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Abstract--High temperature convective drying of single wood chips with air and superheated steam 
respectively is studied theoretically. The two-dimensional model presented describes the coupled transport 
of water, vapour, air and heat. Transport mechanisms included are the convection of gas and liquid, 
intergas as well as bound water diffusion. In the initial part of the drying process, moisture is transported 
to the surface mainly due to capillary forces in the transversal direction where evaporation occurs. As the 
surface becomes dry, the drying front moves towards the centre of the particle and an overpressure is 
simultaneously built up which affects the drying process. The differences between drying in air and 
superheated steam, respectively, can be assigned to the physical properties of the drying medium. The 
period of constant drying rate which is comparatively short in air drying becomes more significant with 
increasing humidity of the drying medium and is clearly visible in pure superheated steam drying. The 
maximal drying rate is higher in air drying, and shorter drying times are obtained since the heat flux to the 
wood chip particle increases with increasing amounts of air in the drying medium. The period of falling 
drying rate can be divided into two parts : in the firsL the drying rate is dependent upon the humidity of 
the drying medium whereas in the second, there is no such correlation. The influence of intergas diffusion 

in air drying was found to be of minor importance. © 1997 Elsevier Science Ltd. 

INTRODUCTION 

Biofuels have gained an increasing interest as a fuel 
source during the past few decades. One reason for 
this is the environmental  advantage over fossil fuels 
since there is no net emission of  either SO,, and CO2. 
One common form of biofuels used for combustion is 
wood chips. Fresh wood contains a lot of  water 
however, so drying is necessary in order to achieve 
efficient combustion.  

The definition of  drying is the removal of  a liquid 
from a material through thermal treatment. The dry- 
ing process requires a lot of  energy, so it is important  
that it is performed in an optimal way. The main 
parameters controlling drying are:  the temperature 
and pressure of  the drying medium, the slip velocity 
and, with air as the drying medium, the humidity. 
Thus, fundamental  knowledge of  the drying mech- 
anisms is necessary. 

The energy required for the evaporat ion can be 
supplied to the material in different ways: through 
conduction, convection, radiation and microwaves. 
This work focuses on heat transfer to the material via 
convection and radiation. Convective drying can be 
carried out at high temperatures, and such high tem- 
perature convective drying is an attractive procedure 
since it has a reduction of  the total drying time as its 
main aim. The drying medium, which traditionally 
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has been hot air, can also be superheated steam at 
these temperature levels. 

The advantages and disadvantages of  using super- 
heated steam over hot air as a drying medium in 
general are discussed by Beeby and Potter [1]. Some of 
the advantages of  using superheated steam mentioned 
are : the total energy efficiency is increased due to the 
possibility of  reuse of  the latent heat of  evaporation,  
the absence of  oxygen eliminates the risks of  
explosions and hazards, and steam drying is simpler 
to control than air drying. Disadvantages include: 
problems with temperature-sensitive materials 
because of  the necessity of  high temperature levels, 
difficulties in achieving low moisture contents, and 
initial condensation which may increase the total dry- 
ing time of  superheated steam drying. 

The drying process is usually divided into two 
different drying regimes : the period of  "constant  dry- 
ing rate",  where the process is determined by external 
conditions, and the period of  "falling drying rate",  
where the internal moisture migration limits the dry- 
ing rate. Drying in the period of  constant drying rate 
with drying media of  different humidity ( f rom com- 
pletely dry air to superheated steam) is thoroughly 
discussed in the literature [2, 3]. At a certain tempera- 
ture, referred to as the "inversion temperature",  the 
evaporat ion rate of  water into the drying medium is 
independent of  its humidity. For  temperatures above 
the inversion temperature, the evaporat ion rate 
increases with increasing humidity whereas the 
opposite occurs below this temperature. The inversion 
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NOMENCLATURE 

% specific heat capacity [J kg ~ K- ~] 
D diffusion coefficient [m 2 s i] 
g acceleration due to gravity [m s -2] 
h external heat transfer coefficient 

[W m -2 K l / o r  enthalpy [J kg -~] 
H heat accumulation [J m 3] 
./M ,/-factor for mass transfer (Sc 2'~ k /v ,  ) 
JH ,/-factor for heat t r ans fe r  (pr2"3h/Cpl'~p) 
k heat conductivity [W m L K ~] or 

external mass transfer coefficient [m s '] 
k~ relative permeability of  phase ~ ~] 
K absolute permeability [m 2] 
L length [m] 
M mass accumulation [kg m 3] 
Mw molecular weight of water [kg mole ~] 
n mass f l u x [ k g m  2s i/ 
Nu~ Nusselt number (hx/k) 
P pressure [Pa] 
Pc capillary pressure [Pa] 
Pv vapour pressure [Pa] 
Pr Prandtl number (c,,#/k) 
q heat f l u x [ J m  2s ~] 
R gas constant [J mole ~ K -~] 
Rek Reynold number (v~, pL/tO 
Re, Reynold number (v.,px/lO 
S saturation [-] 
Sc Schmidt number (t~/pD) 
t time Is/ 
T temperature [K] 
u specific internal energy [J kg J/ 
v velocity [m s -~] 
x distance [m] 
X moisture content  [kg water/kg dry 

wood 1] 
y molar  fraction ~]. 

