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Title Mathematical Modeling and Simulation
of Batch Drying of Black Pepper in Fixed-Beds

with Air Flow Reversal

Author Miss Phirunrat Thaisamak

Degree of Master of Engineering (Food Engineering)

Advisory Committee Chairperson Assistant Professor Dr. Somkiat Jaturonglumlert
ABSTRACT

The purpose of this research study was to compare the fixed deep-bed drying of
black pepper. The deep-bed drying model aims to study the temperature and moisture ratios
which varies with bed depth and drying time. The drying process was divided into two parts. The
first part included data collection of the temperature and moisture distribution, which was affected
by two independent variables, e.g., the depth (at 20, 30 and 40 cm) and types of airflow (normal
airflow vs. reverse airflow every 1 hour). The second part was to analyze the dimensionless
variable to explain the drying behavior. Results show that temperature and moisture ratios of
normal airflow and reverse airflow were found to be of similar trends. The deep-bed model using
the airflow reversal process could be used for drying at 20-40 cm bed depth, which some
parameters can be applied to simulate in theoretical modeling. This model can explain the
behavior of the drying process following the depth and type airflow, future more can applied to

use for improve dryer and the drying process in the industry to reduce the cost.
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Condition Drying Final Initial Final
Pre-treatment  Bed thickness time  moisture content weight weight
Airflow
(cm) (min) (d.b.) (kg) (kg)
Normal airflow 150 0.066 50.00 45.70
20
Reversal airflow 150 0.068 50.00 45.70
Normal airflow 150 0.067 75.00 68.70
No blanching 30
Reversal airflow 180 0.068 75.00 68.14
Normal airflow 210 0.068 100.00 90.60
40
Reversal airflow 195 0.068 100.00 90.15
Normal airflow 150 0.061 30.00 29.50
20
Reversal airflow 150 0.067 30.00 29.40
Normal airflow 180 0.069 50.00 48.20
Blanching 30
Reversal airflow 270 0.068 50.00 48.50
Normal airflow 300 0.067 75.00 74.60
40
Reversal airflow 210 0.065 75.00 74.30
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No blanching Blanching
Drying condition ” p
K H R K H R
Normal airflow 0.007 -1.985 0.935 0.023  0.198 0.936
20 cm
Reversal airflow 0.007 1.894 0.889 0.013 0.148 0.795
Normal airflow 0.007 3.275 0971 0.015 0.453 0.910
30 cm
Reversal airflow 0.006 5.029 0.932 0.012 1.335 0.905
Normal airflow 0.005 3.043 0977 0.010 0.639 0.919
40 cm
Reversal airflow 0.005 15.026 0.958 0.016  0.526 0.917

v ~ T 1 = 9/ =y o Y = d
ﬂWﬂQ‘V]“ﬁL&’Jﬂﬂ'liﬂ']ﬂi@u‘ﬂ‘ﬂi%M?ﬂihlﬁi]'lﬂﬂ'lﬁ'JLﬂ'ﬁ1$ﬂ1@81%ﬂ1‘53m518ﬂﬂ13

[~ a Y ¥ 1 = as ' 1 Y A T
ﬂﬂflEJEllL“LI‘LIllllL‘iJNLGNLﬁUﬂ’JEJ‘I‘]JilLﬂﬁJ SPSS WU NTIATEUAIDYNNNDUNTIDUUNIUNDAD



44

1 1 1 i
AaaiviaensateTen Gi01910091910M 15103 0UAI06190DUNITO VLR INHAADA NI
' 9 ' Y '
= v T = 9 a ' a o 1 a9
Sudueesiee1e 1aeanns AT U UUeId 10619 Inedmu A NuF LS uAY
=y o al (I} P= | 9 1= o Lr
woansn e lirunmsainiadszuns 0.170 MasTIue waznsn lnediimiumaain
A a2 9 9w =4 1 A 2 PR
fmanususudulseua 1203 11a55IU0Ee AIURDYDIAIAINYBI TR uIuTdl
[ ar 1 1 = @ 3 =y .
anuuanaesu Iasanainisouuns () Wudualsnldlszaimnalunseuute Tagadl

