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Abstract—This paper examines coupled heat and mass transfer in porous media where natural convection
is caused by temperature and concentration differences. Two alternative non-dimensional models are
developed and used to correlate the experimentally measured heat transfer across a porous medium. It is
shown that a parametric model correlates the data well with a general form, Nu o¢ (Ra Da N)*2%° Jo= 0%,
The other medel, based on the analogy between heat and mass transfer, is less accurate in predicting heat
transfer but the results are good enough to suggest that such analogy models could be used in a wide range
of heat and mass transfer processes. The effect of bed geometry on the two models is also discussed.

1. INTRODUCTION

NaTuraL convection of a gas in a packed bed with
simultaneous evaporation and condensation of a
vapour has been proposed by Close and Peck 1]
as a method of providing high effective thermal con-
ductances in thermal energy stores. The physical
requirements for the process are as shown in Fig. 1.
A vessel containing a packed bed initially has a gas
(for example, air) in the voids. A shallow layer of
liquid (for example, water) in the base of the container
is heated forming a vapour, and the gas and vapour
mixture convects through the packing.

The authors believe there are many potential appli-
cations for this process either in naturally occurring
situations, such as in wet fibrous insulation, or in the
engineering design of thermal stores, building com-
ponents or electronic cooling devices. This study pro-
vides basic information for the analysis of such
systems. The potential of the process can be gauged
from the following.

{. The addition of water in the air/water com-
bination results in an increase in the heat transferred
which is negligible at temperatures around 20°C but
can be several orders of magnitude at 90°C.

2. Because the change in heat transfer is caused
both by buoyancy and latent heat effects, there is
potential, yet to be examined, for controlling the heat
transfer by varying the operating temperature and the
gas and vapour used. Buoyancy, and consequently the
flow pattern, depends on the difference in molecular
weights between the gas and the vapour and the level
of concentration of the vapour, as determined by the

dependence of the vapour pressure on temperature.
Hence, with the appropriate choice of components the
natural convection can be increased or decreased as a
function of the temperature level. Close and Sheridan
{21 have discussed the situation where buoyancy
reverses for a mixture of ethanol and air in an open
cavity. At such a ‘neutral buoyancy’ point there is a
reduction in the heat transferred. By the appropriate
choice of inert gas and volatile component(s) the heat
and fluid flow of a component or system could thus
be controlled passively.

A theoretical basis was established by Close [3],
who showed that with certain assumptions an analogy
could be formed with the simple case of a single fluid.
The most important of these assumptions was that of
infinite rate coefficients between the fluid and adjacent
solid, leading to the conclusion that the gas/vapour
mixture is saturated everywhere. Data for four gas
mixtures convecting in a bed of glass spheres, as
described by Close and Peck [4], showed the use-
fulness of the theory but raised questions about some
of the assumptions.

An extension to the theory was made by Sheridan
and Close [5], where the data of Close and Peck [4]
were further analysed using an extended range of par-
ameters. While the conclusions drawn were useful they
were limited by the restricted data set.

In this paper, experimental results are presented
using the two different models. These models, which
are briefly described below, were developed for two
main purposes.

1. To predict the behaviour of a porous medium or
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A aspect ratio (height/width)

C,  specific heat [J kg 'K~']

C*  effective specific heat [J kg~ ' K]
mass diffusivity [m? s~ ']

Da  Darcy number (=x/H?)

g gravitational acceleration vector [ms ?]

h enthalpy [J kg™']

(hA,) volumetric (heat transfer x area)
coefficient [Wm~* K~}

(hyA,) volumetric (mass transfer x area)
coeflicient [kgm ™ *s™ ]

hy,  enthalpy of evaporation [J kg~']

H height [m]

Ja Jakob number (= C,AT/h;,Am)

k thermal conductivity [Wm~' K~']

k*, k** effective thermal conductivities
Wm~ 'K~}

Le Lewis number (=a/D)

L width [m]

m mass ratio vapour/gas

Am  difference in saturated mass ratio at the

hot and cold surfaces
M molecular weight (kg (kg mol) ']
N ratio of concentration/temperature
induced buoyancies
Nu  Nusselt number

Nu;  Nusselt number based on fluid properties
Nu*  Nusselt number based on £*
Nu** Nusselt number based on &** and C*

P pressure [Pa)

Pr Prandtl number

q heat flux [W m "]

Q volumetric heat source [W m™?

rate of production of species i

[kgs ' m™?

Ra  Rayleigh number based on height and
fluid properties

NOMENCLATURE+

Ra*  Rayleigh number for natural convection

in porous media

Ra** Rayleigh number (based on k**, C* and
height)

Sc Schmidt number

t time [s]

T temperature [K]

AT  temperature difference between hot and
cold surfaces [K]
u, diffusion velocity of component i [m s~ ']

v velocity vector [ms™']
X, X, coordinates perpendicular and paraliel to
gravity vector [m].

Greek symbols

o« thermal diffusivity [m?s™']
B, thermal expansion coefficients [K ']
& porosity
¢ vorticity [s7]
K permeability [m?]
0 density [kg m 7]
7 stress tensor [Pa]
Y recirculation parameter.
Subscripts
cold evaluated at the cold surface temperature
hot evaluated at the hot surface temperature
m mass
r reference
s, sat saturated
B liquid
y gas/vapour mixture
a solid
1 vapour
2 (inert) gas.