Greek symbols 
X~ '~ mass fraction of  component  t, in phase 

~: emissivity b / o r  porosity [-] 
/~ dynamic viscosity [kg m ' s t] 
p density [kg in 3] 

Boltzmann's constant [W m : K 4] or 
surface tension [N m ']. 

Subscripts 
b bound or thickness of  the wood chip 
cr critical 
eft effective 
free free liquid 
FSP fibre saturation point 
g gas 
1 liquid 
L longitudinal 
s surface 
sat saturation 
T transversal 
ce phase 
0 initial 
,~. ambient. 

Superscript 
a air 
s surface 
w water 
t,- component  
pc ambient. 

temperature exists due to combined effects of  higher 
heat transfer coefficients for steam (at the same mass 
flux) and the depression of  the interfacial temperature 
due to the presence of  air in air drying [4]. For  evap- 
oration from a horizontal surface into a laminar flow 
at equal mass flow rates, an inversion temperature of  
about  250°C is reported [2]. However,  the inversion 
temperature is also dependent on the flow conditions 
and whether mass or volume flow rates of  the drying 
medium are equalised. At equal volume flow rates the 
inversion temperature exceeds 400"C [5]. 

Theoretical and experimental results of  the drying 
of a single spruce chip particle in superheated steam 
at various conditions are presented by Fyhr and Ras- 
muson [6]. The aim of this paper is to study the drying 
when hot air is used as the drying medium and to 
compare the results with the superheated steam 
drying. The influence of  the humidity at intermediate 
cases is also studied. To the authors knowledge this 

has not been done before for the entire drying 
sequence. The calculations, which include the coupled 
transport of  water, vapour, air and heat, are made 
with a computer  code T O U G H  [7] which is modified 
in order to make simulations of  the drying of  wood in 
hot  air and superheated steam possible. 

TRANSPORT PROCESSES 

Wet wood can be considered as a three phase mix- 
ture with moisture present in three possible states. The 
solid cell wall material adsorbs water molecules up to 
the fibre saturation point (FSP). Above the FSP free 
liquid partially fills the lumens whereas gas bubbles, 
consisting of  water vapour and air, occupy the remain- 
ing lumen space. The moisture content at the fibre 
saturation point, which indicates the moisture content 
with no free liquid present, is expressed as [8] ; 
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~FSP = 0.598-0.001T (1) 

where T is the temperature in Kelvin, 
Some assumptions have been made in the calcu- 

lations. The strong anisotropy of wood makes a two 
dimensional model necessary. The wood is treated as 
being homogeneous and no shrinkage of the solid 
skeleton at low moisture contents is accounted for. 
Local thermal and phase equilibria exist between the 
three phases at every point in the particle. The water 
vapour is saturated above the FSP and the bound 
water content is a function of temperature only. In 
the absence of free water, the vapour and the bound 
water compositions obey the sorption isotherm. A 
division into external and internal transport is appro- 
priate in the description of heat and mass transport. 

E x t e r n a l  heat  t ransfer  

The heat transported from the drying medium to 
the surface of the wood chip particle is partly by 
means of convection. For a sharp flat plate, the local 
convective heat transfer coefficient for a laminar 
boundary layer is described as [9] : 

h x  
Nu~ = ~ -  = 0.332Re.{/2 P r  j:3. (2) 

The flow however, is parallel to the large sides of the 
particle which have a finite thickness, and impinges 
the end sides. This results in small vortices being for- 
med just behind the edge. Sorensen [10] studied the 
external mass transfer coefficients experimentally for 
glass plates with varying thickness covered with naph- 
thalene. The following correlation was adopted from 
his work : 

k 
jM = - -  Sc  2/3 = O. 106ReL 0.2 s. (3) 

is determined experimentally, is strongly dependent 
on the moisture content as well as on the temperature. 

q = - k~V T. (6) 

Since mass transfer and heat transfer occur sim- 
ultaneously, heat is also transported by convection. 
This kind of heat transfer is modelled by weighting 
the mass fluxes of component ~ with the enthalpies 
as: 

= n~ h~ (7) 
~=l ,g  
~;--a,w 

where ~ is the phase. 

