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Abstract

The heat transfer Biot number has a key role in studying transient heat transfer. In prin-
ciple an analogous mass transfer Biot number can be derived for transient mass transfer.
Substituting that mass transfer Biot number for the heat transfer Biot number all the re-
sults and statements of transient heat transfer are valid for transient mass transfer. In our
experience the mass transfer Biot number used in the relevant literature for that aim does
not give similarity between the two transfer processes. Using a simple model it was shown
that three mass transfer Biot numbers can be derived: the fluid-phase, the solid-phase and
the analogous mass transfer Biot number. In the relevant literature the fluid-phase mass
transfer Biot number is predominantly used which does not give similarity between the
two processes. The solid-phase mass transfer Biot number gives a limited similarity of the
two processes because of the limited boundary condition used at the interface. The mass
transfer Biot number based on the equilibrium conception at the interface gives a general
similarity. This assumes only equilibrium at the interface for both processes, consequently
it handles the two transfer processes on the same basis.

Keywords: similarity, heat transfer Biot number, fluid-phase, solid-phase and analogous
mass transfer Biot number.

Introduction

The fundamental role of the heat transfer Biot number in transient heat
transfer is well known. It shows the ratio of the conductive resistance within
a body to the convective resistance outside the body. Consequently, it pro-
vides a measure of the temperature drop inside the body to the temperature
difference between the body surface and the bulk fluid. Hence, when con-
fronted with such a problem, the very first thing one should do is to calcu-
late the Biot number. If the condition Big < 0.1 is satisfied the lumped pa-
rameter model can be used since the conductive resistance to heat transfer
can be neglected relative to the convective one. If Big > 0.1 a more com-
plicated distributed parameter model should be used (SCHLUNDER, 1983).
There is a strong preference for using the lumped parameter model since it
is the simplest and most convenient method that can be used to solve con-
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duction problems. Hence it is important to determine under which condi-
tions it may be used with reasonable accuracy.

According to the analogy between the transport processes an analo-
gous Biot number for transient mass transfer can be derived. That mass
transfer Biot number should have the same role in mass transfer that the
heat transfer Biot number has in heat transfer. By its application all the
statements and results including that in the preceding paragraph of tran-
sient heat transfer can be utilized for transient mass transfer substituting
the heat transfer Biot number by the analogous mass transfer Biot number.

However, we have found that the proper mass transfer Biot number
is not well clarified and an erroneous one is generally used.

The objectives of the present study are:

— to derive the various mass transfer Biot numbers by using a simple
model;
— tochoose the mass transfer Biot number analogous to the heat transfer

Biot number;

— to show the application.

The Model

Consider a slab of thickness 2L at the left side of Fig. I, with sealed edges
on four sides, so that heat transfer can take place only toward and from
the flat parallel faces. Suppose that it is initially at a uniform temperature
T, and experiences convection cooling at its surfaces when immersed in a
fluid of ¢y < Tp. The temperature distribution at any time is shown by the
figure. A similar plane at the right side of Fig. Iis shown which is initially
at a uniform concentration C4, and undergoes isothermal convection mass
transfer at its surfaces when submerged in a flnid of c45. The concentration
distribution at any time is also shown on the figure. Subscript A refers to
the diffusing component. The conditions at the interface are also shown by
the figure.

The final temperature of the solid is the bulk fluid temperature, that
is Ty = tp, when temperature equilibrium exists between the solid and the
fluld. Subsequently, £, will be called the equilibrium temperature and sub-
stituted by Te:

Tr=ty="Te . (1)
After Lewis and Whitman no mass transfer resistance is assumed across the
interface separating the solid and the fluid (TREYBAL, 1968). As a result
the concentrations at the interface, C,4; and ca,, are equilibrium values
given by the isothermal equilibrium curve of the system:

Cas = p(cas) - (2)
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Fig. 1. The model

This assumption applied to mass transfer is in accordance with the one
accepted generally for heat transfer assuming that the fluid and the solid
temperatures at the interface are equal if there is no contact resistance
at the interface, that is t; = T,. Of course, we can also say for heat
transfer that there is equilibrium at the interface and the temperatures are
equilibrium values which means their agreement without contact resistance.

