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Abstract

Porous insulation used on pipes carrying cold fluids suffers thermal degradation due to condensation of water vapor
and the build up of water in the insulation. Recently, it has been suggested that the thermal degradation can be signif-
icantly reduced by wrapping a hydrophilic wick fabric on the cold pipe. The capillary action of the fabric, aided by
gravity, allows the condensed moisture to move to the outer surface of the insulation, from where, if ambient conditions
are right, it evaporates. This paper presents the details of a mathematical model for condensation in the insulation in the
presence of the wick fabric. The model is based on the volume-averaged equations for unsteady transport of heat, water
vapor, and liquid water in a porous medium. The wick is modeled as an anisotropic porous medium. The model also
allows for the presence of a vapor retarder jacket that is used to reduce the ingress of water vapor into the insulation.
The model has been applied to an insulation layer around a horizontal pipe. The presence of the wick is shown to sig-
nificantly reduce the amount of liquid water in the insulation. The results of the model have been verified using labo-
ratory experiments and field tests.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Porous insulation used on pipes carrying cold fluids
suffers thermal degradation due to condensation of water
vapor and the build up of water in the insulation. A por-
ous insulation, such as fiberglass insulation, typically
consists of a solid matrix (i.e. glass fibers) and air-water
vapor mixture. As the temperature within the insulation
decreases, the moisture already present in the insulation
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may condense. In practice, the porous insulation is cov-
ered with a jacket, referred to as the “vapor retarder”
which, as the name suggests, aims to reduce the ingress
of water vapor into the insulation. However, depending
upon the permeance (conductance for mass diffusion)
of the vapor retarder jacket, there will always be a small
amount of air infiltration into the insulation. Moreover
cracks and flaws inevitably occur in the jacket, and as a
result, much more air infiltration than that suggested
by the permeance rating of the jacket takes place. The
air brings with it water vapor whose amount depends
upon the ambient humidity. The water vapor in the insu-
lation condenses when the local vapor concentration ex-
ceeds the equilibrium concentration corresponding to the
local temperature, that is, when the vapor temperature
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Nomenclature

A,B constants in the expression for saturation
vapor pressure, Eq. (8)

p specific heat (J/kg K)

D binary diffusion coefficient for transport of
water vapor (m?/s)

D, liquid diffusivity (kg/m s), Eq. (16)

g acceleration due to gravity (m/s%)

he heat transfer coefficient at the outer surface
of insulation (W/m? K)

he efr effective heat transfer coefficient at the outer
surface of insulation (W/m? K), Eq. (20)

hgg latent heat of vaporization (J/kg)

B mass transfer coefficient at the outer surface

of insulation (kg/m?s)
N efr effective mass transfer coefficient at the
outer surface of insulation (kg/m’s), Eq.

21

K absolute permeability (m?)

ke effective thermal conductivity (W/m K), Eq.
(13)

kn relative permeability for liquid flow, Eq. (14)

M molecular weight (kg/kmol)

" rate of phase change (negative for condensa-
tion) (kg/m? s)

4 pressure (Pa)

De capillary pressure (Pa)

R universal gas constant (=8314 J/kmol K)

S dimensionless liquid saturation, Eq. (15)

s phase saturation

5P critical liquid saturation, Eq. (15)
temperature (deg C)

t time (s)

Yy mass fraction of water vapor in the gaseous
mixture

Greek symbols

€ porosity

I dynamic viscosity (kg/m s)

v kinematic viscosity (m?/s)

p density (kg/m®)

o coeflicient of surface tension (N/m)

4 hindrance function, Eq. (18)

(pcp) effective heat capacity of insulation matrix,
Eq. (12)

