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Abstract--This paper investigates the thermal characteristics of a continuous industrial drying process for 
semi-porous textile composites. The conservation of mass, momentum and energy are written for a partially 
saturate porous fiber layer attached to a solid-backing layer. The numerical solution of the one-dimensional 
and transient conservation equations provides the temperature, volumetric saturation and gas phase 
pressure distributions in the moist porous solid and the temperature distribution in the solid-backing layer. 
During the wet region drying period, continuous liquid exists in the pore space, the moisture transport 
within the solid is described by the Darcy form of the momentum equation. The moisture transport in the 
sorption region is described by a bound liquid diffusion and gas phase transport. For the jet impingement 
type dryer, it is assumed that the penetration of the flow field into the porous solid is small (assumed valid 
due to the presence of the solid backing). The enhanced transport coefficients at the drying surface are 
estimated wil:h the use of the Kolmogoroff theory of isotropic turbulence. This theory provides correlations 
for the heat and mass transfer coefficients from the fluid properties and the turbulent energy dissipation 
rate in the fluid. The model results of the continuous industrial drying process are compared to independent 
experimental temperature and global moisture content measurements taken in an operational industrial 
dryer. From the model analysis and experimental data, the heat flux conditions at the drying surface dictate 
the manner in which the solid is dried. The heat transfer coefficients considered are in the range of 20-130 
W m : K -~ and necessarily affect the manner in which moisture transport occurs within the solid. It is 
seen that the lower heat transfer coefficients more accurately represent the internal transport phenomena 
occurring during the drying process and the heating of the solid. The transport coefficients are compared 

to previously obtained empirical results. 

INTRODUCTION 

Industrial drying processes are energy intensive and 
represent a major  factor in the cost of  producing many 
consumer goods. Industrial drying applications 
include the production of  textiles, paper and pulp, 
food industries and agricultural products, chemical 
products, building and construction materials, and 
many others. 

This paper focuses on the drying needs and methods 
of  the textile industry as they pertain to the production 
of  modular  carpet tiles. The solid-backed carpet tile 
is a moist porous composite subjected to a convection 
drying process. Determination of  the drying charac- 
teristics of  the material are necessary for dryer design 
and/or  process control. 

Hygroscopic capillary-porous media classify many 
textile products [1-6]. This solid group is char- 
acterized by moisture trapped in small and dead end 
pores. Solid classification is important  particularly in 
the latter stages of  drying; as it determines moisture 
and energy transport mechanisms. The physical 
quantification of  a drying process, as indicated by 

authors [7-13], is obtained by performing mass, 
momentum,  and energy balances on a differential con- 
trol volume. Conservation of  mass is written for the 
liquid phase as well as the gas phase. Also, mass con- 
tinuity is written for each species present in the control 
volume: water vapor  and air (binary mixture of  ideal 
gases). The Darcy form of  the momentum equation is 
applied for low velocity flows in porous solids. Species 
velocities are written with respect to the mass average 
velocity of  the gas phase [14-16]. Finally, the con- 
servation of  energy equation is written for a multi- 
component,  multi-phase porous medium. The con- 
servation equations written for the partially saturated 
porous material (i.e. carpet fiber) establish the moist- 
ure concentration, temperature, and gas phase pres- 
sure, as a function of  space and time. 

The development of  an evaporat ion front will occur 
when the moisture content approaches the maximum 
sorption or critical moisture content. While the evap- 
oration front is maintained at the drying surface, 
liquid mass transfer occurs according to Darcy's  law. 
This process is called wet region drying. During the 
wet region drying regime the liquid phase and the flow 
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NOMENCLATURE 

Cp constant pressure specific heat 
[J kg -1 K -1] 

Cl surrounding fluid turbulence 
dissipation coefficient 

D molecular diffusion of water vapor in 
air [m 2 s -1] 

Db bound liquid water conductivity [m 2 
S -1] 

Ed activation energy [J kmol l] 
g gravitational constant [m s -2] 
h enthalpy [J kg-l] 
Ahw differential heat of sorption [J kg-1] 
/~m mass transfer coefficient at the drying 

surface [m s -l] 
/~T heat transfer coefficient at the drying 

surface [W m -2 K -1] 
h~ heat transfer coefficient at the solid- 

backing surface [W m -2 K -1] 
hvap latent heat of vaporization [J kg-l] 
H nozzle array-to-porous solid product 

spacing [m] 
gsa  t intrinsic permeability [m 2] 
k thermal conductivity [W m -1 K -l] 
krg relative permeability of the gas phase 
kr~ relative permeability of the liquid 

phase 
L composite layer thickness [m] 

mass source term [kg m -3 s -j] 
M molecular mass [kg kmol-1] 
N total number of nozzles (holes) in the 

array 
P pressure [N m -2] 
Pr Prandtl number 
/~ universal gas constant [Nm kmol- 

K -l] 
Re Reynolds number 
S volumetric saturation 
Sc Schmidt number 
T temperature [K] 
t time [s] 
tK Kolmogoroff time scale [s] 
v internal fluid velocity [m s-1] 
V velocity [m s -l] 

l~b blower power [W] 
w relative humidity 
x distance [m] 
X moisture content [kg moisture kg dry 

solid J]. 

Greek symbols 
et rate of turbulent energy dissipation per 

0 
2 
P 
V 

P 

unit mass of fluid [m 2 s -3] 
dimensionless temperature 
pore size distribution index 
dynamic viscosity INs m -2] 
kinematic viscosity [m 2 s-1] 
density [kg m -3] 
porosity. 