=2 £l Y o 7] = o Al 11 9
LtﬁﬂﬁﬂﬁﬂflﬁalslﬁgﬂgL'Jﬁ']GluﬂTiﬂ‘]_llWT\‘iﬂT Iﬂﬁ]fﬂi@‘ﬂuﬁ\‘I‘WﬁﬂvlcﬂﬁlﬂTﬂthN'luﬂ?ﬁﬁﬁ]ﬂi“ﬂfﬂlﬂﬂ?ﬁ

1

= =

=S s ] T .:'5 4 1 = o 1 1

AinTieglue 0.005-0.007  Fuileareninniseuudaninlnedridunisainiiianing
1 = g i v v as 1 o

GIHGH'N 0.010-0.023 lmgNﬁﬂ?ﬁ?!ﬂ31$ﬁﬂ1ﬂﬂﬁﬁu'&ﬂﬂﬁE]181@14‘1]@@@@3"@’3%@@1&14{]% AL A

lum1s1a 8

A1519 8 AnsinLlensate Touvedsnsadmgurgl (TR) MUAA1IZMITNATDY

Drying condition No blanching Blanching
K H R K H R

Normal airflow 0.004 0.037 0.810 0.001 0.048 0.841
2oem Reversal airflow 0.004 0.036 0.851 0.001 0.039 0.730

Normal airflow 0.002 0.074 0.859 0.001 0.081 0.870
Wem Reversal airflow 0.002 0.073 0.789 0.001 0.083 0.604

Normal airflow 0.001 0.138 0.831 0.001 0.082 (.886
40 cm

Reversal airflow 0.001 0.100 0.812 0.001 0.076 0.720
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Drying condition MR
No blanching Blanching

RMSE MBE RMSE MBE
Normal airflow 0.059 0.0035 0.059 0.0035

20 em
Reversal airflow 0.070 0.0049 0.044 0.0019
Normal airflow 0.036 0.0013 0.120 0.0143

30 cm
Reversal airflow 0.040 0.0021 0.060 0.0035
Normal airflow 0.028 0.0007 0.073 0.0053

40 cm
Reversal airflow 0.039 0.0015 0.056 0.0031

2IMM319 9 1AL 10 1WpNIITAIA1 RMSE 44R915 01910112 sauuiani
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9 = 1 o

A1 RMSE 1 uaasnansnsgaedeyailmdr1dsiianuuiudinga ilewasaundasiaiy
v T

ANUFUNTANToULTINS N Ined1hn LI ILN17a79n (100 °C) W31 A1 RMSE 11974 0.028-

0.070 wagnsdlmsouwiandn lneidunisadn (115 °c) a1 RMSE o113 0.044-0.120
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RMSE 11973 0.037-0.076 uaznssimsouuiansn Inofrunisaln (115 °C) 1ia1 RMSE oy

11197949 0.037-0.246

M0 MIIRTEHANUINiIMIaDAveIDaT1IdIMgUHYIAILA RMSE LAz MBE

Drying condition TR
No blanching Blanching

RMSE MBE RMSE MBE
Normal airflow 0.037 0.0013 0.037 0.0013

20 cm
Reversal airflow 0.038 0.0014 0.073 0.0053
Normal airflow 0.041 0.0016 0.129 0.0088

30 cm
Reversal airflow 0.076 0.0058 0.246 0.0603
Normal airflow 0.093 0.0086 0.080 0.0064

40 cm
Reversal airflow 0.066 0.0043 0.308 0.0951
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Hiumaadn (115 °C) 14a1 MBE 241919 0.0013-0.060  1aud1 RMSE iay MBE 1iju
msilmesilswenanuianaalumsiineaiszn i ldnnuuniaswmnzdoya
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A5NARY 8911 UAT RMSE Lae MBE A238aA1108 1oz RS A131A1110 (Tomislav, 2012)
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M519 11 lszaniammsgiemanydounazanamie nsammsouurannin Inedn liru

