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The aim of the work is to develop a new analytical model of liquid solidification taking
into account the phenomenon of free convection in horizontal, fluid-saturated, granular
porous plates and to experimentally verify the theory. This model is based on previous
theoretical research and experiments of the authors of this work. In order to determine the
solidification front, the measuring cylinder method was used, in which the solidification
front was determined indirectly by measuring the increase in water volume in a measuring
cylinder connected to the test chamber. Based on the analysis of the phenomenon of free
convection of water in a porous medium saturated with fluid, the heat transfer coefficient
on the solidification surface was determined, which is an important parameter from the
point of view of heat transfer. It was also deemed necessary to take into account the
anomalous properties of water. The results of theoretical research were compared with the
authors' experimental research and presented in pictorial form. Due to the great practical
importance of the issue of freezing of the ground and elements of buildings and structures,
it is necessary to understand this phenomenon as undesirable for the durability of building

structures.

1. INTRODUCTION

Porous materials are often found in structural elements of
buildings and they are exposed to the effects of negative
temperatures in combination with the presence of water within
them. The analysis of the solidification process of porous
materials under low-temperature conditions is very important
from a scientific and practical point of view, as it may affect
the internal structure of the materials and cause deterioration
of their functional properties. Consequently, freezing water in
a fluid-saturated porous material can gravely damage the
material, or even destroy it.

The problem of solidification of fluid-saturated porous
media has been investigated by a number of authors [1-24],
due to the complex and interesting nature of the phenomenon
on one hand and research interest in the issue of the
solidification within fluid-saturated porous media.

In turn, Partyka and Lipnicki [25] presents a simplified
theoretical model of solidification of a water-saturated porous
layer which was being cooled and where an experiment was
carried out under laboratory conditions. On one side the layer
was limited by a cold planar metal slab whose constant
temperature was lower than the freezing point of water, and on
the other, the layer’s exterior surface was kept at a constant,
room temperature. In that study, the heat transfer coefficient at
the solidification front of the saturated porous medium was
determined by analysing the phenomenon of free convection
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in a water-saturated porous medium.

The theoretical model in the cited work simplified the actual
phenomenon by not taking into account the cooling of the
tested porous layer, while the presented experimental studies
included measurements of the thickness of the solidified layer
in a porous medium via studying the change (increase) in the
volume of water in a measuring cylinder. Wang and Bejan [26]
devoted their studies to defining the conditions for the
formation of free convection and heat exchange in the fluid-
saturated horizontal porous layer, however, they did not
investigate the impact of the water anomaly phenomenon on
the process of free convection.

Seki et al. [27] and Yen [28] of the works investigated the
influence of water anomalies on the formation of free
convection in its separated areas. The monography reviews
theoretical and experimental works on the phenomenon of the
formation of free water convection near the temperature of
~277 K in various geometric systems [28].

For porous materials, the solidification phenomenon also
occurs in latent heat storage (LHS) media manufactured out of
phase-change materials (PCM) filled with spheres, especially
made of metal [29-32].

As is known, PCMs are usually bad heat conductors, and
embedding metal spheres in them increases the effective
thermal conductivity of the porous medium as a whole, as
metal spheres are good heat conductors. Kenisarin et al. [33]
points to a great need to conduct research on phase
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transformations of porous PCMs, due to the latent heat storage
problem being a serious issue in the power industry.
Considering the above, it is easy to see that there is a
demand to carry on studies on the solidification of fluid-
saturated porous materials, as they are important both in nature
and in various technologies, with particular emphasis on their

notable role in the construction and environmental engineering.

The aim of the work is to conduct a theoretical analysis of
the solidification of horizontal, fluid-saturated, granular
porous plates and to verify the theory with research
experiments. Through theoretical analysis and experimental
research, the authors of the work intend to advance scientific
knowledge in the field of the impact of freezing water in the
pores of humid porous media, and in particular by determining
parameters related to the solidification process, such as the
heat transfer coefficient at the solidification front, the
thickness of the solidified layer in the research experiment.
and the temperature in the porous medium. Solidification tests
were performed on an original test stand, designed and
constructed on the basis of an individual project. However, the
thickness of the solidified layer was determined by the
graduated cylinder method, which is a method for its
appointment.

2.SELECTED PROPERTIES OF POROUS GRANULAR
MEDIA

The mechanics of fluid-saturated granular porous materials
is the subject of several intensive studies, and the obtained
results could be used in numerous ways. Among others, the
findings can be utilized in road construction, and the
construction of structural layers of different thicknesses and
variable grain sizes in particular. Granular porous beds can
serve as constituents of concrete mixtures for varying
applications.

