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ABSTRACT

The Intermodal Steel Building envelope commonly called shipping container or 'the conex box’ is
gradually becoming a common option for occupants who use them for commercial or residential
purposes due to its relatively cheap cost compared to conventional brick or concrete structure
houses. The conex box is mainly made of high density steel with high thermal conductivity, which
results to increased and uncomfortable indoor space temperatures for its occupants. In Nigeria, the
indoor space temperature of the conex box is often high because of the relatively high daytime
ambient temperature, usually 30°C and above especially in the Northern part of Nigeria. This has
led to the dependence on mechanical air conditioning to achieve human thermal comfort within the
conex box. The net effect of this will be the over dependence on the already stretched and
insufficient power from grid connected electricity. This work investigates numerically the potentials
of high density polyethylene PCM (phase change material) capsules for passive cooling application
in a typical intermodal steel building space enclosure. Numerical results obtained from the Matlab
programme software showed that exposing the HDPE-PCM panel system to high ambient
temperature is capable of causing significant ambient temperature depressions of 7.1 — 10.2°C for
four simulation days. It is recommended that further simulation and experimental study is carried
out with reverse suction DC fan(s) placed at strategic locations on the steel container walls for air
quality recirculation and removal. The results obtained from this study shows that the modelled
HDPE-PCM panel system for passive cooling application in shipping container homes, is possible
and when properly implemented has the capability of reducing over dependency on mechanical air
conditioning systems even for conventional concrete and brick building structures.
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1. INTRODUCTION reduced environmental hazard concerns. Phase

Passive cooling uses free, renewable sources of energy
such as the sun and wind to provide cooling,
ventilation and lighting needs for a household [1].
Passive cooling has the potentials to be combined with
or completely eliminate the need to use mechanical
cooling strategies to provide thermal comfort for
occupants [1-2]. It can also reduce levels of energy
use and environmental impacts such as greenhouse
gas emissions. Passive space cooling with Phase
Change Materials (PCMs) has grown recently in the
last decade offering less cost for its applications with
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Change Material typically referred to as latent heat
storage material is sensitive to source or surrounding
temperature fluctuations. In its operation, the
chemical bonds within the PCM breaks up and the
material changes its phase from solid to liquid or liquid
to solid. This phase change is either referred to as
charging or discharging process. When the PCM
material begins to melt its temperature remains
approximately constant until the melting process is
completed. The heat stored during the phase change
process (melting process) of the material is called
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Latent Heat. The incorporation of PCMs for thermal
applications such as space heating/cooling, solar
cooking, large concentrating solar power plants etc,
have received much attention and investigations in the
industrialized countries in the past four to five decades
because of the ever increasing energy cost and
environmental concerns. According to [3], the most
promising of the storage media available are the
normal paraffin because of their very good latent heat
storage capacity, high heat of fusion and high
volumetric energy densities to accommodate small
temperature swings. The integration of PCMs in
building have been investigated, especially with the
advent of PCM implemented in gypsum board, plaster,
concrete and other wall covering materials. Advanced
countries, presently mainly integrate PCM in passive
solar building systems for space heating and in active
systems for water heating in buildings. An example is
the storage of summer heat for winter space heating,
and storage of solar energy for hot water use at night.
In the United States, light weight building construction
practice is common place allowing for light weight PCM
system to be installed. Again in [2], the authors add
that systems like wallboard and panels containing PCM
that melts at room temperature is suitable for
lightweight structures where the PCM also serves as a
panel structural component to provide additional wall
thermal mass. The authors in [4], studied cases where
PCM was directly integrated into building materials by
mixing granulated paraffin wax with concrete or
cement. They observed that this method interfered
with building structures because the concrete strength
was compromised while the PCM properties changed
and caused a major leakage problem that corrodes the
steel bars in building structures. A prominent method
of integration of PCMs in construction materials such
as paints, cement, lime, mortar, etc has been found to
be the microencapsulation technology. This work is an
attempt to investigate the possibilities of using high
density polyethylene PCM (paraffin wax) capsules for
space cooling of commonly used Intermodal steel
building envelopes.

2. REVIEW OF RELEVANT WORKS ON PASSIVE
HEATING/COOLING APPLICATION OF PCMS
IN HEATING VENTILATION AND AIR-
CONDITIONING (HVAC) LOW ENERGY
BUILDINGS

Passive methods integrate PCMs with appropriate

melting temperatures mostly adopted into building

materials such as walls and ceiling, or inside of ducting
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at suitable locations (e.g window openings) basically
to store cold from night air for daytime cooling or vice
versa. Akar and Medved [5] noted that passively
integrated Thermal Energy Storage (TES) can be used
with solar energy or other renewable energy sources
to facilitate effective energy managements. Hybrid
system which integrates both active and passive
cooling/heating strategies can also be utilized together
to decrease HVAC energy requirements and operating
costs and improve comfort in indoor living and work
spaces [3]. According to [3], an important
performance factor in the design of passive cooling
systems using latent TES is the appropriate PCM
melting point. A numerical assessment of the
performance of a vertical cylinder filled with spherical
encapsulated RT20 paraffin PCM was studied by [4].
The authors numerically modeled and developed a
latent heat thermal energy storage (LHTES) device to
identify the parameters that have influence on the
LHTES’s thermal response in order to determine the
optimum phase-change temperature, and to form the
LHTES's temperature-response function which defines
the LHTES's outlets-air temperature for a periodic
variation of the inlet ambient air temperature. The
temperature-response was then integrated into the
TRNSYS building thermal response model. Numerical
simulations showed that a PCM with melting
temperature between 20 and 22°C is the most suitable
for free cooling in the case of a continental Europe
climate conditions. They stated that the analyses of
the temperatures in a low-energy building showed that
free cooling with an LHTES is an effective cooling
technique. Recent developments in PCM use in
building envelope for passive space cooling have been
reviewed by [6]. These authors investigated the ability
to store solar power during winter days and reject heat
during summer nights so as to reduce diurnal indoor
temperature fluctuations. The PCMs they used, had
the melting point of an average room temperature and
obtained results showed that PCMs are useful for
stabilizing room temperature during daytime,
increasing comfort, and decreasing HVAC capacity.
The work by [7], numerically assessed and
experimentally verified several paraffin(s) and
eutectics blends for floor and ceiling-free cooling. It
was observed that ventilation occurred during cooler
night times. Thus, a PCM with proper melting
temperature incorporated in the air duct permits the
provision of cooler day-time room temperatures and
the HVAC energy consumption during warm days is
thereby reduced. In [5], a fan/duct model for night
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ventilation of a room where TRNSYS was used to
assess the building thermal response which was
validated using an experimental data. Paraffin RT20
PCM was also used in this simulation as the latent TES
media which facilitated the night ventilation for free
cooling. Their results revealed a reduction in
mechanical ventilation system capacity. In the same
vein, authors in [8], developed a new insulating wall
incorporating a PCM as insulation. The PCM used acted
as a capacitor, receiving and rejecting large quantities
of energy as it changes phase. Structural insulated
panels were adopted to incorporate PCMs to create a
distributed thermal mass and a noncorrosive /nontoxic
paraffin PCM was used to fill the tubes inserted into
the wall. Their strategy increased the thermal barrier
effect, providing a stable room temperature variation
through a heat flux reduction. In the work done by [9],
the authors numerically and experimentally examined
the use of latent TES for free cooling for a range of
climate conditions. They suggested an optimal latent
TES based on the ratio of PCM mass and ventilation —
air volume flow rate. The authors concluded that the
PCM with the widest phase change temperature range
of 12K was found to be the most efficient for the
climate conditions analyzed. The optimal PCM mass
for the free cooling of a room was found to be 1-1.5kg
per m3/h of fresh ventilation air.

