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Abstract—This work presents an experimental and analytical investigation of heat and mass transfer with

condensation in a fibrous insulation slab, one side of which is exposed to high temperature and high

humidity, and the other side bounded by a cold surface. The analysis carried out is based on a model in

which condensation occurs on the cold surface and in the interior of the fibrous insulation, and condensate

falls away under gravity. Predicted heat transfer coefficients agreed well with experimental data at atmo-

spheric pressure and temperatures up to 100°C. It was also indicated by the analysis that the convective
contribution is appreciable in higher pressure and temperature environments.

1. INTRODUCTION

Many investigations on heat and mass transfer with
phase changes in porous media have been performed,
with the aim of applying the results to geothermal
engineering, drying technology, nuclear waste
disposal, and so on [1-3]. Since about 1980, the effect
of condensation on the performance of highly porous
insulation materials has become an important topic
in the area of energy conservation. Some studies [4-7]
on condensation in a porous slab exposed to different
humidity levels on two faces have been reported.
According to these studies, the process of con-
densation in an initially dry porous slab takes place
in three stages as follows. Firstly, velocity, tem-
perature and vapor concentration fields develop
within the porous slab, and condensation begins.
However, the quantity of condensate is very small at
this stage, and it accumulates mostly in a bound form.
This stage is relatively short compared with the others.
In the second stage, although the liquid content
increases gradually, it is still so small that the con-
densate remains pendular, and does not move. Fur-
thermore, since the liquid content is still small enough
to have little effect on various properties, the local
velocity, temperature, vapor concentration and con-
densation rate remain aimost invariable in time. When
the liquid content increases further and goes beyond
a certain critical value, the pendular drops of con-
densate coalesce and begin to move under surface
tension and gravity. Ultimately, a steady state is
attained and the liquid content, as well as the velocity,
temperature, vapor concentration and condensation
rate, becomes constant. The local liquid content is
controlled by the balance between the condensation
rate and the liquid flux.

Ogniewicz and Tien [4] and Vafai and Sarkar [5]
analysed heat and mass transfer in the second stage,
where the condensate remains immobile. Ogniewicz
and Tien [4] assumed that the properties of the gas
phase were constant and equal to those of dry gas,
while Vafai and Sarkar [5] took the change in gas
density into account. Analysis of the final stage, where
the condensate becomes mobile, has been performed
by Motakef and El-Masri [6], and Shapiro and
Motakef [7]. Both of these analyses assumed that con-
densate moved under surface tension forces and that
the liquid flux was proportional to the liquid content
gradient. On the other hand, convective contributions
were neglected.

In chemical reactors and similar equipments,
fibrous insulation slabs are often fitted inside the walls
in order to protect them from the high-temperature
gas and to reduce heat losses. In such cases, there
exists a situation in which one side of the fibrous
insulation slab is exposed to a high-temperature, high-
humidity environment, while the opposite face is
bounded by a cold surface. This paper reports an
experimental and analytical investigation of con-
densation phenomena in such a fibrous insulation
slab. The analysis is based on a model in which con-
densation occurs on the cold surface and in the interior
of the fibrous insulation, and condensate is assumed
to fall under gravity. In a high-pressure, high-tem-
perature and high-humidity environment, the change
in properties (thermal conductivity, density and so
on) within the insulation is expected to be significant
enough to have effects on the velocity, temperature
and vapor concentration fields. Furthermore, the con-
vective contribution is often appreciable. Thus, this
was taken into account in the analysis, and some cal-
culations were also carried out under conditions of
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b width of air flow channel [m]
C,  specific heat of gas phase [J kg™ K~']
D;  diffusion coefficient of gas phase

[m®s~]
d thickness of fibrous insulation slab [m]
g gravitational acceleration, ~9.81
[ms™7]

™ latent heat of condensation [J kg™']

i x-direction mesh number

J,j  y-direction mesh number

K permeability [m?]

