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This paper analyzes the accumulation and migration of moisture in an insulation
material. The problem is modeled as a two-dimensional, transient, multiphase flow

in a porous slab. The local volume-averaging technique is used to arrive at a
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rigorous and fundamental formulation of the heat and mass transfer process in an
insulation system. The controlling parameters and assumptions are presented in
detail. The equations are solved by devising a two-phase numerical scheme to obtain
the condensation regions and the factors which affect the temperature distribution.

The phase change process and its effects on the temperature, vapor density,
moisture content, liquid content, and the vapor pressure distributions are discussed
in detail. The significant transport mechanisms are identified and a simplified
formulation of heat and mass transfer, accompanied by phase change, in an in-
sulation system is presented.

1 Introduction

Transport processes in porous media have been the subject
of extensive investigations due to the applicability of such
studies in a variety of problems, such as geothermal
operations, soil hydrology, nuclear waste disposal, drying
technology, and energy conservation. A very important area
in the field of energy conservation is the effect of con-
densation on the performance of high-porosity insulation
materials.

A typical insulation material consists of a solid matrix, a
gas phase which itself consists of air and water vapor, and a
very small amount of adsorbed liquid water. When the in-
sulation matrix is exposed to environments of different
temperature and humidity, diffusion and bulk convection of
the air, vapor, and liquid occur. In addition, air infiltration
due to small differences in total pressure across the insulation
matrix augments this transport process. Condensation occurs
at any point in the insulation where the water vapor con-
centration becomes greater than the saturation concentration
corresponding to the temperature at that point. As the
condensation takes place the latent heat of vaporization is
released which acts as a heat source for the heat transfer
process. The condensation also creates a liquid phase which
may be pendular or mobile due to the capillary action and
gravity. In summary, the complete problem is a combined
mass, momentum, and energy transfer in a porous medium
containing a multiphase mixture of air, vapor, and water in
the void space. The general aspects of combined transport in
porous media [1-7] are used in formulating and un-
derstanding the physics of condensation processes in the
porous insulation.

It is crucial to gain a fundamental understanding of the
conditions which promote condensation, as condensation will
significantly affect energy transfer across the insulation
matrix. This in turn greatly influences the R value of the
insulation. Furthermore, condensation directly affects the
physical integrity of the insulation and its deterioration. A
more thorough knowledge of the condensation process in an
insulation material will allow better predictions of the con-
densation rates and the qualitative effects of the controlling
parameters. In addition, an understanding of the con-
densation process will ultimately help in establishing the
design locations for the vapor barriers.
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The analysis in this paper quantifies the process of moisture
accumulation and presents a rigorous and fundamental
formulation of heat and mass transfer, accompanied by phase
change, in an insulation system. The pertinent variables in an
insulation system are presented and the significant transport
mechanisms are identified. The variations among the per-
tinent variables are thoroughly investigated for two types of
basic step changes in the temperature and moisture content
boundary and initial conditions. Finally, a simplified for-
mulation of heat transfer, accompanied by phase change, in
an insulation system is presented. This is done through a
systematic investigation of the rigorous formulation to
determine which mechanisms have a negligible effect on the
pertinent variables,

2 Analysis

The formulation of the problem is based on using the local
volume-averaging technique for mass, momentum, and
energy equations for each phase to derive the governing
equations for the condensation process in an insulation
material. This is done by associating with every point in the
porous medium a small volume V bounded by a closed surface
A. In general, the volume V is composed of three phases.
These are: the solid phase V, the liquid phase V;(¢), and the
gas phase V, (¢). An intrinsic phase average for a quantity ¢
in phase «a is defined as

<b,>*=

1
Ve (t) Smw udV ™

where ¢, is a quantity associated with the « phase. Another
quantity of interest is the spatial average for the quantity &
which is defined as

1
<<1>>=I—/SV‘1>dV )

Several simplifying assumptions are made in order to
obtain the governing equations for condensation in insulation
materials:

I The total gas phase pressure in the insulation matrix is
constant. This pressure is denoted by poq; -

I Theinsulation material is homogeneous and isotropic.

III The solid-liquid-gas system is in local thermal
equilibrium.

