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Abstract

Heat exchange between a solid surface and the surface of a melting or sublimating refrigerant has long been used in
low-temperature engineering. With such a rich history of sublimation chillers, it's surprising that no universal and
reliable methods have been developed for the design of heat exchangers that remove heat by the sublimation or
melting of a solid refrigerant. A simple and universal mathematical model for the process of heat transfer from the
wall of the heat exchanger apparatus to the sublimating or melting refrigerant has been proposed. The analysis of
this model led to the development of a system of dimensionless criteria and a criterion equation that can describe a
wide range of processes involving melting or sublimating refrigerant on the working surface. Comparison of present
experimental data and calculated data shows a good agreement between the results. The equations obtained can be
used to improve the design of heat exchangers with melting or sublimating refrigerant.

Key words: heat transfer; melting; sublimation; criterion equation.

Y3AT'AJIbHEHA MOJIEJIb TETIJIOOBMIHY MIZK TBEP/1010 CTIHKOIO I CYBJIIMYIOYHUM
ABO TAHYYUM XOJIOAOATEHTOM

Muxaino. b. KpaBueHko.
Odecbkull HayioHaabHUll mexHo102iuHUll yHisepcumem, 8yA. [leopsiHcuka, 1/3, Odeca, 65082, Ykpaina.

AHoTauis

Tens1006MiHHI anapaTH, B IKMX HPUCYTHI X0JI00areHTH, 10 Cy6JIiMyI0Th YM IIJIaBJISITHCS, JABHO BUKOPHCTOBYIOThCS
B HU3bKOTeMIIepaTypHill TexHini. He3BaxkaouM Ha AOBTry icTOPil0 BUKOPUCTAHHA NOAIGHUX X0JI0J0AareHTiB, A0Ci He
icHyBa/1o 3py4YyHUX i HaAiHMX MeTOAIB NMPOEKTyBaHHSA TEMJIOOGMIHHMX amapaTiB B IKUX TeIJIO HNiABOJMTHLCA A0
X0JI00areHTy, 0 Cy6JIiMy€ Y4 IVIaBAAThCA. B cTaTTi 3aiponoHoBaHO NPOCTY M YHiBepca/JlbHy MaTeMaTH4YHY MOJe/b
npouecy Tenjionepejadi Bif, CTIHKM TeNmJIOOGMiHHOTO amapaTy A0 X0JI0J0areHTy, AKHil Cy6/IiMye€ YM NJIaBHThCA.
AHaniz niei mMogesi J03BOJMB PO3POGUTH CHCTEMY 6e3po3MipHMX KpUTepiiB i 3anpomoHyBaTu BignoBigHi
KpUTepiasbHi piBHAHHA, fAKI MOXYTb ONHUCYBAaTH WIIMPOKe KOJI0O MNpOLECiB, NMOB’SI3aHUX i3 IUIaBJIEeHHAM a6o
cy6/liMani€el0 X0/1040areHTy Ha po6odiili moBepxHi. [IOpiBHAHHSA eKCNEpUMEHTA/IbHUX i PO3PaXyHKOBUX JaHUX
NoKa3ye Xopomui 36ir pesyabraTiB. OTpuMaHi pIBHAHHA MOXYTh OGYTHU BUKOPHUCTaHiI [/ BAOCKOHAJIEHHS
KOHCTPYKIii TenJ1006MiHHHMX anaparTiB B SIKMX BUKOPHCTOBYIOTbCS X0/I00areHTH, 0 Cy6/1iMyIOTh YH IJIaBJIATHCA.
Karouosi cnosea: Tens1006MiH; NJ1aBJeHHS; cybJiMallisi; KpUTepiasbHe PiBHAHHS.
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Introduction

Heat exchange between a solid surface and the
surface of a melting or sublimating refrigerant has
long been used in low-temperature engineering
[1; 2]. The history of refrigeration itself began with
the use of water ice to cool and preserve food.
Obviously, the operation of such cooling system is
based on heat transfer between the melting ice
and a solid surface.

The installation of Karol Olszewski and
Zygmunt Wroblewski, in which liquid oxygen was
first obtained in 1883, already used gas cooling by
sublimation of solid carbon dioxide on the wall of
the heat exchanger. The history of cryogenics can
be traced back to this installation [3].

The first cooling systems in space were also
sublimation coolers based on solid carbon dioxide,
launched into orbit in 1972 [4].

Today, sublimation cooling is used in food
processing, cooling of infrared receivers, medical
cooling, drying and engineering cooling, thermal
suits for mine rescuers, and in other fields of
technology [5; 6].