3. HDPE-PCM PANEL SIMULATED MODEL
DESCRIPTION
The HDPE-PCM panel medium is the storage model
used for this study and was generated using the solid
works simulation tool. The HDPE-PCM panel medium
of HDPE shelled balls or capsules arranged on a
specially constructed wire gauze, filled with technical
grade paraffin wax as the PCM. The HDPE-PCM panel
medium is externally insulated with expanded
polystyrene board on the sides to avoid heat losses.
The capsule shells have HDPE coating thickness of
0.8mm with capsule outer diameter of 60mm. The
method of paraffin packaging is by
microencapsulation. The thermophysical properties of
the PCM and HDPE are presented in Tables 1 and 2
respectively. The HDPE panel setup consist of HDPE
capsules arranged in a panel medium where its
thermodynamic and structural effects on the capsule
are negligible in this study. The paraffin used is
ecologically/environmentally  friendly and 100%
recyclable. The paraffin is mainly used in low energy
buildings for cooling due to its melting temperatures
between 23-25°C and with latent heat of fusion
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between 214.4 kJ/kg. The surrounding heat transfer
fluid (HTF) for the system is ambient air, propelled
using a high pressure axial flow fan placed at the air-
inlet channel of the panel medium with each fan speed
of 500rpm. The realistic behaviour of the PCM
modelled in this study during the melting and
solidification processes was observed and reported by
[10] using the differential scanning calorimetry (DSC)
measurements with Mettler TA 4000 thermo-analysis
equipment.

HDPE-PCM Panel unit

Figure 1: Intermodal steel building envelope Mode/
used for the study

Ambient air-inlet channel

HDPE-PCM capsule array
Figure 2: HDPE-PCM Panel Simulated Model Schematic

Table 1: Thermophysical properties of a paraffin wax
phase change material used for the study.

Properties Value

Specific heat capacity (solid) 2 KJkgK!
Specific heat capacity (liquid) 3.2 Klkg 'K
Thermal conductivity (solid) 2 WmiK?
Thermal conductivity (liquid)  0.55 Wm™K!
Enthalpy of fusion 214.4 kJkg!
Density (solid) 1500kgm=3
Density (liquid) 1530kgm-3
Viscosity 1.07x10°% kgm-s!
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Source [12]
Table 2: Thermophysical properties of HDPE capsule
material used for the study.

Properties Value
Thermal diffusivity 1.96x107 m?s!
Thermal conductivity 0.35 WmK1
Density 940 kgm3
Specific heat capacity 1.9 KJkg'K?!
Melting point 108°C
Emissivity 0.8-0.9

Source [3]

Table 3: Thermophysical properties of air at 29.7°C,
1 atm used for the study.

Value

0.02588 Wm-iK

1007 KJkg*K?

1.872 x 10-5 kgms?!

0.7282

Properties

Thermal conductivity
Specific heat capacity
Dynamic viscosity
Prandtl number

4. NUMERICAL MODELLING APPROACH

A combination of the explicit-first order finite

difference (FDM) and the effective heat capacity (EHC)

methods were adopted as numerical methods used in
discretizing and solving the PCM model equations.

While the HDPE equations were discretised using FDM

method. Assumptions used to simplify the analysis are

as follows:

1. Ambient air, Paraffin wax and HDPE shell
temperature varies along the radial direction of
each PCM capsule; Tr = Te(r), Tw = Tw (r) and Tp
= Tp(r).

2. One dimensional transient state is considered for
the paraffin wax and HDPE shell hence; aT/ae =
0,9T/55 =0,9T/5 % 0

3. No internal heat generation in the PCM capsules;
¢ =0.

4. The PCM regime inside the HDPE capsule is
assumed to be solid dominated, therefore the
convective heat transfer during phase change in
the solid-liquid or liquid-solid interface is
neglected.

5. The HDPE-PCM capsules are exposed to air
flowing through high pressure axial flow fans at
varying ambient temperatures with constant
speed of 500rpm.

6. The densities of the HDPE shells and paraffin wax
are constant.

Nigerian Journal of Technology,

7. The momentum equations for the air flow into the
HDPE-PCM panel medium are negligible, hence air
flow is a function of temperature only.

8. Radiant heat transfer between the capsules is
negligible.

9. Thermophysical properties of HDPE shells and
paraffin wax do not vary with time.

10. Thermophysical properties of the inlet ambient air
into the HDPE-PCM panel medium is constant at
an average temperature of the highest daily
temperature values.

