ISSN 1027-5495. Functional Materials, 25, No.4 (2018), p. 774-779.
doi:https://doi.org/10.15407/fm25.04.774 © 2018 — STC "Institute for Single Crystals”

Simulation of the insulating properties
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Mathematical simulation of the process of diffusion of liquid vapors through a binary
layer consisting of a light granular material and a layer of gel applied on its surface is
shown. Using the proposed model the coefficient of octane evaporation rate reduction on
the onset of the stationary mode was determined, and the time for reaching this mode was
estimated. For a gel layer with thickness of 2 mm and a layer of foam glass with thickness
of 5 cm, the evaporation rate of octane is reduced by more than 100 times compared with
the evaporation rate from the free surface of the liquid. Two-layer insulating materials are
proposed to use for elimination of emergencies associated with the spill of toxic and
flammable liquids, as well as for extinguishing fires involving flammable liquids.

Keywords: mathematical simulation, vapors of flammable liquids, diffusion, two-layer
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IIpoBemeno maremMaThyecKoe MoLeaupoBanme mporecca aubdysuu HapoB KUIKOCTEN
CKBO3b OMHAPHBIN CI0I, COCTOAIINEN 13 JErKOro rpaHyJMPOBAHHOIO MaTepuaja U HaHEeCEeHHO-
ro Ha ero IOBEPXHOCTH CJOd rejis. Ha OCHOBaHMM MPEIJOKEHHON MOLeJNH IIPOBEIEHO OIIpe-
JeneHre KOaMOUIMEHTA YMEHbBIIEHUS CKOPOCTH MCIIaPeHNd OKTAHA IPU HACTYILJIEHHU CTAIlU-
OHAPHOT'O PEXKKMMAa U OIEHEeHO BPeMsA BBIXOIA HA HTOT PeXuM. [[JIsd TOJIIUHBL CJI0A I'elid 2 MM
¥ TOJIIIIMHEL CJIOS IIEHOCTEKJA 5 CM CKOPOCTb MCIIApeHWS OKTAaHA yMeHbIIaeTcs Ooiiee, UeM B
100 pas mo CpaBHEHMIO CO CKOPOCTBIO MCIIAPEHUA CO CBOOGOAHON IIOBEPXHOCTU KHUIKOCTH.
IIpennoxeHo HMCIIONB30OBATE ABYXCJIOUHBIE M30JIUPYIOMIAE MATEPUANBL A JUKBUIAIUN YPes-
BBIUAMHBIX CUTyalnil, CBA3AHHBIX C PA3JIMBOM TOKCHUYHBLIX W I'OPIOUUX KUIKOCTElH, a Takixe
IpX TYIIEHUY [HOMKAPOB € YUACTHEM TOPIOUUX KHUIKOCTEH.

MopesoBaHHA i30I0I0YMX BJIACTHBOCTEH JBOLIAPOBOro Martepiaay c¢opMOBAaHOro Ha
nosepxHi pigunu. 1.9 Jadawos, O.0.Kipees, I. K.Kupuuenrxo, O.0.Kosaavos, AA. Illapuranos.

ITpoBemeno maTemMaTUUYHEe MOIEJIOBAHHSA HOpollecy nudysii mapu pizmm Kpisp Gimapuuii
mIap, 110 CKJIAZAETbCA 3 JEerKOro IpaHyJbOBAHOIO Marepiasy i HaHeceHOro Ha MOro IIOBepX-
HIo mapy reawo. Ha migcrasi sampomonHoBamoi mMomesi mpoBegeHo Bu3HAaueHHs KoedilienTa
SMEHIIIeHHA IIBUIKOCTL BUIIAPOBYBAHHS OKTAHY NPU OOCATHEHHI CTAI[IOHAPHOrO pPexumy i
ouineHo wac Buxomy Ha Ieil pexum. [[JA TOBIIMHH LIAPY TeJ0 2 MM 1 TOBIHHHU IIapy
HiHOCKJa 5 ¢M IIBUAKICTh BHIIAPOBYBAHHS OKTAHY 3MeEHINyeThbcA Glubime, Hix y 100 pasis y
nopiBHAHHI 31 MIBUAKiCTIO BUIIapOBYBaHHA 3 BibHOI moBepxHi pigmHu. 3amnpomoOHOBAHO BU-
KOPUCTOBYBAaTU [ABOIIAPOBi isosroroul marepianm aasa Jgikeigamii HagsBUvYallHMX cHUTyaIiil
OB ’A3aHUX 3 POBJIMBOM TOKCHUYHMX 1 ropoumx pianH, a TakoM NOpH raciHuHi momesx sa
yYacTIO roprovynx piguH.
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1. Introduction

Prevention or slowing down the evapora-
tion of liquids is a necessary requirement
during their handling.

