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ABSTRACT

A simplified heat transfer model for a closed refrigerated display cabinet was developed based
on a zonal approach. The developed model allows the prediction of time-averaged air and
load temperatures at various positions in the display cabinet. These predicted values were
compared with measured air and load temperatures. Good agreement was found between
them with the maximum difference of 0.5°C for every studied position and the overall mean
absolute error of 0.2°C. Air and load temperatures vary with positions. High temperature was
observed at the front (highest value at the front top) and low at the back (lowest value at the
back bottom). Based on the simulation, the cabinet thermal performance can be enhanced by
minimizing the size of door gaps.
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1. INTRODUCTION

It is well known that air infiltration across an air curtain is one of the major drawbacks of open
refrigerated display cabinets. It accounts for about 66-77% of total refrigeration loads (Gaspar
et al., 2011) and also causes temperature heterogeneity in the cabinets (Laguerre et al.,
2012hb). High temperature is mostly at the front areas and low temperature at the rear (Evans
et al., 2007). As temperature is one of the most important factors affecting food quality and
safety, minimizing the air infiltration would prolong product shelf life.

Installation of doors on the open cabinets is one of the simple and effective solutions for the
air infiltration reduction. Many achievements were demonstrated by various studies: energy
saving potential (Faramarzi et al., 2002; Fricke and Becker, 2010), better temperature
homogeneity (Chaomuang et al., 2019; Lindberg et al., 2010) and slower quality decay (Atilio
de Frias et al., 2015). As a result, the use of display cabinets with doors is increasingly used
in retail stores worldwide. Closed display cabinets will account for about 75% of all operating
display cabinets by 2020 in France (RPF, 2016).

Because door installation can modify airflow pattern and temperature distribution inside the
cabinet (Faramarzi et al., 2002), an understanding of mechanism of heat transfer and airflow
in the equipment becomes necessary to ensure food quality and safety. Although numerical
simulation with CFD (Computational Fluid Dynamics) models is widely used to investigate the
thermal phenomena in many refrigerating equipment (Smale et al., 2006), this approach
entails some limitations because of the requirement of calculation time and computational
resources. A simplified heat transfer model based on a zonal approach becomes a
complementary option as demonstrated by Laguerre et al. (2012a). They applied such a model
to assess the influence of operating conditions and equipment design on temperature of
products stored in an open display cabinet under steady state.



This work on a closed display cabinet is a continuity of the previous studies of which the
objective is to present a simplified heat transfer model based on the zonal approach. This
developed model enables the understanding of the heat transfer phenomena in the equipment
as well as the prediction of internal temperature distribution.

This developed heat transfer model will be further integrated with the other models already
developed by our teams for several refrigerating equipment. By this mean, it allows the
prediction of time-temperature history of food products from a production plant to a household
refrigerator. Furthermore, these models linked with predictive microbiological and/or quality
models can be used as an evaluation tool for consumer risk (Duret et al., 2015).

2. MATERIALS AND METHOD

2.1. Experimental setup

Temperature measurement was carried out in a closed refrigerated display cabinet loaded
with test packages made of methylcellulose. This cabinet was installed in a test room in which
the ambient temperature was controlled at 19.5°C. The lights in the test room and in the
cabinet were switched on to represent the real-use condition in supermarket and the cabinet
doors were always closed during the experiment. As shown in Fig.1, calibrated thermocouples
(T-type, accuracy £0.2°C) were placed at various positions in the cabinet for the measurement
of air and load (core and surface) temperatures. Perforation pattern of the back panel (PBP)
of the studied cabinet is also depicted in this figure. According to the total plate area over each
shelf, there are 2.3% of holes at the top shelf, 8.3% at the bottom shelf and 3.8% at all
intermediate shelves.The temperatures were recorded every 10 s using a data logger for 24
hours. The time-averaged values were then calculated over 5 h of the quasi-steady state
during which the defrosting period was excluded from the calculation. These results were then
used for the model validation.
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Figure 1: Experimental setup for the temperature measurement
2.2. Model development
2.2.1. Model description