+ Note: variables, such as temperature, have been represented by the same symbol whether dimensionless or not. The

particular form is made explicit in the text.

packed bed where the coupling between heat and mass
transfer promotes natural convection.

2. By comparing the models with experimental data,
the assumptions made concerning the predominant
transfer mechanisms could be checked and, if necess-
ary, modifications made to the models.

2. DESCRIPTION OF THE PROCESS AND
MODEL DEVELOPMENT

Figure 1 shows the process being modelled. Vapour
generated at the heat source or sources forms a mix-
ture with the inert gas. The mixture flows through the
interstices exchanging both heat and mass with the
packing material and cooler vessel walls. Condensed
vapour trickles back to the base of the vessel, and if

this is a heat source the process continues. If some
pressure control system such as an air bleed is used
the mixture pressure will remain essentially constant
regardless of changes in mean temperature.

Both horizontal surfaces are isothermal while the
vertical sides of the vessel are adiabatic. The bed is
assumed to be homogeneous and isotropic.

The development of the model proceeds from the
equations of change (or conservation) for mass,
momentum and energy, and the required constitutive
relationships. The medium was assumed to be a con-
tinuum. In multiphase systems such as this, with solid,
liquid, vapour and an inert gas present, the assump-
tion is made that as differential elements are con-
tracted to a point they retain all phases. Physically
this is not possible and the assumption leads to diffi-
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culties in writing the equations in their most complete
form, These difficulties are not insurmountable, how-
ever, and the final form of the equations derived are
the same as those derived by a more rigorous method.

2.1. Conservation equations

In general (see Bird ez al. [6] or Slattery [7]) for a
mixture of / components the conservation equations
can be written in general form as follows.

Mass:

o,

a1 +V-{pv)=r; H

Momentum (Darcy’s Law) :
K
v, = ——(Vp—pg) 2)
14
where it has been assumed that the tensor x can be

written as a scalar because the bed is isotropic and
homogeneous.

Energy:
(p:h) Dp . 5
o +V-(phv)=—V-q,~ D v (W) +0;

&)

where D/Dr is the material derivative. These were
applied to all phases involved in the process, i.e. solid,
liquid, vapour and gas. Further details of the devel-
opment have been presented by Sheridan [8]. How-
ever, points worth noting are presented below.

1. The momentum equation for the gas/vapour mix-
ture was written as a single equation in terms of v,
but the fact that the gas and vapour have different
velocities due to binary diffusion was retained by split-
ting the velocities into bulk and diffusive components :

v, =V, +u, @)
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Vo=V, 40, %)

Velocities u, and u, are due to the binary diffusion in
the mixture.

2. If the temperatures of the various phases are
unequal, energy will be transferred between phases.
As discussed by Sheridan and Close [5], one of the
possible explanations for the scatter when exper-
imental values of Nu* are plotted against Ra*, as for
example in Cheng [9], and Nu** against Ra** for the
gas/vapour mixture [4], is because the terms in the
equations resulting from the transfer between phases
should be retained ; normally they are neglected. In a
continuum each point is by definition at a single state,
so the ‘state’ at a point is dependent on the state of
all of the four phases present. The transfer of energy
between phases is really a boundary condition in the
energy equation for that phase, but there are no
boundaries in the continuum. This was resolved here
by considering all interphase energy transfers to be
source {or sink) terms. Assuming that

0, = (hA) (T ~T,) ©
the energy equation for the solid can be written as

oT,
ngpU.‘g- = V.kOVT6+(hAv)o§(TS—Ta) (?)

where A, is the surface area per unit volume of the
continuum. All transfers of energy between phases
were introduced in this way.
3. The conservation of energy equation for the gas/
vapour mixture is written as
2
] z {p:h) 2

LY V(o) = Vg, 40, ()
i=1

where

0, =(hd)p(T,—T) ®
and
4, = —kVT, (10)

Using the conservation of mass to reduce the left-
hand side of (8), this becomes

. aT,
—mchy +{p Cp +P2Cpa)a—t{ +v,(p1Co1 +02C,2)

VI, 4+p,Cu VT, +p,Cpom,

VT, =V-k VT, +(hA)p (T, —T,). (11)
Assuming a weighted mixture specific heat
plel+p2Cp2 :ppry (12)
and with the binary diffusive mass flux given by
i=pu=—pm, (13)
DT,
2Cy Dr = Vb, VT, +(h4,)5 (T~ T,)
+rithy —J(Cor ~ C) VT, (14)
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The evaporation/condensation term in the equations
describing conservation of energy for the liquid and
gas/vapour phases must also be considered in light
of the use of the continuum to represent all phases.
Change of phase occurs at a boundary between phases
and as such is a boundary condition. If the energy
equations for the § and y phases were added the result-
ing term would be #1,(h,— ), which is equivalent to
chy,. This would be the latent heat transfer at the
phase interface and as such is the proper term when
the equations are written in this form. An alternative
and more correct approach—which produces the
same result—is given by Whitaker [10] using the
volume averaging approach as described by Whitaker
and Slattery {7].

4. The momentum equation for the gas/vapour
mixture,

K
v, = — P (Vp—p,8), (15)

can be written as a vorticity equation:
K o P _ .