138730
Drying condition Mean mass Mean heat
Bed thickness Type of transter transfer

(cm) Airflow efficiency efficiency

Normal airflow 0.400 0.136

20 Reversal airflow 0.400 0.152

Normal airflow 0.410 0.220

30 Reversal airflow 0.380 0.190

Normal airflow 0.360 0.224

0 Reversal airflow 0.380 0.272
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a7n
Drying condition Mean mass Mean heat
Bed thickness Type of transfer transfer

(cm) Airflow efficiency efficiency

Normal airflow 0.610 0.330

0 Reversal airflow 0.580 0.370

Normal airflow 0.580 0.290

% Reversal airflow 0.670 0.430

Normal airflow 0.620 0.230

0 Reversal airflow 0.640 0.460
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Pre-treatment ~ Bed thickness Type of airflow De”(mzlls) R’
(cm)
Normal airflow 4.456E-11 0.947
20
Reversal airflow 4.106E-11 0.923
Normal airflow 4.456E-11 0.972
No blanching 30
Reversal airflow 3.091E-11 0.953 ~©
Normal airflow 3.225E-11 0.983
40
Reversal airflow 3.100E-11 0.965
Normal airflow 3.692E-10 0.918
20
Reversal airflow 3.692E-10 0.960
Normal airflow 2.603E-10 0.919
Blanching 30
Reversal airflow 1.670E-10 0.928
Normal airflow 1.678E-10 0.926
40
Reversal airflow 2.806E-10 0.965
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Pre-treatment  Bed thickness Type of airflow Ea Do
(cm) {(J/mol) (m2/ s)
Normal airflow 5,862.78 5.918E-12
20
Reversal airflow 5,641.29 4.106E-12
Normal airflow 6,985.26 3.959E-12
No blanching 30
Reversal airflow 6,460.39 3.455E-12
Normal airflow 7,710.32 2.323E-12
40
Reversal airflow 7,483.10 2.420E-12
Normal airflow 11,745.19  6.586E-12
20
Reversal airflow 11,285.42  7.621E-12
Normal airflow 17,627.34  7.025E-13
Blanching 30
Reversal airflow 14,811.39  9.249E-13
Normal airflow 13,544.34  1.721E-12
40
Reversal airflow 12,599.87 3.167E-12
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Abstract

The purpose of this research study was fo compare normal aiflow and reversal airflow in fixed
deep-bed drying of black pepper. The deep-bed model has temperature and moisture ratios which varied
with depth and drying time. The batch drying process was divided into two parts. The first part included
data collection of the temperature and moisture distribution, which was affected by two independent
variables, the depth {at 20, 30 and 40 cm) and types of airflow (normal airflow vs. reverse aiflow every
1 hour). The second part was to fit the experimental data to estimate dimensionless variable to be used
in mathematical model to explain drying behavior. It was shown that temperature and moisture ratios of
normal airfflow and reverse airflow were similar in deep-bed model. The airflow reverse process could be
used for drying at any depth of the drying bed, which the physical property was close to the standard and
can reduce the drying cost. The model explained the behavior of drying process in nearby boundary
condition and can be applied to adjust the dryer and drying process in the industry.

Keywords: fixed deep-bed drying, black pepper, reversal airflow, normal airflow

Introduction and packaging. Reversal airflow drying was

developed from batch type drying which the

Black pepper (Piper nigrum L.) is popular
in healthy and spicy herb group. The product of
pepper gives an annual export value (about 30-60
million baht) to country (Office of the Agricultural
Economics, 2012). Drying is the methed to prelong
shelf life for high humidity product as well as to

reduce the weight of product, cost of instrument

68

drying air flow is applied in cne direction for some
time and then the direction of the flow is reversed
for the next period that may be repeated several
times until the drying was completed. From this
method, the hot air can go through and distribute

to the product in both directions.
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Fixed-bed drying is a complex process
which is used for black pepper in the industry.
The possible option is stirring by experience
workers during drying at regular intervals. This
problem incurs high cost and labor intensive.
Thus, the reversal airflow drying was used to
reduce these problems, the drying time, heat loss
between stirring time and cost of labor (Janjai ef al.,
2011). However the designer process including or
modification of the dryer was of high cost, time
consuming and must take longer to find the optimal
condition. Mathematical modeling is one of the most
important metheds in food drying process which
deals with the behavior of drying by moisture and
temperature distribution. This method reduced
the number of trial and cost of material. The result
of mathematical model could be applied to adjust
drying process and was to modify the dryer.