E x t e r n a l  mass  transfer  

In the case of pure superheated steam as the drying 
medium, there is no convective transport of vapour 
due to concentration gradients from the surface of the 
particle to the surroundings since no air is present. 
When air is present in the drying medium however, 
this external mass transport must be taken into con- 
sideration. The convective mass transfer coefficient 
necessary for describing this transport is modelled 
according to equation (3). Consequently, the con- 
vective flux ofvapour across the boundary is described 
as" 

(w) P t, (w.~) v(w.~)~ (ng)fbou.~.~ = kMw ~ , : g  - : ~  ~. (8) 

In addition to the convective vapour flux mentioned 
above, another kind of moisture flux is induced in 
order to equalise the pressure at the surface. This flux 
is most significant with pure superheated steam as the 
drying medium. 

By analogy with heat and mass transfer, the external 
heat transfer coefficient is therefore modelled anal- 
ogously : 

h 
Jn -- pr2/3 = JM (4) 

CpV~p 

and the heat flux to the surface due to convection is : 

qlbou,dar, = h ( T ~  - T~). (5) 

In addition to convection, heat is also transferred to 
the particle by radiation which is modelled according 
to the Stefan-Boltzmann law with the emissivity for 
wood being equal to 0.9. Heat is also transferred due 
to a simultaneous mass flow across the surface (exter- 
nal mass transport). 

In terna l  heat  t ransfer  
Heat transport inside the material occurs via differ- 

ent mechanisms. Transport by conduction is modelled 
according to Fourier's law (6) with an effective ther- 
mal conductivity coefficient accounting for heat con- 
duction in all the three phases. This coefficient, which 

In terna l  m a s s  transfer  

The transport of fluids through wood can be sub- 
divided into two main categories. Firstly, gas and 
liquid inside the material is transported by convection 
through the interconnected voids of the wood struc- 
ture due to a gradient of the pressure within each 
phase. For modelling this kind of flow of gas and 
liquid, respectively, an extended Darcy's law is used : 

k~ 
n~= - -p~K~a t - - (VP~- -p~g) .  (9) 

P~ 

The relative permeability, k~, is strongly dependent on 
the liquid saturation. For moisture contents below 
the FSP (i.e. no free liquid is present) the relative 
permeability of the liquid phase is zero and, thus, 
there is no flux of free liquid. The relative permeability 
for the gaseous phase is positive for all saturations 
except for near full saturation where it approaches 
zero. The pressures of each phase are related to each 
other via the capillary pressure, Pc, as follows : 

Pc = Pg- -PI .  (10) 
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Consequently, the flux of  component  ~c in phase ~ due 
to convection is : 

~ H  
~t- = V . Z q  (17) 

n~ ~) = Z~'°n~. ( 11 ) 

Secondly, moisture also migrates via a diffusional 
mechanism, of  which there are two different types. The 
bound water migration through the cell-wall matrix, 
which is present for moisture contents below the fibre 
saturation point, is treated as a diffusion process with 
the moisture content  as the driving force [8] : 

nl w/ = - DbVX. (l 2) 

The unit of  the bound water diffusion coefficient is 
(kg m ~ s '). The other diffusion mechanism is the 
intergas diffusion of  vapour. This transport mech- 
anism is only of  interest with air present in the drying 
medium, and is modelled as : 

ngIW} = - -  Del-l-Vp~g ~1 ( 1 3 )  

where D~-is the effective diffusion coefficient account- 
ing for the liquid saturation and the tortuosity of  the 
pores. 

where the heat accumulation term H is : 

tt  ( l - - 8 ) P w o o d C p  . . . . . . .  IT+~: Y, S~p~u, (IN) 
= I4f 

and q is the heat flux calculated from equations (6) 
and (7). 

b~itial and boundary conditions 
The initial moisture content of  the wood chip par- 

ticle was set to about  1.1 kg/kg (on a dry basis) and 
the pressure and the temperature were chosen to be 
1 bar and 20 'C, respectively. The total pressure at the 
boundaries (using large permeabilities) is equal to the 
pressure of  the drying medium. Across the boundary 
the fluxes of  heat and mass are continuous : 

,,RTtV~" v ~  (19) 
\ : :  I,.q /Iboundar,, 

(£q)lb,,,,,d~,,, = hiT,  T,) 

n~ h~ (21)) 

