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Abstract-This paper develops a numerical model for simulating heat and moisture transfer through a 
porous insulation, with impermeable, adiabatic vertical boundaries, and with one horizontal boundary 
facing a warm humid ambient and the other facing a cold impermeable surface. The problem is modeled 
as one-dimensional, transient, multi phase flow with variable physical properties. The analysis has identified 
four phases of energy and moisture transport processes, and they are formulated by a system of transient 
intercoupled equations and several thermodynamic relations using the local volume averaging technique. 
The numerical model is validated by comparing with experimental data for different operating conditions 
and for times up to 600 h. The model predicts the temperature distribution, the heat transfer and the total 
moisture gain successfully. The predicted liquid distribution agrees with measured data for a period of up 
to 70 h. The interesting effects of pertinent parameters on the energy and moisture transfer in the porous 

insulation are investigated. 

INITRODUCTION 

The simultaneous flow of heat and moisture in build- 
ing materials has received considerable attention in 
the recent literature. .Moisture transport results in con- 
densation-evaporati80n processes which accompany 
energy transfer through building envelopes. The 
moisture ingress into building components, par- 
ticularly porous thermal insulation over a long period 
will lead to the accumulation of water, which in turn 
results in the corrosion of the insulated metallic com- 
ponents of the system. 

Ideally, the use of a vapor barrier on the warm side 
of a porous building component should prevent the 
ingress of water vapor. However, in actual practice 
this is not completely realized due to difficulties with 
installation and cracks that develop with time. From 
a design stand point it is useful to understand and 
quantify these heat and mass transfer processes. Such 
an understanding may lead to methods of preventive 
maintenance which will enable us to drive moisture 
out and dry insulations to re-establish its effectiveness. 

Investigations of heat and moisture transport in 
insulation may be classified as (a) laboratory studies, 
(b) field studies and (c) analytical-numerical design 
studies. Although very useful, laboratory and field 
studies are time consuming because in practical situ- 
ations, moisture transfer occurs slowly. Also it is 
difficult to cover a wide range of operating and design 
conditions in such work. Laboratory work was 
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reported by Kumaran [l, 21, Wijeysundera et al. [3, 
41, and Modi and Benner [5, 61. Extensive field inves- 
tigations have ben carried out by Heldin [7]. 

Analytical studies on moisture and heat transfer 
were reported by Ogniewicz and Tien [8], Motakef 
and El-Masri [9] and Shapiro and Motakef [lo]. These 
papers mainly dealt with the quasi-steady phase of the 
transfer processes. Vafai and co-workers [l l-141 have 
performed extensive numerical simulations of heat 
and moisture transfer processes in porous insulations. 
They have used both one-dimensional (1D) and two- 
dimensional (2D) models to predict the heat transfer 
parameters. Tao et al. [ 151 have used numerical simu- 
lations to study frosting effects in fibrous in- 
sulations. 

The experimental results reported by Wijeysundera 
et al. [3, 41 showed the variation of a few physical 
parameters during the short-term and long-term 
moisture transfer in an insulation slab. Based on these 
measurements suggestions were made about the likely 
physical processes which might be occurring in the 
insulation. The aim of the present study is to perform 
a detailed numerical simulation to verify the existence 
of the different phases of the moisture transfer process 
and there by interpret physically the experimental 
measurements. Also, the effect of the transient vari- 
ation of physical properties such as the thermal con- 
ductivity, the vapor and liquid diffusivity due to liquid 
accumulation on the dynamic behavior of the insu- 
lation is investigated in the present study. 

