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Abstract
Parameters alfecting drying process las been studied experimentally as it associnted with
lieat and mass Iranaler belween porous bed (o be drled aod air which Mows throogh the poroos
bed. To perform ihis study, a test rig is designed and construcied as it consisty of vertical
circular duct packed with wet poroas bed which is made from clay balla of 20 mm in diameter.
Drying process occurs as & result of forcing hot air vertically to pass throush the wet porous hed,
evaporation of moisture is exivied in the bed dee (o the simulianecus heat and mass ranafer.
The studied operating parameters are inlet alr temperature, inlet air mass Mux, porous bed
depth and porosity of balls. The average heal and mass transfer coelficients are estimated for
Now of biot air Uirough the wet porous bed.

The results indicated Uhat, the dryiag rate is directly proportional to inlel air temperature,
mass Mlux of air, dimensionless bed depth and ball porosity. So, Drying process can be achieved
in lower time ng ingreasing both air mass Nux and or inlet air temperature and decreasing bed
depth. Also, heat transfer coeflicient and mass ransfer coeflicient increase with increasing inlet
ofr tlemperature, inlet air mass flux, avd ball porosity, but they decrease with incrensing bed

depth. Comparison between the abtained experimental results and the previons work gave the
same trend.

Key words: Heat and mass Transfer, drying, and wet porous bed.

1. INTRODUCTION construction materiols, and many others.

Drying is widely used n thermal energy ~ Thermal drying is the removel of a liquid
opplications. Industrial  epplications for  from a material through thermal treatment,
drying inclode the production of peper, Thermal drying process requires a lol of
textiles, food industries and agricullural  cnergy for evaporating the moisture, The
products, chemical products, building and  Iraditionally drying medium is the hot air.
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The main controlling parameters for the
drying processes are: the lempersture and
pressure of the drying medium, the slip
velocity and the humidity il air used as
drying mediom.

Theoretical and experimental validation
for drying charncteristics of banana was
studied by Kanm end Hawlader (2005). The
mode! includes the nfluence of both
material and cquipment, is capable of
predicting dynamic behavier of the dryer,
The material mode! is capable of predicting
the insiantanecus temperature and moisture
distribution inside the material. Also, the
study was conducted 1o examine the effect
of different operating variables on drying
potential and drying time

Mathematical modeling of high quadity
pasta drying is investigated by Migliori et al.
{2005). The mass and heat exchange
between pasta samples and air was modeled
according to the classic transport approach
applied to hollow cylindrical shape pasta.

Mathematical simulation of convection
food batch drying with assumptions of plug
flow and complete mixing of air was studied
by Herman-Lara et al, (2005). They took
mnto account beat and mas: tmnsfer o air,
produet and interface along with water
thermodynamic equilibrium, Also the study
indicated that 2ir outlet temperature is a way
of showing deviations from aw plug flow
behavior.

Babalis and Belessiotis (2004) studied
numerically and experimentally the
influence of drying air characteristic on the
drying performance of figs. The influence of
drying air femperature in the range of 55- 83
C*® and of the air velocity in the mnge from
0.5 to 3 m/s, for figs was studied. A range of
1-2 mfs drying air velocity has to be
preferably established inside an Industrial
dryer for agriculture products, giving the
best costefficiency performance for the
drying of figs.

Sander et al. (2001) reported that, the
drying air tempersture, and initial material
moisture content of cloy slab  strongly
influence the drying kinetics and transpor
properties. Effective diffusion coefTicient,
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heat and mass transfer coelficients, and
thermal conductivily, arc the main transport
propertics of thin clay plate (drying
temperature and initial moisture content),

Peters et al, {2002) studied theoretically
and experimentally the drying of a packed
bed. Within the cxperimenis both single
particle and packed bed measurements for
the drying of wood were carried out. The
results showed that, a particle resolved
approach is betier suied than a continuum
mechanic approach © describe packed bed
processes

Mumerical simulation of grain drying in
vertical bed has been carried out by Mhimid
el al (2000). Two mathematical models of
hest and mass transfer are examined and
adapted from the general porous medium
theory of Patunkar {1980), These models are
local temperature eguilibrium model and not
local emperature aquilibnum model. The
heal and mass transfer model which was
used took Into considerations drving by
[arced convection and conducticn heating at
the wall and higher porosity near the wall.
The mesulis reveal that complementary
drying by wall heating 18 not efficient as
conveclive heating.

