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This code presents a simplified heat transfer model based on zonal approach. It allows the temperature
prediction (air and product) inside an insulated box with PCM (Phase Change Material as cold source) to
maintain product at low temperature during food transport to assure its quality. The model involves airflow,
conduction, convection and radiation. The studied geometry is a rectangular insulated box, with PCM on
a sidewall and loaded with test product. The code requires a short calculation time and can be useful to

researchers and stakeholders to study the effect of box design, PCM/product properties and mass and ambient

temperature.
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Legal code license
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Python
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1. Motivation and significance

Insulated boxes equipped with a phase change material (PCM) are
commonly used to transport temperature-sensitive products. They are
often used in the last-mile delivery of small product quantities when
refrigeration equipment is unavailable. However, temperature abuse
(spatial and temporal temperature variation) in the product loaded
in an insulated box equipped with PCM is often observed mainly
due to poor insulation, insufficient PCM mass and inappropriate PCM
positioning.

An empirical approach is still mainly used in practice. To under-
stand the real phenomena in the system, Computational Fluid Dynamic

DOI of original article: https://doi.org/10.1016/j.ijrefrig.2023.02.009.

models can be used to predict the temperature field and its evolution
with time. However, this requires significant calculation time and
expertise in fluid mechanics. As an alternative, the simplified thermal
model relating to this code can provide spatial and temporal temper-
ature variation in an insulated box equipped with PCM with a short
calculation time (less than 10 s using a computer with 64 GB of RAM).
This short calculation time is vital to detect temperature abuse when it
occurs in the cold chain. The stakeholders can immediately determine
the impact on product temperature; thus, quality and safety and the
appropriate actions can be implemented to reduce the damage. This
code paper is linked with the research paper [1].

The code (and data) in this article has been certified as Reproducible by Code Ocean: (https://codeocean.com/). More information on the Reproducibility
Badge Initiative is available at https://www.elsevier.com/physical-sciences-and-engineering/computer-science/journals.
* Corresponding author at: Université Paris-Saclay, INRAE, FRISE, 92761 Antony, France.
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https://doi.org/10.1016/j.simpa.2023.100538

Received 28 April 2023; Received in revised form 12 June 2023; Accepted 21 June 2023

2665-9638/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: T. Leungtongkum, O. Laguerre and D. Flick, The code of simplified heat transfer model for temperature prediction in an insulated box equipped with phase change

material, Software Impacts (2023) 100538, https://doi.org/10.1016/j.simpa.2023.100538.

12
13
14
15
16
17
18
19
20
21
22


https://doi.org/10.1016/j.simpa.2023.100538
https://www.journals.elsevier.com/software-impacts
http://www.journals.elsevier.com/software-impacts
https://github.com/SoftwareImpacts/SIMPAC-2023-179
https://codeocean.com/capsule/1172946/tree/v1
mailto:tanathep.leungtongkum@inrae.fr
https://doi.org/10.1016/j.ijrefrig.2023.02.009
https://codeocean.com/
https://www.elsevier.com/physical-sciences-and-engineering/computer-science/journals
mailto:tanathep.leungtongkum@inrae.fr
https://doi.org/10.1016/j.simpa.2023.100538
http://creativecommons.org/licenses/by/4.0/

O 0O NOUT A~ WN

e el el e el el
QO VW ONOU A~ WNHRFO

NNNDNNDNDNNN
O ONOU A WN -

w W
]

w w w w
a b wWwN

DDA D WWWW
NH—= OOV

E
AW

45

46

47
48
49
50
51

SIMPA: 100538

T. Leungtongkum, O. Laguerre and D. Flick
2. Simplified thermal model description

This model can be applied to an insulated box loaded by the product
with PCM located at a side wall. During PCM melting, it releases
cold and this allows to maintain low temperatures inside the box and
assure sanitary quality throughout the supply chain. The code allows
the prediction of air and product temperature evolution with time
at different positions inside the box. The code can be used to study
the effect of box dimension, insulation, product mass and its physical
properties, PCM mass and its properties and ambient temperature in
the supply chain.

The model considers a temperature heterogeneity inside the box,
i.e., the difference between air, product surface and core, top and bot-
tom, cold side (near the PCM), and warm side (near opposite wall). The
product is considered as four blocks of length C with shell (C/4 length)
and core (3C/4 length), Fig. 1. Airflow and heat transfer (conduction,
convection, and radiation) in two dimensions (y and z directions) were
considered. The model was validated by comparing the predicted air
and product temperatures with the ones measured in a rectangular box
loaded with test product (Tylose).