In the next section the governing equations and 
the numerical procedure are outlined. The subsequent 
sections give the numerical results, comparisons and 
discussions. 
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NOMENCLATURE 

B heat transfer Biot number, h L/k* q2 total heat flux at cold surface [w m-2] 

4X? mass transfer Biot number, h,L/D: R gas constant [J kg-’ IV’] 

CP nondimensional specific heat capacity, RH ambient relative humidity [%] 
C;IIC$ S liquid saturation 

DV nondimensional vapor diffusivity, T temperature of slab [K] 
Dv*i4 TCI reference temperature in equation (13) 

D, nondimensional liquid diffusivity, [Kl 
D :/c4 T, ambient temperature [K] 

D,2 binary diffusion coefficient [m’ s-l] TZ temperature of cold surface [K] 
Fo Fourier number, t*oz,o/L2 t nondimensional time, t*a,o/L’ 
9 ClausiusClapeyron relation, p,*lp$ w weight liquid content 
G nondimensional condensation rate, X distance along slab [m] 

~~21Plxl Z nondimensional distance, x/L. 
h ambient heat transfer coefficient 

[w mm2 K-‘1 Greek symbols 
h, ambient mass transfer coefficient @!I effective thermal diffusivity, k,*/p,*c& 

[kg m -2 s-‘I AT temperature difference, (T, - T2) 
h fP specific enthalpy of phase change & volume fraction 

[J kg-‘1 Eo void fraction of dry slab 
k nondimensional thermal conductivity, a” void fraction of slab with liquid 

k*/k; I- condensation rate per unit volume 
k dry dry thermal conductivity [w mK-‘1 [kg m -3 s-II 
k =I equivalent thermal conductivity PI density [kg m-‘1 

[w m K-‘1 tortuosity factor 
k eK effective thermal conductivity of slab ; nondimensional temperature, T/AT. 

[w m K-‘1 
K nondimensional hydraulic Subscripts 

conductivity, K*L/ueo ai air 
L thickness of slab [m] ambient 
Pi nondimensional pressure, ~yppv*~ : dry state 
ptot,, nondimensional total gas pressure 1 liquid 
pi nondimensional parameter, p$/pt V vapor phase 
p2 nondimensional parameter, hfg/ATc,*o Y gas phase 
p, nondimensional parameter, solid phase 

ATR,PO*IP,*, ; liquid phase 
p4 nondimensional parameter, 0 reference condition. 

ATR,ptl~,*o 
p5 nondimensional parameter, h,/ATR, Superscripts 

41 total heat flux in slab [w m-‘1 * dimensional quantity. 

PHYSICAL MODEL The first stage is a relatively short initial transient 

The physical system is modeled as a porous slab 
with impermeable and adiabatic vertical boundaries 
as shown in Fig. 1 (a). The upper horizontal boundary 
is impermeable and subjected to a cold temperature, 
and the lower one is exposed to an ambient that is 
warm and humid. Initially, the slab is assumed to be 
fully dry with a uniform temperature equal to the 
ambient temperature and the vapor density equal to 
the ambient vapor density. It is suddenly subjected to 
a temperature drop at the upper impermeable surface. 

The water vapor will migrate into the insulation 
due to the vapor density gradient and the temperature 
gradient, and it is expected to exhibit four stages of 
transport processes as shown in Fig. 1. 

stage in which the temperature and vapor con- 
centration fields are developing within the insulation 
slab. In the second stage [Fig. 1 (b)] the heat and vapor 
transfer processes reach a quasi-steady state, and the 
temperature and water vapor density fields are 
invariable with time. Liquid is accumulated in the wet 
region, however the liquid content is still low and 
does not have a significant effect on the transport 
properties. When liquid accumulation exceeds a criti- 
cal value, the liquid starts to move due to the generated 
liquid pressure and will flow towards the wet-dry 
interface [Fig. 1 (c)l. Capillary action could also assist 
liquid transport. As time proceeds, the liquid front 
will move into the dry region of the slab. In the last 
stage, the liquid front eventually reaches the exposed 
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Fig. 1. Schematic of the four stages in the moisture transfer process : (a) initial transient stage, (b) quasi- 
steady stage, (c) liquid diffusion stage and (d) long-term moisture gain. 

surface and liquid accumulation in the slab continues 
[Fig. 1 (d)]. The long-term accumulation of liquid in 
the insulation is believed to have two important 
effects : (1) a decrease in the local vapor diffusion 
coefficient and (2) an increase in the local thermal 
conductivity of the s:lab. These factors will both influ- 
ence the heat transfer and the condensation rate in the 
slab. 