Sobieski et al. [34] and Xu et al. [35] investigated a loose
porous granular medium with a large free space, which
ensured good water filtration thanks to differently shaped,
loosely arranged solid particles. The internal structure of the
space between granular porous media exerts a great influence
on the course of various processes and phenomena occurring
in porous materials themselves, and parameterization of these
processes, as well as in-depth studies, are of immense
scientific and practical importance. As porosity is a key quality
characterizing granular porous media and has a notable impact
on the properties of many materials, its experimental
determination is one of the fundamental tests performed with
porous materials [34]. Apart from porosity, an important
parameter characterizing a given porous medium in terms of
its ability to conduct heat is effective thermal conductivity,
which is a parameter derived from porosity.

The porous medium analysed in this study is composed of a
solid body, the matrix, which is an aggregate, with its
pores/space between grains being filled with water or ice,
should the water solidify. The thermal conductivity of a porous
medium has the form of functional dependencies on the
individual thermal conductivities of the components of the
porous medium and on their volume shares for the assumed
type of configuration of the discontinuous component - a solid
body, in a continuous liquid matrix and in the form of the
maximum value of effective conductivity. The equation that
can be used to calculate the effective values of other
parameters as well assumes the form [36]:
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Hef = (pnice or water + (1 - (p)nsolid particelr (1)
where, I, apart from thermal conductivity, also expresses
other parameters, such as specific heat, density, heat diffusion
in the porous material and ¢ — porosity of the medium. It is
worth adding that Eq. (1) is of great importance in determining
the thermal conductivity of wet porous media, especially as in
this work, when the porous medium is two-component,
because it contains a solid body in the form of an aggregate
and water.

This porosity is related to the material's susceptibility to
absorbing fluids, and then to its ability to freeze under low
temperatures [37-39]. In the above-mentioned research papers,
the freezing of model porous materials relative to moisture
migration was studied both theoretically and experimentally.

The analysis of the solidification process occurring in moist
horizontal porous plates is very important from a theoretical
point of view. In order to enable a theoretical solution of the
problem, it was introduced for consideration, a simplified
theoretical model in which the assumptions and conditions
adopted allow numerical calculations to be performed later in
the work.

3. THEORETICAL MODEL OF A FLUID -
SATURATED POROUS SLAB

3.1 Problem formulation

The theoretical solution of the problem involved a
simplified theoretical model being introduced, in which the
assumptions and the set conditions yielded solutions and
allowed the authors to perform numerical calculations. For the
modelling of the solidification process of a planar fluid-
saturated porous layer, two variants were adopted depending
on their orientation. These are presented in Figure 1.

Figure 1 shows two cases, where porous (granular) and
fluid-saturated planar slabs with porosity ¢ and thickness H
are positioned in two ways with respect to the gravitational
acceleration g. The slab is thermally insulated on one side,
while on the other, it is cooled by means of a heat flux g,
flowing into the environment characterised by constant air
temperature Ten Which is lower than the freezing point of water:
Ten<Tr. The slab solidifies on the non-insulated side, whose
outer surface temperature equals Tw. As a result of the
movement of the solidification front of the liquid with a
temperature Tr, a solidified layer is formed, whose thickness
equals §. In both cases, the slab positioning illustrates the sub-
areas (convection cells) in which free convection may or may
not occur.

The boundary of the sub-areas is determined by the
temperature of the water anomaly Ta and the position of this
isothermal plane is determined by the height A. In the sub-
areas where free convection may potentially occur, convective
Béard cells with a I and height equal H — & (case “a”) and
H— H — & (case “b”) were marked. In the remaining sub-
areas, only heat transfer occurs. The free convection sub-areas
shown in Figure 1 are the result of the temperature
distributions, which are necessary but insufficient conditions
for the occurrence of free convection. In a porous medium,
these conditions will be governed by the magnitude of the
Rayleigh number, the value of which should exceed the critical
Rayleigh number —Ra>Rac.
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Figure 1. Variants of solidification of a planar fluid-saturated porous layer as dependent on its position

In both cases, the heat balance for the growing solidified
layer is described by the quasi-stationary one-dimensional
equation:

hF(Tp_TF)‘l'(ppSLZ_f:%(TF_TW) = N (Tyy — (2)
Ten)-

In Eqg. (2), individual expressions represent: hF(Tp -
TF) — heat flux flowing from the liquid porous material to the
solidified layer, where the heat transfer coefficient on the
solidification front surface is denoted by hg, whereas Tp(t) is
the mean superheating temperature determined as a function
of time. In the same equation @pgL dé/dt is the heat flux
generated as a result of water solidification, where ps is the
density of ice, L it is the heat of solidification of water, do/dt is
the water solidification velocity, and t is solidification time.
Further, (ks,/8)(Tz — Ty) is the heat flux flowing through
the solidified layer, where kg, is the thermal conductivity of
the solidified porous material; h,,, (Ty — T,y,) is the heat flux
flowing from the outer surface of the slab to the surroundings,
and h,, is the heat transfer coefficient on the surface of the
slab.

