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Multicomponent solid foam-like material is proposed as an isolating agent for toxic and
flammable liquids. The loss of fluidity of this material occurs due to gelation process. To
increase the durability and isolating properties of the solid foam, an addition of water-sol-
uble polymer carboxymethyl cellulose to the gel-forming system is proposed. The processes
of vapor diffusion through a layer of fast-hardening foam on the surfaces of various
liquids were modeled. The flow attenuation coefficient of fast-hardening foam was esti-
mated for liquid vapors.
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MopeaoBaHHs i30IALIIHHMX BJACTHBOCTEH 0AraTOKOMIIOHEHTHOIO TBEPAOro IiHOIOXiOHO-
ro marepiaaxy Ha OCHOBi reieyrsoprorouux cucrem. AA.Kipees, I.K.Rupuuenro, P.A.Ilemyxos,
AA Il apwanos, T.AApxo

3aIpoIIOHOBAHO B SIKOCTi i30JII0I0UOr0o 3aco0y AJsi TOKCHUYHHX 1 FOPIOYMX PiAMH BUKOPHCTO-
ByBaTu 0araTOKOMIIOHEHTHUI TBEPAWM HiHOMOAIOHMII mMaTepias, Brpara TeKydoCTi sSKOro Big0y-
BAETbCS 3a PAXYHOK IIpoIlecy resjeyTBopeHHs. [y 30inbIlIeHHSA CTiKOCTI Ta i3osol0umx BJac-
THUBOCTEM TBEpPAOl HiHM A0 CKJIALY IeJIeyTBOPIOIOUOI CHCTEMH 3aIPOIIOHOBAHO BHOCHUTH BOJOPO3-
YMHHUKN I0JiMep — KapOOKCHMeTHIIe 003y. IIpoBeneHo MOIe l0BaHHS IIpoliecy maudysii
napiB pigmH Kpise IIap IIBUAKOTBEPIiIOUOl IIiHM, HaHeceHOl Ha moBepxHio pimuwH. IIpoBemeno
OI[IHKY 3HaueHHs KoedimienTa ociabjeHHA IIOTOKY IIApiB PiAMHM HIBUAKOTBEPAiIOUOI0 IIiHOO.

IIpennoskeno B KauecTBe MBOJHUPYIOIMIETO CPEACTBA AJS TOKCUUYHBIX M IOPIOUUX SKUIKOC-
Tell MCIIOJb30BATh MHOTOKOMIIOHEHTHBIN TBEPALIN IIeHOOOPA3HBIN MaTepual, IIOTePs TeKydec-
TH KOTOPOTO IIPOMCXOLUT 3a CUET IIpollecca reseodpasoBanus. [[Jid yBeJUUYeHUS CTOMKOCTU U
M30JUPYIONIUX CBOMCTB TBEPAOl MEeHLI B COCTAB rIejeo0pasylolneil CHUCTEeMbI IIPEeIJIOKEHO
BHOCHUTHh BOJOPACTBOPHUMBLIN MHOJMMEP — KapOOKCHUMETHJIIE/NI0a03y. [IpoBeieHo Momeanpo-
BaHMe mnpoiiecca nudpdysun IapoB KUAKOCTEHl CKBO3b CJI0I OBICTPOTBEpPAEIoIeil MeHbl, HaHe-
CEeHHOII HA II0OBEPXHOCTL Kumkocteii. IIpoBemena omeHka 3HaueHuUs: KoaduiimeHTa ocJadie-
HHUS IIOTOKA MapOB JKUIKOCTH OBICTPOTBEPAEIOIell IIeHOM.

1. Problem statement more than 500 belong to the group of ex-
t ly h hemicals. Th -
Currently, about 6 million types of toxic renTe v hazardous chemicals . ey are p(?
substances are used for various industrial tential sources of man-made disasters. Acci-

and household purposes worldwide, of which dents in the places where such substances

Functional materials, 28, 3, 2021 549



A.A.Kireev et al. /| Modeling the insulating properties...

are present can cause massive damage to
people, farm animals and plants.

