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INVESTIGATION OF HEAT-HUMIDITY TRANSFER
IN HIGH-POROUS GAS-FILLED POLYMERS
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Abstract: A method for calculating the effective thermal conductivity of moisture-containing highly porous
foamed polymers is proposed. In this method a non-additive scheme for taking into account the effect of steam
diffusion on heat transfer is used. The sequential binary systems (interstitial substance from a liquid and a vapor-
gas mixture, as well as a polymer skeleton and an intra-porous substance) are described by models of structures
with interpenetrating components and isolated inclusions. The conditions for the transition from one model of
structure to another are defined and there is not necessity to define empirical coefficients. A geometric model of
wet foamed polymer has been developed, that allows us to find a way to determine the value of the boundary
moisture content of pores or wetting angle at which the transition from partial wetting of the surface of the pores
with liquid to full wetting and vice versa occurs. A mathematical description of the process of heat transfer in the
model structure of a wet foamed polymer has been made, taking into account the diffusion of water vapor in the
pore space.
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NCCIEAOBAHUE TEINJIOBJAT'OOBMEHA
B BBICOKOITIOPUCTbBIX 'A3OHAIIOJTHEHHbBIX
HOJIMMEPAX IPUMEHUTEJIBHO K PACUETY
UX TEIIJIOITPOBOJHOCTH
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! DenepanbHbIil EHTP HOPMHUPOBAHHSI, CTAHAAPTH3ALNN U TEXHUIECKON OLEHKH COOTBETCTBHS
B cTpouTesbcTBe MuHcTpost Poccnu, r. Mocka, POCCHU S
2T'ocymapcTBeHHas BhICIIAs MmKojia uMeHu Iansl Pumckoro Moanna Iasna 11, r. bana IMoanscka, ITTIOJIbILIA
3 BpecTckuii rocy1apcTBEHHBIN TeXHUYECKUiT yHuBepcuteT, r. Bpect, PECITYBJIMKA BEJIAPYCh

AnHotanmsi: B nannoii pabore npearaercst MeTos pacueTa 3 QpeKTHBHOM TEMIONPOBOHOCTH BJIAr0COIepKa-
X BBICOKOTIOPUCTHIX NIEHOIJIACTOB, B KOTOPOM HCIOJIBb3YETCSl HEQAJUTUBHAS cXeMa ydera BIusHus quddysun
napa Ha nepetoc Teruia. [IpuBenena pazpaboTanHasi reoMeTpruiecKast MOZENb BIAXKHOTO ITEHOIIACTA, TO3BOJISIO-
I1ast HAUTH c1I0co0 OTpeIeNICHNs 3HAYCHUS TPAHUYHOTO BJIATOCOIEPIKAHHSI IOP MIIM KPAeBOTO yrijla CMaunBaHMU,
IIPU KOTOPBIX MPOMCXOAUT MEPEX0/] OT YACTUIHOTO CMAYNBAHMS OBEPXHOCTH MOP KHUIKOCTHIO K TTIOJTHOMY CMa-
YMBAaHWIO M HA000pOT. PacyeTamMu oKa3aHo, 9TO TAKOH IEPEX0] COMPOBOKIAECTCS CKAUKOOOPa3HBIM H3MEHCHNEM
TETUIONPOBOIHOCTH TIEHOIUIACTOB. BEIMOIHEHO MaTeMaTHYECKOE OITMCAaHKE Tpoliecca ePeHoca TEeTIa B MOISIb-
HOH CTPYKTYpE BIQXKHOTO IIEHOIIIACTA ¢ yueToM ] dy3un BoISIHOTO Iapa B TOPOBOM IPOCTPAHCTBE. PacyeTHhIM
IIyTEM YCTaHOBJICHO 3aMETHOE BIIMSIHUE BIIArOCOJCPKaHMS U CPEIHEN TeMIlepaTyphl MEHOIIacTa Ha ero 3 dek-
TUBHYIO TEIUIONPOBOAHOCTD MPHU aJIMTUBHON M HEaJIMTHBHON cxeMaM yueTa Mud(y3HOHHOW COCTaBIISIONICH
TEIUIOTIPOBOIHOCTH.