The quasi-steady-state heat balance Eq. (2) describes, in a
quite accurate manner, the actual phenomenon of water
solidification in a porous slab for the small Stefan numbers

occurring in the studied phenomenon: Ste = ETrTen) 1,

where c is the specific heat of ice.

In the first position variant (case “a”) the non-insulated
surface is the bottom surface of the slab, while in the second
(case “b”) the uninsulated surface is facing up. In both cases,
the initial temperature of the porous medium of the slab is the
same within the entire slab — Tpy =293 K . During
solidification, the temperature distribution in the slab showed
unevenness Tr < Tp(t) < Tp,. The location of the T,H(t)
isotherm depends on the duration of the solidification process
and marks the area of a fluid-saturated porous medium, in
which the temperature is lower than the temperature of the
water anomaly and greater than the freezing point — T <
Tp < T,. In the remaining part of the slab, the temperature of
the fluid-saturated porous medium is higher. Water anomaly
temperature and the solidification/freezing temperature
areT, =~ 277 K and T = 273 K, respectively.

Case “a” (Pure heat conduction in the fluid-saturated
porous layer)

The temperature distribution in the steady-state superheated
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fluid-saturated porous layer and the heat flux on the
solidification surface.

Starting from the Fourier law in the following space: § <
z < H (see Figure 1(a)) for the selected moment:

a’T _

=0, 3)

dz?

with boundary conditions:

1° forz=6,T =Tg 4)
20T, — Ty = ISH(TH%:W ()
which are described by the equation:
7(2,6) = 270 (; ) + 13, ©)
and the heat flux on the solidification surface equals:
(=Kep N, 5=2k oy 2F ()

By comparing the heat transferred and conducted on the
liquid’s surface, the heat transfer coefficient h, was obtained:

kef
H-6

"jfg (T, = Tp) » hp = 2 (8)

G=hp(T, = Trp) = 2+

The average temperature of the porous fluid-saturated slab
in the variable volume (H-9), it is the same as boundary
condition (5), is described by the equation:

- i r-rpaz
Tp - TF —_ H—5

9
Change in capacitive heat in a fluid-saturated porous
medium is described by the following equation:

d rH da =
PefCef Ef(g (T —Tg)dz = pefcefa [(Tp - TF)(H - (10)
8]

From the heat balance equation for a liquid porous medium
(the heat acquired from the liquid porous medium is equal to
the heat of accumulation of the liquid porous medium), it
follows that:



he(Ty = Te) = —pescer o (T, ~T)H = 8)]. (1)
By transforming the Egs. (1), (7), (8), (9), (10), the system
of conjugated differential equations involving two unknowns

8, 9_,, was obtained in a dimensionless form:

kef Bien
9 B+ (Pks dr 1+Blen5 (12)
—9 = —K,Ste— [ep(l - 8)]
where:
§=2,1=5Ste-Fo,Ste = &sTr—Ten) ,0,(t )—Tp(t) T Fo =
H’ L Tpo—TF
kst o _TpooTr p.  _Hhen ¢ _Keg p _ ks o _ Ks
H? B - TF_Ten’ Blen - Ksp ’ kef - kSp‘ ks - ks K = Kef
which meet the initial condition:
1=0,§=0i0, = (13)

Case “b”

In the case under consideration, free convection may occur
in the fluid-saturated porous medium (see Figure 1(b)) and
therefore the heat transfer coefficient hy on the solidification
surface requires different calculations to be performed. Using
the Egs. (2) and (11), the system of equations describing the
above-mentioned phenomenon takes the form of:

Bi
BiB#, +(pkS R
i dr 1+Blen5 (14)
Bif, = KskefSte [ep(1 5),

where, Bi ZF—H is the Biot number on the solidification surface
Sp

and IEef = %;. The system of Eq. (14) satisfies the same initial

condition (13) as in the instance of the case “a”. The Biot
number on the solidification surface depends on the heat
transfer coefficient on this surface and the free convection
(Rayleigh number), however indirectly.

The theoretical models developed in this paper present the
solidification equations of the moist porous medium (12, 14)
are similar to the previous work of the authors for the
solidification of a single-component medium [40].