11. The sides of HDPE-PCM panel medium is
externally well insulated with Expended
Polystyrene (EPS) board, therefore heat loss from
the panel medium system is negligible.

12. The PCM discharge/solidification numerical
algorithms are not coupled with the air flow
temperature function, hence the heat discharge
effects from PCM is shielded from the air flow
throughout HDPE-PCM panel unit.

Axial flow fan

+— T; (Ambient Air Inlet temperature)

Outdoor
Indoor

Tyout
Cold Air

e

[+ Conex structure

casing

Warm Air

Capsules

oy

I

EPS EPS
Insulation Insulation

Figure.3: Schematic of the air flow in the axial
direction of the HDPE-PCM System, Source: [16]

4.1 Governing Equations
To solve the Airflow and HDPE-PCM simulation
problem, the above stated assumptions are considered
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hence, a one-dimensional heat model is developed for
the PCM used in this study for selected nodes 0 — 43.
In the same way, the mathematical models for the Air-
HDPE material interaction is derived as follows:

4.1.2 Energy balance analysis about HDPE-PCM
capsule outer node 0
The rate of heat transfer by the outdoor air to the
HDPE material at the panel inlet capsules node 0
within the control volume is described mathematical
as the sum of the heat transfer by convection from
ambient air flowing from the axial fan to node 0 and
heat transfer by conduction from node 1 to node 0
within control volume equals the rate at which the
HDPE material temperature raises at node 0 within the

control volume due to energy accumulation at node 0.
E
2

Figure 4: Energy balance analysis about node O(first
rowyinlet capsules) of the HDPE-PCM panel,

Source: [16]

The governing equation is thus written for nodes 0 and
44 in equation (1).

2.C.A ga&:ﬁ irza(Tpl_Tpo)
PEPPIS 2 9t r2 " or or
+ ths(TfO - Tpo) (1)

Equation (1) can be written as
oroT, EA 0* (r(Tm - Tpo))

fPCPPAS?F_ r ° or2
+ ths (TfO - Tpo) (2)
Initial Conditions:
Tt r,0) = Trin 3)
Tp (ro,0) = Tp intial 4)
Boundary Conditions:
h¢
Tt = i, [Toer0 — Teen ] 5)
To o) = ~Kp[Tptr0 = Totry0] (6)

To simplify the governing equation (1) for a suitable
numerical approach implementation, the following

applicable dimensionless parameters ae defined.
_ T-Tp
T Te-Tp

r t
rr=—,tt=—,
Th to
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Let T, = T,; — T, in equation (1) for simplicity thus
substituting the dimensionless parameters into
equation (1) gives

(r'ry)? aT,
1“DpcloloAstO T2 9t
J(T—-T,)+T
or*do
h¢
+ As 1, (Tfo - TpO) (7)
p

Dividing through by A t,r*r;, gives

r'ry 0T, kp O(T—T,) + T
PEPP 2 91" r'ry, or+oe
he
——— (T — T,
Dividing equation (8) byk, and multiplying the
solution with oc,= % gives:
#pCpp
rry 0T, o, (T —T,) + T
2 0T r'r, ar*06
X
p
he(Tgo — T
tor T, #(Tro — Tpo) €©))

By the order of magnitude analysis of equation (9)
both terms in the RHS can be compared and viewed
to have about the same magnitude hence, no
justification to neglect one term in preference to the

other, thus both terms in equation (9) are retained.
T-Tp

Substituting T, = T,y — T,o and 6 = T back to
P
equation (9) yields
r'r, 0T, ﬁa(Tpl - Tpo)
2 0T r'r, Jar*
*»_p, (Tro — Tyo) 10
tor*rhkp f\ 1fo po ( )

Multiplying through by r“i gives
p

(r'ry)? a& _ a(Tpl - Tpo)

h¢
+ Bk, (Teo — Tpo) (11)

2 x, 0t h ar*
Equation (11) is multiplied by o,= % 1o yield
#pCpp
('rn)? 9T, _ Ky 3(Tps — Tyo)
2 0t £pCh ar*

PR (Tro — Tyo) 12
tot”pCpp fo po ( )

(r*rp)?

Dividing equation (12) by

L% where rf=—,
2 '

equation (12) becomes

0T, _ 2Ky 9(Tps — Too)ri
ot - £,C,,r2 or
2hs
+ W (Tto — Tpo) (13)
Multiplying through by ; gives
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20T, _ Ky 9(Tys — Too)mn
20T* prpp or
t* hf
+———(Tro — Tpo) (14)
T4, Cpp P

Discretizing equation (14) using the simple explicit and
first order finite difference formulation, gives

Tpr::il - pg,i Ar2
2At
_ kp Tpri,i+1 - pg,i
{’pCpp Ar
he  Tgo — Tpo,i
+ _— (15)
o Chp At
Multiplying equation (15) by Z—fzt, having that o, =
L gives
#pCpp
Q. th
’I‘prz;.'-i1 = kEArZ (Tf(r)l,i - Tpg,i)
2At o
Ar3 : (Tpri,i+1 - Tpg.i)
+ pg,i (16)

Recognizing that F, = “A”’Tit , hence
Tooi' = ZFo% (Teoi — Tpoi) + % (ToLier — Tooi)
+ pg,i (17)
Equation (18-25) were used to determine the
convective heat transfer coefficient of the ambient air
flowing throughout the HDPE-PCM panel unit at steady
state. The temperature performances of both the
flowing air and the HDPE capsule material are solely
dependent on the operation of the PCM. Hence, to
determine the value for the computational time At in
equation (17), a stability criterion analysis of the
Paraffin wax is performed in equation (88).

_ Nu X kf (18)
f Kt
1
0.02(1 — £)°6 x Re®6 x P.\ /3
Nu = 7.541 + (19)
h
Where the Reynolds number, Re= eeh =

HE
2 & Ar =--, where h = 2.65m being the HDPE-PCM
D

Ny’

panel height considered as the length of the axial air
flow region, N = 44 being the number of capsules
arranged in the axial y direction and Ar = 0.06m being
the outer diameter of each capsule. Ap = 1.392m?
being the duct area for one axial flow fan, Q, is the
volume flow rate of the fan at 500rpm.