With such a rich history of sublimation chillers,
it's surprising that no universal and reliable
methods have been developed for the design of
heat exchangers that remove heat by the
sublimation or melting of a solid refrigerant.
Reputable heat transfer monographs simply do
not have sections devoted to heat transfer during
melting or sublimation.

Perhaps the first attempt at a strict theoretical
description of the heat exchange process between
the wall and the sublimating refrigerant was
described in the author’s article [7].

Similarly, a theoretical description of the heat
exchange between a dry ice pellet placed on a hot
sapphire surface has been attempted on paper [8].
In this work, the Leidenfrost effect was studied for
solid disks of carbon dioxide sublimating on a
solid wall. However, the theoretical results
obtained in this work were not generalized in the
form of criterion relations, as is usually done in
fluid dynamics and heat and mass transfer.

In the paper [9], the freezing due to solid-liquid
direct contact heat transfer associated with
sublimation was studied experimentally and
theoretically using dry ice in water.

Despite the variety of sublimation cooler
designs, the basic principle remains the same. The
sublimation cooler consists of a thermally

insulated container with a supply of solid
refrigerant, a heat exchanger, and a solid heat-
conductor on which the object to be cooled is
placed. To enhance the heat transfer between the
solid refrigerant and the heat exchanger wall,
mechanical pressure is applied to the refrigerant
against the wall of the heat exchanger, or/and the
container with the sublimating refrigerant is filled
with a liquid coolant. In the K. Olszewski and Z.
Wroblewski installation, ether was used to filling
the container with sublimating refrigerant as a
liquid coolant [3].

This article focuses on sublimation coolers and
the development of a universal and reliable
method for calculating the heat exchange intensity
between a sublimating or melting refrigerant and
the heat exchanger wall.

Results and discussion

Analytical study of heat transfer between the
heat exchanger’s wall and a sublimating or melting
refrigerant.

For clarity, we will use the term refrigerant
sublimation only. This means that the process of
refrigerant sublimation is similar to the process of
refrigerant melting.

The design of the generalized cooling system
with dry ice is shown in Figure 1.

In order to intensify the heat transfer in the
capsule, mechanical pressure of the sublimating
substance (1) on the heat transfer surface (2) is
used. This can be done by means of a spring (3) or
any other method.

Qualitatively, the heat transfer process in a
sublimation cooler can be described as follows.

Heat dissipation from the heat transfer surface
causes sublimation of the solid refrigerant upon
contact with the heat transfer surface. The
resulting vapor is forced out through the gap
between the frozen substance and the heat
transfer surface of the cooler. The thermal
resistance of this gap is the main factor that
determines the intensity of heat transfer.

The described heat transfer pattern between
the sublimating refrigerant and the solid wall is
similar to the Leidenfrost effect which occurs
when a liquid comes into contact with a hot solid
surface. In this case, a heat-insulating vapor layer
is also created between the heated surface and the
liquid, which slows down the rapid boiling of the
liquid [9-14].
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Fig. 1. Design of the generalized cooling system with dry ice.

1 is sublimating substance; 2 is the heat transfer surface; 3- spring

The size of the gap between the heat exchanger
surface and the sublimating refrigerant depends
on the mechanical pressure force and the vapor
flow in the gap. Vapor generation in the
sublimation cooler is proportional to the thermal
load on the cooler. Obviously, the greater the
pressure, the smaller the gap between the solid
phase and the heat exchange surface, and the
greater the total heat flow in the apparatus.

On the other hand, the greater the thermal load
of the apparatus, the greater the vapor flow in the
gap and the greater the vapor pressure under the
sublimating refrigerant. An increase in vapor
pressure in the gap between the refrigerant and
the heat-transfer surface repels solid coolant and
causes the gap to increase.

This pattern of heat exchange between the
sublimating substance and the heat dissipating
surface is qualitatively confirmed by experiments.
In particular, it allows us to explain the
experimentally established fact that concentric
fins on the heat exchanging surface not only do not
increase the heat transfer from this surface, but,
on the contrary, reduce it. The explanation for this
phenomenon is that the concentric fins impede the

outflow of vapor on the heat exchange surface.
This leads to an increase in the gap between the
surface and the sublimating substance and an
increase in the thermal resistance of this gap.

To construct a mathematical model of the
process of heat transfer from the solid wall to the
sublimating substance, we accept the following
assumptions

v' all processes and flows of vapor and
energy in the apparatus are symmetrical with
respect to its axis;

v the sublimation temperature of the solid
refrigerant is the same at all points on the phase
boundary;

v the vapor flow in the gap between the heat
releasing surface and the sublimating substance is
laminar;

v’ there is no convective heat transfer in the
gap.