3.2 Free convection

Free convection in the sub-areas of a fluid-saturated slab
depending on its orientation. The heat flow through the fluid-
saturated porous layer actually changes as the cooling process
continues. An analysis of the heat flow in the fluid-saturated
region of the slab, in two different position variants, is
presented below.

Case “a”

In this case, free convection is possible in the lower part of
the porous fluid-saturated slab (see Figure 1 (a)), when the
Rayleigh number Ra(t) in the initial stage of solidification, it
meets the following condition (17):

_ KgB(Ta=Tp)(H=6)

VICef

Ra(t) > 40 (15)

At the beginning of solidification, from the equation based
on the work by Kimura et al. [16], Partyka and Lipnicki [25]
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which determine the Rayleigh number, the minimum height of
the fluid-saturated sublayer H where free convection of the
liquid may occur was calculated:

Ra(t) (16)

A > H>%

A

The parameter extracted presented in the Eq. (15), which is

independent of the external dimensions of the slab, is
described by the equation:

A = K9BTa=Tr) (17)
Vkef

For a slab with a porous medium permeability K = 1.97 -
1078m? (¢ = 0.50) parameter A equals:

1.97-1078.9.81-3.4-1075-(3.98-0)

A= Kgﬁ(Ta_TF)
1.61:1076-3.38:1077

VKef

—481—

and the corresponding height of the sublayer in which free
convection would occur should satisfy the following
inequality:

40

> —=—
A 48.

H T =0.832m.

The obtained calculations show that free convection can
take place only for slabs whose thickness equals H > H >
0.832 m.

In the case under consideration, free convection does not
appear in a layer with a thickness of H=0.5 m, and the slab is
positioned as in case “a”. Only heat conduction is possible.
Similar results were obtained for the other two porous slabs
(9p=0.54, ¢=0.58).

Case “b”

In this particular case, free convection is possible in the
lower part of the porous fluid-saturated slab (see Figure 1(b)),
if in the space under consideration (H — H — &) Rayleigh

number Ra(t) fulfils the following condition in the
solidification phase:
5 KgB(Tpo—Ta) (H-H-6) ¥
Ra(t) = =A-(H-H-6)>
a(t) Vs ( ) (18)

40.

Parameter 4 is independent of the thickness of the saturated
porous layer and it equals:

A= KgB(Tpo-Ta) _
VK'ef

1.97-107%.9.81-8.5:1075-(293-277) _
1.30:1076-3.38:10~7

599 1,
m

(19)

and the height of the slab sublayer at the onset of solidification
0=0, in which free convection takes place, should meet the
condition resulting from Eq. (18):

H-H>= >H<H-=.

: (20)

>[5

The comparison of heat fluxes on an isothermal surface T =
T, is shown in the equation:

ha* (Tpo = Ta) = "L (T, = Ty), 1)



where, h, is the heat transfer coefficient from the side of the
slab where free convection occurs. By transforming the Eq.
(21) and using the relationship (18), the authors obtained an
equation determining the heat transfer coefficient:

_ Nukjp, _ ﬁ_a kg, _ A(H—FI) kL _

H-B ~ 40H-A 40 H-H

e,

o (22)

a

Height A heat transfer coefficient on the solidification
surface hy and the Biot number Bi, are respectively equal to:

40kef(Ta_TF)
Ak (Tpo—=Ta)’

k . __ hpH
hF:%f’Bl: F .
H ksp

H=

(23)

The parameters calculated according to equations (8=23)
and related to the case “b” are presented in Table 1.

In Table 1, the discussed parameters point to the existence
of free convection in the fluid-saturated porous layer under
consideration. The remaining Tables 2 and 3 list the calculated
thermodynamic parameters of the porous matrix material, both
the fluid-saturated and solidified porous bed for the porous

layer prior to the solidification and following the solidification.

Table 4 shows the dimensionless parameters describing
fluid-saturated and solidified porous slabs, depending on the
porosity of the bed. This paper also presents the parameters
determining the phenomenon within a fluid-saturated porous
bed, namely: Ste, Bi,,, Ra, Bi. Those parameters are used in
the numerical calculations of the systems of Egs. (12) and (14).

The presented results show that the Rayleigh number
decreases with the increase in porosity. It should also be added
that the condition for the occurrence of free convection for a

flat, unconfined horizontal layer is to exceed the critical
number. The values of the critical Rayleigh Number for a flat
porous layer limited by a vertical cylindrical wall are higher.
This means that the adiabatic walls limiting the moist porous
medium have a stabilizing effect on the flow occurring in it.
The stabilizing effect of heat-conducting walls is even greater.
Moreover, the critical Rayleigh number depends on the
geometric parameter of the layer, the ratio of the layer's radius
to its height. As the value of this parameter decreases, the
critical Rayleigh number increases. However, as the Rayleigh
number increases, the intensity of liquid flow in the
unsolidified part of the porous medium increases, which
results from the work of Bejan [37].

