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Nomenclature
8) overall heat transfer coefficient [W-m2K™|
R thermal resistance [m*K-W]
d wall thickness (m)
q thermal load per unit of area [W-m]
T temperature [°C]
Subscripts
i overall
si internal surface
se external surface
Greek
AT  Temperature difference [°C]
A thermal conductivity [W.m™K™]
1. Introduction

Chilled food chain relies heavily on refrigeration for the main-
tenance of low temperatures during processing, transportation
and retail of chilled food products. In the UK, refrigeration
systems in the cold food chain are estimated to be respon-
sible for 16,100 GWh energy use and 13.7 MtCO2e Greenhouse
Gas Emissions in 2010. These account for approximately 28%
of final energy use and 7% of GHG emissions of the whole food
chain for 2010 (Defra, 2012). In chilled food processing facili-
ties, refrigeration can account for up to 60% of the total energy
consumption of the facility. Chilled food processing takes place
in large spaces with high ceilings where cooling is normally
provided by ceiling mounted fan coil units, air-socks or dif-
fusers. For the system to be effective, large air circulation rates
and air velocities are required which, combined with the low
temperatures, cause high energy consumption and in some
cases discomfort for the workers in the space. Therefore, air
distribution is an essential factor that needs to be carefully con-
sidered to create an environment capable of maintaining food
quality and shelf life without excessive worker discomfort. The
air distribution system should create a temperature and hu-
midity homogeneity around the food product to maintain its
quality and desired minimum shelf time. Mixing ventilation
is the most commonly used air distribution method in chilled
food processing environments. In a mixing ventilation system,
air is mixed in the entire room volume which results in a fairly
uniform environment in terms of temperature and contami-
nant concentration. In a chilled food facility with high ceiling
height, the room volume that is needed to be conditioned is
at the occupied space and where production takes place. Con-
sequently, the usage of mixing ventilation systems in spaces
with high ceilings can lead to energy wastage as this system
tends to condition the whole air volume of the space.

The air distribution patterns in large spaces can be ob-
tained from experimental tests including flow visualisation
studies and from modelling approaches. Studies to date have
focused on air distribution in large spaces in commercial build-
ings for ventilation and air conditioning applications to provide

thermal comfort for the occupants and reduce energy con-
sumption, and in cold rooms where the priorities are to
maximise the holding volume and provide uniform tempera-
tures in the space. Very little work has been reported in the
literature on air distribution in chilled food factories where the
objective is to maintain the temperature at low levels for food
safety and quality at the expense of high energy consump-
tion of the refrigeration plant. Therefore, improvement of the
efficiency of the cold air temperature distribution in chilled food
processing areas may play an important role to reduce the
energy consumption of the facility.

Air flow modelling techniques such as Computational Fluid
Dynamics (CFD) are becoming more popular over the last years
since they provide a better understanding of air flow and tem-
perature patterns in different situations in comparison with
time-consuming and costly experimental tests. For instance,
Moureh and Flick (2005) analysed the velocity characteristics
throughout a long slot-ventilated enclosure considering dif-
ferent inlet flow arrangement. In this study, the author
employed the high and low Reynolds number form of the two-
equation k-¢ model and the Reynolds stress model (RSM).
According to the results, the RSM was able to predict cor-
rectly the general behaviour of primary and secondary air flow
recirculation. Smale et al. (2006) reviewed CFD modelling ap-
plications for the prediction of air flow in refrigerated food
storage applications. The k-e turbulence model was found to
be not accurate enough to be used in many refrigerated food
storage applications, and only the Reynolds Stress Model (RSM)
was found to predict the separation between the wall jets and
the air flow patterns related to primary and secondary recir-
culation. Moureh et al. (2009a, 2009b) investigated the air flow
patterns above and within an enclosure with vented boxes. The
authors found that the RSM turbulence model represents rea-
sonably the air ventilation levels values obtained by
experimentation. Delele et al. (2009) applied multi-scale CFD
model to predict air velocity, temperature and humidity dis-
tribution in a loaded cold room. They tested 4 different two-
equation eddy-viscosity turbulence models to simulate the air
velocities and compared the results against experimental mea-
surements. Results showed that the standard k-w/SST k-o
models provided better prediction accuracies of the air veloc-
ity. Later on, Ambaw et al. (2013) reviewed the application of
CFD for the modelling of post-harvest refrigeration pro-
cesses. The authors concluded that the RSM model was a more
accurate model compared to the conventional k-¢, however, the
k-e model is more commonly used due to its lower computa-
tional requirements. Delele et al. (2013) also developed a three-
dimensional (3D) model in CFD to predict air flow and heat
transfer characteristics of a horticultural produce packaging
system. The standard k-g, RNG k-¢ and standard k-o two-
equation turbulence models were considered and the SST k-o
was found to provide the most accurate predictions. Mean-
while, Duret et al. (2014) and Laguerre et al. (2015) created an
empirical simplified model separated into zones for a cold room
filled with food products. The simplified model was found to
predict the product cooling rate and the final product tem-
perature at different positions in the cold room quite well. For
its part, Lin and Tsai (2014) studied the effect of supply dif-
fuser position and supply air flow rate on the thermal
environment of an indoor space. The authors reported that for



INTERNATIONAL JOURNAL OF REFRIGERATION 87 (2018) 47-64 49

a given diffuser, the temperature gradient in the space reduces
as the supply air flow increases due to greater mixing between
the room and supply air.

