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In this study, the performance of a stenter (ram machine) that enables the drying of
textile products with hot air is theoretically modelled with a diffusion model derived
from Fick’s second law. The experimental study was conducted in a 10 chamber
stenter with three different drying temperatures (110-130-150 °C) and three dif-
ferent fabric speeds (10-20-30 m per minute.) by using a fabric consisting of 95%
cotton + 5% lycra. The drying behaviour of the dryer was determined by utilizing
the data obtained from the studies. With the help of the utilized model, the values of
diffusion coefficients and activation energies were obtained, the conformity of data
between the model and the experimental studies were compared by using regression
analysis, it was observed that the R’ value varied between 0.9812 and 0.9961.
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Introduction

In order to obtain processes that use energy more efficiently, it is very important to
develop drying processes that will minimize the duration of drying with minimum energy con-
sumption without deteriorating the quality and structure of the material, and to improve drying
methods in this regard [1].

Stenters (ram machines) are the most widely used convection drying machines in the
textile industry that do not damage the structure of the product during drying as well as being
able to adjust the desired width/length ratio. Stenters are drying machines in which fabrics are
fixed inside the machine in a horizontal way by means of pallets and the movement of the fabric
is enabled through chains while hot air is blown [2]. There are various conducted studies in the
literature regarding the mathematical modelling of textile drying processes. According to the
conducted studies;

Baxi et al. [3] modified the semi-empirical model based on mass and moisture bal-
ancing equations between vegetables and drying air in a MATLAB-Simulink environment for
rotary type dryers and developed it. They then compared these with stenters [3]. Ghali et al.,
[4] presented a numerical model in order to simulate the heat and mass transfer during the
drying process of fabrics. The model was applied on two different types of fabric, cotton and
polypropylene. The model they developed shows that water creates two different heat regions
when passing through fabric samples. Sousa et al., [5] aimed to determine the drying charac-
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teristics of the raw cotton fabric drying process with two different perspectives. They proved
that a higher evaporation rate could be achieved resulting in decreased drying time through
increasing the drying temperature by controlling the heat and mass transfer in the drying pro-
cess. Park and Baik [6] analysed the heat and mass transfer of a fabric dried in a ram machine.
They have solved the temperature and moisture content distribution by using the finite elements
method. They also explained the effects of operating parameters such as moisture, temperature
and initial temperature alongside heat and mass transfer coefficients of the fabric in the stenter.
Etemoglu et al. [7] conducted a theoretical and experimental analysis of drying fabric over
a constantly moving straight layer. They developed a mathematical model for heat and mass
transfer analysis of fabric in a ram air jet dryer. In the model, they acknowledged that the fabric
has a porous medium while the duration of drying, and the vapour pressure of the liquid evapo-
rated on the drying surface remained at a nearly saturated value corresponding to the tempera-
ture of the liquid. Johann et al. [8] developed a model that reflected the convective drying pro-
cesses of textile materials. For the mathematical modelling, they made use of mass and energy
balances using the finite differences method in Cartesian co-ordinates. They stated that the R?
value of the model they obtained in statistical analysis by using the Shapiro-Wilk test was over
0.997. Alnak and Karabulut [9] investigated the heat and mass transfer in the jet drying by using
moist objects which have different geometric shapes of straight and reverse semi-circular. In
the calculations performed with four different Reynolds numbers, they used the finite volume
method to solve momentum and energy equations. As a result, they found that increasing values
of the number of Reynolds showed a favourable effect on heat and mass transfer.

Material and method
Experimental set-up

The experimental study was carried out in a 10 chamber stenter, figs. 1 and 2, installed
in a textile manufacturing plant. Fabrics preferred in the experiments were the fabrics used in
the production process of the enterprise and the obtained results consist of data from actual
production conditions. In the stenter, each chamber consisted of one 350 kW automatically
controlled burner and four 4 kW cross positioned automatically controlled fans. The chambers
have a length of 3 m and the drying air temperature can be adjusted between 100-200 °C.