3.3 Theoretical research results

To find a numerical solution to the system of Egs. (12)-(14)
with the initial conditions (13), a suitable program was
developed within MATLAB software. Numerical results of
the solution of the system of Egs. (12)-(14) are presented in
Figures 2-6. These results were selected here to illustrate their
dependence of several dimensionless parameters.

Figure 2 shows the course of the average superheat
temperature 9_,, and the thickness of the solidified layer &, for
the case “a”, depending on the time 7. The case “a” (see Figure
1(a)) describes the solidification of a fluid-saturated porous
slab in the absence of free convection and when the
superheating parameter B=2 (Tpo=293 K, Ten=263 K). The
average superheating temperature of the fluid-saturated porous
slab decreases with time, while the thickness of the solidified
layer rises.

Table 1. Parameters describing free convection in a fluid-saturated porous layer and on the surface of the solidification front for

the case “b”
¢ A1l/m Hm  Hm h,W/(m*’K) hpW/(m?’K) Bi
0.50 599 < 0.433 0.0215 8.69 34.9 12.0
0.54 531 < 0.425 0.0238 7.70 31.0 10.4
0.58 514 <0422 0.0242 7.45 30.0 9.74
Table 2. Fluid-saturated bed parameters
Ck Pk ki Kg CL PL kg KL (% Cef Pef kes Kef
] kg W m?2 J kg W m2 % J kg W m2
kgk m3 mK s kgk m3 mK s kgk m3 mK s
50 1872 1187 0.751 3.38:107
1130 1800 0.900 4.42:107 4200 1000 0.580 1.43:107 54 1735 1263 0.738 3.37-107
58 1645 1345 0.726 3.28:107
Table 3. Solidified bed parameters
Ck Pk ky Ky L P k; Kp @  Cef P ke Kes
J kg W o oom kg W om ] kg W om
kgk m3 mK s kgK m3 mK s kgk  m3 mK s
50 1375 1125 1.45 9.37-107
1130 1800 0.900 4.42:107 21350 9170 20 1.43:107 54 1330 1209 1.49 9.27-107
58 1300 1299 154 9.12:107

Table 4. Dimensionless parameters in Egs. (12) and (14)

P kef %s K

0.50 0.518 1.379 0.423 0.064
0.54 0.495 1339 0424 0.064

0.58 0471

1.300 0.436 0.064

Ste  Bi,, Ra(0) Bi
345 287 120
336 253 104
325 245  9.74
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Figure 2. Dependence of average superheating temperature
and the thickness of the solidified layer on time, no free
convection (case “a”), B=2

The impact of porosity ¢ is clear in the curves representing
the thickness of the solidified layers. Out of all the porosities
tested, the greatest increase in the thickness of the solidified
layer was observed for ¢=0.50. However, the temperature
distributions for these porosities differ only slightly, and they
practically form one single curve.

The influence of water free convection on temperature
courses ép and the thickness of the solidified layer & in a fluid-
saturated porous slab can be read in Figure 3. This is case “b”
(see Figure 1(b)). At the beginning of the process =0 and no
increase in the thickness of the solidified layer was observed,
which stems from the theoretical model of the solidification
phenomenon. At the onset of the process, the derivative of the

layer thickness versus time g (solidification velocity) for the
following parameters: Bi,, = 3.45,B=2,Bi=12,¢ =
0.5, k, = 1.38 assumed negative value and it equalled:

s __ Bien—BiB _
—(0) = ———=-298<0, (24)
which meant that the solidification of the liquid did not occur.
The unrealistic course of the solidified layer thickness is
shown in Figure 3 with a dashed line. For case “b”, what
appears from the solidification plot (see Figure 3 and Figure
5), is that the onset of solidification occurs at approximately

a0 >0,S=0). As a result of the free

T~ 0.008 (o

convection of the liquid, the cooling process begins in the time
interval 0 < 7 < 0.008: the amount of heat supplied to the
potential solidification zone of the porous slab from the warm
part of the porous medium slab is still relatively large, and that
prevents the fluid from solidifying in the overall heat balance.

