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Abstract. The paper considers the process of heat and mass transfer during the flow of moist air
and formation of frost in the inter-fin space of an air heat exchanger at temperature below 0°C. The
mathematical model is based on a system of stationary equations of gas dynamics that describes the
flow of moist air in a channel of variable cross section and on a non-stationary system of equations for
determining frost deposition on a flat surface. The results of computational modelling of the formation
of layer of frost on a surface of a fin with given temperature distribution are presented. It is shown that
temperature distribution of the fin surface has a significant influence on frost formation.
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Introduction

Frost formation is observed on low-temperature surfaces of refrigeration units in contact with
moist air. The layer of frost on the working surfaces of air heat exchangers is one of the key factors
affecting efficiency of their work. Frost deposition negatively affects the efficiency of refrigeration
equipment due to appearance of additional thermal resistance and due to an increase in the
hydraulic resistance of the heat exchanger to the air flow when the flow section of the cooled
air flow is blocked by frost [1]. Accounting for the processes of frost formation is necessary
to choose the design and geometric parameters of finned-plate heat exchangers. Simulation of
growth process of the layer of frost allows one to set the optimal operation of the heat exchanger
without preventive defrosting.

The design of a thermoelectric cooling unit for ship refrigeration units and results of the study
of its characteristics were presented in [2]. The design of an air fin-plate heat exchanger of a
thermoelectric cooling unit and results of the study of heat and mass transfer in the exchanger
were presented in [3, 4]. Calculation of the temperature field and the heat transfer coeflicient
of the fin was carried out [3]. It was shown that thermal resistance of the air heat exchanger
exerts primary control over cooling capacity and coefficient of performance of the thermoelectric
unit. The process of frost formation on the surface of the fins was experimentally studied in
[4]. It was established that frost formation has significant effect on heat transfer characteristics.
The purpose of this work is to analyse and to model heat and mass transfer processes during
formation of frost layer on a flat surface of an air heat exchanger fin.
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1. Computational model of the process of heat and mass
transfer in the inter-fin channel

Let us consider the process of heat and mass transfer in the case of a longitudinal flow of
moist air around the surface of heat exchanger fins with a temperature below 0°C. The space
region is a slit channel with constant cross section, and distance between the fin plates is 2dg
(Fig. 1). At the initial moment of time the channel is free of frost so the air flows over its entire
cross section. When moist air flows on the surface of fins a layer of frost with thickness dy is
formed. It reduces the height of the passage section of the channel 2§ = 2§y —2d;. The thickness
of the frost layer varies both in time and along the length of the channel. The computational
domain is highlighted in the figure by a dashed contour. The computational domain includes
zones of the air flow and the frost layer which have movable interface. Let us define systems of
equations that describe parameters of the medium in these zones.
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Fig. 1. General view of heat exchanger fins (1) with frost layer (2) and computational domain
of the problem (highlighted by a dotted line); the arrow shows the direction of air flow

To describe the flow of moist air consider the system of one-dimensional gas dynamics equa-
tions for a channel of variable cross section [5, 6]
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where ¢ — time, p, p, e, u — density, pressure, internal energy and air velocity, S — cross-
sectional area of the channel. The volumetric capacity of the heat sink gy is determined by the
heat exchange of the air flow with the surface of the frost layer. Equations (1)—(3) are used for
gas flows in flat or axisymmetric channels with a slightly changing profile.

Equations (1)—(3) are supplemented with the water vapour mass conservation equation
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where p,, is the vapour density, j is the mass of vapour condensed for 1 s on the surface and recal-

= 7.7‘57 (4)

culated per unit volume of air flow. The effect of vapour in momentum and energy conservation
equations is not taken into account because of its negligible contribution (p, < p).

The speed of sound c¢ for the temperature conditions of the refrigerating chamber exceeds
300 m/s and the air flow velocity in the channel v < 3 m/s. Therefore, the air is considered in
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this problem as incompressible medium (u < ¢) [7]. In addition, the change in the thickness of
the frost layer is the slowest process in the channel. Therefore, the gas-dynamic flow at each
moment of time is steady (quasi-stationary) since it quickly adapts to the current profile of the
frost layer. Thus, system of equations (1)—(4) is rewritten in the form of a system of ordinary
differential equations

d(pqu +0) g, (©)
d(c,T C;; w2/2) % | -

where cp,, T' are isobaric heat capacity and air temperature. The boundary conditions for equa-
tions (5)—(8) are values of air velocity, pressure and temperature as well as the vapour density
in the inlet section of the channel.