The formulation of this problem is based on the 
local volume averaging technique [ 16, 171. The mass, 
momentum and energy equations for each phase 
which make up the governing equations for heat and 
mass transport in the insulation are derived using the 
volume averaging method. Several assumptions are 
made in arriving at the governing equations. (a) The 
fibrous insulation is homogeneous. (b) The solid- 
liquid-gas system is :m local equilibrium. (c) No con- 
vective gas phase flow occurs in the insulation matrix ; 
any moisture accumulation is caused by vapor 
diffusion only. (d) T:he total gas pressure in the insu- 
lation matrix is constant. (e) For medium density 
fibrous insulations where the main fiber orientation is 
horizontal, the effect of gravity on liquid transport 
can be neglected. DUN: to assumptions (c) and (d), the 
gas and liquid pressure distribution can be considered 
to be hydrostatic. 

GOVERINING EQUATIONS 

The details of the application of the volume aver- 
aging technique to porous insulation systems are 
available in Vafai et d. [ 11, 121. The derivation of the 
governing equations requires considerable algebraic 

manipulation [ 161. The final forms of these governing 
equations in terms of the nondimensional variables 
are given as : 
Energy equation 

Vapor diffusion equation 

(1) 

(2) 

Liquid transport equation : 
The governing equation for liquid transport is for- 

mulated in such a manner that measured data on 
liquid diffusivity could be used. Cid and Crausse [18] 
measured the liquid diffusion coefficient for fiberglass 
insulation of different density and fiber size. Their 
liquid diffusion coefficient D:(W) is defined as in the 
following liquid transport equation : 

a~ a _=- 
at* ax [ 

D*(w)? + @K*(w) + f 1 ax P: 1 Pbc 
(3) 

where w is the mass liquid content, K*(w) is the 
hydraulic conductivity and is a function of the liquid 
saturation S. The relation between w, S and liquid 
fraction eg are 

P19* 
W=;&p 

PO 

QT!Y 
PB*Eo 
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&+q = EJ = (1 -&J&s (6) 

where E,, is the void fraction of the dry porous insu- 
lation. 

Equations (4)-(6) are used to transform equation 
(3) to the form used in the present formulation. In 
terms of the nondimensional variables, the liquid 
diffusion equation becomes 

asp-a 
at 

_ -& 

[ 
D,(Ep)~ +m/?) + g. 

1 
(7) 

I 

The liquid diffusion coefficient and hydraulic con- 
ductivity in terms of liquid saturation are regressed 
from Cid and Crausse’s experimental data [18]. The 
following polynomials have less than 5% discrepancy 
from the original experimental data : 

D:(S) = 1.29 x lo-* $9.913 

x lo-‘S+ 1.6018 x 10-6S2 

-7.8408 x 10-6S3 

+ 1.053 x lo-5S4 

(0.45 > S > 0.05) 

K*(S) = 4.502 x lo-’ 

-4.658 x 10-6S 

+ 1.05486 x 10-3S2 

-2.56279 x 10-3S3 

- 1.7555 x lo-4S4 

+3.956x lo-‘S’. 

THE CONSTITUTIVE EQUATIONS 

(8) 

(9) 

The corresponding constitutive correlations in 
terms of the nondimensional variables are [l l] : 
Volumetric constraint ; 

E,+&p+E, = 1 (10) 

Thermodynamic relations ; 

P” = p,P,e (11) 

Pai = p4Paie (12) 

pv = exp w/e- wdl (13) 

and 

Ptotal = Pa1 t-P”. (14) 

All the nondimensional variables and the non- 
dimensional parameters PI-P, are defined in the 
nomenclature. 

