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Abstract-The simultaneous transfer of heat and moisture by natural convection in an air-filled cavity of 
aspect ratio 7.0 is investigated numerically and experimentally for both a horizontal and vertical cavity. 
The Prandtl number and the Schmidt number used are 0.7 and 0.6, respectively. The finite-difference 
equations are solved by the dynamic alternating direction implicit (DADI) method. Both aiding and 
opposing flows are computed for the range of thermal and concentration Grashof numbers which cor- 
respond to the actual temperature and concentration gradients found in a typical building cavity in New 
Zealand (2 x IO5 i Gr, < 2 x lo6 and 1 x lo4 < Grc < 2 x 10’). The experimental technique employs two 
porous plastic plates as the two cavity walls allowing the imposition of simultaneous moisture and 
temperature gradients. The experimental Nusselt and Sherwood numbers are found to agree well with the 

theoretical values. 

1. INTRODUCTION 

COMMONLY in New Zealand, dwellings are con- 
structed with timber-framed walls and ceilings which 
result in a gap of about 100 mm between the inner 
lining and the outer cladding. Heat exchange by natu- 
ral convection between the building and its sur- 
roundings is influenced by the configuration and 
hygrothermal conditions of the cavity. Heating engin- 
eers have been concerned with this kind of insulating 
cavity for a long time [l-6]. 

The present work was motivated by a need to under- 
stand the moisture behaviour of building structures, 
to provide practitioners with an effective design tool 
against possible moisture problems, as traditional 
tools are inadequate for the task [7, 81. This under- 
standing is being acquired through a programme [3] 
in which the basic physics of each component of the 
structure is investigated and these results are then 
combined into a system-wide model of the structure. 

One element of the system is the building cavity. 
Nusselt numbers for heat transfer across cavities are 
well known [S], but Sherwood numbers for moisture 
transfer are not. Indeed, when calculations are 
required for moisture-transfer rates across building 
cavities, the Sherwood number is invariably taken as 
one. The assumption being made is that water vapour 
is transferred across building cavities through 
diffusion alone. However, it is clear that buoyant 
transfer due to air-density differences caused by the 
spatial distributions of temperature and water vapour 
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concentration will be an important mass transfer 
mechanism. It is the aim of this work to discover what 
Sherwood numbers are appropriate for mass transfer 
in building cavities. 

Other issues also bear upon the moisture per- 
formance of cavities, particularly exfiltration and 
infiltration to other regions, both indoors and 
outdoors. These mechanisms are to be included in 
any modelling of the moisture performance of the 
structural system as a whole. Which mechanism domi- 
nates depends upon specific details ; for example, cer- 
tain types of structures such as flat roofs with low 
ventilation are more prone than others to moisture 
problems, and in this type of structure it is quite likely 
that buoyant mass transfer across its cavity is the 
dominant mechanism. 

Both experimental and numerical investigations 
have been carried out for conditions which cor- 
respond to the actual temperature and moisture gradi- 
ents found in a typical building cavity in New Zealand. 
The governing differential equations of heat transfer 
are expanded to include the effect of a simultaneous 
moisture gradient and the resultant equations are 
solved numerically using a finite-difference scheme. A 
novel experimental apparatus, which employed two 
porous plastic plates as the two cavity walls of a simu- 
lated building cavity, has been used to validate the 
results of the numerical predictions. 

2. PREVIOUS WORK 

Natural convection due to a temperature gradient 
across the cavity boundaries has been investigated 
extensively for a range of vertical, horizontal and 
inclined cavities [l-6]. Excellent reviews on this sub- 
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NOMENCLATURE 

a, false-transient factor for ith parameter 87 volumetric coefficient of expansion due to 
A aspect ratio [nondimensional] heat transfer [K- ‘1 
C relative moisture concentration 

:< 

relative vorticity [nondimensional] 
[nondimensional] vorticity [s- ‘1 

C moisture concentration [kg m- ‘1 V kinematic viscosity [m’ s- ‘1 
D moisture-diffusion coefficient in air e angle of inclination [deg] 

[m’ s- ‘1 cp relative stream function [nondimensional] 

9 gravitational acceleration [m s- ‘1 cp’ stream function [m2 s- ‘I. 
h heat transfer coefficient [w m- ’ K- ‘1 
H cavity height [m] Superscripts 
k thermal conductivity [W m- ’ K- ‘1 dimensional quantity. 
L characteristic length (cavity width) [m] 

; 
coordinate distance normal to wall [m] Subscripts 
buoyancy-force ratio, GrJGr, C moisture transfer case 

t relative time, t”/L’ T heat transfer case 
t’ time [s] T, C combined heat and moisture transfer 
T relative temperature [nondimensional] 0 receiving surface 
T temperature [K] 1 transferring surface. 
21 stream velocity in the x-direction [m s- ‘1 
u non-dimensional stream velocity, zlL/v Dimensionless groups 
1: stream velocity in the y-direction [m s- ‘1 Grc mass transfer Grashof number, 
V non-dimensional stream velocity, oL/v .9B&L31v2 
x relative coordinate distance, .x/L Gr, heat transfer Grashof number, 

E coordinate distance [m] y/&ATL3/v2 

Y relative coordinate distance, y/L. Le Lewis number, Sc/Pr 

Nu Nusselt number, hL/k 

Greek symbols Pi. Prandtl number, (v/cl) 

; 

thermal diffusivity [m” s- ‘1 Rat mass transfer Rayleigh number, Gr,/Sc 

mass transfer coefficient [m s- ‘1 Ra, heat transfer Rayleigh number, Gr,/Pr 

Bc volumetric coefficient of expansion due to SC Schmidt number, v/D 
moisture transfer [K- ‘1 Sh Sherwood number, pL/D. 

ject have been given by Ostrach [9] and later by 
Churchill [I 01. From these studies the important 
parameters which govern the convective process 
within a cavity are the Prandtl number Pr, the aspect 
ratio A, the Grashof number Gr or the Rayleigh 
number Ra, and the inclination 8 of the cavity with 
respect to the gravity vector. 