M molecular weight

m mesh number at the boundary between
dry and wet zones

n maximum mesh number in x direction

P pressure [Pa] or [MPa]

P, pressure at y = 0 [Pa] or [MPa]

P, partial pressure of noncondensable gas
{Pa] or [MPa]

Py saturation vapor pressure of water [Pa]
or [MPa]

P, partial pressure of water vapor [Pa] or
[MPa}

q heat flux through the cooling surface
[Wm7|

qiuu  heat flux due to latent heat of

condensation [W m™]
R gas constant [J kmol ™' K1
T temperature [°C] or [K]

Ts saturation temperature corresponding
to the local vapor concentration
[°C] or [K]

t elapsed time after the start of
humidification [s]

u x-direction velocity [m s~']

v y-direction velocity [m s™']

Ve air velocity in the air flow channel
[ms™']

w mass fraction of vapor in gas phase

NOMENCLATURE

X x coordinate [m]

Xy x coordinate at the boundary between
dry and wet zones [m]

Ax  x-direction mesh width [m]

y y coordinate [m]

Ay  y-direction mesh width [m].

Greek symbols
o heat transfer coefficient [W m=2 K]
r volumetric condensation rate
[kgm~>s]

o1 liquid film thickness [m]}

critical liquid film thickness [m]

£ volume fraction

n viscosity [kgm~'s7!]

A thermal conductivity [W m~' K~']

¢ function of the topology of the liquid
phase in reference [1]

p density [kg m~3).

Subscripts
1 at the location y = 30 mm
2 at the location y = 70 mm
g non-condensable gas, namely air
DZ  dry zone
€ equivalent
G gas phase
i gas—liquid interface of liquid film
J atj=J
IN  inlet of air flow channel
L liquid phase
LF falling liquid film
S solid or saturation
v water vapor
w cooling surface
WZ  wet zone
0 at the surface (x = 0) or at the top

(y = 0) of the fibrous insulation slab.

higher pressure and higher temperature, although the
experiments were conducted at atmospheric pressure
and temperatures up to 100°C. It is known that radi-
ative heat transfer is important at high temperature
[8, 9]. However, this study is confined to heat and
mass transfer accompanied by condensation, and the
radiative contribution is not mentioned.

2. EXPERIMENTS

2.1. Experimental apparatus

Figure 1(a) and (b) is a schematic diagram of the
experimental apparatus and a cross section of the
test section, respectively. The experimental apparatus
consists of a blower, a strainer, a float-type flowmeter,
a measuring chamber, a pre-heater, a humidifier, mix-

ing channels, a main heater, a test section and a cooler.
First, air is rid of dust and moisture at the strainer.
The flow rate of the air is measured by the flowmeter.
The initial temperature and humidity are measured by
the 0.5 mm diameter copper—constantan thermo-
couple and hygrometer at the measuring chamber,
respectively. After being heated to above dew point in
the pre-heater, the air is humidified to the desired
vapor concentration in the humidifier. A fixed quan-
tity of distilled water is supplied to the humidifier by
a volumetric feed pump, and evaporates from a copper
block heated by an electric heater. Although the volu-
metric feed pump is of the intermittent type, fluc-
tuations in vaporization rate are suppressed by keep-
ing a porous medium on the copper block wet. The
wet air (namely, the mixture of air and water vapor)
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Fig. 1. Experimental apparatus: (a) schematic diagram ; (b) test section.

flowing out of the humidifier is heated to a desired
temperature by the main heater, and flows through
the mixing channels into the test section. Twisted tapes
are placed in the mixing channels to ensure adequate
mixing. The wet air flowing out of the test section is
cooled and dried in the cooler, and then discharged
into the atmosphere. The main components and chan-
nels of the apparatus are heated to above dew point
by micro-heaters, and are thermally insulated with
fibrous insulation.

The test section comprises a test piece, an air flow
channel, a glass plate, a cooling panel and insulating
walls. The test piece is a fibrous insulation slab made
of Al,0,(46%) and Si0,(54%), and its porosity is
0.962. It is 100 mm deep, 100 mm wide and 25 mm
thick. One side of the test piece (100x 100 mm) is
bounded by the glass plate, and the opposite side
forms a part of the air-flow channel. An adhesive
agent is applied to the other four sides (100 x 25 mm)
so that wet air and condensate cannot permeate
through them. Wet air temperatures are measured
using 0.5 mm diameter copper—constantan thermo-
couples at the inlet and outlet of the air-flow channel.
The glass plate is 8 mm thick, and is attached to a
panel cooled by water. Surface temperatures of the
test piece and the glass plate are measured by 0.25 mm
diameter chromel-alumel thermocouples. The mea-

suring points indicated by the x symbols in Fig. 1(b)
are at two levels (the distance from the top, y = 30
mm and y = 70 mm) in the center of the test piece.
The heat flux at each location, ¢, was obtained from
the thermal conductivity and the surface temperature
difference of the glass plate. Vapor concentration in
the wet air was estimated from the air flow rate, the
initial humidity measured at the measuring chamber,
and the flow of water supplied to the humidifier.

