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Chilled food manufacturing facilities in the majority of cases have high ceilings to allow flexibility for the
accommodation of different height equipment and manufacturing lines. The facilities are normally cooled
by fan coil units located at ceiling level in a similar way to cold rooms, resulting in high velocities, uncom-
fortable environments for the workers and high energy consumption. To address these issues, this paper
investigates the influence of different air distribution arrangements on air velocities and temperatures in
a laboratory scale test facility and by means of a CFD model. The objective was to achieve low velocities
and uniform temperatures at low level to achieve temperature stratification between floor and ceiling
levels to reduce energy consumption. Experimental and CFD modelling results agreed that supplying
air at medium level in the space through fabric ducts ‘socks’ could provide temperature stratification
of the order of 7 �C between floor and ceiling level and energy savings in the region of 9% compared to
ceiling mounted fabric ducts and 23% over non-ducted cooling coils mounted at ceiling level.
� 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The chilled food industry has shown significant growth in the
last three decades. Based on data from the Chilled Food Association
(CFA) the chilled food industry in the UK grew from £550 m in
1989 to £9755 m in 2012. In recent years, chilled food manufactur-
ing in the UK has experienced annual increases of around 10% [1].
Refrigeration systems in the UK cold food chain are estimated to be
responsible for 16,100 GWh energy use and 13.7 MtCO2e Green-
house Gas Emissions. These represent approximately 28% of final
energy use and 7% of GHG emissions of the whole food-chain [2].

Chilled food products have short shelf lives and need to be pro-
cessed in facilities at temperatures in the range between +4 and
+12 �C depending on the type of product, processing time and
the desired minimum shelf time. Current food processing takes
place in large spaces with high ceilings. In these spaces cooling is
normally provided by ceiling mounted fan coil units drawing air
from the space and discharging it back at high velocity directly
through duct mounted diffusers. These systems employ the mixing
cooling principle by which air is mixed in the entire room volume.
This results in fairly uniform environments in terms of tempera-
ture and contaminant concentration but leads to energy wastage
as all the air in the space volume is cooled to low temperature even
though only the air at a low level, just above the food processing
lines needs to be maintained at a low temperature for food safety
and shelf life.

The air distribution patterns in large spaces can be obtained
from experimental tests including flow visualisation studies and
from modelling approaches. Studies to date have focused on air
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distribution in large spaces in commercial buildings for ventilation
and air conditioning applications to provide thermal comfort for
the occupants and reduce energy consumption, and in cold rooms
where the priorities are to maximise the holding volume and pro-
vide uniform temperatures in the space. Very little work has been
reported in the literature on air distribution in chilled food facto-
ries where the objective is to maintain the temperature at low
levels for food safety and quality but also reduce thermal discom-
fort for the occupants in the space.

Regarding experimental studies dealing with air distributions
systems, Rees and Haves [3] studied the air flowmixing and overall
temperature gradient in a room with displacement ventilation and
chilled ceiling for office environments. The authors found that sig-
nificant air mixing reduces temperature gradients in the upper part
of the room. Cheng et al. [4] analysed the effect of different loca-
tions for the supply and return grilles on thermal comfort and
energy savings. The authors showed that temperature stratification
in the space can provide both energy savings and thermal comfort
for the occupants. Lin and Tsai [5] 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 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.

Menwhile, Jurelionis et al. [6] investigated the impact of the air
supply method on the ventilation efficiency in a test chamber. In
this investigation, the aerosol particle dispersion with different
air distribution methods was analysed. Results showed that the
one-way mixing ventilation ceiling diffuser with low flow rate
was more efficient in terms of ventilation in comparison with the
four-waymixing and high air exchange rates. It was also concluded
that the displacement air distribution method was less efficient
than the mixing ventilation in terms of air removal. Rhee et al. [7]
evaluated the performance of an active chilled beam system in
terms of uniformity for an indoor thermal environment in a full-
scale test bed. The authors reported acceptable thermal uniformity
with the active chilled beam system even at low air flow rates.

Airflowmodelling techniques have been developed over the last
30 years to provide a better understanding of air flow patterns and
temperature distribution in large spaces including cold rooms.
Smale et al. [8] reviewed CFD modelling applications for the pre-
diction of airflow in refrigerated food storage applications. It was
reported that the k-e turbulence model was not accurate enough
to be used in many refrigerated food storage applications and the
RSM (Reynolds Stress Model) provided higher degrees of accuracy.
Ambaw et al. [9] reviewed the application of CFD for the modelling
of post-harvest refrigeration processes. The finite volume method
with the upwind differencing scheme was identified as the most
common solution method. In addition, it was reported that the
Reynolds Stress Model (RSM) provides more accurate predictions
compared to the conventional k-emodel but the k-emodel is more
commonly used due to its lower computational requirements.

Laguerre et al. [10], in order to avoid the computational time of
a CFD model, created a simplified model using the knowledge
obtained from experimental measurements. The model was sepa-
rated into zones and heat balance equations for each zone were
developed. The simplified model was found to predict the product
cooling rate and the final product temperature at different posi-
tions in the cold room quite well [10,11].