(16)

where the thermal and mass expansion coefficients are
defined as

1{ev 1{ap
A= ?(‘a‘f),,, = ;(5?),,_m W
and
1/ov 1{op
b '17<5ﬁ¥),,,r = w(%) R

2.2. Non-dimensional form of the equations

The conservation equations developed above were
put in non-dimensional form using Kline’s approach
[11]. This entails using reference variables which result
in non-dimensional variables in the range 0 to 1. The
choice of the appropriate reference variable is not
always straightforward and in natural convection the
choice of non-dimensional time and velocity is a point
of some discussion.

Table 1 shows the form of non-dimensional vari-
ables used here, where

A’”s = Mnors — Meolds-

The resulting dimensionless equations, in two-dimen-

Table 1. Non-dimensional variables

Variable Non-dimensional form
Length x;/H
Temperature (T—Toa)/AT
Moisture content (m—mg o)/ Am,
Velocity v/ (k*(p,Cp, H)
Time ’/(Hzp;'cpr/k*)

J. SHERIDAN er al

sional form, are listed below. In the following equa-
tions variables T, m, ©, x and f are now dimensionless.

22.1. Momentum equation for the gasfvapour
mixture. Letting x, be parallel to the gravity vector
and defining an aspect ratio 4 = H/L, equation (15)
becomes

v, vy er om
— 4 —Z = L ®
0x;4 ax, 4 [Ra ox, + Rax, ox, (19)

where v, and v, are the velocity components in direc-
tions x, and x; respectively, and

kp.,C,, HBATYy
Ra* = #“_Pvll;; ,,,,,,,,, =z
= Ra Da
Rat = P:CollBabmg
™ vk* '

Equation (19) can be written as

av, ous oT om

A =ARaDa|—+N=——| (20

x4 0x, a “{6x;+ 5x,] (20)
where

N = (B, Am/BAT)

and for a perfect gas,

@1

B = M,—M,
"L +m(M, +mM,) |
2.2.2. Energy equation for the liquid. Assuming
e = (haA)p,(m—mygy) (22)

where m,, = saturated mass fraction at T, and m =
actual mass fraction in gas/vapour mixture and with

hH

= Re" Pr¢ (23)
hoH
= g R S¢* 24
pD

from Eckert and Drake [12] one can obtain a relation-
ship between the heat and mass transfer coefficients:

h

= (Le) ' 2
e =00 @)
Using this and the definition of the Jakob number,
CAT

the dimensionless form of the energy equation for the
liquid is

0T, oy
i <;»:>{A

+ Big, (T, = Ty) + (Le)™ ' (Ja) ' (m "msﬁ)]} @n

*T, &°'T
201 Oy

ox? ox3

+ Bi (T, ~Ty)

where
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_ (hAv)tf)'HZ

B ilfr k/,

= an effective Biot number. (28)

2.2.3. Energy equation of the gas/vapour mixture.
Using the same approach equation (14) becomes

(‘}l} — a’f A 2 62 71)' +
ot a* ox?

+ Biy (Ty—T)(Le) '(Ja) ™' (m _ms/i)} - (29

T,
ox?

The sensible heat transfer by binary diffusion, due to
the difference in specific heats of the gas and vapour,
has been eliminated using an argument based on scal-
ing and their relative orders of magnitude. This argu-
ment is valid for most cases, including the air/water
case being considered here, but there may be some
combinations of gases and vapours where its validity
needs further examination.

The set of dimensionless variables for the para-
metric model is shown in Table 2. Not all of these can
be extracted directly from the experimental data. For
example, the Biot numbers require a value for the
local heat transfer coefficient between phases. This
will be obtained using the relationship between heat
transfer coefficient and Prandtl number—and in the
case of mass transfer the Lewis or Schmidt number.

2.3. Analogy model

The derivation of what is referred to as the analogy
model is based on the original work of Close [3] and
the extension of this to heat and mass transfer in open
cavities by Close and Sheridan [2]. Tt is fully decribed
by Sheridan [8].

A volume expansion cocflicient for this case is
derived assuming the perfect gas and Clausius—
Clapeyron relationships. This means the density can
be written as a function of temperature only, rather
than as a function of temperature and mass fraction.
Hence,

2135

dp, dp, OT
ax dT ox G0
_ P (1+mM M,
AR el I
and
dpy _ (M,—M;) dp,
ar~ Rt ar *T @2)

Using the Clausius—Clapeyron relationship the momen-
tum equation becomes

K oT

{= !]ﬂ'ﬂvaTI~

= —— (33)
u
The energy equation is written with
T,=T,=T,
giving
Ve(pv,h)+V-jh,—V-jh,
+V-(ppvphy) = V- (K*VT) (34)

where h, has been defined per unit mass of the inert
gas.