The spatial average density of the porous insulation 
is defined as 

P = EcTP,+EpPp+EyPy (15) 

where 

Pv = Pai+Pv. (16) 

The mass fraction weighted average specific heat 
capacity is defined as 

cp = (~oP&xl +QPsq@ +qP,c,,)lP (17) 

where 

cpy = (GPv +GPai)/Py. (18) 

THERMAL CONDUCTIVITY MODELS 

The presence of liquid has a significant effect on the 
thermal conductivity of the porous insulation. It is 
believed that the apparent thermal conductivity of 
moist insulation depends on the manner that the liquid 
distributes inside the insulation [ 191. 

Three different physical models for liquid dis- 
tribution in a porous medium are considered in the 
present study. 

(a) Bead arrangement 
In this model liquid is located as small beads 

throughout the insulation. The apparent thermal con- 
ductivity can be represented by [ 191: 

k*(Ep) = kd[l+259YI/[l-q3Yl (19) 

where 

Y = [kB*-kd*l/[kp*+2kd*]. 

(b) Series arrangement 

(20) 

In this model the liquid is distributed in layers per- 
pendicular to the direction of heat flow. The liquid 
would then have the maximum in inhibiting the heat 
flow. For this arrangement, 

k*(s& = k,*k,*[k;-X] (21) 

where 

X = &g(kg*-k:)/Ey. 

(c) Parallel arrangement 

(22) 

In this model the liquid is located in a continuous 
shape parallel to the direction of heat flow. For this 
arrangement, 

k*&) = k,*+X 

where 

X = Eg(k;-k$)/q,. 

VAPOR DIFFUSIVITY MODEL AND 
COEFFICIENTS 

The vapor-air mixture diffusion 
porous insulation is given by [20] 

D,*= EvD,2 
7 

(23) 

(24) 

TRANSFER 

coefficient in 

(25) 

where D,2 is the binary diffusion coefficient of Fick’s 
law ; TV is the void fraction of the moisture laden slab ; 
z is the tortuousity. The binary diffusion coefficient 
for water vapor-air mixture is given by [20] : 
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r ‘p 71.685 
1 

D,* = 1.97x 10-s 255.2 1 1 . (26) 

Experimentally estimated values [4] are used for the 
ambient heat transfer coefficient h and the mass trans- 
fer coefficient is obtained by the application of the 
mass transfer analogy [20]. 

NUMEIRICAL SIMULATION 

For numerical simulation, the governing equations 
(I), (2) and (7) are cast in finite difference form using 
the control volume approach [23]. A fully implicit 
scheme is chosen for requirements of stability. In 
general, the central difference form is used for the 
internal nodes and backward or forward difference is 
used for boundary nodes. Backward difference form 
is also used for the time derivative. The details of the 
numerical formulation are available in ref. [24]. 

The computation is started by solving the governing 
equations (1) and (2) for the dry slab. When the local 
vapour density exceeds the saturation value computed 
from equation (13), condensation occurs at the node. 
In the wet region equations (1) and (2) are combined 
by eliminating G between them. The resulting equa- 
tion is solved to obtain the temperature distribution 
which is substituted in equation (1) to obtain G. The 
solution of equation (7) gives the liquid distribution. 
When the liquid front passes beyond the condensation 
wet-dry interface, the wet region is defined by the 
position of the liquid front. 

The grid size and time step size were varied to deter- 
mine the values that give consistent results for the 
wet-dry boundary and the field variables. A non- 
dimensional grid size of 0.001 and a time step of 120 
s satisfied both requirements of accuracy and economy 
of computation. The solution was considered con- 
verged when the deviation of any field variable from 
the last iterated value was within 0.01%. 

The numerical simulation gives the variation of the 
field variables in the insulation slab. However, in view 
of the large number of variables involved, it is useful 
to identify few parameters to characterize the thermal 
behavior of the insulation. 

