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Abstract

A transient two-dimensional mathematical model is developed to simulate the through-air drying process for tufted
textile materials. The heat and mass transfer in a cylindrical porous medium and the air flowing around it are analyzed
separately. First, thermal and mass circuits are used to analyze the simultaneous heat and mass transfer within the
porous medium. Then, the equations of the conservation of mass and energy are written for the drying medium. The
resulting system of three non-linear differential equations is numerically solved by an implicit finite difference method.
The numerical solutions are compared with experimental drying results obtained using magnetic resonance imaging
(MRI) and a laboratory through-air dryer (LTAD). © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Drying is a time-consuming, energy intensive and
expensive process required after most dyeing and/or
finishing processes in the textile industry. The focus of
this investigation was the development of a mathemat-
ical model to simulate the through-air drying process of
tufted textile materials (carpet), which accounts for more
than 90% of the carpet produced in the US [1]. Brock
and Gorton [2] showed that through-air drying can be
applied to the unbacked tufted carpet and that through-
air drying time is approximately one-fifth of the time
required in cross-flow industrial dryers. Through-air
drying is more effective because airflow through the
carpet increases the contact between individual yarns
and the hot air. Thus, the through-air dryer is the most
commonly used equipment for drying unbacked, dyed
tufted carpet. An accurate mathematical model is
needed to assist carpet manufacturers in controlling and/
or optimizing their current operations, increasing pro-
duction rate and decreasing energy cost.

Many theoretical models [3-21] have been proposed
for convectively drying hundreds of moist porous ma-
terials in the agricultural, ceramic, food, pharmaceutical,
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pulp and paper, mineral, polymer and textile industries.
Waananen et al. [22] discuss many of these drying
models, including structural and thermodynamic as-
sumptions, controlling process resistance, internal
mechanisms of moisture movement, model solutions,
and experimental approaches to validate the models. In
general, a moist porous solid is entirely composed of a
wet region before drying commences. The wet region
contains unbound (free) moisture, and capillary flow
dominates the liquid moisture transport in this region. A
sorption region appears when the moisture regain
(moisture content on dry basis) falls below the maxi-
mum sorptive value. A moving front divides the porous
medium into the sorption region and the wet region. In
the sorption region which contains no unbound
moisture, the liquid-phase moisture transport is domi-
nated by bound moisture flow, and the gas-phase
moisture transport is dominated by water vapor diffu-
sion. The front will recede until the wet region disap-
pears; i.e., the entire porous solid consists of the sorption
region. There are several models [4-6,8,11,12] of simul-
taneous heat, mass and momentum transfer in the two
regions of the porous solids. These models are based on
the equations of conservation of energy, conservation of
mass and conservation of momentum together with the
necessary physical and transport properties.

A transient two-dimensional mathematical model,
which considered primary heat, moisture and momen-
tum transfer mechanisms in the moist porous material
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Nomenclature

¢ specific heat (J/kg K)
Dy effective binary diffusion coefficient (m?/s)

hye latent heat of vaporization for water (J/kg)
N convective mass transfer coefficient (m/s)
hr convective heat transfer coefficient (W/m? K)
j mass flux (kg/s)

kere effective thermal conductivity (W/m K)

L carpet thickness (mm)

Le dimensionless Lewis number

m mass (kg)

i evaporation rate (kg/s)

my yarn mass (kg)

Pun  atmospheric pressure (N/m?)

q heat transfer rate (W)

r radial direction

I position of evaporation front (mm)

™ mean radius (mm)

R yarn diameter (mm)

R universal gas constant

Rm  mass resistance (s/m?)

