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ABSTRACT

A new vacuum freezing ice production (VFIP) method based on
the solid-liquid-vapor multiple phase transformation and the latent-heat
coupling mechanism is introduced in the present study. Coupled heat
and mass flux equations based on irreversible thermodynamics have
been applied to depict the ice growing phenomenon under vacuum, and
to derive an equation for its growth rate. Ice growth rates of the VFIP
model determined are much higher than the ones in the conventional
freezing model which is for ice production at atmospheric pressure.
The concept of equivalent ice-layer thickness J,, with respect to the
specific water film thickness &;, and a design guideline for optimal op-
eration are also introduced in the present study. With the unique fea-
ture of a spontaneous temperature gradient developed inside the ice
layer of VFIP, an extremely fast and energy-saving ice-block produc-
tion method is found to overcome the disadvantages in energy con-
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sumption and ice growth rate of conventional methods.

I. INTRODUCTION

Ice-blocks used in various situations such as
fisheries, the food industry and ice storage air-condi-
tioning systems in the current market are mainly pro-
duced by conventional vapor-compression refriger-
ating systems. The rate of ice production of such sys-
tems is extremely slow and the electric power con-
sumption in the process is large. Therefore, a fast,
and energy saving method of ice production is yearned
for urgently. Vacuum freezing ice production is one
of the possible alternatives. A few studies of vacuum
freezing to separate solvent from solution, especially
water from seawater (Dickey, 1996), have been
reported. The methods reported could only produce
suspension ice-slurry but not ice-blocks for general
applications. Under the demands mentioned above

*Correspondence addressee

and using the concept of in-situ freezing (Cheng,
1995), an ice-block production method based on the
solid-liquid-vapor multiple phase transformation and
the latent-heat coupling mechanism is hereby
proposed. The new method, named vacuum freezing
ice production (VFIP), is presented in this study.
From the phase diagram of water (Fig. 1), a
marvelous and unique feature of this VFIP method
can be seen in the meta-stable region (Tester and
Modell, 1997), i.e. the sub-triple region of water
where the pressure is slightly lower than its triple
point (4.58 mmHg). In this subtle region, of water-
freezing temperature is higher than that of ice-
sublimation. This characteristic provides a tempera-
ture gradient inside the ice layer between the freez-
ing and the sublimation interfaces, and spontaneously
creates a driving force needed for heat transport
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Fig. 1 Phase diagram of pure water near the triple point

during the solidification process. By endeavoring to
utilize the spontaneous driving force, the reasons be-
hind the energy-saving, fast-growing VFIP method
are revealed.

The anticipated physical phenomena of ice pro-
duction based on the VFIP method can be explicated
as below. Consider a quiescently thin water film
trapped in a vacuum chamber with pressure slightly
lower than its triple point. Part of the water flashes
immediately and ice crystals form spontaneously.
After an extremely thin ice layer is formed upon the
water film, its thickness starts to increase gradually
and the latent heat of freezing is released and trans-
ferred by conduction through the ice layer.
Consequently, low-pressure water vapor is generated
by sublimation of the ice layer surface and carries
away the heat of freezing, which is then removed by
cooling coils of the operating system immediately.
The ice block is thus produced.

For investigating and verifying the complicated
heat and mass transport phenomena of vacuum
freezing, the present study establishes a new vacuum-
freezing model originated from the theorem of irre-
versible-thermodynamics. The heat and mass trans-
port processes are coupled when the water film is
freezing. In the formalism given by irreversible ther-
modynamics (Kuiken, 1994), the rate of entropy pro-
duction or entropy dissipation is induced by the un-
compensated heat produced by irreversible processes.
The ice growth rate of the conventional-freezing pro-
cess operated under atmospheric pressure generally
varies from 3x107'm/s to 1.15x107® m/s with a driv-
ing force of 0.2 to 1°C (Ratkje and Flesland, 1995;
Huige, 1972; Flesland, 1995). With the same
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Fig. 2 Theoretical VFIP model

driving force provided, the ice growth rate of the
present VFIP method could reach 1.15x107°m/s to
7x107° m/s. Apparently, the ice growth rate of the
present method is much higher than the former one.
Aspirations for an energy-saving, fast-growing ice
production method, can, therefore, be achieved.