Jurelionis et al. (2015) investigated the impact of the air
supply method on the ventilation efficiency in a test chamber.
In this investigation, results showed that the one-way mixing
ventilation ceiling diffuser with low flow rate was more effi-
cient in terms of ventilation in comparison with the four-
way mixing and high air exchange rates. It was also concluded
that the displacement air distribution method was less effi-
cient than the mixing ventilation in terms of air removal. Rhee
et al. (2015) evaluated the performance of an active chilled beam
system in terms of uniformity for an indoor thermal environ-
ment in a full-scale test bed. The authors reported acceptable
thermal uniformity with the active chilled beam system even
at low air flow rates.

In general, CFD numerical studies applied to different re-
frigerated spaces for food conservation show that prediction
of air velocity, temperature distribution and mean age of the
air in these spaces can be obtained in good agreement with
experimental data (Chanteloup and Mirade, 2009; Chourasia
and Goswami, 2007a, 2007b, 2007c; Ho et al., 2010). Also, nu-
merical studies involving stratified air temperature are also
available for the performance analysis of underfloor air dis-
tribution systems (Fathollahzadeh et al., 2015; Pasut et al., 2014;
Zhang et al., 2016), or for the optimization of thermal comfort
and energy savings (Cheng et al., 2012, 2013; Ning et al., 2016).
Lastly, Tassou et al. (2015) provided a review of modelling ap-
proaches of chilled spaces in the cold food chain.

Regarding the air distribution system location, studies from
the open literature have shown that by modifying or relocat-
ing the air distribution system of different applications a
significant improvement in the temperature distribution of the
space can be achieved (Cheng et al., 2012, 2013; Ning et al., 2016).
In addition, it has been observed that air distribution systems
via displacement ventilation with different diffusers at a low
level and metal based-slot diffusers at a medium level are not
suitable due to nonhomogeneous and high air flows around
the space (Parpas et al., 2015). In the case of chilled food manu-
facturing and processing facilities, an efficient air distribution
configuration capable of cold air would lead to an energy con-
sumption reduction in the refrigeration plant (Parpas et al,,
2017a, 2017b). The key point for an existing chilled food pro-
duction facility is to improve the efficiency of the air distribution
systems with minimum changes on the actual system. There-
fore, the improved air temperature distribution system should
be adaptable from the existing system.

According to the literature, there are no studies evidenc-
ing air temperature distribution issues in chilled food processing
facilities. Therefore, in the present study, an investigation of
air distribution systems in two actual chilled food manufac-
turing facilities is presented. Data of temperature and velocities
at different locations were collected from the two facilities to
establish the thermal environment of the spaces. Two CFD 3D
models were then developed based on the dimensions of the
two processing food facilities. The models aim to predict the
thermal environment of the two case studies and to allow re-
liable analysis of improved air distribution systems and their
impact on the thermal environment of food processing
areas.

2. Methods and facilities under investigation

The scope of this research aims to improve the cold air tem-
perature distribution in chilled food processing areas. Improved
air temperature distribution should lead to the reduction of
the overall energy consumption of the refrigeration plant. Over
the last decade, chilled food production facilities had the trend
of using rooms with high ceilings. Usually, the unoccupied
volume existing above 2 meters high in a cold room is the dead
space in which chilled food products do not enter. As a result
maintaining the unoccupied volume at a low temperature to
provide chilled food safety is an energy waste. The first stage
of this research focuses on understanding the air flow and the
temperature variation in existing chilled food production fa-
cilities. Two 3D models based on CFD were developed for this
purpose. Two existing chilled food production facilities (case
study 1 and case study 2) using different air distribution systems
were monitored. The monitoring of the facilities was imple-
mented to understand the temperature and velocity distribution
in the space and also to validate the CFD models. It is impor-
tant to highlight that the two case studies are not presented
for comparison purpose between them but to find out the air
temperature distribution issues (such as high velocities, poor
temperature distribution and cooling of the whole space)
present in chilled food processing facilities where large spaces
are used.

Temperature control in these facilities is achieved by cooling-
coils operating with 100% of recirculated air and controlled by
individual thermostats. Fresh air is supplied periodically in the
space at room temperature without providing any contribu-
tion to the heat gains and cooling process. Therefore, fresh air
is not considered in the modelling. The fresh air supply process
in these facilities is very restricted to avoid contamination of
the food and keep high standards of hygiene. In addition, to
avoid any health problems in workers, it is known that the
working time in these facilities is strictly limited.

The air temperature was measured using HOBO U12-013 type
data loggers which were installed along the length at three dif-
ferent heights (knee level, head level and ceiling level) in the
space. The data were logged every 5 minutes over a 14-day
period. Air velocity and air dry-bulb temperature were also mea-
sured at the 3 different heights using a portable meter TSI
TA465-P with a thermoanemometer articulated probe 966. Based
on the type and the arrangement of the air distribution systems,
for a better view and understanding of the air flow direction,
measurements in two directions were applied (longwise and
widthwise the facilities) for each measurement point. The
logging interval of the instrument was set to 1 second and data
were averaged over a period of 1 minute. Table 1 presents the
measurement uncertainties of the sensors used.