In all, the reduction of liquid evapora-
tion requires formation of a layer on its
surface possessing high insulating proper-
ties. Air-mechanical foam is almost the only
insulating means used in emergency situ-
ations.

However, the critical parameters of cur-
rently most effective film-forming agents are
their environmental characteristics [1-3].
They turned out to be 150 times more toxic
than the "biologically harsh” PO-6K foam-
ing agent and 2500 times more stable to
biodegradation in the environment [4]. For
elimination of the large part of the draw-
backs of air-mechanical foams described
above, gel-like layers were proposed to be
applied as an insulating material formed on
the light non-combustible carriers [5, 6]. To
obtain a gel layer, gel-forming fire extin-
guishing systems were used [7] in the form
of two separately stored and separately/si-
multaneously supplied solutions. The com-
ponents of the solution are specially se-
lected in order to provide a non-flowing gel
layer as a result of their mixture.

Loss of fluidity of this gel-forming sys-
tem is determined by the formation of a
continuous macromolecular network, which
acts as a framework. In the voids of the
network molecules of substances with low
molecular weight are situated. In the case
of mixing calecium chloride and sodium
polysilicate solutions mainly amorphous
micelles of calcium polysilicate are formed,
which quickly form a framework by the con-
densation mechanism [8].

Let us consider the phase composition of
the gel using CaCly(10 %) + Nay,O-2.7Si0,(10 %)
gel-forming system. For the chosen gel-
forming system main reaction is:

= Ca0 - 2.7SiO,l + 2NaCl.

At the same time some amount of silica
gel can be formed [8]. Using the reaction

stoichiometry one can calculate the mass
fraction of the gel framework, sodium chlo-
ride and calcium chloride, which is in ex-
cess compared to liquid glass. The corre-
sponding data are presented in Table.

Using these data, one can conclude that
the solid phase from which the gel frame-
work is built is only 4.7 % by mass or
1.7 % by volume (the density of calcium
polysilicates is ~ 2.8 g/cm?3). The insignifi-
cant content of the solid phase in the com-
position of the gel indicates that the diffu-
sion coefficients of substances dissolved in
the gel should not sufficiently differ from
the corresponding values of aqueous solu-
tions [9]. Small concentrations of calcium
and sodium chlorides in the liquid phase
also should not lead to significant change in
the diffusion coefficient in the gel-like
layer. So, the insulating properties of the
gel will be close to the insulating properties
of the water layer of the same thickness.

However, the direct use of the gel as an
insulating coating for organic liquids is im-
possible, since its density is higher than the
density of most liquids. For providing the
buoyancy of the gel layer in flammable liq-
uids lightweight non-combustible carrier in
the form of granulated foam glass was pro-
posed [6]. Preliminary experiments have
shown that foam glass-gel two-layer mate-
rial remains stable on the surfaces of liquid
hydrocarbons and their halogen derivatives,
a number of alcohols, amines and nitro com-
pounds for several days.

So, the proposed technology for isolation
of liquids consists of two stages. The first
stage is the uniform deposition of a layer of
a light carrier i.e. granulated foam glass on
the surface of the liquid. The second stage
consists in the deposition of the components
of gel-forming system on the layer of foam
glass. As a result, the resulting light car-
rier-gel double layer provides isolation of
the space above the gel layer from the pene-
tration of the vapors from the liquids.