Ki1roueBble cj10Ba: TEIIOBIarooOMeH, BEICOKOIIOPUCTHIC Fa30HANIOIHEHHBIE TIOJIMMEPHI,
pacueT TerIonpoBOAHOCTH, AU(dy3us mapa, yroia cMauuBaHUSL

67



INTRODUCTION

Rigid polymeric foams (foamed polymers) are
widely used in construction and other industries
as an effective thermal insulation of buildings
and structures. A generalized characteristic of the
complex process of heat conduction in foamed
polymers is the effective thermal conductivity
coefficient A, used to determine the heat-shield-
ing properties of thermal insulation structures.

It is obvious that the thermal conductivity coeffi-
cient of foamed polymers depends on the thermal
conductivity of the dense polymer skeleton and
the interporous substance, which in moisture-
containing materials consists of a vapor-gas mix-
ture and water. When determining the thermal
conductivity of such an interporous substance, it
is necessary to take into account the influence of
a diffusive flow of steam-like moisture moving
in the direction of heat flow and accompanied by
phase transformations of moisture in the pores
(evaporation in the warm zone and condensation
in the cold) [1, 2, 3, 4]. At the same time, due to
condensation of the diffusing vapor, the thermal
conductivity of wet materials and, above all, of
highly porous foamed polymers, may signifi-
cantly increase.

Evaluation of the influence of steam diffusion on
heat transfer is currently performed using addi-
tive and non-additive schemes. Thus, in [4], the
effective thermal conductivity of a wet foamed
polymer consists of heat conduction due to con-
densation of diffusing steam, which is deter-
mined using the relation that is similar to the Fou-
rier law for heat flux, recommended for use in the
temperature range from 20 to 90 ° C and contain-
ing empirical coefficients, and thermal conduc-
tivity of the wet material, determined by the
Krischer formula, also containing the empirical
coefficient. The presence of empirical coeffi-
cients imposes certain restrictions on the use of
these dependencies in the calculations.

The authors of [3] estimate the effect of vapor
diffusion on heat transfer by using a non-additive
calculation scheme, simulating a wetted material
by a structure with interpenetrating components.
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An analysis of a three-component system con-
taining a polymer skeleton, liquid moisture and a
vapor-gas mixture was carried out using the
method of sequential reduction of a multicompo-
nent system to a binary one. First, the effective
thermal conductivity of the pore space containing
the liquid and the vapor — gas mixture (binary
system with interpenetrating components) was
determined, and then the effective thermal con-
ductivity of the wet material consisting of the
polymer skeleton and the inter-porous substance
was determined. The thermal conductivity of the
vapor — gas mixture was represented as the sum
of the thermal conductivity of dry gas and the
thermal conductivity of steam, caused by diffu-
sive transfer of steam in the pore space.

In highly porous foamed polymers, liquid mois-
ture wets the surface of the pores partially (more
often) or completely (less often). In the first case,
the pore space model should be represented in the
form of a binary system with isolated inclusions,
and in the second case, in the form of a binary
system with interpenetrating components. When
changing the moisture content of the pores or the
wetting angle, it is possible transition from one
binary system to another. In this case we need to
know the value of the boundary (critical) mois-
ture content or wetting angle. However, the de-
scribed calculation schemes do not take into ac-
count this important feature.

STRUCTURE'S MODEL
OF WET FOAMED POLYMER AND ITS
CALCULATIONAL RELATIONSHIPS

When developing the model of wet foamed plas-
tic, the real cellular structure of the polymer skel-
eton is replaced by an adequate model with an
ordered rod structure consisting of identical ele-
mentary cells of a cubic form. This form of the
unit cell is fairly reasonable and the simplest. In
order to assess the character of the distribution of
liquid moisture in this cell, it is necessary to take
into account the moisture content of the material
vy and the wetting angle © formed at the bound-
ary of the solid, liquid and gas. From the analysis
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of the results of numerous experimental studies
that carried out in laboratory and natural condi-
tions and partially presented in [4, 5, 6], it fol-
lows that at constant contact with the environ-
ment for which humidity and temperature are
changing, the volume moisture content of polyu-
rethane and phenolic foamed polymers can reach
v =0.06-0.07 m* / m®. To determine the wetting
angle O, it is used the method of a large drop of
liquid (3-4 cm®) wetting the flat horizontal sur-
face of the polymer [7]. After five independent
measurements of the wetting angle with water of
a polyurethane surface at a temperature of 20 ° C,
it turned out that the measured random variable