2.1. CFD models and solution procedure

The steady-state 3D CFD models detailed in sections 2.2 and
2.3 were solved using the commercial ANSYS FLUENT® package
(ANSYS FLUENT Theory Guide, 2011). The air inside the food
processing area was considered to be compressible and the
density was allowed to vary according to the ideal gas law to
account for buoyancy effects. Other thermal properties were
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Table 1 - Sensor and measurement uncertainties.

Range  Uncertainty
Sensors
HOBO - temperature sensor (°C) 0 to 50 +0.35°C
HOBO - RH sensor (%) 10 to 90 +2.5%
Thermoanemometer — temperature -10 to 60 +0.30 °C
sensor (°C)
Thermoanemometer - air flow meter 0 to 50 +3.0%
(m-s)
Thermoanemometer — RH sensor (%) 5to 95 +3.0%

maintained constant. The food was not considered in the simu-
lations since it is already cold when it is sent (from a storage
room at similar conditions to those in the processing facility)
into the processing room. Besides, the time it stays in the room
for processing and packing is very short so the effect that the
heat gains from the food may have is negligible, therefore, it
was neglected in the modelling.

The 3D models were solved using the SST k-w model. The
SST k-0 model has been pointed out in open literature as a
more accurate model in comparison to the other k-e and k- ®
models (Delele et al., 2009, 2013; Stamou and Katsiris, 2006)
and less time-consuming in comparison to the 7-equation Reyn-
olds stress model.

The SST k-o turbulence model is a two-equation eddy-
viscosity model (Egs. (1) and (3)) which was developed by Menter
(1994) to effectively blend the robust and accurate formula-
tion of the model in the near-wall region. In general, two-
equation turbulence models allow the determination of the
turbulent length and the time scale by solving two separate
transport equations. The main difference from the turbulent
viscosity definition of the standard k- turbulence model is that
the modelling constants are different and is modified to take
into account the transport of the turbulent shear stress. The
SST k-w turbulence model is more accurate and reliable for a
wider class of flows than the standard k-o model. The follow-
ing transport equations define the SST k- turbulence model
form.

P) d o [ k| +
Z (k) + —(pkut;) = — A Ty — b + Gy — Yy +S 1
at(P )+8X1-(p u;) axj{ kax]}+ k= Ye + 5 (1)
) J 3 [ o
9 2 (pou) =211, 22+ G, - Y, + D, +S, 2
at PO+ o (P) axj{ ax,}+ T @
Gy = min(Gy, 10pB*kw) ©)
o =
Gy=—G
— 4

In Eq. (1), G, represents the generation of turbulence kinetic
energy due to mean velocity gradients. In addition, in Eq. (2)
G, represents the generation of w which is calculated like-
wise the standard k-o turbulence model. I'x and I, represent
the effective diffusivity of k and w respectively. Y, and Y,, rep-
resent the dissipation of k and ® due to turbulence. D, is the
cross-diffusion term, and S, and S, are user-defined source

terms. G, and G, are estimated as shown in Egs. (3) and (4),
respectively. In Eq. (3) G is determined as in the standard k-o
model. o is a factor for turbulent viscosity causing a low Reyn-
olds number correction.

The effective diffusivities I'_k and I'_o are determined by
Egs. (5) and (6). o_k and oc_w are the turbulent Prandtl
numbers for k and o, respectively. p_t refers to the turbulent
viscosity. More details of the turbulence model can be found
in the references (ANSYS FLUENT Theory Guide, 2011; Menter,
1994).

T=p+E (5)
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Each 3D model was solved with the pressure based solu-
tion algorithm, second order upwind energy and momentum
discretisation, body-force-weighted pressure discretisation, and
SIMPLE pressure-velocity coupling. The second order upwind
scheme is using a multidimensional linear reconstruction ap-
proach to compute with better accuracy the quantities at cell
faces. In addition, the body-force-weighted scheme imple-
ments the face pressure computations with the assumption
that the normal gradient of the difference between pressure
and body forces is constant. The SIMPLE pressure-velocity cou-
pling uses a relationship between velocity and pressure
corrections to enforce mass conservation and to obtain the pres-
sure field. More details about how CFD fluent works can be
found in the ANSYS Fluent Theory Guide (2011). The air inside
the food processing area was considered to be compressible
and the density was allowed to vary according to the ideal gas
law to account for buoyancy effects. Other thermal proper-
ties were maintained constant (specific heat, thermal
conductivity and viscosity). The raw materials of the food prod-
ucts were not considered in the simulation boundary conditions.
The majority of the raw materials are already cooled down prior
to their entry into the processing lines. Hence, any effect that
the heat gains from the food raw material thermal mass may
have to the thermal environment is negligible; therefore, it was
neglected in the modelling.

