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THERMAL CHARACTERISTICS OF WATER FOAMS

A. G. Nekrasov, S. S. Tatiev, » UDC 536.22:54-148
0. M, Todes, and I. F. Shubin

As the size of foam cells increases natural convection arises and the thermal con-
ductivity of the foam starts to grow with the foam ratio remaining constant. The
factor that takes into account the effect of convection is determined.

The use of water foams for extinguishing fires has motivated the study of their thermal
characteristics: thermal conductivity and thermal diffusivity. On the one hand, the protec-
tive layer of foam should make it possible to remove through it a quite intense flux of heat
released on the burning surface. On the other hand, heat fluxes due to conduction or radia-
tion, heating this protective layer with a certain intemnsity, can increase the temperature in
the volume of the foam itself to such an extent that the foam will completely evaporate. To
make quantitative estimates and predictions of the intensity of the processes indicated above
it is necessary to know the effective thermal conductivity Ay, of foams of different origin
and structure. Since the thermal conductivity of the gas phase A, in air bubbles is approxi-
mately one to two orders of magnitude lower than that of water A7, of which the liquid inter-~
layers forming the envelopes of the gas bubbles consist, the main heat transfer can be con-
centrated along the tortuous liquid framework of the foam on the one hand, while the heat flux-
repeatedly encounters air gaps of bubbles in its path that do not conduct heat well on the
other. It is well known, for example, that in a system of granular layers of hard particles
"turned inside out" with respect to the foam it is precisely these air interlayers, whichcon-
tain components of the mixture with relatively low thermal conductivity, that form the main
resistance to heat transfer. In building construction, the thermal insulating properties of
barriers can be increased by inserting air interlayers, as done, for example, in doubly glazed
windows. The principal defect of such air interlayers in barriers is that as the thickness
of the cavity increases, convection flows, facilitating heat transfer through the interlayer
and degrading its thermal insulating properties, arise. For this reason, instead of macro-
scopic air interlayers preference is given to cavities filled with small particles of a solid
phase (crushed stone, cinders, cotton, wool), the air gaps between which are so small that
the convection arising can be neglected in practice. The correction to the effective thermal
conductivity caused by natural convection is given by [1]

¢ =14 0.5Ra, (1)
where the so-called Rayleigh criterion

Translated from Inzhenerno-~Fizicheskii Zhurnal, Vol. 55, No. 2, pp. 259-265, August,
1988. Original article submitted May 13, 1987.

0022-0841/88/5502-0897512.50 e 1989 Plenum Publishing Corporation 897



Ra =Gr Pr kg/hl
(2)

contains the product of the Grasshoff Gr and Prandtl Pr numbers. The number Pr for most gases
is close to unity, while the thermal coefficient of expansion Be = 1/273. The ratio lg/AZ

or A /As is of the order of 100, even for nonmetallic grains, and the contribution of natural
conVection becomes appreciable for values of Gr of the order of 50-100.

The effective thermal conductivity of a two-phase system Ag is defined as the coeffi-
cient of proportionality between the heat flux q flowing through the layer of the medium, and
the temperature gradient, i.e.,

The coefficient A, should depend on the structural characteristics of the system as a whole.
We shall list the chief parameters. The first one is the foam ratio, i.e., the ratio of the
foam volume to the volume of the liquid B = (V, + V7)/Vy. TFor comparison we give the analo-
gous parameters usually characterizing a granu%ar medium with gas-filled gaps: the relative
fractions of the components i— the porosity e = Vo/(V, + Vg) and the volume concentration of
.the solid phase 1l— = Vg/(Vg + Vg) = 1/B, whence € = 1-1/B = (B—1)/B. The next structural
characteristic of the foam is the dispersity, defined as the average diameter of the air bub-
bles D. The fragmentation of the liquid phase is determined by the average thickness of the
liquid films §, bounding the gas bubbles. The parameters B, D, and § are interrelated by the
obvious relation

D
=k——— N
B="k )
where the coefficient of proportionality k can vary from 1/3 for purely spherical bubbles up
to 1 for extremely flat walls of "cubic" cells.