is characterized by an arithmetic average value 6
=56 ° and a sample standard deviation s=3.2 °.
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1-6=0°2-60=45°3-6=90°
Figure 1. View of the liquid surface in the
dihedral angle at various wetting angles.

Figure 1 shows the nature of the distribution of a
very small amount of liquid in the form of a strip
of constant cross section in a two-sided angle
formed by two mutually perpendicular half-
planes at different wetting angles. If we start
from the average cell sizes of polyurethane foams
given in [8], it can be assumed that the size X in
Figure 1 does not exceed 200 um. In this case,
under normal conditions, gravity will not be able
to distort the surface of the liquid (water) shown
in Figure 1, since the values of the gravitational
forces are no more than 0.5% of the values of the
surface tension forces. Then it is not difficult to
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imagine the nature of the distribution of fluid in
the unit cell. As an example, Figure 2 shows the
eighth part of a unit cell containing an isolated
fluid inclusion at a wetting angle © =45 °.

A

L

~

Figure 2. The nature of the distribution
of isolated inclusion of liquid in the unit cell
at a wetting angle © = 45°.

With an increase in moisture content, the size x
(Figure 2) increases and at

x=L-A

isolated fluid inclusions merge and porous space
should be considered as a binary system with in-
ter-penetrating components. Thus, when calcu-
lating the thermal conductivity of the pore space,
it is necessary to know its boundary moisture
content, at which the binary system with isolated
inclusions transforms to the system with inter-
penetrating components and vice versa.

The volume moisture content of pores v, is re-
lated to the volume of a liquid Vy and pores V,
by a ratio

w,=V,1V,

or to the volume moisture content of a material
and its porosity m by ratio
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w,=w/m.
From Figure 2 it follows that
V,=3-x>-4/2+x°/6.
Pore volume
V,=(L-4) +3-4-(L-4).

Accepting x=L-A, after simple transfor-
mations, we obtain the volumetric boundary

moisture content of pores at a wetting angle
0=45°

: 1+8-¢
= ;c=A4/L. 1
Vo 6-(1+2-¢c) )

Analogically for wetting angle value 6=90° we
obtain

. 7-(1+35-¢)

VT e 2e) ®

For wetting angle value 6=0° the unknown value
of moisture content is determined by formula

(4-7)-(1+14-¢)
20-(1+2-¢)

v, = . 3)

Using formulas (1), (2) and (3), it can be deter-
mined the relationship for pore moisture content

l//;) from wetting angle O for different values of

the rods’ relative sizes ¢ =A/L of elementary
cell. This relationship is illustrated in Figure 3.
The relative size of the rods is calculated using
the ratio [9]:

4

054+ Sin[arcsin(Z -m; — 1)} ’

3

where m; is concentration of the i-th component
(1=1, 2), for which the value ¢ should be deter-
mined.
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Figure 3. The relationship between boundary

moisture content of the pores Y » and

the wetting angle O at different relative sizes
of the rods of the unit cell c.

In order to determine effective heat conductivity
for binary system with known components' con-
centrations m, mz and its heat conductivities A1,
/2, let us apply relationships, turned out on the
basis generalized conductivity theory [3].

For the structure with interpenetrating compo-
nents, the dependence obtained by G.N. Dulnev
in 1965 is used.

A=A [ +v-(1-c) +

NG
+2-v-c-(l—c)(v-e+1-c)",

where v=A4,14.

The components of this structure are geometri-
cally equal and in the calculations it does not
matter which of the two components is taken as
the first.