MATHEMATICAL MODEL 

Balance equations 
A model using the method of  control volumes for 

simulating the multi-dimensional coupled transport 
of  water, vapour,  air and heat in porous and fractured 
media was developed by Pruess [7] at Lawrence Berk- 
eley Laboratory.  The code called T O U G H  (transport 
of unsaturated groundwater  and heat) was originally 
designed for geothermal processes, but the similarities 
of  the governing equations with those present in the 
drying of  wood make the code useful for this appli- 
cation also. The mass balance for each component  t, ~ 
(water and air) is : 

?t - = V" n? ~ (14) 
\ ~ ,  = I,~ / 

where the mass accumulation terms are the sums over 
the gas and liquid phases expressed as : 

MIX)= c y, S~p~);~ ~1 (15) 
~=/.q 

and the flux terms are those discussed in equations (9) 
and (11)-(13). 

The saturation of  the liquid phase, &, is related to 
the moisture content as : 

Sigpl 
X -- (16) 

(1 - ~)Pwood 

For  moisture contents below the FSP, the water is 
treated as bound water. The energy balance is written 
a s  : 

and, at a plane of  symmetry, the fluxes of  mass and 
heat are zero. 

NUMERICAL STUDY 

The calculations of  high temperature convective 
drying of spruce chips made are listed in Table 1. The 
drying medium used in these calculations is either 
superheated steam ()¢~'~-1) or almost dry air 
(Z~ ~' = 0.01). In order to make an appropriate com- 
parison of the drying process when each of the two 
drying media is used, the temperature, pressure and 
flow velocity of  the drying medium in each case are 
equal. 

An additional drying parameter must be taken into 
consideration when drying with air. In a real drying 
process, the humidity of the drying air changes during 
the process. Therefore, calculations with various 
humidity of the drying air are also presented. 

The simulated wood chip particle, for which the 
dimensions are chosen according to Fyhr and Ras- 
muson [6], is depicted in Fig. 1. The strong anisotropy 
of  wood means that the calculations have to be made 
for two dimensions, both the longitudinal and the 
transversal directions. The longitudinal direction must 
be included in the calculations since its permeability 
is great compared to those of the other directions. 
Furthermore,  the area available for drying per- 
pendicular to the transversal direction is large when 
compared to the other surfaces and, thus, this direc- 
tion must be taken into consideration. The control 
domain for the calculations covers only one quarter 
of  the total volume of the particle as a result of  the 
symmetry of  the wood chip particle. 
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Table 1. List of calculations 

Drying Pressure Temperature Flow velocity Drying 
case (bar) (°C) (m s-~) medium* 

A 1 140 1 air/steam 
B 1 160 1 air/steam 
C 1 170 1 air 
D 1 180 1 air/steam 
E 2 170 1 air/steam 
F 2 170 2 air 
G 3 180 1 air 

*air ~ X~ w~ = 0.01. 
steam --* )~w) = 1. 

Calculation domain 

P°int~x~ 

Transversal T ~ -  
direction, 7 mm__~__ [ " ~ P o i n t  2 

Longitudinal direction, 50 mm 

Fig. 1. The wood chip particle used in the simulations. 

-I 

The equations to be solved are coupled as well as 
nonlinear and the problem is therefore solved numeri- 
cally using the method of finite difference. The control 
domain is discretised into small control volumes (20 
in each direction) for which the calculations are made. 
In Fig. 1 three points of the wood chip particle are 
specifically marked. These are points for which most 
of the further discussions are based. The direction 
of the flow of the drying medium is parallel to the 
longitudinal direction. The input data including the 
transport parameters are discussed in the Appendix. 

RESULTS AND DISCUSSION 

General drying behaviour 
Figure 2 shows the typical behaviour of a wood chip 

particle dried with hot air (Fig. 2(a)) and superheated 
steam (Fig. 2(b)), respectively (drying case E). The 
different curves describe the average moisture content, 
the overpressure in the middle of the particle (point 
3) and the temperature at three different points (the 
three discussed earlier). 

In the case of hot air used as the drying medium, it 
can be clearly seen, that the temperatures of the wood 
chip tend to approach the wet bulb temperature 
(61°C) after a very short time. However, the duration 
at this temperature is very short. This indicates that 
the surface of the wood chip particle enters the hygro- 
scopic range very quickly, because the internal mass 
transport is no longer sufficient to keep the surface wet 

and, thus, the period of constant drying rate almost 
disappears. The temperatures then increase in a man- 
ner reflecting the heat supplied, the moisture move- 
ment and the pressure conditions and, when the drying 
is complete, the temperatures rapidly increase towards 
the ambient temperature. When the surface enters the 
hygroscopic range, an overpressure is built up; this 
overpressure moves simultaneously with the drying 
front towards the centre of the particle and enhances 
the transport of moisture in the most permeable direc- 
tion, which is the longitudinal one. This flux of moist- 
ure caused by the overpressure gives rise to a very 
high moisture content at point 2 which, in turn, keeps 
the temperature at a low level. 