The model is based on the following assumptions:

— Heat transfer coefficient between internal air and solid surfaces
(box walls, PCM container wall, product surface) is constant and
is applied for the whole simulation period

— Air flows downward along the PCM container wall and then
circulates in a clockwise loop along the other box walls. A mass
flow rate of air is assumed as approximately proportional to the
heat transfer coefficient.

— Thermal inertia of air (mass multiplied by the heat capacity) is
assumed as negligible.

There are 12 solid zones and the following state variables describe the
system at a given time:

— Average temperature in product shell: T, , when n € [1,4]

— Average temperature in product core: T, , when n € [1,4]

— Wall temperature: T,,,, when n € [1,4] where T, is the PCM
surface temperature and 7, to T, 4 are of the internal walls

PCM is characterized by its temperature (Tyem) and its ice fraction ().
Air temperature evolves along the air circulation loop from 7, to T’,,,
when n € [1,4] by exchanging with the product shells and from T’
toT,,,; when n € [1,3] and from T’,, to T, by exchanging with the
internal walls.

Some of the equations representing air or product heat balances and

radiative heat exchanges are presented here.

Air temperature estimation from product shell and wall tempera-
tures

The air at the top of the box (position I in Fig. 1a) exchanges heat
with wall 1 (PCM surface) and its temperature changes from T’,; to
T,». The equation governing the heat balance between the adjacent
air and wall 1 can be written in the same manner as that in a heat
exchanger.

,C,,dT, = hy, (T, —T,) dA

a“-p.a
In Ta.2 - Tw.l o thw.]
Ta,.I —Tyu1 ri’lan_a
Finally,
. hy,Ay
(Ta.Z - Tw.l) = aw.l(Tgl - Tw.l) with A1 = EXp <_u—ul> @
: macp.u

where 1, is the mass flow rate of air [kg s

C,., is the specific heat capacity of air [J kg=! K~!]

h,, is the heat transfer coefficient between air and internal wall
[W m2 K]

A, is the area of wall 1 [m?]
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This approach is also used when air exchanges heat with the product
shell, for example from T,, to T’,,. This leads to eight equations
involving the eight air temperatures. They can be expressed in a matrix
form.

A-T,=B = T,=A"1-B (2)
where
_—ap 1 0 0 0 0 0 0 ]
0 —Qy, 1 0 0 0 0 0
0 0 —a, 1 0 0 0 0
A= 0 0 0 a0 1 0 0 0
0 0 0 1 -, 1 0 0
0 0 0 0 0 —Q,3 1 0
0 0 0 0 0 0 —a, 1
! 0 0 0 0 0 0 —0y 4
[T, [ (1—a,) Ty ]
'
Ta.] (1 _aw.l)Tw.l
T, (1-a,) Ty
'
Ta = Ta,2 and B = (1 = aw.2) Tw,l
TaA3 (1 - ap) Tsh.3
T::.B (1 - aw.3) Tw}
Ta.4 (l - ap) Tsh.4
_T‘:A_ _(1 - aw.4) Tw44_

where «, is the dimensionless convective heat transfer coefficient be-
tween internal air and product shell [-]

This allows to estimate the air temperatures from the product shell
and box’s wall temperatures.

Convective heat transfer coefficient can be estimated from free
convection correlations or local temperature measurements. Air mass
flow rate can be determined from a developed relation with heat
transfer coefficient. More detail can be found in Leungtongkum et al.

[1].

Radiative heat exchange

The radiative heat exchange between the lateral surface of product
block 1 (T, ; in K) and wall 1 (PCM surface, T, ; in K) is shown in
Eq. (3).
=&y10 (T ‘-

s.1

qr.s1.wl Tw.] 4) CL (3)

Where g, ,; ,,; is the radiative heat exchange between surface of product
block 1 and wall 1 [W]

€, is the surface emissivity of wall 1 [-]

o is the Stefan-Boltzmann constant = 5.67 x 108 W m~2 K4

C is the length of the cross-section of the product block [m]

L is the length of the product block [m]

More details can be found in Leungtongkum et al. [1].

Temperature evolution of product, walls, and PCM, and PCM ice
fraction evolution

Eq. (4) is the unsteady heat balance equations for the shell of
product block 1 (T, ).

dT, T,, -T,

Mcp.xhd—;M = macp.a (Ta.l - Tal_l) + % “brs1iwl ~ Gr.slwd (4)
sh.c

where MC, ;, is the thermal inertia of product shell [J K™!]

R,, . is the heat transfer resistance from shell to core of product
[K W]

45101 is the radiative heat exchange between surface of product
block 1 and wall 1 [W]

4,51 04 is the radiative heat exchange between surface of product
block 1 and wall 4 [W]

More details can be found in Leungtongkum et al. [1].