A steady state model is developed in the present study to predict the time-averaged air and
load temperatures in the closed refrigerated display cabinet. The air temperature just after the



heat exchanger at which the thermostat sensor is located (Ty;) and the external air
temperature (T,,) are the input parameters which are assumed constant. To generalize the
model, dimensionless temperature (6;) based on these temperatures is defined as follows:

Eq. (1)

_ T Ten
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2.2.2. Zone definition

Based on the zonal approach, heat exchange zones at different positions in the cabinet were
established (Fig.2). Two main domains were considered, the first one represents the heat
transfer in the rear duct where cold air exchanges heat with the ambient air through the rear
wall while the second one represents the heat transfer in the shelf space.

2.2.3. Heat balance equations

For every zone in both domains, algebraic heat balance equations were derived to describe
the heat transfers in the display cabinet.

Starting from Domain | and Position 1 (denoted by EZ [1,1], Fig. 2), the supply air (mass flow
rate m, and temperature 6,,) exchanges heat with the external air (6,,,) through the rear wall
by conduction and by convection (overall heat transfer coefficient U,,,,). The air temperature
then increases to 6,,.4;. By integration along the rear duct located at this position, the heat
balance equation becomes:

UOVWSW
Oarar = @ra10en + (1 — @rq1)8exe Where a1 = exp (— Wpal) Eq. (2)
A part of air flows into the shelve space through the perforated back panel (PBP) while the
remaining part (mass flow rate m,,.;) continues flowing towards the discharge air grille (DAG),
along which the air temperature increases successively to 6,,4,. The heat balance of EZ

[1,2...7] was therefore carried out in the same manner as that of EZ [1,1].
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Figure 2: Schematic view of the simplified heat transfer model of a closed refrigerated display
cabinet.



Domain Il is composed of five shelves. Each shelf has four heat exchange zones (EZ
[2,1...4,1...5]) and one or two air mixing zones (MZ [2,1...2,1...5]). At Position 1 Shelf 1, i.e.
EZ [2,1,1] (see Fig. 2), a part of the air (mass flow rate m,g,; = y1m, and temperature 6,,4s)
flows horizontally through PBP at the mid height of Shelf 1. At the steady state, the air
temperatures before and after flowing through PBP are the same:

Oasn11 = Oardas Eq. (3)

At EZ [2,2,1], the air (temperature 8,5,11) €xchanges heat by convection (heat transfer
coefficient Uy, ) with the back load (temperature 6;;,,). The air temperature becomes 6,121 -

Uip1S1
Oash21 = Asn11basn11 + (1 - ash11)91b1 where dsh11 = €Xp (_ mashllc;a> Eq. (4)

In addition to this convective heat exchange with air, the back load also exchanges heat with
the front one by conduction (heat transfer coefficient U;;;) because of the contact between
these two loads.

UisS
Oash21 = Oasni1 + ﬁshll(elfl - 91b1) where Bgyqq = 4L Eq. (5)
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A similar heat balance was developed for other shelves.

The air then mixes with other two air streams at MZ [2,1,1] (Fig. 2) including air from DAG
(mass flow rate m,,45 and temperature 6,,.47) and a part of the recirculating air (mass flow
rate §,m’ ;551 and temperature 0,4p,51)-

N . . s ! s ! g +Mgr
mash19a5h31 = mardsgard7 + mash19a5h21 + 61mash19ash51 where Mash1 = ms}lll_—;?dsEq- (6)
This mixed air then exchanges heat with the front load, EZ [2,3,1], and its temperature

becomes 6,4441-

Uir1S1
Oashar = Asn210asnz1 + (1 — @ep21)0i51 Where agpp; = exp (— oo f;C;a) Eqg. (7)
as

In addition to this convective heat exchange with the air, the front load also exchanges heat
with the back load by conduction (heat transfer coefficient, U;;;) and receives heat from the
conversion of the room and cabinet lighting powers (g;;). At steady state:

_ _ " _ UwSua ., v _ dli1
Oasnar = Oasnz1 + Bsn21 (w1 — Oip1) +q" ), Where Bonp; = A nCpa’ UL T G (Texe—Tew) Eq. (8)

Unlike Shelf 1, different heat balance is applied to the other shelves. The heat transfer
mechanism on Shelf 2 was selected as a sample of the model development. The air flowing
through PBP (mass flow rate m g, and temperature 6,,,,,) mixes with a part of the air curtain
from the upper shelf (mass flow rate §,14,-q4 and temperature 0,54,41)-

.7 . . .7 . .
Mash2 9ash32 - mash29a5h22 + 52mard4-9ash41 where Mash2 = Mash2 + 62mard4 Eq- (9)

Then, the mixed air exchanges heat with the front load, EZ [2,3,2], and its temperature
becomes 6,542-

UiraS
Oashaz = Asn220asn3z + (1 — Aspn22)0ip2 Where agpz, = exp (— ﬁ) Eqg. (10)
The load located at the front of Shelf 2 is subjected to the convection with the mixed air, the
conduction with the adjacent load at the back (heat transfer coefficient U;;,) and the heat
conversion of visible radiation from the room lighting power (q;;»), thus

" Uyp$ " Qi
Bashaz = Bashzz + Bonzz(Owz — Oi2) + 4 i, Where g = —=%; q w=——2—— Eq.(11)

o ! ) o —
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After exchanging heat with the front load, a part of the air at Shelf 1 (mass flow rate §;mg 41
and temperature 6,4,41) flows toward the doors and is submitted to heat losses through the
doors (overall heat transfer coefficient U,,4). This air also interacts with the air infiltration
through the door gaps (mass flow rate ;). These exchanges at EZ [2,4,1] result in an air
temperature increase to 6,¢z1-

Oashs1 = Asn310ashar + (1 — Aspz1)Ocxe Where agpzq = exp (_ %) Eqg. (12)
1" ash1~pa
For simplification and as a first approach, it is considered that there is no air recirulation and
air infiltration through the door gaps for the other shelves. A part of the air at these shelves,
e.g. Shelf 2, is mixed with the air from the top shelf (mass flow rate (1 — §,)m,44 and
temperature 6,,,41) and exchanges heat with the external ambient air through the glass doors
(overall heat transfer coefficient U,,4).

UppdS
9ash52 = ash329ash41 + (1 - ash32)eext where Asp32 = €Xp <_ %) Eq- (13)

This air then mixes with the air which exchanged heat with the load located at the front of the
shelf at MZ [2, 2, 2].

mardS 9ash62 = m&shz 9a5h42 + (1 - 52)mard49ash52 EQ- (14)

A similar heat and mass balances at EZ [2, 4, 2] and MZ [2, 2, 2] were applied to Shelf 3 to 5.
Input parameters used in the developed model were obtained from several sources: physical
measurement, calculation based on literature and material properties and model fitting as
summarized in Table 1. The simulation was run on MATLAB environment.

Table 1 Values of input parameters used in the simplified heat transfer model

Parameter Value | Source Value | Source
Mass flow rate (kg-s?) | m, | 0.1120 | Measurement | r,,, | 0.0051 | Model fitting
Air distribution ¥y 0.02 | Measurement 5 0.90 | Model fitting
coefficient (-) Y2 0.02 8, 0.70

Y3 0.04 85 0.70

Ya 0.05 84 0.70

s 0.36 85 0.70
Heat transfer Uy, 15 Model fitting Uppw 0.77 | Calculation
coefficient Uy 24 Model fitting Uppa 1.02 | Calculation
(W-m2-K?) Uy 3.4 | Calculation [ 17.6 | Calculation
Exchange area* Su1 0.216 | Measurement S, 0.500 | Measurement
(m?) Swz.s | 0.313 | Measurement | S;; , | 0.313 | Measurement

Swe 0.156 | Measurement Sys 0.431 | Measurement
Lighting power (W) Qi1 10 Calculation Q2.5 | 0.25 | Calculation
*The cabinet is 1.25 m in length.