From the results of these studies, the rate of heat 
transfer across the cavity and, to a lesser extent, the 
flow pattern for a rectangular cavity can be found for 
cases corresponding to most practical situations. 

Comparatively less work has been reported in the 
literature on free-convective flow in a cavity due to 
mass gradient or combined heat and mass gradients. 
The work on convective mass transfer in confined 
spaces is restricted to the field of electrolysis [7, 111 
where the importance of such studies concern the 
design and operation of electrochemical reactors. The 
study of simultaneous heat and mass transfer in the 
field of thermohaline convection, in which the diffus- 
ing quantities are heat and salt, is aimed at finding the 
onset of convective fluid motion and the associated 
instability phenomena [12, 131. Such studies will aid 

in the understanding of layered structures, both in 
the salinity and temperature, as well as the vertical 
transport of heat and salt which exist in some parts 
of the ocean and in salt-water lakes. The behaviour 
of such layered structures and the stability criteria are 
thought to have little relevance in an air-water vapour 
mixture in a building cavity as the Lewis number for 
a salt solution is typically 300 times larger than the 
Lewis number for an air-water vapour mixture. 

The potential danger of moisture condensation 
within a building cavity causing wood-rot has long 
been recognized and studies in this area have been 
reported [7, 14-161. These studies are concerned with 
the interaction of the cavity’s moisture behaviour with 
its surroundings as a whole and do not address the 
mechanism of moisture transfer within the cavity. 

In regard to transport phenomena for convective 
non-confined flow adjacent to an isolated plate, the 
earlier works of Mathers et al. [17] and Somers [18] 
yield transport relationships of the form 

Nu = f(GrT+Grc(l/Le)o.5) 

and 
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6% = f(LeO~‘,NU). 

Their predictions only agree with experimental results 
for certain ranges of Prandtl number and better agree- 
ment is in fact obtained when the Lewis number is 
omitted from their equations [19, 201. Gebhart and 
Pera [21] concluded that the important parameters 
governing the flow are (i) the Prandtl number ; (ii) the 
Schmidt number; and (iii) the buoyancy-force ratio 
N = Grc/Grp They give the effects of the heat and 
mass gradients on Nusselt number, Sherwood 
number, temperature field, concentration field and 
velocity field. The trend of their results is confirmed 
by the later work of Nilson and Baer [22] and Boura 
and Gebhart [23], who also gave more information 
regarding the finer structures of the flow, such as flow 
reversal beyond the body of the main flow. 

Recently, Trevisan and Bejan [24] published the 
first paper on combined heat and mass transfer study 
in a tall vertical cavity subjected to uniform heat and 
mass fluxes along vertical walls. An Oseen-linearized 
solution is reported for tall spaces with mixtures 
for Le = 1 and similarity solutions for Le > 1 in 
temperature-driven flows and for Le < 1 in con- 
centration-driven flows. The analytical solutions were 
augmented by numerical calculations. As the ana- 
lytical solutions were confined to Pr > 1 and their 
numerical solutions for Pr = 0.7 were not reported 
for the case of an aspect ratio of 7 and for a buoyancy 
rate of less than or equal to 1, their results are not 
directly comparable with those from this work. 

3. NUMERICAL FORMULATION 

Fluid is contained within a rectangular cavity of 
aspect ratio A = H/L. The third dimension of the 
cavity is assumed to be large so that a two-dimensional 
analysis can be applied. Natural convection occurs 
because of the temperature and/or moisture gradients 
which exist across the cavity (Fig. 1). 

The cavity is defined as a ‘vertical cavity’ when the 
angle of inclination 0 is zero and a ‘horizontal cavity’ 

FIG. 1. Cavity configuration and transfer parameters. 

when 0 = 90”. The temperature drop of interest is 
AT = T’, - To and the moisture-concentration change 
is AC = C’, - Co. 

For convenience, we define the following non- 
dimensional parameters : 

where the prime indicates the corresponding dimen- 
sional quantity. 

It is assumed that the buoyancy-generating capa- 
bilities of heat and moisture are identical in form, 
except for the absolute magnitude of the generated 
buoyancy which is characterized by the magnitude of 
the respective gradients present. Then the variation in 
the bulk fluid density causing the motion is a linear 
function of both AT and AC. With this formulation, 
and the inclusion of the false-transient factors of Mal- 
linson and de Vahl Davis [25], the governing dimen- 
sionless equations for the conservation of energy, 
concentration, vorticity and stream function can 
be written as 

k$+UFx+VFy= Pr-‘V’T (1) 
T 

~~+u~+V~y=sc-‘V2C (2) 
c 

-!g z + Ug = V2(-GrT 
( 

gsin b’- gcos 0 ay > 

-Gr, 
( 
ac ac 
Zsin 0- ,,cos 0 

> 
(3) 

;g=v”rp+i 
‘p 

acp -acp U=E where I/==. 

The Boussinesq approximation and the assumptions 
of negligible viscous dissipation and compressibility 
effects, no internal heat/moisture source or sink being 
present and the fluid being Newtonian have been used 
in deriving equations (l)-(5) [20]. This formulation 
of equations is hybrid between that for natural con- 
vection due to temperature difference only and that 
for heat and mass transfer from a single plate [21, 
221. The boundary conditions used for this work are 
defined in the following way. 