Subscripts

g gas

1 liquid

s solid

v vapor

a air

sat saturation condition

becomes equal to its local saturation value. Condensa-
tion is accompanied with the release of the latent heat
of vaporization, which acts as a heat source in the heat
transport process. The accumulation of water results in
an increase in effective thermal conductivity of the insu-
lation and a decrease in the effective vapor diffusion coef-
ficient. Both these factors affect heat transfer and
condensation rate in the insulation. Thus, a basic under-
standing of simultaneous heat and mass transfer in the
presence of condensation in porous insulation is impor-
tant in the design of effective insulation systems.
Because of its practical importance, the problem of
thermal degradation of porous insulation due to mois-
ture condensation has been studied, using mathematical
models as well as experimental methods, by several
investigators. The experimental studies [1-6] have been
limited to simple geometries, such as slabs, and have fo-
cused on the basic heat and mass transfer processes in
the insulation layer. The modeling studies cover the full
gamut from analytical approaches [7-11] valid for con-
stant properties and other simplifying assumptions such
as “quasi steady state” behavior to numerical solution
of the governing heat and mass transport equations
[12-15]. These earlier studies provide valuable insights

into the impact of condensation on the thermal degrada-
tion of insulation applied on cold surfaces.

In order to retain the thermal effectiveness of porous
insulation applied on cold pipes, Korsgaard [16] has pat-
ented a concept that involves wrapping the surface of the
cold pipe with a hydrophilic (i.e., having an affinity for
water) wick fabric and enclosing the pipe-wick assembly
inside the insulation. The capillary action of the fabric,
in combination with gravity, allows the condensed mois-
ture to move to the outer surface of the insulation, from
where, if ambient conditions are right, it evaporates.
This process of removal of condensed moisture provides
a means for keeping the insulation dry and its thermal
characteristics relatively intact. Products based on this
concept are already in commercial use (e.g., Vapor-
Wick® from Owens Corning).

In the present work, we develop and illustrate a tran-
sient, two-dimensional mathematical model for simulta-
neous heat and mass transfer in porous insulation on
cold pipes. The model presented here is based on the vol-
ume-averaged equations for unsteady transport of heat,
water vapor, and liquid water in a porous medium. A
significant, novel feature of this model is that it incorpo-
rates transport processes in a hydrophilic wick fabric
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wrapped around the cold pipe and extending through
the insulation. The wick fabric is modeled as a porous
medium with anisotropic flow permeability. The model
includes the effect of liquid water on physical properties
such as the thermal conductivity and vapor diffusivity.

2. Mathematical model
2.1. Physical situation

The physical situation for which we seek to develop a
mathematical model is shown in Fig. 1. The system con-
sists of the following components:

(a) A pipe carrying a cold fluid at temperature 7.

(b) A hydrophilic wick fabric wrapped around the pipe.

(c) The insulation matrix.

(d) A vapor retarder to retard the ingress of water
vapor into the insulation.

The ambient air is at the temperature 7, and relative
humidity RH. Since the ambient temperature 7, is
greater than the cold pipe surface temperature T, there
will be heat flux from the outside into the insulation.
Furthermore, the vapor pressure of water vapor in-
creases exponentially with temperature. Thus, under
humid conditions there is a potential for water vapor
diffusion from the ambient into the insulation. This
water vapor will condense in the insulation matrix
and at the wick surface in contact with the cold pipe
(condensation can potentially occur wherever the vapor
temperature is equal or less than the saturation temper-
ature). The presence of a hydrophilic wick fabric pro-
vides a means for removing the condensed moisture
out of the insulation matrix. With the downward orien-
tation of the wick, as shown in Fig. 1, both capillary
and gravity participate in the water removal process.
The water is transported to the outer surface of the va-

Vapor retarder

Insulation
Heat flux

Cold pipe

Wick fabric Verior dux
Fig. 1. Description of physical phenomena involved in the
Vapor wick concept. 7, is the cold-pipe temperature, T, is the
ambient temperature, and RH is the relative humidity.

por-retarding jacket and allowed to evaporate from the
wick surface. In practice, the protruding part of the
wick fabric is wrapped around the vapor retarder.
However, in the model to be described here, we will as-
sume that the wick terminates at the end of the
insulation.

2.2. Governing equations

Three phases are present in a wet insulation: (i) the
solid matrix, (ii) the liquid water, and (iii) the gaseous
phase composed of air and water vapor. The governing
equations for a porous medium are obtained by apply-
ing the local volume averaging technique [17] to the
mass, momentum, and energy equations for individual
phases.