The final concentration of the solid is in equilibrium with the main
body of the fluid and described by:

Car = Cue = p(cas) - (3)

C4. is called the equilibrium concentration.

The difference between the two transport processes can be clearly
seen: the equilibrium temperature 7, is equal to the fluid bulk temperature
ty, conversely the equilibrium concentration C,4. differs from the fluid bulk
concentration c4p. This difference results in difference between the heat
and mass transfer Biot numbers and possibility of the definition of different
mass transfer Biot numbers.

The problems depicted may be treated as one dimensional in z. We
are interested in the temperature as well as the concentration variation
with position and time inside the plane, T'(z,t) and Cy4(z,t). With no
internal generation and the assumption of constant thermal as well as mass
conductivity, the heat and the mass diffusion equations reduce to:
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for heat transfer for mass transfer
8T 8T 8C, 8%C4
ar = %5e? B - D2 )

To solve the Eg. (4) for the temperature and the concentration distribution
T(z,7) and Cy(z,7) the initial and the boundary conditions should be
specified:

the initial conditions are:

T(z,0) =T, Ca(z,0) = Cao (5)

and the boundary condition are:

oT| oC4|
], =0 5| =0 (6)

aT| 8Cs|
kagl, =hE=),  -DTE|  =klea—em). (D

The assumptions applied were the following: the temperature and concen-
tration distribution initially are uniform and symmetrical during the pro-
cess and convective transport takes place at the interface.

To generalize the results dimensionless terms are introduced, namely
the dimensionless temperature and the dimensionless concentration:

_T-T _ Ca—0Clye
19~T0—Te’ V_CAO_CAe’ (8)
the dimensionless spatial coordinate:
T
n=— 9
=7 (9)
and the Fourier number for heat transfer and for mass transfer:
aT Dr
FOH:ZQ-’ FOM’—‘:-ZE'. (10)

Substituting the dimensionless terms of Egs. (8) to (10) into Egs. (4) to
(7), the model becomes:
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for heat transfer for mass transfer
89 _ 8% v _ 8w (1)
8Foy  0m2’ 8Fop O’
#(n,0)=1, v(n,0)=1, (12)
09 ov
—_— =0, -_— =0 (13)
37) =0 677 =0

and Eq. (7) is separated into Eg. (14) on heat transfer:

_o9
on

= %ﬁ(l,FOH) (14)

=1

and into Eg. (15) on mass transfer:

ov kL cus—cCap
—— = e 15
3yt = D Cao—Cac (1%)
In Eq. (14) the heat transfer Biot number Big is:
o oo

which using Fgs. (1) and (7) as well as Fig. I can be described in the
following form:

TC - Tg - Tc - Ts
ts—ty Ts—Te

Big = (17)

The solution of the heat transfer model using the dimensionless terms is
the following:

¥ = on(n, Foy, Big) (18)

and the average temperature:
9 = pg(Foy,Big) . (19)

The solution of the mass transfer model using the dimensionless terms is
the following:

v = Q&W[(’ﬁ, Foyy, Bix\l) (20)

and the average concentration

v= <P1W(FO.M1 Bikf) . (21)
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The analogous mass transfer Biot number Bijs was introduced in the latest
equation in advance.

It is known that the following requirements have to be met for the sim-
ilarity (e.g. LANGHAAR, 1951): the two systems, that is, the heat transfer
system and the mass transfer system or two mass transfer systems, must

— be geometrically similar;

— have identical initial and boundary conditions and

— have identical equations.
These requirements have to be taken into account for the derivation of
the mass transfer Biot number. The geometrical similarity is assumed
automatically. Next the similarity of the mathematical models has to be
achieved. If these requirements are met all the statements and solutions on
heat transfer can be utilized for mass transfer by merely substituting the
variables in Egs. (18) and (19) or the results on one mass transfer system
in Egs. (20) and (21) can be utilized on a second mass transfer system.