2.2. Experimental procedure

First, air adjusted to a fixed temperature is supplied
to the test section without humidification, and the test
piece and insulation walls are heated to a prescribed
temperature. At the same time, the cooling panel is
cooled by water. Care must be taken to ensure that
the surface temperature of the glass plate does not fall
below the dew temperature. After enough time for
establishing a steady state has elapsed, air humidi-
fication is begun by supplying distilled water to the
humidifier. Changes in wet air temperature Tyy, sur-
face temperatures of the test piece Ty, and T, cooling
surface temperature 7,, (the surface temperature of
the glass plate) and heat flux g are measured. Measure-
ments are carried out at intervals of about 30 s for 8
or9h.

Before the main experiments, preliminary tests were
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Table 1. Experimental conditions
W, Tso T, T, Txo—T.

() 0 (O (X)
Run 1 0.35 79.8 89 24 55.8
Run 2 0.35 79.8 89 50 29.8
Run 3 0.35 79.8 89 62 17.8
Run 4 0.20 68.4 89 34 34.4
Run 5 0.20 68.4 89 50 18.4

conducted without humidification. In these pre-
liminary experiments, the dependence of heat flux ¢
on the air velocity in the air flow channel vy, and the
width of the air-flow channel b were examined. The
experimental conditions were (1) b = S mm, v, = 1.0
ms~, (2Q)b=5mm,vy =0.53ms "and 3) b =30
mm, vy, = 0.17 m s~! at T, = 89°C and T, = 30°C.
Since the difference in g under these three conditions
was small, the width of the air-flow channel b was
fixed at 5 mm for the main experiments. (In Fig. 1(b),
however, the air flow channel is drawn as 30 mm in
width.) In the main experiments, the conditions were
as follows: air pressure Py, = 0.10 MPa (atmospheric
pressure); surface temperature of the test piece
T, = 89°C; cooling surface temperature T, = 24—
62°C; vapor concentration in wet air (the mass frac-
tion of vapor) wyy = 0.35 and 0.20. The mole fractions
corresponding to wyy = 0.35 and 0.20 are 0.464 and
0.287, and the dew temperatures are 79.8°C and
68.4°C, respectively. The air velocity in the air-flow
channel, v.,, was about 1.0 m s ™', and the temperature
decrease of wet air in the air-flow channel was smaller
than 3 K. The decrease in vapor concentration was
estimated to be smaller than 3% at the location y = 70
mm. The vapor concentration at the surface of the
test piece, w,, is regarded to be almost equal to that
at the inlet of the test section wyy, and w, is used
instead of wyy hereafter. The conditions for all exper-
imental runs are shown in Table 1.

2.3. Experimental results and discussion

The experimental results for Run 1 and Run 5 are
shown, respectively, in Fig. 2(a) and (b), where the
horizontal axis is the elapsed time after the start of
humidification, ¢. Ty is the air temperature at the inlet
of the test section, and Ty, is the dew temperature
corresponding to the vapor concentration, w,. Sub-
scripts 1 and 2 denote the two measuring positions at
¥ = 30 mm and y = 70 mm respectively. The cooling
surface temperature, 7, is shown only for y = 30 mm
as it was almost independent of measuring position.
A steady state was established before the start of
humidification (¢ < 0). The symbols O, <, 1, A and
¥ on the vertical axis denote Ty, To1, Tw» g1 and ¢,
att=0.

In Run 1, although T, Ty, and T went up sharply
just after the start of humidification, T, and T, then
reached the target temperature (= 89°C) about 30 min
later as Ty was adjusted, and remained almost
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Fig. 2. (a) Changes in q,, g2, Tin, To1, To2 and T, for Run 1

(O: T, ©: Ty, O: T, A1qy, V 1 g, at ¢ = 0). (b) Changes

of 1, 42, Tin» Toy, To2 and Ty, for Run 5 (O : T, O : Tox,
O:Tw, A:q1, Vigaatt =0).