Subscripts 
a air 
b bound, backing-solid 
belt belt velocity 
c capillary, characteristic 
d dry solid 
eft" effective 
eq equilibrium 
g gas phase 
i initial 
j jet velocity 
1 liquid phase 
n zone number 
s solid 
sr sorption region 
v vapor phase 
vs vapor phase saturated 
wr wet region 
1 attachment point, initial, solid- 

backing heat transfer surface 
2 drying surface 

ambient medium. 

Superscripts 
* maximum sorption volumetric 

saturation. 

of liquid is continuous. As the front begins to recede 
from the drying surface, the moisture in the region 
behind the moving interface is no longer described by 
Darcy's law. This process is called sorption region 
drying. The sorption regime is characterized by a dis- 
continuous liquid phase. Bound liquid transport 
occurs by a liquid diffusion mechanism with the gradi- 
ent of the moisture content as the recommended driv- 
ing force [1, 17]. Additionally, the enthalpy of  the 
bound liquid in this 'dryout' region must reflect the 

differential heat of sorption [4, 10, 17-20]. The motion 
of the evaporation front that divides the porous 
material is a function of the thermodynamic and trans- 
port properties used to describe the independent dry- 
ing regimes. These properties inherently describe the 
transport of mass and energy during the two-regime 
(wet and sorption) drying model. The internal flow of 
mass and heat are directly influenced by the drying 
conditions at the boundaries. 

The continuous industrial drying process is speci- 
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fled by a multiple jet impingement flow boundary 
condition as indicated by Martin [21]. This flow field 
is commonly employed in industrial drying processes 
for enhanced drying rates. Flow field geometry and 
fluid properties establish the heat and mass transfer 
coefficients at the drying surface [22-29]. 

Experimental data have been obtained from a con- 
tinuous industrial d:rying process. The drying exper- 
iments provided temperature data obtained at specific 
locations in the material for multiple oven tempera- 
tures, belt speeds, aJad initial moisture contents. The 
experimental moisture concentration data taken from 
the continuous dryer were obtained by removing the 
sample and weighing at different positions along the 
dryer length. 

Many authors [12, 30-45] provide drying models 
for different porous solids that include: textiles, con- 
crete slabs, burial of high level nuclear waste products, 
and flow through porous beds. In each case, the gov- 
erning conservation equations were obtained and sup- 
plemented with the', necessary thermodynamic and 
transport properties. In some cases, volumetric energy 
generation create massive internal temperature and 
pressure gradients that increase mass transfer by pro- 
viding for very large bulk moisture transfer. In most 
of the cases reported, however, the boundary con- 
ditions for the drying processes are characterized by 
parallel flow type sttch that the drying medium flows 
parallel to the prodtLct being dried. Additionally, only 
limited experimental results are available for model 
calibration. In order to provide a baseline or cali- 
bration analysis for the jet impingement drying 
theory, experimental results of a batch drying process 
are compared to the drying theory developed by 
Francis [19]. The two-region conservation equations 
and transport a~ad thermodynamic properties 
developed for the jet impingement analysis are applied 
to a simple batch drying (performed in a controlled 
laboratory dryer) analysis. The results of these analy- 
ses for the parallel edr flow boundary conditions pro- 
vide a bridge for building the numerical analysis of an 
operational industrial dryer. 

Turbulent je t  impingement f low field 
The continuous feed industrial drying process is 

characterized by multiple turbulent jets impinging on 
the partially saturated porous solid. The physical 
characteristics of th,e turbulent flow field are obtained 
from the continuity equation, Navier-Stokes equa- 
tions, and the enerlgy equation, Polat et al. [46-48]. 
These fundamental equations are generally sup- 
plemented by the turbulence models. The one-equa- 
tion model for high Reynolds numbers provides an 
additional equatio~ for the turbulent kinetic energy 
of the flow field in terms of the turbulent length scales, 
viscosity, and dissipation rate, Polat et al. [46]. The 
two-equation model for high Reynolds numbers uti- 
lizes the equation established for the turbulent kinetic 
energy (the one-equation model) and provides for 
an additional governing equation for the turbulent 

energy dissipation rate. The subsequent two-dimen- 
sional governing conservation equations are coupled 
in the velocities, and the turbulent flow field properties 
such as the turbulence viscosity, length scale of tur- 
bulence dissipation, length scale of turbulence and 
other empirical constants. 

It is possible to provide for correlation methods 
to obtain heat and mass transfer coefficients under 
extremely turbulent conditions [22-29,49]. These 
methods have been previously applied to mixing ves- 
sels and agitated tanks, packed beds, pipe flow, open 
channel flow and many others. The heat and mass 
transfer coefficient expressions are obtained by intro- 
ducing the concept of the rate of turbulent energy 
dissipation by the flow field. The Kolmogoroff theory 
of isotropic turbulence describes the viscous energy 
dissipation rate. The dissipation rate is then used to 
obtain the mass transfer coefficient for a given flow 
field. If a predetermined amount of mechanical energy 
is supplied to a turbulent flow field, the transition of 
this quantity is initially to kinetic energy of the integral 
or large scale eddies. The kinetic energy is then trans- 
ferred to the smaller scale eddies where nearly all 
of the turbulence dissipation occurs. The geometrical 
nature of the equipment used to produce the turbulent 
flow field provides only a minor effect on the energy 
dissipation in the small scale eddies. The decay of the 
dissipation rate from the source (i.e. jets) is estimated 
with the use of a grid-generated turbulence model. 