Wang and Chen (1999) siudied
numerically the heat and mass transfer in
fixed-bed drying. The temperature, moisture
coment and pressure distributions in the
particle  were considered. Their results
showed that non-uniformity existed not only
for temperature and relative humidity of gas
in the fixed-bed, but also for the
temperature, moisture conlenl and pressure
in the material. Also, their results showed
that a drying fromt existed in the fixed bed
and moved forward linearly with drying
lime,

Simal et al. (1994) studied theoretically
and experimentally the heal and mass
transfer during hot air drying of potato
cubes. The moving boundary problem was
solved by an explicit finite differcnce
method using experimental dota of an
experiment carried out at 90°C.

Amaud and Fobr (1988) studied
numerically, slow drying process for airflow
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though wet porous medium, which simulate
thick layers of granular products. The
obtained model leads to an examination of
the validity of preceding simplified models
and the more general solution of continuous
drying,

Renken and Poulikakos (1987) studied
experimentally and theoretically forced
convection heat transfer in a packed bed of
spheres. A parallel  plate  chonnel
configuration with walls maintained at
constant temperature was employed. Their
results document the dependence of the
temperature field as well as the heat flux
from the wall on the problem parameters in
the thermally developing region. The
Nusselt number measurcments showed a
significant increase in the local heat transfer
at the channel wall relative fo that in
classical fluids.

Dutta et al. (1987) studied theoretically
and experimentally the drying behavior of
spherical grains. The drying characteristic of
the grain are similar (o those of other grains
belonging to the same category in the falling
rale period.

In this work, the study is done o
investigate the effect of the affecting
parameters on the drying process such as air
flow rate, air inlet temperatures, bed depth
and ball pocosity.

2. EXPERIMENTAL APPRATUS
The experimental apparatus is designed
and constructed to study parameters
affecting the drying process for wet porous
medium. Figure (1-a) shows a schematic
diagram for the expenimental appuratus. 1t
consists mainly of wvertical circular duct
which contained air blower (1) clectric
heater (3), enlrance section (5) and the (est
section (8). At the inlet section before the air
blower, a throttle plate gate (2) is fixed and
used to control the airflow rate through the
tested bed and to obtain the desired value of
atr mean velocity. The air blower draws air
from the surroundings and passes it over two
electric heaters (3), each one having 1.5 kW
rated power. The input power supplied to the
electric heaters is controlled by using variac
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" (12), 10 select the required input power

accurately. Air 15 heated to the desired
condition, and then it flows through the wet
porous bed inside the verlical duct. A
flexible connection (4) between the air
blower and the vertical duct is used w damp
any vibration associated with the airflow. To
insure that the fully developed condition 1s
reached for the flowing of hot air at inlet to
the test section, air is passed through the
entrance section (1m long). The main details
of the test section arc illustrated in Fig. (1.b).

The test section is of |05 mm in diameter
and 210 mm in length. This length can be
varied along the experiments up to 52.5 mm,
The tested porous bed (15) is packed with a
uniform 20 mm in diameter wet porous clay
balls The total number of balls was 198 and
the bed porosity "volume of air between
balls to the total volume of bed" is about
0.54. Two kinds of balls are tesled in this
work with internal ball porosity “void
volume in each ball 10 (he total volume of
cach ball® of 0.6 and 0.7, respectively. Two
stainless sieel screens (13) are placed at both
ends of the tested bed (o hold the balls in its
place. Bath portions of the test section are to
be removable so that the test seclion is
packed casily into its place. Therefore the
weight of the tested bed can be measured
casily before and afler each experiment To
mimmize heat loss from the test section, a
50-mm thickness of glass wool (14) is used
lo insulate the outer surfaces of (he test
section and the remaining duct.

3. EXPERIMENTAL DATA

The experimentai apparatus is provided
with scnsors to messurc lemperatures,
relative humidity, air velocity and mass of
evaporated water through each experiment.
For each experiment, the experimental
apparatus is allowed 10 operate until steady
state condition is reeched when the
fluctuation in outlet air temperature from
electric heaters is about £0.1 °C. Once the
system reached the desired sicady slate
condition, the test section, which contains
the wet porous bed is placed in its location.
Al this moment the required measurements
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are taksn. All measurements are collected
and recorded for further analysis.

