=fo(i)+1.0
bt(i)=-.5*fo(i)
At(i)=(.F*oi)-.5* o)X dri(i))* temp(i-1)
&+(1.0-fi))*temp(i)
&+(.6*fo(i}.B*fo(i)*(dr/r(i)))*temp(i+1)
goto b
44 foli)=ds(i)*tau/(dr**2.0)*roc*cc)
Bi=h*dr/ds(i)
ct{i)=-1*fo(i)*(.6) 3
at(i)=(.5)+fo(iy*.5+Bi*fo(i)*.5
bt(i}=0.0
at(i)=fo(i)*(.6)*temp(i-1)
&+((.6)-(.6)*fo(i)- Bi*fo(i)*(.5)-Bi*(0.6*fo(i))*(dr/r(i)))
&*temp(i)
&+((fo(i)*.5*Bi)+Bi*(fo(i)/2.0)*(dr/r(i))+Bi*fo(i)*(.6))*ta
5 continue
call thomas (at,bt,ct,dt,temp,n)
goto8 )
Initial conditions
63 do2li=lk
EPSG(i=EPSO
tempfli)=ta
tempk(i)=ta
21 continue
do 109 i=1,n
temp(i}=ta
199 continue .
do 99 i=1,k

o

VAP(i)}=2604806.0-2467.059*tempk(i)

pvg(i)=638.394+40.888*tempk(i)+(1.5924*(tempk(i))**2.0)

&4(0.023538*(tempk(i))**3.0)+(0.00030608*(tempk(i))**4.0)

&+(2.6552e-08*(tempk(i))**5.0)

rvgli)=pvg(iY(Rv*(273.0+tempk(i))

rggli)=peg*rMa/(8314.0*(tempk(i)+273.0))+rvg(i)*(1.0-rtMa/rMv)
continue

templ=temp(n)

dmt=0.0

do 432 i=1k-1

rep(i)={ EPSF-EPSG(i))*ROUL+EPSG(i y*(rvg(i)*.447

&+{rgg(i)rvg(i))*.24)+(1.0-EPSF)*2450.0*.2

432 continue

8

28

rep(k)=(ral*rep(k-1)+ra2*roc*cc)(2.0*1(k))
do 28 i=1k
EPSGI1(i=EPSG()
rvgl(i)=rvg(i)
rggl(i)-rgg(i)
repl(i)=rep(i)
continue
do 107 i=Lk
tempk(i)=(tempf{i)+temp(i)¥2

107 continue

do 108 i=1k
tempfli)=temp(i)

108 continue

[

c
34

35

Calculation of the thermal conductivity
do 27 i=1,n
ifli.gt.k)go to 34
if{i.le.k)go to 35
if{i.eq.k)go to 36
da{i)=rke
go to 27 .
SAT(i)=abe((EPSF-EPSG(i)VEPSF)
ds(i)=((0.65)**(1.0-EPSF))*((0.55)* % EPSF-EPSG(i)))
&*(.024*«EPSG(i)))

¢35 ds(i}=EPSG(i)*0.024-{ EPSF-EPSG(i))*0.66+0.66%1.0-EPSF)

27

continue
dsm=(da(k)+ds(k-1)¥2.0
de(k)=((ral*dsm+Ta2*ds(k+1)}(2.0*r(k)))
Calculation of the convective heat and mass transfer
coefMlicients
tempm={templ+temp(n))¥2.0
tm=(tempm+ta)2.0
rx=tempm-ta
rka=0.20670349E-01+0.90727888E-04*tm-0.561470622E-06*tm**2.0
&+0.30219847E-08*tm**3.0
v=0.47762390E-01+0.31202057E-03*tm+0.48599242E-06*tm**2.0
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¢

51
b2

42

22

()