6, 4 +s

1.0 0.2

08 0.16

0.6 \ 0.12

0.4 ~le=0s0 | _ 0.08

. = |

0'2 | g,% ¢ =0.58 2'04

0 0004 0008 0012 0016 0.02t

Figure 3. Dependence of average superheating temperature
and the thickness of the solidified layer on time, presence of
free convection (case “b”), B=2
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Indeed, as the slab cools down, the amount of heat supplied
decreases and conditions conducive to the solidification
process occur. In fact, free convection vanishes — Rayleigh
number Ra(t) decreases, which in the theoretical model is
assumed to be constant and equal to the initial Rayleigh
number Ra(0). It is a kind of permissible simplification of this
physical phenomenon.

For case “b”, the average superheating temperature of a
fluid-saturated porous slab decreases much faster due to the
existence of free convection (the liquid is mixed) than in case
“a” for which only heat conduction occurs (see Figures 2 and

3).

Figures 4, 5 and 6 illustrate the growth of the solidification
layer for various superheating parameters: B = 0 (Tpy = Tr),
B=2(Tpo=293K,T,, =263K) and B =0.5(Tpy =
293 K,T,, = 233 K).

As the superheating parameter increases, the fluid-saturated
porous slab solidification rate decreases. The impact of the
superheat parameter on the solidification process is quite
substantive.

As can be seen from the theoretical model tests presented in
Figure 7, the positioning of the fluid-saturated porous slab
clearly affects its solidification rates in the initial solidification
stage. In case “b”, the positioning of the slab promotes the
formation of free convection of water, which delays, as
previously discussed, the onset of solidification. For longer
times, the two solidification curves coincide. By recalculating
dimensionless time into dimensional time, what could be seen
is that initially, the phenomenon lasts for quite a long time. For
the analysed superheating parameter B=2, e.g. for the
dimensionless time 7=0.02 the corresponding real-time is t=49
hours. For case “a” the solidification is more intense than for
case “b” within the discussed dimensionless time.

O A
0.2
B=05 —
01 ] /
L~
/ / o=
/ .
0 0 0.01 002 003 0.04 0.05

Figure 4. Comparison of the growth of solidified layer for
two superheating and case “a”

54
0.3
0.2
/
B=05 L —
o1 \ _//
/ ; B=2
0|7
T
-0.1 >
0 0.01 0.02 0.03 0.04 0.05

Figure 5. Comparison of the growth of solidified layer for
two superheating parameters and case “b”
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Figure 6. Solidification of a fluid-saturated porous slab for
various superheating parameters and porosity ¢=0.50 (case

“a”)
- A
)
0.16
P
0.12
0 //
0.08 case..a] A
; case ,,b
0.04 /
72
0= pa
0.02 LN
0 0.01 0.02 0.03 0.04 0.05

Figure 7. Comparison of solidification for two fluid-
saturated porous slab positions for superheating parameters
B=2 and porosity ¢=0.50

It should be stated that the simple theoretical model
proposed in this work is considered in two cases, to describe
the phenomenon of water solidification occurring in layers of
a porous medium limited by flat surfaces at different
temperatures, is justified, sufficient and provides practical
benefits. The adoption of the heat transfer coefficient hg on the
surface of the solidification front is justified in the theoretical
analysis of the phenomenon of solidification in humid porous
media, because it influences the course of solidification. This,
in turn, is of great practical importance due to the technical
condition of structural elements of buildings and structures, as
well as the implementation of preventive measures as part of
effective frost protection.

4, EXPERIMENTAL TESTS
4.1 General characteristics of the elements of the test stand

In order to verify the theoretical solutions to the problem of
solidification in a planar fluid-saturated porous layer,
experimental studies of fluid-saturated granular media were
carried out on the test stand designed and constructed by the
authors, which is shown in Figures 8, 9 and 10.

The test stand, which is characterised by a universal design
was also used for this study of water solidification in other
porous media [25].

The main element of the test stand is a chamber made of
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polymethyl methacrylate (PMMA) with an internal diameter
of 6.4 cm and a height of 25 cm. In the experiment, it was
possible to use mainly the property of the material that
concerns high transparency and transparency, of the order of
98%, which made it possible to visualize the course of the
phenomenon under appropriate conditions of the experiment.
Other properties of the central unit material that are valuable
for research include a minimum operating temperature of -
40°C and a maximum of +70°C, high hardness according to
the Rockwell scale, dimensional stability up to 102°C and
resistance to most chemical products.

Figure 8. Test stand

The test chamber was placed vertically. In its lower and
upper parts, the chamber is enclosed with covers with a collar
made of plexiglass and connected with combination screws. A
hole was made in the wall of the chamber, in which a valve
was inserted to equalize the pressure caused by the increase in
the volume of ice formed by the water freezing. The porous
granular bed shown in Figure 9 is a mixture of washed river
gravel with a grain diameter of 2-16 mm. The decisive factor
in selecting the aggregate for testing was the versatility of its
use in the construction industry. It is used for products in the
form of slabs, as well as the production of various types of
concretes and mortars.

