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Heat and Mass Transfer in Partial Enclosures

K. Vafai* and S. Sarkarf
Ohio State University, Columbus, Ohio

The present investigation is about the condensation and phase change processes in an enclosure partially filled with
a porous insulation. The effect of variations in the porous insulation thickness on the moisture, relative humidity,
temperature, and condensation rate fields is investigated. The problem is modeled as a transient, multiphase flow in
a composite slab consisting of a porous portion followed by an air gap with impermeable, adiabatic horizontal
boundaries and permeable vertical boundaries. The thickness of the porous insulation is varied between 60 and 100%
of the overall thickness of the enclosure. For some typical conditions in a building insulation, it is found that the
condensation rate and the resultant liquid accumulation do not increase significantly as the thickness of the insulation
is decreased in the aforementioned range.
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Nomenclature
= fraction of the enclosure filled with insulation
= heat capacity at constant pressure, W • s/kg • K
= vapor diffusivity coefficient, m2/s
= effective vapor diffusivity coefficient in the porous
medium, m2/s

= vapor diffusivity coefficient in air, m2/s
= Fourier number, a0,eff^/^2

= enthalpy of vaporization per unit mass, W • s/kg
= thermal conductivity, W/m • K
= effective thermal conductivity, W/m • K
= characteristic length of the insulation, m
= Lewis number in the porous insulation, a0jeff//)1<eff
= modified Lewis number in the air gap,

^9,eff/^l,air
= dimensionless rate of phase change (negative for
condensation _and_ positive for evaporation), m/

1
2, air

= vapor phase
= air phase

,
= Peclet number, F0L/a0 eff
= vapor gas constant, N jn/kg • K
= dimensionless time, T/(Z2/a0,eff) =_Fo
= dimensionless temperature, T/&T
= dimensionless spatial coordinate, horizontal
= infiltration velocity, m/s
= effective reference thermal diffusivity, m2/s
= reference temperature difference, K
= volume fraction
= dimensionless density
= saturated vapor density, kg/m3

= relative humidity, pi/pi,s

= cold boundary
= effective properties
= hot boundary
= saturated vapor
= liquid phase
= gas phase, which consists of air and water vapor
= solid phase
= reference properties and variables
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Superscripts
(~) = dimensional quantities
y = intrinsic phase averages in the gaseous phase
< > = local volume average of a quantity

Introduction

THE subject of partially filled enclosures has very recently
received some attention.1 The basic reason for this recent

interest is the feasibility of obtaining the same thermal insula-
tion for an enclosure partially filled with insulation as for an
enclosure completely filled with insulation.

A typical fibrous insulation consists of a solid matrix in a gas
phase consisting of a mixture of air, water vapor, and a very
small amount of adsorbed liquid water. Condensation may
occur in the interior of the insulation if the heat losses decrease
the vapor temperature to its saturation value. This results in
augmented heat transfer as a result of the liberated latent heat
of evaporation. Condensation also leads to an increase in the
apparent thermal conductivity of an insulation slab as the ther-
mal conductivity of water is approximately 24 times that of air.
Energy transfer in the fibrous insulation involves several differ-
ent transport mechanisms. There is heat conduction in all the
three phases. Vapor diffusion and convection occur in the gas
phase due to density variations induced by temperature and
vapor concentration gradients.2~6-9 Infiltration occurs as a re-
sult of the pressure drop across the insulation walls, which has
to be accounted properly.

In many applications, an enclosure of fibrous insulation sep-
arates the warm, humid air from a colder environment, as
shown in Fig. la. However, in this work only a fraction of the
enclosure consists of the fibrous insulation with the remaining
empty space forming an air gap. The problem is modeled as a
transient, multiphase flow in a porous slab with impermeable,
adiabatic horizontal boundaries and permeable vertical
boundaries. The insulation matrix is assumed to have a large
aspect ratio, i.e., a large height-to-gap ratio, and a small
modified Rayleigh number. Furthermore, it is assumed that the
bulk velocity in the gas phase is due to infiltration and the
liquid accumulation is small so that it exists in the pendular
form. An investigation of the interaction between moisture,
relative humidity, temperature, and the condensation rate
fields for different insulation thicknesses is presented. The in-
terface between the dry and wet zones is found directly from
the solution of the transient governing equations. The present
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investigation neglects natural convection in the air gap of the
partial insulation enclosure, although heat transfer by infiltra-
tion and mass transfer are accounted for. Neglecting the natu-
ral convection in the air gap is not a good assumption if the air
gap occupies a major fraction of the enclosure. Therefore, in-
stead of varying the insulation thickness 0-100% of the overall
thickness of the enclosure, the range of variation has been
limited to 60-100% in the current work.