The essential feature of the herein proposed sys-
tem is that two interfaces coexist in the working
medium, and each interface separates the medium into
two regions with different properties. The ice growth
rates and the heat transfer coefficients within the re-
gion near triple-point are investigated. Moreover,
design guidelines for experimental assemblies and
industrial procedures in accordance with the results
are proposed.

II. THEOREM

Figure 2 illustrates the schematic diagram of the
VFIP model proposed. Trapped water film attached
to the solid wall is under solidification at pressure
slightly below its triple point. All the major trans-
port phenomena for such a trapped thin liquid film
could be considered to take place in the x-direction,
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i.e. the direction with a significant temperature
gradient. The whole water layer is presumably kept
at its triple point temperature (0.0099°C), thus, there
is no temperature gradient inside the water film.
During the solidifying operation, an extremely thin
ice layer is first formed by flash freezing upon the
water layer, and low-pressure water vapor is formed
immediately by sublimation on the ice surface. Since
the operation pressure is slightly below the triple
point, the pressure difference developed would spon-
taneously generate a temperature gradient between the
solid-vapor interface and the solid-water interface as
depicted in Fig.1. The temperature difference between
these two interfaces is therefore considered to be the
initial driving force. The VFIP theoretical model is
originated from the general assumptions following:
(1) the pressure of the control system is kept slightly
below the triple point pressure, (2) an extremely thin
ice layer has been formed previously, (3) no heat
transports into the control system, (4) the process of
de-sublimation of the low pressure vapor proceeds
with no resistance, (5) all transports take place in the
x-direction only.

1. The Phenomenological Equations

According to the irreversible process of thermody-
namics (Kuiken, 1994), the entropy dissipation per
unit time and volume for coupled transport of heat
and mass across an interface is

T @Z‘Jql'VlnT_Jsl'VlquovT (1)

where, T is the temperature of the controlled system,
and O is the entropy production per unit time and unit
volume of the controlled system. The heat flux and
the mass flux of ice-sublimation are J,; and Jy,
respectively. The heat flux is given in (W/m?) and
the mass flux is given in (mol/m?s). The thermody-
namic driving force for heat transport is the dimen-
sionless quantity VIinT. The chemical driving force
for mass transport is the chemical potential gradient
Vg0, 7. and the chemical potential is given in
(J/mol).

At interface 1 of Fig. 2, the phenomenological
flux equations according to Eq. (1) and across this
interface are

Jg=-1nVInT-1,2V iy,0,1 (2)

J51='Z2lVlnT_122V,uH20,T (3)
where [;; is the phenomenological coefficient.

The dissipated energy is independent of the

frames of reference for the fluxes. The possible
frames of reference are indicated by the superscripts:

wall, s (for ice layer), and v (for water vapor)
respectively,

=y —v,)" " (4)

The mass flux of ice-sublimation according to the
entropy production across the interface 1 is:

Jsl = V;{I : Cs ="v (5)

where C, is the concentration (mol/m®) of the ice
layer.

The vapor sublimating velocity relative to the

wall v;”'“”, as shown in Fig. 2, is correlated to the sur-

face velocity of the ice v by

wall wall

wall _
yyal = |y

v

+Av,=|v +yal.Cc (v, -V)

=Vl +CyV,-V)) (6)

The volume augmentation of the vapor side (V,—Vy)
during ice sublimating is taken into account, where
V, and V; are the partial molar volumes of vapor and
ice respectively. It is assumed that all the volume
expansion takes place only in the x-direction.