In the case of superheated steam used as the drying 
medium, on the other hand, there are some important 
differences to be noted. The temperatures during the 
period of constant drying rate remain at the boiling 
point at the operating pressure (about 120°C in this 
case) compared to the wet bulb temperature in the 
case of air. In air drying, the local humidity of the gas 
phase adds an additional degree of freedom giving a 
more complex temperature behaviour in the inter- 
mediate section. The period of constant drying rate 
proceeds for a considerably longer time when super- 
heated steam is used. This can be explained by two 
different phenomena. Firstly, during the period of 
constant drying rate, the moisture transported to the 
surface is mainly by capillary forces as described by 
equations (9) and (10). Among the parameters influ- 
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Fig. 2. Drying case E, air (a) and superheated steam (b), respectively. 
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encing this flux are the density and the viscosity. 
Together, these parameters are dependent on the tem- 
perature in such a way that the mobility of the liquid 
increases with increasing temperature. Since the boil- 
ing point is always higher than the wet bulb tempera- 
ture, the mobility of moisture is faster in the case with 
superheated steam than with air and, thus, the surface 
has a greater tendency to be kept wet, Secondly, for 
temperatures below the inversion temperature, the 
convective heat flux with air is higher than with super- 

heated steam due to the greater driving force and, 
consequently, the surface enters the hygroscopic range 
faster in the air case. 

Another essential discrepancy between the two 
different drying media is that condensation initially 
occurs when drying in superheated steam (because of 
the low initial temperature of the wood chip particle). 
This condensation leads to an increase of the total 
drying time which is not negligible and, in order to 
avoid it, preheating is necessary. It is also notable that 
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(a) 1 .e -3  
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O e + O ~ /  . . . .  i . . . .  i , , , , i . . . .  i 

0 2 0  4 0  60  80  

T i m e  (min)  

Fig. 3. Drying rates at 140, 160 and 180°C with air and superheated steam, respectively. 

the equilibrium moisture content of the wood chip 
particle is lower in air drying than in steam drying due 
to the lower relative humidity (or activity) of air as 
described by the sorption isotherm (see appendix). 

Drying rates and drying times 
Studies of the drying rate curves at three different 

temperature levels for the two drying media (Fig. 3) 
exhibit what has been mentioned earlier. The length of 

the period of the constant drying rate is considerably 
longer in the case of superheated steam as the drying 
medium : with air as drying medium, the existence of 
this period appears more or less as a "spike". When 
hot air is used as the drying medium, shorter drying 
times are obtained and the maximal drying rate 
(appears in the period of constant drying rate) is 
greater than with superheated steam as the drying 
medium. The concept of the inversion temperature 
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(c) 1.e-3 
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8.e-4 i 
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Fig. 3--continued. 

T=180 °C 

I 

8O 

was discussed in the Introduction of this paper. As 
already mentioned, the convective heat flux to the 
wood chip particle from superheated steam and hot 
air, respectively, during the period of constant drying 
rate is equal at the inversion temperature. Since the 
inversion temperature for laminar flow at equal vol- 
ume flow rates is more than 400~'C [5], which more 
than exceeds the temperature levels used in this study, 
the convective heat flux when air is used is always 
higher than that corresponding to superheated steam 
at these temperatures. However, as depicted in Fig. 3, 
the differences in the maximal drying rates decrease 
with increasing temperature of the drying medium, 
which is an indication of the existence of an inversion 
temperature. As a consequence of this phenomenon, 
the differences in the total drying times also diminish. 

After the period of constant drying rate, the drying 
rate rapidly decreases followed by an increase before 
decreasing further. The increase is a consequence of 
the internal overpressure which is built up when the 
surface enters the hygroscopic range. The more severe 
the drying conditions, the more significant this effect 
becomes; this also explains the deeper "depression" 
in the drying rate curve when air is used as the drying 
medium. 

In Figs. 4 and 5 the influence of the temperature, 
pressure and the flow velocity of the drying air upon 
the drying rates and drying times are shown. In order 
to investigate the dependency of the drying tempera- 
ture the drying rates for drying cases A, B, C and D 
are plotted vs time in Fig. 4, i.e. all other drying 
parameters except for the drying temperature are held 
constant. These results clearly illustrate what should 
be expected. The total drying time decreases and the 

maximal drying rate increases with increasing tem- 
perature of the drying air. This is consistent with 
fundamental drying theory since the heat flux from 
the drying medium to the wood chip particle increases 
with increasing temperature. 