Figure 1. A photo related to stenter overview Figure 2. A photo related to foulard section and
mechanical drying
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Properties of the fabric used in
the studies

The fabric used in the studies is a fabric of 95% cotton and 5% lycra with a 30/1 com-
pact supreme lattice structure. After being kept in the drying oven for 24 hours under standard
atmospheric conditions (20 °C, 65% RH), 5 samples of 100 cm? were taken and weighed with
a precision scale and the dry weight of the fabric was found to be 133 g/m? after taking their
arithmetic average. The thickness of the fabric was determined to be 0.77 mm.

Experimental procedure and
data obtained

Before being taken to the drying chambers, fabrics used in the studies were subjected
to a pre-drying process between the wringers after the washing operation in the foulard section.
The RH and surface temperature of the pre-dried fabric, before being sent to the first chamber,
was measured to be 60% and 35°, respectively. The studies were conducted in three different
drying air temperatures as 110, 130, and 150 °C and three different fabric speeds as 0.167,
0.333, and 0.500 m/s. It was determined that the temperature and RH of the environment in
which the studies were conducted were 27.6 °C and 60%, respectively. The exit velocity and
flow rate of the drying air coming out from the air outlets found on the eight pairs of nozzles
in each chamber were measured. Accordingly, the average air speed and flow-rate for drying
air of 110 °C was found to be 21.85 m/s and 0.194 kg/s, for drying air of 130 °C the air speed
was 24.45 m/s and flow-rate was 0.206 kg/s, whereas for drying air of 150 °C the air speed
was 33.4 m/s and the flow-rate was 0.268 kg/s. The surface temperatures of the fabric in the
chamber entry and exit points during the drying process as well as the RH and temperature in
the boundary layer were measured by using the measurement devices provided in tab. 4, figs.
3 and 4, and the obtained values are shown in tabs. 1-3. At the end of the drying process, the
relative humidity values of the fabric released from the dryer were measured with the help
of fabric RH measurement device and experimental moisture loss of the fabric was obtained.
These values have compared with the moisture loss values obtained as a result of calculations
and they are presented in tab. 5.

Method
The assumptions made in the calculations

— It has been assumed that the liquid properties are stable, the porous medium is saturated, and
that the dryer is adiabatic.

&
@ 100 G218

Figure 3. Placement of probes Figure 4. Thermal camera view of fabric inside
on the fabric the chamber
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Table 1. Experimental data obtained at feed rate of 0.167 m/s