2. The Coupled Transport of Mass and Heat
(Mechanism of Ice-sublimation)

With negligible effect of surface kinetics at in-
terface 1, the transported heat may be approximated
as the enthalpy difference of sublimation AHj, for AT.
Therefore, from Egs. (2) and (3) :

J !
ql 12
=—<=AH,, (7
(JSI)AT:O ln '

From Onsager’s reciprocal relations (Forland et al.,
1988) 1122121, then,

ly1=lrs-AHy, (8)

After introducing this expression into Eq. (3), the
mass flux of ice-sublimation in the x-direction can
be expressed as:

AH ,
Js1=—122(T"%+V#H20,T) )
Eq. (9) expresses the flux of ice-sublimation, rela-
tive to the sublimation surface, towards the vapor
front. The phenomenological coefficient /5, can be
estimated from diffusion coefficient (Flesland, 1995),

DC
lpn= 7RTS (10)
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Combing Eqgs. (4), (5), (6), and (9), it gives

wall _

Vil =V C (V= V)

N

(11)

The ice-sublimation surface migration velocity across
interface 1 is then

AH,
lzz(T : i’% + V,uHZO, )
CiV,-V,)

wall _
sl —

(12)

3. Latent Heat Coupling (Mechanism of Water-
freezing)

The water layer is frozen on the other side of
the ice layer at interface 2, as shown in Fig. 2. The
mechanisms of water-freezing and ice-sublimation are
combined by the spontaneous temperature gradient
inside the ice layer, where T;;>T,,, by maintaining to
the operation pressure slightly lower than the triple
point. Since latent heat of sublimation is much greater
than that of freezing, the ice growth rate of freezing
would be greatly enhanced on account of the energy
balance. Therefore, on account of energy

JqIZJSI'AHSVZJl'AHlszqu (13)
The mass flux of water across interface 2 is
Ji=dy - e (14)

CAH,

The velocity of water relative to the ice front for freez-
ing (interface 2) is then

J
2 _ pall iy _ V1
P = vy =L

c, (15)

The ice growth rate on the interface 2 by the mecha-
nism of water freezing

wall _
Vo =

wall
Vi

+ A g =| vyl | vyl (v, - V)

=yl + C(V, - V)] (16)
From Eqgs.(14), (15) and (16), we obtain the result of
interest

vwall - L AH

22 sV, dl AHsv 1
=, O e T V0. g M ey ]

(17)

During the solidification of water, two processes take
place simultaneously. One is the sublimation of ice
on interface 1, which will cause the ice surface to
move inward from the original surface. The other is
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the freezing of water on interface 2. Contrary to
sublimation, this mechanism will drive the ice sur-
face to move outward from the original surface.
Therefore, the net ice growth rate can be obtained by
finding the difference between Eqs. (17) and (12).

Vicener = V33" v (18)
. Iy AH, 4T AH , 1
y1lel =122 sv o dl EUAS|
ice, net Cl( T dx + V:uHZO, T)(AHIs )[ + C[(VS _ Vl)
AH
[y( TW : ?TT +Vily,o.1)
- & (19)
Cs(Vv - V.X)
Since,
J1=J5-AH W =U-dT (20)

the overall heat transfer coefficient U can be derived
from Eqgs. (9) and (13)

AH , AH g,
U=—lpn——"- % + V#HZO,T)TT

T (21)

ITII. RESULTS AND DISCUSSION

The operating principle of the vacuum-freezing
ice production (VFIP) method is to form a very thin
ice film by flash cooling on a quiescent water film
under pressure slightly lower than the triple point
(4.58 mmHg) first. This quiescent water film then
turns to ice starting right from the surface underneath
the thin ice film towards the bottom of the water film
by the coupled mechanism of water-freezing and ice
sublimation. The process repeats itself again by sup-
plying another layer of water film on top of the first
ice layer formed. Accumulating such quickly formed
ice layers results in the ice-block desired. This oper-
ating process is similar to superimposing pieces of
paper on a pile of paper.

The flux equations for the process of irrevers-
ible thermodynamics impose some conditions on the
temperature profile at the interface. The chemical
potential gradient during data reduction is neglected
as Viy,0<<dT/dx near the triple point of water.
Consequently, the only driving force of mass trans-
port in the VFIP method is the temperature gradient
provided by the operating pressure at the meta-stable
region (P<4.58 mmHg). The slope of d7/dx in the
ice layer must be negative in order to obtain heat
transport to the interface, as shown in Fig. 2.