Equation (19), was developed by [13] as a correlation
to determine the Nusselt number for a forced
convection PCM/Air exchange system for building
application. In equation (19), the porosity, € = 0.9 of

Nigerian Journal of Technology,

the HDPE-PCM panel is determined using equation

(20) developed by [14] for packed capsule systems.
) 20)
Vp
V,, is the volume of paraffin wax storage in the HDPE
capsules, V, is the volume of the void fraction in the
HDPE-PCM panel medium. In determining the volume

of the void fraction, equation (21) is used.
v, = A (21)
o AS
A, = 15.9m? being the area of the HDPE-PCM panel
medium and A, = 0.0113m? being the surface area of
each capsule. The determination of V, in equation (20)

requires the solutions of equation (22-25).
4 3
Vo =3m(R-1tp) (22)
Where R = 0.03m being the external radius of each
HDPE capsule and t, = 0.8mm being the thickness of
the HDPE shell coating of the capsules.
mg =V, X (¢ +£}) (23)
Numerical values for ¢,, & £, are obtained in tables 1
and 2
m, = mg X N¢ (24)
The mass of the entire HDPE-PCM panel is m, =
629.2kg, while the mass of a single capsule mg =
0.143kg
Ne = Ny X Ny (25)
N, = 44 being the number of HDPE capsules packed
in the y-axis (axial flow direction), while N, = 100
being the number of HDPE capsules packed in the x —
axis. A total of N, = 4,400 HDPE capsules occupy the
panel medium of study. By substituting parameters in
tables 1, 2 & 3 and the solutions of equations (18-25)
into equation (17), the numerical values for F,, h¢ & Ar
is obtained. Therefore, equation (19) becomes
Tooi = 0.073(Tso; — Tpo;) + 16.30(Tyl i1 — Tpoi)
+ pg,i (26)
Equation (26) is the numerical algorithm used to
predict the temperature fluctuations of nodes 0 and 44
only and can be written for new time steps forming a
system of N-algebraic linear equations as follows;
Tooi' = 16.30(Tpy 41 + 447 X 1073 T¢h,) — 15.37Tpy ;
Tooh? = 16.30(Tpi%}, + 447 x 1073 ThH) —
15.37 Tkt

o,i

Tont® = 16.30(Tpy 57 + 4.47 x 103,077V —

o, P1,i+1 fo,i

1537yt (7Y
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4.1.3 Determination of HDPE shell surface nodal
temperatures at first iteration time
step, Ty,

The HDPE capsule surface node temperature accounts

for the temperature distribution across discrete nodes

on each capsule surface without any physical
interaction with the PCM as a result of energy
transferred by ambient air to the HDPE material.

Therefore, the governing equation for surface nodes

(1-44) at first time step can be derived from the

surface energy balance given below applicable at

steady-state conditions neglecting radiant heat
transfer.
Tinitial Orag
b
q::lm'
Tma'rg }
—*0 I — T
Flow direction ’ -

\ T Ta

Tpo; = Te- Surface temperature

Ty initial

Figure 5: Energy balance analysis about HDPE shell
surface temperature for nodes 0 — 44 at steady state,
Source: [16]

Jcond = Yconv T drad (27)
Tg — T

Qcond = kp Apt h (28)

Qeonv = h¢ Apt ATy (29)

Qraqa = €6 (Ts4 - T%) (30)

Where € is the emissivity of HDPE shell between (0.8
- 0.9), and 6 is the Stefan Boltzmann Constant
(5.67x108 W/m2K?#). The unknown is T (surface Node
temperature) and cannot be solved explicitly because
of the fourth power dependence of the radiation term.
Therefore the radiation heat flux q,,4 can be written in
terms of the radiation heat transfer coefficient as in
equation (30). By Substituting equations (28 — 30) into
equation (29) gives:

n

— T
kpApe TS = h¢Ap ATy + hy (T, — To)

(31)

Based on the assumptions, the radiative heat transfer
coefficient h, within the capsules is negligible.
Therefore, the surface nodal energy balance equation

(31) is reduced to (32):
Tn

Ts
KpApe ———= hr Ay ATy

(32)
Where ATy, is the log-mean temperature difference,
A, is the surface area of all the capsules in the panel

Nigerian Journal of Technology,
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medium given by A, = A, = eand Tg is the ambient
temperature at first iteration time step -12am for the
hottest of simulation day 1-4.

ATlm — (Tpinitial - 'ITOOmld)__ Tngi.nitial - TO) (33)
In ( pinitial oomld)
Tpinitial - To

The log-mean temperature difference AT,,,, developed
by [15] where T,niq iS the mid-daytime ambient
temperature, Tyinitial iS the initial HDPE-PCM panel

temperature, To is the estimated outlet temperature.
In determining the value of estimated outlet
temperature To, the expression below by [15] is
adopted to so that the log-mean temperature
difference AT;,,= 0.011°C.
Tpinitial - To hf
Tpinitial — loomid - P (_ ff x Cx Ap X Cpf) (34)

Rearranging equation (32) in terms of q..n, Yields
To—Ts
(35)

kpApt T Yconv
Taking Ty =Ty,; and Tg = Tg; = 29.0°C (Average

ambient temperature for day 1- 4), hence equation
(35) becomes

n
Tpo i

= Troi = (36)

X2 X2
Ty (ro) = 2k, <1 - F) + Thoss 7o = Ah £ 0.06m (37)

Where r, is the nodal increment along HDPE-PCM
panel height for nodes 0-44.Equation (37) is written
for first iteration time(12am) for day 1-4 as presented
in equations (38 — 41). All ambient temperature data
were obtained using the Arduino Uno and type K
thermocouple sensors.

Day 1:
T0(r) = 0021 (1- 5) + 2099°C (38)

Day 2:
19 () = 0021 (1- %)+ 2299°C (39)

Day 3:
T(r) = 0.021 (1 - —) +24.29°C (40)

Day 4:
To(r) = 0.021 (1- —) +23.79°C (41)

Equations (38 - 41) can be solved using MATLAB to
derive numerical temperature results for panel nodes
0 - 44 for first iteration time step.