IV The liquid and the gas mass flux vectors are in the
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same direction. However, there are no restrictions on the
magnitudes of the liquid and the gas mass flux vectors.
V The inert gas component in the insulation matrix,

Volumetric constraint:

C ; . : e, =1
which is air, is stagnant. However, the vapor is mobile. €otegte, ©
Assumptions I, II, and III are usually justified for an in- . .
sulation material and assumption IV is physically appealing Thermodynamic relations:
and justifiable. The simplifying assumption V places the
emphasis on the cor}depsatlon process. Assumptlon V allows <P > =P —~ <Py > o
both vapor and liquid phases to be mobile. The non-
dimensional governing equations, obtained after considerable <P >"=Py <p, > <T> (8)
a!gebr.aic manipulation of previous work [1-3] on drying, are <P, >T=Py<p,>1<T> ©)
given in dimensionless form as 2P ) i
Energy equation: <p,>¥=ex [— LI ( - —~>] 10
gy eq P Plm<rs 7\ s 7 7, (10)
where
<p>C,—— —A Sev<T> . A = - r
P 14 ot \[/S(V ) p:ﬁ C = Q, T T o; Pi k= k, (11)
— Y A(V<T>v<T>) by ’ Co AT ™! Po T Ko efr
. ) X ¢
FA Y, (B V<T>) + <>=Ve(kyV<T>) (3) p,——ﬁp' L x= S, o= 12)
0 Co
Moisture transport equation: _ ’ -
k ket ! g
eff = k = Lz/ _ y 8= _g.’— 3
as ) (04
S =V V) + V(Y <T>) =V (4,0) (@) par v %
m
. = S 13
Gas phase equation: PoCoAT dO,eff/LzAhvap (13)
e, <p,>Y) <> D - i k
Lot — =ypVi<p,>" %) Us= ——, Yp =Dt/ Gpeir, Cloetr= — o (14)
at P, Qo eff 0oCo
Nomenclature
p, = dimensionless vapor
density = p,/5,
C, dimensionless mass m = dimensionless condensation b = dimensionalu density for
fraction averaged heat rate = m/[poco(TH phase i, kg/m?
capacity = C,/¢ Tc) @, et/ L? Ahvap] o5, = surface tension at the vapor
¢; dimensional heat capacity Pow = dimensionless total and gas interface, N/m
at constant pressure for pressure in the enclosure = ¥; = denotes different ther-
phase i, Ws/kgK - plolal/ Puo mophysical properties of
Co dimensional reference heat R, = air gas constant, Nm/kgK the insulation system,
capacity at constant R, = vapor gas constant, defined in equations
B pressure, Ws/kgK Nm/kgK (14)-(16)
D moisture transport coef- S = the moisture content,
i ficient, m2/s defined in equation (17) Subscnpts Superscripts, and Symbols
D, o vapor effective diffusivity t = di_mensionless time = ¢/ a = air phase
coefficient, m?/s (L%/ &g,51) D = reference to the parameter
g dimensionless gravity T = dimensionless temperature ¥p, defined in equation
B vector ) = T/(Ty—-Tc) (14)
ARy enthalpy of vaporization Ty = reference temperature for eff = effective properties
_ per unit mass, J/kg the hot side of the in- g = reference to the parameter
ki dimensional thermal ) sulation, K V¥, defined in equation (16)
conductivity for phase i, T. = reference temperature for i = ithphase
B W/mK the cold side of the in- 0 = reference quantities
kr a parameter which is sulation, K s = reference to the parameter
related to the gradient of Ggerr = reference effective thermal Vs, defined in equation (14)
the capillary pressure with diffusivity = kg rr/PoCos T = reference to the parameter
;es/pec; to temperature, m?/s v, defi;led in equation (15)
g/ms“K ¢ = volume fraction v = vapor phase
Ko dimensionless effective ¢ = the ratio of the magnitudes vap = vaporization
thermal conductivity = of the gas phase to the total o = aphase
B keff/ko off ‘ mass flux, defined in B8 = liquid phase
K, liquid phase permeability, equation (18) v = gas phase
) m? g = liquid dynamic viscosity, ¢ = solid phase
L characteristic length of the kg/ms - = dimensional quantities
insulation, m ~ - p = dimensionless total density < > = “local volume average’’ of
Le Lewis number = oy opr/D = p/py a quantity
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Based on the above equations the primary variables for
porous insulation are: 7, the temperature; S, the moisture
content; g,, the vapor density; p,, the vapor pressure; ¢g, the
liquid volume fraction; and e,, the gaseous volume fraction.
The quantities with a subscript ‘0’ refer to the reference
quantities, and the variables with a bar on top refer to

dimensional quantities.

The boundary conditions for these equations are considered
in detail in the next section. In developing the governing
equations it is assumed that the moisture transport coefficient
Dis a constant. However, without any available experimental
data, the moisture transport coefficient is not a known
quantity. Therefore, experimental investigations are needed in
this area. The value of D which was used in this analysis was 4
x 10~% m?/s. This value is based on the fact that the
moisture transport coefficient is dominated by the gas phase

diffusion for very small values of the liquid content.