We will construct a mathematical model for the
steady state of heat transfer in which the following
parameters remain unchanged: the temperature
distribution on the heat exchange surface, the
solid refrigerant pressure on the heat exchange
surface, and the thermal load of the device.
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The constancy of the temperature field at the
heat releasing surface means that in steady state
the shape of the phase boundary remains
unchanged even though the block of solid
refrigerant is continuously moving toward the
heat releasing surface. In other words, the phase
boundary moves at a constant velocity relative to
the solid refrigerant and is stationary relative to
the heat exchange surface.

Since the speed of movement of the
sublimation front relative to the solid refrigerant
is determined by the heat flux density at each
point of this front, this speed can be found from
the heat balance equation at the phase boundary:

izl-grad(l')

oy oy

V = =const, (D

where Vis the velocity vector of movement of a
point on the phase interface; q is the vector of heat
flux density at this point; A is the thermal
conductivity of the solid refrigerant vapor; T is the
current vapor temperature; oy is the volumetric
heat of sublimation of a solid refrigerant,

o,=0-p,

where o is the specific heat of sublimation of
the solid refrigerant; p is the density of the solid
phase of the refrigerant.

This leads to a very important conclusion. Since
for a given solid refrigerant the volumetric heat of
sublimation can be considered constant, then in a
steady state the heat flux density on the heat
releasing surface will be the same at all its points.

Due to the previously accepted assumption of
the constancy of the sublimation temperature of
the substance at the phase boundary, this phase
boundary coincides with the isotherm. Therefore,
the vectors of heat flux density and velocity of
motion of any point on the melting front are
perpendicular to the phase boundary.

Since the thickness of the gap between the solid
phase and the working surface of the apparatus is
several orders of magnitude smaller than the
diameter of the apparatus, we can assume that the
phase interface is parallel to the heat transfer
surface of the apparatus, and therefore the heat
flow vector is normal to the heat transfer surface
of the apparatus.

From here,
A-grad(T) _A-AT _const. @
Gy Gy -

where AT is the temperature difference
between the heat exchange surface and the phase

boundary; § is the size of the gap in the section of
the apparatus under consideration.

In other words, on the heat exchange surface of
the apparatus, the heat flux density at steady state
can be considered constant regardless of how heat
is applied to the heat exchange surface of the
apparatus and regardless of the shape of that
surface.

The physical significance of this statement is as
follows: if the heat flux density at any point on the
working surface is higher than at adjacent points,
then sublimation of the solid phase will be
intensified at that point. This leads to an increase
in the thickness of the vapor layer between the
solid phase and the heat transfer surface. As a
result, the heat flux density at this point will
decrease until it becomes equal to the heat flux
density at neighboring points. In this case, the
speed of propagation of the sublimation front
relative to the sublimating substance becomes
constant at all points of this front. The size of the
gap between the sublimating substance and the
heat-emitting surface is also stabilized.
Conversely, if the heat flux density decreases at
any point of the heat transfer surface, the gap at
that point decreases.

As follows from the last formula, the ratio of the
temperature difference to the gap size at all points
of the heat-transfer surface remains unchanged:

AT =const. 3

Consider an elementary annular section of the
gap between the solid phase and the working
surface of the capsule. The height of this section is
equal to the gap size §, the distance from the
capsule axis is equal to R, and the width of the
elementary section is equal to dR. In this case, the
increase of the vapor flow rate through the
annular gap is equal to:

dc=2"R94 4r. )
(e}

Then the absolute value of vapor flow in a
circular section with radius R will be equal to:

T~ (2710
G=|dG=|———dr.
o it

Since we are considering the case g= const,
this constant heat flux density can be removed
from the integral, along with other constants:

R
G 2n-qudr:275_'Q_R2.
0

(6)

G (@
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Knowing the vapor flow rate in each circular
section of the capsule, one can find the pressure
drop in the gap section under consideration. Since
the absolute value of the gap is relatively small, we
can consider the flow in this gap to be laminar and
use the well-known formula to determine the
pressure drop in a gap of infinite width.

