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Abstract

We present numerical analysis of a cold storage room
with a product load, a fan, and a sliding door by sol-
ving compressible form of the conservative 3D Navier-
Stokes equation (without Boussinesq approximation) to-
gether with the energy and mass fraction equations. The
commercial computer program StarCCM+ is used for this
purpose. The sliding door is treated with an overset mesh
on a suitable background mesh. A rigid body translation is
applied by a field-function to model the opening and clo-
sing of the door. The preliminary study captures essential
features of the effect of the energy transport and the cool-
ing of the product load by the fan and the hot, moist air
exchange through the doorway. The airflow behavior and
heat/mass transfer mechanisms are studied and presented
for several numerical experiments.

Keywords: Cold storage room, Natural convection, Forced
convection, Numerical simulations

1 Introduction

Cold storage rooms are designed for preservation of pe-
rishable commodities at low temperatures and are wi-
dely used in food/pharmaceutical/photographic indus-
tries. Multiple coupled interactions, involving heat-mass-
momentum transfer and phase change of constituent com-
ponents play important roles during the operating condi-
tion of a cold store in such applications. Temperature
and moisture control are the key parameters for optimal
operation and energy consumption. Numerous guidelines
are available for successful design and implementation for
cold storage rooms. Among several other factors, infiltra-
tion of hot/moist air through open doors may become cru-
cial for the performance of the rooms (infiltration load).
Study of air infiltration is also very important for analy-
zing indoor air pollutant behavior, smoke control, design
of clean room, hospital operating theatres, paint booths,
restaurant kitchen etc.

In their study, (Wilson and Kiel, 1990) made ex-
perimental measurements in density driven counterflow
through an open door. With a simple quasi-steady invis-
cid model, they provided a set of practical equations for
estimation of the flow through an open door in a sealed
room. A doorway opening possibly can result in trans-
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port of infectious air out of the isolation room, leading to
a breakdown in isolation conditions (Tang et al., 2005) in
negative-pressure isolation room. In this context, the study
of different types of doors (variable speed single and dou-
ble, sliding and hinged doors) with moving human figure
are presented in (Tang et al., 2013) by a 1:10 scale water
tank. They reported that double-hinged doors are asso-
ciated with the greatest risk of leakage into or out of the
room. The decreasing order risk of leakage reported as
follows: double-hinged > single-hinged > double sliding
> single sliding doors. Apart from experimental approach,
computational fluid dynamics tools are more cost effective
alternatives to study the fundamental processes involved
during the operation of a cold storage room. Neverthe-
less, resolving complex coupled interactions via realistic
numerical models is also challenging. Large-eddy simula-
tion (LES) is performed by (Choi and Edwards, 2012) to
study the human-induced contaminant transport in room-
compartments. The effects of human and door motions
and vent system activity in vestibule connected compart-
ments (contaminated and clean room) are reported. Accor-
ding to their study, swinging door motion induces up to six
times more compartment-to-compartment transport than
sliding door motion. The human wake effect enhances the
compartment-to-compartment transport. Experiments and
unsteady Computational Fluid Dynamics (CFD) simulati-
ons are presented by (Chang et al., 2016) to investigate the
contaminant inleakage produced by the hinged door ope-
ning and closing. The indoor air flow and mass exchange
induced by the rotating motion of a hinged door separating
two rooms is investigated by (Papakonstantis et al., 2017).

Experimental studies of air flow, temperature and humi-
dity patterns in cold rooms can be found in (Duret et al.,
2014; Hoang et al., 2015; Scaar et al., 2017). A simplified
heat transfer modeling in a cold room with loads is pre-
sented by (Laguerre et al., 2015). CFD studies of airflow
inside cold stores with/without loads, usually accounts lo-
cal pressure loss source terms, to model fan and cooler
unit (Hoang et al., 2000; Nahor et al., 2005; Akdemir and
Bartzanas, 2015). In their study, (Wang et al., 2015), simu-
lated the air flow and temperature variation in an ice drink
refrigeration cabinet, during an automated dynamic cycle
of switching on and switching off. They used a porous-
jump model for thin perforated plate and pressure drop of
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the fan for air circulation.