2.2. Case study 1: Air distribution via supply/return
diffusers

The dimensions of the case study 1 chilled food processing
area under investigation are 17 m wide, 40 m deep and 4 m
high. Fig. 1a shows a plan view of the facility including the
space geometry of case study 1. The HVAC system consists of
4 individually controlled Air Handling Units (AHU) in the roof
void, supplying air to the room space through 4 diffusers,
one per AHU. The location of the diffusers on the ceiling and
measurement points are also shown in Fig. 1a. In addition,
the horizontal black lines in Fig. 1a indicate the production
lines locations over the facility. The arrows indicate the dif-
fusers fins which were adjusted by the occupants. The portable
meter was used in the data collection. The data were logged
at 3 different heights (ceiling, head and knee level) and two
different directions for each measurement point. The diffusers
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Fig. 1 - Case study 1, (a) planar view of the model geometry and measurement points and (b) air distribution system via

supply/return diffusers.

are combined supply/return diffusers (Fig. 1) and supply air
from two sides along the width of the space and air is re-
turned through a return grille at the bottom face of the diffuser.
The thermostats, which are located on the return duct, were
set to 10 °C. The air cooling units operate 24 hours per day
and the air supply from each unit to the room space is ap-
proximately 1.4 m3s’. The maximum occupancy density of
the space is 110 people.

2.2.1. Model boundary conditions

Case study 1 model was designed using the actual dimen-
sions of the chilled food processing area as shown in Fig. 1 and
Fig. 2. The supply and return air flows from each air handling
unit were set to a value of 1.4 m*-s™%. The air supply and return
air diffuser boundary conditions were defined as mass flow
inlets and outlets, respectively. The air supply temperature was
set at 7 °C. The occupancy density was set to be the maximum
of 110 occupants. The occupants’ positions are indicated in Fig. 2
which are placed to both sides of the production lines. This
occupant arrangement occurs during peak production. Each
occupant was defined as a parallelepiped box with a surface
area of 1.84 m? (X: 0.1, Y: 1.8, Z: 0.4) and thermal load of
105 W-m™. The occupant’s thermal load was defined by the state
of activity (typical metabolic heat generation) based on ASHRAE
suggestions (ASHRAE, 2013). The lighting thermal boundary con-
dition was defined with a temperature of 28 °C for all the lights
surfaces (value measured experimentally). The production line
motors were defined as surfaces with a temperature of 105 °C
(measured experimentally). The motors are placed at the
beginning and end of each production line. In total 12 motors

are placed in the model. Other heat sources in the process-
ing area were neglected for this phase of the research. The
surrounding walls were considered adiabatic since the adjoin-
ing spaces operate at similar conditions. The thermal boundary
conditions of the ceiling and floor were defined as thermal heat
flux values calculated by taking into account the tempera-
ture profile and thermal resistances (Egs. (7-9)) over the interior
and exterior of the construction.

Ui:.;( w ) 7)
Rsi+R1+Rse\m‘K
d(m’K
R1=;( W j (8)
. w
q=UixAT (W) 9)

In Eq. (7), Ui represents the overall heat transfer coeffi-
cient and in Eq. (8), R1 represents the thermal resistance per
unit area of the construction; d represents the thickness and
A the thermal conductivity of the construction. In Eq. (7), Rsi
and Rse represent the outside and inside surface resistances
respectively (values are defined by the direction of the heat
flow). In Eqg. (5), q represents the total heat flow per unit area
of the construction. The floor heat flux was calculated assum-
ing a suggested ground temperature of 10.8 °C (value suggested
for London by CIBSE, 2015) and an insulated floor with a thermal
conductivity of 0.5 W-m™k™. In the case of the ceiling bound-
ary, an adjoining space temperature of 20 °C was assumed, and
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Fig. 2 - Case study 1, 3D model.

the ceiling was made of sandwich panels with heat transfer
coefficient of 0.28 W-m2k™.

The computational domain was discretised with an auto-
matic mesh method, mainly with tetrahedral and hexahedral
cells generated using the built-in ANSYS design modeller
meshing algorithm. The resulting mesh consisted of hexahe-
dral cells at the near-wall layers/domain and with tetrahedral
and hexahedral cells in the air domain. The mesh density was
gradually refined near the building wall, internal heat gains
surfaces and the air handling unit supply/return diffusers. The
final mesh size consists of 32 million elements, with element
dimensions between 0.04-0.15 m. Four inflation layers were em-
ployed near the wall surfaces with a first element size of 0.1 m
and a growth ratio of 1.2. In addition, a finer mesh was applied
by four inflation layers near the internal heat gain surfaces (oc-
cupants and lighting) and the air supply/return diffusers with
a first element size of 0.4 m and a growth ratio of 1.2 to capture
the effects of the boundary layer. The mesh gradually in-
creases towards the bulk of the air domain producing a
maximum element size of 0.15 m.

The final model mesh was generated following a mesh in-
dependence study. The convergence criteria for the
independence study were set to reach at least a 10~ residual
error for continuity and an average temperature tolerance
of +0.5 °C. Mesh refinement was performed by varying all mesh
sizes by the same ratio, but maintaining the inflation param-
eters. The simulation time for each steady-state case was 48
hours, with an average of 1500 iterations, on a 2.6 GHz, 32 GB
RAM, Intel Xeon Processor with 12 parallel threads. Simula-
tion results on the mesh independent grid showed an average
y* value of 6.