The simulation of frost deposition on a flat surface was carried out using a frost growth model
based on analytical and empirical relationships [8, 9, 10]
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where my is the specific mass of frost per unit surface of the fin (kg/m?), « is the heat transfer
coefficient of the frost surface (W/(m?K)), w, wss — moisture content of air and saturated air
at the surface temperature of the frost layer (kg/kg), T}, Tys — temperature of the fin plate
and the surface of the frost layer (°C ), p; — frost density (kg/m?®), B=d;/v/t — frost layer
growth factor (m/s%®) , L — latent heat of sublimation (J/kg). Equations (9)—(14) allow one
to calculate the values of my, oy, Ty, for a certain point in time and the current coordinate x
for given parameters a, w, wys, T, and T. The values w = p,/p and T are calculated from the
solution of equations (5)—(8). The value gy =a(Tys —T)/é in (7) is recalculated through surface
heat exchange with the layer of frost. The value j=ni;/d in equation (8) is determined similarly.
System of equations (1)—(14) is solved numerically, and distributions of gas-dynamic parameters
along the channel are calculated for each time step.
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2. Discussion of calculation results

The simulation of heat and mass transfer was carried out for a fin plate length of 0.15 m.
Temperature, velocity, and air pressure at the inlet are Tp = —10°C, ug = 3 m/s, pg = 101 kPa.
The air humidity at the inlet wg = 1.6-1073 kg/kg is corresponded to the moisture content of
saturated air at temperature Tj. Specified values of parameters approximately correspond to the
parameters of the experimental study of frost formation [4]. The temperature distribution along
the rib (along the x coordinate) can be uniform or have given profile. The temperature distri-
bution over the fin area can be measured or obtained with the use of computational simulation
3, 11].

One of the most important parameters that affects the process of heat and mass transfer is
the heat transfer coefficient of the frost surface o. This parameter is directly present in relations
(9), (10), (12), and it implicitly affects the value of gy on the right side of equation (7). Moreover,
the intensity of vapour condensation mis is directly proportional to . In the initial state, the
channel has a constant flow area along the length and the distance between fins is 269. With the
growth of the layer of frost the flow area decreases non-uniformly along the length of the fin, and
velocity distribution also becomes non-uniform. The value of the heat transfer coefficient of the
frost surface o depends heavily on D=2§, flow velocity and thermophysical properties of the air.
Calculation of the heat transfer coefficient for smooth fins of plate heat exchanger with similar
process parameters was carried out in [3]. Using the same technique, the relationships between
heat transfer coeflicient of the surface and inter-fin spacing were obtained for various values of
the flow velocity. They are shown in Fig. 2., the curves show the speeds in m/s.
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Fig. 2. Relationships between heat transfer coefficient of the surface and inter-fin distance for
various values of the flow velocity (values are shown in the graph in m/s

Function «(D,w) is approximated using interpolation polynomials for use in the computa-
tional model. In addition, it is known that heat transfer coefficient of the frost surface differs
significantly from the value that corresponds to the smooth surface of the fin. During the forma-
tion of frost, the value of heat transfer coefficient o of the surface is affected by the roughness of
the frost layer. It was found that in the first hours of frost formation the heat transfer coefficient
increases by 1.6-1.8 times in comparison with its value for a smooth metal plate due to surface
roughness, and it is 20-25% over its value for a surface without frost in the steady state [12]. To
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take this into account in modelling, the value of the heat transfer coefficient of the frost surface
was increased by a factor of 1.5 with respect to (D, u).

The frost formation rate is characterized by the layer thickness d;(x) on the fin surface at
different moments of times. The layer thickness as a function of z is shown in Fig. 3 for §p=1.5
mm and uniform temperature distribution along the fin T),(x) = —20°C. Curves correspond to
the following moments of time: 1 — 30 min, 2 — 60 min, 3 — 90 min, 4 — 120 min, 5 — 150
min. The most rapid growth of the frost layer occurs near the inlet section where the air flow
has a maximum moisture content. As the distance from the inlet section increases the thickness
of the frost layer decreases monotonically because vapour content in the flow decreases due to
its continuous condensation. Over time, the growth of the frost layer in the downstream part
of the channel slows down significantly. This is primarily due to two factors. First, a decrease
in the inlet gap 26 = 25y — 204 due to an increase in the thickness of the frost layer 6 leads
to a proportional decrease in the total mass of steam entering the inter-fin channel. Secondly,
faster growth of the frost layer at the inlet leads to a decrease in the downstream flow velocity
according to (5) and a corresponding decrease in the heat transfer coeflicient which also leads
to slowdown in steam condensation. In the inlet part of the channel the heat transfer coefficient
increases with an increase in d;. This contributes to intense steam condensation. As a result
of the combined action of these factors the inhomogeneity of the thickness of the frost layer on
the fin increases with time. At time ¢ = 150 min, 93% of the cross-section of the channel at the
entrance is already blocked by the layer of frost, and only 20% of the output section is blocked.
In this inter-fin space an expanding channel is formed in which the air flow velocity decreases
from the initial 3 m/s to 0.26 m/s at the outlet.