For its part, Delele et al. [12] developed a multi-scale CFD model
using 4 different two-equation eddy-viscosity turbulence models
to predict air velocity, temperature and humidity distribution in
a loaded cold room. Results showed that the Standard k-x /SST
k-x models provided better air velocity prediction accuracies
when compared to experimental data. Delele et al. [13] also devel-
oped a 3-Dmodel in CFD in order to predict air flow and heat trans-
fer characteristics of a horticultural produce packaging system. The
air flow in the space was solved using the Reynolds averaged
Navier Stroke equations (RANS). The standard k-e, RNG k-e and
standard k-x two equation turbulence models were considered
and the SST k-x was found to produce the most accurate predic-
tions of air pressure drop and produce temperature when com-
pared to experimental data. In addition, CFD numerical studies
from the literature show that prediction of air velocity, tempera-
ture distribution and mean age of the air in different food refriger-
ated spaces can be obtained in good agreement with experimental
data [14,15,16,17,18].

Moreover, Pasut et al. [19] simulated underfloor air distribution
via fabric ducts and rigid ducts. The authors mainly focused on the
analysis of the discharge air temperature and flow through the dif-
fusers. The k–e turbulence model was employed in the CFD model.
The authors also conducted experiments in a full-scale underfloor
plenum in order to validate the developed CFD models. Recently,
Fathollahzadeh et al. [20] studied the effect of using two types of
inlet diffusers (direct and swirl) with combined and separate
return and exhaust air vents on the thermal comfort, indoor air
quality and energy consumption in an indoor environment. Main
results showed that the energy consumption of the system
decreased by reducing the height of return air vent from ceiling
to floor height. In general, numerical studies involving stratified
air temperature are available for the performance analysis of
underfloor air distribution systems [19–21], or for the optimization
of thermal comfort and energy savings [22,23]. Lastly, Tassou et. al.
[24] provided a review of modelling approaches of chilled spaces in
the cold food chain.

According to the literature, there are not studies evidencing air-
temperature distribution issues in chilled food processing facilities
and its effect on the refrigeration plant energy consumption.
Therefore, this paper describes CFD modelling and experimental
investigations into air velocity and temperature distribution in an
experimental test facility designed to represent chilled food pro-
cessing environments. The objective was to investigate ways of
providing low air temperatures and velocities at a low level to sat-
isfy food manufacturing regulations whilst reducing energy con-
sumption of the refrigeration plant.
2. Procedure

The initial stage of this research was focused on understanding
the air flow and temperature variation in existing chilled food facil-
ities using measurements and CFD modelling [24,25]. The research
reported in this paper deals with the experimental investigation
and CFD modelling of different air distribution arrangements to
achieve temperature stratification in the space and reduce energy
consumption.
2.1. Experimental facility

The experimental test rig was established using an environmen-
tal chamber constructed with insulated cold room panels. The
chamber dimensions are 2.9 m (H) � 6.6 m (L) � 3.5 m (W). Cool-
ing in the chamber was provided by an evaporator coil served by
an R404a condensing unit situated outside the test rig in the ambi-
ent air. A schematic diagram of the layout of the test rig is shown in
Fig. 1. For the initial experiments, two air distribution methods
were tested.

(i) Evaporator coil without any ducting as shown in Fig. 2a.
(ii) Air distribution using fabric ducts (tests were performed

with a duct of 0.4 m in diameter and 4.0 m in length
installed at ceiling level as illustrated in Fig. 2b.



Table 1
Measurement uncertainties of the sensors.

Operating
range

Uncertainty

Sensors
Thermocouples with TC adapter, (�C) �50–400 ±0.5 �C
Thermoanemometer - Air flow meter, (m.s�1) 0–50 ±3.0%
Energy logger - Power consumption, (Arms) 1–400 ±0.5%

Fig. 1. Outline of the experimental test facility with air distribution via fabric duct at ceiling level, reference case.

Fig. 2. Experimental test facility: [a] air distribution via plain evaporator coil and
[b] air distribution via a round fabric duct.
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The first configuration is used in a large number of chilled food
manufacturing facilities. In the case of the air distribution via fabric
duct, it appears as an attractive option due to its practical design,
reduced acquisition and maintenance cost and homogeneous air
flow if compared to metal-based air distribution systems. The
fabric duct that was used in the 2nd experimental set-up was fab-
ricated with the ‘KE - Low Impulse textile duct fabric’ of Ke-fibertec
[26]. Air temperature measurements in the chamber, using T-type
thermocouples, were taken at 4 sections along the length of the
chamber (see Fig. 1) and 4 sections along the width of the chamber
(Right-wall, Right-centre, Left-centre and Left-wall) and at three
heights, knee level, head level and ceiling level. In total, 48 temper-
ature sensors were installed. The thermal load from occupants (OC)
was simulated by 4 rectangular boxes of 1.6 m2 surface area each
wrapped with trace heater elements, 150 W each. The measured
temperature at the top of the occupants was on average of 14 �C.
Air velocity measurements were also taken close to the position
of each temperature sensor using an air flow meter TSI TA465-P
with a thermo-anemometer probe 966 [27].