Fixed deep-bed drying model was developed
to describe the heat and mass transfer during
drying. This model involves a few variables and
parameters for simulation such as the drying
constant of thin-layer, thermodynamic properties
of air and grain. In this research, a fixed deep-bed
model developed by Barre et al. (1971) was used

to simulate numerically the fixed deep-bed drying

Figure 1

of black pepper and study the feasibility of
modeling for the types of airflow (normal airflow
and reversal airflow) by comparing the moisture
and temperature ratio vary with time and depth.
Lastly the optimal depth of bed was determined
by fixed deep-bed model to apply in the industry
scale. Many researches in the field of mathematical
modeling have studied the empirical model which
could explain the varying behavior of drying with

time only.
Materials and Methods

The mathematical model of fixed deep-
bed drying was validated for the experimental
data of black peppers by comparing the behavior
of drying varied with two independent variables
i.e. the depth of bed (20, 30, 40 cm) and the type
of airflow (normal airflow and reverse airflow). In
this work, the bulk density of black pepper was
about 550 kg/m”. The temperature of drying air
was 100°C. The initial moisture content which
determined by hot air oven method was 0.17 dry
basis and the average air velocity at the entrance

was 2.25 m/s. The implement of dryer shown in

Figure 1.

2. Temperature controller
3. Blower 1/3 hp
4. Drying bin

5. Set of measurement

Implement of dryer in drying process
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1. Liquefied Petroleum Gas
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To simulate the model, the drying air
temperature, relative humidity and moisture content
were determined throughout the experiment. K type
thermocouple connecting with the data logger
(Agilent technology 34870A) was used to measure
the air temperature in the drying bin. Relative
humidity of ambient air and drying air were
measured with a hygrometer. The moisture content
was determined with hot air oven method by
sampling black pepper from drying bin at designated
position. The experimental data were periodically
collected at 30 minutes interval until the drying
was completed. The position of thermocouples were
periodically collected at 30 minutes interval for
measurement temperature in the drying bin was
defined three positions, and each position was
divided into five sub-layers along at the depth of
bed (at x=1, 2, ..., 5). The position of maisture content
was also defined two positions. The position of
measurement in drying bin is shown in Figure 2
for example T11 was the first position of thermocouple
and sub-layer x=1. In the study of reversal airflow,
the direction of airflow was reversed 1-hour at
interval by repeating the reverse direction until the

desired moisture content was reached (about 0.07

on dry basis).
Deyisg mr { 5
1
L. |
Vi A
fopen)
(1
Figure 3
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P = -

Figure 2 (1) Position of moisture content and
temperature used to collect simulation
data; (2) Tray used to contain material;
(3) Tray containing black pepper and
position of thermocouple for callecting

temperature profile.

The patterns of airflow in both types are
shown in Figure 3. In normal airflow, hot air was
applied from the bottom to the top of black pepper
bed. (ocpen valve A close valve B) For reverse
airflow, was applied (hot air) from the bottom to
the top with interval time set then was reversed
(the hot air) from the top to the bottom (close
valve A apen valve B), the reverse was repeated

until the process was reached.

Deying wie

Vatve A__ |
{ose)

@)
Operation of the fixed-bed dryer using normal airflow (1), reversal airflow (2)
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Fixed deep-bed model

Fixed deep-bed drying is a non-stationary
process Moisture content and temperature depended
on the depth “x” of the bed and en the drying
time “t". Aregba et al. {2006) was proposed
a mathematical model of fixed deep-bed by define
the moisture content of product as M'p(x_,!).
The drying air temperaturé in bed as T {x,1).
The following assumption was made in deriving
the equation: The sensible heat required to raise
temperature is negligible compared to latent heat
for moisture vaporization, The grain bulk density
and latent heat vaporization are constant.
The initial moisture content in the bed is equating
all over the bin. Hukill (1954) was presented energy

balance equation by the mention assumption.