The computational model is constructed for the hor-
izontal orientation of the pipe and transport processes
are assumed to be two-dimensional (r,6). This simplifi-
cation allows the construction of an efficient computa-
tional model while preserving the essential features of
the physical phenomena taking place in the system con-
sidered here. Further, since the geometry, initial condi-
tions, and boundary conditions are symmetric about
the vertical direction, computations were made only
for one-half of the cross section. The other simplifying
assumptions are listed below.

(a) Convection in the insulation matrix is neglected.

(b) The insulation matrix is homogeneous.

(c) The total gas-phase pressure in the insulation matrix
is constant.

(d) The solid-liquid-gas system is in local thermal
equilibrium.

(e) Dry air is stagnant in the insulation matrix. How-
ever, water vapor is mobile.

Similar assumptions have been made, among others, by
Vafai and Whitaker [12] and Wijeysundera et al. [15].
The final volume-averaged equations are stated below.

Gas-phase diffusion equation (diffusion of water vapor)

a . 1"
= (opy5er) = V- (o, DV, + " (1)

Energy equation

aT . 1
(pep) 5 =V - (ke VT) — 1" he. (2)
Liquid transport equation
a kl’ S/
& o9) = V- 0% - ¥ (K ) i

Here the symbols s, and s; denote the phase saturation
for gas and liquid phase, respectively. The phase satura-
tion for a specific phase is defined as the volumetric
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fraction of the void space occupied by the phase. Other
symbols are defined in the Nomenclature.

2.3. Supplementary relationships

The governing transport equations need to be supple-
mented by the following relationships.

2.3.1. Volumetric constraint
S|+ Sg = 1. (4)

2.3.2. Thermodynamic relations
Vapor pressure

po=o |7 5)

Air pressure

Pa=Pa {Mia] T. (6)

Total gas pressure
Protal = Pv +pa (7)

Saturation water vapor pressure

rson (1)

The constants are: A4 =3567 Pa, B=5232 K, and
To =300 K.
Saturation water vapor mass fraction

Mva,sal (9)
Mvpv,sat +M, (ptolal - pv,sat)

yv,sat =

2.4. Thermodynamic and transport properties

Density of water vapor—air mixture
pg:pv—"_pzl‘ (]0)

Specific heat of water vapor—air mixture

Cpe = ¥iCpyv + (1 =) Cpa- (11)
Effective heat capacity of insulation matrix

(pep) = (1 — &) pycps + €lSgPyCpg + S101Cp1)- (12)
Effective thermal conductivity

ket = (1 — €)ks + e(s1k1 + sgky). (13)
Relative permeability for liquid [18]

kg =S". (14)

The exponent n is taken as 3. The dimensionless liquid
saturation S is defined as

S — S?

S=1g (15)

The critical liquid saturation s is taken as 0.09 for insu-
lation and 0.8 for wick fabric.

Liquid diffusion coefficient (due to capillary forces)

krl dp
D =-K——=. 16
! V| dSl ( )

Capillary pressure [18]

o\ 172
P = o<]i<> [1.417(1 — §) — 2.120(1 — S)’

+1.263(1 - 8)’. (17)
Hindrance function

(m/ve)(1 = 8)"
S+ (w/ve)(1=8)"

The hindrance function varies from 0 to 1. It has a value
of 1 in regions that contain no liquid and 0 in regions
that are fully saturated with liquid.

The thermal conductivity of moist insulation depends
on the distribution of liquid within the insulation. Alter-
native formulas for effective conductivity assume differ-
ent liquid distributions. The present formula, Eq. (13),
assumes that the liquid is distributed in continuous lay-
ers parallel to the direction of heat flow. Among various
formulas, it is expected to produce largest heat and
moisture gains.

(=

(18)

2.5. Representation of the wick

The present model incorporates a simplified represen-
tation of the wick. The wick fabric, which is wrapped
around the cold pipe and protrudes through part of
the outer boundary, is modeled as a porous medium
with anisotropic permeability. The permeability along
the length of the wick is assigned a higher value than
that across the thickness. In addition, the critical liquid
saturation — the liquid saturation level that must be ex-
ceeded for the liquid to become mobile — is taken as 0.8.
This high value for the critical liquid saturation allows
the wick to become very nearly saturated before the
wicking action begins.