BCl (at the surface, Y = 1) 

T=C=I for cocurrent flow 

T=O,C= 1 

(6) 

(7) 
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or 

T = 1. C = 0 for countercurrent flow. (8) 

BC2 (at the surface, Y = 0) : 

T=C=O for cocurrent flow (9) 

T=l,C=O (10) 

or 

T = 0, C = 1 for countercurrent flow. (11) 

BC3 (constant side-wall conditions, at X = 0 and A) : 

r7T ac 
-_=-_=O 
ax ax . (l-9 

BC4 (zero velocity at the cavity walls, at X = 0 and A 
and Y=Oandl): 

ty= &Lo 
an (13) 

where the distance n refers to the direction normal to 
the wall. 

The ‘dynamic alternating direction implicit’ 
(DADI) method, which was first proposed by Doss 
and Miller [27], is adopted in this work to solve equa- 
tions (l)-(5). In this method, the time step for each 
iteration step is not fixed, but is updated after every 
iteration to accelerate the convergence to the steady- 
state solution. This method has been used by Phillips 
[28] to obtain the solution of natural convection in a 
square cavity for Rayleigh numbers up to 1 x 106. In 
this work, numerical results will be presented for a 
cavity of aspect ratio 7 and for Rayleigh numbers up 
to 2 x 106. Previously Probert and Dixon [29] have 
presented numerical results for natural convective 
heat transfer in a cavity of aspect ratio 5 or greater, 
but the greatest value of the Grashof number reported 
was 6 x 10’. The results from this work thus extend 
the range of applicability of the previous numerical 
simulations. 

4. NUMERICAL RESULTS AND DISCUSSION 

Computations have been carried out for the fol- 
lowing range of parameters : 

(i) aspect ratio : 7.0 ; 
(ii) Prandtl number : 0.7 ; 
(iii) Schmidt number: 0.6 ; 
(iv) thermal Grashof number : 1 x 105-2 x lo6 ; 
(v) concentration Grashof number : 1 x 104- 

1x105; 
(vi) cavity configuration : horizontal and vertical. 

Some examples of the results of computations in terms 
of the dimensionless temperature, concentration and 
stream-function fields are presented in the next three 
sections. A complete range of the computed results is 
given in ref. [20]. 

4.1. Temperature, concentration and jlow fields in a 
vertical cavity 

Figure 2 illustrates the streamline and temperature 
fields for the case of Gr, = 2 x 106, which corresponds 
to the magnitude of the temperature difference which 
occurs in a building cavity in New Zealand. It can 
be seen that secondary cells are well developed and 
occupy the top and bottom third of the cavity. The 
results of imposing an additional aiding moisture- 
vapour pressure gradient which may arise in practice 
on top of the temperature gradient is illustrated in 
Fig. 3. (A typical moisture-concentration gradient 
corresponds to Gr, = 8 x lo“.) There are some 
changes in the secondary and tertiary streamlines at 
the middle of the cavity, but the form of the primary 
and the secondary flows at the top and bottom third 
of the cavity remain essentially the same for both sets 
of figures. The magnitude of the streamlines is slightly 
larger for combined heat and moisture transfer (Fig. 
3), as is expected from the aiding moisture gradient. 
The temperature fields of Figs. 2 and 3 do not show 
a great difference from each other. and in both cases. 
the grid-spacings used for numerical calculation are 

ry 

FIG. 2. Streamline and temperature fields for heat transfer 
in a vertical cavity, Gr, = 2 x 106, Grc = 0 : (a) streamlines : 

(b) temperatures. 
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, 
a’ 

FIG. 3. Streamline, temperature and concentration fields for combined heat and moisture transfer in a 
vertical cavity, Gr, = 2 x 106, Gr, = 8 x IO4 : (a) streamlines ; @) temperatures ; (c) concentrations. 

not fine enough to resolve properly the isotherms of 
0.7 and 0.3 near the top and bottom of the cavity 
where the influence of the recirculating secondary 
flows is strong. 

The effect of a simultaneous temperature gradient 
on the concentration field can be observed by com- 
paring Figs. 3 and 4. Figure 4 shows streamlines and 
concentration fields for isothermal mass transfer only 
at Gr, = 1 x lo’, of similar order to Gr, in Fig. 3. In 
Fig. 4, the flow field is seen to consist of a series of 
lon~tudinal cells (the primary cells). No secondary 
cells are observed for this case. The concentration field 
exhibits the usual ‘reversal’ of contours at the middle 
and a slight boundary-layer behaviour is developing. 
The moisture concentration difference across the cav- 
ity in Fig. 3 is in fact smaller (by 20%) than that in Fig. 
4, yet the presence of the simultaneous temperature 
gradient in Fig. 3 has generated a stronger convective 
flow in the cavity than that in Fig. 4. 

Figure 5 is an example of the fields resulting from 

the case of opposing heat and concentration gradients. 
The concentration gradient is acting from left to right, 
while the temperature gradient is acting from right to 
left (as indicated by the magnitude of the respective 
contours). Note that the convective flow cells are 
rotating in a clockwise direction, i.e. in the direction 
caused by the predominant moisture gradient. Both 
the shape of the temperature and concentration fields 
are similar to each other regardless of the direction 
of their respective gradients. If the reverse moisture 
gradient were absent, the temperature field would be 
similar to the concentration field in Fig. 4(b), i.e. a 
mirror image of that in Fig. 5(c). 

Although the thermal Grashof number used in Fig. 
5 corresponds to an unusually small gradient in prac- 
tice, the behaviour was found to be similar for higher 
values of both thermal and concentration Grashof 
numbers. It illustrates the interdependence of flow, 
temperature and con~ntmtion fields on each other 
and the importance of the magnitude and the direction 
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FIG. 4. Streamline and concentration fields for moisture 
transfer in a vertical cavity, Gr, = 0, Grc = I x IO5 : (a) 

streamlines ; (b) concentrations. 

of the dimensionless driving force (the Grashof 

number). 