According to United Nations data, 350
large-scale chemical disasters occurred in
the world over the past 30 years affecting
about 100,000 people, more than 13,000
people died, and more than 8 million people
were evacuated from the places of their
residence. Nowadays, Ukraine is one of the
most critical regions of Europe in terms of
man-related environment burden exceeding
the European average by 5—6 times.

A significant part of toxic substances are
liquids. The turnover of some of them
reaches thousands of tons (benzene, toluene,
methanol, etc.) [1]. Accidental emergencies
lead to the spillage of toxic liquids. At an
initial stage of such accidents, the main
danger is posed by liquid vapors. A number
of methods are used to localize and elimi-
nate such emergencies: installation of liquid
curtains; vapor cloud scattering by gas-air
stream; filling the spill with bulk adsorp-
tion materials; dilution of the spilled liquid
with water or solutions of neutral sub-
stances; neutralization with solutions of
chemically active reagents; cooling the spill
with refrigerants; burning of the spill [2].

However, in most cases, the method of
isolating the surface of the liquid with air-
mechanical foams is used [8]. This method
has a number of disadvantages, the main of
which is the relatively rapid destruction of
the foam as a result of exposure to various
factors. The lifetime of foams does not ex-
ceed several tens of minutes. The process of
localization and elimination of emergencies
with the spill of toxic liquids lasts from
several hours to several days. Therefore,
the development of an insulating agent with
a long service life is required.

As an alternative to air-mechanical
foams, fast hardening foams (FHF) were
proposed as an insulating agent with a long
lifetime [4, 5].

For obtaining FHF, the processes of gel-
and foam-formation are combined. In this
case, the films of the foam cells represent a
non-flowing system — a gel. The FHF de-
struction process differs from the corre-
sponding process for air-mechanical foams.
For the latter, destruction occurs mainly
due to the gradual thinning of the foam
films induced by water draining under an
action of gravitational forces. In the FHF,
destruction occurs due to evaporation of
water from the gel layers leading to gel
drying of and shrinkage of the gel layers
followed by their cracking and spilling. The
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latter process is much slower than the proc-
ess of liquid draining in foam films. The
lifetime of such foams can be up to several
days.

To increase further the lifetime of FHFs,
addition of non-volatile hygroscopic liquids
(glycerin, ethylene glycol) or water-soluble
polymers (carboxymethyl cellulose (CMC),
polyvinyl alcohol) was proposed. These
foams were stable for several weeks [6]. This
time is sufficient for liquidation of emergen-
cies associated with the spill of toxic liquids.
The insulating properties of such fast harden-
ing, highly resistant foams were not experi-
mentally investigated till now.

The existing models of gas diffusion
through foams with closed cells were ana-
lyzed in [7]. In [7] also a model for calculat-
ing the diffusion coefficient based on the
idea of the foam as a regular structure with
cubic cells was proposed. To agree the calcu-
lated results with the experimental data,
the adjustable geometric factor was intro-
duced. In our work, in contrast to the pre-
vious ones, we propose to consider the dif-
fusion of gas through the foam layer with-
out demanding the regularity of the foam
structure.

2. Problem statement and solution

The aim of this work was to model the
process of transfer of liquid vapors through
a layer of solidified foam without demand-
ing the regularity of the foam structure,
and to reveal the characteristics of this
process.

The following assumptions were made
during modeling:

— the film of the foam cell is a gel that
has completely lost its fluidity;

— the gel framework retains an aqueous
solution of some salts, foaming agent com-
ponents and possibly contain water-soluble
polymers;

— the relative contents of liquid and
gaseous phases is expressed by the foam
ratio (the ratio of the volume of the foam to
the volume of the liquid from which the
foam is formed).

The scheme of the analyzed situation is
shown in Fig. 1. First of all, let us estimate
the effective diffusion coefficient of liquid
vapors through the foam. For this purpose,
one should simplify the description of the
process by averaging the values over the
time interval AT, which significantly ex-
ceeds as the characteristic time of diffusion
of liquid vapors within the gaseous medium
of one foam cell At,, so the characteristic
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Fig. 1. Scheme of diffusion between adjacent
cells. The numbers indicate the cross sections
of typical stream tube. Symbols correspond to
the boundaries between the inner space of the
cells and the shell.

diffusion time through the shell of foam
cell At,. These characteristic times are given
by the relations:

A _ﬁs (1)
@ D)7

A ———lz s (2)
s DS

where D, is the vapor diffusion coefficient
inside the cell, m2/s; l, is the characteristic
size of the cell, m; D, is the vapor diffusion
coefficient within the material of the foam
cell shell, m2/s; I, is the foam cell shell
thickness, m.