2.6. Initial and boundary conditions

2.6.1. Initial conditions

Initially, the insulation matrix is taken as completely
dry and water vapor concentration is taken as zero. The
steady-state temperature distribution in an annulus with
specified temperatures at the inner and outer surfaces is
specified as the initial temperature distribution in the
insulation:
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T(r) = Tin = Tow 1 (L) T Ty (19)

N ln(rin/rout) Fout

Here the subscripts “in”” and “out” refer to the inner and
outer surfaces of the annulus.

2.6.2. Boundary conditions

At time ¢ = 0, the outer surface is exposed to humid
ambient conditions. The treatment of boundary condi-
tions is as follows:

At the inner surface (r = ry,), the temperature is spec-
ified (Ti,). For water vapor and liquid transport, this
boundary is treated as impermeable, i.e., the diffusion
flux is zero.

At the symmetry boundary (0 =0 and ), gradient
normal to the surface is set equal to zero for all
variables.

The outer surface (r = rqy;) is exposed to the environ-
ment with known temperature and relative humidity
(water vapor mass fraction). For temperature and water
vapor equations, heat and mass transfer coefficients are
specified. The heat transfer coefficient is calculated for
free convection between the surface and the surrounding
fluid. The mass transfer coefficient is deduced from the
analogy between heat and mass transfer. When a vapor
retarder is present at the outer surface, these coeflicients
include the additional resistance due to the retarder.
(The representation of vapor retarder in the model is
treated in greater detail in the following section.) For
liquid transport, this boundary is modeled as imperme-
able. In the presence of a wick, that portion of the outer
surface through which the wick protrudes is regarded as
a “flaw” in the vapor retarder, and the resistance of the
vapor retarder is ignored over this region. For liquid
transport, the condition of free drainage (zero gradient
of liquid saturation) is imposed over the wick portion
of the outer surface. This condition allows the liquid
water to flow out of the wick by gravity.

2.6.3. Representation of vapor retarder

A vapor retarder is a thin plastic sheet (thick-
ness ~ 1.0 x 10™* m) that is wrapped on the outer sur-
face of the insulation layer to reduce diffusion of water
vapor from the surrounding environment to the insula-
tion. Due to its very small thickness, the physical extent
of the retarder is not represented in the model. Instead,
as noted above, its effect is included in the heat and mass
transfer coefficients at the outer surface. Thus the outer
boundary of the computational domain coincides with
the inner surface of the vapor retarder.

The effective heat and mass transfer coefficients at the
outer surface are calculated as

1 1 Ot
— g 20
hc,eff hc + kret ’ ( )

1 1
=7 Rre . 21
hm,eff hm + ' ( )

In these equations, d. is the thickness of the vapor re-
tarder, k. is the thermal conductivity of the retarder
material, R, is the resistance of the retarder to water
vapor diffusion, and /. and /,, are the heat and mass
transfer coefficients at the outer surface. The value of
R, is calculated from the permeance (specified in
perms) of the vapor retarder as follows:

M,
M pyo(permeance x 5.7 x 10711)

Riet = (22)

In Eq. (22), M, and M,, are the molecular weights of
water vapor and the air-water vapor mixture, respec-
tively, and piora is the total gas pressure in the system.

3. Numerical solution procedure

The mathematical model presented above was imple-
mented as an adaptation of the COMPACT computa-
tional fluid dynamics (CFD) program [19].
COMPACT program uses the finite-volume formulation
to discretize the conservation equations. The fully impli-
cit scheme is used for discretization of the unsteady
terms, and central differencing is used for the diffusion
terms. The discrete equations are solved using the line-
by-line tri diagonal matrix algorithm (TDMA) supple-
mented by the block-correction technique. Complete
details of the numerical method are available in [20].

The solution of the governing equations proceeds as
follows:

1. Assume 7" is zero everywhere. That is, there is no
phase change.

2. Solve the equations for water vapor mass fraction,
Eq. (1), and for temperature, Eq. (2).

3. Compare the calculated water vapor concentration
with the equilibrium (saturation) concentration cor-
responding to the saturation vapor pressure at the
local temperature. Note that the saturation vapor
pressure is given by Eq. (8) and the corresponding
mass fraction by Eq. (9).