In analyzing the heat and mass transfer process in porous
insulation the following physical data were used in the

numerical computations: L = 0.12m, ¢, = 0.03, Ty

313

K, T. = 293 K, p, = 32 kg/m?, ¢, = 842 Ws/keK, &5, =
0.073 kg/s?, and Kz = 1079 m2. These data correspond to a

typical fibrous insulation material.
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3 Transient Condensation in an Insulation Slab

To analyze the significance of the condensation problem in
an insulation material, two different cases are considered.
These cases are shown in Fig. 1. In Case I the entire periphery
of the slab is suddenly subjected to a different temperature
and moisture content and in Case II only one surface of the
slab is subjected to a different temperature and moisture
content.

In both cases the transient behavior for all of the pertinent
variables is analyzed and a sample of the results is presented.
The specific boundary and initial conditions which were used
for Cases I and II were:

Case

T(x=0, L; y; £)=15.5
T(x; y=0, h; t)=15.5
S(x=0, L; y; t)=10"*
S(x; y=0, h; t)=10"%
Initial conditions:
T(x; y; t=0)=15
S(x; y; t=0)=0

(26)

Case I1

T(x=0; y; t)=15.5
T(x=L; y; t)=15
T(x; y=0, h; ) =15
S(x=0; y; t)=10"*
S(x=L; y; t)=0
S(x; y=0, h; t)=0
Initial conditions:
T(x; y; t=0)=15
S(x; y; t=0)=0

The dimensionless temperature at the boundary is chosen to
correspond to a hot and humid environment on the outside
and a colder environment inside of the insulation slab.

One of the objectives of this investigation is to show how
the pertinent variables vary with respect to each other for the
two types of basic step changes in moisture content and
temperature boundary conditions given in equations (26) and
(27). These two cases provide two kinds of fundamental step
changes in the temperature and humidity of the environment
surrounding an insulation slab.

To analyze the above two cases, equations (3) to (10) were
solved subject to boundary conditions (26) and (27). The nine
unknowns in these equations are: <7>, S, <m>, <p,>",
<p,>7, <p,>7, <p,>7, €5, and e,. The nine equations
which will uniquely define these unknowns are equations (3)
to (10) plus equation (17). These equations were solved using
an upwind differencing scheme for the convective terms. The
upward differencing was possible since the analysis provided
an explicit expression for the direction of the liquid and vapor
velocities.

@7

4 Two-Phase Format Numerical Scheme

Initially the insulation slab was assumed to be composed of
a solid matrix, water vapor, and air. That is

eg=0 atr=0 (28)
Although this condition could be relaxed very easily, this
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Fig. 2 Spatial variation of temperature inside the insulation slab at
two different times (Casel):t; = 2.3x10™ 3 ty =14x10"

choice was considered to correspond to a more fundamental
situation. With no liquid present in the insulation matrix the
value of {, which is the ratio of the gas phase to the total mass
flux, becomes:

¢=1 att=0 (29)

In addition, due to the large value of the liquid density
compared to the vapor density, the moisture content inside of
the slab becomes approximately zero, i.e.

§=0 atr=0 (30)

It should be noted that the boundary conditions on the
moisture content and the temperature are given by equations
(26) and (27). These were discussed in the previous section. At
the beginning of the condensation process an appropriate
condition for the condensation rate is:

<m>=0 atr=0 (31)

Based on the experimental results of Langlais et al. [8]
values of €5 < 107% were considered to be part of the ad-
sorbed water. Therefore, at any time and location in the slab
for which e was less than 106, the condensation rate was set
equal to zero. For eg > 10-9, again based on Langlais’ data
[8], condensation was assumed to have actually occurred.
Equation (10) was used and the condensation rate <r1> was
found from the governing equations. Starting with the initial
values of the temperature and moisture content, equations (3)
to (10) were solved by two different formats depending on the
value of e5. These were:
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Fig. 3 Vapor density contours at two different times corresponding to
Fig.2(Casel)

Format I. This format was followed for any time and
location in space for which eg < 107°.

1 Initial values of <p,>7, <p,>7, <p,>7, and
<p, >7Y were obtained from equations (17), (9), (7), and (8).
(Step 1 was applied only at the initial time step £ = 0.)

2 <m> was set equal to zero as discussed above.

3  <p,>" was obtained from the gas phase equation (5).

4 Sand <T> were obtained from equations (3) and (4).

5 €5 and e, were obtained from equation (17) and the
volumetric constraint.