4.2. Temperature, concentration and flow ,fields in a 
horizontal cavity 

The flow field in a horizontal cavity with upwards 
transfer consists of a series of roll cells, each counter- 
rotating in the opposite direction to its neighbours for 
all types of boundary conditions. Unlike the vertical 
cavity, no secondary or tertiary cells are observed on 
top of the primary cells as the Grashof number is 
increased. However, the large number of primary cells 
and their orientation with respect to the physical 
dimension of the cavity mean that the critical length 
for numerical calculation lies between the pitch of 
adjacent counter-rotating cells in the X-direction (see 
Fig. 1) rather than within the distance of the rotating 
cells and the walls in the Y-direction, which is for the 
case of the vertical cavity. This difference in critical 
length increases the number of grid-points required to 
produce a solution of comparable accuracy for the 
horizontal cavity compared with that for the vertical 

cavity. Perturbation of an initial condition is also 
needed to start the convective motion. 

Figure 6 shows a typical concentration (or tem- 
perature) and streamline fields for the case of a small 
gradient where Gr, = 1.41 x 104. The streamlines con- 
sist of eight counter-rotating cells. The concentration 
field, which consists of parallel horizontal lines when 
only diffusion is the mode of transfer, is distorted by 
the convective flow field, with the contours dipping 
downwards where the flow is going downwards and 
alternatively rising upwards with the flow. 

Figure 7 shows the temperature and stream-func- 
tion fields for the case Gr, = 2 x 106, which cor- 
responds to the highest dimensionless driving force 
computed. Again counter-rotating cells are observed, 
but the number of cells is reduced to seven. The two 
cells immediately adjacent to the walls are also larger 
than those in the middle. The flow in Fig. 7 is about 
20 times stronger than that in Fig. 6 judging from the 
maximum values of the respective streamlines. The 
temperature field is distorted most at the locations 
where the streamlines were moving up or down, as at 
a smaller Grashof number, but an almost isothermal 
region exists at the location corresponding to the 
centre of each rotating cell. 

Figure 8 shows an example for the case of opposing 
heat and moisture gradients. The moisture gradient is 
acting downwards, and if it were on its own. it would 
sustain a transfer process by diffusion only (thus 
resulting in a series of parallel, horizontal iso- 
concentration lines in the cavity). However, the pres- 
ence of the upwards and much stronger simultaneous 
temperature gradient has resulted in a convective flow 
being generated and the concentration field is modi- 
fied to look like the temperature field, as indicated in 
Figs. 8(a) and (b). Effectively, the mode of moisture 
transfer from the top to the bottom is now equivalent 
to a case were the moisture gradient is acting from the 
bottom to the top, while the rate of moisture transfer 
is of course significantly increased by the convective 
process in comparison with the diffusional process alone. 

4.3. Horizontal cavity-downwards transjkr 
No convection is observed for the case when the 

top boundary had a higher potential than the bottom 
boundary in a cavity. In all cases tried, the per- 
turbation introduced to an initially stable field (diffu- 
sion-process dominant) has been unsuccessful in gen- 
erating any flow and the disturbance disappeared after 
iteration of the field variables. It is thus concluded 
that the horizontal cavity with downwards transfer 
constitutes a stable condition and transfer of heat and 
moisture is by diffusion only. 

5. EXPERIMENTAL APPARATUS 

A novel experimental rig was built to test the pre- 
dictions of Nusselt and Sherwood numbers by the 
numerical model. Figure 9 illustrates schematically 
the various compartments of the apparatus and some 
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FIG. 5. Streamline, temperature and concentration fields for opposing heat and moisture transfer in a 
vertical cavity, Grr = 6 x 104, Grc = - 1.2 x 10’: (a) streamlines ; (b) temperatures ; (c) concentrations. 

FIG. 6. Streamline and concentration fields for small concentration differences in a horizontal cavity, 
Grr = 0, Grc = 1.41 x 104: (a) concentrations ; (b) streamlines (contour level = 1 .O). 



1772 

1.0 

0. e 

ii. 9 

0. I 

0.2 

H. K. WEE et nf. 

FIG. 7. Streamline and temperature fields for large temperature difference in a horizontal cavity, 
Gr, = 2 x lo’, Gr, = 0: (a) temperatures: (b) streamlines (contour level = 20.0). 

FIG. 8. Streamiine, concentration and temperature fields for opposing heat and moisture transfer in a 
horizontal cavity. Gr, = 5.5 x lo’, Gr, = 1.4 x IO5 : (a) concentrations ; (b) temperatures ; (c) streamlines 

(contour level = 6.0). 
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FIG. 9. Schematic diagram of the test equipment in the 
vertical arrangement. 

associated inst~mentation. The basic design principle 
of the guarded box is similar to that given in ASTM 
C236 [30], with the exception that the moisture-trans- 
fer rate is also measured and an air cavity is incor- 
porated. 

References [26,31] give a more detailed description 
of the experimental apparatus. The apparatus can be 
arranged either in a ‘vertical’ position as shown in 
Fig. 9, or in a ‘horizontal’ position by tilting the appar- 
atus by PO” and making the necessary changes to the 
guard chambers G and K. The inert porous sheet is 
made of high-density polythene particles by a powder- 
sintering process to yield an average pore size of 200 
pm. The thickness of the plate used was 4.75 mm. 
The whole apparatus was covered with 50 mm thick 
polystyrene insulating pads which were lined with alu- 
minium foil. 

6. THE MEASUREMENT OF HEAT AND 

MOISTURE-TRANSFER RATE 

ACROSS THE CAVITY 

Consider the case when the controlled chamber A 
is acting as the source of heat and moisture and the 
receiving chamber B is acting as the sink. As chambers 
A and B are controlfed to different temperature and 
moisture levels and separated from the test cavity E 
by porous boundaries, the boundary conditions 
across the test cavity should approach that of chamber 
A on one side, and that of chamber B on the other 
side. A typical run would take about 8 h to attain the 
required steady-state thermal and moisture levels in 
chambers A and B before an experimental run lasting 

24 h would begin. The heat input into chamber A was 
measured by the amount of heat dissipated by the 
resistive electric heating elements and determined by 
a power meter which averages the power output of 
the heater over a certain time period (from 10 s to 8 
min), the reading being recorded on a logging 
computer. By setting chambers A and B to the same 
temperature above ambient, the heat losses from the 
rig could be determined. 