For some typical conditions in a building insulation, it was
found that the condensation and the resultant liquid accumula-
tion did not increase significantly as the thickness of the insula-
tion was decreased by 40%. Thus, an enclosure partially filled
with 60% or more of an insulation material seems to be as
good, as far as the condensation problem is concerned, as an
enclosure completely filled with an insulation material.

Analysis
The problem is modeled as a slab partially filled with an

insulation material as shown in Figs. Ib and Ic. The vertical
boundaries are permeable to matter as well as heat. When the
temperature and vapor density gradients are moderate, the liq-
uid accumulation by phase change is small6 and therefore the
condensate is usually present in a discontinuous and pendular
state.7 Hence, vapor transfer, and not liquid transfer, is the
dominant mode of moisture transport. Furthermore, moderate
temperature gradients and the large aspect ratio of a typical
fibrous insulation greatly reduce the free-convection heat-
transfer process.

However, the bulk convection due to air infiltration is usu-
ally very important and must be considered. Therefore, in this
work the enclosure is assumed to have a large aspect ratio and
a small modified Rayleigh number. It is also assumed that the
bulk velocity in the gas phase is due to infiltration and the
porous insulation is homogeneous and isotropic. The govern-
ing equations for the porous section that are valid in the range
of 0 < x < a are then obtained as

fep <"*>__ Q
dt S^2

5
~dt( dx S4S,

= 0

(1)

(2)

0402*^5

S3s4s6pe, a<r> , S6
dt S7

s6d
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>7~&TJ
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The above equations are obtained after considerable alge-
braic manipulations on the work of Whitaker on drying.2 The
above equations neglect any boundary and inertia effects. This
is a reasonable assumption for the present problem based on

the analysis of Vafai and Tien.8-10 Therefore the above equa-
tions are based on the Darcy formulation.11'13 In developing
the governing equations, it is assumed that the effective vapor
transport coefficient Dleff is a constant. However, without any
available experimental data, the moisture transport coefficient
is not a known quantity. Therefore, experimental investiga-
tions are needed in this area. The value of Dl eff used in this
analysis was 10 ~ 5 m2/s. This value is based on the fact that the
moisture transport coefficient is approximately dominated by
the gas-phase diffusion for very small values of the liquid
content.

In these equations, <P!>V and <py>y are the intrinsic phase
averages for p{ and py in the gaseous phase and the bracketed
variables refer to the local volume average of that variable.
Equation (1) provides the history of the condensate in the
porous section, Eqs. (2) and (3) the space and time variations
of the gaseous density and the condensation rate, respectively,
Eq. (4) the transient behavior of the temperature distribution
inside of the porous section, and Eq. (5) a volumetric con-
straint at any point in space and at any time. The quantities
with subscript "0" refer to the reference properties and vari-
ables and the variables with bar on top to dimensional quanti-
ties. The reference properties refer to typical properties of a
fibrous insulation material. It should be noted that the refer-
ence properties are calculated when there is no phase change in
the insulation material. However, as the insulation material
experiences a phase change, the properties will change (these
variable properties are accounted for in the analysis). For this
reason, the original properties are named reference properties.

The Peclet number Pe characterizes the relative importance
of the convective and diffusive heat-transfer process. The Lewis
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Fig. 1 Enclosure filled with different
thicknesses of a porous insulation.
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number Le characterizes the relative importance of the heat-
and mass-transport mechanisms. Both the Peclet and Lewis
numbers are independent of space and time. Among the con-
trolling parameters, 53, S6, and S7 vary with transient and
spatial variations of the thermophysical properties. On the
other hand, Si9 S2, S4, and S5 are constants that are fixed once
the reference properties are chosen. At any location in the
porous slab where it is dry, the condensation rate <m> is iden-
tically zero. On the other hand, at any point in the slab where
it is wet, the vapor density equates itself to the saturated vapor
density, which is given by

where
Af

(9)

(10)

For the air space, a <x < 1, the governing equations are
obtained as

dt dx

dp,.

VT_ dT _ d2T
+ e~~Sl0

where
«0,eff

*^m — ~—

(11)

(12)

(13)

(14)

In the above, Eqs. (11) and (12) provide the transient distribu-
tions of the gaseous and vapor densities, and Eq. (13) gives the
temperature distribution inside the air gap. Details about the
interface boundary conditions are given in the next section.