From the conservation of mass of the vapour and
liquid,

m
V- (pﬁv/,) =V |:p.’,DV <1+m>:|

—mV-(p,v,)—pyv, Vm, (35)
the energy equation becomes

h,V-(pav))+pov, Vh, 4+ peve-Vhy

o

i +m> —mV - p,v,—p,v, - Vm}

+hy {V ‘p,DV <

=V (V) =V-{jth —h)} (36)

where in equation (30) it has been assumed that the

Table 2. Non-dimensional numbers for parametric model

Dimensionless

number Equation Significance
Ra gBATH?/av The ratio of buoyancy to viscous forces in a fluid
layer
Da k/H? Accounts for the effect of geometry of the porous

medium on the fluid flow

N BnAm/BAT Measures the significance of the contribution to
buoyancy of the variation in vapour
concentration

Ja C,AT/Amhg, The ratio of sensible heat transfer potential to
latent heat transfer potential

Is a measure, with the Prandt] number, of the

interphase mass transfer

Le o/D
A H/L
Pr vio

The aspect ratio
Aflects two factors. (i) The interphase heat

transfer and (ii) the inertial forces contribution
(see Sheridan [13])
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vapour concentration is a function only of tempera-
ture, as it is saturated, that is

m=m(T)
then
dm

Using this and the following result from the con-
servation of mass,

m
V-(pzvy) = —Vp)DV <m>, (37)
gives
m
—p,’,DV <1-H’n> {h" —mh,,}
d(h, + Yhy) dm
+p,v, |:dT —h,,a—T VT
d m
1+m
+hyV-p, D= VT = V- (k*VT)
dT
=V (ilh —h2]) (38)
where
Pp¥p . .
Y= . (a recirculation parameter). 39
2%y
Grouping advective and diffusive terms gives
d(h, +Yhy) dm
WY, [ a7 k ~h,,dT}VT =V-(k*VT)
()
1+m
+V- p,.D-"-v—dei VT {h,+mh —mhy—hy}
()
I+m
+V- p,,,DA-—Aa—T—VT (h,—hy). (40)
This can be written as
P2V, C¥VT = V- (k**VT) 41
where
d(h, + Yhy) dm
* NV —h,——
C FVa hy ar (42)
and
d (J:,)
1+m
k** = k*+p7D(1 +m)hng. (43)

This equation is put in non-dimensional form using
the variables given in Table 1, with the exception that

J. SHERIDAN et al.

the effective thermal diffusivity a** = k**/(p,C*) is
used in making the velocity and time dimensionless.

This gives the final form of the non-dimensional
energy equation :

v,V =VT. (44)
The momentum equation becomes
oT
{ = Ra** &f]—xz (45)
where
Ra** = E'[%A%,ﬁ'g' (46)

and the aspect ratios are the only dimensionless par-
ameters for this model. (It should be noted that the
non-linear term discussed by Close and Sheridan 2]
has been neglected in deriving the final form of the
equations.)

The preliminary parametric study [5] indicated that
neither Pr nor Le played a significant role in the
experiments reported in ref. {4]. Since these par-
ameters are primarily concerned with transfer between
fluid and packing, the results suggest that the rate
coefficients are high enough for the mixture to be
at or near saturation. This view is supported by the
reasonable success of the simple analogy model in
correlating the data in ref. [4].

Of the remaining parameters it is obvious that from
the physics of the problem and the results presented
in ref. [5], Ra, Da, Ja and N play a critical role in the
system behaviour.

3. EXPERIMENTAL APPARATUS AND
METHOD

The experiments described were aimed at testing
the following hypotheses :

(a) The physical process is one in which the con-
vective heat and mass transfer has an analogous form
to that for heat transfer only. As a consequence, it is
postulated that a model based on this analogy can be
used to describe the process.

(b) This analogy model is applicable over the range
of temperature differences across the bed which might
be used in practice.

(c) The analogy model can be applied to beds of
different geometries.

(d) An alternative model, based on dimensionless
variables resulting from a parametric analysis, is a
better predictor of heat transfer than the analogy
model.

Sheridan [8] discusses these in more detail. He also
presents further experimental results where tem-
peratures in the bed were measured during steady-
state and transient operating conditions. The only
other experimental data that appear to have been
published on this process are those of Close and Peck



Natural convection with coupled heat and mass transfer in porous media

Table 3. Ranges of derived independent variables

Variable Maximum Minimum Uncertainty

Measured
Thot 65 40 0.02
T 62.5 20 0.02
AT 40 2.5 0.02
T 63.75 30 0.02

Derived
Ra 1.3x 10¢ 7.09 x 10° 0.08
Da 244 %1073 24x10°° 0.08
N 1.44 0.3 0.12
Ja 0.28 0.05 0.08
Le .81 0.65 0.05
Pr 0.92 0.74 0.05
Ra** 14013 891 0.19

[4] (hereafter referred to as CP). Their experiments
were planned with the objective of establishing the
viability of the process for technological applications.
The study described here was concerned both with the
question of how much heat is transferred for a given
set of independent variables, and how heat is trans-
ferred through the bed, i.e. what are the important
transport mechanisms?

It was recognized that, because of the number of
transport phenomena involved, this study could not
answer all the questions of interest. In selecting the
independent variables to be examined the require-
ments of an engineer using the process to design a
thermal component were considered. From that per-
spective the effect of the following three factors are of
interest :

(a) The operating temperatures of the source and
sink.

(b) The geometry of the bed and its boundaries.

{c) The gas and vapour used.

The experimental facility was designed such that all
of these could be varied over a wide range. Only the
effect of temperature was specifically tested in the
experiments described here. The range of the variables
examined and their uncertainties, as defined by Kline
and McClintock [14], are given in Table 3. The uncer-
tainties are all at the 20: 1 odds level; those for the
measured variables were estimated from the cali-
brations and design calculations while those of the
derived variables were obtained using the method out-
lined in Kline and McClintock’s paper.