Drying air 110 °C 130 °C 150 °C
Fabric femperature - A : T : P
velocity ; Fabric M01s§ air| V1ot air Fabric Mmst' ar| \roist air Fabric Mms; Al \roict air
1 Time| surface | relative surface | relative surface | relative
[ms'] | Chamber . ;.. | temperature . ... | temperature . ;.. | temperature
[s] |temperature |humidity [°C] temperature |humidity [°C] temperature | humidity [°C]
[°C] [% RH] [°C] [% RH] [°C] [% RH]
Inlet - 35 - - 35 - - 35 - -
1. Chamber | 18 58 66,3 57 74 68.3 56 74 72 52
2. Chamber | 36 70 49.6 59 84 51 58 82 54.5 53
3. Chamber | 54 85 36.3 62 110 37 61 112 41.7 55
4. Chamber | 72 91 26.2 65 118 27.6 63 120 30 58
0.167 5. Chamber | 90 96 16.6. 71 122 18.1 68 132 21.2 61
’ 6. Chamber | 108 100 12.3 73 122 13.6 70 139 15 65
7. Chamber | 126 102 8.2 79 123 9.6 74 142 10.8 69
8. Chamber | 144 102 7.2 81 124 8.1 77 143 8.7 73
9. Chamber | 162 103 6.4 83 125 7 79 144 7.6 75
10. Chamber| 180 100 6.3 82 119 6.9 79 142 7 76
Outlet - 68 - - 93 - - 111 - -
Table 2. Experimental data obtained at feed rate of 0.333 m/s
P
Drying air o o o
e 110 °C 130 °C 150 °C
Fabric Fabri Moist ai Fabri Moist ai Fabri Moist ai
velocity . abric OISLAIN) p roist air arie OISEAIT) N roist air avrie OISLAI) p foist air
[ms-! Time| surface | relative surface | relative surface | relative
ms'] | Chamber . ... | temperature . ... |temperature . ... | temperature
[s] |temperature lhumidity [°C] temperature |humidity [°C] temperature |humidity [°C]
[°C] [% RH] [°Cl [% RH] [°C] [% RH]
Inlet - 35 - - 35 - - 35 - -
1. Chamber | 9 58 60.4 70 67 62.2 69 73 67.2 64
2. Chamber | 18 67 45 72 78 46.3 71 79 48.1 66
3. Chamber | 27 71 32.5 75 82 33 74 84 34.8 69
4. Chamber | 36 77 23.8 77 96 25.5 5 93 26.6 69
0333 5. Chamber | 45 84 15.1 82 107 16.5 79 125 18.9 72
’ 6. Chamber | 54 86 11.6 83 111 12.8. 80 133 13.4 75
7. Chamber | 63 98 7.9 88 116 8.9 84 138 10.2 77
8. Chamber | 72 102 6.9 90 120 7.3 87 141 8.5 80
9. Chamber | 81 103 6.4 91 124 6 90 142 7 83
10.Chamber| 90 102 6.2 91 119 5.7 91 135 5.8 86
Outlet - 85 - - 100 - - 113 - -
Table 3. Experimental data obtained at feed rate of 0.500 m/s
p
Drying air 110°C 130 °C 150 °C
Fabric femperature : P : T p -
velocity ; Fabric Monst' air| it air Fabric Monst' alr| \1oict air Fabric Mmst Al \1oest air
i Time| surface relative surface relative surface relative
[ms™] | Chamber . ... | temperature . ... | temperature . .. | temperature
[s] |temperature | humidity o temperature |humidity o temperature |humidity o
el |perny| U9 el |ern)| P9 el |rern| U9
Inlet - 35 - - 35 — - 35 - -
1. Chamber | 6 56 56.8 78 64 58.5 77 72 62.9 72
2. Chamber | 12 65 44.1. 79 72 45.7 78 76 45.6 74
3. Chamber | 18 68 30.6 83 77 329 80 80 34.1 75
4. Chamber | 24 72 21.3 86 88 21.6 85 87 23.1 77
0.500 5. Chamber | 30 81 14.4 90 97 14.6 88 103 16.5 30
’ 6. Chamber | 36 86 10.2 93 105 10.9 90 118 11.5 34
7. Chamber | 42 96 6.9 99 113 8.1 93 128 9.4 85
8. Chamber | 48 102 6.1 100 118 6.5 97 140 7.4 89
9. Chamber | 54 103 5.7 101 123 5.5 100 141 6.5 91
10.Chamber| 60 94 5.5 101 115 5.1 102 132 52 95
Outlet - 89 - - 112 - - 120 - -
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— As the drying air coming into contact  Table 4. Measurement devices and sensitivity
with the fabric is constantly renewed, Measurement device Sensitivity
the.m01s.ture and temperature of the Testo 350M/XL, Portable gas analyser 5%
drying air were not affected by the (Air velocity measurement) ’
tim?e;qture and moisture change in Testo 870-2 thermal camera 420, °C
the fabric.
Hygro Faster Ek
It has been assumed that the porous (Fya%ric moisturevmeasurement) 0.8%
material is hqmogeqeou§ and rigid an.d Delta Ohm HD 2301 ]
that the fabric moving in the dryer is (Air moisture measurement) £0.1%RH
nsider flat plate.
(S:O S ?e edasa E;Itp ate d Digitron ThermaPro 2 data logger
imultaneous eat and  mass (K-type probe, 0.5%
transfer have been considered in the Fabric surface temperature)
calculations. Desis THB 600 Precision scales 0.01g

Table 5. Fabric relative humidity values at dryer inlet and outlet

. - Experimental Theoretical
Drying air b Fabr1c.1nlet fagric outlet fabric outlet
speed relative . .