For the structure with closed inclusions, the fol-
lowing dependence is chosen:

1+(v—l)-(1—m22/3)-m§/3
v—(v—l)-mé/3 ’

A=A (6)
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where m; is volumetric inclusion's concentration,
v=A4,14.

In this case, the components of the structure are
geometrically unequal and the continuous com-
ponent is always the first with the concentration
mi.

When calculating the thermal conductivity of wet
foamed polymer, let us consider the vapor-air
mixture as one of the continuous components,
since during the operation of the thermal insula-
tion structures there is a diffusion replacement of
gas, formed in the pores of the foamed plastics
during its manufacture, by air and water vapor.
According to [1, 2, 3], the thermal conductivity
of the vapor — air mixture 4,4 equals to the sum of
the thermal conductivities of air 4, and vapor A,.
Thermal conductivity of steam A,, caused by dif-
fusive vapor transfer in the pore space, can be de-
termined by the formula [3]

D M P dP
ho=Z e S ()
u R-T P,~P dT

where D is coefficient of water vapor diffusion in
still air, m%/s; y is coefficient of resistance to va-
por diffusion through the pore space; M is molec-
ular weight of steam, kg/mole; R is universal gas
constant, J/(mole-K); T is vapor temperature, K;
P4 1s total vapor and air pressure, Pa; P, is vapor
partial pressure, Pa; g, is specific heat of vapori-
zation at temperature 7, J/kg.

In determining the coefficient D, it is widely used
dependence, which was justified by R. Schirmer
[10] in 1938

D

~2305:10°-P, (T "
P 273)

va

P, =101323Pa. (8)

The experimental value of the coefficient p is de-
termined from the ratio

1u=D/5,, ©)
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where d, is vapor permeability coefficient of the
porous medium, m%/s.

Experiments can be avoided if it is possible to
choose the most suitable formula for the de-
scribed material from a large number of the pro-
posed formulas. A preliminary analysis showed
that, for wet foamed polymers with an open-cell
structure, for the concentration of the vapor-air
mixture

m—y>093,

it can be suggested a simple formula [4]

ﬂ=m,‘//5'ﬁp'm- (10)
For values
m—y <0.93
it can be applied dependence [11]
p=7"l(m-y), (11)

where 7 1s the tortuosity coefficient, which ac-
cording to [9] is proposed to be found from the
relationship:

r=(m-y)/c*. (12)

Here the parameter ¢ is determined by the for-
mula (4) for

m=m-y.

Substituting the relation (12) in (11) we finally
obtain

pu=(m-wy)/ct (13)
It seems to be expedient to begin the calculation
of the diffusion component of thermal conductiv-
ity A, of foamed polymers when a moisture con-
tent is not less than the maximum gyroscopic one
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wr and constant at a given temperature and pres-
sure of the saturated vapor pvs.

SCHEME OF A CALCULATION

Let us illustrate the recommended calculation
scheme using the example of calculating the ef-
fective thermal conductivity of a foamed poly-
mer specimen with a porosity of m =0.93, a den-
sity of p = 80 kg / m3, moisture content i = 0.06
m? / m? that is close to the largest operating value,
average temperature =20 ° C and wetting angle
© =60 °.

At the beginning, using the formula (7), we cal-
culate the diffusion component of thermal con-
ductivity at A,, T=293 K, P,,~10° Pa. According
to reference data we find M = 0.018 kg / mol, R
=8.3144 J / (mol - K), P,=P,;=0.02338-10° Pa,

9B _ 148 pa /K (for dT= 1K),
dT

g:=2.38-10°J / kg. According to the formula (8),
we determine the diffusion coefficient of vapor
in the air D = 2.65-10° m? / s. To calculate the
coefficient pu, we use formula (13) with the vol-
ume concentration of the vapor-air mixture and
the parameter ¢ = 0.7743, found by formula (4)
for m; =m =0.87. Then we have p = 2.42.

As a result, we obtain 4, = 0.03 W/ (m - K) and,
taking into account the thermal conductivity of
dry air, 4, = 0.0257 W / (m - K), the thermal con-
ductivity of the vapor-air mixture is

A=A +2, =00557 W/ (m - K).