According to the Cavalieri—Aker geometric principle [1, 2], the volume fraction of the
gas phase € must equal the fraction occupied by this phase in any flat section and along any
straight line. Based on the character of the heat transfer by a medium whose fraction ¢ is
filled with the gas phase, the foam can be regarded, for example, as a collection of parallel
sections with thermal conductivities Ay and A7; then the effective thermal conductivity of
the entire system should be determined by the equality

he= ehgt (1—e) Iy = A+ (b — A )P . (5)

and should decrease in a hyperbolic fashion, approaching Ag, as the foam ratio B increases.
If, however, the same foam is regarded as a collection of sequential sectiomns with thermal
conductivities A, and A,;, then the thermal resistances, the inverse of the thermal conductiv-
ities, should be added

1/he = a/l,g'—l— (1--¢)/}q

or N o Co
he = Rhy /Ay + (yp — 2B (6)
According to the last relation the effective thermal conductivity of the system Ag should also
decrease monotonically from A7 to Ag as B increases.
Taking into account the possible differences in the geometric shape of the cells, E.

Manegol'd [3] proposed the correlation

he=hgt 2k (y —A)/B, (7

in which, like in the limiting relations (5) and (6), the effective thermal conductivity of
the foam is assumed to depend only on one structural parameter — the foam ratio B.

Odelevskii proposed the following formula for calculating the effective thermal conduc-
tivity of heterogeneous systems with cubic inclusions, whose centers form a cubic lattice
while the faces are parallel [4]:

AA =1—e/[1/(1 —v)—(1—#)/3], v= 7»g/7»1 ) (8)

which holds for all values of € from e = 0 to ¢ =1. 1In particular, the formula (8) enables
evaluating the effective thermal conductivity of both spherical foams (0.74 < € < 0.9) and
polyhedral foams (¢ > 0.9).
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Fig. 1. Effective thermal conductivity versus
the foam ratios: 1) Manegol'd's curve (7): 2)
Odelevskii's curve (8). X5, W/ (m*K).

To determine the applicability of the formulas (7) and (8) we performed systematic mea~
surements of the effective thermal conductivity of foams with different foam ratio and dis-
persity. To increase the reliability the measurements were performed by two methods: sta-
tionary and nonstationary.

The imperfection of our apparatus did not permit obtaining foams with fixed and exactly
reproducible structural parameters, so that these parameters had to be measured after a given
portion of foam was prepared. The foam ratio of the foam prepared was calculated from the ra-
tio of the volume occupied by it to the initial volume of the water with the foaming agent.
In different experiments this ratio varied from B = 5 to B = 140. The foamprepared was placed
into a rectangular cell and photographed, and the average number of bubbles per unit length
was calculated from the photograph with a magnification of x30. The average diameter deter-
mined in this manner varied in our experiments from D = 0.3 mm up to D = 5 mm. The foam ob-
tained was quite stable, and its structural parameters did not change over the time required
for measuring the thermal characteristics (10-80 sec).

In the stationary state we employed the method of heat flow froma lowpower pulsed source
[5]. The source consisted of a lacquer—coated nichrome wire 0.05-0.10 mm in diameter. Amin-
iature Chromel—-Alumel thermocouple, whose indications were continuously recorded, was placed
at a fixed distance ro. When a voltage U was applied to the wire a current I flowed for a
short time and the heat power w, = IU/L was released per unit length of the wire. The almost
instantly obtained heat Q = woTo propagated in all directions away from the wire. Itiswell
known [5] that the temperature at a fixed distance r, should reach by the time

ty= ralda (9)
the maximum value
Tu= Ty we/dnh, (10)

after which the heating drops off, approaching zero, since the temperature maximum shifts to
points increasingly farther away from the source.

By measuring experimentally the time typ at which the maximum is reached and the magni-
tude of the maximum heating Ty — To it was possible to calculate the thermal conductivity A
and the thermal diffusivity a of the foam. Satisfaction of the relation between these quan-
tities a = A/cgpp served as an additional check.