Grid-generated turbulence models are considered 
as a basis for the decay of the turbulent energy dis- 
sipation rate as generated from the flow source (i.e. 
the impinging jets). The Kistler et al. [50] model for 
grid-generated turbulence is written for very large 
mean free stream velocities similar to those found in 
the case of multiple impinging jets in an industrial 
drying process. 

GOVERNING EQUATIONS FOR MASS, 
MOMENTUM AND ENERGY TRANSFER IN A 

POROUS MEDIUM 

The governing equations of mass and energy trans- 
fer are written for the wet region and sorption region 
drying periods. During the initial stages of drying, the 
textile product is uniformly, partially saturated with 
moisture and the wet region conditions exist. The 
internal transport of liquid moisture is mainly by 
capillary flow and the liquid phase is essentially con- 
tinuous. This presumes that evaporation occurs pri- 
marily at the drying surface (x = L2 in Fig. 1). With 
continued drying, the moisture concentration at the 
drying surface is reduced to the maximum sorption 
moisture content and the evaporation front begins to 
recede from this surface into the porous solid. During 
the sorption region drying period, the bound moisture 
transport is governed by the gradient of the bound 
moisture content. The schematic of the two-region 
drying model is shown in Fig. 1. The drying regimes 
are shown separated by the moving evaporation front. 
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Fig. 1. The instrumented modular carpet tile, industrial dryer (not to scale). 

Assumptions 
(1) The material and 

(2) 

(3) 

(4) 

(5) 
(6) 

(7) 

(8) 

(9) 

its properties are macro- 
scopically homogeneous. 
The solid phase is a rigid matrix, thermo- 
physical properties are constants. 
Compressional work and viscous dissipation 
are negligible for each phase. 
Diffusional body force work and kinetic energy 
are small. 
The gas phase is a binary mixture of ideal gases. 
The three phase system is in local ther- 
modynamic equilibrium. 
Gravity terms are important for liquid phase 
but not the gas phase. 
Fluids are Newtonian and the inertial effects 
are small. 
Drying medium (impingement air) does not 
penetrate the porous solid. 

Conservation of mass, wet region 
The conservation of liquid mass in terms of the 

volumetric saturation and the mass source term is 
obtained from a differential control volume in the 
moist porous solid as the following 

~(c~S,p~)= - ~x(P,V,)-th. (1) 

The governing mass conservation equations for the 
porous solid during the wet region drying period are 
derived in detail [19]. Conservation of total water 
mass (liquid plus water vapor) is written in terms of 
the liquid and gas phase volumetric saturations and 
the moisture velocities as 

a 
55(¢s,p, + q~Sgpv) = - ~x (p,v, + pvVv). (2) 

Conservation of total, non-solid mass in the control 
volume (liquid plus gas) is obtained as 

~(49S, p,+q~S~pg) = - ~x (P,v,+pgVg). (3) 

Conservation of momentum, wet region 
The equations of motion are written for the liquid 

and gas phases (i = 1, g). Assumption (8) is applied 
and the flow process in a porous medium is treated as 
quasi-steady, that is, the characteristic time for fluid 
flow in the pore space is small compared to the charac- 
teristic times for typical drying processes. The vel- 
ocities of the gas and liquid phases in a moist porous 
solid are, respectively, 

Ks,tkrg OPg 
vg (4) 

#g Ox 

_ K~tkr,(aP, p,g). (5) 
Vl ~1 k OX 

The velocities of the individual gas phase components, 
water vapor and air, are obtained in terms of the mass 
average velocity of the gas phase given by equation 
(4) and Fick's law for the diffusion component. 

Conservation of energy, wet region 
The governing energy equation is for a multi-phase, 

multi-component porous material 
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OT 
( dpglpicp1 + ~pSgp~Cpv + dp ggpaCpa + (1 - q~)psCps) ~ -  

t~T 
+ [plvlcpl + pvVvCpv + paVaCpa] ~X 

The wet region drying regime is described by equa- 
tions (1)-(6) in terms of the dependent variables of 
drying: T, St and Pv Additional thermodynamic and 
transport property information is required for the 
complete description of the wet region drying regime. 

The energy equation for this drying regime is of the 
form 

dp Siplcp1 + + (1 -- q~)psCps + 4~S~pvCpv 4~SgpaCpa 

(.s, ~Ahw \t~T Ah OS~ 
- - ~ P '  JO ~ -  MS1) ~ - ~bpl w Ot 

OT OAh. 
+ [plVbCpI-~-pvVvCpv +paVaCpa] ~X --plVb ~X 

g 
= ~x(k~fr~x~-m(hv.p + Ah~) (10) 

Conservation of mass, sorption region 
During the sorption region drying regime the liquid 

phase is no longer continuous (S~ < S*) and is bound 
in the porous solid matrix. The predominant move- 
ment of the moisture takes place in the gas phase. As 
a result of the discontinuity of the remaining liquid 
phase, the evaporation front recedes from the drying 
surface into the porous medium. For bound moisture 
present in the poro~Ls solid matrix the conservation of 
mass equation is written as [19] 

~t(q~Si,Ol) = -- ~xx(plVb) -- r/~/. (7) 

This equation differs from equation (1) by the velocity 
that describes the bound liquid motion in the sorption 
region. Conservation of total water mass (liquid plus 
vapor) and total non-solid mass (liquid plus gas) are 
described in general form by equations (2) and (3), 
however, the bound moisture velocity and the ther- 
modynamic and transport properties that describe this 
regime are different than those terms that describe the 
initial wet region period. 