1. Ice Growth Rates

Replacing d7/dx in Eq. (19) with AT and 9,

]
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Fig. 3 Ice growth rate of the VFIP model with different ice-layer
thicknesses and temperature differences
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where, AT=T,—T, is the temperature difference be-
tween water-freezing and ice-sublimation, and ac-
cording to Fig. 2 § is the thickness of the ice layer
between the ice-sublimation interface and the water-
freezing interface. Using Eq. (22), the net ice growth
rates calculated for different temperature difference
AT, as a function of the ice layer thickness 9, are plot-
ted in Fig. 3. The figure shows that the ice growth
rate decreases quickly as the ice layer becomes thicker
and thermal resistance increases accordingly. From
the outcome obtained from Fig. 3, the ice growth rate
based on VFIP method deteriorates vehemently even
with the condition of such a thin ice layer 6.
Moreover, the currently used ice production methods
always accumulate ice with thickness much thicker
than 6 during their operating process. Therefore com-
pared with the VFIP method, it is not difficult to re-
alize how slow the ice growth rate is when this con-
ventional ice production method is used at the atmo-
spheric pressure. The ice growth rates of the con-
ventional method operating at atmosphere (Flesland,
1995; Huige, 1972) are shown in Fig. 4. They vary
from 3x1077 m/s to 1.15x107° m/s with temperature
driving force of 0.2 to 1°C. On the other hand, using
the same driving force provided, the ice growth rate
of the present VFIP method could reach 1.15x10°
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Fig. 4 Ice growth rate of the conventional ice-making model with
different ice-layer thicknesses and temperature differences

m/s to 7107 m/s, as shown in Fig. 3. The most sig-
nificant and important result is that the ice growth
rate of the present VFIP method is much higher than
the conventional method. In the VFIP method, heat
of freezing is released and conducted through the ice
layer by the temperature gradient spontaneously de-
veloped by the operating pressure, and then carried
away by the low pressure vapor with the required heat
of sublimation. A fast ice production method with
the features of spontaneous temperature gradient and
latent-heat coupling is exhibited.

2. Control Parameter

Since the operating pressure of the present VFIP
method is slightly lower than the triple point pres-
sure (4.58 mmHg), a pressure difference AP does ex-
ist during the operating process. From Fig.1, this
pressure difference can be converted to a tempera-
ture difference AT between the temperatures of wa-
ter-freezing (7};) and ice-sublimation (7,). The fact
that T}, is higher than T, is a unique phenomenon in
the meta-stable region. This temperature difference
AT is then the initial driving force of the VFIP method.
The transformed AT is 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
and 1.4°C corresponding to the operating pressure of
4.542, 4.504, 4.431, 4.359, 4.287, 4.217, 4.147, and
4.079 mmHg respectively. Accordingly, the ice
growth rate increases as the temperature difference
increases as shown in Fig. 3. The applicable break-
through of VFIP is that the driving force AT is origi-
nally introduced by the operating pressure difference
AP of the system. Thereby, the energy consumed is
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Fig. 5 Heat transfer coefficients of the VFIP method with differ-
ent ice-layer thicknesses

just for keeping AP stable. From the results obtained,
it shows that a small amount of AP can produce a
very high ice growth rate with a tiny amount of
energy. Apparently, the energy consuming problem
of ice-block production can be solved.

3. Heat Transfer Coefficient

From Eq. (22), the heat transfer coefficient U
of the VFIP method calculated for different ice layer
thicknesses 9 are shown in Fig. 5, and the results for
conventional ice-block production operating at atmo-
spheric pressure are shown in Fig. 6. The heat trans-
fer coefficient decreases with increasing ice layer
thickness. As the thermal conductivity of ice at 0°C
and atmospheric pressure condition is 2.09 W/m-K
(Fukusako and Yamada, 1993), the calculated heat
transfer coefficients with the same ice thickness
(0.1~1.1mm) range from 1.9x10* W/m?-K to 2.09x10*
W/m?-K therefore. According to the results, the val-
ues of U for the VFIP method are much higher than
the heat transfer coefficients of the traditional method
operating at atmosphere. Obviously, the heat trans-
port mechanism in the VFIP method is greatly en-
hanced when compared with the traditional one. The
reason is that coupling between heat and mass trans-
port is generally only a small affecting factor in a
homogeneous phase. When a transport phenomenon
takes place across an interface, the coupling effect
may become substantial. Consequently, the transport
phenomenon penetrating two interfaces (water-ice and
ice-vapor interface) in the VFIP system gives an even
larger coupling coefficient. The coupled flux
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Fig. 6 Heat transfer coefficients of the conventional ice-making
model with different ice-layer thicknesses

equations also apply to other systems with gradients
in temperature and chemical potential (Forland et al.,
1988).