2.3.  Case study 2: Air distribution via fabric ducts

The dimensions of the case study 2 chilled food processing area
under investigation are 21 m wide, 24 m deep and 6.5 m high.

Fig. 3a shows the space geometry of case study 2. The HVAC
system consists of 5 evaporator coils (E#) distributing the air
with fabric ducts with a diameter of 0.9 m located at 6.0 m
height, Fig. 3b.

More details about the fabric duct can be found in Ke-fibertec
KE. The temperature in this facility is controlled by indi-
vidual thermostats located at the back of each evaporator with
8-9 °C air of set point temperature. The location of the evapo-
rators is also shown in Fig. 3a. The air flow rate that is
recirculated from each evaporator is approximately 4.5 m3-s.
The maximum occupancy density of the space is 96 people.
Red circles in Fig. 3a show the points where the Hobos data
loggers were located. The data loggers were installed at 3 dif-
ferent height levels for each measuring point.

2.3.1. Model boundary conditions

The case study 2 3D CFD model was designed using the actual
dimensions of the chilled food processing area, Fig. 4. The supply
and return air flow from each evaporator were set at 4.5 m3-s.
The target in an air-sock is to achieve a constant static pres-
sure inside the sock which will maintain its inflation and will
give a uniform discharge air velocity across the whole surface
(normally around 0.1 m-s™). The discharge air surface veloc-
ity is too low to give a momentum to the air to be thrown into
the space. Due to the density difference between the sup-
plied air and the room air, the supply air is displaced towards
the floor immediately after passing through the sock surface.
For the CFD modelling boundary conditions, the air supply from
the air-socks was defined as mass flow inlet setting up the total
coil air volume. The modelling air-sock surface discharge air
velocity varied around 0.1 and 0.2 m-s™. In addition, the coil
return air boundary conditions were defined as mass flow
outlets. The air supply temperature was set at 7 °C. The occu-
pancy density was set to be the maximum of 96 occupants.
Each occupant was defined as a parallelepiped box with a
surface area of 1.84 m? (X: 0.1,Y: 1.8, Z: 0.4) and thermal load
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Fig. 3 - Case study 2, (a) planar view of the model geometry and measurement points and (b) air distribution system via

fabric ducts.

of 105 W-m™ . The occupant’s thermal load was defined by the
state of activity (typical metabolic heat generation) based on
ASHRAE suggestions (ASHRAE, 2013). The lighting thermal
boundary condition was defined with a temperature of 28 °C
for all the lights surfaces. Other heat sources in the process-
ing area were neglected. The surrounding walls were considered
adiabatic since the adjoining spaces operate at similar condi-
tions. The floor heat flux boundary condition was calculated
taking into account a ground temperature of 10.8 °C (sug-
gested annual average outside temperature in London, CIBSE,
2015) and an insulated floor with a conductivity of 0.5 W-m™k™.
The ceiling boundary was established with an adjoining space
temperature of 20 °C, and the ceiling made of sandwich panels
with heat transfer coefficient of 0.28 W-m=2-k™.

The computational domain was discretised with an auto-
matic mesh method, mainly with tetrahedral and hexahedral

cells generated using the built-in ANSYS design modeller
meshing algorithm. The mesh density was gradually refined
near the building wall, internal heat gains surfaces and the air-
socks. The final mesh size consists of 34 million elements, with
element dimensions between 0.04-0.1 m. Four inflation layers
were employed near the wall surfaces with a first element size
of 0.08 m and a growth ratio of 1.2. In addition, a finer mesh
was applied by four inflation layers near the internal heat gain
surfaces (occupants and lighting) and the air-socks with a first
element size of 0.4 m and a growth ratio of 1.2 to capture the
effects of the boundary layer. The mesh gradually increases
towards the bulk of the air domain producing a maximum
element size of 0.1 m. The final model mesh was generated fol-
lowing a mesh independence study. The convergence criteria
for the independence study were set to reach at least a 10~
residual error for continuity and an average temperature
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Fig. 4 - Case study 2, 3D model.

tolerance of 0.5 °C. Mesh refinement was performed by varying
all mesh sizes by the same ratio, but maintaining the infla-
tion parameters. The simulation time for each steady-state case
was 48 hours, with an average of 3000 iterations, on a 2.5 GHz
(2 processors), 64 GB RAM, Intel Xeon Processor with 38 par-
allel threads.

3. Results and discussion

This section presents an analysis of the thermal environ-
ment in terms of air flow and temperature of the two processing
food facilities. CFD simulation results for each facility case study
are also presented and compared with the measured data.
Finally, the developed CFD model is used to improve the tem-
perature stratification in one of the case studies presented.

3.1.  Measurements, case study 1 and 2

The temperature and velocity variations over the space of the
case study 1 facility can be observed in Fig. 5. In Fig. 5 it can
be noted that the average air temperature in the space varied
between 11.5 and 14.0 °C with a 0.5 °C variation in each point
of measurement while air velocities ranged between 0.1 and
1.4 m-s™. According to the recorded data shown in Fig. 5, the
vertical temperature gradients around the space are insignifi-
cant. Also, temperatures measured at the different points in
horizontal direction showed similar values. This means that
the air distribution configuration via supply/return diffusers
cools down the whole space including a large unoccupied
volume.