The electrical power consumption of the refrigeration system
was recorded by a portable power meter Fluke 435 Series II [28].
A variable speed controller was also used to control the supply
air. In addition, four data scan flowmodules 7020 used for the tem-
perature [29]. The logging interval of the data was set to 10 s. The
time for each test was 17 h.

Table 1 presents the measurement uncertainties of the used
sensors. The air temperature in the test chamber was controlled
using a temperature controller with the thermostat located on
the evaporator air suction side and set to 9.7 �C.

2.2. CFD model details

The dimensions of the scaled model volume are those of the
experimental test room. The HVAC system consisted of a single
evaporator coil circulating the air. As in the case of many existing
processing facilities, the evaporator is operated with 100% recircu-
lated air. The evaporator is controlled by a thermostat with 9.7 �C
air-of set point temperature. The steady state 3-D CFD model was
solved using the commercial ANSYS FLUENT� package [30].
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2.2.1. Boundary conditions
The air flow supply and return from the evaporator were ini-

tially set at 2825 m3 hr�1. The air supply from the supply and
return air sections at the coil boundary conditions were defined
as mass flow inlets and outlets, respectively. The air supply tem-
perature was set at 7 �C. The occupancy density of the investigated
processing area was set at 4 occupants taking into account the
scaled model area. Each occupant was defined as a rectangular
box with a 1.57 m2 surface area (1.2 m height) with a sensible ther-
mal load of 150 W. The lighting heat load was set at 30 Wm�2 floor
area. Other heat sources into the processing area were neglected.
The thermal boundary conditions of the surrounding walls were
approached taking into account the thermal resistances (Eq. (1))
and heat flow (Eq. (2)) from the exterior to the interior of the
chamber, and considering an outdoor temperature of 20 �C. The
wall thickness was 0.1 m while the thermal conductivity of the
wall was 0.023W�m�1�K�1. The exterior and interior wall surfaces
resistances were 0.13 m2�K�W�1 and 0.04 m2�K�W�1 respectively.

Ui ¼ 1
ðRsiþ R1þ RseÞ

W
m2 K

� �
ð1Þ

q ¼ Ui� DT
W
m2

� �
ð2Þ
2.2.2. CFD simulation solution procedure
The model was solved with the pressure based solution algo-

rithm, second order upwind energy and momentum discretisation,
‘Body-Force’ weighted pressure discretisation, and SIMPLE
pressure-velocity coupling. The air inside the 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 (such as specific heat, thermal conductiv-
ity and viscosity) were maintained constant. Even though, accord-
ing to the literature, the Reynolds Stress Model (RSM) provides
more accurate predictions compared to the conventional k-e mod-
els, the SST-k-x turbulence model was applied in this simulation
since it was found to predict measured data with good accuracy
and a reasonable computational time. The SST k-x model has also
been pointed out in open literature as a more accurate model in
comparison to the others k-e and k- x models [8,9,19,21,31].

The SST-k-x turbulence model is a two-equation eddy-viscosity
model (Eqs. (3) and (4)) which was developed by Menter [32] to
effectively blend the robust and accurate formulation of the model
in the near-wall region. In general, two-equation turbulence mod-
els allow the determination of the turbulent length and the time
scale by solving two separate transport equations. The main differ-
ence from the turbulent viscosity definition of the standard k-x
turbulence model is that the modelling constants take into account
Fig. 3. 3-D models (a) with Fabric
the transport of the turbulent shear stress. The SST-k-x turbulence
model combines the usage of the k-x formulas for the inner parts
of the boundary layers and the usage of the SST formulation in the
free-stream. As a result, the SST-k-x turbulence model can be used
as a Low-Re turbulence model without any extra damping func-
tions and by switching to the k-e behavior, the common k-x prob-
lem where the model is too sensitive to the inlet free-stream
turbulence properties is avoided. The SST-k-x turbulence model
is more accurate and reliable for a wider class of flows than the
standard k-x model.

The following transport equations define the SST-k-x turbu-
lence model.

@

@t
ðqkÞ þ @

@xi
ðqkuiÞ ¼ @

@xj
Ck

@k
@xj

� �
þ fGk � Yk þ Sk ð3Þ
@

@t
ðqxÞ þ @

@xj
ðqxujÞ ¼ @

@xj
Cx

@x
@xj

� �
þ Gx � Yx þ Dx þ Sx ð4Þ

In Eq. (3), fGk represents the generation of turbulence kinetic
energy due to mean velocity gradients. In Eq. (4), Gx represents
the generation of x which is calculated in the same way as the
standard k-x turbulence model. Ck and Cx represent the effective
diffusivity of k andx respectively, and Yk and Yx represent the dis-
sipation of k and x due to turbulence. Dx is the cross-diffusion
term, and Sk and Sx are user-defined source terms. More details
of the turbulence model can be found in Ref. [30,32].