Relative humidity (RH) is measured at
upstream and downstream of the lest s=ction
by using 8 hygromeler sensor (type Testo
605-H1), with a resolution of 0.1% and
accuracy of 3% Also, dry bulb and dew
point temperatures are measured al upstream
and downstréam of the lest section by using
the same sensor with a resolution of 0.1 °C
and accuracy of £0.5 °C

Air velocity at wpstream of the test
gection, is measurcd by uwsing hol wire
anemomeler sensor (type Teslo 605-V1),
with a resolution of 0.0] m/s and accuracy
of £0.05 m/s. Then the avermge value of air
velocity can be calculated from five
measurements of different mdil. The weight
of the tested bed is measured before and
afler each experiment by using a digital
mass balance (11) with a sensitivity of £0.1
g Therefore, the mass of the evaporated
water from the tested bed can be calculated.
The input clectric power supplied to the
electric heaters is measured by measuring
the input voltage and current. The minimum
readable values for voltage and current are
0.1 V and 20.01 A, respectively.

In order o oblain 2 moasure of the
reliability of the cxperimecoial data an
uncertainty analysis was performed for the
principie paramelers of intcresl. The root-
mean-square mndom error  propagation
analysis is carried out in the standard faghion
using uncertamnties of the basic independent
variables (experimentally measured). These
variables are bed dimensions, temperatures,
relative humidity, air velocity, and mass of
evaporited water, which used to caleulate
the uncertainty in MNusselt number and
Sherwcod number, The largest calculaled
unceriginties in the current investigation arc
less than B.6% for MNusselt pumber and
1 1.5% for Sherwood number.

4. DATA REDUCTION

To perform the required snalysis for the
obtained experimental data, the air and waler
vapot in the duct is treated as ideal gases.

Air flow rate inlet to the duet can be
calculated as;

M= 0, A, (n
where A: ., o and ug, are cross section
nrea of duct (A, = :—'d‘ ], air density ot iniet

{o the lest section and average velocily of air
at inlet to the test section, respectively, The
average velocity al inlet to the test section is
obtasred by integration of local velocity
ncross the cross-sectional area of duct.

The mass flow mie of water vapor which
evaporated from Lhe wet porous bed can be
calculnted as;

R L @

Where @i, and e are the humidity ratios
of mir ot inlet and outlel to the test seclion,
respectively (moist air properties are known
ot inlet and outler of the test section),

The drying process caused by hot air flows
through the wet porous bed, Le. evapomtion
of waier from surface of balls to nir Nows
through the bed due to concentration
difference. The convective hea! lransfer
from airflow 1o ball surface cause a decrease
in the outlet air temperature. Also part of
heal consumed by water vapor itsell (which
found at saturation lemperature) to reach the
outlet air temperature, The convective heat
transfar (Qeon) and evaporative heat transfer
{Qes) are calculated ns;

O =9 G (T - T ) (k)

Q= "'l"lhf. _E“-{Tdb.im 'T*-I:]] (4)

Where mey, b, Mun Cpun Cpw Tam
heat of vaporization, the airflow rate, the
specific heat at constant pressure for air, the
specific heat at constant pressure for water
vapor. the inlet air dry bulb temperature, the
outlet air dry bulb temperature, and water
vapor saturation tempemlure, respectively.
The density of the superheated water
vapor in the inlet air to the test section ot the
dry bulb temperature is determined from;

-~ S
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Where R, and T, a are gas constant for
water vapor and dry bulb temperature for

inlet gir to the test section respectively.

The water vapar pressure P, in the inlet air

lo the test section was calculated from;
p o ZinFam (6)

1"'I.ilhmh
where Py is the atmospheric pressure.
Al the air-bed surface imerface, the air is
saturated with water vapor The density of
the saturated water vapor at initial value of
bed surface temperature is obtained from,

P
Pt ™R v

Where P, is the saturated pressure for water
vapor corresponding 1o the initial value of
bed surface temperature at the begging of
the experiment and Ty, 15 the waler vapor
temperature which equal to the bed
temperature at inlet to the experiment.

The instantancous values of convective
heat wansfer coefficient (hyw ), cvaporative
heat transfer coefficient (hey ) and mass
transfer coefficient (hy) can be defined as;

- Sm (8)
hlu'-

Ay T, in * Thed, 1
- Q (9)

i m
AT, i~ Toed, 1
b .= Mev
m ;
APy bed, Py, int

Where A, is surface area of the bed which i3
defined as;

A= Ve
r

(10)

{11}

Where r 15 the radius of ball and Vg is the
volume of porous solid material which can
be defined as;

Vo .%u'm-._} (12)

Where d, L and Gy are the bed diameter,
bed depth and bed porosity, respectively.
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Accordingly, local values of Nusselt
number (based on convection only and
evaporalion only) and Sherwood number are
calculated as,

h b, L

““#"'i_L & tu,=t2t (3

W, L

She —/——

(14)

Where k and D are thermal conductivity of
air, and diffusion coefficient of water vapor
im mir ol average dry bulb tlemperalure,

respectively,
Avernge Mussell and Sherwood numbers are

defined as;

:.iﬁ.ii[m.__ di (15)
‘i
HT.-E]H-_* (16)
ﬁ-%]ﬁldl {17
L]

5. Results and Discussion

The effect of iemperalure and mass flux
of inlet hol mr, bed depth and ball porosity
on the drying process are analyzed
experimentally, Suilable analyses [or the
experimental measurements lead 1o obtain
the heat and mass transfer coefficients.
Consequently, Nusselt and Sherwood
numbers are obtained.