Mass Transfer Biot Numbers

Fluid-Phase Mass Transfer Biot Number
The ratio appearing in Eq. (15):

kcL
D

Biyy = (22)

can be considered as the fluid-phase mass transfer Biot number. This is
formally similar to the heat transfer Biot number since the convective heat
transfer coeflicient h and the thermal conductivity k are substituted by the
convective mass transfer coefficient k. and the mass conductivity D, respec-
tively. This formal similarity may be the explanation that Bipss is com-
monly considered the mass transfer Biot number being analogous to Big
and having the same role for mass transfer as the heat transfer Biot number
has for heat transfer. Namely, it is assumed that when Bipss is less than
0.1 the internal resistance to mass transfer can be neglected and the mass
transfer process can be described by a lumped parameter model (BRUIN and
LUYBEN, 1980; IMRE and NEMETH, 1974; KEEY, 1972; MEIERING, HOFF-
MANN and BAKKER-ARKEMA, 1970; PAKOWSKI and MUJUMDAR, 1987T).
However, Eq. (15) is not analogous to Eq. (14) since the ratio of the
concentration differences in the fluid and in the solid is not equal to the
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dimensionless concentration of Eg. (8) at the interface:

Cas — Cye

Cas — CAb
CAs TOMb (1 Fop) = AL T Yhe
# V( OM) CAO _ CAe

CAo - CAe (23)
which also means that the two models are not similar.
Consequently:
— the fluid-phase mass transfer Biot number Biss given by Eq. (22)
is not analogous to the heat transfer Biot number Bigy despite the
formal similarity between them and
— Bipy does not have the same role for characterizing transient mass
transfer as Big has for transient heat transfer.
Thus the equality of Big and Bijs does not mean the similarity of the
two transient processes. This shows that the simple change of heat transfer
parameters to mass transfer parameters of the heat transfer Biot number
does not give an analogous mass transfer Biot number. That practice is
applicable for all the dimensionless terms used except the Biot number.

For drying grains it was found that the moisture content difference
within the particle can be neglected if Biyy is under 2 when the bulk air
temperature and air humidity was 80 °C and 10 g/kg, respectively. (PARTI
and DuGMANICS, 1989). For different air characteristics various limits of
the fluid-phase mass transfer Biot number were obtained which support
the statement that Bijss is not analogous to Big.

Solid-Phase Mass Transfer Biot Number

NEWMAN (1931) assumed that in the second stage of drying the evapora-
tion rate is proportional to the free moisture content at the surface (at first
suggested by LEwIS, 1921). That assumption has been extensively used
in the theory of drying and has been found especially useful to describe
the drying process of different agricultural grains (see e.g. PATIL, 1988;
WALTON et al., 1988). Extending Newman’s concept on general mass trans-
fer, Fq. (7) should be substituted by Eq. (24):

_p%a

=k - .

Oz e C’(CAs CAe) (24)
Eq. (24) is analogous to Newton’s law of cooling in which, instead of
the fluid-phase driving force (c4s — c43) and the fluid-phase mass transfer
coefficient k¢, a hypothetical solid-phase driving force (Cqs — C4.) and a
solid-phase mass transfer coeflicient k- are used.
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Using the dimensionless variables Eq. (24) becomes:

dv __kcL

~an| . D v(1,Foypr) - (25)
T]:

Comparing Eq. (25) to the relevant equation on heat transfer, Eq. (14), it
can be seen that they are analogous and a mass transfer Biot number can
be defined as follows:

kcL

D (26)

Biz\c{s =

which can be considered the solid-phase mass transfer Biot number. This
is like the dimensionless term introduced by Newman and used by Luikov
as the mass transfer Biot number for drying (LUIKOV, 1966). That solid-
phase mass transfer Biot number is formally not similar to the heat transfer
Biot number since the solid-phase mass transfer coefficient instead of the
convective mass transfer coeflicient substitutes the convective heat transfer
coeficient but it gives similarity between the two processes.
Consequently:

— the solid-phase mass transfer Biot number Bir; described by FEg.
(26) is analogous to the heat transfer Biot number Big despite the
formal dissimilarity between them and

— Biyrs has the same role in transient mass transfer as Biy has in
transient heat transfer.