6 The {distribution was obtained from equation (18).

7 <p,>", <p,>7,and <p,>" were obtained from the
thermodynamic relations.

8 <p,>7 and <p,>" were solved for from equations
(10) and (9), respectively.

9 If, at any location, the <p, >7 obtained in step 3 was
greater than or equal to the one obtained in step 8, then
Format II was adopted for the next time step at that location.

Format II. This format was followed for any time and
location in space for which eg > 106,

1 <p,>7, <p,>7, <p,>", <p,>7, and e, were
obtained from the thermodynamic relations and the
volumetric constraint. (Step 1 was applied only at the initial
time step £ = 0.)

2 The moisture content distribution was obtained from
equation (4).

3 The temperature distribution was
equation (3).

4 The new moisture content and temperature distributions

obtained from

FEBRUARY 1986, Vol. 108/135
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Fig. 6 Three-dimensional condensation and evaporation rate plots at
four different times corresponding to Fig. 2 (Case )

were used to find the distributions for <p,>7, <p,>7,
<pg>", <p,>", e, and €5 from the thermodynamic
relations, the volumetric constraint, and equation (17).

5 The {distribution was obtained from equation (18).

6 The condensation rate was obtained from equation (5).

To the authors’ knowledge this two-dimensional com-
putational analysis, which accounts for the phase change
process, is presented for the first time.

5 Discussion of Results and Conclusions

Results are presented for a square fibrous insulation slab.
The pertinent variables for both cases are the temperature,
moisture content, liquid fraction, vapor density, and the
condensation rate. Figures 2-6 present the spatial variations
of these quantities for Case 1 at several different times.
Crosses are marked at every m + 2 (where m is the number of
grid points in the x direction) node in the numerical mesh
system. Corresponding values are printed to the right of each
cross. Figures 4, 5, and 6 demonstrate some significant
changes which occur in the growth characteristics of S, ¢,
and <m>. Thetimes ¢, t,, 3, and ¢, were chosen to reflect
these significant changes. However, there are no significant
changes in the growth characteristics of <7> and <p,>" at
times ¢, and #,. These variables are therefore presented only at
times ¢, and ¢,.

As expected, the interior temperature of the slab increases
with time when the boundary temperature is suddenly in-
creased, as can be seen in Fig. 2. This rise in temperature is the
result of simultaneous diffusion and convection of heat from
the boundary as well as moisture condensation. Condensation
acts as a source of local heat generation and evaporation acts
as an energy sink. The increase in temperature starts at
regions close to the exterior boundary and gradually moves
inward. This wavelike propagation is also observed for S, ¢,
<p,>7,and <>, In the three-dimensional plot (Fig. 6) the
condensation regions have a positive value of <> and the
evaporation regions have a negative value of <rz>.

In the beginning, as condensation occurs, the liquid and
moisture contents increase in the regions close to the external
boundary where the temperature is close to the initial interior
temperature. As the temperature close to the external
boundary increases with time the liquid and moisture content
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Fig. 7 Spatial variation of temperature inside the insulatign slab at
two different times (Case ll): {4 = 2.3x10~ 3, th =4.6x10"

should decrease in that region. However, in the regions away
from the immediate external boundary, where the tem-
perature has not increased or has increased only slightly, the
liquid and moisture contents should increase. These trends
can be seen in Figs. 2-6. Also seen in Figs. 2-6 are regions of
mild evaporation. The evaporation leads to a drop in tem-
perature in those regions.

One of the important parameters which affects this relative
movement of the temperature wavefront compared to the
liquid and the moisture wavefronts is the ratio of the effective
thermal diffusivity to the moisture transport coefficient. This
ratio, which is known as the Lewis number Le, also affects the
liquid content inside the insulation slab. Increasing the Lewis
number decreases ez at a given time and position, and
decreasing Le increases ¢g at a given time and position.

In the regions where condensation occurs, the temperature
inside the slab increases continuously causing the vapor
pressure to increase. This is expected from equation (10),
since p;y >> po. Consequently the vapor density increases
with time. This is because <p,>7 = <p,>"/Py<T> and
although 1/ < T> decreases as <7T> increases, the increase
in <p,>" with an increase in <7> not only offsets the
decrease in 1/ < T> but it results in a net increase in <p, >7
with temperature. This behavior can be observed in Fig. 3. In
the above calculations it is assumed that the liquid content has
not deteriorated the structural integrity of the porous matrix.
This is a reasonable assumption to make for small amounts of
liquid content, as is the case here. It should also be noted that
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Fig. 8 Spatial variation of the moisture content inside the insulation
slab at two different times corresponding to Fig. 7 (Case Il)

a larger liquid fraction is created at the bottom of the in-
sulation slab, due to the gravity forces, as seen in Figs. 4 and
5.