The Energy balance analysis about PCM is the sum of
heat quantity transferred by conduction from node 1
to node 2 across capsule space Ar and heat transfer
by conduction from node 3 to node 2 across capsule
space Ar equals rise in temperature at node 2 within
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the control volume A;Ar due to energy accumulation
at node 2 [11].

i+1 i+3

F Y
¥

Ar

Figure 6: Energy balance analysis about internal
nodes 1-43 of the HDPE-PCM capsules,

Source: [16]

The governing equation for HDPE-PCM internal nodes
1-43 can be written following the energy balance
technique and yields

aT, k, 8 r?0(T,, — Tpz)
2,CopAs—2 = P —_"AP1 P
PPYS gt =0+ rz Sor or
k, 8 r?0(T,, — Tps)
p p2 p3
+— A5 = (42)

Applying assumption three reduces equation (42) to
give

0,CooAs 2 — %As GO

p~pp-’s ot arz
k, 0%(r(Ty, - Tys))
p 2 p
—A 4
+ r ° or? (43)
Initial Conditions:
HDPE shell;
To tn0) = Twinitial = Tp initial (44)
Tp (rp,0) = TWinital = Tp intial (45)
Boundary Conditions:
To o) = ~KplTotra) = Torpn]  (46)
To 0 = ~Kp[Toen0 — Totraan] (47)

To simplify the governing equation (43) for numerical

approach, we define the following applicable
dimensionless parameters.
* r « t T-Tp
r=—,t =—,0=
T'h to Tp—Tp+1

Let T, = Ty; — Tp, and Ty, = Ty, — Ty3 in equation
(43) for simplicity thus substituting the dimensionless

parameters into equation (43) gives

* an
{’pCppAstgr 'y %

O(T = Tpy) + T,

=k At
pTist0 ar*0o
o(T—T,)+T,
+ kpAstor*rh # (48)
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0Ty _ kp 0(T—Tpua) + 7Ty
PPPP g r*ry, or+ae
k, 0(T—T,) +T, 49)
r*ry ar*oae
Dividing equation (49) through by k,, and multiplying
the solution by o«,= % gives:
p
0Ty _ % (T—Tp) + Ty
Jt*  r'ry dr*a0e
o, A(T—T,) +T, 50)
r*ry dr*0o

In applying the order of magnitude analysis on
equation (50), both terms in the RHS are compared to
have about the same magnitude, hence there is no
justification to neglect one in preference to the other,

hence both terms are retained. Substituting T, = T,,; —
T-Tp

sz and Tp+1 = sz - Tp3 and 9 = Tp—Tp+1 baCk tO
equation (50) yields
Oy _ % A(Tps — Tye)
Jt* r*ry ar*
o 8( )
T r'ry o Gh
Multiplying through by r“i gives
p
'y 0Ty 9(Tyr — Tpz) + 9(Tyz — Tpz ) 52)
x, ot ar* ar*
Equation (52) is multiplied by o,= Lt yield
#pCpp
r 0T, — kp a(Tpl _sz)
"ot £,C,, O
kp O(sz — Tp3 ) (53)
?5Cpp ar*
Rearranging equation (53) gives
kprn 9(Tps = Tp2) | Kprn 0(Tpa = Tpz )
0C,  or oo, o 'mOY
MuItlpIymg equation (54) by %% pp glves
( pl pz) + 6( p2 ~ Tps ) _ fpcpp *_ an (55)

or or ~ k, ot-
Discretizing equation (55) using the simple explicit and
first order finite difference formulation gives:

Tll:l i+1 - sz,i+2 Tp%,i+3 - Tpg,i+2

Ar Ar
_ 3 Cpp Tpgﬁiz Tpg,i+2 A 56
Tk At ' (56)

p
Multiplying though by Ar gives
2 T p2,i+2 + Tp% i+3

£,C,,, Ar?
_ppp—
= K At (Tpr;;iz

n
Tpl,i+1

pr%,i+2) (57)
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n n n
Tp1,i+1 -2 Tp2,i+2 + Tp3,i+3

AI‘Z n+1 n
= apAt (TpZ,i+2 = Tp2is2 (58)
Multiplying equation (58) by “Aprét gives
apAt o 2a,At o apAt o
AI‘Z pli+1 AI'Z p2,i+2 AI‘Z p3,i+3
= Tp%iz - Tpg,i+2 (59)
Where Fo = “Aprét is Fourier number so that (59)
becomes

Fo (T§1,i+1 + Tpg,i+3) + (1= 2F,) Tyz42 = Tpr?i}rz (60)
Rearranging equation (60) gives
Tobisz = Fo (Tpiss + Tphivs) + (1 — 2F,) Tph iy, (61)
Equation (61) can be written for Node 1 as seen in
equation (62)
Thiis: = Fo (Tpr)lo,i + Tpg,i+2)

+ (1 - 2F,) Tyi i (62)
By substituting parameters in Tables 1, 2 and 3 into
equation (62), the numerical value of F,,is obtained,
where the computational time interval At is derived
from a stability criterion analysis of the Paraffin wax
performed in equation (87).Therefore, equation (62)
becomes
Tptien = 0.499 (To + Tplisz) + 2

* 1073 Th1iv1 (63)
Equation (63) is the numerical algorithm use to predict
the temperature at node 1 and can be written for
nodes 2 - 43 at new time steps forming a set of N
algebraic linear equations.
Node 1:
Tpih' = 049 (Tpoi + Tphivz ) + 2 X 1073 Tpy iy

Teii' = 0.49 (Toh; + Tpyivz) + 2 X 1073 ThL,

o _ n+(0—1)p n+(c0—-1)
Tp1i ™ = 0.49 (TPo,i Tpoit2 )+ 2%

—3 m N+ (0—-1)
10 TPl,i+1

Node 2 - 43:
Tpyitz = 0.49 (Tpri,iﬂ + Tp3i43 ) + 2x 1073 T4

Teyiss = 0.49 (Tohiva + Tohive) + 2 X 1073 Tphtl,

TPTs-}+43 = 0.49 (Tpﬁz,i+42 + TPT}i-ll-,i) + 2Xx

-37n
10 TP43,i+4—3

4.1.4 Energy balance analysis about internal
nodes 1-43 of the PCM (paraffin wax)
The energy balance analysis of the PCM used accounts
for the energy stored and released during the melting
and solidification processes. The numerical model

Nigerian Journal of Technology,

solution for the PCM energy balance equation has
been presented in the work done by [11]. In this
study, the phase change processes are developed for

PCM nodes 0,%-43,1/2 interacting with the HDPE
spherical material.