invariable after that. However, T, dropped to about
80°C abruptly at around ¢t = 7.5 h. According to
observations of the test piece made just after the end
of the experimental run, an extensive region at the
bottom was full of condensate, as indicated by the
dotted region in Fig. 1(b) (about y = 60-100 mm),
while only in the vicinity of the cooling surface was the
material wet with condensate towards the top (about
y = 0-60 mm). Thus, it is verified that condensation
occurs in the vicinity of the cooling surface, and that
the condensate falls under gravity with little influence
of capillary action. Furthermore, it seems that the
abrupt drop in T,, was caused by an accumulation
of condensate at the bottom of the test piece. This
explanation is consistent with the fact that the T,
value after the sudden fall in temperature was almost
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equal to the dew temperature (=79.8°C). Such an
abrupt drop in T, was not observed in other exper-
imental runs where the condensation rate was rela-
tively small. Heat flux ¢, went up rapidly just after
humidification began, becoming almost invariable
around 7 = 1 h. However, it began to increase gradu-
ally after = 4 h. Heat flux g, did not change notice-
ably until 7 = 2 h, but increased gradually after that.
It seems that these gradual increases in ¢, and ¢, were
the result of an accumulation of condensate at the
bottom of the test piece.

We next consider the results obtained for Run 5.
Heat fluxes ¢, and ¢, overshot just after humidi-
fication began, becoming invariable at approximately
t = 2 h. Such overshoot by ¢, and ¢, arose because
the cooling surface temperature, T,, was about 3 K
lower than the target (=50°C) during the first 1.5 h.
On the other hand, although 7,, and T, sometimes
changed in response to Ty, ¢, and ¢, were hardly
affected. Thus, g depends on w; and T, much more
than on T,. This implies that the driving force of
condensation is not the temperature difference
T, — T, but rather the vapor concentration difference
Wwo — W, or the difference in saturation temperature,
Tso— Ty

Figure 3 shows the heat transfer coefficient « at a
steady state versus Tg,— 7, where o is defined by

U="="F=. (1)

On the basis of the above understanding of Run 1, the
o values at 1 = 2 h are taken as the steady-state data
for Run 1.

The uncertainty in the « value is caused by uncer-
tainties in the thermal conductivity (5%) and the sur-
face temperature difference (0.3 K) of the glass plate,
and the temperature difference, 75— 7T, (1.0 K).

100 . —_—
b P0=0.'| 0 MPa, To=89°C
y(mm)} 30 70 Analysis T
w035 O @ ]
w020 A A  ----
Ng 50
E
z
3
20}
10 . —
10 20 50 100
T-T, (K)

S0 W

Fig. 3. Comparison between experimental and analytical
results.
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Liquid film

Cold surface

y ! W,
Dry zone Wet zone

Fig. 4. Analytical model and coordinates.

From these uncertainties, the uncertainty in the o data
was estimated to be within +10%.

The solid and broken lines are the predicted values
of o using the analysis described later. The heat trans-
fer coefficient « goes down with decreasing w, and
increasing Tg,— T,,. Detailed discussions will be pre-
sented later.

3. ANALYSIS

3.1. Mathematical formulation

A heat and mass transfer model of a fibrous insu-
lation slab and the coordinates used are shown in Fig.
4. One side of the fibrous insulation slab is exposed to
a high-temperature and high-humidity environment
at x = 0, where the temperature and the vapor con-
centration are kept at T, and w, respectively. The
opposite side is bounded by a vertical cooling surface
at x = d. When the cooling surface temperature 7, is
kept below the dew temperature, T, condensation of
vapor can be expected to occur at the cooling surface
and in the interior of the insulation. As indicated in
Fig. 4, the insulation slab can be divided into the
following three regions : the dry zone, where no liquid
phase is found ; the wet zone, where solid (fiber), gas,
and liquid phases coexist; and the liquid-film zone,
where condensate condensing on the cooling surface
falls down and there is no gas phase. Although the
wet zone is not always present, the dry zone exists as
long as the gas phase is not saturated at the surface of
the fibrous insulation slab (7, > Ty,). Heat and mass
transfer in the dry and wet zones are solved for the
steady state; namely, for the third stage of the con-
densation process as described before. The heat trans-
fer resistance of the liquid film zone is so small that it
is not solved in detail, but rather is included as a
boundary condition.

The main assumptions and restrictions are as
follows:

1. The fibrous insulation slab is homogeneous and
isotropic.



3258

2. The gas phase is continuous, and regarded as an
ideal gas.

3. Local thermal equilibrium exists among all
phases.

4. Capillary pressure is negligible compared with
the partial pressure of vapor.

5. Darcy’s law is valid for gas and liquid flows.

6. Capillary action has a negligible effect on liquid
flow. This assumption was confirmed to be reasonable
through experiments.