4. Equivalent Ice-Layer Thickness &,

According to Eq. (22), the derived result for
Viceme:'" 18 the instant ice-growth rate with respect to
a specific ice-layer thickness 6. In a practical oper-
ating process, the value of 6 used in Eq. (22) is not
fixed. It grows gradually to approach the thickness
of the initially introduced water film §,. Thence, the
value of vi....""" calculated from Eq. (22) can not be
substantially applied to real operations.

What is being anticipated from the theoretical
VFIP model, to confirm the practical application of
ice production process, is the average ice growth rate
Vice.ave O the specifically provided water liquid film
during solidification. To get a rigorous prediction of
the ice growth rate in practical situation, concept of
the equivalent ice-layer thickness §,, with respect to
the specific water film thickness §; is herein
introduced.

If I, in Eq. (22) is presumed to be kept inde-
pendent of &, thereby, Vi.,..""'=f(AT, 8). Thus, the
average ice-growth rate v;., 4. for specific water film

6] is
1 o1 wall
vice,ave = SJﬁ vice,net ) d5 (23)
0
where 0y=30 um is the initial ice-layer thickness af-

ter instantaneous flash cooling at operating pressure
slightly bellow 4.58 mmHg.
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Table 1 The liquid film thickness §; and the relative equivalent ice-layer thickness &,,

6 (mm) 0.94 1.4 1.9 2.35
8,q (mm) 0.27 0.366 0.455 0.538

2.8 33 3.75 4.2 4.7
0.621 0.7 0.778 0.853 0.929
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Fig. 7 Average ice growth rate of the VFIP model with different
introduced water film thicknesses and temperature differ-
ences

Therefore, the equivalent ice-layer thickness 5(,‘1
in accordance to V., 4. can be defined as
5, =0

eq

(24)

%)

!
n| <=
5()

The value of equivalent ice-layer thickness &,, and
the corresponding specific water film thickness J; are
listed in Table 1. Consequently, the average ice-
growth rate v, . With respect to the specific water
film thickness §; is expressed as,

V;

lCe ave —

_lxn AT
( ” X
gq AH

SV 1 1
b)[ + I(VS_VI)] (25)

According to Eq. (21), the derived 5(,qg)uld be used
to calculate the average heat transfer U, coefficient
during practical operations.

Up==1lyl ‘”AT][ 7] (26)

The calculated values of average v 4. from Eq. (25)
for different driving forces, AT, are plotted in Fig. 7
as a function of the introduced water film thickness
6,. It shows that v;. .. exhibits the same

decreasing trend as v"; , but more moderately.
ice,net

The results shown in Fig. 7 can be applied to the con-
cretely assembled VFIP procedure.

5. Cooling Coil Design Guideline

The primary components of the practical VFIP
system include a horizontal channel for water
freezing, a vacuum freezing chamber to contain the
water channel and the cooling coils, a water storage
tank, the vacuum generating system, and the cooling
system. The heat released from the ice-sublimation
process should be removed, immediately, by the cool-
ing coil as de-sublimation of the low-pressure vapor.
The de-sublimation process of the cooling coil should
be approached in order to get as close to zero trans-
port resistance as possible, otherwise the ice-growth
rate will deteriorate. Thence, the proper type and de-
sign of the cooling coil is the keystone of the VFIP
system. In order to immediately remove the heat in-
side the vacuum-freezing chamber, the cooling ca-
pacity of the cooling coil should be greater than the
heat releasing capacity of ice sublimation. Therefore,
the necessary design guideline is