Four pairs of thermocouples measured the bulk-air 
temperature in each of the chambers, while six pairs 
of thermocouples measured the porous plate’s surface 
temperature. To reduce thermal radiation effects, the 
electric heating elements were specially constructed of 
polished brass of emissi~ty 0.03 with a large fhuted 
heating area such that the temperature difference 
between the heater and the bulk air was no greater 
than 20°C in the worst instance. Radiation shields in 
the form of perforated aluminium shells protected the 
bulk air thermocouples. The temperature variation 
for the bulk-air condition in the well-stirred chambers 
was typically + 0.3”C rising to + 05°C for the worst 
instance, while that on the porous plate surface was 
typically +0.5”C rising to f 1°C for the worst case. 
The experimental error for the heat transfer rate 
across the cavity was typically 13%. 

The moisture source was a tray containing a satu- 
rated salt solution, which in this case was put in com- 
partment G. The use of various saturated salt sol- 
utions enabled the bulk-air relative humidity to be 
controlled to any desired level in the range of 30-70%. 
As there is no means to measure explicitly the cavity’s 
moisture boundary conditions on the porous plate 
surfaces, these conditions were calculated using the 
porous plate’s moisture-resistance value and the Chil- 
ton and Colburn analogy [26]. The tray rested on four 
small tubes which were attached to a plate which 
rested on a Mettler electronic balance continuously 
reading and tmns~tting the weight of the saturated 
salt solution to a logging parameter. The rate of data 
logging was once every 4 min for a run lasting about 24 
h. The rate of moisture input into the controlled cham- 
ber, which was equal to the rate of moisture loss from 
the tray, was computed by numerical differentiation us- 
ing the second-order, mid-point method. About 8 h were 
needed to allow the controlled chamber A to come to 
steady state before a run could be commenced. The 
humidity level in each chamber was measured by an 
EG & G dew-point meter. The dry bulb and the dew- 
point temperatures would both remain constant to 
k 0.3”C during the course of a run. Analogous to the 
heat transfer rate, the rate of moisture transfer across 
the cavity was found from the difference between the 
rate of moisture loss from the tray and the rate of 
moisture loss from the controlled chamber to the sur- 
roundings. The experimental error was typically 1.5% 
for the moisture-transfer rate across the cavity. 

Heat and moisture flows reaching the receiving 
chamber B were not measured. Both heat and moist- 
ure were continuously removed by means of a cooling 
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coil located in compartment K. The cooling coil also 
controlled the dew-point temperature of the bulk air 
in the receiving chamber. 

7. THE CHARACTERISTICS OF THE POROUS 

PLASTIC PLATE 

The experimental programme was divided into two 
categories : those experiments which were performed 
to determine the characteristics of the porous plates 
(thermal and moisture-diffusional resistance values, 
hygroscopicity and thermal emittance) ; and those 
experiments which were performed to investigate the 
simultaneous transfer of heat and moisture across the 
air-filled cavity. The determination of the charac- 
teristics of the porous plastic was necessary for the 
true boundary conditions of the air cavity to be 
deduced from known bulk-air conditions. For 
instance, the boundary condition for moisture trans- 
fer in the test cavity can only be deduced from 
measurement of the bulk-air humidity levels in the 
controlled and the receiving chambers, since there 
were no means available which could measure the 
surface humidity values in the same manner as a ther- 
mocouple was able to measure the surface tempera- 
ture. The characteristic values of the porous plates for 
both ‘vertical’ and ‘horizontal’ cavity arrangements 
were determined experimentally, and typical values 
are summarized in Table 1. 

The thermal conductivity and the moisture-diffu- 
sional resistance values were determined by placing 
only one porous plate between the controlled and 
receiving chambers. The boundary conditions across 
the porous plate and the resultant transfer rate were 
measured to allow the estimation of the appropriate 
resistance values. Slightly different values of these 
transfer parameters were found, according to the 
orientation, but the differences lie within the uncer- 
tainty of the data. The lack of hygroscopicity of the 
porous plate was found from separate bench-testing 
at various operating temperatures for the test cavity, 
while the thermal emittance was determined at 25°C 
using a Gier-Dunkle infra-red reflectometer. 

8. THE CAVITY CASE 

8.1. Heat and moisture transfer in a vertical cavity 
Figures 10 and 11 represent the complete range of 

experimental Nusselt and Sherwood numbers respec- 
tively as a function of the Rayleigh numbers for the 
‘vertical’ cavity. The range of experimental tem- 
perature and moisture difference applied across the 
cavity space corresponds to the level of temperature 

10 

. Exparimentol values: 
7 - + (Nu).AT only 

x (th).~T+~c 

5- 

FIG. 10. Comparison of experimental and theoretical Nusselt 
numbers with the experimental correlations of (i) Yin et al. 

[6] and (ii) Elsherbiny et al. [32]. 

Expedmmtal voium 
7 + (Sh). AC only 

X (Sh), AC+AT x x 
o (Sk). AC-AT 

5 
Yi 

g 

LL....,. 18 3x18 
Ra 

FIG. 11. Experimental and theoretical Sherwood numbers 
for the vertical cavity. 

