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As one of the main reasons causing leakage heat load in a refrigerator, mass and heat transfer through refrigerator
door seal is of great importance to be studied. In this paper, a model is presented for numerical simulation of mass
and heat transfer process through refrigerator door seal, and an experiment apparatus is designed and set up as
well for comparison. A two-dimensional model and tracer gas method are used in simulation and experiment,
respectively. It can be found that the relative deviations of air infiltration rate between the simulated results
and experimental results were less than 1%, and the temperature difference errors at two special points of the
door seal were less than 2.03 °C. In conclusion, the simulated results are in good agreement with the experimental
results. This paper initially sets up a model that can accurately simulate the heat and mass transfer through
the refrigerator door seal, and the model can be used in refrigerator door seal optimization research in the
follow-up study.
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1. Introduction

Refrigerator heat load consists of latent heat load, electric heat load
and leakage heat load. Among these, leakage heat load is the biggest
one, accounting for about 75%. Although refrigerator door seal can de-
crease leakage heat load much, there still exist mass and heat transfer
through the gap between seal and chamber, which results in a lot of
energy loss. In order to decrease leakage heat load as much as possible,
itis of great importance to accurately predict the mass and heat transfer
through door seal.

In recent years, a few related studies have been carried out. Afonso et
al.[1]introduced tracer gas method to quantify the rate of air infiltration
through refrigerator door seal. Kim et al. [2] simulated the temperature
field of refrigerator door seal by Fluent. Han et al. [3] studied four kinds
of common refrigerator door seal by using two-dimensional CAE
models. Li et al. [4] calculated the heat leakage amount through seal
on the basis of Fourier law. However, the gap between seal and chamber
was not seriously considered in their models, so that mass transfer pro-
cess had not been taken into consideration.

The purpose of this paper is to present a model by which the mass
and heat transfer process through refrigerator door seal can be simulated
with high accuracy. To verify the reliability of the proposed model, an
experiment apparatus was also set up for comparison.
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2. Method of Simulation

For simplification, a two-dimensional model of refrigerator door seal
was set up for simulation in Fluent. The computational domain, bound-
ary conditions and mathematical foundations of the model are as
follows.

2.1. Computational domain

The simulation model is composed of seal, door body and chamber
body (Fig. 1). The seal is assembled between the chamber body and
door body, while a gap, the passageway of air infiltration, may occur
between the seal and chamber body because of mechanical assembling
(Fig. 2).

As shown in Fig. 1(b), anti-dew pipes are set up near the seal in the
freezer chamber to prevent the door from being frozen. Table 1
tabulates the physical parameters of various materials for different
parts in the model shown in Fig. 1.

2.2. Boundary conditions

Pressure boundaries are used for the inlet and outlet of flow domain,
while the specific parameters (temperature and pressure) are listed in
Table 2. The wall of anti-dew pipes in the freezer chamber is isothermal
at 38 °C. Besides, Wall 1, Wall 2 and Wall 6 are assumed in the third
boundary condition, and the temperatures and convection heat transfer
coefficient values are presented in Table 3.
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Fig. 1. Calculation models of each refrigeration chamber (a) refrigeration chamber
(b) freezer chamber. @ Steel; @ ABS; ® Air; @ Magnet; ® PVC; ® Aluminum; @ PU-
foam; ® Copper.
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Fig. 2. The gap between seal and chamber body.

Table 1
Physical parameters of the materials in the models
No. Material  p/kg-m~—3 J/Wem K! p/
N - - - J-kg=1-K~!
Refrigeration Freezer Refrigeration Freezer
chamber chamber chamber chamber
@ Steel 8030 16.27 502.48
@ ABS 1050 0.191 1600
® Air 1.2176 1.2979  0.02566 0.02432 1005
@ Magnet 3700 0.5 1000
® PVC 1300 0.14 1839
® Aluminum 2719 202.4 871
@ PU-foam 30 0.026 1800
Copper 8978 387.6 381
Table 2
The inlet and outlet conditions of the models
Case Inlet Outlet
T/°C p/Pa T/°C p/Pa
Refrigeration chamber 20 0 5 —10
Freezer chamber 20 0 —18 —100

Note: Relative pressure values are shown in the table.

Table 3
The boundary conditions of Wall 1, Wall 2 and Wall 6

Wall Boundary conditions

Refrigeration chamber Freezer chamber

Wallland T.=293.15K,h=7W-m~2-K~! T..=293.15K,h=7W-m~2-K~!
Wall 6
Wall 2 T..=278.15K,h=65W-m~2-K~! T.=255.15K,h=65W-m~2-K~!

2.3. Mathematical foundation

The simulation model of seal is developed under the following
assumptions:

* The flow is laminar and incompressible.
» The two-dimensional flow is steady.

* Fluid properties are constant.

» Radiative transfer is neglected.

On the basis of the above assumptions, the flow in the gap is
governed by the following equations, which are the continuity, the
Navier-Stokes as well as energy equations.