2.2.3. Mesh generation
The computational domain was discretized with an automatic

mesh method, with mainly tetrahedral cells (with hexahedral cells
in the boundary layer). The mesh density was gradually refined
near the building wall, the fabric duct and other surfaces in the
space. The final mesh size consisted of 9.4 million elements for
the case of the plain evaporator and 9.6 million elements for the
case of fabric duct. The element dimensions for both cases varied
between 0.02 AND 0.06 m (0.02 for lighting, occupants and sock.
0.04 for evaporator outlet. 0.06 for productions evaporator body
and walls). The finer mesh sizes were located near the wall sur-
faces, where 4 inflation layers were also employed to capture the
effects of the boundary layer. The final model mesh was generated
following a mesh independency study. The simulation time for
each steady-state case was 8 h, with an average of 3000 iterations,
on a 2.5 GHz, 64 GB RAM, Intel Xeon Processor (2 processors) with
48 parallel threads. Fig. 3 shows the developed CFD models for the
two investigated air distribution solutions.

Fig. 4 shows an example of the mesh independency study
implemented in order to conclude to a mesh independent solution.
The convergence criteria for the independency study were set to
duct and (b) Plain evaporator.



Fig. 4. Mesh independency study. Fabric duct at ceiling level.
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reach at least a 10–5 residual error for continuity and an average
temperature tolerance of ±0.5 �C. The 3 values of interest were
the average temperatures at knee, head and ceiling level height.
The initial mesh size was at 4.6 million cells and the solution con-
vergence criteria were met at 3000 iterations. Fig. 4 shows that a
solution was reached independently of the mesh resolution at 9.6
million cells. In addition, comparing with experimental values
the mesh with 9.6 million cells size provides a good prediction.
3. Results and discussion

This section discusses the results of the experimental measure-
ments and CFD modelling of the thermal environment arising from
the air distribution system via plain evaporator coil and fabric duct.
Then the analysis of an air distribution system is presented that is
located at a medium level as an alternative configuration. Finally,
the energy consumptions of the refrigeration system with the dif-
ferent air distribution configurations are compared.

3.1. Air distribution via plain evaporator coil

This sub-section presents the results of the experimental mea-
surements and CFD modelling of the thermal environment from
the air distribution system via plain evaporator coil installed at
ceiling level as shown in Fig. 2a.

3.1.1. Experimental test
Fig. 5a shows the temperature profiles from measurements in

the test chamber with air distribution via plain evaporator coil
installed at ceiling level. The evaporator fan velocity was set at
100 % which corresponds to the volumetric flow rate of 2825
m3 h�1. Temperature values correspond to the average values mea-
sured at each position. The average temperatures measured at
knee, head and ceiling level were 7.8 �C, 7.6 �C and 7.2 �C with a
±0.5 �C variation in each point of measurement, respectively. It
can be noted that the air temperatures were fairly uniform in the
space with no temperature stratification. In addition, it is observed
that higher temperatures were obtained at the knee and head level
which may be the result of the heat gains from the occupants.

Air velocities in the space are shown in Fig. 5b. They varied
between 0.2 and 2.2 m s�1 with highest values recorded at ceiling
level from the direct air discharge of the non-ducted cooling coil.
The average velocities across all measurement points for the knee,
head and ceiling level were 0.45 m�s�1, 0.37 m�s�1 and 0.82 m�s�1

respectively. At knee and head level, the velocity at some measure-
ment points was as high as 1.0 m�s�1 which may create an uncom-
fortable environment for workers around the production zone.
Based on the experimental data collected, it can be confirmed
that the air distribution system via non-ducted coil is effective to
maintain the required temperature conditions around the produc-
tion lines, which is the main requirement in order to conserve food
with a high quality during its processing. On the other hand, it can
also be observed that the whole space is cooled down at almost the
same temperature. In chilled food processing facilities where large
spaces are required, this would imply high energy consumptions
from the refrigeration units given the poor temperature stratifica-
tion observed in the whole space of the facility.
3.1.2. CFD modelling
Fig. 6a shows the air temperature distribution in the space with

a supply air temperature from the evaporator at 7 �C. The temper-
ature in the bulk of the space varied between of 7.0 �C and 8.0 �C
considering the same measurement points of the experimental
test. As seen in Fig. 5a. temperature modelling results showed
insignificant temperature variations around the space. In addition,
it can be observed that higher temperatures were found close to
the occupants due to the heat gains from those. This agreed with
the data collected from the measurements which also showed
the highest temperatures at a low level, mainly around the
occupants.

Furthermore, Fig. 6b shows the velocity distribution at 4 cross
sections along the space frommodelling the air distribution system
via plain evaporator at ceiling level. Modelled air flow velocities in
the space were found to be significantly high ranging from 0.02 to
3.0 m�s�1. As also noted experimentally, it is observed that the
highest air flows were found at ceiling level due to the direct air
discharge from coil employing a small air flow area. In addition,
the CFD model results show some air-draft at knee and head level
which can lead to excessive discomfort for the occupants according
to the BS EN ISO 7730:2005 [33].