7. A boundary-layer approximation is valid.

8. The sensible heat transferred by liquid flow is
negligible.

9. The liquid film is so thin compared with the
fibrous insulation slab that the changes in dry- and
wet-zone widths due to an increase in liquid-film thick-
ness is negligible.

10. The gas density is negligible compared with the
liquid density.

The governing equations for heat and mass transfer
are based on Whitaker’s work [1].
Energy equation:

15} [
a (pc CoclUg )+ 5_1/ (PGCpGUG T)

_2 [/1 aT:I =h,T  (2a)

ox| ™ ox
Ao = gshs+egAc+e . (2b)
Gas phase continuity equation :
0 0
Pt 3 T =0 ()
Gas phase momentum equation (Darcy’s law) :
Kgeg OP
Ug = — e 0x 4)
Kseg (aP )
Vg = — — - . 5
G e \oy Pcd (5)

Gas phase diffusion equation :

lii 0
ox (pcucw) + @ (pglaw)

N PN S
—6xpG eax__ (a)

D, =¢gDg. (6b)
Liquid-phase continuity equation :
ooy, I
dy @
Liquid-phase momentum equation (Darcy’s law) :
K e &
n="""pg ®)
L

where £ is a function of the topology of the liquid
phase,and 0 < £ < 1 [1].

K. MURATA

Volumetric constraint:
egte +es =1 )
Thermodynamic relations :
P, = P(T). (10)

Equation (10) is valid in the wet zone and at the gas—
liquid interface of the liquid film.

P, =p,RT (11a)
R, = R/M, (11b)
P, =p,R,T (12a)
R, = R/M, (12b)
P = putpg (13)
P=P,+P, (14)
W= p./pg- (15)

The following equation is obtained by differentiating
equations (4) and (5) with respect to y and x respec-
tively, and then subtracting them

g o _Ko| o 0P

dy ax  yg dy Ox

Jug

deg OP 0
+ox 2y ox (Pcscg)]~ (16)

Omitting the first term on each side of equation (16),
and then integrating it, one obtains
Vg = &(PG—PGO)EGQ- an
Hg

In this analysis, the pressure P is approximated by
P = Py+ pcagy. Namely, the pressure change in the x
direction is neglected, and the momentum equations
are not solved for pressure.

The boundary conditions are as follows.

At x = 0, or at the surface of the insulation slab:

W= w, (18)
T=T,. (19)
At x = d—dy, or at the interface of the liquid film :
ow
(pcug)i— (pGqu —peD. a) =0 (20)
oT A
9= (o) = (Ae 5) =5 (-1
(21a)
g = &sdg+ (1 —&g)Ap. (21b)

The mass balance equation in the liquid film is sim-
plified to

d
d_y(pLULFéLF) = (pgUs); (22a)
K (1—¢
b = %Slm. (22b)
L

At y = 0, or at the top of the insulation siab:
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Fig. 5. Calculation scheme.
v =0 (23)  coordinate is affected by the upstream conditions, but
o =0 24) not by those downstream. Accordingly, the variables
L at j = J are obtained from those at j = J—1, and the
OLF = OLper (25)  same solution procedure is repeated until the final j.

where ¢, is the critical film thickness representing
that condensate thicker than this critical value begins
to precipitate.

The above equations (2)—(15) and (17) are solved
in the wet zone. In the dry zone, however, ¢, v; and
I' are already known (¢, = 0,0, = 0,T = 0), so equa-
tions (7), (8) and (10) are not necessary. Equations
(26) and (27) are based on the continuity of heat flux
and diffusive flux at the boundary between wet and

dry zones (x = x,) respectively
oT
0X Jpy

oT
(w50 (-
w ow
- (pGDe _(lg>wz = - (PGDe a)})z. 7

The position x;, is determined so that both these equa-
tions are satisfied.