Thus the equality of Big and Bisrs does mean the similarity of the
two transient processes. It follows that if Biyy; is less than 0.1 the mass
transfer resistance inside the body can be neglected and a lumped param-
eter model can be used for describing the mass transfer process. A dis-
tributed parameter model should be used if Bi,s, is larger than 0.1.

However, the application of the solid-phase mass transfer Biot number
is limited since the assumption used in Eg. (24) is not valid generally for the
whole range of the mass transfer process. This means that the application
of the solid-phase mass transfer Biot number is confined to that range of the
concentration change where Eq. (24) is valid. As was mentioned Eq. (24)
has proved useful and applicable e.g. for drying agricultural grains since
they usually dry in the falling rate period. For drying of other materials
the solid-phase mass transfer coefficient ko was found to depend on the
moisture content of the material, the temperature and the humidity of the
air, etc. (LIKOvV, 1952). The drying process of these materials can be
described very imprecisely by Eq. (24), consequently Bis, cannot be used
for these drying processes.




MASS TRANSFER BIOT NUMBERS 117

Ca T
CAs:  (Cag)
CAs S
2
e
7~
©
~
7
~
=
CAe e
Cab Cas Ca

Fig. 2. The isothermal equilibrium curve and its replacement

Analogous Mass Transfer Biot Number

The equilibrium conception will be used in the following to get similarity
between heat transfer and mass transfer and to get the generally usable
mass transfer Biot number. The equilibrium curve described by Eg. (2)
is shown in Fig. 2. The condition at the surface is represented by point S
and point F represents the final concentrations. From the geometry of the
figure:

CAs —CAb = m(CAs - CAe) 3 (27)

where m is the slope of the chord SF. Substituting Eg¢. (27) into Eg. (15)
we get:

_‘Qli _ Ef_é CAs — Cab CAs —CAe . koL
an n=1 " D C4s—CucCso—Cac D

mu(l,Foy) . (28
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Eg. (28) is analogous to Eq. (14) if the mass transfer Biot number is
defined as:
. k.L .
Biy = -5 ™= mBipy . (29)
This can be described into the next form, using Egs. (7) and (27) as well
as Fig. 1
CAc —Cas

————— 30
CAs - CAe ( )

Biy = mBiyy =
which is similar to Egq. (17).

The mass transfer Biot number introduced in Eq. (29) is analogous to
the heat transfer Biot number because it gives similarity between the two
transport processes. Their formal similarity is altered by the slope of the
equilibrium curve in the relevant concentration range. Therefore this will
be called the analogous mass transfer Biot number (or simply mass trans-
fer Biot number). It follows that the mass transfer Biot number defined by
Eg. (29) is applicable for utilizing the statements and results of the tran-
sient heat transfer for transient mass transfer by replacing Biys for Biy.
It means that e.g. if Biays < 0.1 the diffusion can be described by a lumped
parameter model and a distributed parameter model should be used if Bty
is above that limit. The investigation showed that temperature equilib-
rium can be assumed if Big > 100. Consequently, surface moisture content
equilibrium can be assumed if Bipy > 100 (PARTI, 1992). These assump-
tions are quite frequently used for drying agricultural grains. To assume
temperature equilibrium means that the effect of the temperature change
of the material to be dried is ignored in the drying process. Accordingly
the drying process is considered isothermal at the bulk air temperature.