The literature review presented above reveals that the
detailed numerical study of volume exchange with sliding
doors or studies dealing with the infiltration via doors for
cold store setup are not abundant in literature. Only a few
and very recent works report such attempts, for a cold
room (Foster et al., 2003; Carneiro et al., 2017) and for
refrigerated vehicles (Zhang et al., 2017). The present
study is aimed to perform a numerical analysis by solving
compressible form of the conservative 3D laminar Navier-
Stokes equation (without Boussinesq approximation) to-
gether with the energy and mass fraction equations for a
cold storage room with a product load, a fan, and a sliding
door. The commercial computer program StarCCM+ is
used for this purpose.

The paper is organized as follows. In section 2 we
present the governing equations and methodology for the
study of cold storage room. The problem setup is given in
section 3, followed by the results and discussion in section
4. Finally, the conclusions are drawn in section 5.

2  Method

2.1 Governing equations

The governing equations for the gaseous phase (inside the
cold storage room) is the 3D compressible Navier-Stokes
system of equations together with mass, species conser-
vation and energy conservation equations. The general
transport equation for any conserved property (p¢) can
be expressed as in the following standard (Versteeg and
Malalasekera, 2007) form:

ag—t¢+§.p¢\7:§-r§¢+s¢.

(D
The left hand side consists of the temporal term and the
advection term. On the right hand side, the terms signify
the diffusion term and the generation term respectively.
The solid phase continuum (a block of solid ice as a load
in the cold storage room) is governed by the energy con-
servation equation without any advection or source term.
We solve the unsteady Reynolds averaged Navier-Stokes
(RANYS) formulation. Realizable k¥ — € model is used for
turbulence. The gravity term in the momentum equati-
ons is treated directly without Boussinesq approximation.
Newtonian fluid and ideal gas law assumptions serve as
the constitutive relation and the equation of state. These
close the system of equations with appropriate boundary
conditions.

The finite volume method (FVM) based commercial
computer program StarCCM+ is used to solve the gover-
ning equations in the computational domain. For the pre-
sent study, the gas continuum consists of two species, na-
mely air and water (H,O) vapor inside the cold storage
room. We solve conjugate heat transfer problem by set-
ting the link between the solid phase and the surrounding
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gaseous medium of the room. The energy and momen-
tum source terms are assigned to represent the effect of
the cooler fan in the room without modelling the detail of
the cooler unit. The cases with sliding door of the room
are handled with the overset mesh setup of StarCCM+.
The background mesh (room region) and the overset mesh
(door with a surrounding region of choice) are generated
for this purpose. A time varying rigid body translation
is applied setting the motion parameters associated with
the door geometry for the operation of the sliding door
opening and closing. Unsteady simulations are perfor-
med accordingly. The overall setup of the different test
cases is described in section 3. The brief description of
the numerical schemes used in the present study is as fol-
lows. Second order schemes for convection, hybrid Gauss
least-squared gradient method based 2nd order schemes
for diffusion and Venkatakrisnan limiter function are cho-
sen in solver setup. First order Euler implicit scheme is
used for time integration with a time step Ar = 0.1s. Alge-
braic Multi-Grid (AMG) techniques are also invoked with
the setup mentioned above.

3 Problem setup

3.1 Opened/closed door and sliding door

A simplified cold storage room with a cooler fan and a
sliding door has been considered (see the schematic in
figure 1). Table 1 summerizes the Length (L), Breadth
(B) and Height (H) of different geometries for the test ca-
ses with the fixed door (either fully open or fully closed).
The dimension of the door is Imx2m. All walls of the
room are considered as adiabatic. Pressure outlet condi-
tions are set at the door when it is kept open with a pres-
cribed pressure and temperature of the environment. The
initial condition of room is set as: temperature, T = 243K,
the mass fraction of air Y,;; = 0.9, the mass fraction of
moisture Yy,o = 0.1, velocity field vV = 0, pressure P = 0.
The solid ice is kept at: temperature 7 = 255K and no-
slip wall is satisfied with an appropriate contact interface
(with zero resistance) for conjugate heat transfer calculati-
ons. At the opened door surface: environment temperaure
Teny = 293K, Yair = 0.7, Yu,0 = 0.3, P = 0. The cooler
fan specifications are prescribed with an energy source
—100W, a momentum source = 2 N/m?> and a momentum
source velocity derivative = 2kg/m? - s.
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Table 1. Dimensions for problem setup.