Figures 7-10 present the results of Case I for <T'>, S, ¢,
and <p,>" at two different times. It can be seen that the
discussion used to describe the behavior of temperature,
liquid fraction, and condensation rate for Case I also prevails
here. The wavelike propagation of information from the left-
hand boundary is clearly displayed in these figures. The
propagation of the condensation front from the left side of
the insulation slab as well as the regions where condensation
and evaporation occur are displayed in three dimensions in
Fig. 11 at four different times. Again a drop in temperature is
observed in the evaporation regions. Condensation distorts
the temperature distribution significantly, The temperature
distribution changes very little from the initial condition when
there is no condensation for the two times shown in Fig. 7.
This is due to the very low conductivities of fibrous insulation
and vapor and the absence of any phase change.

The physics and the accuracy of the numerical solution
were tested in four different ways. First, it was observed that
for the case of zero gravity, all of the variables should be
symmetric with respect to the center of the insulation slab.
This was indeed the situation for all of the cases which were
tested. Figure 12 presents the moisture and liquid content
contour plots for Case I when the gravitational forces are
neglected.

Second, it is expected that for longer times the variables
<T>, €5, €, <p,>", <p,>7, and S, inside of the slab,
become uniform and approach the values at the periphery of

+0.00

+1.67x10°°

+2.91 %10

0.00

£ 000

\+ 294107

+9.82x10°°

5.55x107°

Fig. 9 Liquid fraction contours at two different times corresponding
to Fig. 7 (Casell)

the slab. Furthermore the condensation rate should approach
zero due to the uniform temperature inside of the slab. This
was tested and confirmed for a number of different
situations. Figure 13 presents the temperature and the vapor
pressure contours at two later times for Case I. Figure 14
presents the three-dimensional condensation rate plots
corresponding to Fig. 13. It is clear from Fig. 14 that the
condensation rate does approach zero as it should.

Third, the accuracy of the numerical scheme was checked
by increasing the number of grid points and the number of
time steps. An increase in the number of grid points requires
an increase in the number of time steps and a large increase in
the time required to run the program. This is due to the large
number of variables which have to be processed
simultaneously. It was observed that although an increase in
the number of grid points increased the quality of the contour
lines (making them much smoother), it did not significantly
alter the qualitative features of the contour plots. Therefore,
to conserve the computer time and expense, a grid size of 15
X 15 was used.

Fourth, for no condensation and no convection, the
numerical results are expected to reduce to a conduction case.
This was observed by the numerical results.

From numerous numerical computations it is found that in
general:

1 The direct coupling between the moisture content S
and the temperature <7> in the energy equation is
weak. Therefore the term representing this coupling,
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Fig.11 Three-dimensional condensation and evaporationrate plots at  Fig. 13 Temperature and vapor pressure distributions appreach
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Ay (VS vV <T>), might be neglected for some practical
problems.

II The term in the energy equation which accounts for the
capillary pressure dependence on the temperature has a small
effect on all of the pertinent variables. Therefore the term
YrA(V <T>+V <T>) in equation (3) can be neglected for
some cases.

TII The term related to the gravitational effects in the
energy equation, Ay, (g+ V <7>), can be neglected for most
cases.

140/ Vol. 108, FEBRU

IV  The term Ve (y+V <7T>) (in the moisture transport
equation) which accounts for the capillary pressure depen-
dence on the temperature has a significant effect on all
pertinent variables except the temperature field, where it has a
small effect.

V The term V- (y,VS), which represents the moisture
flux, has a very important influence on all of the pertinent
variables.

VI The term V- (¥,g) in the moisture transport equation
has a significant effect on all of the pertinent variables except
the temperature field, where it has a small effect.

VII The variations in the total density p and the mass
fraction-averaged heat capacity C, do not alter the results
significantly. .

VIII Increasing the Lewis number decreases the liquid
content and decreasing the Lewis number increases the liquid
content at a given time and position.

IX The highest condensation regions seem to be located at
the corners of the insulation slab.

Based on these results the following simplified version of
equation (3) is recommended for analyzing the temperature
distribution in a porous insulation material

oa<T>
at

It should be noted that the results presented in this section

were computed without making any simplifications. Further

investigations on heat and mass transfer in porous insulation
are recommended.

oC, + <> =V (ke V <T>) (32)
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