Conservation of momentum, sorption region 
In the sorption drying regime, the liquid phase is 

no longer continuous. Localized moisture is trapped 
in the porous solid matrix with the flow of liquid to 
the drying surface nearly depleted. This bound liquid 
velocity is characterized by the gradient of the volu- 
metric saturation of  the bound liquid in the sorption 
region and the bound moisture properties as 

V b = -- q~D b ~SI ~x (8) 

where Db is the bound water conductivity and 
describes the abilky of the moisture to transport 
within the matrix daring this period of drying. 

Conservation of energy, sorption region 
The definition of the bound liquid enthalpy is given 

by [17, 18, 20] as the following 

hb = hj - Ahw (9) 

or that the enthalpy of the bound liquid is less than 
that of free liquid by the differential heat of sorption. 

where the differential heat of sorption is defined as 

/~ Tln p~ .  (11) Ahw = - M~ 

The dependent variables of drying in the sorption 
'dryout' region are: T, S~ and Pv The sorption region 
transport and thermodynamic properties, like those 
of the wet region, will be functions of the dependent 
variables of drying. 

TWO REGION DRYING ANALYSIS 

The traditional mathematical formulation of the 
moving boundary problem is to perform mass and 
energy balances at the receding front in terms of the 
unknown front velocity. This approach is used in the 
Stefan problem for melting (or solidification). As 
shown in [9, 51], the evaporation front that occurs at 
temperatures below the saturation temperature need 
not be described by the processes in the Stefan prob- 
lem. Problems of the Stefan type are described by the 
continuity and knowledge of the dependent variable 
(i.e. temperature) and a discontinuity of a ther- 
modynamic property (i.e. enthalpy) at the moving 
boundary. For drying below the saturation tempera- 
ture, however, the temperature, moisture concen- 
tration, and gas phase pressure as well as all ther- 
modynamic properties are continuous at this location. 
The moisture content at the receding front is con- 
tinuous and equal to the maximum sorptive moisture 
content and is given by SL = S*. 

It is necessarily assumed in this model that the evap- 
oration front recedes uniformly into the porous solid. 
The front position is determined by S* and is thus a 
natural consequence of the solution of the governing 
conservation equations with the use of the drying 
region dependent thermodynamic and transport 
properties such as the relative permeabilities of the 
gas and liquid phases, vapor pressure, bound liquid 
conductivity, and bound liquid enthalpy. 

The solid backing layer is attached to the moist 
porous fiber layer at x = Lt (see Fig. 1). The thermal 
characteristics of the backing material during the dry- 
ing process are just as important as those of the porous 
fiber layer due to the temperature sensitivity of the 
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solid backing material. The transient heat conduction 
equation with constant properties is written for the 
solid backing material. 

BOUNDARY AND INITIAL CONDITIONS 

The characteristics in the partially saturated porous 
fiber layer and solid-backing material (i.e. Tb, T, St, 
and Pg) are dependent on the conditions imposed on 
its boundaries. Additionally, since the solution is tran- 
sient in nature, the initial condition of the material 
must also be specified. The boundary conditions are 
obtained from surface mass and energy balances. A 
surface energy balance is performed at the heat trans- 
fer surface, x = 0 (i.e. refer to Fig. 1). Mass and energy 
balances are performed at the attachment location, 
x = L l .  Additionally, temperature continuity is 
applied at this location. Finally, mass and energy bal- 
ances are performed at the drying surface, x = L2. 
Initial conditions are obtained from the specific 
knowledge of the drying process. The initial con- 
ditions are required for the temperature of the 
materials, the moisture concentration and the gas 
phase pressure. It is assumed that the initial moisture 
content is uniformly distributed (based on a limited 
sample size) throughout the porous layer. 

Heat and mass transfer coefficients 
The jet impingement drying process dictates the 

manner and the rate at which the porous solid dries. 
The boundary conditions governing the heat and mass 
transfer rates at the drying surface during a con- 
tinuous industrial during process are modeled using a 
turbulent multiple jet impingement flow field. In order 
to obtain the heat and mass transfer correlations for 
this flow field, one method is to obtain a quantitative 
relationship for the rate of turbulent energy dis- 
sipation in terms of the fluid and geometric charac- 
teristics of the multiple impinging jets. A general 
relationship containing the mechanical energy input 
to the fluid and additional characteristics of the flow 
field are necessary to describe a correlation for the 
turbulent heat and mass transfer rates at the drying 
surface (x = L2 in Fig. 1). 

A heat and mass transfer correlation is obtained by 
the application of the Kolmogoroff theory of isotropic 
turbulence [22, 24, 25, 29, 49]. The mechanical energy 
supplied to the fluid develops into kinetic energy of 
the integral scale eddies (order of magnitude of the 
flow field) and is subsequently transferred to the smal- 
ler scale eddies where the dissipation occurs. Each step 
occurs continuously with the small scale eddies in an 
equilibrium state. Therefore, small scale eddies avail- 
able for heat and mass transfer depend only on the rate 
of energy dissipation, et, and the kinematic viscosity, 
v, of the fluid, Skelland et al. [29]. With this, the 
Kolmogoroff time scale of the dissipation becomes 

t K = - -  (12) 
\e,/ " 