It can be shown that the modified mass transfer Biot number intro-
duced earlier by a trial-and-error method for investigating the applicability
of the different models and assumptions on drying can perform the same
function as the mass transfer Biot number defined by Eg. (29) (PARTI,
1992). :
Finally if Eq. (24) is valid a relation can be obtained between the three
mass transfer Biot numbers by comparing Eq. (22) and Eg. (29) as we get:

Biyr = mBipyy = Biy . (31)

Application

Tt was mentioned that for modelling drying agricultural grains tempera-
ture equilibrium is assumed frequently. It follows that the kernel temper-
ature reaches the bulk air temperature immediately at the beginning of
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the process. Then for describing the process only the investigation of the
moisture content change in time (that is: the mass transfer) is required.
The drying curve (or the average concentration curve) of such isothermal
drying is shown in Fig. J for two bulk air temperatures, ¢, = 80 °C and
ty = 40 °C. The value of the mass transfer Biot number which gives simi-
larity is Bips = 193 when the values of the fluid-phase mass transfer Biot
number are Biyy = 200 and Biy; = 623, respectively. The two drying
curves coincide as can be seen. Therefore the equality of Bis gives similar-
ity between the two processes (here between the two drying processes), al-
though the fluid-phase mass transfer Biot numbers differ significantly. The
heating curve (the average dimensionless temperature curve) is displayed
in Fig. 4 for Big = 10 along with several experimental data for adsorption
when Biys = 10. The slope of the isothermal equilibrium curve was chang-
ing slightly so Biys = 10 is an average value. Of course, Fig. & and Fig. 4
do not verify the similarity proved mathematically, they illustrate it only.
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Fig. 8. Drying curves for two bulk air temperatures — ¢, = 80 °C ; ** ¢, = 40 °C
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Fig. 4. Heating curve and adsorption experimental data — heating ; ** adsorption

Conclusions

A simple model is used in the present paper to derive the mass transfer Biot
numbers, namely the fluid-phase, the solid-phase and the so called anal-
ogous mass transfer Biot number. For heat transfer only one Biot num-
ber can be derived. This difference between the two transport processes
is generated by the difference at the interface: there is equilibrium at the
interface in both cases but for heat transfer it means equality of the tem-
peratures of the two phases when for mass transfer it means only a unique
functional relationship of the two concentrations (if there is no contact re-
sistance at the interface).
It was shown that:

— the fluid-phase mass transfer Biot number is formally similar to the
heat transfer Biot number but despite the formal similarity it does
not give similarity between mass transfer and heat transfer;

— the solid-phase mass transfer Biot number is formally dissimilar to the
heat transfer Biot number but gives similarity between mass transfer
and heat transfer. Its use is limited significantly, since Newman’s
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concept on the boundary condition is generally not applicable for the
whole mass transfer process;

the fluid-phase mass transfer Biot number modified by the slope of the
equilibrium curve in the appropriate concentration range or the analo-
gous mass transfer Biot number gives similarity between mass transfer
and heat transfer and has a general applicability. All the results and
statements on heat transfer are applicable for mass transfer substitut-
ing the heat transfer Biot number by this mass transfer Biot number.

Nomenclature

@

Biot number

fluid concentration

solid concentration

diffusion coefficient

Fourier number (dimensionless time)
convective heat transfer coefficient
thermal conductivity

convective (fluid-phase) mass transfer coefficient
solid-phase mass transfer coefficient
geometrical size (half thickness of the slab)
slope of the equilibrium curve (see Fig. 2)
fluid temperature

solid temperature

coordinate

T Q°

[+)

O

Ol sl
Q

BN

Greek letters

o thermal diffusivity

n dimensionless coordinate
4 dimensionless temperature
v dimensionless concentration
P function

T time

Subscripts

A diffusing component

b bulk value

c at the symmetry plane

e equilibrium value

s fluid phase
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b final value

H heat transfer
M mass transfer
0 initial value
s solid phase
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