Rt thermal resistance, m?> K/W
t time

T temperature (K)

Tm mean temperature (K)

V apparent velocity (m/min)
X moisture regain

Y humidity ratio of moist air
z z direction; pile yarn direction

Greek symbols

& inter-yarn porosity

&y intra-yarn porosity

0 density (kg/m?)
correction factor

Subscripts

0 initial

1 region between air stream and yarn surface

2 region between yarn surface and evaporation

front; region between yarn surface and mean
position of the dry region

3 region between yarn mean position of the dry
region and wet region surface

a dry air

a> air in the air flow

crit  critical
room room condition

] solid phase

surf  yarn surface

tot total

v water vapor

va™  water vapor in the air flow
VS saturated water vapor

w water

wet  wet region in the yarn

(yarn) and drying medium (airflow), was developed for
through-air drying of tufted carpet [12]. The drying
model consisted of two sets of coupled differential
equations with relevant initial and boundary conditions.
The model contained a number of unknown physical
and transport properties. With the number of unknown
physical and transport properties, the model is not very
useful for industrial applications. Thus, a simpler model
requiring fewer physical and transport properties, but
capable of accurately predicting temporal one-dimen-
sional moisture profiles, and thus overall moisture re-
gain and drying time, was developed. The simplified
drying model is presented here.

A difficulty often encountered in evaluating the ac-
curacy of drying models is the lack of experimental data
on the moisture profiles in anisotropic porous media.
However, research [23-25] at Georgia Institute of
Technology has shown that moisture distributions
within porous media can be accurately monitored during
drying using a magnetic resonance imaging (MRI)
technique. In the present study, MRI was used to con-
tinuously record one-dimensional moisture profiles
during drying. In addition to MRI, a laboratory
through-air dryer (LTAD), which closely simulates the

industrial process [12,26], was used to obtain variations
of overall moisture regain with time at industrial drying
conditions. Numerical predictions from the model were
compared with experimental drying data from both
systems.

2. Theoretical drying model

The porous medium studied was unbacked cut-pile
nylon carpet. Unbacked tufted carpet consists primarily
of short lengths of yarn, typically 520 mm long. These
yarns, referred to as face yarn, are held in position by a
very thin woven fabric, called primary backing. The face
yarns are packed nearly parallel to each other and run
perpendicular to the primary backing. Since the primary
backing is typically made of polypropylene and holds
little moisture, it is neglected in our model. Fig. 1 shows
schematically the top view of the arrangement of yarns.
The holes through which pairs of yarns penetrate the
primary backing can be seen. Not shown are small sec-
tions of yarn, located on the backside of the primary
backing and extending between the yarns in the rows of
holes. Since the length of the yarn on the backside is
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Tufting Direction

Transverse
Direction

l

Fig. 1. Schematic of the top view of the structure of the carpet
and the unit cell.

Row of Yarns Produced
I by a Single Needle

| Unit Cell

small compared to the length of the face yarn, we sim-
plify the geometry by adding the length of the yarn on
the backside to the length of face yarn. The unit cell (see
Fig. 2) is a yarn and the surrounding space through
which air flows parallel to the yarn. The yarn is con-
sidered to be a porous circular cylinder.

In Fig. 3, two-dimensional magnetic resonance (MR)
images of moisture in a slice of a single carpet yarn are
shown as a function of drying time. The imaging plane is

Wet Region

dz (Section A-A)

Fig. 2. Schematic of a yarn and its immediate surrounding
space inside the unit cell.

Sorption Region

(b)

perpendicular to the yarn axis. The images clearly reveal
the moisture front between the wet and sorption regions
recedes from the outer region of the reference circle to
the inner region during drying. Thus, moisture transport
varies in the radial direction. Coupled with the varying
airflow temperature and humidity ratio in the airflow
direction (i.e., parallel to the yarn axis), this indicates a
transient two-dimensional drying model is needed to
describe mass and heat transfer during the through-air
drying process [12]. The model has two parts: the first is
a model for heat and mass transfer in the yarn, and the
second is a model for heat and mass transfer in airflow.
It is assumed that the airflow is along the surface of the
yarn, but does not penetrate into the yarn.