12-v-g,-dP
dp == S ™)
where g is the vapor consumption per unit slot
width,

127‘[ 12n-v-q _[
0
As can be seen from the resulting formula, in

order to determine the mechanical pressing force,
it is necessary to find the dependence of the gap

6-v
On-u-es3 o

[I (BU))’ du]d ’

6-v-G

n-R-8°

The force with which the mechanical pressure

acts on a solid refrigerant is balanced by the vapor

pressure generated by the sublimation of the solid

refrigerant. In this case, these forces are relatively
easy to determine:

dP=

-dR. (8)

g, = G
"o 27-R’
where v is the kinematic viscosity of vapor.
Hence,

uzdu]dr;

size on the radius. To do this, we first determine
the temperature distribution on the working
surface of the capsule and then use the formula:

A-AT

O=—, (10)

Let's find the required dependence of the value
of the gap thickness on the radius.

Let us assume that the temperature
distribution on the working surface of the capsule
is the same at all points of this surface. Then the
temperature difference between the working
surface and the phase boundary will be the same
everywhere, taking into account the assumption

q

about the stability of the sublimation temperature
of the solid refrigerant. Consequently, the gap
thickness, which can be found from equation (10),
will be the same everywhere in this case.Since the
gap value is a constant, it can be removed from the
integral sign in equation (9). Taking this into
account, we can write:

127'c 2n-v-q ,[ (I U}Jr=3n'v'3q-R 4 (12)
o BL)Y -3
Considering that
7-Ro*-q=Qo, (13)
where Qo is the total heat load of the capsule, we have:
3-v-Qo 2
F o5 Ro“. (14)

From here, if we replace § with its value from
equation (10), we find the dependence of the
thermal load of the capsule on the mechanical

3 3
QO:RO&/Z« F-c-AT®2
3-v

Dimensional analysis of a  problem.
Dimensional analysis is a standard method in the

pressing force and the temperature difference at
the working surface for a given solid refrigerant:

(15)

theory of heat and mass transfer. However, this
powerful method has not been applied to the
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problem of heat transfer between a melting or
sublimating substance and a solid wall.

To use this method, we first write down all the
dimensional variables that affect heat transfer
during sublimation of a solid refrigerant on a solid
wall, within the framework of the assumptions
made above:

Qo,Ro,F,c, AT, A, V.

So we have seven variables describing the
process we want to study. Next, we will use
Buckingham's m-theorem. The dimensions of
these seven variables describing the heat transfer
process contain five main (independent)
dimensions: joule, meter, second, kilogram,
degree Celsius.

Consequently, this process can be described by
7-5=2 dimensionless complexes.

There are a large number of possible ways to
select these complexes, but it is best to use the

following dimensionless criteria: @ = AT;‘ and
q-RO
q-v
Q=——— 16
f-o-Ro (16)

where fis the specific pressure in the contact zone,
equal to the ratio of the absolute value of the force

to the contact area of the wall and the sublimating
refrigerant.

The first dimensionless criterion ©
characterizes the thermal conductivity through
the vapor layer, and the second criterion () gives
the ratio of the rates of vapor production and
removal from the contact zone.

Using these notations makes aquation (15)
look very simple:

®3=§.Q_
2

Comparison of the obtained results with the
results of experiments. Final conclusions about
advantages and disadvantages of a mathematical
model can be drawn only after comparison with
experimental results.  Experimental data
presented in the work of A.P. Dvornitsyna [17-19]
were used for comparison.

(17)

| | | |
12 . Experiment q=92 W/m?; _
@ Experiment q=2000 W/m?;
A Experiment q=6000 W/m?;
10 mmm==Calculations q=92 W/m?; ]
mmmm=(Calculations q=2000 W/m?2;
Y 4 Calculations q=2000 W/mz2.
8 |
H A
5 ] 4 4
& 6 A
(O]
=
©
® 4
=
<
3
2
E — "
|_
0 T T T T T T T T
o 10 20 30 40 50 60 70 80

Contact pressure, kPa

Fig. 2. Dependence of temperature difference in the contact zone on contact pressure
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The experimental study was carried out on
three capsule samples. The working surface area
of the first sample was $1=1.2:10-3 m2 Since the
working surface had the shape of a circle, then,
knowing the area, it is not difficult to determine its
radius R;=20 mm. Similarly, for the second
sample: $,=2.4:-103m?2, R,=28 mm. And for the
third sample $3=8.5-10-3m?, R;=52 mm.

Thermal conductivity of vapor at atmospheric
pressure: A=0.0146 W/(m-K).

Dynamic viscosity of vapor at atmospheric
pressure: u=1.37-10 -5Pa-s.

Vapor density at atmospheric
p=1.976 kg/ m3.