The volume moisture content of the pore space is
equal to

w,=y/m =0.06/093=0.0645m’ / m’.

At a wetting angle © = 60 ° and the parameter c
= 0.1614, calculated by the formula (4) with a
polymer volume concentration of m; = 0.07, us-
ing Figure 3, the boundary moisture content of
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pores v, = 0.38 m’ / m’ was found, which ex-
ceeds the actual y, = 0.0645 m’ / m> almost 6

times. In this case, the pore space containing the
vapor-air mixture and water is considered as a bi-
nary system (structure) with isolated inclusions.
The first component of this system is a vapor-air
mixture with a volume concentration of m; =
0.9355 and thermal conductivity

A =4, =0.0557W/(m - K),

and the second one is water with a volume con-
centration of my = 0.0645 (m, + m, =1) and ther-
mal conductivity

A, =4,=0.596 W/ (m - K).
Now, using the formula (6) with the ratio
v=A4,/4, =0.596/0.0557=10.7,

we calculate the effective thermal conductivity of
the pore substance

M2 =0.0608 W / (m - K).

At the final stage of calculation, using formula
(5) for a structure with equal interpenetrating
components, we determine the effective thermal
conductivity A of a wet foamed polymer. As the
first component, we consider the inter-porous
substance, for which we have

m =m =093, A =4, =0.0608 W/ (m - K)

and the parameter ¢ = 0.8386, obtained by for-
mula (4). The second component is a polymer
skeleton characterized by m2=0.07 and A> =0.25
W/ (m - K). Then we have a relationship

v=A4,/4,=025/0.0608=4.1118.

For the obtained values of parameters ¢ and v, we
calculate the effective thermal conductivity of
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the wet foamed polymer A = 0.068 W / (m - K)
using formula (5).

For comparison, according to the considered
scheme, a calculation is performed in which,
when determining the thermal conductivity of the
pore substance A2, the heat transfer due to con-
densation of the diffusing vapor Ay is not taken
into account. In this case, the value of the effec-
tive thermal conductivity of the wet foamed pol-

ymer is 4 =0.0354 W / (m - K), that is almost
two times less than the result of the previous cal-
culation. If we use the additive calculation
scheme and determine the effective thermal con-
ductivity of the wet foamed polymer as a sum, we
get the result

2=0.0354+0.03 = 0.0654 W / (m - K),

which is only 3.8% less than the result calculated
by the non-additive scheme. Let us note that,
when implementing another additive calculation
scheme using the formulas recommended in [4]
and containing empirical coefficients, the effec-
tive thermal conductivity is obtained equal to A =
0.0745 W / (m - K), which is 9.6% higher than
the value calculated from proposed non-additive
calculation scheme. Exactly the same result is
given by the proposed calculation scheme using
the value of the vapor diffusion coefficient p =
2.016, which is obtained using formula (10).

NUMERICAL EXPERIMENT
AND ITS RESULTS

A numerical experiment is carried out to assess
the effect of moisture content y and the average
temperature t of the considered foam plastic on
its thermal conductivity A. To this end, the pre-
sented example of calculating A, which takes into
account different approaches to estimating A, was
repeated for other values of moisture content for
the range from 0.01 to 0.3. According to the re-
sults of repeated calculations, graphs are con-
structed reflecting various dependencies of A on
v, that are shown in figure 4 together with exper-
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imental data taken from [4]. Comparing depend-
ence 1 in figure 4 with the other dependences, it
follows that the diffusion component of thermal
conductivity A, for various ways of taking it into
account makes a significant contribution to the
effective thermal conductivity A of wet foamed
polymer. Using formula (10) to determine the va-
por diffusion resistance coefficient p instead the
formula (13) we obtain noticeable differences
(qualitative and quantitative) in calculating the
effective thermal conductivity A (dependences 3
and 4). Comparison of dependences 2 and 3
shows that the additive and non-additive schemes
for taking the diffusion component A, into ac-
count when determining the effective thermal
conductivity of the foamed polymer gives similar
results within the maximum operating moisture
content of y < 0.07. In this case, the results of the
non-additive calculation exceed the results of the
additive calculation no more than 4%. With an
increase in the moisture content of the material to
vy = 0.3, this difference increases to 15%.