Ar
—
ir2
Te=
—_—
—

\

Ti:l"l.lf'l

Tpo,i Tuo.iz

Figure 7: Energy balance analysis of paraffin wax
about center nodes 0, /2 -43,i/2, Source: [11]

The applicable energy equation as presented in [11]
can be expressed as:

aT,, ky 8 120(Ty, — Twoji2)
Blowhs B =0t g — o
Lk, 0 r?0(Ty, — Two,/2)
rz2 " %or or
+ A Or (64)

Applying the assumptions simplifies equation (64) and
yields;

aT, k, 0 (F(Tpo - TwO,i/Z))
wCpwhs T = TAS 92
ky 0 (F(Tpl - Two,i/Z))
T A or?
+ A 0r (65)
Initial Conditions:
Paraffin wax capsule;
Tw (t1,0) = Twinitial = Tp initial (66)
Tw (ro,0) = TWinital = Tp intial (67)
Tw (FThO) = TWinital = Tp initial (68)

Boundary Conditions:

hy,
Tw (ro) = “ky [Tp(O,t) - TW(%o,t)] (69)
hy,

Tw @p = T
w

[

To simplify the governing equation (65) for a suitable
application of numerical approach, the following
applicable dimensionless parameters are defined.

L, .t T-T,

r —a,r —g,G—Tp_TW (71D
According to [11], substituting T, = T, — Two/> and
Tp = Tp, — Twwo,i;2 With the dimensionless parameters
into equation (65) gives
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w

waprstOr*rh %
(T —T,) +T,
ar* do
o(T—-T,) + T,
dar* 0o
+ Agtorr, Or (72)
Dividing through by A t,r*ry, gives
0Ty ky 0(T—T,) +T,
ar* 00
ky, 0(T—-T,)+T, ar
r*ry a0 r*r,
Dividing equation (73) through by k,, and multiplying
. Ky
the solution by «,,=
LwCpw

= kwAstO

+ kyAstorry

LCow—=—"=—
WEPW gt iy

(73)

0Ty, < d(T—-Ty)+T, o d(T-T,)+Ty,
or r*ry dr* 06 r*ry dr* 06
ar
+, m (74)

By order of magnitude analysis of equation (74), both
terms in the RHS are compared to have about the
same magnitude, hence we have no justification to
neglect one in preference to the other, hence both
terms are retained [11].

Substituting T, = Ty, — Twoij2 + Tp = Tp,

0= % back to equation (74) yields

o
O _ % 0oy~ Twoij2) | Xiw Ty, = Twoe)
Tt r'ry ar* r ry ar*
Jar
+Xyy m (75)

- TWO,i/Z and

Multiplying through by
ﬂaﬂ — a(Tpo — W0:i/2) + 6( p1 TwO,i/Z)
Ky ot* - ar* ar*
+ or (76)
Equation (76) is multiplied by o=

b gives

,Wwherer* =

pw
~ to yield
I'h
roT,  ky 0(Tpy — Twoi/2)
0t LyChw or*
kw  9(Ty, — Two,ij2)
wCpw oar*
k
+ w
fwcpw
Rearranging equation (77) gives
Ky a(Tpo B TWOJ/Z) n Ky a(Tp1 - Tw0,i/2)
CwCpw Jar* CwCpw ar*
_rdTy Ky
0T LuChw
Multiplying equation (79) by ar* gives

ar (77)

or (78)

Nigerian Journal of Technology,
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Ky Ky
—2 (T, — Tuwoi —2 (T, — Twou
"owcpw( Po w0,1/2) +€chw( pP1 w0,1/2)
9*T,r.r* k,, drdr*
— w _w (79)
at* CwCpw

Discretizing equation (79) using the simple explicit and
first order finite difference formulation gives:

— Tovoijz) + {;kc (Tpiiv1 — Twoi/z)
Tvrxlzg}/z wo,i/2 A2 — 2 (80)
At 2w Cow
Collecting like terms and multiplying through by M
gives
0, — 2 TVI;O% + T i
= M <Tn+1. —Tn )
ky At woz  wosz
— Ar? (81)

Further rearranging gives
T — 2T£o,%+ Tpyie1 + Ar?

po,i
1£)WCPWAFZ n+1 n
= Tar \Teel ™ Thot) €2

Hence, equation (82) becomes

N

Tpo,i — 2TV’$01+ Tpy i1 + Ar?
2
Ly (e (83)
o, At wo% wo,%
Multiplying equation (83) by “- gives
o, At 20, At awAt
Ar2 l:?o,i - Ar2 vr\lm‘% + - Ar? Tpl i+1 + O(wAt
n+1 n
= Tooi ™ Moot (84)
Rearranging equation (84) gives
" ™ = awAt 2a,At
wo,i/2 wo,% - T po,i — Ar2 wo%
o, At
a7 Tpuiv + QwAt (85)
Where F, = “VAVi is the Fourier number so that

rZ
equation (85) becomes:
Fo (Tpoi + Torien + awdt) + (1= 2Fo) Tyl

= Taoi/z (86)
Rearranging equation (86) gives
Tooirz = Fo (Thoi + Toier + awAt)

+ (1= 2F,) Tyoi/2 87)
Applying the stability crlterlon to equation (87),
requires that the coefficient Ty, ;,, be greater than or
equal to zero so that At — simulation time interval is
selected to be well within the stability limit which
corresponds to the value of Fo [11].
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(1—2F,)F, >0; F, <l (At = Folr® F, = oAt
°= 2 oay % Ar?
= 0.49 (88)

Substituting parameters for Ar%, F, and «, for
convergence and stability of the numerical results, the
minimum permissible value for the computation time
interval is At ~ 1hr. By substituting F, into equation
(87) gives

n+1 n k
Tty = 049 | Thos + T iva +€ - At
+0.02 Toyi/ (89)

Equation (88) is the numerical model used to predict
the phase change phenomenon of paraffin wax at
nodes 0,i/2-43,i/2 which interacts with the HDPE
capsule wall. The model can be written at new time
steps forming a set of N-algebraic linear equations
solvable using MATLAB [11].