Kinematic viscosity of vapor at atmospheric
pressure: v=6.933-10-¢m?2/s.

pressure:

1,8'10_10 T T 4
1 A Experimental points / J
1,61 010 + mmmmm=  Theoretical curve h
o 1, 4-10-10 :_ == == Approximation // II
o} 10 |
5 1,2-101° / ?
S 1,0-1010 /
N i
% 80.10—11 / ?
9 | / A
§ 6,010 t
g 40.10-11 ] /A/
) ] / /
2 0-1011 P
0 M A A
0 2,0:10* 4,0-10* 6,0-10* 8,0-10* 1,0-10°3

Dimensionless criteria, ©

Fig. 3. Comparison of calculated and experimental data in dimensionless form

The calculations using the formulas obtained
have been carried out for the atmospheric
pressure. In this case, the following values of the
constants included in these equations were used.
The heat of sublimation of CO; at atmospheric
pressure is assumed to be 0=570.9 kj/kg [20].

As we can see, there is a very good agreement
between the calculated and experimental data at
heat flux densities of 92 W/m2 and 2000 W/m2. At
higher heat flux densities, the discrepancy
between the calculated and experimental results
is somewhat larger, but in general it can be argued
that even such a simple mathematical model
describes the experimental results well.

Figure 3 shows a comparison of the same
experimental data with calculations, but in
dimensionless form. A comparison of the graphs
shows that the discrepancies are much more
noticeable in the dimensionless form. For
example, in Figure 3 we see two distinct outlier

Figure 2 shows calculated graphs and
experimental values reflecting the dependence of
the temperature difference between the surface of
the heat exchanger and the sublimation
temperature of the refrigerant on the contact
pressure in the apparatus.

points that are also present in the previous graph,
but their deviation is not as noticeable (these
points correspond to minimum contact
pressures).

The dashed line on the graph shows the result
of approximation of the available experimental
data by the equation

0=04-0° (18)

Good agreement between experimental results
and calculated data, when only one coefficient is
adjusted, indicates a successful choice of
dimensionless criteria and the form of the
criterion equation to describe the problem under
consideration.
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Figure 4 shows graphs comparing results of
experiments with acetone for heat transfer
enhancement and for "dry" heat transfer (without
acetone). This graph also shows the calculated
values for dry heat transfer and the results of
approximating the heat transfer data with acetone
using equation (17). As can be seen from the
graphs, there is very good agreement between the

experimental results and the results of the
theoretical study. By selecting only one coefficient,
itis possible to obtain an equation that generalizes
all the experimental data obtained using acetone
to enhance heat transfer. The given graphs clearly
show the radical enhancement of heat transfer
when acetone is used.

| [
. -10

4.0-10 m dryCO; )

3,5:10°10 ® CO2with acetone
G — Q=2/3'®3
< 30107 0 =1,8-10403
& 351010
=}
@ 201010
z 7 @
2 151010
o y é
_'D§ 1,0-101° + ..

0,5-1010 1 o2

0 a—”..

0 0,002 0,004 0,006 0,008 0,010 0,012

Dimensionless criteria, ©

Fig. 4. Comparison of the results of experiments using acetone to intensify heat transfer, and for “dry” heat
transfer (without acetone), calculated values for dry heat transfer and the results of approximation of heat
transfer with acetone

The good agreement between the experimental
and calculated data indicates that the chosen
system of assumptions is quite acceptable under
the heat transfer between the sublimating
refrigerant and the solid surface of the heat
exchenger. Particular, the theoretical conclusion is
confirmed that on the surface of heat exchange
with a melting or sublimating refrigerant, the heat
flux density is automatically established to be
identical over the entire heat transfer surface. This
makes it possible to use the heat exchange during
melting or sublimation of a substance to simulate
boundary conditions of the second type g = const.

When the first type of boundary condition is
modeled by heat exchange during boiling or
condensation, an electric heater has usually been
used to simulate the second type of boundary
condition. However, the electric heater allows you
to easily set the value of the total heat flux and
generally does not guarantee equality of the heat

flux density on the heat exchange surface. The use
of heat exchange during sublimation or melting,
on the other hand, guarantees equality of heat flux
density over the entire heat exchange surface.

Conclusion

A simple system of dimensionless criteria and a
criterion equation have been obtained. They allow
to summarize with high accuracy experimental
data on heat transfer during sublimation of
refrigerant on the heat exchange surface.

The experimental data on heat transfer during
sublimation of the refrigerant on the heat transfer
surface in the presence of acetone, which
intensifies the heat transfer, could be generalized
and described by adjusting only one coefficient.

The heat transfer of the wall under
boundary conditions of the second type q = const
can be modeled using the heat transfer during
melting or sublimation of the refrigerant.
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