Geometry H L B  Area Volume
(m) (m) (m) (m*) (m’)
Coldroom 23 37 3.1 115 26.4
Iceblock 20 1.0 10 1.0 2.0
Coolerfan 03 0.5 03 0.15 0.045
Table 2. Test cases.
Case 1 Opened door with fan-off

Case 2 Opened door with fan-on
Case 3  Closed door with fan-on

Figure 1. Computational domain of the storage room.

We will first present the results of unsteady simulati-
ons with following cases (see table 2) with either closed
door or opened door situations (subsection 4.1). The cases
with sliding door setup will be presented subsequently in
subsection 4.2.

z

I x Temperature (K)
255.00 262.60 270.20

285.40

293.00

Figure 2. Case 1: contours of 7' on a z — x plane approximately
mid location of the load.
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Figure 3. Case 1: contours of y-component of velocity through
the door. Black curves represent zero velocity.

Z
IY X Mass Fraction of H20
0.23586 0.24869 0.26152 0.27435

0.28717

0.30000

Figure 4. Case 1: contours of Yj,0.

4 Results and discussion

4.1 Room with fully opened/closed door

For Case 1, the door is suddenly set as fully opened. The
unsteady simulation is performed (till # = 120s) according
to the boundary condition mentioned in section 3. Du-
ring this time, the air exchange occurred through the door.
The room temperature increases as the hot and moist air
flows in, through the upper section of the door. Around
this time the major portion of the room appears to reach
the outdoor temperature (see Fig 2). However, the cold
air leaves through the lower section of the door. This is
evident from the lower temperature around floor level of
the compartment. Figure 3 shows the velocity distribution
through the door. The hot air gets cooled as it circulates
around the cold product block. From the velocity distri-
bution (see Figure 3), it is clear that the maximum inflow
velocity at the upper level of the doorway is lower than the
maximum outflow velocity at the bottom level of the door-
way. The mass fraction of the water vapor also rapidly
gets increased to reach the outdoor condition by this ex-
change. Figure 4 shows the distribution of the water vapor
in the room. The temperature on the surface of the product
block is shown in figure 5. As expected, due to the proxi-
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Figure 5. Case 1: T contours at the product surfaces (left), contours of 7" and Yy, 0 at the floor level (middle and right).
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iY % Velocity (m/s)
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Figure 6. Case 2: contours of T (top left), contours of y-component of velocity through the door (top right) and line integral
convolution (LIC) of ¥ (bottom). Black curves represent zero velocity.
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mity and the exposure to the doorway, the temperature of
the nearest surfaces (upper portions) of the product block
is found to be higher than the other surfaces. Note that, the
temperature of the lower portions of the near-doorway sur-
faces is lower. This is in accordance with the distribution
of temperature in the room as well as near the floor le-
vel (see figure 5). Also, note that, the distribution of Yy,0
reveals the nature of advection and diffusion around the
ice block. More and more moist air are dragged along the
surfaces of the block downwards due the downward bulk
movement of air associtaed with the air exchange process
incepted by the opened door.

Case 2 is simulated with similar boundary conditions
as Case 1 with the added effect of a cooling fan unit. The
energy and momentum source terms are invoked to mo-
del the cooler fan as mentioned in section 3. From figure
6, it can be seen that the a more asymmetric distribution
of the temperature field in this plane compared to Case 1.
The overall distribution reveals that the temperature of the
room increases. The cooler capacity (set by the energy
source) is insufficient to cool the room during the 120 se-
conds time interval. It naturally means the increased cool-
ing load, and can be handled by altering the cooling ca-
pacity. For the present case, the airflow induced by the
fan actually enhances the mixing of the hot and moist air
intake from the opened door. This explains the observed
overall temperature distribution for this case. The velocity
distribution at the doorway and in the same sample z — x
plane is also shown in figure 6. The overall distribution
is much different compared to Case 1. This corroborates
with the effect of mixing due to the presence of the fan.
The fan induced mixed-air flows around the product block
also influences the heat transfer through the solid surfaces
differently compared to Case 1. Note that, we observed a
net mass flow rate out for both Case 1 and Case 2 through
the door at + = 120s. However, it is found to be ~ 38%
less mass flow rate out for Case 2 with the cooler fan-on
mode compared to Case 1 with fan-off mode.