ar M
pdayvaﬂcpda d —a; = pdphfg ? (1)

With g, is the density of drying air.
(kg/m®); Payis the bulk density of product,
(kglmg); Cp,, is spe_ciﬁc heat of drying air,(J/kg);
hg is latent heat vaporization of water, (Jikg); ¥,
is inlet velocity of drying air, (m/s) The relation 1
which has been tentatively proposed is a sample
form and was improved by using the exponential
form. Hukill further assumed the following initial

and boundary conditions, for drying temperature:

nital 220 "To, _ @
Y;x (O’ I) &= ‘T:;m

Boundary 7,(0,2) =7, (3

With T is inlet temperature of the drying
air; T

o I8 @mbient air wet bulb temperature; x is

coordinate along bed depth, (m) and H is Height
of transfer unit.. Assuming the inlet temperature of
drying air is constant (equal to 7 ), as

for temperature, the meisture content is given by

M,(0.H-M,,

Mgl
M, (x0)-M,,

Initial

Boundary M, (x0y=M_, (5)

With Af,, is the initial moisture content of
the product, K is thin-layer drying constant, and
t is time.

Dimensionless fixed deep-bed model

The definition of some dimensionless
variable in relation of fixed deep-bed model. In
relation of initial and boundary conditions was
expressed two unknown variables. Aregba et al. [4]
presented the technique involved in this process
corresponding to the theory of transfer units.
Given H is the height of transfer unit and K is the
drying constant of thin-layer kinetic equation.
Equations 1-4 constitute the differential equation
system of fixed deep-bed. The dimensionless

variables are defined as follow:

M, (x,0—M,,

MR(x,0)=
g M, M,
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T {(x,}-T,
T = a i 7
Y "
8=Kt (8)
X
vix) = I ©)

With M, is equilibrium moisture content of
black pepper, calculated by Moxdified Oswin equation
from the study, that is M, =(0.150 - 0.004(T)

0.647
+0.00003537? ){I—Rg—g—) +0.020 . Equations

6-9, the depth, x and time, t are expressed in
dimensionless term v,6. The moisture and
temperature ratios for contain drying time-and bed

depth can be calculated as follow.

e’ +e" -1 o gl
when v>0, 60 (10)
8 fird
TR(U’Q)ze“ +ee5—l= L g
' e? e —1
when p >0, 8>0 (11)

Non-linear regression with SPSS program
was used for the analytical transfer units. After
that, the equations 10, 11 with estimated values
from analytical transfer unit were used to predict
the moisture and temperature ratio. In this work
R”, RMSE and %error were used to validate

between the predicted and experimental results.
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The fixed deep-bed model was in good agreement
and acceptable with high R* and low RMSE value
and % error (Narong et af., 2011).

Results and Discussion

The operation of drying process was
found to vary with the depth of bed and type of
airflow. In this section, in the operation at 40 cm
depth of bed is present, with defined Mp is the
average moisture content at two positions and Ta
is the average drying air temperature at three
positions, and the average value was divided by
sub-layers. When the experimental result between
normal airfflow and reverse airflow was compared,
it was found that in normal airflow, the moisture
content in each sub-layer tended 1o decrease
continuously from sub-layer 1 to 5 when was
applied hot air at the bottoem of bed. Although
stirring can distribute the hot air, the change of
moisture content varied with the depth of bed. The
moisture content in each sub-layer was similar
when the drying time passed 150 minutes. In reverse
airflow, the moisture content was different in
each sub-layer that is, the moisture content at
sub-layer 1 was low when dry air was applied at
the bottom. Similar, sub-layer 5 had low molsture
content when hot air was applied reversely at the
top of bed. Moisture content tended to decrease
rapidly when the drying time passed 90 minutes.