Earlier [10, 11], the high insulating
properties of the gel-like layer of
CaCly,(10 %) + Na,0:2.7Si0, (10 %) system
in relation to vapors of organic liquids were

Table. The composition of the gel formed from CaCl,(10 %) + Na,0-2,75i0,(10 %) gel-forming

system
CaCl, Ca0-2,7Si0, NaCl H,O
State liquid solid liquid liquid
Content, wt.% 2.6 2.7 920
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shown. The factor of evaporation slowing
down for hydrocarbons of continuous gel
layer with a thickness of (1 — 2) mm is
(30 £ 5). It was also found that the layer of
foam glass plays a sufficient part in the
slowing the evaporation of liquids [12]. In
this way, a layer of foam glass with a thick-
ness of 10 cm reduces the rate of evapora-
tion of gasoline in 5 times.

In [13], the effect of the thickness of the
foam glass layer, and in [14] the effect of
the thickness of the gel layer on the rate of
evaporation of liquids was simulated. In
[15, 16], solutions of similar problems for
other objects were analyzed. However, no
simulation of the combined effect of the
foam glass layer and the gel layer on the
evaporation of flammable liquids is present
in the literature up to now.

This paper is dedicated to the simulation
of the processes of liquid vapors penetration
through a two-layer material consisting of a
light granular carrier, on the surface of
which a gel layer is deposited. The task was
to determine the characteristics of this
process in a stationary mode and to esti-
mate the time for entering this mode.

2. Methods

The scheme of the problem is shown in
Fig. The shaded area corresponds to the lig-
uid over which the layer of foam glass gran-
ules floats. The thickness of this layer is
indicated as hg,.. The part of the foam glass
layer not immersed into the liquid has a
thickness k. The layer of granules is sepa-
rated from the external (air) environment
by a layer of gel with thickness h,. A tran-
sition layer with thickness § within which a
concentration of liquid vapors ¢ (mol-m~3)
changes from its value at the surface of the
gel ¢, to the values in external environment
¢,0 is located above the helium layer. In the
diagram the subscripts correspond to the lo-
cation: "a” air environment, "g" — he-
lium layer, "gr” — voids of the granular
layer; the indices "1 and "2" correspond to
the lower and upper parts of corresponding
layer.

It should be noted that value of & is
closely related to the thicknesses of the lay-
ers h,, and hg, by

Pgr Pg
h=h, |1-"8|_p—E
¢ [ pf] fA-ry) oy

where Pgr» Pg and pr are the densities of the
materials of the granules, gel and liquid,
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Fig. Spatial scheme of the problem of fuel
vapor transfer through layers of granular
material and gel.

respectively, kg-m™3; r, — volume fraction
of voids in granular material.

The transfer of the vapors through the
voids of the granular material is provided
by diffusion. The corresponding equation of
stationary mass transfer through this layer
is:

D
jM.gr = %(Cgrl - cgrz)’ mol- m2-s71, (1)

where ju.gr is a density of the molar vapor
flow through the layer of granules, per unit
area of the layer, molm~2.s71; D, is vapor
diffusion coefficient through a layer of
granules, m~2s71; ¢, ; and cg., are vapor
concentrations in the voids of the granu-
lated layer at its lower and upper bounda-
ries (Fig.)

The sizes of the voids between the gran-
ules are large compared with the mean free
path of gas molecules, so

Cgrl = Cy» (2)

where ¢, — equilibrium concentration of
vapor at the surface of liquid, mol-m~3.
The diffusion coefficient of vapor in the
air through a layer of granules D,, is pro-
portional to the diffusion coefficient of
vapor in air without granules D,, m™2s71.
In [17] one of the authors has shown that:

Functional materials, 25, 4, 2018
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m

n 2 3)
DgrSDa'(l_j A

where ry, is a volume fraction of voids for a
layer consisting of granules through which
the vapors of the liquid moves, I,, — the
average length of the streamtube between
the surfaces of the layer. It should be noted
that generatrices of the streamtubes are
parallel to the flux (density vectors of the
diffusing vapors of the liquid, and the ratio
(h/l,) is practically independent of layer
thickness #.

Negligibly low fluidity of the gel leads to
exclusively diffusive character of the trans-
fer of fuel vapors through the gel. The cor-
responding stationary mass transfer equa-
tion in the helium layer is:

D
. _ g 2 1
Jug= ‘(hg Cq1 ng)’ mol - m™4 - g7,

where j,, is the surface density of the
molar flow of fuel vapor through the gel
layer, mol-m~2s71; D, is the vapor diffusion
coefficient in the gel, m2s71; ¢,/ and ¢,y is
vapor concentration in the gel layer near its
corresponding surfaces, mol-m~3 (Fig.).