Figure 7 shows the different contours associated with
fan alone when the door is closed (Case 3). The air flow
pattern is evidently different compared to the other cases
with open door. The cold air circulation from the cooler
fan is meant to enhance the freezing of the product load.
Figure 7 shows a clear trace of air flow from the fan that
contributes to convective hypothermia.

4.2 Room with sliding door

In this section, we present the results for a scaled down
cold storage room (dimensions are given in table 3) with
sliding door of size 6cm x 12cm. Figure 8 shows the setup
of the computational domain. Here we consider only air as
a working fluid. An overset mesh region is built around the
sliding door associated with a suitable background mesh.
The sliding door is opened and closed with a rigid body
motion via a suitable field function of the StarCCM+ pro-
gram. We solve unsteady laminar Navier-Stokes system
of equations for this preliminary setup. For these test ca-
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Table 3. Dimensions for sliding door setup.

Geometry H L B
(m) (m) (m)

Coldroom 0.18 0.19 0.12
Ice block 0.14 0.13 0.05
Coolerfan 0.02 0.01 0.05

ses, the cold ice block is kept at a constant temperature
(T = 255K) and the energy equation within the ice block
is not solved. The fan is modeled in such a way that, it
supplies 0.002kg/s of air at a temperature of 7" = 250K.
The outside temperature is prescribed as T = 300K. The
door is opened during the first 0.8s and closed during the
next 0.8s. We present the results at a 55% open door situa-
tion during the opening phase and closing phase of the sli-
ding door. The results are compared for cases with fan-off
and fan-on modes. Figure 9 shows the wall normal velo-
city contours at 55% open door situations. We found a net
mass flow rate out when the fan is off. The net mass flow
rates out of the room are almost identical during the ope-
ning and closing stages for the fan-off mode. On the other
hand, we observed that, the net mass flow rates are diffe-
rent at those stages when the fan is on. The fan induced
fluid-flow inside of the room influences the air exchange
through the door. During the opening phase, we noticed a
net mass flow rate out, while during the closing phase we
observed a net mass flow rate in. The net mass flow rate in
is about 4.8 times more than the mass flow rate out. Also
note that, the net mass flow rate in for the case with the
fan-on, is about 42% less than the net mass flow rate out
with fan-off situation. The temperature distributions at a
representative plane perpendicular to the door are illustra-
ted in figure 10 and figure 11. These contours corroborate
with the above mentioned air exchange behavior.

5 Conclusions

We carried out a numerical study of hot, moist air ex-
change through a sliding door in a cold storage room. It
has been observed that, the energy transport and the cool-
ing of the product load is affected by the fan and the door-
way. The air exchange and air mixing patterns differ noti-
ceably in the presence of a fan. The increased demand of
the cooling due to the hot and moist air exchange is being
noticed. Additionally, a preliminary analysis with tran-
sient sliding door setup for a scaled room with one cycle
of opening and closing is presented. Without the fan, the
air exchange appeared almost identical during the opening
or closing phase of the sliding door at 55% opening. On
the other hand, we found a lower air exchange rate with
fan-on mode. In future, a detailed study can be opted, ta-
king into account the more realistic condensation of the
moist air intake within the framework of a full scale cold
storage room with a transient sliding door.
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Figure 7. Case 3: contours of T (top left), the T contours (top right) at the product surfaces and LIC of v (bottom).

206 Proceedings of The 59th Conference on Simulation
and Modelling (SIMS 59), 26-28 September 2018,

https://doi.org/10.3384/ecp18153201
Oslo Metropolitan University, Norway



Figure 8. Computational domain of the scaled storage room
with sliding door.
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Figure 9. Door normal velocity contours at ¢t = 0.44s (left column) and at ¢ = 1.16s (right column). Top row

bottom row: with fan-on mode. Black curves represent zero velocity.
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Figure 10. Temperature contours in a representative plane perpendicular to the door at # = 0.44s (left) and at r = 1.16s (right) with

fan-off mode.
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Figure 11. Temperature contours in a representative plane perpendicular to the door at t = 0.44s (left) and at r = 1.16s (right) with
fan-on mode.
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