The apparatus used is shown in Fig. 2. The test bed
is housed in a box which is sealed at the top and
bottom by isothermal plates, and whose walls are
guard heated to approximate adiabatic conditions.

Complete details of the equipment are given by
Sheridan [8], so only a brief description will be given
here.

The isothermal plates, shown in Fig. 3, comprised
an electrically heated aluminium plate in contact with
the bed and a water heated plate acting as a guard.
Heat flux meters between these plates allowed the
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F1G. 2. Schematic of the experimental apparatus.

power to the inner plate to be adjusted so negligible
heat was transferred from it to the surroundings. Lat-
eral heat losses from the electrically heated plates were
minimized using a guard heater around its edges.

The temperatures of each of the electrically heated
plates were measured by five thermocouples located
in a star pattern, with their junctions within 1 mm of
the surface. The thermocouple leads passed through
holes drilled in the water heated plates. Of the five
thermocouples, two measured the plate temperature,
while the other three were connected to three in the
other plate to measure the temperature difference
between the plates.

The walls of the bed were made of stainless steel to
minimize conduction. They were guard heated, each
guard being 110 mm high, further insulated with 100
mm of mineral wool insulation, and to further mini-
mize effects from fluctuating ambient conditions, the
apparatus was enclosed by a box made of 75 mm-
thick polystyrene sheet.

The packing comprised table tennis balls, each filled
with polyurethane foam. The balls were packed in a
9 x 9 x 9 face oriented array, i.e. the least dense pack-
ing arrangement. Fine thermocouples were placed in
81 of them to measure the temperature distribution
of the bed during operation.

Most of the experiments were performed at steady-
state conditions. These were achieved by setting the
plate temperatures using the water bath controllers,
and adjusting the power supply to the electrically
heated plates to null the heat flux meter readings. As
an exact null was not achievable, the criterion used
was that the heat flux meters read less than 5% of the
power input for longer than 2 h. Generally, steady-
state was reached after 18-20 h.

Because conduction was considered more stable
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than convection and because estimates of conductivity
are inherently more reliable than those of Nusselt
number, conduction was chosen as the primary heat
transfer mechanism for calibrating the heat flux
measurement.

These calibration measurements were made using
as the sample a layer of gas 11 mm high. The side
walls were made from balsa wood with a reflective foil
coating facing the gas layer. Other than this, the plates
and instrumentation were identical to the final exper-
imental arrangement. During the calibration runs the
thermocouples in the plates were found to reliably
measure within 0.1 K of each other (having been
found previously to read to this accuracy by com-
parison with a reference standard) and to vary by less
than 0.2 K over a period of 2 h. Measurements of
heat flux were made with three gases: helium, air and
Freon-12. Estimates of the thermal conductivity based
on the measurements made were in good agreement
with reference values.

For the same arrangement, the natural convection
in a plane, horizontal layer of large aspect ratio was
measured and compared with the results and cor-
relation of Raithby and Hollands [15]. These measure-
ments were made around the critical Rayleigh number
and showed good agreement both with the values of
Nusselt number predicted by the correlation and their
measurement of the critical Rayleigh number.

4. RESULTS AND DISCUSSION

Heat transfer rates through the bed as a function
of mean temperature and temperature difference are
shown in Fig. 4.

The increase in heat transfer with mean temperature

s0
—— oT-%C /
—e— DT-3C
46 pr=:C
5 —e— DT-1C
~ —a— D7=5C
. 30
2
]
(=
[
= [
=
o
o a/:';/t:—/‘-;‘
[) 1 ) 1 L
<0 30 40 50 60 70
Mean Temperature (C)
FiG. 4. Heat transfer variation with mean bed temperature.

is due to the presence of the water. As the temperature
is increased the curvature of the vapour pressure vs
temperature curve results in larger differences in
moisture content for a constant temperature differ-
ence. This increases the density difference across the
bed resulting in a larger buoyancy force and, hence,
velocity. It also increases the potential for evaporation
and condensation resulting in a greater transfer of
latent heat.

Figure 5 combines the current experimental results
with those of Close and Peck [4] and those obtained
for the analogous heat transfer case, as presented by
Cheng [9]. The so-called analogy model developed
above results in equations for the conservation of
momentum and energy which have the same dimen-
sionless form for the heat and mass transter case as
those for the equivalent heat transfer case. Only the
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F1G. 5. Experimental results for heat and mass transfer case
combined with results for the heat transfer case as collated
by Cheng {9].

dimensionless parameters are different. Thus, if the
assumptions made in developing the model, as
detailed above, are valid, there should be a direct
correspondence between the relationships between
Nu* and Ra* and Nu** and Ra**. Figure S allows
this to be tested.

There is good agreement between the current exper-
imental results for heat and mass transfer with those
for heat transfer. The importance of this is not only
in the evidence for the validity of the analogy model
but also in the similarity between the dominant mech-
anisms by which heat is transferred in the two cases.
In particular, it implies that the temperature field is
of primary importance in determining the physics of
the heat and mass transfer case even though the heat
transferred is increased by the added buoyancy and
latent heat transfer caused by the presence of the
volatile component. Results from the different heat
transfer studies (represented by different symbols on
the graph) collated by Cheng show a wide band of
scatter, the possible causes of which have been dis-
cussed by Sheridan and Close [5]. The current results
are clustered together in groups having the same AT.