Regarding the air flow velocities around the space shown
in Fig. 5, the highest values were obtained at the ceiling level
and the lowest values at the head and knee level. Air veloci-
ties in each point of measurement were found to vary up to
0.3 m-s*. At head level, the velocity in some locations was as
high as 0.6 m-s™ which, together with the low temperatures,
can lead to excessive percentage dissatisfied discomfort up to
60% or higher for the occupants according to the BS EN ISO
7730 (2005).

According to the measurements, it can be said that the air
distribution system via supply/return diffusers is effective to
keep the required conditions of temperature around the pro-
duction lines, and therefore to maintain the quality of the food
during its processing. However, it can be said that this air dis-
tribution configuration provides poor temperature stratification
which was observed in the whole space of the facility if com-
pared with an air distribution system capable of localizing the
cold where it is needed.

Fig. 6 shows the temperature and velocity trends over the
space for case study 2. In contrast to case study 1, monitor-
ing of the case study 2 facility showed some temperature
stratification, with the lowest temperatures measured at
knee level and highest at ceiling level. With a supply tempera-
ture from the air-socks at 7 °C, the average temperature in
the bulk of the space varied between 9.0 and 13.5 °C with
a +0.5 °C variation in each point of measurement. It was also
observed that the temperature stratification between the
three measuring heights followed an apparent steady distri-
bution pattern. However, it should be noted that most of the
sensors were located close to the facility walls which implies
that temperature stratification may occur mainly close to the
walls.



INTERNATIONAL JOURNAL OF REFRIGERATION 87 (2018) 47-64

55

L

HEH
HEH

9 M Factory Knee Level

Temperature (°C)

@ Factory Head Level

B

HEgH
H-H
HEBH
HIDH
(¥ T
H— HEOH
HIOH

A Factory Celing Level

M Factory Knee Level

Velocity (m.s™)

HA+C e

!
¢

7

> ——H +—r—

N
w —+e—H—

;
¥

@ Factory Head Level

A Factory Celing Level

-S> —

!
]
t 1 |

Measurement points

Fig. 5 — Case study 1, air temperature and velocity measurements.

In addition, in Fig. 6 the point of measurement 3 also shows
that in the case of the zones close to the air distribution systems
the temperature stratification may be just slight. With regards
to the air flow velocities in case study 2, they were found to
vary between 0.05 and 0.15 m-s™! with a variation up to
+0.1 m-s™ and the highest velocities measured at the knee and
head level. Measurements show that air velocities in case 2 were
much lower than those in case 1 resulting in a beneficial effect
to achieve a partial temperature stratification in the space with
low air velocities.

Based on the measured data, the use of fabric ducts appears
to be a more appropriate configuration for air distribution in

comparison to that in case 1. Fabric ducts employ wider air flow
areas covering the production lines and distributing low air flow
velocities around the occupied zone. It also seems to facili-
tate the air temperature stratification around those spaces that
are not directly cooled by the air flows from the air distribu-
tion system.

3.2.  Case study 1 modelling

This subsection shows the results from the modelling of the
facility with air distribution via supply/return diffusers. Fig. 7
shows the air temperature distribution at 5 lateral sections
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Fig. 6 — Case study 2, air temperature and velocity measurements.
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Fig. 7 - Case study 1, CFD modelling of air temperature in the space (°C), (a) 3D view, (b) frontal view, and (c) side view.

along each diffuser and a longitudinal section along the centre
line of the space. With a supply temperature from the diffus-
ers at 7 °C the temperature in the bulk of the space varied
between of 10.4 °C and 13.2 °C considering the same measure-
ment points as in Fig. 1a. As seen in Fig. 7 temperature
modelling showed just a small temperature stratification around
the space. In addition, it can be observed that the lowest
temperatures were reached at ceiling level and close to the
walls. On the other hand, temperatures slightly higher were
found around the occupied zone which may be the result of
the heat gains from the occupants. These results agree with
the data collected from the measurements which also showed
a poor stratification around the space of the food processing
facility.

In addition, Fig. 8 shows the modelled velocity distribu-
tion at 5 cross sections from each supply diffuser. According
to the modelling results, the air velocity around the whole space
varied between 0.05 and 1.6 m-s™. The highest air velocities were
mainly obtained at the ceiling level as it could be expected due
the diffusers small area used for the air distribution. It can also
be observed that the flow patterns are not as homogeneous
over the space as required and that air velocities are also rela-
tively high close to walls. With this air distribution configuration,
the air flows along the ceiling to the side walls, and then it flows
down the wall until it reaches the floor. Then, recirculation takes
place in an area between floor level and 2.5 m above floor level.

There is also some air recirculation between the supply and
return grilles sections of the combined supply/return diffus-
ers which imply an inefficient use of supply cold air. In Fig. 8
it can also be noted that the air displacement around the space
is mainly influenced by the high air flow velocity from the
supply/return diffusers rather than buoyancy effects due to heat
gains from the workers and equipment. Modelling results
confirm that this type of air distribution system tends to cool
down almost uniformly the whole volume of the space at very
high and nonhomogeneous air flow velocities.