(a) If the calculated water vapor concentration is
larger than the equilibrium value, set the local
concentration equal to the equilibrium value.
At these points, use Eq. (1) to calculate the rate
of condensation.

(b) If the calculated concentration is less than the
local equilibrium value, no special measures are
taken.

4. Solve the equation for liquid saturation, Eq. (3).

5. Return to Step 2 and repeat until convergence.



5634 M.K. Choudhary et al. | International Journal of Heat and Mass Transfer 47 (2004) 5629-5638

4. Computed results and discussion

In this section, we will discuss computed results for
the following two cases:

e Case 1: No wick applied on the cold pipe (i.e., fiber-
glass insulation is applied directly on the cold pipe).

e Case 2: A wick fabric is wrapped around the cold
pipe before applying the insulation.

In both cases, the vapor retarder has a permeance of 1
perm (=5.7 x 10™"" kg/m? s Pa) and the ambient condi-
tions are 305.5 K, 90% relative humidity. The geometric
parameters and the operating conditions used in the
computations are summarized in Table 1. The physical
property values are summarized in Table 2. It should
be noted that the values used in Tables 1 and 2 have
been selected to illustrate the modeling approach and
do not refer to any actual pipe insulation system in use.

Results presented here were obtained on a non-uni-
form computational mesh comprising 32 control vol-
umes in the radial direction and 24 control volumes in
the angular direction. The grid spacing was finer near
the inner surface and within the wick region. A variable
time-step size, varying from 30 to 7200 s, was used; smal-
ler time steps were used at the beginning and when the
liquid water began to move. The chosen computational
grid and the time-step size were decided by making a
number of initial exploratory runs. The results of these
runs indicate that the reported results are accurate to
within 2%.

Table 1

Geometric parameters and operating conditions
Parameter Value

Outer radius of cold pipe 0.0167 m
Thickness of insulation layer 0.0254 m
Thickness of wick fabric 32x107%m
Thickness of vapor retarder 1x107* m
Porosity of insulation layer 0.9756
Porosity of wick fabric 0.86

System pressure 1.013 x 10° Pa
Ambient temperature 305 K
Ambient relative humidity 90%

Cold pipe temperature 275 K

7 Wim? K
7.5% 1072 kg/m? s

Heat transfer coefficient
Mass transfer coefficient

The present model was also used to predict the diffu-
sion and condensation of water vapor in fiberglass slab
insulation and the results were compared with those
given by the analytical model of Wijeysundera et al.
[10]. The values of heat and vapor fluxes at the outer sur-
face and the locations of the dry—wet boundaries, for a
wide range of operating conditions, agreed to within 5%.

Fig. 2 shows liquid saturation level and temperature
distribution in insulation after 250 days of operation
for Case 1 (i.e., without the wick). As seen in this figure,
the region in the vicinity of the cold pipe is essentially
completely saturated with condensed water. This zone
of saturation would keep on expanding with time till
the whole cross section of insulation becomes saturated.

Table 2

Physical property values used in computation

Property Value
Surface tension 0.078 N/m

Latent heat of vaporization

Specific heat of solid matrix

Specific heat of liquid water

Specific heat of air

Specific heat of water vapor

Thermal conductivity of air-water vapor mixture
Thermal conductivity of solid matrix

Thermal conductivity of liquid water

Dynamic viscosity of liquid water

Dynamic viscosity of air

Density of solid matrix

Density of liquid water

Diffusivity of water vapor in air

Permeability of insulation layer

Permeability of wick fabric

(This is the permeability along the longitudinal direction.

2.501 x 10° J/kg
880 J/(kg K)
4200 J/(kg K)
1005 J/(kg K)
1820 J/(kg K)
0.027 W/(m K)
0.15 W/(m K)
0.63 W/(m K)
1x107% kg/ms
2x107° kg/m s
2500 kg/m?
1000 kg/m?
2.5%107° m%/s
5.0x1071% m?

1.0x 10710 m?

The permeability along the transverse direction (i.e., along the thickness)

is taken as one-tenth of this value.)
Permeance of vapor retarder
Thermal conductivity of vapor retarder

1 perm (5.7 x 107! kg/(m? s Pa))
0.05 W/m K
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Liquid Saturation
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Fig. 2. Condensed moisture (saturation level) and temperature distribution for Case 1 (without wick) after 250 days of operation.