To investigate the effect of partial insulation on the conden-
sation and temperature distributions, Eqs. (1-5), (9), and (11-
13), which are nonlinear and coupled, are solved subject to a
typical set of boundary and initial conditions.

The Numerical Scheme
Since the governing equations for the partially filled slab are

nonlinear and coupled, a numerical scheme was devised for
solving the governing equations.

The numerical scheme was based on the finite-difference
form of. Eqs. (1-5) and (11-13). The space derivatives were
approximated by a central-differences form except for the con-
vective terms, which were approximated by using an upwind
differencing scheme. The accuracy of the numerical solution
was tested by decreasing the spatial and time increments and
comparing the corresponding values of the pertinent variables
in both cases. In solving Eqs. (1-5) inside the porous slab, two
different approaches were pursued. Based on the experimental
results of Langlais et al.,6 values of £p < 10 ~ 6 were considered
to be part of the adsorbed water. Therefore, when 6p was less
than 10 ~6, the condensation rate was set equal to zero at that
location in the slab. This way, for eft < 10 ~6, Eq. (9) was not
used in the numerical solution.

The interface between this porous slab and the air space
requires special consideration. This is due to the sharp change
of properties across the interface. Let nodes (m — 2) and
(m — 1) denote the region inside the porous slab next to the
interface and the nodes m and (m + 1) denote the region inside
the air gap next to the interface. Therefore, the control volumes
corresponding to the nodes (m — 1) and m have a common
boundary exactly at the interface. In the numerical scheme, the
governing equations corresponding to the porous slab are ap-
plied up to and including node (m — 2), and for node (m + 1)

and beyond the governing equations for the air gap are ap-
plied. However, nodes (m — I) and m require special handling.
This is done by allowing the thermal conductivity and the diffu-
sivity coefficient to vary across the control volumes corre-
sponding to nodes (m — 1) and m. Following Patankar's14

approach, we define a new set of interface properties for the
thermal conductivity and the diffusivity coefficient. For the
present case, these are obtained as

(15)

(16)

Now the thermal conductivity and diffusiyity coefficients K
and Dl are allowed to vary from KeK and /51>eff to Kt and Dt
across the control volume corresponding to node (m —_1) in-
side the porous slab. Likewise, these cpeificients_, A" and 51? are
allowed to vary from Kt and Dt to Ka-ir and 51>air across the
control volume corresponding to node m inside the air gap. To
account for these variations, Eq. (3), which corresponds to the
porous side, and Eqs. (12) and (13), which correspond to the
air gap, need to be modified. Therefore, for node (m — 1) Eqs.
(1), (2), (4), and (5) are still utilized. However, instead of Eq.
(3), the following equation was used:

(17)

where Le * = a0 eff/Z) varies across the control volume for node
(m - 1).

For the air gap for node m, Eq. (11) is still used; however,
instead of Eqs. (12) and (13), the following were used:

dt

dT

dpl d [ \ d /PAH
7T=7r\T-;Py7r\ ) \dx dx\_Le% dx\pyj_\

dT
Sndx dx

a0,eff
:~5~'

K
W

(19)

(20)
0,eff

where Le% and Sft vary across the control volume for node m.
Thus, in order to account for the interface between the air gap
and insulation, the values of the thermal diffusivity and vapor
diffusivity have been appropriately varied across the interface.

Results and Discussion
To investigate the effect of variations of the insulation thick-

ness on the condensation process the insulation thickness was
varied at 60-100% of the enclosure thickness. Specifically,
three different insulation thicknesses were analyzed: 60, 80, and
100% of the enclosure thickness.

Initially, it was assumed that there was no water condensate
inside the insulation slab. However, the solution scheme al-
lowed for the presence of some initial adsorbed water inside the
slab. Although the nonhomogeneity near the insulation
boundaries could be considered by letting the fiber porosity be
a function of position, in the present analysis the fiber porosity
was considered to be a constant. In analyzing the condensation
process, the physical data, which correspond to some typical
conditions in a building insulation, shown in Table 1 were used
in the numerical calculations. It should be noted that AT is not
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related to Th and Tc — it represents only a characteristic tem-
perature difference.

The boundary conditions on the temperature and the rela-
tive humidity were specified for a hot and humid environment
on one side and a colder environment on the other. These
boundary conditions are specified as

r(;c = 0,0 = 15.65

and

, f =0) = 15.0 (21)
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Fig. 2 Liquid content distributions for the full enclosure: a) the time
history of the liquid content at three different locations; b) the spatial
distribution of the liquid fraction at three different times.