Node 0, -
TV\?J—II/Z = 0.49 (TP01 + TPl i+1 + pr At)

0.02

wo i/2
k
Tih = 049 (TAM + T + 2] +

0.02 T2/

0 n+(co—1) n+(co—1)
Twoirz = 0.49 (TP01 + Tpo s + ewcpw At)

n+(co—1)
0.02 T, 2
Node 0, — 43, :

2 2

TV\K;(;'—Il/Z = 0.49 (TP11+1 + Tpais2 + 3 c At)
pWw
0.02 T/,
k

Tasiz = 0.49 (TP%,HZ + Tpz 43 + ﬁm) +
0.02 T/,

k
Tt = 049 (Tehsivas + Thhas + e it) +

0.02 Tyysi/7

Cpw is the specific heat capacity of the paraffin wax

with melting and solidification boundary conditions
stated as follows;

2K] N .
Cpw (solid) = k_gK ;o Twojiz < 21°C

18Kk]

Cow (solid-liquid) = k_gK ; 23°C < Ty < 25°C

K]

Cow(liquid)y = 3-2k—gK ; Taoiz > 25°C

Nigerian Journal of Technology,
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5. RESULTS AND DISCUSSION

The thermal performance of the developed numerical
models for the paraffin wax and HDPE materials is
dependent mainly on the Fourier number, F, which
characterizes transient heat conduction to the rate of
thermal energy storage. Table 3 shows the
temperature profiles of the PCM (Paraffin wax), HDPE-
PCM panel air inlet and exit temperatures for
simulation day 1-4. From the results, temperature
depression in  the outdoor air records
7.1°C,9.2°C,10.2°C and 5.6°C for day 1,2,3 and 4
respectively. The generated data in table 3 indicates
that a high average outdoor temperature results to a
high temperature drop experienced in HDPE-PCM
panel system. Hence, it is expected that with effective
reverse suction DC fan(s) placed at strategic points on
the conex steel walls, the HDPE-PCM panel medium
can effectively cool the indoor space of the conex
envelope. Figure 6 - 9 are graphical representations of
data in table 3 and noticeable similarity exist between
the HDPE material temperature at exist nodes and the
HDPE-PCM panel outlet air temperature. The HDPE-
PCM panel outlet air temperature is observed to
maintain values that do not decrease beyond the
HDPE material and paraffin wax temperatures which
entirely validates the first law of thermodynamics of
thermal systems. Figure 10 presents the variations in
the PCM temperature due to the varying surrounding
ambient temperature passing through the conduit of
the HDPE-PCM panel unit. Figure 10 and 11 show the
PCM experiencing solid-solid/melting phase changes
from 12am — lam. This melting period accounts for
latent heat storage operation between 23-24°C. It is
recommended that a CFD software is used for this
simulation to accurately capture visibly the physical
and thermal features of the solid — liquid boundary
phase change domain in a post process simulation
procedure. In Figure 10, the temperature drop in the
paraffin wax and HDPE material at exit nodes is
consistent from lam-1lpm irrespective of the
fluctuating outdoor air temperature. This is because of
the discharge/solidification phase of the PCM for which
the discharged heat is shielded from the air flow
during the period. The effect of the convective heat
transfer h¢ of the simulated air from the high pressure
axial flow fan, is consequent on the air flowing
throughout the HDPE-PCM panel system. This further
causes a drop in the air temperature, leaving the
conduit of the HDPE-PCM panel unit into the indoor
space of the conex envelope.
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Table 3: PCM (Paraffin wax), HDPE-PCM panel air inlet and exit temperatures for Day 1-4

e g T ™C mec e ™C Tec Tec ™ Tec Tiec
for for for for
. Day 1 for for Day 2 for for Day 3 for for Day 4 for for
Time PCM Day1 Day1 PCM Day Day?2 PCM Day Day3 PCM Day Day4
.. (Panel (Panel . . 2(Pan (Panel . . 3(Pan (Panel . . 4(Pan (Panel
in exit in exit in exit in exit
capsul In!et oultlet capsul el Iplet oultlet capsul el Iplet oultlet capsul el Ilnlet oultlet
Air) Air) Air) Air) Air) Air) Air) Air)
es es es es
12am 20.0 255 254 20.0 245 244 20.0 23.8 23.7 200  25.5* 254
1am 25.3 252 254 24.3 245 244 23.7 23.6 23.7 25.3 252 254
2am 252 25.0 25.0 242 244 24.0 235 23.6 23.3 25.0 25.0 25.0
3am 249 25.0 24.8 23.9 244 23.8 23.2 23.8 23.1 24.7 25.0 24.8
4am 245 25.0 24.3 23.6 23.7 234 229 235 22.7 24.3 24.7 24.3
5am 242 25.2 24.0 23.2 23.2 23.1 22.6 235 224 23.9 247 24.0
6am 23.8 25.5 23.6 229 245 22.7 222 23.2 22.0 235 25.1 23.6
7am 235 26.5 23.3 22.6 25.5 224 21.9 242 21.8 23.2 22.1 23.3
8am 23.1 28.5 22.9 222 26.9 22.0 21.6 26.5 214 22.8 22.0 229
9am 224 28.5 22.6 21.9 27.0 21.7 212 28.6 21.1 225 22.3 22.6
10am 22.1 29.9 22.2 215 27.8 21.3 20.9 29.0 20.7 22.1 224 222
11am 21.7 30.0 219 21.2 29.0 21.0 20.6 29.9 204 21.7 234 229
12noon 214 31.00 215 20.9 29.5 20.7 20.3 31.0 20.1 214 25.0 222
1pm 21.0 30.0 21.2 20.5 30.2 204 19.9 31.2 19.8 21.1 255* 219
2pm 20.7 28.6 20.8 202  31.00 200 19.6 31.0 19.4 20.7 252 212
3pm 204 24.0 20.5 19.9 30.2 19.7 193 31.5* 192 204 252 20.5
4pm 20.0 25.0 20.2 19.6 29.0 19.4 19.0 30.6 18.8 20.1 255 20.2
5pm 19.7 25.6 19.9 19.2 28.0 19.1 18.7 28.0 18.5 19.7 25.0 19.9
6pm 19.4 25.5 19.5 18.9 275 18.8 18.4 275 18.2 19.4 24.0 19.5
7pm 19.1 25.1 19.2 18.6 27.0 18.5 18.1 274 17.9 19.1 24.0 19.2
8pm 18.7 25.1 18.9 18.3 26.8 18.1 17.8 27.2 17.6 18.8 23.8 18.9
9pm 18.4 25.1 18.6 18.0 26.5 17.9 17.5 27.2 17.4 18.5 23.6 18.6
10pm 18.1 25.1 18.3 17.7 26.5 17.6 17.2 27.0 171 18.2 23.6 18.3
11pm 17.8 25.1 18.0 174 26.5 17.3 16.9 27.0 16.8 17.9 23.6 18.0
Avg. daily
peak 31.0 31.0 315 255 29.7
Temp °C
Avg
Temp °C 264 37.9 26.0 23.1
Nigerian Journal of Technology, Vol. 38, No. 2, April 2019 3 9 5
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Figure 6: Graph of temperature against time for
simulation day 1
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Figure 8: Graph of temperature against time for
simulation day 3
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Figure 10: Graph of Temperature profiles of Paraffin
wax at HDPE-PCM panel exit nodes