temperature [ms] humidity [%] relat.lv.e avg. relat‘lv.e avg.

humidity [%] humidity [%]
0.167 60 6.42 6.20
110 °C 0.333 60 10.85 10.40
0.500 60 13.35 13.00
0.167 60 4.96 4.70
130 °C 0.333 60 8.62 8.30
0.500 60 10.95 11.30
0.167 60 3.27 3.00
150 °C 0.333 60 5.96 5.80
0.500 60 9.30 9.90

Heat and mass transfer

A drying process is an event consisting of simultaneous heat and mass transfer and

solving such problems requires the consideration of simultaneous heat and mass transfers [10].

As this study consists of drying under high-speed ramjets, the Chilton-Colburn similarity
eq. (1), (Pr# Sc # 1) has been used:

h=pc,h, Le*” (1)

pm

The temperature of the film that is created during the drying process between the
drying air and the fabric was determined using eq. (2) and dimensionless numbers were reached
by using the thermodynamic properties (p, C,, k, a, D, pt, v, Pr) of air at this temperature.
Thermodynamic properties of air at film temperature are given in Appendix 1:

T, +1;
Tf _Zda fs (2)
2

In determining the flow type, Reynolds number was analyzed on the straight plate
eq. (3). Calculated Reynolds numbers are higher than the critical value and flow over the entire
plate was considered as turbulent:
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Re=—¢>5.10° (3)
v

Developed average Nusselt and Sherwood numbers regarding turbulent flow for
forced external convection over a straight plate (5-10° < Re < 107) as well as heat and mass
convection coefficients were determined from eqs. (4) and (5):

Nu =0.037Re{* Pr'” = h 4)
Sh = 0,037 Re?® sc!3 = Jinl (5)
b D
AB

Determination of theoretical evaporation amount

There are a total of eight pairs (bottom + top) of nozzle series which consists of 105
nozzles (J =7 mm), fig. 5, in each chamber. The amount of moisture removed from the fabric
is calculated by assuming it is equal to the amount of moisture that can be removed by the dry
air blown on to the fabric from the nozzles for the duration in which the fabric remained within
the chambers. Therefore the drying air-flow rate for each nozzle series is calculated and the
evaporation amount was determined by using moist air specific humidity and drying air specific
humidity values egs. (6)-(8). Additionally, in the fig. 6, schematic representation of measuring
points of nozzles in each chamber is presented.

Air jets

Drying air,

Temperature ‘T,
Velacity A
Relative humidity : @,

Boundary layer ;
Temperature T=(T.+ T2

Fabric & i idi
Relative humidity: @,
— 1 "
\ Fabric,
Surface temperature T,
Velocity U,

Relative humidity  *RH[%]

Figure 5. Location of nozzle series Figure 6. Schematic representation of measuring
points of nozzles in each chamber

— Drying air-flow rate for a single nozzle:

ma,single =p VAnozzle (6)
— Drying air-flow rate for nozzle series:

=21 Oma,singlc (7)

Migeries
— Evaporation amount:
Me = ma,series(a)moist air wdrying air)t (8)
Determination of drying behaviour

The humidity of a wet material is the ratio of the moisture mass within the material to
the total mass of the material and is called the wet basis moisture content [1]:
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X, =" ©)
my

where X, [kg moisture(kg wet material)™!] is the wet basis moisture content of the material,
m,, [kg] — the water mass within the material, m, [kg] — the mass of the wet material.
The drying rate expresses the amount of moisture being removed from the fabric
within a duration of A¢, and is calculated by the following formula [11]:
AM = lim Mt+At _Mt

1
At At—0 At ( O)

Here, AM /At [kg water (kg dry material x second)™'], expresses the drying rate, M, ,
[kg water(kg dry material)™'] expresses the moisture content at time +A¢, M, [kg water(kg dry
material)™'] expresses the moisture content at time z, and Az [s] express time.