At the boundary between voids of the
granulated material and helium layer, the
phase equilibrium condition is fulfilled, and
therefore, the concentrations of vapors at
this boundary are related by:

_ G (5)
gl ™ k—l’

(4)

c

where k; is a distribution coefficient.

A similar phase equilibrium condition
connects the concentrations of vapors at the
air-gel boundary:

¢ (6)

mol-m~3 (Fig.); kg is the value of the distri-
bution coefficient at the corresponding
boundary. Note that the distribution coeffi-
cient is a function of temperature, and so,
for isothermal diffusion k; = ky = k.

The surface density of the molar vapor
flow in air j,, satisfies the mass transfer
equation [17]:

J a=B'(ca_

where ¢, is the concentration of the vapors
in the air (in the gas phase core) at dis-

€g0)s mol - m2.g1  (7)
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tances exceeding the width of the transition
region & (Fig. 1); P is the coefficient of
mass transfer of vapors in the air, m-s1.

Coefficient [} is connected with the width
of the transition region & by:

5L ®)

6 b
where D — vapor diffusion coefficient in
air, m?2 1 On the other hand, the width of

the trans1t10n region can be estimated using
the ratio:

__ ! 9
5= Nup’
where [ — characteristic spatial size of the

problem, m; Nup is the Nusselt number (or
Sherwood number Sh).

It should be noted that j wer 2 Jug 2 ua
and equality of flows can be observ when
a stationary stage of the mass transfer
process is completely achieved. In this
mode, the solution of the system of equa-
tions (1) — (7) allows to obtain the resulting
maximum possible value of the surface den-
sity of the molar flow of vapors. j wer

= Jua = Jw which in the case of 1sothermaélr
dlffusmn is given by:

ko (10)
B Cs* k_l ~Ca0
julegh) = ,

h
1+B-ky- +B

mol - m‘2 . 1.

Relation (10), taking into account (8),
can be re-written as:

Julhg,h) = (11)
_ /4(0,0) o
1+k2.%.§_+% %ll))a K’
g k1 o
where
juo=B" (e, — cq), mol - m 2. 5L, (12)

denotes the density of the flow of liquid
evaporating from the free surface, and the
parameter K is given by:

h, D, k D 13
K=l+hy 2. 2o, %2 b Za (13)

8 Dy ki & Dy,
Using relations (7), (10) and (13), it is
possible to determine the vapor concentra-
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tion directly above the surface of the gel
layer.

ko (14)
-k—1+(K—1)-cao c

S
+Ca0= K :E.

iy s
“B
From (11) and (14), it follows that the

deposition of the layers of granular mate-
rial and gel onto the surface of the liquid
reduces the stationary flow of fuel vapor
and its concentration at the entrance to the
air environment in K times.

Flow (10) is achieved in a stationary
mode which can be achieved during T, ex-
ceeding the sum of the characteristic diffu-
sion times of vapors through the layers of
granular material Tgr and gel Tyt

c

S (15)
rg = Dgr’

kg (16)
Tg —_— D_g.

We have estimated numerically the val-
ues of K, T, and T, taking into account the
fact that the properties of gel considered in
our problem differ insignificantly from the
corresponding properties of water [9]. As
the diffusing substance we took octane, and
our estimation corresponds to the tempera-
ture of 20°C.

The value of distribution coefficient k& =
ko = By, can be obtained using (6), with ¢,
corresponding to maximum possible value of
¢,. For estimation of liquid concentration in
water ¢, we used the reference value of the
solubility coefficient of octane in water k,,
[19], while for estimation of the concentra-
tion of saturated octane vapors ¢, we used
empirical Antoine equation:

B

1 =A-—2— 17
& Ps t+C

where A, B, C are constants, and ¢ is a
temperature in Celsius degrees using which
a pressure of saturated vapors p,, kPa can
be found, and which, in turn, gives the con-
centration using the ideal gas law.

In this way, for octane k, = 1.5:107°
grams of octane per gram of water. This
solubility corresponds to the concentration
of octane in water

k- p

18
Y =0.18 mol - m3. (18)

C =
2
£ w
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In (18) the low value of solubility was
used (k,, << 1); density of water was taken
as p, = 1000 kg'm 3 and molar mass of oc-
tane w = 114-1073 kg-mol 3.