This averaging allows considering the
process of vapor diffusion between the cavi-
ties of any two neighboring cells as quasi-
stationary one. Using this fact we obtained
a relationship between the concentration of
vapors in neighboring cells and the diffu-
sion fluxes of these vapors.

Fig. 1 shows a stream tube that bounds
the diffusion flux AJ, mols™1, moving be-
tween the cross-sections with constant con-
centration values c¢; = c(l;) and cq = c(ly),
mol-m~3, (I is a distance counted from 1 to
2 along the stream tube). Fick’s law in this
case has the form:

8

AJ = -D(l) - % CAFQ), (3)
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where D(l) and AF(l) are the diffusion coef-

ficient and cross-sectional area of equal con-

centrations of the stream tube at a distance /.
Equation (3) can be re-written as

de_ A (4)
AL DQ) - AF()

and integrated in three intervals of concen-
tration continuity ¢: from 1 to 1/, from
1’ to 2, and 2" from to 2 (Fig. 1). Taken
into account that AJ is constant in station-
ary mode, assuming that the diffusion coef-
ficient is invariable D(l) within each of the
spatial intervals, we get:

1
(5)
AJ dl
cl_c(ll'_o):D_a. F(l) 5
1
o
(6)
AJ dl
a
1
2
AT ¢ dl 0
C(l2/+0)—02=D—a~ F(l) .
o

Let us take into account that at the
boundaries (1’ and 2’), the connection be-
tween the concentrations in the contacting
media is satisfied:

-0
C(ll’ +0) = c(lkil), 8)
c(lyr + 0)

where k, k5 are distribution coefficients at
corresponding borders. As the film between
the cells is thermally thin, and therefore
the temperatures at the boundaries of the
film are practically the same, then

ky=ky=k, (9)

As a result, the consideration of the sys-
tem of equations (5)—(9) gives a relationship
between the diffusion flux and the wvapor
concentrations inside neighboring cells:

_ €1~ Cy (10)
AJ = 2 1 2 .
k[ dl 1 dl dl
DJAF()  Dy|’AF() JAF() 551
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h = Ch( T )

Fig. 2. Geometry of the problem of vapor dif-
fusion through a flat foam layer (liquid (z <
0) is separated from external space (z > k) by
the layer of foam (0 < z < h)).

Further, we note that in all practical
situations:

s __Ds 11
DaE>>f, (1)

allowing us to retain only the first term in
the denominator of (10). As a result, rela-
tion (10) takes the form:

D, ¢{-c
AT =22 SR AR,
S

(12)

where I, = lg — Iy, is a film thickness; AF(I)
is an average value of the cross-sectional
area of the stream tube within the film, m?2.

Re-writing (12) using [, that is the dis-
placement in the general direction of diffu-
sion during the passage of the current tube
(Fig. 1, which implies the total transfer in
the vertical direction), we get the expres-
sion:

D, 1 cp—¢
S s 2z

Comparing (3) and (13), we find that the
expression in square brackets in (13) plays
the role of the diffusion coefficient of lig-
uid vapors over the cavities of the foam
cells in a given direction. For such a proc-
ess, the effective diffusion coefficient can
be estimated by:

Ds L (14)
k17

Def =

5562

where [, is the mean value of the projection
of the length of the stream tube between
two adjacent cells on the general direction
of diffusion.
I, is of the order of the average size of
foam cells in the direction of diffusion [,
but does not exceed it. It depends on the
geometric structure of the foam. [, is de-
fined easily only for foams with a simple
symmetrical structure. So, if the foam cells
are identical parallelepipeds, all faces of
which completely coincide with the corre-
sponding faces of neighboring cells, and the
direction of diffusion coincides with the di-
rection of one of_the main axes of the par-
allelepiped, then [, is equal to the length of
an edge parallel to this axis. This circum-
stance means diffusion anisotropy in such
anisotropic foam.