Modelling

The diffusion model was used in the determination of drying behaviour. In this model,
it is assumed that the removable moisture found within the material to be dried is transferred
to the surface through diffusion and that it dissipates from the surface in a vapour state after
interacting with the air. In the model, it is assumed that the effects of other drying mechanism
are within the diffusion coefficient. Thus the diffusion coefficient in the model takes the form of
an effective diffusion coefficient [12]. The diffusion model is based on the solution of Fick’s 2"
law. The isotropic diffusion in the 1-D mass transfer during the drying of different materials is
expressed through Fick’s 2" law as given [13]:

(1)

oM *M koM
=D +
o ox?  xox

where M is moisture content, ¢ [s] — the time, D,z [m?s™!'] — the effective diffusion coefficient,
for flat plates k = 0, for cylinders k = 1 and for spheres £ =2 [14]:

2 2
r plu} -

M-M, _8 =
MO 2 Z=: 4 L2

Here, MR is dimensionless humidity rate, M, — the equilibrium moisture content, L —
the plate thickness. As drying takes place on bottom and top parallel surfaces, L is taken as half
of the thickness of the layer. When eq. (12) is applied to materials that dry in long periods such
as porous fabrics, the fabric is accepted to be an infinitely thin plate and only the first term on
the right side of the equation is taken into consideration. Thus eq. (13) is obtained:

MR=——""=—-¢x 13
417 (9

M,-M 2

€

M-M, 8 {_ nzDefft}

The resistance to surface transfer of water vapour is very low in diffusion type drying.
Drying rate depends on the diffusion within the material. In this case, the surface moisture con-
tent is equal to the equilibrium moisture value M,. This means that the surface moisture content
is equal to zero [15].
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By taking the equilibrium moisture content M, to be zero, the dimensionless humidity
rate MR provided in eq. (13) can be reduced to the form:

M 8 Dt
MR =—— ="_exp| ———d 14
M, p{ e } (14)

The value of the effective diffusion coefficient can be found by converting the expres-
sion given in eq. (14) to a logarithmic form, eq. (15), and calculating the slope of the straight
line obtained in the graph in which the In(MR) value is plotted against the drying time:

8 mtDyyt
InMR=In—-——C 15
4L (1)

Here, ¢ [s] is the drying time and L [m] — the fabric thickness. In the calculations, half
of the fabric thickness was taken, since the drying air was blown from the top and the bottom
of the fabric.

In determining of activation energy, the change in effective diffusion coefficient with
temperature is explained by an Arrhenius type exponential function [16]:

E
D, = Dyexp| ——= 16
eff 0 p( RT] ( )

where D, [m?s7!] is the effective diffusion coefficient, D, [m?s~!] — the constant that is equal
to diffusivity at infinite temperature, £, [kJmol™'] — the activation energy, R — the universal gas
constant (8.314 kJ/molK), T [K] — the absolute drying temperature. The slope of the effective
diffusion coefficient — temperature graph gives the activation energy [13].

Regression analyses

Microsoft-Excel program was used for the regression analyses. The regression co-
efficient, R?, was taken as main criteria in the selection of the equation identifying the drying
curves. In addition to the regression coefficient, for the conformity of the utilized model, the
values of the mean square deviation chi-square, y?, standard error of estimate, RMSE and cor-
relation coefficient, », were also investigated. The mean square deviation values are calculated
by using the eq. (17):

2
Z(mrpre,i - m’%xp,i)

7= (17

Ny — 1,

Hereby, mr,. ;, estimated moisture ratio, mr,,;, the experimental moisture ratio, n,,
number of measurements, n, expresses the number of parameters in the drying equation nc.