Table 1. Thermal and moisture-transfer properties of ‘Vyon’ porous sheet, 
200 pm pore size 

Parameters 

Thermal conductivity 
forAT=6K(Wm-‘K-l) 

Moisture diffusion 
resistance for 
AP = 533 Pa (N s g-’ mm’) 

Hygroscopicity 

Thermal emittance : 
smooth side 
rough side 

Cavity configuration 
Vertical Horizontal 

56 + 3 x lo-’ 59 f 3 x lo-’ 
(=0.056) (=0.059) 

2.85 + 0.11 x 10’ 2.88 + 0.11 x 10’ 

nonhygroscopic 

0.71 0.77 
0.73 0.73 
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and moisture gradients one would expect to find in a 
typicai New Zealand building. The temperature 
difference ranged between 6.0 and 16.5 K, with the 
experimental uncertainty in the Nusselt numbers 
ranging from Ifr 11 to + 14%, of which two-thirds of 
the error was due to heat transfer rate measurements 
and the remaining one-third due to temperature 
m~suremen~. The vapour pressure used varied from 
144 to 747 Pa, with the experimental uncertainty in 
the Sherwood number ranging from + 16 to f 34%. 
The uncertainty in determining the boundary values 
for humidity accounted for about 95% of the error 
for the Sherwood number. 

Figure 10 compares the experimental and theoreti- 
cal Nusselt numbers for an aspect ratio of 7 from this 
work with the experimental correlations of Elsherbiny 
et al. 1321 and Yin et al. [6]. These latter exper- 
imental values were obtained from cavities of aspect 
ratio of 4.9-78.7 and those of Elsherbiny et al. from 
5 to 110. The numerical results agreed with both sets 
of published results within experimental uncertainty 
for the whole range of Rayleigh numbers in Fig. 10 
ahhough the correlation of Elsherbiny ef al. [32] fits 
the theoretical values better. The rmmerical results 
reported in Fig. 10 extend the earlier results of Probert 
and Dixon [29] for a cavity of aspect ratio 5 or greater, 
although the agreement with our data for the same 
range of Rayleigh number is not so good. 

The experimental Nusselt number correlation for 
the vertical cavity shown in Fig. 10 is 

(lvu) = 0.058[&~]~,~~~ S.D. = 0.7 (14) 

which agrees with the correlation of Elsherbiny et al. 
1321 and Yin et d. [6] within experimental limits of 
1 l-14%. Equation (15) is not recommended for use 
outside the range of Rayleigh numbers tested. 

Irrespective of whether the flow was generated by 
a pure moisture gradient or a combined heat and 
moisture gradient, the experimental Sherwood num- 
bers in Fig. 11 can all be characterized by a single 
correlation found by the least-squares technique 

(Sh) = 0.113[~~]~~86 S.D. = 0.3 (15) 

where 

for cocurrent flow 

(16a) 

and 

@],c = - [R&+ [R& for ~ounterc~~nt flow. 

06b) 

This demonstrated the suitability of the combined 
Rayleigh number as a measure of the dimensionless 
driving force. It also supported the postulate that the 
convecting air has no means of distinguishing between 
the type of buoyancy that is causing the flow, but 
merely affected by the ma~tude of the buoyancy. 
Thus, the Sherwood numbers obtained from the case 
of opposing gradients would always be smaller than 

the case of aiding gradients for similar values of [&z]r 
and [R& When compared with the isothermal case, 
however, the Sherwood numbers for the opposing 
gradients case can be higher if the temperature gradi- 
ent is much stronger than the moisture gradient (e.g. 
for the points at Ra = 2.5 x lo5 in Fig. 9). Thus, for 
the case of opposing gradients in the building cavity, 
the rate of moisture transfer is not governed by moist- 
ure-concentration difference but rather by the oppos- 
ing temperature difference which is principally respon- 
sible for generating the convective flow. The direction 
of the mass transfer is, nevertheless, still from the side 
of high moisture concentration to the side of low 
concentration. It is only in an isothermal cavity that 
the moisture gradients determine both the rate and 
the direction of moisture transfer. 

Figure 11 also compares the experimental Sher- 
wood numbers with the theoretical values from 
numerical calculation. The agreement between exper- 
imental and theoretical values is well within the exper- 
imental uncertainty of 1634%. The good agreement 
between experimental and theoretical results suggests 
that the values presented in Fig. 11 are reliable and 
equation (15) can be used to predict the moisture 
transfer in a vertical cavity. Altematively, using the 
computer model, one can confidently predict the Sher- 
wood number at any Rayleigh number between the 
limits given in Fig. 11 and more importantly, extend 
the prediction to other aspect ratios and Rayleigh 
number ranges where the computer model is expected 
to hold and where the present apparatus is not capable 
of producing data without extensive modification, e.g. 
at Rayleigh numbers less than 104. No other results 
were available from the literature to be compared with 
the Sherwood numbers in Fig. 11. 

The Sherwood numbers for the case of opposing 
gradients are seen to fall in line with those for the case 
of aiding gradients in Fig. 11. 

8.2. liTeat and moisture transfer in a horizontal cavity 
Figure 12 illustrates the plot of Nusselt and Sher- 

wood numbers against the appropriate Rayleigh num- 
ber for the case of horizontal cavities with upwards 
transfer and with downwards transfer. Both aiding 
and opposing gradients cases were investigated. The 
range of Rayleigh numbers investigated is similar to 
those described in Section 8.1. The Nusselt and Sher- 
wood numbers for the case of upwards transfer were 
5-9 times the corresponding values for the case of 
downwards transfer when both the temperature and 
moisture gradients were acting in the same direction. 
When the two driving forces are opposing each other, 
the combined Sherwood number for the case of down- 
wards moisture gradient and upwards temperature 
gradient lie almost in-line with the concentration Sher- 
wood numbers obtained from the case for upwards 
isothermal moisture gradient and the combined Sher- 
wood numbers for simultaneous upwards heat and 
moisture gradients. 