The temperature in the normal airflow
tended to increase continuously from bottom to
top of bed and was higher at sub-layers 1, 2 than
at other sub-layers. Drying air temperature was

stable when the drying fime passed 150 minutes
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and was censtant until the drying was completed.
In the reversal airflow the moisture content
decreased as the temperature increased which
was high at sub-layers 1, 2 when hot air was
applied at bottom of bed and was high at sub-

layers 5, 4 when the reversing time tock place. In

i Bp (Normal airfiow) at

x=1
0.6
sffffeses M (Normal airflaw) at
0.14 e
*=2
g 012 s Mp (Normal airflow) at
g oo =3
g 008
w®
s 0.08
=
0.04
0.02
0.00
0 30 80 90 120 150 180 210
Time (min)
100
5 W
3
s
8
‘é‘ B0 amiespunss Ty (Normal airflow) al x=1
2 el Ty (Normal aitflow) al =2
]
@
E a4 asmfyenn Tp (Nommal airfiow) al x=3
.
g wsfpuss Tp (Normal aicflow) al x=4
i Tp (Normal airflow) al x=5
0
0 30 &0 90 120 150 180 210
Time [min}
(1) Normal airflow
Figure 4

this type of airflow, the profile of temperature was
swinging at the beginning of drying and converge
similar when the drying time passed 120 minutes.
Figure 4 shows the change of moisture content
and temperature profile in the bed in normal and

reverse airflows.

0.18 s Mp (Reverse airflow) at x=1

0.18 e Mp (Reverse aiflow) at x=2
0.14 sy Mp (Reverse aiflow) al x=0
E 0.12 wmipdman M (Reverse aifiow) al x=4
E 0.40 Mp (Revarse aiflow) al x=5§
§
S 0.08
2
3
‘5 0.08
=
0.04
0.02
0.00
] 30 ] 90 120 150 180 210
Time {min}
100
= 80
k
3
8
S 6 el T (Reverse airflow) at x=1
H
§ slfffees Tp (Reverse aiiflow) at x=2
2 a0
§ gl Tp (Reverse aiflow) al x=3
- o T (Reverse airflow) al x=d
‘wnalfifens Tp (Reverse aiflow) al x=5
[

o ki 60 a0 120 150 180 210

Time (min}

(2) Reverse airflow

Moisture and temperature profiles during drying at the condition of 40 cm with average

moisture content in three positions and average temperature in two positions Mp = average

moisture, Ta = average temperature
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From the experiment on drying, the solution
of fixed deep-bed model is given by equations 10,
11. The result of the dimensionless moisture and

temperature ratio. fitted the predicted result. The

analytical result of transfer units divided by moisture
and temperature ratio, statistic analysis are shown

in Table 1.

Table 1 Value of transfer units and statistic analysis
Depth of MR TR
drying bed Condition
K H R" RMSE  %Error K H R’ RMSE  %Emor
cm)
Normal airfliow  0.007 -1.885 0.835 0.0621 8.419 0.004 Q037 0810 01377 7679
20
Reverse airflow  0.007 1.894 0.888 0.0711 10.260 0.004 0036 0851 0.1233 8.630
Normal aifflow  0.007 3.275 0971 0.0841 5.331 0.002 0074 0858 04785 7.813
30
Reverse airflow  0.008 5028 0932 0.0530 7.473 0002 0.073 0789 0.1342 12.484
Normal aiflow  0.005  3.043 0.977 0.0341 4.620 0.001 0.138 082 0.1556 17.859,
40
Reverse airflow  0.005 15026 0.858 0.0069 5.184 0001 0100 0812 0.0936 11.628

The predicted result for variation of moeisture
and temperature ratios under different drying
conditions were obtained and compared with the
experimental result. From Table 1, the minimum
(R?) between both types of aiflow when considering
moisture ratio was 0.971, 0.889 respectively, and
when considering temperature ratio was 0.810,
0.789. It was shown that the simulate result of
40 cm was the best fitted (R?=0.977, 0.958).
The minimum value for RMSE were 0.0341,
0.0069 respectively when considering moisture
ratio, and there were 0.1233, 0.0936 when
considering temperature ratio. The maximum value
for % Error were 8.14, 10.26 respectively when

considering moisture ratio and 17.59, 12.63 in

74

temperature ratio. From statistic analysis the best
fitted with fixed deep-bed medel was 40 cm, and
the model was in good agreement with moisture
ratio and over estimated in some cconditions of
temperature ratio.