Equation (18) is used for standard error of the estimate:

7l

2
Z(mrpre,i - mrexp,i)

RMSE ==, - (18)
0

Equation (19) is used for the correlation coefficient calculation.
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) K0 L)
ny Z mrpre,imrexp,i - Z mrpre,i Z mrexp,i
= i=1 i=1 i=1 (19)

2 2

&) 2 1y o 2 &)
nOZ(mrpre,i) - Zmrpre,i nOZ(m”CXP,i) - Zmrexv,i
i=1 i=1 i=1 i=1

Results and Discussion
The effect of drying conditions on fabric surface temperature

The change over time in the fabric surface temperature with drying air temperature
and fabric movement speed of the drying process can be seen in fig. 7. According to this,
it is seen that the surface temperature of
35 °C of the fabric that enters the dryer,

1 110°C-0.167m/s
2 110°C-0.333m/s
3¢ 110°C-0.500 m/s

4 130°C-0.167mfs 7
5e 130°C-0333m/s 8
6e 130°C-0.500m/s 9e

150°C-0.167 m/s
150°C-0.333m/s

150°C-0.500 m/s
150

depending on the moisture content of the g, . s ;

fabric surface, is unable to exceed 84 °C 5 o, L.
within the first two chambers. Fabric sur- &% et ' ’
face temperature, in the later stages of  § o Y F ety ettt
drying especially after chamber sixth, 3 - S R

nears the drying air temperature with & 0|« [« ot

the effect of the reduced moisture con- o | .

tent. Additionally, the decline in the sur- -

face temperature of the fabric surface by o =

o O 95 U Sy G )é S % % J%J()JV,SJ%J%J%J%J)\;J%

Time [s]

9-14 °C between chamber 9 and chamber
10 is due to the heat transfer caused by the

opening of the dryer outlet. Figure 7. Change in the fabric surface temperature

over time
The effect of drying conditions on heat and mass transfer coefficients

When the heat and mass convection coefficients in figs. 8 and 9 are examined, it is
seen for the same fabric speed that the heat convection and mass convection coefficients at

110°C-0.167 m/s 4
110°C-0.333m/s 5e

130°C-0.167 m/s 7
130°C-0.333m/s 8

150°C-0.167 m/s
150°C-0.333 m/s

1e 110°C-0.167m/s 4@
2s 110°C-0.333m/s 5e

130°C-0.167 m/s 7
130°C-0.333m/s 8

150°C-0.167 m/s
150°C-0.333m/s

N
.

3e 110°C-0.500m/s 68 130°C-0.500m/s 9¢ 150°C-0.500 m/s 3e 110°C-0.500m/s 68 130°C-0.500mfs 9 150°C-0.500 mys
_ 100 0.11
T Se%e g0 .8 7 W 8
wE 90 . . g 90 * DR B 7
= o £ 0.09 .”
= k] =
c S [ R
-g 80 £
£ 3 e 4o . . .
Yo} e 4 [ . . S 007
8 . . 3 o1 ® ° ¢ .
o 70 ® ® . ke 1
g s
. % 005
= =
v
I

50 0.03

0 9 LA Sy G 58 %% Capleslolale ale’o e 0 O oIy FpSy G 8% JQGJ{)J@&J%Z%JQPJQJ%)J%
Time [s] Time [s]

Figure 8. Change of convection heat transfer
coefficient over time according to drying
conditions

Figure 9. Change of mass transfer coefficient over
time according to drying conditions
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110 and 130 °C drying air temperature are almost equal, whereas these values increase at the
drying air temperature of 150 °C. In parallel to the amount of moisture in the fabric surface,
as the fabric surface temperature increases, heat and mass transfer coefficients increase.
When the fabric surface temperature approaches the drying air temperature, it is seen that
the convection heat transfer coefficient decreases and the mass transfer coefficient remains
constant depending on the fabric advancing speed.

The effect of drying conditions on humidity rate and drying rate

From fig. 10, it is seen that the drying rate is highest at 150 °C — 0.167 m/s and lowest
at 110 °C — 0.500 m/s drying conditions. The rate of drying is increasing depends on the amount

of moisture present on the fabric surface, es-
1e 110°C-0.167m/s 4® 130°C-0.167m/s 7 150°C-0.167 m/s