2.1. Model for heat and mass transfer in the yarn

The yarn model is developed by considering mass
and heat transfer within the wet and sorption regions of
the differential control volume in a given slice of yarn
(see Section A-A in Fig 2). Heat and moisture transport
are assumed to vary only in the radial direction. First,
consider moisture and momentum transport within the
wet region. Capillary flow dominates the unbound
moisture flow in this region. It is assumed that capillary
flow maintains a uniform moisture distribution in the
wet region for moisture regain greater than the critical
moisture regain. When critical moisture regain is
reached in a given slice of yarn, the evaporation front
begins to recede from the yarn surface, and the moisture
regain in the wet region is maintained at the critical
value. In the sorption region, moisture regain is assumed
to be 0. Thus, the region is referred to as the dry region,
and bound moisture transport within this region is
neglected. The rate of change in mass of stored water
vapor is ignored in the dry region. Evaporating water at
the front diffuses through the dry region to the yarn
surface. Then, the water vapor at the surface is con-
vectively transferred into the airflow.

(d)

Fig. 3. Two-dimensional MR images of moisture in a slice of a single carpet yarn as a function of drying time at 25°C using an airflow
of 3 L/min. The imaging plane is perpendicular to the yarn axis. Lighter areas represent higher moisture content. The moisture front
recedes radially inward during drying. (a) 0-15, (b) 120-135, (c) 240-255 and (d) 360-375 s.
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Consider the heat transfer from the air stream to the
yarn. The heat transfer rate from the air stream to the
yarn surface, g, is equal to rate of the energy stored in
the dry region, g, plus rate of the energy transferred
to the wet region, gy In the dry region, transient, one-
dimensional (r direction, see Fig. 2) heat conduction is
assumed. The energy stored in the dry region is treated
as though it is all located at the mean radius, ry;, which
divides the dry area in half; i.e., half of the dry area is
from r; to ryv, and half of the dry area is from ry to R
(see Fig. 4). The energy transferred to the wet region by
heat conduction evaporates water and/or increases
stored energy. The temperature distribution is assumed
to be uniform in the wet region.

In this study, the thermal and mass transfer circuits,
shown in Fig. 4, are used to write the energy and mass
balance equations in the model. The resistance to mass
transfer from the air stream to the yarn surface is Rm;.
The resistance to mass transfer from the yarn surface to
the evaporation front is Rm,. The resistance to heat
transfer from the air stream to the yarn surface is Rz.
The thermal resistance through the dry region is divided
into two parts based on a mean radius, ry, as mentioned
above. The mean radius, ryv, may be written as

2 2
=[P (1)

The resistance to heat transfer from the yarn surface to
the mean position of the dry region is Rt,. The resistance
to heat transfer from the mean position of the dry region
to the surface of the wet region is Rt3.

Airflow

Dry Region

>
Y

-
i

.

Fig. 4. Thermal and mass circuits for the yarn and airflow in
Section A-A (see Fig. 2).

Mass transfer from the evaporation front to the air
steam can be modeled as a series circuit as shown in
Fig. 4. Thus, the evaporation rate, 7z, can be written as

= vas(}’ = :;727 t) - pvaxJ 7 (2)
Mot

where p,, and p,.~ are the densities of the saturated

water vapor at the evaporation front and the water

vapor in the airflow, respectively, and the total mass

resistance, Rmor, 18

1 In(R/r)
hy2mRdz | 2nDer dz’

Rmm[ = le + Rmz = (3)
where Dy is the effective diffusivity and 4, is the con-
vective mass transfer coefficient.