In Fig. 5 the plot of drying cases D and G (Fig. 
5(a)) illustrates the dependency of the pressure (1 and 
3 bar, respectively) and drying cases E and F (Fig. 
5(b)) the dependency of the flow velocity (1 and 2 m 
s t respectively) on the drying time and maximal 
drying rate. Once again, severe drying conditions, i.e. 
increased flow velocity and pressure, give rise to shor- 
ter drying times and higher maximal drying rates due 
to increased heat fluxes. When superheated steam is 
used as the drying medium, increased steam pressure 
hardly effects the total drying time [6]. 

Distributions o f  moisture content and overpressure 

Figures 6 and 7 illustrate the distribution of moist- 
ure and overpressure throughout the simulated two- 
dimensional surface at different times for drying case 
E (with air as the drying medium). The points 1, 2 
and 3 which were discussed earlier are also specifically 
marked out. The visible axes are the exchange surfaces 
and the concealed ones are the planes of symmetry. 
The surface perpendicular to the transversal direction 
starts to dry immediately and, at 4 rain, the surface is 
almost dry. When the surface is completely dry, a 
drying front moves towards the centre of the particle 
and, as a consequence of the temperature rise, an 
overpressure is formed simultaneously (Fig. 7(a)). 
This overpressure, which moves with the drying front, 
enhances transport in the most permeable direction, 
i.e. longitudinal, which explains the enriched amount 
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Fig. 4. Temperature dependency of the drying air upon the total drying time and the maximal drying rate. 

of moisture at point 2 which can be seen in Fig. 6(b). 
At 28 rain the maximal pressure is close to the centre 
of the particle and a small remainder of moisture can 
be seen in the vicinity of point 2 (Fig. 6(c). 

Mechanisms of  mass transport with time 
The importance of different flow mechanisms of 

moisture during the drying process for drying case E 
using air is depicted in Figs. 8 and 9. The results are 
valid for a point in the centre of the calculation 
domain and the fluxes are regarded as positive towards 
the surfaces. 

In the transversal direction (Fig. 8) the dominating 
flow mechanism of moisture above the fibre saturation 
point, which for this domain is reached at about 23 
min, is convective flow of liquid. This flow is initially 
positive due to capillary forces. At 11 rain, a strong 
dip resulting in a convective liquid flux towards the 
centre occurs which is a result of the overpressure 
moving with the drying front (see Fig. 7(a)). Sim- 
ultaneously, the capillary forces become even stronger 
and, at about 14 min, they are strong enough to com- 
pensate for the positive pressure gradient (which 
pushes the moisture towards the centre) resulting in a 
positive convective liquid flow. When this point 
reaches the FSP, the liquid phase becomes dis- 
continuous resulting in zero flux of liquid water. 
Below the FSP, the diffusion mechanisms dominate, 
especially the migration of bound water. It is also 
worth noting the minor importance of the intergas 
diffusion here. 

The fluxes of moisture in the longitudinal direction 
(Fig. 9) are, in general, larger than the corresponding 
fluxes in the transversal direction due to the greater 

permeabilities. This is most significant for the con- 
vective gas flow which is negligible in the transversal 
direction. Just after drying has started, a small 
maximum of the convective liquid flow can be seen. 
This is because an initial gradient of the moisture 
content in the longitudinal direction is formed, caus- 
ing a capillary flow of liquid towards the surface. 
However, this gradient quickly diminishes. Then, at 
about 10 rain, the convective flow of liquid rapidly 
increases as the hump of the overpressure, pushing 
liquid towards the surface, strongly influences this 
domain. This increase continues until the relative per- 
meability of the liquid phase in this direction 
approaches zero as the liquid phase becomes dis- 
continuous (the FSP has, however, not yet been 
reached since free liquid water still remains in the 
tapered ends of the tracheids). The diffusion mech- 
anisms in this direction are of minor importance com- 
pared to the convective gas flow below the FSP. The 
negative diffusion flux of bound water is a conse- 
quence of the overpressure which pushes the moisture 
towards the end side, resulting in a negative moisture 
gradient (see Fig. 6). 

Analogous studies for superheated steam drying 
were made by Fyhr and Rasmuson [6] and the behav- 
iour of the different fluxes are, with some minor 
differences, similar to those described above for air 
drying. As mentioned earlier, no intergas diffusion 
mechanism is present in superheated steam drying but, 
as discussed above, its influence in air drying is small. 