It can also be observed that the air flow patterns over the space
are not homogeneous and that air velocities are also relatively high
close to the front wall. The air flows along the ceiling to the front
wall, and then it flows down next to the wall until it reaches the
floor. Then, recirculation takes place in an area between floor level
and ceiling level. From Fig. 6b it can also be observed that the air
displacement around the space is mainly influenced by the high
air flow velocity from the coil rather than buoyancy effects due
to heat gains from the workers and equipment.

Based on the CFD modelling results, it can be highlighted that
this type of air distribution method tends to cool-down uniformly
the whole volume of the space at very high and nonhomogeneous
air flow velocities leading to an excessive discomfort and non-
energy efficient system. In addition, Fig. 7 presents the average



Fig. 5. Measurements at different heights; Knee Level, Head Level and Ceiling Level. [a] Temperature profiles and [b] Velocity profiles.
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temperature and velocities data collected including a measure-
ment uncertainty of ±0.1 m�s�1 and the modelling results. In gen-
eral, the model shows a good level of prediction for the air
temperature and velocity trend and distribution achieved in the
space. From the results, the average absolute error across all test
points in the space was found to be 0.73 �C and 0.6 m�s�1.
3.2. Air distribution via fabric duct at ceiling level

This sub-section presents the experimental measurements and
CFD modelling of the thermal environment from the air distribu-
tion system via a round fabric duct installed at ceiling level as
shown in Fig. 2b.
3.2.1. Experimental test
Fig. 8a shows the temperature profiles from measurements in

the test chamber with air distribution via fabric duct at ceiling
level. The evaporator fan velocity was set at 100 % which corre-
sponds to the volumetric flow rate of 2825 m3 h�1. Temperature
values in Fig. 8a correspond to the average values measured at each
position. The average temperature values measured at knee, head
and ceiling level were 9.9 �C, 10.6 �C and 12.4 �C with a ±0.5 �C
variation in each point of measurement, respectively.

According to the data recorded, some temperature stratification
was obtained with the lowest temperatures measured at knee level
and highest at ceiling level. It was also observed that the temper-
ature stratification between the three measuring heights followed
an apparent steady distribution pattern. Furthermore, it can also be



Fig. 6. CFD Simulation of [a] air temperature in the space (�C) and [b] air velocity
(m�s�1).
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noted in Fig. 8a that the highest temperatures were obtained close
to the walls at ceiling level which may be due to the fact that the
air around those sections was not directly cooled by the air flowing
from the fabric duct. In the case of the central section, the air tem-
perature may be influenced by the heat gains from the lightings. In
addition, it was also observed that the heat gains from the occu-
pants influenced the temperature measurements of the sensors
Fig. 7. Experimental and CFD modelling results compa
located around the centre of the facility and that the lowest tem-
peratures were basically obtained close to the walls at knee level.

Regarding the air velocities shown in Fig. 8b, measured values
varied between 0.02 and 0.25 m s�1 with highest values recorded
at knee level. In this case, the highest velocity values found at knee
level may be caused by return and supply effect of the cooling coil
unit which provided recirculation of air in the space. Maximum air
velocity close to the fabric duct was found to be 0.17 m s�1. In gen-
eral, it can be said that the variation of air velocities was within the
range expected in air conditioned spaces and should not create
drafts in the space.

Comparing the air flow velocities obtained from the air distribu-
tion system via the non-ducted coil and fabric ducts it can be high-
lighted that the fabric duct provided much lower air flow
velocities. This is beneficial to achieve some temperature stratifica-
tion mainly around those space adjacent to the walls in compar-
ison to the case of the non-ducted coil.
3.2.2. CFD modelling
This subsection presents the results regarding the CFD mod-

elling of the experimental facility using fabric ducts as an air distri-
bution method.

Fig. 9a shows the air temperature distribution in the space with
a supply air temperature from the fabric duct at 7 �C. The temper-
ature in the bulk of the space varied between of 8.9 �C and 13.4 �C
considering the same measurement points of the experimental
test. This means that, as seen from the experimental results, some
temperature stratification was obtained with lowest temperatures
measured at knee level and highest at ceiling level.

Moreover, Fig. 9a clearly shows that space below the fabric
ducts and above head level present even lower temperatures that
those between head level and knee level due to the low tempera-
ture of the air supplied directly from the fabric ducts. The afore-
mentioned confirms the influenced of the heat gains from
rison for [a] air temperature and [b] air velocity.



Fig. 8. Measurements at different heights; Knee Level, Head Level and Ceiling Level. [a] Temperature profiles and [b] Velocity profiles.
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occupants and lightings on the air temperature values obtained
experimentally around this area at knee and ceiling level.

Fig. 9b shows the velocity distribution at 4 cross sections along
the space frommodelling the air distribution system via fabric duct
at ceiling level. Modelled air flow velocities in the space were
found to be very low and ranging from 0.01 to 0.3 m�s�1. It is
observed that the highest air flows were found close to the air
return section. Some air movement was also noted directly under
the fabric duct and above the occupants, the latter one occurring
due to the buoyancy effects.