The effective thermal conductivity is used to charac- 
terize the thermal performance in the presence of con- 
densation and liquid transfer. This is defined as the 
thermal conductivity of a dry insulation slab which 
will have a steady heat flux equal to the actual heat 
flux under the same conditions of temperature. For 
the equivalent dry slab 

qzWh+W,d = Ta-T, (27) 

where q2 is the heat flux at the cold impermeable 
surface and kcff is the effective thermal conductivity. 

The moisture transfer in the slab is characterized 
by the moisture gain per unit volume of the insulation 
slab during a given rime. This parameter is obtained 
by integrating the vapor inflow at the exposed surface 
over the time interval. The variation of these thermal 

and moisture flow parameters will be discussed in the 
next section. 

RESULTS AND DISCUSSION 

The dynamic response of a porous insulation sub- 
jected to the specified boundary conditions has been 
investigated by case studies. The physical data used 
are summarized in Table 1. Figures 2(a)-(d) show the 
variation of the distribution of temperature, vapor 
density, condensation rate and liquid fraction in the 
initial phase. As can be seen in Fig. 2(a), when a 
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Fig. 2. Distribution of field variables during the initial stage : 
(a) temperature, (b) vapor density, (c) condensation rate and 

(d) liquid fraction. 
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Table 1. Physical data 

c& 840 J kg-‘Km’ kzO.037 W m K-’ P$ 53 kg me3 
c& 836 J kg-‘K-’ k: 0.762 W m K-’ p:: 2600 kg m-3 
c5 4200 J kg-‘K-’ kf 0.57 W m Km’ p; 999.8 kg me3 
c& 1005 J kg-‘K-’ R, 286.9 J kg-‘K-l p: 1.15 kg mm3 
c& 1882 J kg-‘Km1 R, 461.9 J kg-‘K-’ ps 2337 bar 
h, 2450 kJ kg-’ kdry 0.035 W m K-’ c& 8.31 x lo-’ mz SS’ 

norous insulation is suddenly subjected to a tem- 
perature drop at the impermeable side, this tem- 
perature drop propagates from the cold side into the 
insulation slab with time. Under the given conditions, 
the temperature field becomes quasi-steady after 
about half an hour (2040 s). The propagating behavior 
is also observed for vapor density as shown in Fig. 
2(b), and the vapor density field reaches the quasi- 
steady state after about the same period. It is apparent 
that the drop of vapor density propagates faster than 
that of temperature. It can be expected as the Lewis 
number is less than one. 

The distribution of condensation rate with time is 
shown in Fig. 2(c). The condensation occurs first at 
the cold impermeable surface. As the temperature of 
the slab drops, the location of the condensation front 
moves towards the warmer side, and stops at some 
place when the temperature field becomes quasi- 
steady. The liquid is accumulated with time due to 
condensation as shown in Fig. 2(d). 

The profiles of liquid volumetric fraction over a 
period of 120 h are shown in Fig. 3. With the estab- 
lishment of a quasi-steady state, the liquid is accumu- 
lated in the wet region at a constant rate. The curve 
at 1 h indicates that the liquid fraction at the imper- 
meable boundary is higher than the critical value, and 
liquid diffuses from the cold surface into the insulation 
slab. From curves between 5 and 60 h, the liquid 
diffusion front is observed to move towards the dry 
side of the slab. Before the liquid diffusion front 
arrives at a point, the liquid accumulates slowly due 
to condensation. It increases sharply when the liquid 
front arrives. The liquid front crosses the quasi-steady 
wet-dry boundary, as indicated by the curve at 70 h, 
and eventually reaches the exposed surface, as shown 
by the curves from 80 to 120 h. 

4 0.075 

'120h 

iOOh 

5 
5 0.050 

3 
0 
2 0.025 
i 

Fig. 3. Liquid fraction distribution over longer period: 
T, = 33”C, T2 = 6.8”C, r.h. = 96%, L = 66 mm and h = 12 

W me2 K-‘. 