For octane the constants (17) are A =
6.094, B=1379.6, C =211.9, correspond-
ing at ¢t = 20°C to the pressure of saturated
vapors p, = 1.40 kPa. For ideal gas this
pressure gives the concentration:

Ps

o=t (19)

=0.57 mol - m3,

where R = 8.8314 Jmol 1.K™! is the ideal
gas constant; T is absolute temperature of
vapors, K.

Using the results of (18), (19) we obtain
the estimation of octane distribution coeffi-
cient at 20°C:

k =i= 4.4. (20)

Cg2

Diffusion coefficient D, can be estimated
using the formula for the diffusion coeffi-
cient of a Brownian particle (octane mole-
cule) in liquid (water):

kg T
g_6.n.pw.vw.r0

(21)

,m2 . g1

where kg =1.88:10"23 JJK™! is Boltzmann
constant; v,, is the coefficient of kinematic
viscosity of water, m2:s71; rj is an effective
radius of a diffusing particle, m. Taking
into account that at 20°C reference value of
vV, = 1.005:10°8 m2.s71, while estimation
gives ry = 3.8:10710 m, from (21) we get D,
=5.6-10710 p2.571,

According to (16) the characteristic dif-
fusion time in the helium layer is:

1,=1.8-103 h2,s . (22)

(in (22) the thickness of helium layer & is
taken in mm).

The diffusion coefficient of octane va-
pors in the air can be determined using the
empirical ratio:

2
28
D,=D,o- (TLOJ m2. 51, (23)

where Ty = 273 K; D, is the value of dif-
fusion coefficient at Ty. For octane the ref-
erence value D,,=5.51076, m2s71, so at
20°C we get D, = 6.3:1076 m2.s71,
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For estimation of D,. we use (3), taken
(h/1,)? = 0.5 and r, = 0.25. As a result we
get D, = 0.810°6 m2.s71,

This value of D,,. corresponds (according
to (15)) to the characteristic time for
achieving stationary stage:

Ty =1.25-102 - K2, s (24)

(in (24) the thickness of the layer of granu-
lated material # is taken in centimeters).

Inserting the obtained values of k=
ko =k, Dy, Dy, D, to (13), with (9), we get
an estimate of the minimum value of the
coefficient of flow reduction by layers of
granular material and gel:

2 (25)
he B 1 (!

K=1+5.0-10¢. £4+=. = |- 2| =

8 § r, (h

=1+NuD(5.0-104-%+8-%}

Taking into account that minimum value
of Nup ~ 1, from (25) we find that for typi-
cal surface sizes of [ ~ 1 m, the attenuating
effect of the helium layer is high already at
the thickness of ~ 0.1 mm even in the sta-
tionary mode. Similar attenuating effect is
observed for values of A higher by more
than 4 orders of magnitude.

In previous experimental studies [13, 14]
the minimum thickness of a continuous gel-
like layer deposited on a horizontal surface
was shown to be at least 1 mm. In [15], it
was shown that the properties of foam glass
can be used with the highest efficiency
when it is more than 5 cm thick. This value
can be taken as minimal one. The calculated
value of the attenuation coefficient of the
octane vapor flow for such thicknesses of
the insulating layers according to equation
(25) will be 51.4. When the thickness of the
gel layer is 2 mm, the value of K will be
101.4. Such properties of insulating two-
layer materials makes it appropriate to use
them in case of emergencies associated with
the spill of toxic and flammable liquids, as
well as at extinguishing fires involving
flammable liquids.

3. Conclusions

In the paper the mathematical simulation
of the processes of evaporation of vapors of
liquids through a double insulating layer
consisting of a gel deposited on the surface
of foam glass. The coefficient of attenu-
ation of the evaporation rate of octane at
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the onset of the stationary mode was esti-
mated. For a gel layer with thickness of
2 mm and a layer of foam glass with thick-
ness of 5 em, the evaporation rate of octane
is reduced by more than 100 times com-
pared with the evaporation rate from the
free surface of the liquid. Two-layer insu-
lating materials are proposed for elimina-
tion of emergencies associated with the spill
of toxic and flammable liquids, as well as
for extinguishing fires involving flammable
liquids.
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