Dependence on the humidity of  the drying medium 
In air drying, the humidity of the drying air con- 

stitutes an additional drying parameter that must be 
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accounted for. So far, only the extremes have been 
discussed, i.e. superheated steam ()(gW~= l) and 
almost dry air (X~ ~ = 0.01) but, in this section, the 
humidity of the drying medium is varied between these 
two values for drying case E in order to investigate its 
influence. 

The drying rates vs time for case E with varying 
humidity of the drying medium (Fig. 10(a)) show 
how the period of constant  drying rate becomes more 

significant with increasing humidity of the drying 
medium : the significance is most obvious in the pure 
superheated steam case. It is not until the mass frac- 
tion of water vapour in the drying medium is increased 
to about  40% that the drying rate in the first drying 
period is really constant. The period of falling drying 
rate starts at the critical moisture content. 

When plotting the drying rate vs the average moist- 
ure content  (Fig. 10(b)) some interesting features are 
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revealed. As mentioned earlier, the period of constant 
drying rate is shorter and the maximal drying rate 
larger with air drying since, in this period, only exter- 
nal drying conditions determine the drying process. 
In the period of falling drying rate, which can be 
divided into two parts, the humidity of the drying 
medium still influences the drying rate in the first 
part, whereas the drying rate in the second part is 
independent on the external conditions. The reason 
for the differences of  the drying rates in the first part is 
explained by the fact that neither external nor internal 
conditions alone determine the drying rate but rather 
a combination of both. As a consequence, the dryer 
the air the faster the drying rate in this part in the 
period of falling drying rate. This is in contradiction 
to Faber  et aL, [5] who expected superheated steam 
drying to be faster than the air drying in the period of 

falling drying rate. Once the locally wettest point 
(point 2) at the surface of the wood chip particle 
becomes hygroscopic, the drying rate is independent 
of the external conditions. At this point the second 
part, where the drying rates are almost equal and 
independent of the humidity, starts (differences of  the 
drying rate in this part are due to intergas diffusion 
when air is present). At the end of  the drying process, 
the moisture contents for the different cases differ due 
to different equilibrium moisture contents resulting 
from the various humidities of the drying medium. 

External mass transfer boundary conditions 
As discussed in the literature [11, 12], a difficult 

task when modelling the external mass transfer is the 
determination of the external mass transfer coefficient. 
The problem when drying porous materials, such as 
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wood, is that dry patches arise at the surface which, 
in turn, lead to a decrease in the vapour pressure as 
discussed by Schlfinder [13]. This might affect the 
external mass transfer coefficient, but its influence is 
not well understood. Since wood is a hygroscopic 
material, the decrease in the vapour pressure at the 
surface for moisture contents below the fibre satu- 
ration point is encountered for via the vapour pressure 
lowering (see appendix). In order to investigate the 
dependence of the total drying time upon the external 
mass transfer coefficient, a sensitivity analysis of the 
external mass transfer coefficient for drying case E 
with air was performed. 

As can be seen from Fig. 11 the totM drying time is 
weakly dependent on variations of the external mass 
transfer coefficient. A decrease of the coefficient with 

reference to drying case E by a factor as much as ten 
only increases the total drying time by 17%, and an 
increase by a factor of ten only decreases the total 
drying time by some few percentages. 

CONCLUSIONS 

A theoretical model describing the drying process 
of wood chips with hot air and superheated steam 
respectively is presented. The model is used to inves- 
tigate the influence of external conditions such as tem- 
perature, pressure, flow velocity and humidity on the 
drying rate, and the moisture content, pressure and 
temperature within the particle as a function of time. 

The differences when drying with air or superheated 
steam, respectively, can be assigned to the physical 
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properties of  the drying medium. The heat flux from 
the surroundings to the particle surface is considerably 
greater when air is the drying medium. This fact, in 
combinat ion with the lower moisture mobili ty within 
the particle (because the wet bulb temperature is lower 
than the boiling point), results in a much shorter 

period of  constant drying rate since the surface enters 
the hygroscopic range early in the drying process. 

Further  on, condensation occurs in superheated 
steam drying: e.g. for drying case E (T~ = 170°C, 
P o ~ = 2 b a r a n d v ~ =  1 m s  J) the drying must pro- 
ceed for about  400 s before the moisture content has 
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reached the initial moisture content. This, of  course 
increases the total drying time. Preheating is necessary 
in order to avoid this problem. If  very low final moist- 
ure contents are required, drying in air is preferred 
because of  the lower relative humidity (activity) com- 
pared to superheated steam at the same temperature. 