The total energy transferred to the yarn, g, is

H rl2 aTwet
ot = Wlhfg + R MsCps + My Cpw o
2 0T
(1 e @

where /1, is the latent heat of vaporization of water, m; is
the mass of fibers, m,, is the mass of liquid water, and r¢
is the position of the evaporation front. The position of
the evaporation front is defined as

R if )((Z7 t) = Xeit, 5
TV VEEIR i X (e ) < X, B
erit

where X, is the critical moisture regain. The mean
temperature of the dry region, Ty, is

In(ry/rr)

Tv = Tye wet s 6
M t+2nkeffdzq t (6)

where ke is the effective thermal conductivity.
Additionally, the total energy transferred to the yarn
may be expressed as

T — Tm
Rt; + Rt, ’

Grot = (7

where Rt; and Rt, are defined as

In(R/rv)

Rt h=—""—""—
! 2 Zﬁkcfde ’

" 2nRhrdz’
where /7 is the convective heat transfer coefficient.

Therefore, the equation of energy conservation may
be expressed as

T — Ty . 2 et
Eﬂiz:m%*[(ﬁ)ﬁ%+mww}%?
r? 0Tu
*@*é)ﬁ%?v- (®)

Since the air and water vapor are assumed to be ideal
gases, p,(r =rp,z,t) and p,. may be found [27]
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P
I_eT wet 7
YPim

S . — 10
P = 0622 1 Y)RT (10)

©)

pvs(r =T,z t) =

where Y is the humidity ratio, and 7,~ is the air tem-
perature.
Substituting Eqgs. (9) and (10) into Eq. (8) gives

Tax - TM va szltm
Ea— = - = hy, R
Rt; + Rt RTyee  (0.622+ Y)RT
l’% aTwet
+ ﬁ MsCps + My Cpw o

2 J
+Of%)%%?%. (11)

2.2. Model for heat and mass transfer in the airflow

Consider conservation of heat and mass transfer in
the differential control volume of the airflow. Heat and
mass balance equations may be written as

oy . oY .
(paxa-kjaxg)dzzm, (12)
o7~ S
e+ Yoo (e e S e (13)

Initial and boundary conditions for each dependent
variable (Y and T,~) are required to solve the set of the
governing equations. Initial conditions for humidity
ratio and air temperature are assumed to be constant
and are

Y(Z7t: 0) = Y07 (14)
Ty (z,t = 0) = Ty room- (15)
At the entrance of the airflow (z =0), humidity ratio
and air temperature are assumed to be constant during
drying and are given as

Y(z=0,1) =Y, (16)
Ty (z=0,1) = Tyxo. (17)

3. Numerical analysis

Using the implicit finite difference approximation, the
discretized form at the time step (j + 1) for Eq. (11) may
be expressed as

J j+1
Tllx.m

—IMm
wet,m _Rt/

1.m +Rt§m

P YIP, : ,
i U CELI— Y 0
RT\'}/JeL,m (0622 + Y’{7)RT;‘“ Jm - '

F(T/'+l ) _

. 2 . .
J J+1 J
rf,m MeCoe + m/ ¢ Twet‘m - Twet‘m
- sCps w
R p w,m P At

(| BB
—|1=| = mscpsT—O.

(18)

Since 7% is the only independent variable in the above

wet,m

equation, a numerical method to find a root of
F(TIEL) = 0 is necessary. In this study, the bisection

wet,m

method [28] is used to obtain the root of F(7Z%,) =0,
that is accurate within a specified tolerance value.
Once T(V;fm is found, the evaporation rate, riz/!, and

the mass of liquid water, m/!, are determined using the
following expressions:

j+1 _
_P éSm B Y. ,ﬁ,Pat.mi . Rl 1)
RTL,  (0.622 + Yi)RTL., totm?

wet,m

il -l
m, =ml,, — At (20)

Wl —
m," =

Other physical and transport properties can be deter-
mined when 73/, is found.