Temperature values are in K.

Similarly, the condensation front will continuously
move toward the outer surface of the insulation.

Fig. 3 shows the amount of water gained by insula-
tion (over 1 m length of pipe) and the effective thermal
conductivity ratio (effective conductivity normalized by
its dry insulation value) as functions of time. (The effec-
tive conductivity is defined as the conductivity of dry
insulation layer that will give a steady-state heat flux
equal to the local heat flux under the same temperature
conditions.) As seen in Fig. 3, in 500 days of operation,
the insulation picks up about 2.5 kg of water. It should
be recalled that the calculations are for the case where
the ambient conditions remain constant at 305 K and

25 30
| Case 1 (No Wick)
i Effective Conductivity Ratio P
20 1
- —H25 o
I -
| N ©
] 4
o |
< 15 1 ‘?
= B
£ i g S
e | i
- u =3
% - o
z"r 1 2
i =3
- @
| 1 =
| —15 W
05 h
0. X
00 100 200 300 400 500°°

Time / day

Fig. 3. Water gain (in kg) and the effective thermal conductivity
ratio with time for Case 1.

90% relative humidity and the vapor retarder has a per-
meance of 1 perm. Because the thermal conductivity of
liquid water is much higher (about 17 times) than that
of dry insulation, with the gain in water the conductivity
of the insulation layer increases (i.e., its insulation value
decreases) and, in 500 days of operation, the effective
thermal conductivity ratio approaches a value of 3.

In the next series of figures, let us examine the impact
of using a wick around the cold pipe. Fig. 4 shows the
distributions of liquid saturation and temperature for
Case 2 after 15 days of operation. In about 15 days,
the wick allows the system to reach a state of equilib-
rium whereby the amount of moisture condensing in
the insulation equals the amount being drained through
the wick. We can see that the wick keeps most of the
insulation dry, and it is only near the bottom and in
the vicinity of the wick fabric that the insulation retains
some moisture. (It should be noted that the glass fiber
insulation is hydrophobic because of organic binders
used in the manufacture of insulation. This property is
not accounted for in the model described here. In prac-
tice, the insulation with a wick fabric has been found to
be dry with water present only in the wick.) As for the
temperature distribution, the condensation front is con-
fined to a small region close to the wick.

Fig. 5 compares the amount of water gained and the
effective thermal conductivity ratio for the two cases.
The results for Case 1 are the same as those shown ear-
lier in Fig. 3. Note that the X-axis scale in Fig. 5 changes
after = 50 days. As seen here, with the use of wick, the
system achieves a state of equilibrium in about 15 days
and after that, as long as the ambient conditions remain
unchanged, the insulation does not gain any more water.
It is also seen that the amount of water gained in Case 2
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Liquid Saturation
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Fig. 4. Condensed moisture (saturation level) and temperature distribution for Case 2 (with wick) after 15 days of operation.

Temperature values are in K.
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Fig. 5. Water gain (in kg) and the effective thermal conductivity
ratio with time for Case 1 (without wick) and Case 2 (with
wick). Please note that the X-axis scale changes after 50 days.

is much smaller than that in that in Case 1. However, the
initial rate of gain of water in Case 2 is actually higher
than that in Case 1. In other words, until the wicking ac-
tion commences, the presence of wick actually enhances
the diffusion of water vapor into the system. This is be-
cause the wick section on the outer boundary is not cov-
ered by the vapor retarder; this section, therefore, offers
relatively low resistance for the vapor flow and facili-
tates the transport of humid air into the insulation.
The water vapor begins to condense as it approaches
the cold region near the inner surface of the pipe.
Once the condensation begins, the presence of liquid

water propagates cold temperatures away from the inner
surface. Due to the anisotropic nature of the wick fabric,
the movement of liquid water is confined to the wick sec-
tion. The initial transport of water vapor and its subse-
quent condensation help in establishing nearly saturated
conditions within the wick and hence in initiating the
wicking action. The transport of water vapor diminishes
once water begins to condense in the wick fabric.