Fig. 9a presents a comparison between the average tem-
perature data collected including the measurement uncertainty
and the modelling results. The position of each point of mea-
surement can be identified in Fig. 1. From Fig. 9a it can be
observed that predicted air temperatures are lower than the
measured data. In the case of the CDF model for the case study
1, it was developed for fixed fins supply diffusers. However, the
case study 1 chilled food facility supply diffusers have adjust-
able fins that are manipulated by the workers. As a result of
the occupant’s on-site fins adjustment, it could have re-
sulted in an even more homogeneous space temperature which
was the reason why modelling results showed slightly lower
temperatures at a low level and higher temperatures at ceiling
level compared with experimental measurements. However,
the model shows a good level of prediction for the air tem-
perature trend and distribution achieved in this case study in
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Fig. 8 - Case study 1, CFD modelling of air velocity in the space (m-s),(a) 3D view, (b) frontal view, and (c) side view.

which very poor temperature stratification in the space was
observed.

To determine the validity of the model, the temperature pro-
files predicted by the model were compared against temperature
measurements in the space. Results from this comparison are
shown in Fig. 9b. To conclude to the maximum error bound-
aries (+2.0 °C and -1.8 °C error), for each measurement spot all
modelling values were subtracted from experimental values.
The middle line in the graph indicates the position of 0 °C error.

The line above and below indicates the error boundaries of
+2.0 °C and -2.0 °C. The blue spots indicate the modelling values
on X axis and experimental value onY axis. The distance from
the red line depicts the prediction error. Blue spots existing
above and below the red line presents a positive and nega-
tive prediction error respectively. The absolute average error
across all test points in the space was found to be 0.8 °C lower
than the measured values. The formula used to calculate the
absolute error is given in Eq. (10). The maximum absolute error
was found to be 2.0 °C higher than the measured value.

Absolute Error = CFD Value-Experimental Value (10)

3.3.  Case study 2 modelling

Modelling results of the facility with air distribution via
fabric ducts are presented below. Fig. 10 presents the modelled

air temperature distribution at different cross sections along
the space. With a supply temperature from the air-socks at
7 °C the temperature in the bulk of the space varied between
of 9.5 and 12.6 °C considering the same measurement points
in Fig. 3a. From all air temperatures values measured at each
point, the lowest temperature values were obtained at knee
level and the highest temperatures at ceiling level. Tempera-
ture modelling confirms that a slight stratification was obtained
as it was also the case for the measured data especially at
those measurement points close to the facility walls. Further-
more, Fig. 10b and c shows that the space below the fabric
ducts and above head level present even lower air tempera-
tures than those between head level and knee level. It
confirms that there is an insignificant temperature stratifica-
tion around the zones directly below fabric ducts due to the
low temperature of the air supplied. This agrees with the
measurements (see Fig. 6) due to the fact that, for instance,
the point of measurement 3 being located below fabric 4
showed just a small air temperature gradient if compared to
those at the other measurement points. In addition, Fig. 10
shows that the air temperature between head level and knee
level around the production lines is influenced by the heat
gains from the workers.

Fig. 11 depicts the modelled air velocity distribution at dif-
ferent cross sections along the space. In this figure it can be
observed that air velocities at the different measurement points
(Fig. 3) were very low and ranged from 0.02 to 0.25 m-s™
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Moreover, modelling results also show that higher values can
be found close to the evaporator air return and along the
workers. From the simulation it can also be noted that the di-
rection of the air flow is influenced mainly by the suction from
the evaporator coils located at different points of the facility
and in a lesser extent due to buoyancy effects from the work-
er’s heat gains.

It is then observed that the use of fabric ducts for air dis-
tribution allows having an even and low air flow distribution
over the production zone which is at some extent beneficial
for the workers. Fig. 12a and b presents the comparison between
the average temperature data collected including the mea-
surement uncertainty and the modelling results. This figure
also shows that the model underpredicts the air tempera-
tures in comparison to the measured data, however, the model
shows a better level of prediction for the air temperature dis-
tribution in comparison with that of the case study 1. The
average absolute error across all test points in the space was
found to be 0.6 °C lower than the measured values. The
maximum error was found to be 1.7 °C lower than the mea-
sured value. In any case, predicted air temperatures also show

some level of stratification just as observed from the mea-
sured data.

The modelling results validation shows that the predicted
air temperatures and their trends are in good agreement with
the data collected from the two facilities with different air dis-
tribution systems. Furthermore, based on the measurements
and modelling results, it can be highlighted that fabric ducts
provide a better environment in the space in terms of air ve-
locity uniformity at the level of the production area in
comparison to the use of air supply/return diffusers. In addi-
tion, temperature stratification can be improved by relocating
the fabric duct in a way that the cold air is localised around
the production zone to reduce the energy use for the cooling
of the whole space.