Since in our case the heat source was not instantaneous and heat was released over a def-
inite time 1o, the final working formulas will assume the form

6= ot an

and for the thermal conductivity
A= Qrwe/4n (Ty— T). (12)

These correction factors ¢« and ¢. are tabulated as a function of the ratio of times tTo/tpin
[5]. The filament was heated by switching on a dc current for a time 1o from a rectifier,

the current strength did not exceed 1 A, while the voltage did not exceed 10 V. The indica-
tions of the thermocouple were read according to the deflection of a reflected light spot in
a galvanometer, included in the circuit and precalibrated. The maximum heating at the point
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Fig. 2. Effective thermal conductivity of foam versus the
average cell diameter (a) and the cell diameter in a cube
(b) for a given foam ratio: 1) B =8+ 2; 2) 17 + 2; 3)
28 £ 3; 4) 6 £ 5; 5) 100 + 10; 6) 140 + 10. D-10°, m; D®x
10° m3, '

+
+

of observation did not exceed 2-3°C. The cold junction of the thermocouple was submerged in
the same foam at a distance greater than ro, so that when at the point of the hot junction

. the heating T — To reached a maximum the temperature at the location of the cold junctionhad
not yet changed and equaled To; this was additionally monitored with a thermometer. The er-
ror introduced by the heat capacity of the source as a result of the measurements, not ex-
ceeding 37 in our case, was evaluated in [6].

The second, stationary method was based on measurement of the temperature distribution
along the heat flow, penetrating successively the foam layer and a reference plate made of a
material with a known thermal conductivity A,.. The bottem boundary of the foam, in this
case, was a solution of foaming agent, heated up to +50°C. A reference material — a plastic
foam plate, a groove in which was filled with water at a temperature of 4-20°C — was placed
above the foam. A significant, overall temperature differential and a high heat flux density
q = Q/s were created in this manner. This stationary heat flux passed successively through
the foam layer with a thickness Ax; and through the reference plate with a thickness Ax; with
the temperature drops AT, and AT;:

g = AAT /A%, = hre AT,/A%,. (13)

By measuring these thicknesses and temperature drops it is possible to determine the effec—
tive thermal conductivity of the foam:

7\.e= }\/reAT2Ax1/AT1AxZ- (14)

In order to take into account the lateral leakage of heat in the foam under study, in this
method the experimental time dependences of Yt versus the temperature drop AT were constructed
and the values of AT and the time intervals over which the lateral heat leakage becomes im-
portant were determined from the deviation of the dependence Yt — AT from the rectilinear
section. '

The errors in the measurements of Ag by both methods equalled 15%. The measurements per-
formed by both methods agree with one another by within the same accuracy.

Results. After the method and setup were perfected, about 100 measurements of the ther-
mal conductivity of foams with different foam ratio and dispersity were performed, primarily
by the nonstationary method. The dots in Fig. 1 show the results of these experiments as a
function of the foam ratio for the foams studied, andthe curves of Manegol'd and Odelevskii,
corresponding to the formulas (7) and (8), are presented for comparison. As one can see from
the figure, the experimental points lie within a certain spread above these curves, which
forced us to assume that Ay also depends on the dispersity, the possibility of which, due to
the appearance of convection within the bubbles, was pointed out at the beginning of the paper.
To check this proposition the values of Ao for foams with different values of D with .pre-
cisely identical values of Bhad to be compared. Since, however, our procedure did not permit
reproducing the foam ratio exactly in subsequent experiments, we had to select a series of ex-
periments with close ratios. Since lz/lg = 20 >> 1, for our measurements the formula (7) as-
sumes the approximate form

he= 2k (b — hg)P. (7%
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Fig. 3. ¢=) heversus AD® (the notation
is the same as that used in Fig. 2).

From here we can evaluate the relative error

Ade AB

T (15)
caused by the deviation (spread) in the foam ratio in the selected series. Thus, for example,
in the selected series of experiments with the values B = 8 * 2 the possible fluctuation ow-
ing to changes in B, in accordance with the estimate (7%), should not exceed 25%. The mea-
sured values of g, however, systematically increase from 0.24 to 0.32 W/meK, i.e., by 337,
as the bubble size increase from 0.5 to 3-5 mm. In the series with the foam ratio B =28 %3,
however, with the expected spread of up to 10% the effective thermal conductivity increased
systematically from 0.15 to 0.40 W/m'K, i.e., by more than a factor two, as the bubble diame~-
ter increased from 0.5 to 5 mm.