From figure 4 it can be seen that for the same ma-
terial with moisture holding y > 0.2, the experi-
mental data of some authors (triangles) exceed
the experimental data of other authors (circles)
approximately two times, and the calculated
curve 3 obtained using the recommended calcu-
lation schemes, well predicted by experimental
data, indicated by circles. It was also experimen-
tally established [3] that the thermal conductivity
of the same material with the same moisture con-
tent may differ several times. First of all, this can
be explained by the fact that at the same moisture
content, but different wetting angles, the mois-
ture can wet the surface of the pores fully or par-
tially.

For the considered foamed plastic (m = 0.93 and
vy = 0.3), we have a moisture content of pores

w,=w/m=02323,

which corresponds to the boundary wetting angle
0 =52 ° (figure 3).
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Figure 4. Dependence of effective thermal conductivity A on moisture content y for foamed plastic
with porosity m = 0.93 at a temperature of 20 ° C and wetting angle © = 60 ° and various ways
of accounting for thermal conductivity of water vapor A, due to its diffusion:
1 - excluding; 2 - additive; 3, 4 - non-additive with different formulas for calculating the coefficient
of resistance to vapor diffusion.

At wetting angles © <52 ° and moisture content
v = 0.3, the surface of the pores is completely
wetted with water and the pore space can be rep-
resented as a binary system with interpenetrating
components, the thermal conductivity of which is
determined by formula (5). In this case, the value
of the effective thermal conductivity of a wet
foamed polymer is

A=0.136 W/ (m - K),

that exceeds the value of thermal conductivity
calculated for the same foam with partial water
wetting of the pore surface (6> 52 ©), 1.71 times.
It accurately predicts the experimental value

A=0.15W/(m - K)

presented in Figure 4. For another moisture con-
tent w = 0.25 (yp = 0.269) and a wetting angle ©
<45 °, the calculated value

A=0.121 W/ (m - K)
is close to another experimental value
A=0.13 W/ (m - K) (Figure 4).

Thus, with the correct quantitative assessment of
the wetting of the surface of the pores with a liquid
(partially or completely), determined using the pa-
rameters y and O, the proposed method for calcu-
lating the thermal conductivity of foamed polymers
A can satisfactorily predict experimental data.

The calculations confirm the well-known effect
of increasing the heat conductivity of a wet
foamed polymers with an increase in its average
temperature.
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Figure 5. Dependence of the effective thermal conductivity /. on the average temperature of the
foamed polymer with a porosity of m = 0.93 with a moisture content of w = 0.3 and a wetting angle
of © = 60 ° and various ways of accounting for the thermal conductivity of water vapor A, due to
its diffusion
1 - excluding; 2 - additive; 3 - non-additive.

At the same time, within the limits of the opera-
tional moisture content of the material y < 0.07,
the difference between the values of thermal con-
ductivity calculated by additive and non-additive
calculation schemes does not exceed 4%. With
an increase in the moisture content of the mate-
rial to y = 0.3, this difference increases, that is
shown by dependences 2 and 3 in figure 5.

CONCLUSIONS

A geometric model of wet foamed polymer has
been developed, that allows us to find a way to
determine the value of the boundary moisture
content of pores or wetting angle at which the
transition from partial wetting of the surface of
the pores with liquid to full wetting and vice
versa occurs. Calculations have shown that such
a transition is accompanied by an abrupt change
in the thermal conductivity of foamed polymers.
A mathematical description has been made for
the process of heat transfer in the model structure
of a wet foamed polymer, taking into account the
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diffusion of water vapor in the pore space. By
calculation, a significant influence of the mois-
ture content and average temperature of the
foamed polymer on its effective thermal conduc-
tivity with additive and non-additive schemes for
accounting for the diffusion component of ther-
mal conductivity has been established. Compari-
son of the calculation results with experimental
data revealed its rather exact coincidence.
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