Figure 9. A porous granular bed filling the test chamber

In the lower part of the test chamber, the porous bed is
adjacent to the copper slab, and the ribbings on its surface
increase the efficiency of heat removal, resulting from the
solidification process within the porous bed. Ethylene glycol
was selected as the circulating coolant.



The temperature was measured with the use of five Pt 100
resistance thermometers connected to a multi-channel data
recorder. The thermometers have been arranged with the first
temperature sensor being mounted at a distance of 0.5 cm from
the copper cooling slab, while the others, equidistant from
each other, are spaced 1 cm apart.

A limited number of sensors were used in the experiment in
order to minimize the expected flow disturbances, and the
selection and type of sensors were determined by criteria such
as their low chemical activity, relatively long sensor operation
time, wide temperature measurement range, stability of the
time function and almost linear characteristics of the
temperature coefficient resistance throughout the entire
operating temperature range. The sensors were connected to
the AR 207 data recorder from APAR.

The diagram of the test chamber is shown in Figure 10.
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Figure 10. Diagram of the test chamber [25]

An important element of the central unit is a flexible conduit
placed in the upper cover and flange, connected to a measuring
cylinder, which was used to measure the volume of water
displaced from the freezing porous material in order to
determine the thickness of the solidified layer being formed.
The entire research stand ensured mobility and easy
connection to the unit's power source and glycol supply and
discharge. To obtain a better visualization effect of the
experiment, it was also possible to illuminate the central unit,
thanks to which the solidification process taking place in the
porous medium could be observed on an ongoing basis.

4.2 Research assumptions and criteria as well as the
adopted experimental methodology

The basic assumptions and research criteria resulted from
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the comparative analysis of other experiments conducted by
the authors and theoretical models we developed and
described by Beckermann and Viskanta [41], Sasaki et al. [42],
and Banaszek et al. [43], among others.

In research on the solidification process of porous materials,
the gravimetric (dryer) method was used to dry the granular
material before the experiment and measure its mass loss. In
addition, other methods were also used in the experiment,
namely graduated cylinder, in which the solidification front
was determined indirectly by measuring the increase in water
volume in the graduated cylinder connected to the central unit
and optical, related to the current assessment of the thickness
of the solidified layer.

Before starting the experiment, preparatory activities were
carried out each time, which included filling a measuring
cylinder with water at a specific temperature to the initial scale,
setting up and operating measuring instruments while
observing the solidification process taking place in the porous
bed and recording changes in the temperature in the bed, air
temperature, glycol, copper plate in the central unit and
ultrathermostat, increase in water volume in the measuring
cylinder and fluctuations in the filling levels of piezometers
with glycol.

The average thickness of the solidified layer was
determined similarly as in the works of Lipnicki and Weigand
[19], Partyka and Lipnicki [25].

4.3 Results and discussion

The proposed and adopted simple theoretical model to
describe the phenomenon of free convection (or heat
conduction) and solidification occurring in layers of a porous
medium bounded by flat surfaces at different temperatures is
sufficiently accurate and provides practical benefits.

The development of the solidification front over time and
its impact on free convection in a moist porous medium
located in the field of gravity is insignificant.

The presented method of determining the heat transfer
coefficient he on the surface of the solidification front provides
computational advantages.

As a result of the experimental measurements, the obtained
results of the solidified layer thickness and temperature at the
indicated points of the porous slab with porosity ¢=0.50 above
the surface of the cooling slab H as a function of time are
shown in Figures 11 and 12.
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Figure 11. Thickness of the solidified layer as a function of
time for the slab surface temp: 1-B=0; Big=20, 2-B=2.5;
Big=20; 3-B=2.5; Big=20 (experiment)

The results of theoretical research on the solidification of
fluid-saturated porous layers with no free convection can be
compared with the experimental tests performed on the test



stand, as its design ensures that heat is conducted through the
porous layer without the occurrence of free convection.
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Figure 12. Temperature distribution in the porous layer for
Tw=263 K, H=: 1-5 mm, 2-15 mm, 3-25 mm, 4-35 mm, 5- 45
mm

From the graphs of experimental studies shown in Figures
11 and 12 it can be seen that at the beginning of the
solidification process, the solidification velocity (increase in
the thickness of the solidified layer) is relatively high. The
greatest thickness of the solidified layer was noted for porosity
»=0.50 (see Figure 11). Temperatures inside the fluid-
saturated porous layer at the marked points and at the distance
H from the lower cooling slab, decrease as the process t
progresses (see Figure 12).