8.2.1. A horizontal cavity with upwards transfer. As 
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with the case of the vertical cavity, the dimensionless 
driving force resulting from the temperature difference 
was about ten times that generated by the moisture 
difference for the level of temperature and moisture 
gradient one would expect to find in an actual building 
cavity (temperature differences varied from 2.5 to 21 
K and moisture vapour-pressure differences from 215 
to 752 Pa). The range of experimental uncertainty is 

of similar magnitude to that for the vertical cavity. 
Thus, while (S/z), for the case of isothermal moisture 
transfer ranged from 1.7 to 2.9, the (S/I), for the 
case of combined transfer varied from 4.7 to 6.8. The 
Nusselt number, (Nu),, however, for the case of sim- 
ultaneous heat and moisture being generally 5% 
greater than (Nu), when the moisture gradient was 
absent. Since the experimental error in each case was 
about 12%, the difference is not significant. The prac- 
tical implication from this observation is that, while 
a simultaneous temperature gradient significantly 
increases the transfer of moisture, the reverse case is 

not true. 
A comparison between experimental and theoreti- 

cal Sherwood numbers from this work is also pre- 
sented in Fig. 12. The experimental Sherwood num- 
bers are seen to agree with the theoretical line within 
the experimental limits of *20%. Again no other 
results from the literature were available for com- 
parison with the data in Fig. 12. A best-fit line 

obtained by the least-squares technique 

(S/I) = 0.144[Ra];,;7’ SD. = 0.5 (17) 

describes all the experimental Sherwood numbers in 

Fig. 12, again illustrating that the combined Rayleigh 
number is an appropriate parameter to characterize 

the respective driving forces for the various kinds of 
different buoyancy-generating mechanisms. 

The Nusselt number correlation in Fig. 12 found 

by a least-squares technique is 

(Nu) = O.l57[Ra]$” S.D. = 0.5. (18) 

The Nusselt number from equation (18) is about 8% 
higher than the experimental correlation of Hollands 

Expwimsntal “al”e-3: 
“pvmda o-mafer: cuw”ward8 tmnsfec 
oNu.AT dy + NU. AT on@ 
*stl.cc oniy t sh.Ac only 

*tiu,AT+AC ONU,AT+AC 
OSh,AT+AC oSh.AT+AC 
.sh,AC-AT ,Sh.AC-AT 

FIG. 12. Nusselt and Sherwood numbers for the horizontal 
cavity and the experimental correlation of Hollands [4]. 

[4]. Considering the experimental uncertainty for the 
Nusselt number is between 11 and 14%, the agreement 
is reasonable. 

8.2.2. A horizontal cavity with downwards transfer. 
The Nusselt and Sherwood numbers for the down- 
wards transfer cases are seen to agree with the 
expected value of 1 .O within experimental limits for the 
case of heat transfer and for aiding heat and moisture 
transfer. The Sherwood numbers for the isothermal 

case do not equal 1.0 within experimental limits. One 
possible reason for this discrepancy was the difficulty 
of maintaining an exact zero temperature gradient 
across the horizontal cavity. If there was a tcm- 

perature difference of 0.550.8 K of the bottom surface 
over the top surface the convection current generated 
by the upwards temperature gradients would have 
been sufficient to give Sherwood numbers indicated 
in Fig. 12. The experimental uncertainty for the tem- 

perature difference for the downwards transfer case 
is about 0.36 K and hence the possibility of non- 
isothermal conditions in the cavity was high. 
However, the results for isothermal moisture transfer 
in the upwards direction were not affected in the same 
manner, which suggests that another reason was 
responsible for the rather high Sherwood number. 
Luikov and Berkotskii [33] have indicated that non- 
uniformity of boundary conditions over a flat surface 
can induce a convection current and hence increase 
the Sherwood number. The average deviation of the 
six surface temperature measurements from their 
mean value was about 5% ; this measured variation 
might be enough to trigger surface convection. This 
phenomenon was not apparent for the case of sim- 
ultaneous heat and moisture transfer because of the 
large stabilizing effect of the downwards temperature 
gradient which suppressed the surface convective 

current. 

9. CONCLUDING REMARKS 

The simultaneous transfer of heat and moisture in 
a rectangular cavity have been investigated exper- 
imentally and numerically. The cavity configurations 
used were those of a ‘vertical cavity’, ‘horizontal 
cavity with upwards transfer’ and ‘horizontal cavity 
with downwards transfer’. Both aiding and opposing- 
gradients flow were investigated. The temperature 
difference used in the experiments ranged from 4 to 
21 K (corresponding to Rayleigh numbers of4 x 105mm 
1.47 x 10h). The vapour-pressure difference used in 
the experiments varied from 170 to 650 Pa (cor- 
responding to the Rayleigh number range of 
2.4 x lO”1.2 x 105). These conditions correspond to 
those expected to be found in practice in building 
cavities in New Zealand. 

The rate of heat and moisture transfer in the vertical 
cavity and the horizontal cavity with upwards transfer 
was found to be five to nine times that of the hori- 
zontal cavity with downwards transfer. The cor- 
responding Nusselt and Sherwood numbers for the 
horizontal cavity with downwards transfer was found 
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to attain the value of 1.0 within experimental limits. 

The presence of natural convection in the former two 
cases is responsible for the higher transfer rates. Fur- 
ther the Sherwood number for moisture transfer 
across an air-filled cavity will never attain the limit of 
1 .O unless the presence of natural convection has been 
completely suppressed. 

In the case of natural convection resulting from 
the range of temperature and moisture difference one 
would expect in practice, the dimensionless buoyancy 
driving force corresponding to the temperature 
difference (Ra), was about ten times that generated 
by the moisture content difference (R&. Thus while 
the Sherwood number ranged from 1.7 to 2.9 in the 
absence of the simultaneous temperature gradient, it 
increased to 4.7 to 6.8 in the presence of it. The value 
of the Nusselt numbers, however, did not show any 
significant increase in the presence of the simultaneous 
moisture gradient. 