The same approach was applied to the 12 solid zones: shell of
product blocks, core of product blocks and box internal walls.

Energy balance of PCM can be written for three different PCM states
starting from solid state when its initial temperature is lower than
melting temperature to liquid state after PCM is completely melted as
follows.
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Side view (x =250 mm)
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Product core

Product shell

- if PCM is completely frozen (T p¢y, < T,, and ¢ = 1) or completely
melted (T pep> T, and ¢ = 0);

dT, T, T, T, T,

MC pem _ wl = Y pem ext — Y pem (5)
ppem dt Rpcmwl Rw.exhl
- if PCM is partially melted (7, = T, and 0 < ¢ < 1);
d T, —T, T, T
Mpc,,,—(pAHqu _ lwl pem ext pem ©)
dt Rpcm.wl Rw.ext.l
Where MC,, ., [J K11 is the thermal inertia of PCM (different for

frozen or melted state)

R, is the heat transfer resistance from PCM to its container wall
(K w~']

Ryyex1 is the heat transfer resistance from internal wall to the
external [K W—1]

@ is the ice fraction of PCM [-]

AH ,, is the Latent heat of fusion [J kg™1]

Numerical solving

(b)

Fig. 1. Simplified 2D heat transfer and airflow diagram in an insulated box with PCM on a side wall (a) Front view and (b) Perspective view of a quarter of product.

At a given time t, firstly, the eight air temperatures were deduced
from the wall and product shell temperatures (Eq. (2)). To solve the
eight linear algebraic equations, the (8 x 8) matrix A was inverted
with the numpy.linalg library. Then, the eight radiative heat exchanges
(example in Eq. (3)) were calculated. Finally, the thirteen heat balance
equations, i.e., 4 wall temperatures, 4 product shell temperatures, 4
product core temperatures (example in Eq. (4)) and 1 PCM (tempera-
ture or ice fraction, Egs. (5) and (6), respectively) were applied with
an explicit scheme with 5 s time intervals (shorter time intervals led to
the same results).

3. Code application

This code serves two purposes, first, for a simulation under a
transient state, i.e., temperature evolution with time which is the
case from the beginning of delivery (PCM partially melted) to its end
(PCM completely melted). Second, for a simulation under steady state,
i.e., when temperatures in the box reach equilibrium values while PCM
is not entirely melted.

15
16
17
18
19
20
21
22
23
24

25

26
27
28
29
30
31



O 0 N O gu h whNh -

R el el
A wWNH~=O

15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

SIMPA: 100538

T. Leungtongkum, O. Laguerre and D. Flick

The code allows the users to adjust the input parameters as follows:

— Box dimension and thermal conductivity

PCM dimension, mass and fusion temperature

Product dimension and physical properties

— Supply chain conditions, i.e., ambient temperature and duration

This code can be applied to a rectangular box loaded with the product
of the same form and a PCM slab on a side wall. It can be applied to
other configurations, but some modifications of the code are necessary.

The developed code was validated by comparing with the air and
product temperatures measured (1-minute intervals) in an insulated
box loaded with a test product made of methylcellulose. The experi-
ment was undertaken in a test room with several controlled ambient
temperatures. More detail on constitutive equations and experimental
validation can be found in Leungtongkum et al. [1].

4. Impact and conclusions

Food safety and security has become an urgent issue for several
years. A way to maintain food quality is to store it under low temper-
ature along the cold chain. Transportation using insulated boxes with
Phase Change Material (PCM) can play an important role, particularly
when cooling devices are not available [2]. Although food transport
in an insulated box is practical and cost-effective, spatial and temporal
temperature variations were observed [3,4] and may cause temperature
abuse. This is due to insufficient PCM mass or inappropriate PCM
positioning while an empirical approach is still mainly used in practice.

This software paper presents a code of simplified thermal model
to predict air and load temperatures in an insulated box equipped
with PCM and exposed to different time-temperature profiles as in a
supply chain. This simplified model based on a zonal approach and
coded in Python language, is original comparing to the finite elements
or finite volumes CFD models. This model gives good precision as it
involves all three heat transfer modes, i.e., conduction, convection,
radiation, and airflow inside the box. The simulation takes less than
10 s using a computer with 64 GB of RAM comparing with more than
3 days by CFD for the box with the same configuration. This model
can be easily used as a real-time prediction tool to estimate the food
temperature inside an insulated box in a real supply chain. This code
also allows the researchers and the stakeholders to investigate the
effect of box configurations and operating conditions on spatial and
temporal temperature variations. It is possible to couple this model with
microbial growth models to quantify the contamination load in a supply

Software Impacts xxx (xxxx) xxx

chain until consumption. It can help stakeholders to limit food loss and
waste and assure food safety.
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