Two possible ways in which AT could affect the
relationship between Nu** and Ra** are:

(a) by introducing non-linearities through property
variations;

(b} by invahdating some aspect of the analogy
model development. For example, some transport
phenomenon which was important had not been con-
sidered in the model development. An example of
such a phenomenon, which was determined not to be
relevant in the present study but could be if the particle
size were reduced, is the capillary transfer of liquid in
the bed. Alternatively, the assumptions made could
depend on the magnitude of the temperature differ-
ence. Close and Sheridan [2] discuss such a case for
the open cavity case, where they show that there is a
non-linear term in the dimensionless equations,
caused by the form of £**, which can only be neglected
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below certain temperature differences and thus
restricts the applicability of the analogy model.

A further conclusion to be drawn from Fig. 5 is that
the relationship between the experimental values of
Nu** and Ra** appears to be consistent for different
values of AT and T. One of the experimental objectives
had been to examine the validity of the analogy model
over a wider range of conditions than had been done
previously. From Fig. 5 it would appear that for a
wide range of temperatures the heat transfer (Nu**)
depends primarily on Ra** with some dependence on
AT and T. Thus, the assumptions made in developing
the mode! appear reasonable.

The effect of property variations on the analogy
model was studied numerically [8]. This showed that
these variations had a significant effect on the heat
transfer correlation of Nu** vs Ra** and also on the
critical Rayleigh number, Ra**, at which convection
starts. However, the effects were found not to be sig-
nificant over the range of A7 examined in the exper-
iments. While the effect was similar in that Nu** was
fower for the same Re** when AT was higher, the
magnitude in the experimental results was of a similar
order when AT changed from 20 to 30 K as it was in
changing from 0 to 30 K in the numerical model. In
fact the numerical study showed that it was better
to account for the effect of property variations by
normalizing Ra** with respect to the critical value
than attempting to account for it by examining the
effect on Nu** for a particular Ra**, i.e. the Nu** vs
Ra** results for different AT are better matched by a
horizontal ‘shift’ or normalization than a vertical one.
As discussed by Sheridan er al. [16], AT has an effect
on the property variation; the level of this effect
depends on 7. This is caused by the curvature of
the vapour pressure line and results in a non-linear
variation of properties, such as k** and C*, with
temperature. Thus the properties vary more for
AT =10 K at T = 80°C than they do at T = 30°C.
The two factors, T and AT, are thus both involved in
the effect on property variations and affect the Nu** vs
Ra** relationship in the following way. At a particular
AT the data increase regularly with Ra** (or mean
temperature) with a slight degree of curvature.
Assuming that the variation between data at different
AT could be removed using AT, and the curvature
using T, Nu** x AT was plotted against Ra**. This
removed the variation due to AT; the curvature was
removed by multiplying this by 7%2°. Figure 6 shows
the result of this manipulation. The data now all lie
on a single line. This means a relationship of the form

Nu**(AT)TO oc (Ra**)"

would result in a good fit to the data.

It is not suggested that such a fit has been proved
general at this stage and so it is not proposed as
a universal modifier to the analogy model. What is
important is the significance of the modification due
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FiG. 6. Effect of AT and T on the relationship between Nu**
and Ra**.

to AT and T, and the way it relates to the two possible
effects of AT on Nu** suggested originally.

All experiments described here were done with the
same geometry. The effect of changes in geometry was
examined by comparing these data with those of CP.
The differences between the two sets of experiments
are set out below.

(a) Cubic packing was used in this experiment;
this is the least dense packing arrangement with a
calculated porosity of 0.4764. CP used rhombohedral
packing ; this is the densest packing arrangement with
a calculated porosity of 0.2596.

(b) The table tennis balls used here had a mean
diameter of 38 mm compared to 29 mm for the glass
marbles used by CP. In combination these two differ-
ences result in permeabilities of 1.8 x 10~ for CP and
3.8 x 107 here. The Darcy number varies by a similar
ratio. The analogy model accounts for almost all geo-
metrical effects through the permeability parameter.
This is usually the case with models of transport
phenomena in porous media. Thus, the geometry vari-
ation between the two sets of experiments is con-
sidered large enough to show effects attributable to
geometry.

(¢) The solid conductivity, which is included in the
effective thermal conductivity, k*, varied from 1.05
Wm™' K for glass to 0.03 W m~ " K~ for the
polyurethane filled table tennis balls used here.

One other geometrical parameter exists in the analogy
model. This is the tortuosity. defined as the ratio of
the effective diffusivity of the gas and vapour in the
porous medium to the diffusivity in a gaseous mixture.
CP assumed a porosity of 0.2. One suggested way of
calculating the tortuosity is the ratio of the flow path
tength to the sample length all squared:

7= (L/Le)*.

Bear [17] quotes a range of values for 7 from the
literature of

056 < L/Le <038
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Fi1G. 7. Experimental results from this study with a tortuosity
of 1.0 compared to those of Close and Peck [4] with a tor-
tuosity of 0.2.

corresponding to
031 <7 <0.64,

with a value of } for an isotropic medium, such as that
of CP. These values are generally empirically derived,
and while attempts are made to relate them to porosity
or permeability no definitive relationship appears to
have been found. Bear states that the relationship
between permeability and tortuosity is of the form

Kk =¢tB

where B is the ‘hydraulic conductance’ of the medium
and is related to the shape of the channels through
which the fluid flows. Given the difference between the
two permeabilities, this suggests that the tortuosities
would also be significantly different between the two
cases. Two tortuosities were used here, 0.2 and 1.0,
the latter being an upper limit.