Figure 5 shows comparison between the

predicted result and experimental results of moisture:

ratio between normal airflow and reversal airflow
of black pepper with varying depth. (The moisture
ratio of normal and reversal airflows gave similar
result in each condition of drying. The mode!
provided good agreement between experimental
and predicted result and goed prediction when the

run duration was less than 60 min.
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Figure 5 Comparison of the moisture ratio of experimental and fixed deep-bed model: normal airflow

(left) and reverse airflow (right) at T,,=100°C , Bed depth = 20, 30, 40 cm
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Figure 6 shows the comparison between
the predicted and experimental result of temperature
ratio between normal airflow and reverse airflow
with varying bed depth. The temperature ratio of
both types was not in good -agreement in some
conditions. The model provided good prediction in
normal airflow and some tests of reverse airflow,
but it was somewhat overestimated .at the depth
was mere than 40 cm, although the discrepancies
between the predicted and experimental value
were acceptable. Therefore, the deep-bed dryer
model describes the drying process with good
accuracy in both types of airflow. The main errors
between the predicted and experimental data are
prebably due to (1) lack of the estimate transfer

unit, (2} insufficient precision of the moisture

Table 2 Analysis of physical properties

equilibrium iso-therm equation at relative humidity
above 90%, (3) the error in the measurement of
input paramaters and actual performance of dryer
{Zare et al., 2008)

The physical property of final product by
reversal airflow drying was close to the standard
which the property in general drying industry such
as water activity, moisture content and color of
product was used. The final moisture content in
this test was close to the standard of industry, i.e.
about 0.07. Contamination by microorganisms in
the final product was examined arid @nalyzed in
laboratory. It was found to pass and accepiable
by the standard of drying industry [8]. The result
of physical property was shown in Table 2. The

before and final product was shown in Figure 7.

Condition

Drying Color Water activity Final Initial Final
Bed thickness Airflow time L a* moisture content  weight  weight

{em) {min} {d.b.) {kg) (ko)
Nermal airflow 150 40.200 465 1596 0.465 0.066 50.00 45.70

% Reverse airflow 150 36.81 524 1440 0.403 0.068 50.00 45.70
Normal -airfiow 150 39.44 423 14.98 0.663 0.067 75,00 6870

» Reverse airflow 180 36.92 384 1478 0.647 0.068 75.00 68.14
Nefmal airflow 210 36.88 473 13.65 0.426 0.068 100.00 90.60

“ Reverse airflow 195 3118 477 1466 0.494 0.068 100.00 90.15

The drying behavior of black pepper for
bed depth of 20, 30 and 40 cm were similar. The
prediction of model can explain the behavier in
every bed depth. So, in pragmatic drying, 30-40
cm of bed height was optimal in the industrial

scale. In each batch of dryer, the product could

be contained at the depth more than 20 cm which
have no effect on the properties of final product.
So the operating cost decreased with increased
bed depth. It is suggested that the dryer with
reverse airflow should be operated for economic

application. The fixed deep-bed model reduced

7
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cost in the laboratory to ensure optimization. The
model give good to explanation on the behavior of
drying and is useful for the simulation of drying
phencmena and dryer performance. This type of

model can be used by decision support systems

for the investigation on drier design problem.

Figure 7 Black pepper in drying process:
before drying and after drying

Conclusion

A comparison between a normal airflow
and reverse airflow was investigated by fixed
deed-bed model which was derived from Hukill s
model. The variables of the model were formulated
and estimated with non-linear regression. It was
found that the deep-bed model gave similar result
which could explain temperature and moisture
ratio in both types of airflow. The reverse airflow
could be used at all depth of drying bed, but was
underestimated in the bed depth more than 40
cm. The simulation model could be used as a tool
to optimize drying process and decreased cost
of optimization in drying process. The model was
useful for drier design to predict and explain

behavior of drying process which can be applied

78

to adjust the dryer and drying process in the

industry.
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