Figure {2) shows the variation of the
direct measured valucs of the outlet air
temperature with respect to time, for certain
value of mass flux of air (G=1 kg/m’s)
through the first bed (g, = 0.6) at different
inlet air temperatures. Il is clear from the
figure that, outlet air temperature increases
with ime and reaches an asymplolic value
after a ceriain time. This value for the outlet
air temperature 5 less than the inlet air
temperature by a few degrees in each case.
As expected, increasing inlet air tempernture
led 1o increase the outlet air temperature in a
shorl time.
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The effect of inlet hot air temperature on
outlet humidity ratio for air is presenied in
Fig. (3}, for cerinin mir mass {lux through the
first bed. It is clear that the oullet air
humadity ratio increases suddenly from the
mitial value to the maximum value in the
first few minutes for each experiment. At the
beginning of the experiment, the outlet
bumridity ratio increases with increasing inlet
nir temperature. For higher values of inlet air
temperatures, the humidity matio decreases
with time dramatically until it reaches a
certsin value after which there is o very
small decresse in oullet humidity ratio
Then, the humidity mtio alinins a constanl
value which approximately equals to the
initinl value. Therefore, the drying time
(which is defined as the required time for
complete drying) is oblnined. Also it is clear
that, the drying tme decreases with
increasing inlel air iemperalures.

The evaporation maic for waler vapor
from porous bed to the flowing air (m, ) is
caleulatod from equation (2) and plotted
against time of the experiment for different
inlel air temperatures, as shown in Fig.
{(4.n). It is observed from the figure that, at
the beginning of the experiment the
evaporation rale possess higher values with
increasing inlet air temperatures. Also, it is
noticed that, for higher values of inlet air
temperatures the evaporation rate from the
porous bed decreass dramatically with time.
Bul, for lower wvalues of inlet nir
temperstures, o the beginning of the
experimeni, the decrease in evaporation rale
are small, which eguivalent to constani
drying period. Then, with increasing the
experiment time the falling period was
obtained. Figure (4.b) shows the variation
of the evaporation mate for waler vapor
agninst time for different vajves of mass
fluxss of air at an inlet air temperature of
Tacn = 40 °C., It i poticed that, ol the
beginning of the experiment the evaporation

rate increases us air mass flux increases.

The difference between weight of the wet
porous bed and the dry porous bed is known
as (e initial amount of water exists in the

bed at the beginning of each experiment.
Frem the experimental data for
temperatures and humidity ratio the amount
of water evaporated at any time nlong the
experiment is obtained. Therefore, moisture
content is defined as the ratio between the
remaining amount of water in the bed (the
difference between the initisl amount of
waler exists in the bed at the beginning of
each expeniment and the amount of waler
evaporated al a certain lime) to the initial
amound of water exisis in the bed at the
beginming of each experiment. The
perceniage of moisture conlent versus time
for different inlet air ftemperntures is
illustrnted in Fig. (5). The drying time is
known as the required time lo evaporale the
initial waler content in the bed. This time
can be casily obtained from Fig. (5) at zero
moisture content and it is clear that, the
drying process can be achieved in a lower
time ns inlet air iemperature increases for a
cenain value of inlet air mass Mux. Also,
increasing the air inlet temperature from
310°C to 60 °C led to decrease the drying
time from 420 min to 180 min, respectively.

Figure (6) shows the effect of inlet air
mess (lux on the dryiug lime for different
values of inlet air temperstures. It Is
observed that, drying time decreases as air
mass flux and or inlet sir lemperature
increases. Therefore complete drying can be
ackieved In lower time as air mass flux and
inlzt @ir lemperature increase. The increase
of inlet air mass flux from 1 to 4 kg/s'm® led
o a decrease of the drying time from 180
min t¢ 32 min ot 60 “C air inlet temperature
Bul this decrease in drying time is from 420
to 100 min & air inlet temperature of 30°C,

The average values for convective mnd
evaporative heat transfer coefficients are
cakulated and plotted against air mass flux
at different inlet air temperatures, as shown
in Fig. (7). As it is expected the average heat
transfer coefficients increase with increasing
air mass flux for a certain value of inlet pir
temperature.  Also, increasing inlet air
lempernture  causes an  increase in the
convective and evaporative heal transfer
ratss,
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In twm the average values for Nussell
nutnber based on convection only and
evaporation only are plotted in Fig.(8)
against inlet air mass flux. As it is expected,

Nusselt number behaves the same trend as |

heat transfer coefficient.