A mass transfer coefficient expression can be 
obtained with the Higbie penetration theory, Skelland 
[16]. The penetration theory relates the mass transfer 
coefficient to the molecular diffusivity (water vapor in 
air) and the exposure time. The exposure time, te, is 
the amount of time a turbulent eddy (small scale) 
remains at the liquid (i.e. porous solid surface)~trying 
air interface (i.e. x = L2) and then returns to the bulk 
of the drying fluid. It is assumed that the exposure 
time and the Kolmogoroff time are identical, Skelland 
[29]. The mass transfer coefficient is written in terms 
of the rate of energy dissipation and the kinematic 
viscosity of the fluid with the introduction of the Kol- 
mogoroff time scale for turbulence 

h-  m = 2  / ( O ~ / ( s ' / T M .  ( 1 3 )  

~l k Z l \  v /  

The mass transfer coefficient is estimated if the rate 
of the turbulent energy dissipation can be obtained 
from the flow field developed by the multiple 
impinging jet geometry. Equation (13) is written in 
terms of the Schmidt number as 

hm = 2 - D S c l / 2  (etv)'/'. (14) 
v 

The Reynolds analogy is applied for a turbulent flow 
field to obtain the heat transfer coefficient in the fol- 
lowing general form 

2 1'2 (STY) 1/4 
I~T = ~ k g o ~ P r  / - (15) 

v 

where the fluid and thermal properties such as thermal 
conductivity, viscosity, and specific heat are evaluated 
as humid air properties, that is, a binary mixture of 
ideal gases. The heat transfer coefficient at the solid 
backing surface is taken as a percentage of the drying 
surface coefficient. 

The establishment of the rate of turbulent energy 
dissipation, e,, requires the knowledge of the mech- 
anical energy input to the fluid. The turbulent energy 
dissipation is defined in general as 

mechanical energy input 
et = mass of fluid (16) 

The total mechanical energy input to the flow field 
(the drying air) includes the blower power, if'b, and 
the acceleration of the fluid through the nozzle-jet 
system. The turbulent energy dissipation to the sur- 
rounding fluid interaction in the dryer is written in 
terms of the blower power and the jet velocity per unit 
mass of fluid as 

• 1 . 2 Wb + ~ Nrhjet Vjet 
et = ( 1 -  Cl) (17) 

m v q -  m a 

where the constant is constrained by 0 < C~ < 1. The 
decay of the turbulent energy dissipation within the 
jet itself is an important feature that relates the tur- 
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bulence dissipation rate to the nozzle-to-product sep- 
aration distance, H (refer to Fig. 1). It is assumed, for 
small separation distances, that the amount of mass 
entrained into the jet from the surrounding stationary 
air is negligible, Baughn et al. [52] and Goldstein et al. 
[53]. Therefore, equation (17) must reflect the decay of 
the rate of turbulerLt energy dissipation within the jet 
itself. This final effect is estimated by the theory of 
grid (or source) generated turbulence. 

For  high Reynolds number ranges, grid generated 
turbulence models produce energy decay relationships 
downstream of the initial source of turbulence. During 
the initial period of turbulent decay, the root mean 
square of the velocity fluctuation is a function of  the 
distance from the source and the differentiation of the 
velocity with respect to this distance provides for the 
rate of turbulent energy dissipation. The rate of dis- 
sipation of turbulent energy decays as the inverse 
square of the distance from the source of the turbu- 
lence. 

An estimate for the rate of decay of turbulence 
energy dissipation within the impinging jets and to the 
surrounding fluid near the drying surface is 

grb "}- ~ N/'/'/jet Vj2t H 
~t -----(1 - C i )  mv+ma o 

(18) 

where Sd is the nozzle-to-nozzle spacing and H is 
the nozzle-to-product separation and (H/Sd)o is the 
virtual origin obt~.ined in terms of the jet Reynolds 
number 

Red -- NVj~td 

where d is the nozzle (or hole) diameter. With this 
approximate expression for the turbulent energy dis- 
sipation rate, heat and mass transfer rates at the dry- 
ing surface may be estimated. 

The conservation equations and the boundary con- 
ditions must be supplemented with thermodynamic 
and transport properties describing the appropriate 
drying regimes and the transport of moisture (liquid 
and vapor) and energy during the drying process. 

THERMODYNAMIC AND TRANSPORT 
PROPERTIES 

The governing equations of mass, momentum and 
energy developed for the moist porous fiber medium 
contain numerous thermodynamic properties of the 
fluid constituents in the porous solid. Transport 
properties based on the geometry of the porous solid 
inherently govern the flow of the constituent fluids 
and ultimately the manner in which the solid is dried. 
Thermodynamic and transport properties must be 
established for the wet region drying period and the 
sorption region period. These drying regional prop- 
erty (thermodynamic and transport) differences estab- 

lish the position of the evaporation front during the 
drying process. 

The equations o f  state 
The densities of the individual components, water 

vapor, air and gas phase, are obtained by the ideal gas 
law assumed valid for the water vapor in air mixture 
at the low pressures of the tests. 

Vapor pressure relationships 
The vapor pressure relationship during the wet 

region drying conditions (i.e. free liquid water in the 
porous solid) can be obtained with the Clausius- 
Clapeyron equation, Kaviany [15]. During the sorp- 
tion region drying period the desorption isotherm 
obtained from [1] is 

Pv 1 - exp( -  (154.4-0.359T) 
evs 

plSl~ )(4.5 l--0.008T)' 

× \ps(1 - S,~),/ (19) 

where Pvs is the saturation vapor pressure given by 
the Clapeyron equation. This vapor pressure lowering 
curve obtained from the literature was found to pro- 
vide adequate results when applied to the drying 
model used in the laboratory batch drying process. 