3.4. Improved temperature distribution

This section presents the results from the modelling of case
study 2 with the air distribution system via fabric ducts located
at a medium level. The fabric duct was selected due to the fol-
lowing reasons: wide air flow area which results in low air
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Fig. 10 - Case study 2, CFD modelling of air temperature in the space (°C), (a) 3D view, (b) frontal view, and (c) side view.

velocities, homogeneous air flow distribution over the produc-
tion zone and easy adaptability. The 3D CFD model was
implemented with the same boundary conditions and solu-
tion procedure as those in the initial model. The main difference
with respect to the reference case is that the fabric ducts and
the control thermostats were placed at a medium level. In a
real situation, a hood can be added to the evaporator coil in a
way that the return air is only driven from the bottom. However,
in the present model, the coil was also moved down. As it was
mentioned before, the space height is 6.5 m and the fabric ducts
are currently installed at 6.0 m height. The new installation
height for the air distribution modelling is 3.5 m creating a 3.0 m
difference with respect to the floor. This is the minimum space
allowed so the system does not interfere with the production
and cleaning activities. Fig. 13 shows the model geometry of
the air distribution system at a lower level.

Fig. 14 shows the temperature profiles from the relocation
of the air distribution system via fabric ducts at different
cross sections along the space. With a supply temperature
from the air-socks at 7 °C the temperature in the bulk of the
space varied between 9.4 and 16.9 °C considering the same
measurement points in Fig. 3a. As observed in Fig. 14, the
lowest temperatures were obtained at the occupied zone
where the temperature difference obtained between the
head and knee level was just 0.3 °C in average. The average
temperature at the occupied zone was 9.9 °C while the
average temperature at ceiling level was 15.9 °C. Modelling
results also show that the limiting factor to achieving lower
temperatures at the occupied zone is the heat released by
the occupants.

Meanwhile, Fig. 15 depicts the modelled velocity distribu-
tion at different cross sections along the space. From this figure
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Fig. 11 - Case study 2, CFD modelling of air velocity in the space (m-s™),(a) 3D view, (b) frontal view, and (c) side view.

it can be observed that the air velocities were similar to the
initial model. In this case, velocities varied between 0.02 and
0.35m-s™ In Fig. 15 it can also be observed that by locating
the air distribution system at a medium level, air displace-
ment is mainly observed at the occupied zone while the air
flow at the unoccupied zone is negligible.

Moreover, Fig. 16 presents the comparison between the air
temperature profiles obtained from case study 2 and the modi-
fied model. The average ceiling level resulting temperatures from
the different points of measurement were 11.7 °C and 15.9 °C
for the initial and modified configurations, respectively. It means
that the predicted air temperatures at ceiling level with the modi-
fied model are in average 4.1 °C higher than the initial model.
In addition, the average air temperatures at the occupied zone
were 10.2 °C and 9.9 °C for the initial and modified configura-

tions, respectively. In total, an average temperature difference
was obtained between the unoccupied and occupied zone of
1.5 °C and 5.9 °C for the initial and modified cases, respectively.

In general, it is observed that the temperature difference
between the knee and the head level from the modified model
is as small as that with the initial model. Furthermore, the
modified model results show that the temperature differ-
ence between the head and ceiling level is significantly
increased when lowering the air distribution system which
means that the cold air is localised around the production zone
at low air flow velocities. However, it should be a warning that
significant temperature difference at ceiling level may result
in heat storage at ceiling level which in turn could increase
the ceiling temperature and radiative heat exchange with
workers in the production area.
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Fig. 13 - Case study 3, fabric ducts at medium level 3D model.
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Fig. 14 - Case study 3, CFD modelling of air temperature (°C), cross sections (a) frontal view and (b) side view.

Modelling results demonstrate the feasibility of flexible
systems which can be easily retrofitted onto existing air dis-
tribution systems and could provide both energy savings and
better thermal control conditions in the space through low air
velocity supply and thermal stratification.

4, Conclusions

This paper outlines research that aims to investigate and
improve the efficiency of air distribution and temperature
control systems in chilled food manufacturing facilities. Two

different air distribution systems (case 1: supply/return dif-
fusers, and case 2: evaporator coils with fabric ducts) used to
provide cooling into the space of two existing food manufac-
turing facilities were analysed both experimentally and
numerically. The following conclusions can be drawn from the
present study:

e Validation of the computational models showed good ac-
curacy to predict air flows and thermal environment in both
case studies. Maximum errors of 2.2 °C and 1.7 °C were ob-
tained for case 1 and 2, respectively.

e Air distribution via supply/return diffusers in case 1 was
effective to maintain the required temperature condition
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Fig. 15 - Case study 3, GFD modelling of air velocity vectors (m-s), cross sections (a) frontal view and (b) side view.
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in the space for maintaining food quality, however, it pro-
vided excessive high air flow velocities. In addition,
temperature stratification in whole food processing facil-
ity space was poor.

¢ The air distribution system via fabric ducts was found to
be a more appropriate method to provide adequate and even
air flows, including very low air velocities.
Further modelling showed that air temperature stratifica-
tion in the food processing facility can be improved by
relocating the fabric ducts at a lower level to localise the
coldness around the production zone. It allows maintain-
ing the required temperature around the occupied zone at
low air flow velocities and increasing the temperature gra-
dient up to 4.1 °C in the unoccupied zone.

e Future studies will deal with the development of an air flow
distribution-energy coupling model to quantify energy
savings resulting from the improvement of the air strati-
fication in the space.
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