Relation [/l directly depends on the ex-
pansion rate of the foam k, and its shape.
At kp>>1 the dependence has the form:

Ly 15
E:KF'kf’ (15)

in which the dimensionless factor Kyp>1
(form-factor) is determined exclusively by
the shape of the foam cells. So in the case
of foam with cells in the form of identical
cubes KIVF = 3.

For the foam considered as a homogene-
ous medium, the concentration of wvapors
c(z, 1), related to gas regions inside a flat
layer of such foam, satisfies the equation of
nonstationary diffusion

dc _ 0%c (16)
ot 927

where z is a coordinate directed normal to
the flat foam layer measured from the bor-
der of the foam layer with the insulated
liquid (Fig. 2), 1t is the time counted from
the start of the diffusion process.

The boundary condition to (16) is the
given concentration of liquid vapors at the
liguid-foam interface equal to the concen-
tration of saturated vapors ¢, mol-m3:

¢(0,7) = c, an

and the given conditions of mass transfer
at the border of the foam with the external
space:

de(z,
D, - %T)Lz:h—o =B - [e(h,T) — ¢f], (18)
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where ¢y is vapor concentration in external
space, mol-m 3.

Mass transfer coefficient B, m-s7!; is de-
termined using the equations of the similar-

ity theory [8]. It is equal to:

D (19)
BZNLLD ! Ta’

where L is the characteristic size of the
flow around the foam surface, m (as a rule,
by the order of magnitude L coincides with
the characteristic size of the foam surface).
Diffusion Nusselt criterion Nuj (similar to
Sherwood criterion S#) depends on the con-
ditions of the external flow of the medium
around the foam surface. It can be ex-
pressed through the Reynolds and Schmidt
criteria using the criterial equations of
mass transfer obtained from experiments
and included to reference materials.

As an initial condition of the diffusion
problem it is naturally to take the homoge-
neous initial distribution of the vapor con-
centration in the foam cy:

c(2,0)=cqg, O0<z<h, (20)

An analytical solution to the problem
(16)—(18), (20) for the case of concentration
independence of the coefficients is known. An
explicit form of such a solution in the case of
the heat conduction problem is given in [9].
In dimensionless variables this solution for
the vapor concentration c¢; = c(k, 7) on the
outer surface of the foam layer gives:

L+Bip-6  (21)

0,(Fo ;,Bip,0,) =

oo

+2 - YA, (Bip,0y) - exp(—u2 - Fop),

n=1

where 0, and Of denote relative excess con-
centrations:

o, = n” 0 _% =% (22)
h_cs_cO’ f_cs_CO.
Parameter
Dyp- 23
FODEi: ef B ( )
TD h2

which is the dimensionless time of the dif-
fusion process, is called the diffusion
Fourier criterion. It is associated with the
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characteristic diffusion time through the
foam layer

. =h_23 (24)
D Def, .
Another dimensionless parameter
. _B-h (25)
Bip = ,
D Def

which is the dimensionless coefficient of
mass transfer, is called the Biot diffusion
criterion. We should note that according to
the relations (14) and (19)

l

L on 26
L

. a
BLD—NuD~k~Ds

The coefficients of series (21) are de-
scribed by

1 - cos(u,) - 0,

2
n

. u
(BlD +1+ BiD)' cos(\,,)

(27)

A, (Bip,0p) =

In which U, denotes the nth root of the
characteristic equation

__n (28)
tg(w) = Bip
One should note that the values W, (Bip)
are within following intervals

(n-0.5) -n<p,<n-n, n=1,2,3,,,(29)

The first term in relation (21) gives the
stationary value of the relative excess con-
centration ¢, .,. According to (21) and defi-
nitions (22) and (25), we obtain:

¢ ~l+c ke
. _c+Bipoc;, 5B f Dy
h.st — . - -
s 1 + Bip, %-"Dh
ef
A (30)
g
$ Nup-D, | Dy
- L h
+—
NuD.Da -Def