Capillary pressure relationships 
The capillary pressure curve Pc = Pc(S~,T) is 

obtained from Preston and Nimkar [54] for a fiber 
material where the temperature dependence is small 
compared to the moisture concentration, Francis [19]. 
This relationship was found to adequately represent 
the early stages of drying (i.e. wet region period) dur- 
ing the small scale dryer model validations, Francis 
[191. 

Relative permeabilities 
The relative permeabilities of the liquid and gas 

phases are determined by Dullien [55] as 

where 

kr  I = (Serf)(2 + 32)/2 (2 0 )  

k,g = ( 1  - Se f0 2 (1  - Soft) (2+~)/~ (2 1 )  

(P~>\* 
(22) 

The bubbling pressure and the pore size distribution 
index are determined from the capillary pressure curve 
vs the moisture saturation of the material plotted 
on a log-log scale. The bubbling pressure and pore 
size distribution index are Pcb = 1258.0 N m -2 and 
2 --- 0.6, respectively. The absolute permeability,/(sat, 
is the transport parameter for single phase flow in 
porous materials and is obtained from Van Den 
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Brekel and DeJong [56] as an average K~,t = 4.4 × 
10 i~ m 2. 

Molecular diffusivity 
The effective diffusivity for water vapor diffusion 

through a fabric as obtained by Whelan et al. [57] is 

D 
Deft 4.3 (23) 

- -  - - 3 . 4  

4, 
where D is the molecular diffusion coefficient for water 
vapor in air and 4, is the porosity of the porous textile 
sample. 

Bound moisture conductivity 
Chen and Pei [1] recommend the following Arrhen- 

ius-type function of temperature of the porous solid 
a s  

Db=Dbo(Sl)exp(--~T ) (24) 

where Ed is the activation energy of movement of 
bound liquid moisture. The bound moisture 
coefficient is of the following form 

/ S l -  Soq ~ ..... : 
Db0(Sl) = const l /c~--~-- /  (25) \ s  -soqj 

where the constants are varied for different solid 
material types and pore geometries. 

Thermal conductivity 
The thermal conductivity is modified for the trans- 

fer of energy by conduction through a multiphase 
porous material. The effective porous thermal con- 
ductivity can be idealized to be in a parallel format as 
recommended by Naka and Kamata [58] for moist 
textile materials 

kerr = 4,(1-S~)k~+4,S,k~+(1-4,)ks. (26) 

NUMERICAL ANALYSIS 

The dependent variables of drying are non- 
dimensionalized and the governing equations written 
in a dimensionless format, with the details given in 
Francis [19]. Dimensionless forms of mass and energy 
transport for both drying regimes and the associated 
boundary conditions are discretized using a finite 
difference format written in computational form via 
the Patankar method, [59]. The equations are lin- 
earized by evaluating the coefficients at the previous 
time step. This technique, however, places restrictions 
on the time step and grid size necessary to obtain 
convergence of the system of equations. The dimen- 
sionless numerical criteria given by r = At*/Ax .2 = 
1/2 must be satisfied during the computations in 
order to obtain convergence of the system of equa- 
tions. As a result of the jet impingement boun- 

dary condition (i.e. large heat and mass transfer co- 
efficients at the drying surface) and increased drying 
temperatures, enhanced convective flows in the 
porous material require a finer spatial grid than that 
required by the small scale dryer model in which con- 
duction is the dominant mode of heat transfer. Con- 
vection increases in the partially saturated porous 
solid are a direct result of increased temperature and 
pressure gradients in the solid. These requirements 
necessitate small time steps. 

Solution of the governing equations 
The governing system of simultaneous algebraic 

equations developed in terms of dimensionless par- 
ameters 7~'b, S~, 0 and P* are in the special form of a 
quad-tridiagonal system of equations, Von Rosenberg 
[60]. A very general form of the linearized system of 
equations is 

Z a ) ~ [  , k , k , d k (27) + bl udi + c/udi+ 1 = 
/ 

where • is the dimensionless dependent variable and 
a, b, c and d are the kinetic and capacity coefficients 
corresponding to the appropriate conservation equa- 
tion. The indices are described as follows. The con- 
servation equation index, k = 1, 2, 3, 4, where 
1 = total water mass, 2 = total (non-solid) mass, 
3 = energy (porous medium), 4 = energy solid back- 
ing. The variable index l = 1, 2, 3, 4, where 1 = volu- 
metric saturation, 2 = temperature (porous medium), 
3 = gas phase pressure, 4 = temperature (solid back- 
ing). The spatial index is given by i. The system of 
equations are simplified depending on the domain of 
interest. For example, in the solid backing layer, 
0 ~< x < Ll, the dependent variable of interest is the 
temperature distribution in the solid. Therefore, at 
any node (i) in the backing solid, the porous material 
variables are: S~ = 0 = P* = 0. In the porous medium, 
the backing layer temperature, T~b = 0, and the leading 
coefficients pertaining to this variable are not relevant 
in the domain L~ < x ~< L2. x -- L] serves as the coup- 
ling location for the systems of equations used to 
model the composite material subjected to an indus- 
trial drying process. 

EXPERIMENTAL PROCEDURES 

The continuous feed industrial dryer is char- 
acterized by the continuous motion of the moist textile 
product through the oven and by the turbulent jet 
impingement boundary condition at the drying 
surface. The thermal characteristics of the material 
are greatly affected by the flow field and its impact on 
the heat and mass transfer coefficients. A schematic 
of the general features of this drying analysis is 
shown in Fig. 1. Instrumentation of the moist product 
is shown with pertinent flow field geometric and fluid 
characteristics such as jet velocity, belt speed, and 
nozzle spacing. The partially saturated textile com- 
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posite is an 18 x 18 inch square approximately 1/4 to 
1/3 inch thick. 