Fig. 10 presents the average temperature and velocity data col-
lected, including a measurement uncertainty of ±0.05 m�s�1 and
the modelling results. In general, the model shows a good level
of prediction for the air temperature distribution and velocity
trend achieved in the space. From the results, the average absolute
error across all test points in the space was found to be 0.95 �C and
0.1 m�s�1.

In general terms, the accuracy of predicted air temperatures
compared with experimental data are in a good agreement. Tables
2 and 3 show a comparison of the average temperature and veloc-
ities cross all the measuring points at different measuring heights
between the predicted and measured values. From those it can be
seen that the average values between the experimental and mod-
elled values at different heights follow the same pattern.



Fig. 9. CFD Simulation results of [a] air temperature in the space and [b] air
velocity (m�s�1).

Table 2
Plain evaporator coil: CFD predicted values vs. measured values overview.

Experimental facility: Plain evaporator coil at Ceiling level

Average temperatures (�C)

Knee level Head level Ceiling level

Predicted 7.4 7.3 7.3
Measured 7.8 7.6 7.2

Average Velocities (m.s�1)
Knee level Head level Ceiling level

Predicted 0.400 0.360 1.010
Measured 0.450 0.380 0.820

Table 3
Fabric duct at Ceiling level: CFD predicted values vs. measured values overview.

Experimental facility: Fabric duct at Ceiling level

Average temperatures (�C)

Knee level Head level Ceiling level

Predicted 9.9 10.3 12.5
Measured 9.9 10.6 12.4

Average Velocities (m�s�1)

Knee level Head level Ceiling level

Predicted 0.030 0.060 0.11
Measured 0.070 0.044 0.13
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From the above results, it can be concluded that the fabric duct
delivered a better environment in the space in terms of air velocity
uniformity at the level of the production area. This was mainly due
to the lower air velocities in the space obtained with the fabric
duct air distribution method. Therefore, there was a clear influence
of the air flow velocity on the temperature stratification obtained
in the space. In addition, the fabric duct resulted in average air
temperature stratification in the space of the order of 2.5 �C.
Fig. 10. Experimental and CFD modelling results comp
3.3. Air distribution via fabric ducts at a medium level

Most chilled food factories operate 7 days per week, 24 h per
day with short breaks mainly for cleaning and shift changes. Any
modifications or changes to the current air distribution systems
need to be implemented during those short breaks in order to
avoid any disruption to food production. In a previous study, the
air flow and temperature from different alternative systems
arison for [a] air temperature and [b] air velocity.
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(including air distribution via displacement ventilation with dif-
fusers supply at a low level and a metal based-slot diffuser at a
medium level) were simulated [34]. However, these systems were
not suitable for the application under study due to the fact that
they were not able to provide homogeneous and low air flow
around the space. Therefore, an improved air distribution method
needs to provide homogenous air flow throughout the occupied
zone and to be easily adaptable to the cooling systems currently
installed to an existing chilled food facility.

Taking into account these constraints, the air distribution sys-
tem via round (circular) fabric duct located at a medium level
was selected for further modelling and experimental investigation
to establish their effectiveness in providing temperature stratifica-
tion leading to energy efficiency. Additionally, an air distribution
system via D-shape duct or half duct was also analysed with the
same purpose. Both systems can be easily retrofitted to evaporator
coils without ducted air distribution systems placed at ceiling
level. The easy implementation of both systems in existing chilled
food facilities is, therefore, a favourable aspect which contributed
in their selection.

3.3.1. CFD modelling and experimental verification
This section presents the results from the CFD modelling and

experimental study of the air temperature and flows distribution
via round (circular) fabric duct and D-shape duct located at a med-
ium level.

Both ducts measured 0.40 m diameter and 4.0 m length. The
only difference to the reference case was that the centre line of
the ducts was 1.15 m below ceiling level compared to 0.25 m for
the reference case.

Figs. 11 and 12 show the air temperature and flow distribution
using fabric ducts installed at a medium level. From Fig. 11a it can
be observed that the air temperature distribution from the round
fabric duct was homogenous around the occupied zone at the dif-
ferent heights with no significant difference between the head and
ceiling level. With a supply temperature of 7 �C from the fabric
duct, the temperature in the bulk of the space varied between
8.0 �C and 15 �C, with an average temperature at production height
of 8.0 �C. Temperature stratification was observed, with the lower
temperatures presented at the occupied space. The highest tem-
Fig. 11. 3-D CFD models air temperature profiles via [a] fabric duct a

Fig. 12. 3-D CFD models air velocity profiles via [a] fabric duct at a
peratures where identified at the ceiling level, as expected. More-
over, Fig. 11b shows that when the D-shape fabric duct at a
medium level was modelled, the temperature in the bulk of the
space varied between 7 �C and 14.0 �C, with an average tempera-
ture at production height of 7.1 �C. Interestingly, the temperature
gradients were more pronounced between the head level and the
ceiling level, keeping the space below the head level at a lower
temperature.