Comparison with experimental results 
Wijeysundera et al. [4] measured the temperature 

distribution, heat flux, total moisture gain and the 
liquid distribution for a range of experimental con- 
ditions. The testing times were up to 600 h. In the 
present work, case studies were performed to compare 
the computational results with the experimental data. 

Figure 4(a) shows the temperature distribution in 
the insulation slab after a quasi-steady state has been 
established ; the numerical results are compared with 
quasi-steady, constant property analytical results 
reported in ref. [3]. The experimental results under the 
same conditions are also plotted in Fig. 4(a), which 
shows good agreement. 

The comparison of computed and measured heat 
flux and moisture gain for two experimental con- 
ditions is shown in Figs. 4(b) and (c). There is good 
agreement between the computed and measured heat 
flux for both experimental conditions. The fluctuation 
of the experimental heat flux is probably due to the 
slight variations in the experimental conditions [4]. 
The computed moisture gain shown in Figs. 4(b) and 
(c) agree well with the measured moisture gain. At 
longer times the computed moisture gain is slightly 
larger than the measured value. 

The comparison of the computed and measured 
spatial distribution of the average liquid con- 
centration is shown in Fig. 4(d). There is good agree- 
ment between the computed results and measured 
data for a period of up to about 70 h. The curves for 
120 h and 144.5 h show that the predicted rate of liquid 
movement is faster than the measured. According to 
measurements the liquid diffusivity becomes sig- 
nificant only when the liquid fraction reaches a very 
high value of approximately 0.2 for the given 
conditions. This behavior is different from the exper- 
imental observations of Cid and Crausse [ 181. 

A second discrepancy between the measured and 
computed liquid distribution is related to the variation 
in the liquid content of the insulation layer with the 
exposed surface. The experimental data show a rapid 
rise of the average liquid concentration of that layer 
after a certain period while the numerical model pre- 
dicts a far slower growth of the average liquid con- 
centration in the layer. The present model is unable 
to explain why the layer with the exposed surface 
has a higher liquid content than the inner layers. A 
possible explanation is the tendency for the layer with 
the exposed surface to accumulate liquid due to the 
surface tension forces between the water and the last 



Transient moisture transfer through porous insulation 1001 

T, = 35.5'c. T, = 7.5Y L I 70 mm 
RH i 96%, h = 12 WdK 

/ 
10 

, EXP. [4] MODEL 

d 

0 ___ 
0 -- 

- 175 

-159 

o- 
-125 5 

z 
-1w $ 

z? 
-75 z 

g 
-50 = 

- 25 

IL-.,.,.,.,. 
0 50 100 150 200 250 300 

TIME (Hours) 

T, = 40% T, = 20.4'Cc. L = 76.1 mm 
46 - RH = 96% h i 12W/m*K 

_ EXF [4] MODEL 

- 350 

- 3w 
..?- 

- 250 5 

-290 3 

0 100 200 300 403 MO 600 700 
TIME (Hours) 

350 

300 
0- 
E 
2 250 

s 
F 
5 200 
0 
0 
a 160 
i 

Y 
g$ loo 

50 

Tim3 Mcdei Exp. [4] 
24h --.- . 
46h ~___ 0 
69.5h -- x 
,2Oh ---- 0 

144.5h -.- 0 f 1'. 

T. i 40.6% T, I 20.6'C, 
L i 62 mm, RH = 97%. 
h = 12 bVmm2K 

0.01 0.02 0.03 0.04 0.05 
POSITION (m) 5 

t 
T, i 33'C, T2 I 6.6'C. L E 66 mm 
h i 12 W/m*K. RH i 9096, 

Fig. 4. Comparison ol‘ computed results with experimental -1 

data [4] : (a) temperature distribution, (b) heat flux and 0 20 40 60 60 100 120 140 160 

moisture gain, (c) heat flux and moisture gain and (d) average Fo 
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layer of fibers on the exposed surface. However, the 
reason for the liquid to pass through the inner layer 
without becoming trapped there is not clear. 