2o 110°-0333m/s Se  130°C-0.333mis 8+  150°C-0.333m/s pecially in the first three cabinets. In the later
3e 110°C-0.500m/s 6 130°C-0.500m/s 9e  150°C-0.500m/s stages ofdry]ng’ moisture in the fabric is trans-
oos . ported to the surface via diffusion and thus
= .
AL 007 &  evaporated, therefore the drying speed and
f s 006 x  humidity in the final cabin are about the same.
=g o, .
8l o 0 S E Additionally, at the same fabric feed rate, the
L £ . . . . . .
25 e 0042 'E dglng speed increases with increasing drying
A e, 003 2 air temperature this is due to the fact that the
[ . . . .
' SR 002 5 water in the fabric reaching high temperature
» = LA X 2] 0.01
TN L - £  shows more vapour pressure.
% % % %% % % % Effective diffusion coefficient
Humidity rate [kg moisture(kg dry matter)™'] and activation energy
Figure 10. Change in drying In the measurements prior to initiating
rate — humidity rate the drying process, the wet fabric weight was

measured as 338 g/m” and initial moisture,
M,, was determined to be 0.915 kg. Equation (15) was used to determine the effective diffu-
sion coefficient. After the calculation of the InMR = In(M/M,) values, the effective diffusion
coefficients found for each case are shown in tab. 6, respectively.

Table 6. Effective diffusion coefficients

Fabr@c Drying air uT Effective d'iffusion
velocity temperature 3 coefficient In[D 4]
[ms ] K] (K7 Dy [m?s 1]
383 0.00261 1.009 x x 107 -20.714
0.167 403 0.00248 1.087 x 107 —20.640
423 0.00236 1.238 x 107 —20.510
383 0.00261 1.676 x 107 —-20.207
0.333 403 0.00248 1.826 x 107 —20.121
423 0.00236 2.091 x 107 —19.986
383 0.00261 2.247 x 107 -19.914
0.500 403 0.00248 2.397 x 107 —19.849
423 0.00236 2.547 x 107 —19.788

Activation energy values are calculated by the formula presented in eq. (16) with
the help of the graph, fig. 11, that plots In(D.4) and the reverse of absolute temperature for
three different drying air temperatures having the same fabric speed. According to this, activa-
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tion energy values for fabric speeds of 0.167,
0.333, 0.500 m/s are found to be 6.85, 7.42, and
4.22 kJ/mol, respectively. The increase in effec-
tive diffusion coefficient values with increasing
drying air temperature can be explained by
the easier evaporation of moisture within the
products and increase in the drying rate. It is
understood from the decreasing activation en-
ergy that more moisture diffusion occurs in the
drying process with increasing fabric speed.

Regression analyses

The regression analysis values calculated
for the model are presented in tab. 7. In model
conformity, high R? and r values and low y? and

YTIK"
/TIK] 196
0.0027 0.0026 0.0025 0.0024 0.0023
-198
S
y= —507.42x.18.589 -20 £
R*=09999
-20.2
y=-891.97x—-17.888
R?*=0.9753 -20.4
_— 206
"y =—824.02x-18.573
R? =0.9664 -20.8
—+— 0167 m/s ——0333mfs ——0500m/s

Figure 11 Effect of temperature on effective
diffusion coefficient

RMSE values are considered. As it can be seen, for all drying conditions the estimated R? values
are between 0.9812 and 0.9961, »? values are between 0.00109 and 0.00646, RMSE values are
between 0.0109 and 0.0289, and » values are between 0.9905 and 0.9980. These values show
that the use of the diffusion model as a drying model for the stenter is appropriate.

The change over time in the instantaneous moisture content obtained from the diffu-
sion model and instantaneous moisture content obtained from the studies for all drying condi-

tions have been given in fig. 12.

Table 7. Regression statistics

Fabric Drying air
velocity | temperature R? 1 RMSE r
[ms™'] [K]
383 0.9881 0.00430 0.0211 0.9940
0.667 403 0.9869 0.00456 0.0228 0.9934
423 0.9812 0.00646 0.0284 0.9905
383 0.9941 0.00203 0.0134 0.9970
0.333 403 0.9937 0.00214 0.0146 0.9968
423 0.9912 0.00322 0.0183 0.9955
383 0.9949 0.00148 0.0116 0.9974
0.500 403 0.9951 0.00139 0.0120 0.9975
423 0.9961 0.00109 0.0109 0.9980