In addition, Fig. 12a and b show that the air distribution system
via fabric ducts at a medium level provided homogeneous flow
patterns along the space with very low air velocities (between
0.02 and 0.3 m�s�1) and maximum air velocities of 0.3 m�s�1 close
to the fabric duct in the case of the D-shape fabric duct.

Base on the CFD modelling results, the fabric ducts located at a
medium height level seem to be an adequate configuration for air
distribution in large spaces as those in chilled food processing facil-
ities. According to the CFD model results, the fabric ducts could
provide a remarkable level of temperature stratification and air
flow homogeneity over the production zone, together with an easy
implementation in an actual factory situation. It allows discharging
a high cooled air volume though the whole surface of the fabric
duct at low and uniform air velocities.

Following the CFD modelling results, fabric ducts at a medium
level were also tested at the laboratory for verification purposes.
Fig. 13a shows the experimental set-up for the round fabric duct.
Additionally, Fig. 13b shows a D-shape fabric duct design installed
at a medium level.

Fig. 14a and b show the average temperature profiles in the
experimental test facility for the round and D-shape ducts, respec-
tively, both installed at a medium level. Temperature values corre-
spond to the average values measured at each position with a
±0.5 �C variation in each point of measurement. For the round fab-
ric duct, average temperature values measured at knee, head and
ceiling level were 9.8 �C, 10.7 �C and 15.2 �C respectively. On the
other hand, the implementation of the D-shape duct resulted in
average temperature values measured at knee, head and ceiling
level of 9.3 �C, 10.5 �C and 14.3 �C respectively. In both cases, it
can be seen that a significant temperature gradient was established
between the floor and ceiling level (of the order of 5 �C) with colder
air flows concentrated at a low level in the space. In addition, most
t a medium level and [b] D-shape fabric duct at a medium level.

medium level and [b] D-shape fabric duct at a medium level.



Fig. 13. Air distribution via [a] round fabric duct at a medium level and [b] D-shape
fabric duct at a medium level.
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stratification (of the order of 4 �C) takes place between head and
ceiling level.

Fig. 15a and b show air velocities in the space for the round and
D-shape ducts respectively installed at a medium level with a
±0.05 m�s�1 variation in each point of measurement. The highest
Fig. 14. Air temperatures profile for [a] round fabric duct at a
values were measured at knee level and the lowest values at ceiling
level. The very slow air movement at ceiling level maintained high
temperatures in this region and created the temperature stratifica-
tion that can be observed in Fig. 14.

The above experimental results confirm that air distribution via
round and D-shape ducts installed at a medium level in the space
can provide an appreciable temperature gradient along the height
of the space when compared with ceiling mounted air supply sys-
tems. The fabric ducts located at medium level provide uniform
cooling of the occupied zone rather than the whole space, which
should result in energy savings.

3.4. Energy performance

The energy consumption of the refrigeration system that pro-
vided cooling to the room through each one of the investigated
air distribution configurations (plain evaporator coil, round fabric
duct at ceiling level, D-shape duct and round fabric duct at medium
level) is presented in this sub-section. For each case, experimental
data were collected for a week, however, since the condensing unit
was in the open, the outdoor temperature was not under control.
Therefore, it was selected a 17-h test period in which case the out-
door air temperature was around 8 �C. For clarity, power data mea-
surements are presented for a period of one hour in Fig. 16. In
addition, Table 4 summarises the average operating characteristics
of the different systems, as well as the energy consumption results.

Each figure includes the power measurements for each system,
including the energy consumption of the compressor, condenser
fans, evaporator fan and control system. The fan speed of the evap-
orator was kept at its nominal value in the case of the air distribu-
tion via plain evaporator at ceiling level and round fabric duct at
the ceiling and medium level.

The power consumption (P) of the refrigeration system with
each configuration was then estimated by considering the sum of
the instant power consumption of the refrigeration system during
medium level and [b] D-shape duct at a medium level.



Fig. 15. Air velocity profile for [a] round fabric duct at medium level and [b] D-shape duct at medium level.

Fig. 16. Refrigeration system power consumption during a period of 1 h for Plain evaporator at Ceiling level, Round fabric Duct at Ceiling level, Round Fabric Duct at Medium
level, and D-shape Fabric Duct at Medium level.

D. Parpas et al. / Applied Thermal Engineering 127 (2017) 1326–1339 1337
the running period (P_on) and the energy consumption of the con-
denser and evaporator fans and control system during the Stop
period (P_off). Data collection occurred every 10 s.

P ¼
X

P onþ
X

P off ð5Þ
Fig. 16 shows the power consumption of the refrigeration sys-

tem with the air distribution via the non-ducted evaporator coil
at ceiling level, referred to as Reference System 1 (RS1), whereas
this figure also shows the power consumption of the refrigeration
system with fabric duct air distribution at ceiling level which is
referred to as Reference System 2 (RS1). The power consumption
for air distribution via the round fabric duct (RS3) and D-shape fab-
ric duct at a medium level (RS4) are also presented in Fig. 16.