It should be noted that for Fop <<1 the
series (21) converges poorly. From general
considerations, it is clear that for Fop =0,
05, = 0. The calculations (at Bip =1 and ¢; =
¢g) have shown that at Fop = 0 for obtain-
ing 6, < 0.01 it is necessary to take into
account 32 terms of the series. At Fop =
0.01 to obtain an absolute discrepancy (be-
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tween the exact solution and a partial sum)
less than 0.01, 6 terms must be taken into
account. The absolute discrepancy (between
the exact solution and the partial sum) less
than 0.01 is provided by 2 terms of the
series at Fop > 0.16. In this case, depend-
ence (21) takes the form

2 - exp(—f - Fop) (81)
(2 + ) - cos(uy) ’

0, (Fop,1.0) = 0.5 +

where p,(Bip) = uy(1) = 2.0288.

Using the results obtained we can evalu-
ate the insulating properties of the fast-
hardening foam obtained using the gel-
forming system Na,O-nSiO, (9 %)+
NaHCO5 (9 %) + CMC (0.5 %) + "Morskoy”
foaming agent (6 %) with respect to ben-
zene vapors. We took reference data on the
characteristics of benzene and experimental
data on the characteristics of the gel-like
layer (all data for ¢ = 20°C):

¢, is the benzene solubility in water,
22.8-1073 mol/1 [10];

p, is the average density of gelling solu-
tions, 1007 kg/m3;

v, is the viscosity of 0.5 % CMC solu-
tion, 31,9-10°6 m2/s;

¢, is the concentration of benzene satu-
rated vapors in air, 4.10-1073 mol/I;

D, is the benzene diffusion coefficient in
air, 7.8:1076 m2/s;

ro is the effective radius of a benzene
molecule (gas kinetic radius), rg=
5.27-1010 m,

According to the definition (8) k& = c,/c,,
= 0.18. Diffusion coefficient D, will be esti-
mated by the formula for the diffusion coef-
ficient of a Brownian particle (benzene
molecule) in liquid:

kg - T _ (32)

S=
6.n.pw.vw.r

w

=1.27-1011, ;2. g1,

where kg =1.8810723 JK™1 is Boltzmann
constant; T = 293 K.

For further estimations, we will take the
following wvalues: foam expansion ky=10;
form-factor K, = 3 (15); foam cell size [, =

11073 m; 7, = I,. According to this we get:
— from (15) I, =38.8-107 m and I,/ =
30;
— from (14) D,; = 2.1.1079 m2s71;
— from (1) At, = 0.13 s;
— from (2) AT, = 86 s.
5564

For further evaluation, we take the
thickness of the foam layer A= 11072 m.
So, according to (24), the characteristic dif-
fusion time through such a layer is tp =
4.7.10* s =13 h.

One should note that according to (26)
Bip = 8.6:103Nuph/L, that at h = 1102 m
gives Bip = 36-Nup/L. Taking into account
that Nup =21, we get that in most cases of
using such a foam, Bip >> 1. It is impor-
tant in assessing the protective properties
of the foam, since the attenuation coeffi-
cient of the benzene flux by the protective
coating K equal to the ratio of the flow
from free surface to the flow through the
protective layer, cannot be less than its sta-
tionary value K, =1 + Bip. It should be
noted that in the example under considera-
tion for Nup=1 and L =1 m the estima-
tion gives the value of the flow attenuation
coefficient K, = 37.

Comparison of the insulating properties
of fast-hardening foam and insulating
agents based on silicates [11, 12] allows us
to conclude that it is not worse, and also
has an advantage over them in easier appli-
cation to the liquid layer.

3. Conclusions

As a result of modeling the process of
gas diffusion through the foam layer it was
shown that, as in regular structures, the
effective diffusion coefficient contains the
form-factor, which is determined exclu-
sively by the foam geometry.

Fast hardening foam with a layer thick-
ness of 1 cm is an effective insulating agent
even in stationary conditions.

The proposed insulating agent is close in
insulating properties to the previously pro-
posed silicate-based insulating materials,
however, it has an advantage in easier ap-
plication to the liquid layer.
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