1.5

dp mm

Fig. 3. Frost layer thickness versus x-coordinate at different moments of time: 1 — 30 min,
2 — 60 min, 3 — 90 min, 4 — 120 min, 5 — 150 min

Frost layer thickness d; monotonically decreases with x as as shown in Fig. 3. This is due
to the condensation of steam which leads to steady drop in the moisture content of the air as it
moves along the fin. Air humidity w(z) as a function of  is shown in Fig. 4 at different moments
of time: 1 — 30 min, 2 — 60 min, 3 — 90 min, 4 — 120 min, 5 — 150 min. A decrease in the value
of w leads to a corresponding decrease in the value of the difference w — w¢s which, according to
relations (9) and (10), determines the intensity of steam condensation and the thickness of the
frost layer. The moisture content of saturated air wys depends on the surface temperature of
the frost. It is equal to 6.3-107% kg/kg at T = —20°C. Curve 5 asymptotically approaches this
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value on the chart. Such a sharp decrease in humidity as the inlet section of the inter-fin space is
closed is caused by a corresponding decrease in the air flow rate and the mass of steam entering
the channel. This small mass of steam is intensively condensed already at the initial section of
the fin. Therefore, the air humidity drops significantly over time when approaching the outlet
section, and increase in the thickness of the frost layer is insignificant.

w, 10 kg/kg

0.6 :
0 0.05 0.1 0.15

X, m

Fig. 4. Air humidity versus x-coordinate at different moments of time: I — 30 min, 2 — 60 min,
3 — 90 min, 4 — 120 min, 5 — 150 min

The rate of air cooling in the inter-fin channel of the heat exchanger depends on the difference
T(xz) — Tys(x). Air temperature as a function of z is shown in Fig. 5. The pattern of T'(x) is
similar to w(z) graphs shown in Fig. 4. This similarity is due to the similar form of relation (9)
which describes the process of steam condensation, and the expression for the value of the heat
flux coming from the air flow to the frost surface ¢ = a(Tts — T') which determines the value
of the air temperature T. As the inlet section of the channel is blocked the outlet temperature
approaches the value of the fin temperature.
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Fig. 5. Air temperature versus x-coordinate at different moments of time: 1 — 30 min, 2 —
60 min, 3 — 90 min, 4— 120 min, 5 — 150 min

Temperature T¢s(x) is determined by the balance of convective heat exchange between the
frost surface and the air flow and thermal interaction with the fin surface through the frost layer.
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The frost surface temperature as a function of z is shown in Fig. 6 at different moments of time:
1 — 30 min, 2 — 60 min, 3 — 90 min, 4 — 120 min, 5 — 150 min. At the beginning of the
process when the thickness of the frost layer is small, the frost surface temperature varies slowly
with x, and the value of T, is close to the temperature of the fin surface. Then, the increase
of Ty, primarily occurs at the inlet section of the channel due to improved heat exchange with
the air flow and decrease in heat flow through the rapidly growing frost layer. Downstream, on
the contrary, temperature T, decreases over time to values close to the temperature of the fin
T, = —20°C since the air temperature here also has minimum values.

Fig. 6. Frost surface temperature versus x-coordinate at different moments of time: 1 — 30 min,
2 — 60 min, 3 — 90 min, 4 — 120 min, 5 — 150 min

The simulation results for a uniform temperature distribution along the fin showed that the
overlap time of the inter-fin gap is determined by the rate of frost deposition on the inlet section.
Let us consider the possibility of reducing the intensity of frost formation at the inlet section
by changing the temperature profile along the fin. Influence of the temperature distribution of
the fin surface on the rate of frost formation was established in experimental study [4]. Thus,
in experiments with the orientation of the heat exchanger layout which provides increased tem-
peratures at the initial section of the fin the time of overlapping the inter-fin gap with a layer
of frost has significantly increased. To determine the influence of the inhomogeneity of the tem-
perature distribution along the length of the fin T),(z) calculations were carried out with some
model temperature profile. At the same time, the temperature profile in the first third of the
channel changes linearly from —16°C at the inlet to —20°C at = = 0.05 m, and constant value
T, = —20°C is set for the rest of the fin. The thickness of the frost layer df(x) is shown in
Fig. 7 at moments of time: 1 — 60 min, 2 — 120 min, 3 — 180 min, 4 — 240 min. Comparing
Fig. 3 and Fig. 7, one can see significant effect of the temperature profile of the fin on the rate of
the frost layer formation. The inlet section with an increased temperature makes it possible to
significantly increase uniformity of the frost deposition along the length of the fin and to reduce
the intensity of the frost growth at the inlet. With this temperature distribution, the time for
which the channel is almost completely blocked increased from 150 min to 240 min. A similar
ratio was observed in experiments [4]. The analysis of §;(z) in Fig. 7 shows that there is still a
certain reserve for increasing this time by choosing the optimal temperature profile of the fin.