(26)

3.2. Solution procedure

Solutions were obtained numerically based on the
finite-difference method. Figure 5 shows the cal-
culation scheme where, as described before, the width
of the dry and wet zones is regarded as constant
(=d—0.Fy) and they are divided into n—1 mesh
points. The variables were defined on a staggered grid
system ; the scalar variables were defined at the center
of each control volume, while the velocity components
were defined at its surface. The convective and diffu-
sive terms were discretized by donor-cell differencing
and second-order centered differencing, respectively.
In the problem studied here, the state at a certain y

The boundary location between dry and wet zones at
j=J, x,(J), and the variables at j=J, ug(i,J),
vG(i’ J)’ T(l’ J)9 W(i, J)’ pG(i’ ‘I)’ r(l7 J)’ UL(i7 J)’
eL(i,J), eg(i, J) and 8 x(J) for i = 1-n+ 1 are obtained
using the following procedure :

1. Estimate the location of the boundary between
dry and wet zones, m,.

2. Solve the governing equations without equation
(26), and obtain the variables in each zone.

3. Calculate each term in equation (26) using T’and
& obtained above, and evaluate the error which is

given by
ERe:
0% Jyz 0% Jrz

()
0x Jp,

4. Find the m; value which minimizes the error by
repeating steps 1 through 3.

5. Repeat steps 1 through 4 with a larger », unless
the minimal error obtained in step 4 is within the
tolerance (= 107%).

E=

(28)

The boundary between dry and wet zones, x,(J), is
regarded as x, = (m;— 1)Ax with an uncertainty of
one mesh width (= Ax).

3.3. Analytical results and discussion

Calculation conditions were chosen so as to simu-
late the experiments described above: pressure
P, = 0.10 MPa ; surface temperature of the insulation
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slab T, =89°C; cooling surface temperature
T, = 15-65°C; vapor concentration at the surface of
the insulation slab wy = 0.35 and 0.20 ; and thickness
of the insulation slab d = 25 mm. The gas phase was
regarded as a binary mixture of air and water vapor.
The gas-phase diffusion coefficient, D, was evaluated
as a function of temperature and pressure, but the
other properties (Cpg, figy, A, AL, As, Pro M1, ) Were
approximated by representative values obtained using
the prediction methods of Reid and Sherwood [10].
The permeabilities of the gas and liquid phases, Kg
and K;, were nmeasured beforehand, and
K; = K = 1.5x 107 m2 The factor £ was assumed
to be 0.1. The critical film thickness, d g, was
approximately regarded as equivalent to the surface
roughness of the cooling surface, and fixed at 10 ym.

Figures 6(a) and 6(b) show the x-directional pro-
files of T, w, ¢, and Ty at y = 30 mm, where T is the
local saturation temperature corresponding to local
vapor concentration w. The conditions of the cal-
culations in Fig. 6(a) and (b) simulate Run 1 and Run
5, respectively. The liquid film at y = 30 mm is very

100 r—rrr v
(a) PR0i0MPa | T gsc ]
;)\ :\ TW=24°C ]
S
'__wBO o T w,=0.35 ]
o FTs T y=30 mm ]
! \\ ]

60

0.2 0.01 .
| b w
\ g

Ly il 1Y

0 5 10 15 20 25
X (mm)
{b) I50=0.10'MPa ' T0|=89“c 1
s FR ‘ T, =50C |
£ | w ]
:wBO _\ T. w,=0.20 ]
= I Ty \ y=30 mm ]
60 e \
0.4 N 0.02
z i o
w <X
0.2 - 0.01 _
T — ]
——]
O....I.‘...‘...-..J...o
0 5 10 15 20 25

X (mm)

Fig. 6. (a) Profiles of T, T, w and ¢, for Run 1. (b) Profiles
of T, Ts, w and ¢ for Run 5.
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thin, with O f = 0y p+7.5 pm for Run 1 and
OuF = O1per+2.3 um for Run 5. In Run 1, con-
densation occurs in the range up to about 10 mm from
the cooling surface. This region is the wet zone, where
T=Ts and ¢ > 0. The region where T > Ty and
g = 0 is the dry zone. In Run 5, there is no wet zone,
and condensation occurs only on the cooling surface.
The liquid content in the wet zone, ¢, depends on
the factor ¢ because ¢, is determined by the balance
between local condensation rate and liquid flux. How-
ever, g is so small that the local condensation rate I’
is hardly affected by it. The local concentration w
decreases in the x direction. As a result, the tem-
perature in the region where condensation occurs is
considerably lower than the dew temperature at the
surface of the insulation slab, Tg,. This shows that
condensation is controlled mainly by diffusion resist-
ance within the fibrous insulation. Although the tem-
perature profile is approximately parabolic in the wet
zone due to condensation, it is almost linear in the dry
zone. Thus, the convective contribution is found to
be small. On the other hand, the change in vapor
concentration w is almost linear in both zones. This is
because the x-directional change in pg counter-
balances that of w, and because the local condensation
rate, I', is small enough to have no significant effect
on the concentration profile in the wet zone (this is a
result of the large latent heat of condensation).
However, if the change in w for Run 1 is carefully
observed, the w profile is seen to be slightly upwardly
convex in the dry zone, and downwardly convex in
the wet zone. The heat fluxes at the cooling surface
are 1410 W m~2 for Run 1 and 498 W m 2 for Run 5,
and are about 12 times larger than the values predicted
from the equivalent thermal conductivity
(=4(Ty—T,)/d). In Run 1, the heat flux released
by condensation on the cooling surface accounts for
about 60% of the total heat flux. The calculation
results at y = 70 mm, namely the value of g and the
profiles of w and T, were almost the same as those at
¥ = 30 mm, except for the liquid film thickness, ¢,
and the liquid content in the wet zone, ¢_. This is
because d, ¢ and ¢, are small enough to have no sig-
nificant effects on the velocity, temperature and vapor
concentration fields, and the natural convective con-
tribution is not appreciable.