During the continuous industrial drying process, 
the drying medium impinges directly onto the moist 
modular carpet tile. Due to the presence of the solid 
backing layer, it is assumed that the flow field does 
not penetrate the solid. This assumption is found to 
hold also in a simple batch drying process performed 
in the laboratory experiment. The jet velocity from a 
single nozzle in banks of nozzle arrays is denoted by 
Vie t, The distance between the nozzle array system and 
the porous material being dried is denoted by H in 
Fig. 1, The top surface (x = L2) is a heat and mass 
transfer boundary while the lower surface (x = 0) is a 
heat transfer boundary only. The oven air tempera- 
ture, T~.n, is a function of position in the dryer and 
can be varied for different drying processes. It is 
assumed in this work that the industrial dryer operates 
as a steady state device, that is, the amount of mass 
(water vapor and dry air) in the dryer zone remains 
essentially constant. 

Temperature data within the porous solid are 
obtained during the continuous industrial drying 
process at specific points in the moist porous fiber 
and solid backing layers. In this case, wireless needle 
probes are preprogrammed and positioned into the 
composite material to take and store temperature data 
during the drying process. Two needle probes are used 
to measure temperature at discrete points; one in the 
solid backing layer and one in the moist porous fiber 
layer (refer to F ig  1). Moisture concentration data 
cannot be continuously measured for this dryer type. 
In this case, the textile product is removed from the 
dryer on a zone-to-zone basis and individually 
weighed. The average moisture content profile is 
obtained over the length of the dryer based on zone 
position. In this analysis, experimental temperature 
profiles and globat moisture concentration data are 

obtained for different initial moisture contents, oven 
air temperatures and belt speeds. 

The process parameters for the continuous indus- 
trial dryer are: the initial moisture content of the 
porous solid, the constant belt velocity Vb~tt, and the 
zone temperatures T~.n. The belt velocity charac- 
terizes the continuous feed nature of the industrial 
dryer, that is, the motion (continuous) of the product 
through the dryer. 

RESULTS AND DISCUSSION 

The experimental temperature data obtained in the 
partially saturated porous fiber and solid backing lay- 
ers are illustrated in Figs. 2(a) and (b) for variable 
oven air temperatures. The model results are compared 
directly to experimental temperature data in Figs. 2(a) 
and (b) and moisture content data in Fig. 3. In order 
to study the effect of the surrounding fluid turbulent 
energy dissipation on the heat and mass transfer 
coefficients obtained for this dryer type, Table 1 is 
given with a variable C~ and model results are shown 
in Figs. 2 and 3. The mass and heat transfer coefficients 
for this dryer type are obtained with the use of equa- 
tions (14) and (15) with equation (18) evaluated as the 
turbulence energy dissipation term. The surrounding 
fluid dissipation coefficient varies as ( 1 -  C l )  TM. Fig- 
ures 2(a) and (b) are obtained for a surrounding fluid 
dissipation term of 0.0266 and the dryer parameters 
as specified in the figure captions. Table 1 indicates 
the flow field parameters considered in this paper. 

In this case, it is noted that a s  C 1 (Fig. 3) < C~ (not 
shown) < Ct [Figs. 2(a) and (b)] --* 1.0, the majority of 
the turbulent energy dissipation is to the surrounding 
fluid as secondary stagnation regions and fluid inter- 
actions are developed by the multiple impinging flows. 
The turbulence dissipation occurring in the sur- 
rounding fluid is assumed lost or greatly reduced for 
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is the attachment point between fiber and backing (model), x = L2 is the top fiber drying surface (model). 

A = global experimental moisture content. 

future mass transfer purposes. The heat flux at the 
surface of  the material is important  in that it estab- 
lishes the manner in which the porous solid is dried. 
For  the indicated heat and mass flux conditions, model 
results are plotted for the solid-backing surface adjac- 
ent to the flow field (x = 0), the at tachment point 
between moist porous and solid backing layers 

Table 1. Jet impingement heat and mass transfer coefficients 

Figure ( l - - e l )  I/4 h-r[V~m 2K-I]  /~m[ms -I] 

2a 0.0266 21 0.023 
2b 0.0266 21 0.023 
Not shown 0.0473 37 0.042 
3 0.0841 66 0.074 

(x = LI), and finally the fiber surface adjacent to the 
impingement (drying) boundary (x = L2). 

The initial temperature rise in the porous fiber [Fig. 
2(a)] results f rom transport phenomena occurring 
during the wet region period of  drying. First, the fluid 
convection processes within the porous solid as a 
result of  the high heat flux boundary condition (high 
heat transfer coefficient and oven air temperature) 
approach the order of  the energy diffusion process. 
Therefore, in the case of  impingement drying, the 
increased velocities of  the free liquid phase (wet region 
drying regime) and the gas phase significantly con- 
tributes to the total energy (convection and diffusion) 
transfer process. 

The increased liquid and gas phase transport during 
the wet region drying period (i.e., the initial stages of  
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drying) are not sutt]ciently described by Darcy's law 
due to the increased gas phase pressure gradients driv- 
ing both phases. The pore space fluid velocities are 
increased as a result of these conditions but are under- 
predicted by the current momentum relationship. 
Therefore, the temperature changes of the porous 
material as described by the model are greater than 
the experimental data as the transport of the liquid 
heat capacity is nol maintained. 