(1) Continuity equation:

ou oy _
ox dy
(2) N-S equations:

0 1)

ou . o op
pEer div(ul) = div(u gradu)—aJrSu (2)
@+ div(vU) = div( radv)—a—erS (3)
Par TP = Hg ay T
(3) Energy equation:
aT . —> . l
Po + pdlv( u T) = div (a gradT) +Sr (4)

3. Method of Experiment
3.1. Tracer gas technique

Tracer gas technique has the advantages of simple operation, un-
complicated control and relatively high accuracy. Mainly being used in
buildings for energy auditing before [5-9], this method can be illustrat-
ed as follows: after one kind of gas is introduced in the space where the
air infiltration is to be measured, the CO, concentration of the air in the
chamber over time can be measured by an appropriate gas analyzer in
this work.

When the experiment refrigerator is running stably, the mass con-
servation equation of CO, inside can be expressed by,

(%)~dt~V:q~dt+catm~Q\,~dt—c~Q\,~dt (5)

To change the concentration of CO; inside, N, with certain quantity
is introduced in the tested space at the beginning. Because there is no
extra production of CO, in chamber, the net production rate of CO, (q)
in the chamber is null, and we can obtain the following equation,

(%) ~dt-V = cam - Qy - dt—c-Q, -dt (6)

After integrating the terms, we can rewrite the equation as follows,
V(c(t1)—=Cco) = QyCarmt1 —QuJg cdt (7)

where t; is test time and ¢ is the initial CO, concentration in the tested
chamber.
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Considering that the air infiltration rate Q, and the CO, concentra-
tion in air ¢,y are constant, thus we have

~ V(c(t1)—co)
g = = "t0)
Camt1 —[g cdt

8)

3.2. Test facilities

Fig. 3 illustrates the experimental apparatus used in this study. On
the basis of ASTM standard about tracer gas method [10-13], the appa-
ratus fundamentally are consisted of a refrigerator section, a gas supply
section and a sampling section.
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Fig. 3. Schematic view of experimental system of air infiltration rate measurement on
(a) refrigeration chamber and (b) freezer chamber.

In experiment, Frestec BCD217CHS2B direct cooling refrigerator
was selected with one refrigeration chamber (internal volume of
131 L) and one freezer chamber (internal volume of 86 L). In
order to ensure that there is no leakage through other refrigerator
structures, we sealed the drainage hole that leads the condensate
inside to a drying pan sitting on the top of the compressor. The air
samples were collected simultaneously on four sampling points in-
side the chamber. Moreover, average value of the four is taken as
the experimental value, for an accurate measurement of CO,
concentration.

The CO, concentration was measured by a IRME-S infrared gas ana-
lyzer. The measurement range of the gas analyzer is 0—5 x 1073
m3-m~2. In addition, the repeatability and zero/span shift errors of
the gas analyzer are 0.5% and 1% of the full scale value, respectively.
The resolution of the instrument is 1 x 10~ m3-m™ 3,

At the same time, the temperatures at seal edge and the corner of
chamber body (Fig. 4) were measured by calibrated thermocouples
(200 um diameter, precision £ 0.2 °C).

Point 1: the temperature measuring point at seal
edge

Point 2: the temperature measuring point at the
corner of chamber body

Fig. 4. The location of thermocouples installed.

All thermocouples were connected to a data acquisition system that
read all temperatures in interval of 20 s.

4. Results and Discussion
4.1. Air infiltration analysis

For the reason that a two-dimensional model was applied in this
study, the simulated results were expressed in per unit length, and the
experimental results also are set in per unit length for unity. Table 4
listed the simulated and measured air infiltration rates through seal,
together with the deviations between them.

Table 4
The simulated results and experimental results of air infiltration rate through seal

Refrigeration chamber Freezer chamber

Gm/kg-s™'-m™! Gm/kg-s™'-m™!
Simulated results 333x10°° 1.89x10°°
Experimental results 3.38x10°°6 1.86x10°°
Relative deviations/% 0.75 0.8

As to the simulated results shown in Table 4, the rate of the air in-
filtration on the refrigeration chamber and that on the freezer cham-
ber were 3.33 x 107 %kg-s™'-m~'and 1.89 x 10~ %kg-s~!'-m~,
respectively. When the refrigerator was running stably, the corre-
sponding experimental values were 3.38 x 10”6 kg-s™'-m~ ! and
1.82 x 10~ %kg-s~'-m™ !, respectively. Both of values were extremely
closed to the experimental results, and the relative deviations on the re-
frigeration chamber and on the freezer chamber were 0.75% and 0.8%,
respectively. These results indicated that the simulated results were in
good agreement with the experimental results and the model proposed
in this paper could calculate the air infiltration through seal accurately.

To be more detailed, the air infiltration rate on the refrigeration
chamber was approximately twice as much as that on the freezer cham-
ber. It was mainly resulted from a larger pressure difference between in-
side and outside air on the freezer chamber, which could cause the
freezer seal to be much more compressed so that the gap between the
chamber body and the seal was relatively narrower.