5. CONCLUSION

The author recommends that actual experiments and
CFD analysis be conducted to validate the results
obtained in this study. Furthermore, to ensure a
completely green and passive cooling system, solar
power may be used to power the axial flow fan(s)
during the actual experiments. From the numerical

Nigerian Journal of Technology,
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Figure 7: Graph of temperature against time for
simulation day 2
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Figure 9: Graph of temperature against time for
simulation day 4
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Figure 11.: Graph of latent heat energy storage period
of the PCM for simulation day 1-4

results obtained from the MATLAB programme
software, it shows that exposing the HDPE-PCM panel
system to high ambient temperature is capable of
causing significant ambient temperature depressions
of 7.1 — 10.2°C at the outlet duct of the HDPE-PCM
panel system. Reverse suction DC fan(s) for indoor
air quality recirculation and removal can be placed at
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strategic points on the steel walls, the HDPE-PCM
panel medium can effectively cool the indoor space
of the shipping container home.

6. NOMENCLATURE

T¢ — Temperature of air in HDPE-PCM panel
medium, °C

T,y — Temperature of PCM(Paraffin wax) , °C

T, — Temperature of HDPE capsule material, °C

T, — Surface node temperature, °C

T. — Radiative temperature, °C

T, — Estimated capsule outlet temperature, °C

T, — Hourly outdoor ambiemt air temperature , °C

Tewmia — Mid-day outdoor ambient air
temperature, °C

Tepeak — Peak daily ambient temperature, °C

T, — Log mean temperature, °C

k, —Thermal conductivity of HDPE panel material,
W/mK

k¢ — Thermal conductivity of air, W/mK

k., — Thermal conductivity of paraffin wax, W/mK

@ — Heat generation, W/m?3

¢, — Density of HDPE panel material, kg/m?

£,, — Density of PCM, kg/m3

Cpp —Specific heat capacity of HDPE material, J/kg K

Cp¢ — Specific heat capacity of air, J/kg K

Cpw —Specific heat capacity of PCM, J/kg K

A, — External surface area of each capsule, m?

A, — External surface area of HDPE-PCM panel, m?

A, — Area of HDPE-PCM panel with porosity, m?

Ap — Axial fan duct area, m?

h,, — Convective heat transfer coefficient of PCM in
liquid phase, W/mZK

h — Convective heat transfer coefficient of air,
W/m2K

h, — Radiative heat transfer coefficient, W/m2K

r* — Dimensionless distance from the centre of
HDPE-PCM panel

r, — Diametral distance at end length of HDPE-PCM
panel / panel outlet capsules, m

r — Diametral distance of HDPE-PCM capsule, m

r, — Diametral distance at start length of HDPE-PCM
panel/panel inlet capsules, m

r, — Diametral distance at end length HDPE-PCM
first row capsules, m

Ar — Elemental diameter of HDPE-PCM capsule, m

i/2 — Node notation at mid-point of HDPE-PCM
capsule

" — Dimensionless time

0 — Dimensionless temperature

Nigerian Journal of Technology,

At — Computational time interval

«,— Thermal diffusivity of HDPE-PCM, m?/s

o,,— Thermal diffusivity of PCM, m?/s

Nu — Nusselt number

¢ — HDPE-PCM panel porosity

Re — Reynolds number

P. — Prandtl number

F, — Fourier number

Q, —Volumetric mass flow rate of air, m3/s

h — HDPE-PCM panel height/ length of the axial air
flow region, m

V, — Volume of paraffin wax storage in the HDPE
capsules, m3

V, — Volume of the void fraction in the HDPE-PCM
panel medium

R —Radius of HDPE capsule, m

t, — Thickness of the HDPE shell coating of
capsules, m

mg — Mass of a single capsule, kg

m,, — Mass of the HDPE-PCM panel medium, kg

N. - Total number of HDPE capsules packed in the
panel medium

N, — Number of HDPE capsules packed in the y-axis

N, — Number of HDPE capsules packed in the x-axis

q — Heat transfer rate, W

€ — HDPE capsule material emissivity

6 —Stefan boltzman constant, W/m?2K#

x — Space increment along HDPE-PCM panel height
per element, m

Subscripts

p — HDPE panel material
f — flowing air

w — Paraffin wax

X —X axis

y — Yy axis

avg — Average

0 — capsule node 0
1 — capsule node 1
2 — capsule node 2
3 — capsule node 3
cond — conduction
conv —convection
rad — radiation
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