The airflow model has two non-linear, governing
partial differential equations. At the time step (j + 1), the
discretized forms for Egs. (12) and (13) may be ex-
pressed using the implicit forward-difference approxi-

mation [28]

Yt — yi Y/t oyt )
,DaxAZ m At m +jax m+1AZ m AZ — I’i’lﬁ:l, (21)
(cpa + Ycpv)
Az Ta/:‘r]m B T({“ m . TZIIerl - Z;ji.lnl Az
X o0 - - e ’
Pa At J Az
= Gloun- (22)

Rearranging Egs. (21) and (22) and recognizing that
Jae = P (Az/At), the discretized humidity ratio and air
temperature at the time step (j + 1) and the space step
(m + 1), respectively, are

Yj+1 _ Y/ .{rl+1
m+l = tm + . (23)
Ja=
) . j+1
Tzi,lmﬁ»l = T'({xm + oL (24)

Ja (Cpa + Y,'Z;cpv)

The implicit finite difference method, which is known to
yield stable solutions for any selection of the space and
time nodal points, is used to solve the yarn and airflow
models. Since the dependent variables in the two models
are interrelated, the two models must be solved simul-
taneously. Based on the numerical methods discussed
above, the algorithm to solve the transient through-air
drying model is illustrated in Fig. 5.
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Time Airflow Model
Step: j zdirection: IS m<N,

Yarn Model
r direction: wet and sorption regions
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Fig. 5. Algorithm for solving the coupled models.

At the time step (j), the values of 7/} and q{;}m ob-
tained in the yarn model are substituted into the airflow

model to get the values of Y/'| and 721! | for a space

step (m). The values of Y/} and 77! ., are then sub-

m+1 a>*m

stituted into the yarn model for the space step (m + 1) at
the next time step. To control the values of Y,,’;ll and
7! 1 used in computing for the space step (m + 1) at

a>,m

the next time step, the following numerical criterion is
used:

&c

At =
Vo

Az. (25)

This relationship was obtained by setting the computa-
tional time step equal to the time required for air to
travel a differential length (Az) in the pile yarn direction.

All the physical and transport properties can be de-
termined from correlations in the literature [12] except
the three unknown transport properties, D, A7 and #,,.
They must be determined by the best fit to the exper-
imental data.

At the time step (j), effective diffusivity (Dl;,.) is
expressed as

j i 1.75

D 0.5(7” + 1)
=422 1075 | = Dsurfm T 7 wetm/ .
o { 310 [ 273.15 T

(26)

Thus, the value of the correction factor, 7, is determined
by the best fit to the experimental data. At the time step
(), the heat transfer coefficient is expressed as
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]
Wy, = hro [0.5 +0.52%n ] . (27)

crit

Once the value of Ay is determined by the best fit to the
experimental data, the mass transfer coefficient may be
determined by the following equation [29]:

hro _ N (28)
hmO - p P )

where p is the density of the air, ¢, is the specific heat
capacity of the air and Le is the dimensionless Lewis
number. Therefore, there are only two parameters to be
determined by the best fit to the experimental data.

4. Experimental program
4.1. Magnetic resonance imaging ( MRI) system

A Bruker DSX-400 magnetic resonance imaging
(MRI) scanner, operating at a 'H frequency of 400 MHz
(9.4-T magnet), is used to continuously record one-di-
mensional projections of the moisture in a wet carpet
sample positioned in an imaging probehead. Exper-
imental details for quantitative imaging of moisture
profiles in carpet are described elsewhere [25,30]. A one-
dimensional single-point imaging sequence was used
here with a 1.3-ps excitation pulse, a 40-us detection
delay, and a 50-ms repetition time. Two-dimensional
(2D) images of moisture in a single carpet yarn were
measured with a FLASH imaging sequence using 1.9-ms
echo times and 50-ms repetition delays. Each 2D image
was recorded in about 15 s [31].

As shown in Fig. 6, the imaging probehead, placed
directly inside the magnetic field, contains a sample
holder whose outer diameter is 25 mm. The sample
holder is composed of two open-ended glass tubes that
hold the carpet sample in place and direct the airflow
entirely through the sample. The sample is surrounded
by a radio frequency coil that serves as both transmitter
and receiver coil for MRI. Details of the sample holder
and MRI probehead assembly are provided elsewhere
[12,24]. Airflow rate and air temperature are controlled
by the Bruker system. Airflow rate is measured using an
OMEGA FMAI1826 flowmeter. Air temperature is
measured by a thermocouple positioned in front of the
carpet sample and used to control a resistance heater
located upstream from the sample.