Sherwood number (Sh) is plotted against
mir mass flux al  different inlet  air
temperatures, as shown in Fig. (9). It is
observed that Sherwood number increases as
alr mass flux and inlet mir temperature
increase. This increase in Sh wath the air
mass flux is expected for the same inlet air
temperature, Bul, for the same air mass flux,
increasing inlet air lemperature causes a
decrease in waler vapor conceniration at the
ball surface and this leads 1o an increase in
Sh. The maximum enhoncement in the
average Sherwood number is aboul 340% as
inlet air mass Nux increases from 1 1o 4

kafm’.: al 60°C inlet air \emperature, but

this enhuncement is 370% at 30°C air inlel
temperature. Also, increasing the air inlet
temperature from 30°C to 60 °C led to an
increase in the average Sherwood number by
pbout 300% atl inlet air mass Nux of 4
kg/m’.s and 200% when the inlet pir mass
flux is | kaﬂm’ 8.

Bed depih can be reduced from the initial
vilue up 1o o smaller value 1o study the
effect of bed depth on the drying process
Figure (10) shows the effect of hed depth on
the average values of mass iransfer
coelficient, convective and evaporative heat
transfer coefficients of air mass flux of 1
kg/m®.s and inlet air temperature of 30°C. It
is clear that as bed depth increases the
averape valoes of mass transfer, convective
and evaporalive heal transfer coefMicients are
decreased So, the deying rate 15 decreased.

The cffect of ball porosity on the
evaporation raie of water v?uri:phuudfm
air mass flux, G=| 5 and inlet air
lemperature, T4 w= 40 °C, as shown in Fig.
(11). Genenally, the evaporation rate
increases as ball porosity increases due to
the increase in the void inside the balls and
in tum the increase in the amount of initial
waler content.
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The present experimental moisture
content is compared with the previgus
experimental work, as shown in Fig. (12).
The previous theoretical and experimental
work; for Sander et al. (2003}, was done for
heat and mass transfer models in convection
drying of clay slabs. This slabs put in
circular cylindrical duct and hot air passes
through it with wvelocity 043 m/s. The
oblained experimental results and the
previous work gave the same trend.

6. Conclusions

Simultaneous heat and mass transfer for
drying process of air flows through a wet
porous bed is experimentally studied. Drying
process can be achieved in lower time as
mass flux of air increases and or inlet air
temperalure increases. The evaporalion rale
is increased as the ball porosity increases
due to the increase in the amount of nitial
water condent. The heat transfer coefficient
and mass transfer coefficient (or in tum
Musseli and Sherwood number) are
increased  with  increasing  inlet  air
temperature, inlet air mass flux, and bail
porosity; but decreasing with the increase of
bed depth. Comparison between the obtained
experimental resulis and the previous work
gave the same trend.

Nomenclatere

A :Aream'

d | Bed dsameter ,m

D : Diffusion coefficient, m' /s

G : Mass flux, kg/m’s

h  :Heat transfer coefficient, Wi{m?. °C)

- hy : Mass transfer coefficient, m/s

k : Thermal conductivity, WAm. °C)
i : Enthalpy for air, Jkg

L :Bed length, m

My - Airflow rate, kg/s

m ., : Evaporation rate, kg/s

MNu : Musselt number (Nu=hL/k), -

P Pressure, Pa

P : Atmospheric pressure, atm

€ - Rate of heat transfer, W

1 :Ball radius, m

R : Gas constant, Pa.m’f(kg K)

Sh : Sherwood number (Sh=h,, 1/D}, -
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T : Temperature, °C
I :Time, s

u : Air veloeity, m/s
V  : Volume, m’

Greek symbols
£ :porosity, -
p Density, kgfm"'
o : Humidity ratio, kgo/Kga
t : Drying time, s

Subscripts

air  Air eff  Effective
atm atmospheric  ev  Evaporated
av  average i Initial

b Ball in Inlet

bed porous bed m Mass

e crosssection out  Cut

con  convertion sal  Saturation

d dry- v Water vapor

db  dry bulb 5 Surface
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