Figures 5 and 7 show the results from the present
study with those of CP. Considering CP’s data are for
air/water only, the current data with 1 = 0.2 are about
20% higher than an extrapolation of their data to
Ra** = 3000. When t =1 the current data are 12%
lower than CP’s at Ra** = 3000. Considering the very
large differences in the geometrical variables the agree-
ment is good, but the effect of geometry needs further
investigation. The data presented here are insufficient
on which to base a modification to the analogy model
to account for geometry. However, from the agree-
ment between the two data sets and the variation of
Nu** vs Rg** with 7, it appears that such a modi-
fication, based on the permeability and particle diam-
eter or the tortuosity, might be found. The parametric
model of this process developed above was used to
identify the important dimensionless parameters
(listed in Table 2) for this process.

The Nusselt number based on fluid properties, Nuy,
was correlated against these independent variables.
Fluid properties were used in the Nusselt number
because using the mixture conductivity, rather than
k* or k**, removes any argument concerning the
appropriate model for thermal conductivity in a
packed bed. This is done at the expense of using a
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possibly unrealistic conductivity at low Rayleigh num-
bers, where conduction through the solid may become
important. In these experiments this regime was not
tested. Also, the conductivity of the solid was not
dissimilar to that of the fluid.

The data were correlated using multivariate
regression as described by Sheridan and Close [5].
As found previously, the variables against which Nu,
correlated best were those governing the buoyancy,
Ra, Da and N, and the Jakob number, Ja, which is
the ratio of sensible to latent heat transfer potentials.

The fit found by Sheridan and Close was

Nuy oc (Ra Da N)*2°% Jg= 045,

This was also found to fit the experimental data from
this study. While the exponents on the dimensionless
groups fitted both sets of data well, the coefficients of
proportionality were very different. The lines of best
fit for the two data sets were

(a) Current data

Nus = 6.66(Ra Da N)*5 Ja= 043
{b) Close and Peck

Nu; = 0.54(Ra Da N)*5 Ja~ 045,

Figure 8 plots the Nusselt number predicted by these
correlations against the measured values. In general,
the agreement is good given the uncertainties associ-
ated with the independent variables listed in Table 3.
The uncertainty associated with the Nusselt number
depends on the heat being transferred through the
sample, i.e. it is a function of the Nusselt number
itself. This is because the major source of error in
Nusselt number is caused by losses from the ‘box’ to
ambient. These losses depend on T and are pro-
portionally much higher for the case where the hot
plate surface is at 65°C and the cold at 60°C than
when the hot plate is at 65°C and the cold at 20°C.
The relative uncertainties, at the 20: 1 odds level, are
0.43 and 0.09 respectively for these cases.

200
2 &  Curentresulls
-4
3
s +  Close and Pack - -
€ ~— Line of periect i .
3 (3
-4 *
100 - .'
(]
(]
L]
3
A
o A i
o 100 200
Nu predicted

FiG. 8. Prediction of Nusselt number using the parametric
model.
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F1G. 9. Correlation between Lewis number and the residuals
from the prediction of the Nusselt number by the parametric
model.

It seems likely that the causec of the difference
between the two correlations is the difference in
geometry between the two samples, as discussed
above. To confirm this, and to determine which geo-
metrical parameter characterizes the effect, requires
more data be taken with different geometries.

The two most important dimensionless variables in
predicting heat transfer are the ratio of buoyancies,
N, and the Jakob number, Ja. These are both strongly
correlated with the difference in mass fraction across
the bed, and in that sense are also cross-correlated.
This does not mean, however, that only one of them is
the primary dimensionless variable. Nu; was predicted
more accurately using both N and Ja than when either
was used on its own. As noted in Table 2, they are
indicators of different effects. The fact that both are
important means that the latent heat transfer is impor-
tant (Ja) but convective movement is needed (N) to
transport the vapour between its source and sink.

Figures 9 and 10 show the residuals from the pre-
diction of Nu; using the above relationship plotted
against the Lewis (Le) and Prandtl (Pr) numbers.
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Fic. 10. Correlation between Prandtl number and the
residuals from the prediction of the Nusselt number by the
parametric model.
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These were expected to be important if the heat trans-
fer was affected by the rate at which heat and mass
were transferred between the solid surfaces or particles
and the fluid. Judging from these figures, the rate
processes are not significant in overall heat transfer,
The narrow range of Le and Pr should be noted, and
while these variables would not be expected to vary a
great deal for most gas/vapour mixtures they may
have more influence in some other cases where the
geometry and thermal conductivily of packing
material are different.

On the basis of these results, however, the assump-
tion of infinite rate coefficients made in deriving the
analogy model appears reasonable.

5. CONCLUSIONS

From the results presented the following con-
clusions can be drawn.

(a) The model based on the analogy between heat
and heat and mass transfer can be used to correlate
the experimental data, but several factors suggest the
actual transport processes transferring heat operate
differently from the way previously assumed.