4.2. Temperature analysis

Fig. 5 displayed the simulated temperature contour of the refrigera-
tion chamber and that of the freezer chamber individually, while the
temperatures measured by thermocouples were presented in Fig. 6 for
the refrigeration chamber and in Fig. 7 for the freezer chamber. The
comparison of calculated and measured temperatures at Point 1 and
Point 2 designated in Fig. 4 were tabulated in Table 5.

As shown in Fig. 5, the higher temperature region was the outside
wall, while the lower temperature region was the inside wall both in
the refrigeration chamber and in the freezer chamber. However, the
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Fig. 5. Calculated temperature contours of (a) the refrigeration chamber and (b) the
freezer chamber.

existence of the hot line (anti-dew pipes) resulted in the maximum
temperature region surrounding the hot line in the freezer chamber.
At Point 2, the maximum difference between measured and calculated
temperatures that occurred in the freezer chamber was 2.03 °C, and
that in the refrigerator chamber was 1.39 °C. At Point 1, both of the dif-
ferences were even less than those at Point 2.

The difference between simulation results and experiment results
might result from two main causes: one was because the inner wall of
the chamber in simulation was supposed to transfer heat with the
cooled air at a constant temperature of 5 °C in the refrigeration chamber
(—18 °C in the freezer chamber) by convection regardless of the
fact that the air temperature in the chamber was varying with time in
experiment; the other was for the reason that the simulation model in
this paper was two-dimensional, which would bring slight deviation
as well.
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Fig. 6. The history of measured temperatures at seal edge and the corner of chamber body
in the refrigeration chamber. h represents hour; m represents minute.
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Fig. 7. The history of measured temperatures at seal edge and the corner of chamber body
in the freezer chamber. h represents hour; m represents minute.

Despite the unavoidable tiny deviation stated above, the simulated
results are of a higher precision compared with those in the previous re-
lated work. Also the values tabulated in Tables 4 and 5 give an evidence
that the models proposed in this paper could accurately calculate
the temperatures of the space both near and at seal. The optimization
of the simulation model in this paper mainly comes from the improve-
ment that the gap between the door seal and the chamber is firstly set
up so that the heat and mass transfer in the gap, which has a huge
influence on the simulated results, could be taken into full consider-
ation. Additionally, the optimization on boundary conditions also
works.

Table 5
The simulated results and experimental results of temperatures at special points

Refrigeration chamber Freezer chamber

Point 1 Point 2 Point 1 Point 2
Exp. temp./°C 16.12 10.79 475 —17.56
Cal. temp./°C 15.69 9.78 6.14 —15.53
Difference/°C 0.43 1.01 1.39 2.03
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5. Conclusions

In the present paper, the mass and heat transfer through refrigerator
door seal have been studied both simulatively and experimentally. In
simulation, a two-dimensional optimized refrigerator door seal model
is set up. In experiment, tracer gas method is employed, and then the
air infiltration and temperature at some special points in both chambers
are measured. The simulated and experimental results are as follows.

As to the field of mass transfer, the simulated values of the air
infiltration rates on the refrigeration chamber and on the freezer
chamber were 333 x 10~ °kg-s~!'-m~'and 1.89 x 10~ ®kg-s~'-m~ |,
while the experimental values were 3.38 x 10~ ° kg-s~!-m~' and
1.86 x 10~ 6 kg-s~'-m™ !, respectively. The relative deviations between
simulation and experiment on both chambers were less than 1%.

As to the field of heat transfer, the temperatures at the seal edge and
at the corner of chamber were simulated and measured by thermocou-
ples. The maximum difference between calculated and measured tem-
peratures that occurred in the freezer chamber and in the refrigerator
chamber were 2.03 °C and 1.39 °C, respectively, the values of which
are less than those in previous work.

By comparisons, it appears that the simulated results are extremely
close to the experimental results, which means that the proposed model
has a good reliability. This paper initially sets up a modified model that
can be used to precisely simulate mass and heat transfer through refrig-
erator door seal, and we may use this model to predict mass and heat
transfer through door seal in other conditions as well. The innovation
of this research not only lies in the modified model but also in the
improvement that the air infiltration and heat loss can be analyzed
simultaneously. In the future, the refrigerator door seal optimization
on the basis of the model presented in this paper, will be under further
study.

Nomenclature

c CO, concentration in the tested space, m*>-m ™3

Catm CO, concentration in air, m*>-m—3

o air heat capacity, ] -kg~1-°C™!

Co initial CO, concentration in the tested space, m>-m—>

D pressure, Pa

Qm mass air infiltration rate, kg-s™ !

Qy volume air infiltration flowrate, m>-h~—!
q

net production flowrate of CO, in test space, m>-h~!

1,.—1

m the air infiltration rate through unit length seal, kg-m™ s

Sr viscous dissipation term

Sw Sy the generalized source term of momentum conservation
equation

T temperature, K or °C

Tw temperature of the fluid far from surface, outside of the ther-

mal boundary layer, K

t time, s

U fluid velocity vector, m-s~!

u fluid velocity component in x direction, m-s™!
1% volume, L

v fluid velocity component in y direction, m-s~!
A thermal conductivity, W-m~!-K~!

u dynamic viscosity, Pa-s

p density, kg-m 3
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