U, A -(AT)<U, A, (AT, ) 27
where
AT = Lo )= T Te) (28)
[ T]

U, is the overall heat transfer coefficient of the cool-
ing coil, AT|= T)—T, AT, is the logarithmic mean
temperature difference between T, and coolant tem-
perature, A; is the ice-sublimation surface area, and
A, is the contact surface area of the cooling coil. The
condition for optimal heat removal transport between
the ice-sublimation surface and the coolant coil is
formulated by reference to the thermal resistance
method and the Gnielinsk’s formula (Mills, 1995) as

1 InGr) @rr,)- AT 4,
27r; - h, o k. AT
L AS, <1]-AH,-A,
(29)

where, hi is the heat transfer coefficient of coolant
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flow, k. is the thermal conductivity of coil pipe, r,
and r; are the outer and inner radius of coil
respectively, [ is the total length of the coolant coil,
Rep is the Reynolds number of coolant flow, and k; is
the thermal conductivity of coolant. When the con-
trolling variables Rep, ATy, AT, A1, 8egs ks ki, h.,
r,, and r; are decided, the total length [ of the coolant
coil is determined for proper running.

IV. CONCLUSION

In the mysterious region of the phase diagram
near the triple point, i.e. the meta-stable region, a
theoretical model of a new vacuum-freezing ice pro-
duction method has been proposed. The equations
for processes of irreversible thermodynamics are de-
rived to predict the ice growth rates and heat transfer
coefficients with different temperature driving forces
developed from various vacuum conditions. The im-
portant results of the present study are summarized
as follows:

1. The ice growth rates of the VFIP method range
from 1.15%107° m/s to 7x107° m/s with a driving
force of 0.2 to 1°C.

2. The ice growth rates of the VFIP method surpass
those of the conventional ice production method
by at least 50 times.

3. The values of the overall heat transfer coefficients
U for the VFIP method are much higher than the
heat transfer coefficients of the traditional ice pro-
duction method operating at atmosphere.

4. The average ice growth rate v, 4. for practical
operation is introduced with the concept of equiva-
lent ice-layer thickness &,,.

5. The design guideline for the optimal operation is
established in the present study.

Extending the results of fast growties and en-
ergy-economizing features obtained, the present VFIP
method may be applied not only to fishery, ice-stor-
age air-conditioning systems, and food industries, but
also to waste-water treatment and sea-water
desalination.

NOMENCLATURE

Ay Ice-sublimation surface area (m?)
A, Contact surface area of coolant coil (m?)
C Concentration (mol/m?)

D Self-diffusion coefficient (m%/s)

h, Heat transfer coefficient (W/m?°K)

k. Thermal conductivity of coolant tube
(W/mK)

ke Thermal conductivity of coolant (W/mK)

Jq Heat flux (J/ m?s)

J; Water flux (mol/ m?s)

J Ice flux (mol/ m?s)

J, Vapor flux (mol/ m%s)

Ly Phenomenological coefficient

I Coolant coil length (m)

P Pressure (mmHg)

R Universal constant (J/mol K)

Ty Outer radius of coolant coil (m)
ri Inner radius of coolant coil (m)
T Temperature (K)

Ty Water-freezing temperature (K)
T, Ice-sublimation temperature (K)
Viceave ~ Average ice growth rate (m/s)
! Water velocity (m/s)

Vs Ice growth rate (m/s)

v, Vapor velocity (m/s)

%4 Molar volume (m*/mol)

X Space coordinate (m)

AH, Latent heat of freezing (J/mol)
AHg, Latent heat of sublimation (J/mol)
AT Temperature difference (K)
U Overall heat transfer coefficient (W/m?K)
A Ice-layer thickness (m)
Ocq Equivalent ice-layer thickness (m)
/ Introduced water film thickness (m)
e Rate of entropy production (W/m?s)
u Chemical potential (J/mol)

Superscripts
s Relative to ice surface
v Relative to vapor phase
wall Relative to wall
Subscripts
ave average
1 Interface-1
2 Interface-2
H,0 water
l Liquid water
Ice

water vapor
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