Conclusions

In this study, the drying behaviour of a stenter frequently used in the textile industry
for drying fabric is determined and modeled. According to the results as follows.

e For all drying conditions, the surface temperature of the fabric that enters the dryer, de-
pending on the moisture content of the fabric surface, is unable to exceed 84 °C within the
first two chambers, and it gets closer to the drying air temperature towards the final cham-
bers due to the reduction in moisture content. It has been observed that the surface tempera-
ture of the fabric becomes closer to the drying air temperature in the following stages of
the drying process, especially after the 6th cabin, when the amount of free moisture on the
surface has disappeared (beginning of the drying phase by diffusion),
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++—110°C-0.167m/s experimental ~7—4— 130°C- 0.167m/s experimental 13 150°C- 0.167 m/s experimental
2 4 110°C-0333m/s experimental 8—— 130°C- 0333 m/s experimental 14 150°C- 0.333 m/s experimental
3——110°C-0.500m/s experimental ~9—&— 130°C- 0.500m/s experimental 15— 150°C- 0.500m/s experimental
® 110°C-0.167 m's model 10*  130°C-0.167 m/s model 16 ® 150°C-0.167m/s model
¢ 110°C-0.333m/s model 11+ 130°C- 0.333m/s model 17 150°C- 0.333 m/s model
®  110°C-0.500m's model 12 130°C- 0.500 m/s model 18 150°C- 0.500m/s model
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Figure 12. Change over time in model and experimental wet basis moisture content for
all drying conditions

In parallel to the moisture content in the fabric surface, the heat and mass transfer coefficients
increase as the fabric surface temperatures increase, while as fabric surface temperature be-
gins to draw closer to the drying air temperature, the convection heat transfer coefficient
decreases depending on the fabric speed and the mass transfer coefficient remains the same,
Drying rate, depending on the moisture content of the fabric surface, is especially higher
in the first three chambers in comparison to the other chambers. When the drying air tem-
perature is increased, the amount of evaporation increases. The highest evaporation was
obtained at high temperature, at low feed rate. In the variation of the evaporation amount,
the drying air temperature was found to be more effective than the fabric speed rate.

With increasing drying air temperature, the drying speed and the effective diffusion coeffi-
cient values increased, and with increasing fabric speed, more moisture diffusing occurred
in the drying process, and as a result, the activation energy lowered.

When the regression statistics are examined, based on the R? values ranging between 0.9812
and 0.9961, it is concluded that the use of the diffusion model for the modelling of the drying
process in stenters is quite appropriate.

Nomenclature

¢, — specific heat, [kikg 'K™'] Nu — Nusselt number, (= hL/k), [-]

D,, — mass diffusion coefficient, [m?s™'] P, - preassure of gas, [Pa]

& — diameter [m] Pr - Prandtl number, (= uc,/k), [-]

h  — convection heat transfer P, — preassure of water vapour, [Pa]
coefficient, [Wm2K™'] R - gas constant, [klkg K]

h, — convection mass transfer coefficient, [ms™'] R?> — regression coefficient

k- thermal conductivity, [Wm'K™'] RH - relative humidity, (= P,/P, at T)

L — fabric length, [m] Re — Reynolds number, (=pVLc/u), [-]

L. — characteristic length, [m] Sc - Schimdt number

Le — Lewis number, (=a/D ), [-] Sh - Sherwood number, (= %,,L/D 4], [-]

M — humidity, [kg] T — temperature, [°C or K]

MR — humidity rate, [mwater mwet™'] t — time, [s]

m  — mass flow, [kgs™] V. — velocity, [ms™']
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Greek characters d - dry

o — thermal diffusion [m?s7!] ¢ - equl‘hbrlum

Lo . i1 f - fabric
#  — dynamic viscosity [kgm™'s™']
v — kinematic viscosity [m’s'] Z - Zl;rsface
. > -

p density [kgm™] v - vapor

Subscript w — water/wet

a — air

¢ — characteristic
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THERMAL SCIENCE: Year 2020, Vol. 24, No. 3B, pp. 1935-1950
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