The efficiency of a heat exchanger is characterized by its ability to remove heat from the air
stream. The heat power removed from the air per unit fin width for the two profiles of the fin
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Fig. 7. Frost layer thickness versus x-coordinate at different moments of time with non-uniform
temperature distribution: 1 — 60 min, 2 — 120 min, 3 — 180 min, 4 — 240 min

surface temperature considered above is shown in Fig. 8. A fin with a uniform temperature
distribution has a slight advantage only for the first 30 minutes then a fin with a non-uniform
temperature distribution shows a higher efficiency. It takes 81 minutes to achieve efficiency of at
least 70% from the initial heat power for homogeneous profile and 136 minutes for a non-uniform
distribution. Thus, setting the temperature distribution of the fin with increased values near the
inlet part changes the rate of frost layer formation. It makes deposition of frost more uniform
along the length of the fin. As a result, this makes it possible to increase the duration of the
effective operation of a heat exchanger and to carry out preventive defrosting procedures less
often to remove frost from the surface of fins.

35

0 50 100 150 200 250
t, min

Fig. 8. Thermal power supplied from the air flow to the surface of the frost versus time for
uniform (1) and non-uniform (2) temperature distributions along the fin

Conclusion

A computational model is presented to describe the process of frost formation on the surface
of an air heat exchanger fin. Frost layer thickness, air temperature and humidity, frost surface

- 395 —



Evgeniy N.Vasil’ev Simulation of the process of frost formation. ..

temperature as functions of distance along the fin are obtained. A significant influence of the
temperature profile on the rate of frost layer formation and the efficiency of heat exchange
between the air flow and the fin surface was revealed. This generally corresponds to patterns
identified in the experimental study of the process. Taking into account technical conditions and
given operating mode, the proposed computational model can be used to optimize the design of
heat exchangers in refrigeration units.
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MoaenupoBaHue mpoliecca nHeeoOpa30BaHUS
Ha MOBEPXHOCTH pedpa TenjIo00MeHHUKAa

Esrenunii H. Bacuinen
UNucruryT Burauciauresbuoro mozgenuposanns CO PAH
Kpacnospck, Poccuiickaa Penepariust

Annotaiuga. B pabore paccMoTpeH IpoIece TerioMaccooOMeHa IIpu TeYEeHUH BJIayKHOIO BO3/yXa U 00-
pa3oBaHUM WHesI B MEKPEOEPHOM MPOMEXKYTKE BO3JIYIITHOIO TEIJIOOOMEHHUKA, UMEIOIIETO TEMIIEPATYPY
umke 0°C. MaremaTnyeckass MOJIEIb OCHOBAHA HA CUCTEME CTAIMOHADHBIX yPABHEHUN Ta30JMHAMUKHA
JIJIsl ONUCAHUS TEYEHUsl BJIAYKHOIO BO3/yXa B KaHAaJje IEePEMEHHOIO CeYeHUsl U HEeCTAIIMOHAPHON CHCTe-
Me ypaBHEHUI JJIsl ONpeJIeJIeHNs] IUHAMUKN OCaKJIeHUs] UHes Ha IIJIOCKO# moBepxHOCTH. IIpeicTaBiieHb
Pe3yJIbTAThl BBIYUCIUTETLHOTO MOJEIUPOBAHUS TpOIecca (pOPMUPOBAHUS CJIOsT WHEsT HA TMOBEPXHOCTU
pebpa, UMeIOIEero 3aJlaHHoe pacipeiejieHre TeMieparypbl. [loka3zaHo CymecTBeHHOe BIUSHUE TeMIIepa-
TYPHOI'O pacupeesieHus IIOBEpXHOCTH pebpa Ha JUHAMUKY MHeeoOpa30BaHUsI.

KuroueBrbie ciioBa: nHeeoOpa30BaHUe, BO3IYIIHBIN TEMIOOOMEHHUK, KOI(PMUIIMEHT TEIIOOTIAYIH, BbI-

YUCJIUTEJIbHOE MOJAEJINPOBaHUE.
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