A comparison between the experimental and ana-
lytical results is given in Fig. 3, where the solid and
broken lines show the two curves of predicted heat
transfer coefficients, «. As the predicted « at y = 70
mm is almost equal to that at y = 30 mm, it is not
shown in the figure. On the other hand, the exper-
imental o at y = 70 mm is 7-12% smaller than that at
v = 30 mm. This seems to be mainly because a vapor
concentration field in the air-flow channel develops in
the flow direction, and the mass transfer resistance in
the air-flow channel increases (and as a result, w,
decreases). A further reason might be that the vapor
concentration in the air-flow channel decreases
because of condensation within the test piece. What-
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ever the reason for this small discrepancy, it is clear
that the analytical and experimental results agree well
although the predicted « is 10-15% lower than the
experimental data at w, = 0.20.

The heat transfer coefficient o goes down with
increasing Tg,— T,. The reason for this will now be
discussed. Since the condensation rate is controlled
mainly by diffusion within the fibrous insulation, the
heat flux, ¢, depends greatly on the vapor con-
centration difference w, —w,,, and goes up with rising
saturation temperature difference Tg— T,. In this
work, however, Ts,— T, is increased by reducing T,
at a fixed Ty, so w, — w,, increases less significantly at
the lower T, even if Ty, — T, does increase. As aresult,
the heat transfer coefficient, o, apparently decreases
with increasing Ty — T, This is because dependence
of the saturation vapor pressure on the temperature
becomes less significant as the temperature
approaches 0°C.

The reason why the heat transfer coefficient « goes
down with decreasing w, at a fixed Tg,— T, is also
explained in the same way. The dependence of the
saturation vapor pressure on the temperature becomes
less significant at lower temperature. Accordingly,
wo— w,, for wy = 0.20 (T, = 68.4°C) is smaller than
that for wy = 0.35 (T, = 79.8°C) even when T5— T,
is equal.

Although the natural convective contribution is
small under the experimental conditions adopted here,
it is expected to become appreciable at higher pres-
sures (where the gas density is greater), greater tem-
perature differences and smaller condensation rates.
Figures 7(a) and 7(b) show the calculation results for
the condition of P, =0.81 MPa, T, =800°C,
T, = 80°C, wy, = 0.20 and d = 200 mm. Figure 7(a)
shows the y-directional changes in ¢ and ¢, 4, where
qLn is the heat flux due to the latent heat of conden-
sation. Figure 7(b) shows the temperature profiles at
various y coordinates. In these calculations, A; and
ng were also evaluated as a function of temperature.
The radiative contribution was not taken into
account, although it might be expected to be appreci-
able at such a high temperature. No wet zone exists
under this condition. The heat flux and the tem-
perature profile change significantly in the y direction :
this is a result of natural convection.

4. CONCLUDING REMARKS

Condensation in a fibrous insulation slab, one side
of which is exposed to a high-temperature and high-
humidity environment, while the other side is bounded
by a cold surface, has been investigated experimentally
and analytically. The analysis was based on a model
in which condensation occurs on the cold surface and
in the interior of the insulation, and condensate flows
under gravity but not by capillary action. The pre-
dicted heat transfer coefficients agreed well with the
experimental data at atmospheric pressure and for
temperatures up to 100°C. It was also indicated by the
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analysis that the convective contribution is appreci-
able at higher pressures and temperatures.
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