The experimental Nusselt and Sherwood numbers 
reported in this paper agreed closely with the numeri- 
cal results. This agreement verifies the use of the model 
in predicting the rate of heat and moisture transfer 
at any temperature and/or moisture gradient levels 
within the limits of the experimental data. The model 
may be extrapolated beyond the range of experimental 
limits, especially in the region of low temperature 
and moisture gradients where the conditions of the 
model are expected to hold but experimental vali- 
dation was not possible due to the limitation of the 
apparatus. 
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TRANSFERT DE CHALEUR ET D’HUMIDITE PAR CONVECTION NATURELLE DANS 
UNE CAVITE RECTANGULAIRE 

Resume-Le transfert simultane de chaleur et d’humidite par convection naturelle dam une cavite remplie 
d-air, de rapport de forme 7,0, est ttudie numeriquement et exptrimentalement pour une cavite horizontale 
ou verticale. Les nombres de Prandtl et de Schmidt sont respectivement 0,7 et 0,6. Les equations aux 
differences finies sont resolues par la methode implicite dynamique a directions alter&es (DADI). On 
calcule les ecoulements aides et opposes pour des nombres de Grashof de chaleur et de concentration qui 
correspondent aux gradients reels de temperature et de concentration trouves dans une cavite typique en 
Nouvelle Zelande (2 x 10’ i Gr, < 2 x lo6 et 1 x lo4 < Gr, < 2 x 105). La technique experimentale utilise 
deux plaques plastiques poreuses comme parois de la cavite, permettant l’imposition des gradients simul- 
tan& de temperature et d’humidite. Les nombres experimentaux de Nusselt et de Sherwood sont en bon 

accord avec les valeurs theoriques. 

WARME- UND FEUCHTIGKEITSTRANSPORT DURCH NATtiRLICHE KONVEKTION 
IN EINEM RECHTECKIGEN HOHLRAUM 

Zusamrnenfaasung-Der gleichzeitige Transport von Wlrme und Feuchtigkeit durch natiirliche Konvektion 
in einem luftgefiiilten Spalt mit einem Seitenverhlltnis von 7,0 wird numerisch und experimentell sowohl 
fur horizontale als such fiir vertikale Orientierung des Spaltes untersucht. Die verwendete Prandtl-Zahl 
betriigt 0,7, die Schmidt-Zahl 0,6. Die Finite-Differenzen-Gleichungen werden mit dem dynamischen 
impliziten Verfahren der alternierenden Richtungen (DADI) gel&t. Sowohl gleich- als such gegensinnige 
Striimungen werden fiir solche Bereiche der thermischen und konzentrationsbezogenen Grashof-Zahlen 
berechnet, welche mit typischen Temperatur- und Konzentrationsgradienten in Gebluden iibereinstimmen : 
(2 x IO5 < Gr, 4 2 x lo6 und 1 x lo4 < Grc < 2 x 105). Die Versuchsanordnung besteht aus zwei poriisen 
Kunststoffplatten, mit denen gleichzeitig Feuchtigkeits- und Temperaturgradienten aufgebracht werden 

kiinnen. Berechnete und gemessene Nusselt- und Sherwood-Zahlen stimmen gut i&rein. 

ECTECTBEHHOKOHBEKTHBHbIH TEI-IJIO- I4 BJIAI-OIIEPEHOC B I-IPJIMOYFOJIbHOfi 
I-IOJIGCTH 

&HOTaLJJ"l-%WIeHHO B 3KCnepHMeHTaJlbHO HCCJIeL,yeTCX COBMt-ZCTHbIfi eCTeCTBeHHOKOHBeKTWBHblii 

TennO- H BJUWOnepeHOC B rOpH30HTaJ'IbHO H BepTHKUbHO OpHeHT~OBaHHbEi 3aITOJ‘HeHHblX BOLWYXOM 

nOJIOCTIlX C OTHOlIleHHCMCTOpOH 7,0. MCnOJIb3yIoTCff 3HaYeHBRYliCeil npaHJJTJI5l A ~MHATa,COOTBeTCT- 
BeHHO paBHbIe 0,7 &i 0,6. KOHCYHO-pa3HOCTHbIe YpaBHeHHR peIIIaIOTCK ASiHaMSiWCKUM HeRBHbIM 

MeTOAOMne~MeHH~XHanpaBneHHii.Pa~YwTMsaloTcKcoBnaniuoruEleu BcTpeuHbIen0~0~~ BDana30- 

HaX 3Ha'IeHdi TeII,IOBOrO W KOH~eHTpaIIJSOHHOrO WCeJI rpaCrO@a,COOTBeTCTB,'IO~X peiJIbHbIM rpa- 

ABeHTaM TeMnepaTypbI Ei KOHIIeHTpalViH, XapaKTepHbIX LUIK BIiJ'TpeHHIiX O~TSMOB 3JWiHfi, TEXIWiHbIX 

~nr HOBOG 3enax+,mm (2 x 10’ < Gr, -c 2 x lo6 II 1 x lo4 < Gr, < 2 x 10’). B 3KCtIepHMeHTe HCnOJIb- 
J,WTC,, ABe IIOpHCTbIe tlJIaCTMaCCOBbI~ ILnaCTHHbi B KaYeCTBe CTeHOK AByX llOJlOCT&i, JlOII)'CKaKNIUiX 

HanoxeHne COBM~CTH~IX rpazmeHTon nnarH H TeMnepaTypu. HaitseHo,q~o 3KcnepwMeHTanbHbIe 3Haqe- 

HE,KWD%IHyCCe,IbTaH m~ByAaXOpO~OCOrnaCyloTCrCHKiraeHHblMElTeO~TEi¶~KH. 