One can see from Fig. 2a, which shows several series of such curves, that the dependence
of Ag on D is nonlinear. This suggests that there is a correlation analogous to the formula
(1) for granular systems. The linear dependence of A, based on the formula (1), on Rayleigh's
criterion indicates that there is a linear dependence on the cube of the diameter, appearing
in Ra through the criterion Gr, of the particles of the granular medium. Since for a closely
packed fill the particle diameters are virtually identical to the sizes of the air cells, in
reality it is precisely the latter dimensions that appear in Grasshoff's criterion. Figure 2b
shows that by reconstructuring the curves Ag(D) in the coordinates A-D® our experimental data
do indeed follow a correlation of the type (1), i.e., it can be written in the form

Ay = Moe(l + AD?). (16)

Extending these straight llnes to the ordinate axis we find the limiting values of Ao, coOr-
responding to the smallest bubbles, in which, owing to the smallness of Grasshoff's number,
convection has not yet fully developed. For different foam ratios they are as follows:

e WAmM-K) ~0.25 0.18 0.15 0.12 0.10 0.08 007 0.05 0,045
p 10 0 30 40 30 60 80 100 140

)

If @=2/hee 18 graphed as a function of AD?®, then all experimental points should fall on
a straight line with a slope of 45°. This is checked in Fig. 3.

It follows from Fig. 2a that the effect of natural convection becomes appreciable when
the bubble diameter reaches 3 mm. For a temperature difference of Ty — To = 3° this corre-
sponds to the Grasshoff number

980cm /sec’(0.3 cm)?

Gr = gD, AT/vE =
b, (0.14 cn?® fsecy?

1273 K~t.3K = 15

which is obviously reasonable.

Thus within the limits of the dispersity and foam ratio of water foams that we studied
the effect of natural convection on the effective thermal conductivity can be taken into ac-
count by introducing a correction factor analogous to (1):

¢ =1-+0.5Ra* (17)
by introducing the effective Rayleigh number
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Ag
o (18)

P {15 .38(0.64 —B-0.009552)/AT, 4<p<<
15.38 (0.08 — §-0.000421)/AT, 60 << 200

Ra* = Gr Pr

In conclusion we note that the observed appearance of natural convection in bubbles in
foam accompanying weak heating could be of interest for accelerating interphase mass transfer
in this system and deserves more detailed study.

NOTATION

Ae> effective thermal conductivity of foam; 2,, the thermal conductivity of air; AZ,
thermal conductivity of water; D, diameter of a foam cell; loo, thermal conductivity of foam
as D > 0; p=Ae/hoe» correction factor; Ra = GrPri,/A7, Rayleigh's number; Gr = gD®B¢AT/v?,
Grashoff's number; Pr = pgc v/A s Prandtl's number; v, kinematic viscosity; B, thermal co-
efficient of expansion of air, it temperature drop over one cell; g, acceleration of grav-
ity; q, heat flux; B8, foam ratio; ¢, porosity; a, thermal diffusivity of the foam; T, temper-
ature; p, density of the foam; 9. and 9,, correction factors; A, coefficient; and cp, heat
capacity of air at constant pressure.
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METHOD FOR COMPREHENSIVE DETERMINATION OF THERMOPHYSICAL CHARACTERISTICS
AND AN ALGORITHM FOR COMPUTER ANALYSIS OF THE EXPERIMENTAL DATA

N. I. Gamayunov, R. A. Ispiryan, UDC 536.2.021:022
A. L. Kalabin, and A. A. Sheinman o

The sequence of computer analysis of experimental data in comprehensive determina-
tion of the coefficients of thermal conductivity and thermal diffusivity in the La-
place transform domain is presented.

The difficulty of implementing most existing methods for experimental determination of
the thermophysical characteristics (TPC) of materials [1] is linked with the complexity of
the thermal processes occurring in the system consisting of the measuring cell and the sample
of material tested as well as with the need for simple analytic expressions for calculating
the coefficients from the experimental data. For this reason, a series of devices for estab-
lishing special conditions for heating the sample (maintaining constant or varying according
to a definite law the temperatures and heat fluxes on the surfaces of the sample, one-dimen-
sionality of the temperature field in the sample, etc.) are inserted into the experimental ap-
paratus. An example of such methods are the methods of monotonic heating, developed and suc-
cessfully implemented in [2]. The advantages of this apparatus include a wide temperature
range, highly accurate determinatiorn of the TPC, and the possibility of evaluating the error
in the results. However, the difficulty of setting up and calibrating the apparatus, owing
to the fact that a large number of factors must be taken into account, requires that :the
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