The liquid transport process is a 2D process with 
liquid moving along and perpendicular to the direc- 
tion of the fibers [21,22]. In the experimental work of 
Cid and Crausse [18] the liquid diffusion parameters 
were ‘extracted’ from infiltration and capillary rise 
experiments. These processes are somewhat different 
from the processes occurring in an insulation slab with 
condensation and liquid transport. Parazak et al. [25] 
have shown that the liquid diffusion parameters can- 
not be regarded as pure material characteristics 
because of their strong dependence on initial and/or 
boundary conditions of the experiment. The differ- 
ences in experimental conditions could therefore be a 
reason for the disagreement between the predictions 
of the liquid transfer model based on the diffusion 
coefficients in Ref. [18] and the experimental data in 
ref. [4]. 

Since the mechanism of moisture movement in 
fibrous insulation is not completely known, the simu- 
lation of the liquid transport process in fibrous 
materials requires a more rigorous model of liquid 
transport coefficients. 

Thermal performance 
The variation of the heat flux at the cold surface as 

well as the variation of the two components which 
contribute to the total heat flux, are shown in Fig. 5. 
In the numerical computation the dependence of the 
thermal conductivity and the vapor diffusivity on the 
liquid fraction is taken into account while the ana- 
lytical model [3] uses constant physical properties at 
the dry state. The conductive and latent heat flux 
components show a rapid initial variation due to 
liquid accumulation at the cold surface. As expected, 
the conductive component increases while the latent 
component decreases when more liquid is accumu- 
lated, because the presence of liquid in the pore struc- 
ture increases the effective thermal conductivity but 
decreases the vapor diffusivity. The net result of the 
above opposing effects on the total heat flux also 
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depends on the temperature and humidity conditions 
to which the insulation is subjected. This is evident 
from the variations shown in Figs. 4(b) and (c). 

A small fluctuation in the heat flux occurs when 
liquid flows out of the condensation region across the 
wet-dry boundary as seen in Fig. 5. The increase in 
the heat flux is a result of the sudden change in the 
boundary conditions of the system. This causes a 
change in the temperature gradient at the cold surface 
which in turn manifests as an increase in the heat flux. 
The conductive and latent components of the heat 
flux also display this fluctuation. This fluctuation is 
too small to be seen in the experimental data shown 
in Figs. 4(b) and (c). 

Parametric study 
The variation of the effective thermal conductivity 

and moisture gain for different design and operating 
conditions are shown in Figs. 6(a)-(d). It is seen in 
Fig. 6(a) that increasing the humidity level increases 
the rate of moisture gain. This leads to a larger total 
heat flux which in turn gives a larger effective thermal 
conductivity for the slab. It is also noted that a higher 
humidity level reduces the time to reach a quasi-steady 
state. Decreasing the humidity level reduces the length 
of the condensation region, thus reducing the time for 
the liquid front to reach the wet-dry boundary. 

Figure 6(b) shows the effect of the heat transfer 
coefficient, h on the variations of kJ& and the total 
moisture gain. It is noted that k,,/k,,, decreases with 
increasing h. This behavior can be attributed mainly 
to the definition of k,+ When h is increased, both 
the heat flux at the cold plate and the moisture gain 
increase. As apparent from equation (27), the 
increased heat flux results in a lower total thermal 
resistance for the equivalent dry slab. The component 
l/h of the total thermal resistance decreases as h is 
increased. The net result of the above two changes is 
to decrease kCp 

Increasing h decreases the length of the wet con- 
densation region in the slab because of the increase in 
the temperature of the exposed surface. Also the total 
moisture gain increases with the increase in h. Due to 
the above factors, the time taken for the liquid front 
to reach the wet-dry boundary decreases when h is 
increased. 