3. RESULTS AND DISCUSSION

Fig. 3a shows the predicted and measured air and load temperatures inside the closed display
cabinet for the ambient temperature of 19.5°C. It was observed that the air temperature in the
rear duct increased progressively from the duct upstream to the DAG (Fig.3a) because of heat
losses through the rear wall. As a part of this cold air also infiltrated into the cabinet through
PBP, it explains higher temperature of back load at the top shelf compared to the lower
shelves. Similarly, higher temperature of the load at the front top shelf was observed compared
to that at the lower shelves. On the same shelf, the front load temperature was relatively higher
(average difference of about 1.4°C) compared to the one at the back because of heat losses
through the glass doors. The maximum difference (2.1°C) at the top shelf can be explained
by additional heat loads from the warm air infiltration through the door gaps and the heat



conversion of visible radiation from the room and cabinet lightings. The highest and lowest
load temperature positions were located at the front of the top shelf and the back of the bottom
shelf, respectively.

As shown in Fig.3Db, the calculated air and load temperatures agreed with the measured ones
with an overall mean absolute error of about 0.2°C. A slight over-estimated air temperature at
the front can be explained by the measurement position which may not be a good
representation of the entire air across the front area. Nevertheless, the load temperature is
well predicted. The maximum difference of the calculated and measured load temperatures
was less than 0.5°C for every studied position. It is worth to remind that the developed model
does not take into account the air infiltration due to door openings because the airflow during
door openings is too complex to be predicted by the simplified model.
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Figure 3: (a) Temperature distribution obtained from the numerical simulation (T pum) @nd
measurement (T,,,) in a closed display cabinet for ambient temperature of 19.5°C (b)
comparison between the predicted and measured air and load temperatures.

The validated model was further used to investigate the effect of design parameters on the
load temperature in the closed display cabinet including rear wall insulation thickness (e) and
air infiltration rate through the door gaps (1) As shown in Fig.4a, doubling insulation wall
thinkness resulted in a slight decrease of load temperatures (about 0.2°C). Load temperatures
could be notibly decreased (up to 0.7°C) when the air infiltration through the door gap reduced
by half (Fig.4b). These findings suggested that the temperature performance of closed
refrigerated display cabinets could be improved by minimizing the door gaps of the cabinets.

4. CONCLUSIONS

A steady state simplified heat transfer model was developed for a closed refrigerated display
cabinet. Based on a zonal approach, the display cabinet was decomposed into various heat
exchange zones allowing the prediction of air and load temperatures at different positions. In
the shelves-space storage, time-averaged load temperatures at 10 positions (front and back



of the five shelves) were predicted and compared with the experimental results. It was
observed that the load temperatures were well predicted by the model whereas the air
temperature in the air curtain was slightly over-estimated. Possible explanation of the
discrepancy between the model and the experiment is that the air temperature was measured
only at one position which may not be representative of the average air temperature inside the
curtain . Nevertheless, the load temperature ranges and trends in the closed display cabinet
are well represented by the proposed model with a short calculation time (less than 1 s). The
overall mean absolute error was less than 0.2°C, and the maximum difference of the
calculated and measured load temperatures never exceeds 0.5°C for every studied position.
Moreover, this validated model can be used to study the influence of display cabinet design
on the thermal performance.
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NOMENCLATURE

Ceq Equivalent thermal conductance, T Temperature, °C or K
W-m=2.K1 U Overall heat transfer coefficient,

e thinkness, m W-m=2.K1

h Convective heat transfer a, Exponential dimensionless heat
coefficient, W-m=2-K1 transfer coefficient

m Mass flow rate, kg-s* % Air distribution coefficient
Heating power, W 0 Dimensionless time-averaged

nQ

Exchange area, m? temperature
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