Table 1 Data used in analysis of condensation process

Physical properties
ea = 0.03 K0 eff = 0.026 W/m • K
Z) l e f f :=io-5m2 /s f / z '-313K
Po-31kg/m3 re=300K
a = 9 9 x 10 ~ 7 m2/s AT = 20 K
c°0 = 842 J/kg • K v0 = 1.66 x 10~5 m/s

Air properties
pair - 1.16 kg/m3 Dair = 3 x 10~5 m2/s
cair - 1000 J/kg • K L = 0.12 m
Kair = 0.026 W/m • K

co(x = 0, t) =coh

co(x = 1,7) =Q)C = 1

G)(jC, t = 0) = 1 (22)

For all of the figures presented in this section, an coh of 0.6
was used in the numerical computations. The transient analysis
of the process is very important because a typical insulation
slab is exposed to a natural cyclic behavior on a day-to-day
basis. In what follows, the interaction between the liquid frac-
tion, condensation rate, relative humidity, and temperature
fields for three different insulation thicknesses is presented.

First, the case where the entire enclosure is filled with the
porous insulation is considered. The time history of the liquid
fraction at three different spatial locations, xl = 0.2, x2 = 0.6,
and x3 = 0.8, is presented in Fig. 2a. The spatial distribution of
the liquid content at three different times, ̂  = 250 s, 72 = 500 s,
and 73 = 2000 s, is shown in Fig. 2b. The time history and
spatial distribution of the condensate rate, for the same spatial
and time locations as in Fig. 2, are presented in Figs. 3a and 3b,
respectively. The relative humidity, defined as co =. pl/pl^ as a
function of position inside of the slab is presented in Fig. 4a for
the three different times used in Figs. 2 and 3. The temperature
distribution at tl9 t2, and £3 is presented in Fig. 4b. There is
condensation followed by subsequent drying in the porous slab
as shown in Fig. 3a. The initial condensation occurs because
the humid air from the exterior penetrates rapidly into the
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Fig. 3 Condensation rate distribution for the full enclosure: a) the time
history distributions; b) the spatial distributions.
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Fig. 6 Spatial and time history distributions of the condensation rate for
the 80% partial enclosure for the same spatial and time locations used in
Fig. 3.

cooler interior of the slab. However, since the temperature
increases with time in the interior, as depicted by Fig. 4b, the
accumulated liquid evaporates at later times. This evaporation
process then results in an increase in the relative humidity as
shown in Fig. 4a. Furthermore, it can be seen that in all of the
figures that at time F3 the overall phase change rate and the
liquid fraction have either become significantly reduced or have
approached zero.

In a recent study of fibrous insulation,15 it was shown that
the condensation, and the resulting augmentation of heat
transfer, is a serious problem only for large Peclet numbers
(certainly for Peclet numbers above 1). For this reason, the
Peclet number used in this investigation was chosen to be 2.
This Peclet number corresponds to an infiltration velocity of
1.66 x 10 ~ 5 m/s. This type of velocity can be easily induced by
air infiltration through cracks and pinholes in the insulation
boundaries. The corresponding spatial and transient field dis-
tributions, for the case when the insulation thickness is 80% of
the enclosure thickness, are presented in Figs. 5-7. Finally the
field distributions for the case where the insulation thickness is
60% of the full enclosure are presented in Figs. 8-10.

The abrupt changes in some of the field variables, shown in
some of the figures, are believed to be the result of the complex
interaction of the temperature and moisture fields. This com-
plex interaction, along with the application of a step change in
the boundary conditions, does not allow for a smooth evolu-
tion of field variables. The grid steps were doubled to check the
effect of the grid sizes on these abrupt changes. It was found
that, in general, the curves became smoother; however, the very
abrupt changes and the qualitative behavior of the curves were
not affected by the increase in the grid sizes. This was found to
be true for all of the figures presented in this paper.
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Fig. 9 Spatial and time history distributions of the condensation rate for
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As it can be seen, there is no major increase in the condensa-
tion rate or the liquid fraction for the partial enclosure and, in
fact, these quantities were somewhat decreased at some time
and spatial locations. The relative humidity does not experi-
ence any changes for the initial time; however, it experiences
some changes for the later times. As for the temperature distri-
bution, there is hardly any change at all for the full, 80%, and
60% partial enclosures at any time. In conclusion, an enclosure
with insulation covering 60% or more of its length seems to be
as good as a full enclosure as far as the condensation problem
is concerned. The implications of these results are obvious, but
very important. This is because of the savings in both the labor
and material involved in installing these insulations for differ-
ent applications.
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