The effects of the insulation slab thickness, L on 
thermal performance and moisture gain are shown in 
Fig. 6(c). As expected, when slab thickness is 
decreased, the heat flux at the cold plate and the rate 
of moisture gain increase. This leads to an increase in 
k,, as the thickness is decreased. The moisture gain 
shown in Fig. 6(c) appears to be almost independent 
of the thickness. This is due to the use of non- 
dimensional time instead of real time in Fig. 6(c). The 
total moisture gain varies inversely as slab thickness. 
Thus the total moisture gain per unit volume of slab 
varies inversely as the square of the thickness. The 
nondimensional time Fo also varies as l/L’. The com- 
bined effect of the above variations is to make the 
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Fig. 6. Variation of kcf/kdry and moisture gain for different 
design and operating conditions: (a) ambient relative 
humidity, (b) heat transfer coefficient, (c) slab thickness and 

(d) thermal conductivity model. 

moisture gain per unit volume almost independent of 
the slab thickness. Although the real time taken for the 
liquid front in the slab to reach the wet-dry boundary 
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increases with slab thickness, the nodimensional time 
period decreases as seen in Fig. 6(c). 

The apparent thermal conductivity of porous insu- 
lation in the presence of liquid is greatly dependent 
on the liquid distribution in the insulation. Reference 
[19] gives several possible models for thermal con- 
ductivity of moisture laden insulations. These models 
include bead arrangement, series arrangement, par- 
allel arrangement and form arrangement, based on 
the manner of liquid location in the pores of the insu- 
lation. 

As shown in Fig. 6(d), the parallel arrangement 
gives the maximum rates of heat flow and moisture 
gain. The bead arrangement gives better agreement 
with the measured heat flux at the cold plate for all 
runs ; it is therefore recommended for computational 
use. The actual distribution of liquid in the insulation 
is not completely known. However, the above models 
give an indication of the sensitivity of the predicted 
quantities to the variation of the thermal conductivity. 

CONCLUSION 

A numerical model was developed to study the tran- 
sient moisture migration through a porous insulation. 
The predicted liquid distribution, total moisture gain, 
temperature distribution and heat flux were compared 
with the experimental data [4]. The effects of intrinsic 
parameters on thermal performance of porous insu- 
lation in the presence of condensation has been inves- 
tigated. 

The following conclusions can be drawn for a typi- 
cal insulation : 

(1) The analysis in the present work has confirmed 
the four stages of heat and moisture transfer in a 
porous insulation, which were speculated on the basis 
of experimental data [4]. The dynamic response and 
transient behavior with condensation and liquid 
diffusion are clearly ;shown. The numerical prediction 
of quasi-steady behavior has verified analytical 
results. 

(2) The predicted temperature distributions, heat 
transfer rates and total moisture gains have good 
agreement with experimental results over various 
operating conditions for a time period up to 600 h. 

(3) The present model used recently measured 
liquid diffusion coefficients and hydraulic con- 
ductivities to predb: the liquid distribution in insu- 
lations under different conditions. The predictions of 
the model agrees with experimental data up to about 
70 h. For a complete interpretation of liquid dis- 
tributions, a more accurate liquid transport model 
and corresponding experimental work is required. 

(4) The bead model for thermal conductivity gives 
good agreement with experimental data for heat flux 
and moisture gain and could therefore be used in 
numerical models. The simple model used for the 
vapor diffusion coefficient also gives good prediction 
of experimental data. 

(5) The effective thermal conductivity of an insu- 
lation in the presence of condensation, increases with 
increasing ambient humidity and decreases with 
increasing slab thickness and ambient heat transfer 
coefficient. 

(6) The moisture gain per unit volume of insulation 
increases with increasing ambient humidity and heat 
transfer coefficient. The rate of moisture gain per unit 
volume based on nondimensional time is almost inde- 
pendent of slab thickness. 
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