72

pr=0.70721436-0.22792489E-03*tm+0.72370256 E-06 %t m**2.0
pr=.7
if{lrx.1t.0)go to 51
8r=(8.81%(3600**2.0))*(tempm-ta)*(.18%*3.0)
&A(tm+273)%(v**2.0))
go to 52
gr=0.0
ra=gr*pr
iflra.gt.2.0E+07)go to 42
ml=.54%(ra)**.25)
™m2=.27%(ra)**.26)
go to 43
ml=.136%ra**.256)
™M2=.27%rn**25)
h=((3*rm1+rn2)*rka/4.0)*7.0/22.0*2.0*r{n))
t1=(tg+temp(1)¥2.0
if(t1.gt.90.0)go to 23
pka=-0.53062148E-01+0.40799766E-02*t1-0.67647692E-04*t1*+2.0
&+0.35930420E-06°t1**3.0
v1=0.62262084E-01+0.13870765E-03*¢1+0.88462286E-06*t1°*2.0
&-0.62456973E-08°t1%43.0
pr=0.70731604E+00-0.24950225E-03*t1+0.17306322E-05°L1#%2.0
&-0.12200R38F-07*t1++3.0
go o 24 .
pka=0.21593280E-01+0.57795198E-04*t1+0.16187775E-07*t1#+2.0
v1=0.69344769E-01+0.22031754E-03%t1-0.24556476E-06*¢1*92.0
pr=0.70670944E +00-0.23322842E-03°t1+0.49920823E-06°t1**2.0
ifltemp(1).gt.90)go to 71
v8=0.62262084E-01+0.13870765E-03*temp(1)
&+0.88462288E-06‘temp(l)"2.0—0.62456973E-OB‘Uemp(l)“&O
goto 72
ve=0.69344769E-01+0.22031754E-03*temp(1)
&-0.245554 76E-06*temp(1)**2.0
re=(7*q)(11*ro*v1)
hg=1.86%(pkaX2°ro))*((2*re*pr*ro/,12)**.33)%((v1/vs)**.14)
&*(1.074)**(re/1000)
BETA=1.86%deff{1(2*r0))*((2*re*.6*r0/.12)**.33)
&*((viive)**.14)
dmt=dmt+abe(qv(1))*tan*3600.0
ifj.eq.1) go to 83
if{ar.gt.0.0)go to 3
if{er.eq.0.0)go to 83
write(9,* Xime,tg,temp(1),temp(26),dmt
write(40,*)time,temp(1),temp(5),temp(8),temp(11)
write(41,*)time,temp( 14),temp(17),temp(20),temp(23)
write(42,*)time,temp(26),temp(28),Lomp(32) temp(305)
erw(l!l,’)llmo,ump(ﬂﬂ),tomp(‘l),wmp(ll),hsmp“?),wmp(ﬂO) .
write(10,*)time,8AT(1),8AT(2),8AT(3),SAT(4)

20

write(11,*)time,SATN(6),SAT(6),8AT(7),8AT(8)
write(12,*time,8AT(9),SAT(10),SAT(11),SAT(12)
write(13,*)time,SAT(13),SAT(14),SAT(16),SAT(16)
write(14,*)time,SAT(17),SAT(18),SAT(19),SAT(20)
write(15,*)time,SAT(21),SAT(22),SAT(23),SAT(24)
write(16,*)time,SAT(25),SAT(26),SAT(27),SAT(28)
write(17,*)time,SAT(29), SAT(30),SAT{31),SAT(32)
write(18,*)time,SAT(33), SAT(34),SAT(35),SAT(36)
write(19,*)time,SAT(37),SAT(38),SAT(39),SAT(40)
write(20,*)time, SAT(41), SAT(42),SAT(43),SAT(44)
write(21,*)time,SAT(45),SAT(46), SAT(47),SAT(48)
write(22,*time,SAT(49),SAT(650),SAT(51),temp(201)
continue

close(38)

cloae(9) .
close(10) oo
close(11)

close(12)

close(13)

close(14)

close(15)

close{16)

cloae(17)

close(18)

close(19)

close(20)

close(21)

cloae(22)

“close(40)

close(41)
close(42)
stop
end

subroutine thomas(a,b,c,d,x,n)
dimension a(1),b(1),c(1),d(1),x(1),q(3000),g(3000)
wi=a(l)
g(1)=d(1Vwi
do 1i=2,n
q(i-1)=b(i-1ywi
wi=a(i)-<(i)*q(i-1)
gli)=(d(i)-c(i)*gi-1)Vwi
x(n)=g(n)
do 20 i=2,n
j=n-i+l
u(j)=g(§)-q()*x(+1)
roturn
end
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