The wick, by limiting the amount of water in the
insulation, also limits the increase in the effective con-
ductivity. The effective thermal conductivity ratio for
Case 2 reaches a steady-state value of about 1.4. For
Case 1, however, the effective thermal conductivity ratio
keeps on increasing with time (i.e., the insulation per-
formance continues to deteriorate), and in 500 days of
operation, reaches a value of about 3. The wick, there-
fore, provides a means to significantly limit the deterio-
ration in insulation performance due to the presence of
water.

The mathematical modeling study described in this
paper was complemented by laboratory experiments
and field trials of the VaporWick® product. Fig. 6 shows
experimental results on water gain by three VaporWick®
pipe sections placed in a humidity chamber under the
conditions of 306 K and 80% relative humidity. The pipe
sections were 0.91 m long, the outside diameter of the
cold pipe was 0.029 m, and the insulation thickness
was 0.036 m. The cold surface temperature was 275 K.
The vapor retarder had the permeance of 0.15 perm.
The three pipe sections used three different wicking fab-
rics. The conditions used in the experiments were quite
different from those used in the mathematical modeling
calculations described earlier. However, the experimen-
tal findings are qualitatively similar to the modeling
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Fig. 6. Weight gain of three Vaporwick® pipe sections placed
in a humidity chamber at 306 K and 80% relative humidity.

results. Initially, there is a relatively rapid gain of water.
This is followed by the onset of the wicking action and
drop in the amount of water, culminating in a plateau
in the weight gain vs. time curve. Subsequent disassem-
bly and examination of the specimens revealed that lig-
uid moisture was confined to the wick material while the
insulation remained dry.

The VaporWick® product has been installed in sev-
eral locations with oldest application being more than
3 years old. A follow-up study of the oldest application
at the end of the three-year period found the insulation
to be dry. Thus both laboratory and field studies appear
to confirm the modeling finding that a properly designed
pipe insulation system incorporating the wicking con-
cept is effective in getting the condensed moisture out
of the insulation.

5. Concluding remarks

A comprehensive mathematical formulation was
developed to describe water vapor diffusion, liquid water
flow, and heat transfer in a porous insulation applied on
pipes carrying cold fluids. The principal advance made
in this work is in coupling transport phenomena in the
insulation with those in wick fabric wrapped around
the pipe. The model also incorporates a vapor retarder
jacket that is used to reduce the ingress of water vapor
into the insulation. The use of the wick fabric allows
the condensed liquid water to be taken out of the insu-
lation by the combined action of gravity and capillary.
The governing transport equations together with the ini-
tial and the boundary conditions and the supplementary
relationships were solved numerically to investigate the
thermal performance of two insulation systems, one
without the wick and the other with the wick. Calculated
results for temperature and water concentration showed
the use of a wick could be effective in removing water
from the insulation and maintaining its insulation value.
Laboratory experiments and field trials conducted to-

date appear to confirm the modeling finding that a prop-
erly designed pipe insulation system incorporating the
wicking concept is effective in getting the condensed
moisture out of the insulation.

In a broader sense, the paper has provided a general
model to investigate transient flow, heat transfer, and
phase change phenomena in porous materials.

Acknowledgments

The authors are grateful to Ms. Roberta Alkire for
her encouragement and support of this work and to
members of the VaporWick® Team, especially Mr.
Roy Shaffer for providing insights into the wetting char-
acteristics of various fabrics. The authors gratefully
acknowledge the use of experimental results obtained
by Mr. Shaffer, Dr. Patrick Aubourg, and Dr. Qingyu
Zeng. The authors also thank Ms. Alkire, Mr. Neil Het-
tler, Mr. Patrick Dean, Mr. David Cox, Mr. Steve
Barns, and Mr. Frank O’Brien-Bernini for allowing the
publication of this paper.

References

[1] M.K. Kumaran, Moisture transport through glass-fibre
insulation in the presence of a thermal gradient, Journal of
Thermal Insulation 10 (1987) 243-255.

[2] M.K. Kumaran, Comparison of simultaneous heat and
moisture transport through glass-fibre and spray-cellulose
insulations, Journal of Thermal Insulation 12 (1988) 6-16.