4.2. Laboratory through-air dryer (LTAD)

Drying tests were also conducted using a LTAD. The
LTAD was designed and built to simulate the drying
process occurring in industrial through-air dryers. In the
blower and control section, air is drawn in by a blower
driven by a 5-hp motor, and the airflow rate is controlled

Air Out

!

11 1 i coamh o

Magnetic Field

Carpet Sample

Thermocouple

Imaging Probehead ——»

4—— Resistance Heater

-
A

t4— Flowmeter

Air In

Fig. 6. Schematic of the MRI probehead assembly used for
through-air drying studies.

by an adjustable damper. As the air comes into the
temperature and humidity control section, it is heated
principally by electrical coils and secondarily by steam
coils. Temperature is controlled using an OMEGA
CN4400 temperature controller.

Several variables are measured in the test section.
They are the upstream and downstream dry bulb tem-
peratures and relative humidities of the moist air, the
apparent velocity of air passing through the sample, the
average pressure drop across the sample, the tempera-
ture of the sample, and the weight of the sample during
the drying process. At the data acquisition computer
section, data are collected by a PC 486DX66 via Labtech
Notebookpro version 10 software via RS232 commu-
nicative or analog output signals.

4.3. Materials, samples preparation and procedure

Two commercial unbacked cut-pile nylon greige
carpet samples A and B were used in the through-air
drying tests for which numerical solutions were ob-
tained. Carpet construction parameters of the samples
are given in Table 1.

The samples used in the MRI probehead were 18 mm
in diameter, and the samples used in the LTAD were
30.5 cm in diameter. Before through-air drying, the
moisture regain in carpet is typically lowered through
vacuuming. In our tests, a laboratory vacuuming system
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Table 1
Values of the carpet construction parameters for carpet sam-
ples A and B

Parameters Sample A Sample B
R (mm) 1.5 2.0

L (mm) 19.0 11.7

my (8) 9.95x 1073 6.53 x 1073
& 0.62 0.45

&y 0.75 0.85

was used to reduce the overall moisture regain to ap-
proximately 50%. The MRI study revealed that vac-
uuming procedures affected the initial moisture profiles
[12]. Details of sample preparation and procedure are
given in reference [12].

5. Results and discussions

Numerical solutions for several cases were obtained
using the numerical method described above. Local and
overall moisture regains were predicted as a function of
drying time for two types of carpet, two airflow rates,
two air temperatures, two airflow directions and three
initial moisture profiles. The initial moisture profiles
measured by MRI were used as initial conditions for the
numerical simulations. The values of two transport
parameters, T and Ay, were adjusted for best fit to the
MRI experimental data, and 4,, was calculated using Eq.
(28). Table 2 gives the values of the transport parameters
for several drying conditions.

5.1. Comparison of numerical results with MRI results

The predicted local and overall moisture regains
versus time agreed very well with the experimental data
for all cases simulated. Representative examples are
shown in Figs. 7 and 8 where the predicted and experi-
mental results are plotted for carpet samples A and B.
For these tests, the airflow, which enters the carpet face,
is at an air temperature of 80°C and an airflow rate of 20
m/min. The initial overall moisture regain for the two
carpets is 50%, but the initial moisture distributions are

140
—t= 555sec
120 1 ---t=113.9 sec
----- t=158.4 sec
100 + --t=188.2 sec

Local Moisture Regain (%)

Distance in the Pile Yarn Direction (mm)

Fig. 7. Comparison of MRI experimental and predicted
moisture distribution versus time for carpet sample A at an
airflow rate of 20 m/min and an air temperature of 80°C. Nu-
merical fits to the data are shown as lines.