The initial increase in temperature predicted by the 
model may also be a result of the turbulent flow field 
heat and mass transfer coefficients predicted by the 
Kolmogoroff theory. In order to provide a basis for 
the establishment of the jet impingement transfer 
coefficients, the correlations obtained by the Kol- 
mogoroff theory of isotropic turbulence are compared 
to empirical results obtained by Martin [21] and Polat 
[61] on the order of h-r=130 W m -2 K -1 and 
hm = 0.15 m s -1.  

Table 1 maps the dissipation coefficient Cl with its 
corresponding transport coeffÉcients. The velocities of 
the liquid and gas phases are reduced in the model as 
the temperature and more importantly the pressure 
gradients are reduced with decreasing heat transfer at 
the drying surface. The energy diffusion mechanism 
in the solid becomes increasingly more important as 
the external heat flux is reduced and the fluid velocities 
approach the Darcy regime. The Darcy regime, 
however, lacks the ability to sufficiently convection 
cool the material from the wet region. 

The moisture content experiment is characterized 
by oven air temperatures similar to those of Fig. 2. 
The exact parameters for initial moisture content, 
temperature, and belt speed are give in Fig. 3. The 
fluid dissipation coefficient for the drying experiment 
is obtained in Table 1 where the heat and mass transfer 
coefficients are obtained from the Kolmogoroff 
theory. These resu].ts indicate extreme drying rates at 
the surface with moisture redistribution near the solid 
backing (interior solid) indicating the increased 
importance of the convective fluid transport early in 
the drying process. 

From Figs. 2 and 3, it is noted that the empirical 
results of [21, 61] will over predict the mass and heat 
transfer rates for this drying process according to the 
results of Table 1. The dissipation of turbulent energy 
to the surrounding fluid will reduce the drying rates 
at the surface of the material. This result is captured 
by the Kolmogoroff theory of isotropic turbulence. 

CONCLUSIONS 

With the application of Assumption (9), the mul- 
tiple jet impingement drying analysis (i.e. a high heat 
flux boundary condition) may be achieved with this 
model computing K.olmogoroff heat and mass transfer 
coefficients at the drying surface. Uncertainties exist, 
however, in this model as for the proper selection of 
the fluid dissipation coefficient and thus the heat and 
mass transfer coefficients used to describe the jet 

impingement flow field. Uncertainties also exist in the 
application of the thermodynamic and transport 
properties taken from the literature for this material. 
However, with the results of Figs. 2 and 3, the lower 
transport coefficients at the drying surface better rep- 
resent the experimental data obtained from this par- 
ticular industrial drying process. 

The continuous industrial drying process inves- 
tigated in this paper is characterized by a turbulent 
flow field at the drying surface. In this analysis, the 
oven temperatures and the heat transfer coefficients 
are much greater than in a typical batch dryer process 
[19]. The increased heat flux at the surface was seen 
to significantly affect the internal transport phenom- 
ena in the porous material. The model developed for 
the impingement drying process was compared to 
experimental analyses for global moisture content and 
temperature distributions taken directly from an 
industrial drying process. In order to provide a new 
estimate for the heat and mass transfer coefficients for 
a turbulent drying process, the Kolmogoroff theory 
of isotropic turbulence was employed to provide 
transport coefficients for the specified nozzle arrays. 
The new transport coefficients are then compared to 
known correlations for multiple impinging jets. It is 
noted that the existing correlations [21] may over- 
estimate the drying rates for this specific dryer. 

The increased temperature and gas phase pressure 
gradients in the porous solid during the wet region 
drying period (initial stages of drying) necessarily 
increase the thermal convection terms in the con- 
servation of energy equation during this drying 
regime. As a result of the analysis presented for the 
continuous drying processes, it is noted that: 

(1) The internal fluid (liquid and gas phases) trans- 
port in the high heat flux dryer (i.e. the continuous 
industrial drying process) must include inertial effects 
for higher flow velocities. As result, it may be necess- 
ary to solve the volume averaged forms of the Navier-  
Stokes equations in a porous solid in order to accu- 
rately account for the higher velocity flow regimes 
during the wet region drying period. 

(2) The heat and mass transfer coefficients for the 
multiple jet impingement dryer have been obtained 
from the Kolmogoroff theory of isotropic turbulence. 
The drying results obtained from the model are seen 
to approach the experimental data for a variable sur- 
rounding fluid dissipation coefficient. In order to test 
this modeling approach, experimentally determined 
heat and mass transfer coefficients under the jet 
impingement drying conditions can be used to estab- 
lish the drying rates for this dryer type. This work is 
yet unreported in the literature and is presumed yet 
undone. 

This working model will provide information for 
the continuous industrial drying process and the dry- 
ing kinetics associated with this dryer type. This work 
provides new expressions for the heat and mass trans- 
fer coefficients for a multiple jet impingement bound- 
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ary condit ion.  The t ranspor t  coefficient correlat ions 
are directly applied in a working drying theory for a 
con t inuous  industr ial  drying process. This theory  is 
subsequent ly verified by experimental  analyses. 

The jet  impingement  model  can be used as a baseline 
tool to establish the drying characterist ics for the high 
tempera ture  dryer. Tempera ture ,  gas phase pressure, 
and  mois ture  conten t  in format ion  can be obta ined  to 
provide a basis for dryer design and  also aid in process 
control  of  existing industrial  dryers. 
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