The calculations, in accordance with the developed
theoretical model, were compared with the experimental tests
for the conditions of intensive cooling, i.e. Bi,,, = Bi; = 20.
Figure 11 shows the theoretical solidification lines of a non-
superheated liquid (B=0) line - 1, superheated liquid (B=2.5)
line - 2 and experimental measuring points - 3. As can be seen
the results of experimental tests on the thickness of the
solidified layer, carried out under the conditions laboratory
tests, are consistent with the results obtained according to the
theoretical model proposed in this paper. In the initial stage of
solidification, the experimental points differ the most from the
theoretical line marked with the number 2, the reason for this
may be a temporary increase, during the experimental
measurements, of the Biot number Big.

Moreover, it should be stated that the developed simplified
theoretical model of the coagulation phenomenon is
satisfactorily consistent with experimental research, and the
design of the new test stand to conduct this research is an
innovative solution, based on an original research concept.

5. CONCLUSIONS

The most important achievements of the work include the
development of simple analytical theoretical models
describing the solidification processes, the solution and
analysis of which allow to describe qualitatively and
quantitatively the phenomenon of solidification of horizontal
wet porous slabes.

One of the most important benefits resulting from this work
is the development of an interesting research concept for
understanding the solidification process taking place in moist
porous media. The design of the research stand for testing the
coagulation process is a new solution, based on an individual
concept.

It is possible to use temperature measurement sensors with
a smaller diameter, which will reduce the negative impact of
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the disturbances on the solidification process, mainly caused
by holes made in the wall with sensors inserted.

The main characteristics of the model include the adoption
and calculation of the heat transfer coefficient at the
solidification front depending on the slabe setting. The
theoretical research carried out shows the impact of the
positioning of the horizontal fluid-saturated porous slab
relative to the force of gravity on the formation of free
convection in the fluid-saturated porous layer and, indirectly,
on the solidification process itself.

Due to the existence of free convection, the solidification
process starts later for the “b” case, than for the “a” case. The
onset of solidification is relatively long (for the case under
consideration it took about two days) and it progresses during
this period noticeably. The solidification rate is significantly
impacted by the B superheating parameter and with the
increase of this parameter, the solidification rate for the fluid-
saturated porous slab decreases. The results of the
experimental research are largely in agreement with the results
of the theoretical research. The lower quantitative
compatibility of the theoretical and experimental results from
different external cooling conditions adopted in the theoretical
model when compared with those in laboratory tests.

The experimental tests in laboratory conditions that would
fully comply with the theoretical model were not conducted,
however, there are plans to modify the test stand in the future
will, which would allow for completely accurate verification
of the theoretical model.

The problem of water coagulation in porous media is of
great scientific and technical importance, the observations and
comments presented above regarding the problem of water
coagulation in moist porous materials, indicate a constant need
for further research on this complex physical process, which is
of fundamental importance for engineering.
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T
NOMENCLATURE Ste
Fo
Ck specific heat of grain, J.kg*.K? Bi
c specific heat of water, J.kgt.K*
Cs specific heat of water, J.kg1.K! Bigy
Cef specific heat of moist porous medium, J.kg.K™!
Csp specific heat of frozen layer, J.kgt.K? B
h¢ heat transfer coefficient on the solidification Ra
front, W.m2.K™!
hen heat transfer coefficient on the surface slab,

W.m2K1
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coefficient volumetric expansion of water, K
grain density, kg.m

water density, kg.m=

ice density, kg.m

kinematic viscosity of water, m?.s*

thermal diffusion coefficient of the grain, m2.s*
thermal diffusion coefficient of the water, m?.s*
thermal diffusion coefficient of the solid, m2.s!
thermal diffusion of frozen porous layer, m?.s™
thermal diffusion coefficient of most porous
medium, m2.s*!

porosity of the medium, %

density of most porous medium, kg.m3

density of frozen layer, kg.m

thickness of frozen layer, m

ratio of the effective thermal conductivities of
the fluid-saturated and frozen porous medium =
Kef. ksp_1

ratio of the thermal diffusion of ice and the
effective thermal diffusion of the fluid -
saturated porous medium = k. ksp™

ratio of the thermal diffusion of ice and the
effective thermal diffusion of the fluid -
saturated porous medium = k. Ker®
dimensionless thickness of frozen layer = §.H!
dimensionless time = Ste-Fy

Stefan number = cs(Tr —Ten).L*?

Fourier number

Biot number on the solidification front = Hhg. ks’
1

Biot number on the surface of the slab = Hhen.ksp™
1

overheating parameter = (Tpo-Tr).(Tr-Ten)?
Rayleigh number = gBKATH.(vk,)?!