@©
o

Initial Moisture Profile att=0 ~ ——t= 29.5sec

70 - ---t= 63.2sec
------ t= 94.0sec

601 ---t=116.6 sec

[$)]
o
L

Local Moisture Regain (%)
S
o

0 2 4 6 8 10 12
Distance in the Pile Yarn Direction (mm)

Fig. 8. Comparison of MRI experimental and predicted
moisture distribution versus time for carpet sample B at an
airflow rate of 20 m/min and an air temperature of 80°C. Nu-
merical fits to the data are shown as lines.

different. As illustrated in Figs. 7 and 8, the predicted
moisture profiles agree well with experimental data.
Additionally, the predicted overall moisture regain ver-
sus drying time fits the experimental data very well as
illustrated in Fig. 9.

Table 2

Values of the transport parameters at different drying conditions for carpet samples A and B
Parameter Sample A Sample B
V,~ (m/min) 20 20 30 30 20 20 30 30
Tyo (°C) 353 389 353 389 353 389 353 389
Y, (kg./ke,) 0.0029 0.088 0.0029 0.088 0.0029 0.088 0.0029 0.088
T 16.7 16.7 16.7 16.7 13.7 13.7 13.7 13.7
hro (W/m? K) 56.0 56.0 68.6 68.6 66.1 66.1 80.9 80.9
N (m/s) 0.056 0.072 0.068 0.089 0.066 0.085 0.080 0.105
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50 4 m MRI exp. (A; 20 m/min; 80°C)
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Fig. 9. Comparison of MRI experimental and predicted overall
moisture regain versus time for carpet samples A and B at an
airflow rate of 20 m/min and an air temperature of 80°C.
Overall moisture regain data were obtained by integrating the
moisture profiles.

5.2. Comparison of numerical results with LTAD results

The simplified mathematical model was verified by
the MRI drying results, however, the air tempera-
ture used in the MRI system (80°C) is less than that
used in the first few zones of industrial dryers (typi-
cally >110°C). Thus, the LTAD drying results were
used to verify the model at industrial drying condi-
tions.

Since the LTAD cannot measure the local moisture
distribution, the verification focused on predicting the
variations of overall moisture regain (average for entire
sample) with drying time. The initial moisture distribu-
tion was assumed to be uniform because initial moisture
distribution does not greatly affect the overall drying
results [12]. For the numerical simulations, the same
carpet construction parameters used for drying at 80°C
in the MRI scanner were used for simulating the LTAD
tests performed at an air temperature of 116°C. The
numerical results for the LTAD tests were obtained
using the heat transfer coefficient and correction factor
found in the 80°C MRI tests and the mass transfer co-
efficient calculated using Eq. (28). For drying carpet
samples A and B at airflow rates of 20 and 30 m/min, the
predicted and experimental variations of overall
moisture regain are plotted in Fig. 10. As shown in this
figure, the predicted drying curves fit the experimental
data quite well.

Several drying tests were conducted at different air-
flow rates, air temperatures, airflow directions and initial
moisture profiles and compared with the numerical
predictions. Close agreements with the experimental
MRI and LTAD results were obtained [12]. Thus, the
simplified mathematical model can accurately predict
drying rate and drying time for through-air drying of
tufted carpet.
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Fig. 10. Comparison of LTAD experimental and predicted
variations of overall moisture regain with time for carpet
samples A and B at airflow rates of 20 and 30 m/min, and an air
temperature of 116°C.

6. Conclusions

A transient two-dimensional mathematical model has
been developed to simulate the through-air drying pro-
cess for tufted textile materials. Even after simplifying
the model to facilitate its usability, it provides predic-
tions that closely agree with experimental results. Pre-
dicted variations of one-dimensional moisture
distributions within carpet agree well with profiles ob-
tained using MRI. Predicted temporal variations of
overall moisture regain closely fit experimental results
obtained with both MRI and the LTAD.
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