(b) The temperaturc difference across the bed has
an effect beyond that accounted for in the analogy
model. This was shown in the Nu** vs Ra** graphs
presented. The experimental data show a greater effect
due to AT than found to be due to property variations
by a numerical study. Also, the fact that the para-
metric model, where buoyancy and latent heat effects
are separated, correlates the data better suggests that
the analogy model is restricted by its lumping or com-
bining of these effects.

(c) While the examination of geometrical effects
was limited to a comparison of the results from the
present study with those of Close and Peck [4], there
appears to be an effect duc to geometry beyond that
accounted for in the models by the permeability par-
ameter. In the analogy model the tortuosity factor
may account for this but further work is needed to
quantify the effect.

(d) The data are better correlated by the parametric
model than the analogy model. This appears to be due
to the differentiation of the effects due to convection
and latent heat transfer, through the buoyancy ratio
and the Jakob number, compared to the lumped par-
ameter approach of the analogy model.

This work examines a physical process which,

J. SHERIDAN ¢! al.

somewhat surprisingly, has only been examined in a
limited way previously. Much remains to be done in
fully determining the interaction of the many separate
transport processes involved ; the models and exper-
imental results presented herein hopefully provide a
useful base on which to build.
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ETUDE EXPERIMENTALE DE CONVECTION NATURELLE DE TRANSFERT DE
CHALEUR ET DE MASSE DANS LES MILIEUX POREUX

Résumé—On examine les transferts couplés de chaleur et de masse dans les milieux poreux ot la convection
naturelle est provoquée par des différences de température et de concentration. Deux modéeles non dimen-
sionnels concurrents sont développés pour représenter le transfert thermique mesuré expérimentalement a
travers un milieu poreux. On montre qu'un modéle paramétrique corréle bien les données avec une forme
générale Nu oc (Ra Da NY**** Ja= %% L’autre modéle, basé sur 'analogie entre transferts de chaleur ct de
masse, est moins précis dans la prédiction du transfert de chaleur mais les résultats sont assez bons pour
suggérer que de tels modéles analogiques peuvent étre utilisés dans un large domaine de mécanismes de
transfert de chaleur et de masse. On discute aussi I'effet de la géométrie de lit pour les deux modéles.
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EXPERIMENTELLE UNTERSUCHUNG DER NATURLICHEN KONVEKTION BEI
GEKOPPELTEM WARME- UND STOFFTRANSPORT IN POROSEN MEDIEN

Zusammenfassung—In der vorliegenden Arbeit wird der gekoppelte Wirme- und Stofftransport in porésen
Medien bei thermisch- und konzentrationsgetriebener natiirlicher Konvektion untersucht. Zwei ver-
schiedene dimenstonslose Modelle werden entwickelt. Mit ihrer Hilfe werden die Versuchsergebnisse fiir
den Wirmetransport in einem pordsen Medium korreliert. Es zeigt sich, dafl ein parametrisches Modell
der folgenden Form gut fiir die Korrelation geeignet ist: Nu oc (Ra Da N)***° Ja= %%, Das andere Modell,
das auf der Analogie von Wérme- und Stoffibertragung beruht, beschreibt den Wirmetransport weniger
genau. Die Ergebnisse sind aber gut genug um vorzuschlagen, daB solche Analogiemodelle in einem weiten
Bereich des Wirme- und Stofftransports eingesetzt werden kdnnen. AuBerdem wird der EinfluBl der
Bettgeometrie auf die beiden Modelle diskutiert.

3KCNEPUMETAJIBHOE HCCIIEJOBAHUE ECTECTBEHHOM KOHBEKIIAY ITPU
B3AMMOCBA3AHHOM TEILJIO- U MACCOITEPEHOCE B ITOPUCTBIX CPEOAX

Annetamus—Vceneayercs B3aMMOCBA3aHHEBIH TEIUIO- ¥ MAaCCOICPEHOC B IIOPUCTHIX CPCAAX ¢ €CTECTBEH-
HO#t KoHBeKuHEi, 06ycroBICHHON Pa3HOCTSMH TeMNepaTyp ¥ KoHueHTpauui. Paspaboransl ase anbTep-
HaTHBHbIC Oe3pasMepHbie MOMEIH, WCHOB3yeMble VIS KOPPCHAUHA IKCHEPUMEHTANbHO H3IMEPEHHOTO
noTaka Temia 4epe’ nopucryro cpeny. Iloxasamo, yTo mapamMeTpHyeckas MoZeNb XOpowo oGobimaer
NOJTyYEHHbIE JAHHBIEC |

Nuoc{Ra Da N)Y*293 Jg—045

Ha ocHoBe aHanorum MEXHy TEIUIO- M MacCoNePeHOCOM BTOpas MOAENb MEHEe TOMHO PacCHHTHIBAET

[POUECC TEIUIONEPEHOCA, OMHAKO NOJYYCHHBIC PE3YJIbTATEI CBHACTENBCTBYIOT O TOM, YTO MOAODHBIE

MO/IE/I1 MOTYT IPHMEHSATBLCH B INMPOKOM /IHaTia30He MPOLECCOB TEIIO- H MacconepeHoca, O6cyxnaeTcs
TaKXe BIHAHHE FEOMETPHHE cioes Ha ek THBHOCTL 06enx Mozaenei,
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