For  the temperature levels used in this study (up to 
180°C), drying with air gave rise to shorter drying 

times and higher maximal drying rates than drying 
with superheated steam. An increase of  either the tem- 
perature, pressure or flow velocity of  the drying air, 
while keeping the other parameters constant, lead to 
shorter drying times. 

In the initial part of  the drying process, the moisture 
is transported to the surface mainly due to capillary 
forces in the transversal direction where evaporat ion 
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occurs. W h e n  the liquid flow is no  longer sufficient to 
keep the surface wet, the surface becomes hygroscopic 
and  a drying f ront  moves  towards  the centre of  the 
particle. Simultaneously,  an  overpressure is buil t  up 
as the t empera tu re  rises. Gas  and  liquid move  in the 
longi tudinal  direct ion as a result  of  this overpressure.  
At  the end of  the drying process, the migra t ion  of  
b o u n d  water  controls  the drying, as the diffusion due 
to concen t ra t ion  gradients  in the gas phase  is of  minor  
impor tance .  

A study of  the influence of  the humidi ty  of  the 
drying med ium shows tha t  the per iod of  cons tan t  dry- 
ing rate becomes more  significant with  increasing 
humidi ty  of  the drying medium.  The  per iod of  falling 
drying rate can  be divided into two par ts  : in the first, 
where an  increased humid i ty  of  the drying med ium 
leads to lower drying rate, nei ther  external  no r  in ternal  
condi t ions  a lone determine the drying rate whereas in 
the second part ,  the drying rate is independen t  on the 
humidi ty  of  the drying medium.  A sensitivity analysis 
showed a weak dependence  of  the total  drying time 
upon  the external  mass t ransfer  coefficient. 
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APPENDIX 

Heat capacity of  solid wood 
Density of  solid wood 
Porosity 
Absolute permeability 

longitudinal 
transversal 

Initial moisture content  
Humidity of  the drying air 
(when nothing else 
is mentioned) 

%, ~ood = 1400 J kg - J K - 

Pwood = 1500 kg m 3 
e = 0.667 

K~,t.L = 5 x 10 ~ m 2 
K ~ t . T = 5 X I 0  ~Tm 2 
X0 = 1.133 
X~ ) = 0.01. 

Heat conductivity [14] 

(0.65 ) 
X~> 0.4 ko,~T = \ 100X+0 .0932  (1+0.00365 

x (T--  273.15))(0.986 + 2.695X) 

X ~  0.4 kCn-T = (0 .129--0 .049)0(1+10 3(2.05+4X) 

x ( T -  273.15))(0.986 + 2.695X) 

kerr, L = 2keff ,T 

Capillary pressure [15] 

P ~ =  1 .364x105a(Xf~,o+l .2x10 4) 063 

Xfree = X--  XFS P. 

Bound water diffusion coefficient [8] 

DBT 
D b ,  T = 0 , 0 5  

(1 - f l ) (1  - x / f l )  

D a L  
D b ,  L - -  5 f l  

(~ -~)(1 - , /% 

where 

( ( -  9200 + 7000X)~ 
D,T = 0.07 exp \ ~ ] 

DBL = 2.5DBT 

Rgas = 1.987calmole ~ K ~ and fl = 1 0.5(E+X). 

Relative permeabilities 
Transversal direction [15] 

kl k s 

Xlv~¢ = 0 0 

0 <  095 
2 

X~ - X, 
X~, < Xf~ < X~, 0 . 0 5 ~ + 0 . 9 5  

Xj~ = X-- XvsP 
Xir~,mi n = 0 .  

Longitudinal direction [ 14] 

k j  = X *s 

k s = 1 + (4X* - 5 ) X  . 4  

where 

For 

1 

- +0.o5 0.95(1 X~r 2 

0.05 X~.~ - X~rc~ 

X - X F S  P 
X* 

X~t -- XFSp ' 

X * < 0  k ~ = 0 a n d k g =  1. 

The permeability of  the gas phase in both directions is 
reduced by a factor of  10 due to pit aspiration. 

Effective diffusion coefficient [16] 
Transversal direction : 

D v a  
Dofr, T = k s ] ~ 5  

where D~, is the diffusion of  vapour in air. 
Longitudinal direction [14] : 

Dell, L = 2 0 D e f f ,  v .  

Vapour pressure lowering [17] 
For moisture contents below the fibre saturation point, 

the vapour pressure is lowered as : 

Pv = qJP ..... 

C = (1/Xvsp - 7.309)/0.1738 

B = -2 .575  - 0 . 9 7 4 C  

A = 9 . 4 - 0 . 1 8 8 B - 0 . 0 3 5 3 C  

B 1 
F 

2C 2CX 

v = - r + , / r  ~' - ) / c .  