[3] C. Langlais, M. Hyrien, S. Klarsfeld, Influence of moisture
on heat transfer through fibrous insulating materials, in:
F.A. Govan, D.M. Greason, J.D. McAllister (Eds.),
ASTM Special Technical Publication 789, 1981, pp. 563—
581.

[4] C. Langlais, S. Klarsfeld, Heat and mass transfer in fibrous
insulations, Journal of Thermal Insulation 8 (1984) 49-80.

[5] W.C. Thomas, G. Bal, R.J. Onega, Heat and moisture
transfer in a glass fiber roof-insulating material, in: F.A.
Govan, D.M. Greason, J.D. McAllister (Eds.), ASTM
Special Technical Publication 789, 1981, pp. 582-601.

[6] C.P. Hedlin, Heat transfer in a wet porous thermal
insulation in a flat roof, Journal of Thermal Insulation
11 (1988) 165-188.

[7] S. Motakef, M.A. El-Masri, Simultaneous heat and mass
transfer with phase change in a porous slab, International
Journal of Heat and Mass Transfer 29 (1986) 1503-1512.

[8] A.P. Shapiro, S. Motakef, Unsteady heat and mass
transfer with phase change in porous slabs: analytical
solutions and experimental results, International Journal
of Heat and Mass Transfer 33 (1990) 163-173.

[9] N.E. Wijeysundera, B.F. Zheng, M. Igbal, E.G. Haupt-
mann, Effective thermal conductivity of flat-slab and
round-pipe insulations in the presence of condensation,
Journal of Thermal Insulation and Building Envelopes 17
(1993) 55-71.



5638 M.K. Choudhary et al. | International Journal of Heat and Mass Transfer 47 (2004) 5629-5638

[10] N.E. Wijeysundera, M.N.A. Hawaldar, Y.T. Tan, Water
vapour diffusion and condensation in fibrous insulations,
International Journal of Heat and Mass Transfer 32 (1989)
1865-1878.

[11] WJ. Chang, C.I. Weng, An analytical solution to coupled
heat and moisture diffusion in porous materials, Interna-
tional Journal of Heat and Mass Transfer 43 (2000) 3621-
3632.

[12] K. Vafai, S. Whitaker, Simultaneous heat and mass
transfer accompanied by phase change in porous insula-
tion, ASME Journal of Heat Transfer 108 (1986) 132-140.

[13] K. Vafai, H.C. Tien, A numerical investigation of phase
change effects in porous materials, International Journal of
Heat and Mass Transfer 32 (1989) 1261-1277.

[14] Y.X. Tao, R.W. Besant, K.S. Rezkallah, The transient
thermal response of a glass-fiber insulation slab with
hygroscopic effects, International Journal of Heat and
Mass Transfer 35 (1992) 1155-1167.

[15] N.E. Wijeysundera, B.F. Zheng, M. Igbal, E.G. Haupt-
mann, Numerical simulation of the transient moisture
transfer through porous insulation, International Journal
of Heat and Mass Transfer 39 (1996) 995-1004.

[16] V. Korsgarrd, Insulation system for conduit or container
wherein inner and outer water-absorbing layers connect
through slot in intermediate heat-insulating layer, US
Patent No. 5441083 (1995).

[17] S. Whitaker, Simultaneous heat, mass and momentum
transfer in porous media: a theory of drying, Advances in
Heat Transfer 13 (1977) 119-203.

[18] M. Kaviany, Principles of Heat Transfer in Porous Media,
Springer, Berlin, 1991.

[19] Innovative Research, Inc., Reference Manual for COM-
PACT-2D, Innovative Research, Inc., Minneapolis, MN,
USA, 2001.

[20] S.V. Patankar, Numerical Heat Transfer and Fluid Flow,
Hemisphere, New York, 1980.



	Mathematical modeling of heat transfer, condensation, and capillary flow in porous insulation on a cold pipe
	Introduction
	Mathematical model
	Physical situation
	Governing equations
	Supplementary relationships
	Volumetric constraint
	Thermodynamic relations

	Thermodynamic and transport properties
	Representation of the wick
	Initial and boundary conditions
	Initial conditions
	Boundary conditions
	Representation of vapor retarder


	Numerical solution procedure
	Computed results and discussion
	Concluding remarks
	Acknowledgments
	References