A comparison of power consumption of the plain evaporator
and round fabric duct at ceiling level depicts that the on-periods
for the non-ducted evaporator coil are longer than those for the
air distribution with the round fabric duct. This is primarily due
to the high mixing of air in the space and lower temperatures with-
out temperature stratification with the plain coil, as can be seen



Table 4
Operating characteristics and energy consumption of refrigeration system with the different air distribution methods.

Operating characteristics of the refrigeration system for a 17 h test period

Plain evaporator
(Reference case 1)

Round fabric duct at
High level (Reference case 2)

Round fabric duct at
medium level with hood

D-shape fabric duct at
medium level with hood

Total consumption (kWh) 30.05 25.28 22.88 23.51
Number of on/off cycles 71.40 102.00 122.40 57.80
Average ‘on’ time per cycle (in minutes) 7.60 4.26 3.00 7.80
Average ‘off’ time per cycle (in minutes) 6.10 5.70 5.40 9.80
Average instant power, on period (kW) 3.15 3.22 3.34 2.90
Average instant power, off period (kW) 0.20 0.20 0.22 0.17
Operating time per hour (in minutes) 31.92 25.56 21.60 26.52
Hourly average (kWh) 1.76 1.49 1.35 1.38
Energy saving (%) Ref.1: 23%, Ref. 2: 9% Ref. 1: 21%, Ref. 2: 7%
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from Fig. 5, which requires the refrigeration system to run for a
longer time to maintain on average a lower temperature in the
space. These characteristics result in energy savings of 15% for
the round fabric duct compared to the non-ducted evaporator coil.

Comparing the results of the round fabric duct at ceiling level
and at a medium level, it can be seen that with the duct installed
at a medium level, the on periods of the refrigeration system are
shorter and the off periods longer. This is due to the fact that cool-
ing is concentrated at a low level which reduces the area in the
space that is cooled at low temperatures. From Table 4, the fabric
duct at medium level results in energy demand reduction of 9%
compared to ceiling mounted fabric duct and 23% energy demand
reduction compared to the plain evaporator coil at ceiling level.

Regarding the energy consumption for the round duct and the
D-shape duct installed at a medium level, as indicated in Sec-
tion 3.1, the air flow with the D-shape duct was set at 70% of the
air flow with the round duct to ensure similar air supply pressure
to the room. Comparing the results in the two cases it can be seen
that with the D-shape duct, the on-0off cycles of the refrigeration
system are reduced significantly compared with the round duct.
This is due to the lower flow rate in the space which also results
in much lower velocities, as can be seen in Fig. 15, and slightly
higher temperature stratification as shown in Fig. 14. From the
results of Table 4 it can be seen that the D-shape duct results in
energy demand reduction of the order of 7% compared to the round
fabric duct at ceiling level and 21% over the plain evaporator coil at
ceiling level.

Based on the power measurements and thermal environment
obtained from each air distribution configuration, the feasibility
of fabric ducts has been demonstrated, as they can be easily retro-
fitted onto existing air distribution systems and provide both
energy savings and better thermal control conditions in the space
through low air velocity supply and thermal stratification.
4. Conclusions

This paper details results of experimental investigations and
CFD modelling aimed at improving the efficiency of air distribution
and temperature control systems in chilled food manufacturing
facilities. The investigations were carried out in a test chamber
which was set up to simulate conditions in chilled food manufac-
turing facilities. These facilities normally have high ceilings and
are served by non-ducted evaporator coils or diffusers located at
ceiling level providing temperature control in the space through
the mixing principle. These distribution systems invariably result
in high velocities which lead to uncomfortable conditions for oper-
ators and energy wastage. A primary objective of the project was to
demonstrate the feasibility of flexible systems that can be easily
retrofitted onto existing air distribution systems and provide both
energy savings and better thermal control conditions in the space
through low air velocity supply and thermal stratification. Three
alternative systems were investigated experimentally and by
means of CFD models: a) air distribution through a round fabric
duct at high level; ii) air distribution through a round fabric duct
at medium level, and iii) air distribution through a D-shape fabric
duct at medium level. The following conclusions can be drawn
from the experimental and CFD modelling results:

� Experimental and CFD model results agreed that air distribution
through fabric ducts result in lower air velocities and better
thermal environments in chilled food manufacturing facilities
compared to ceiling mounted non-ducted systems.

� Due to the low air discharge, velocities from the duct, even
when mounted at ceiling level fabric ducts, develop a tempera-
ture stratification in the space. When the air entering the cool-
ing coil is drawn from a lower level in the space, the system can
lead to energy demand reduction and savings of the order of
15%, as demonstrated by the test results.

� Energy savings can increase further if the air is drawn from
medium level, cooled in the coil and supplied at medium level
just to cool the area in which food processing takes place. The
results from medium level supply showed energy savings of
the order of 23% over a non-ducted coil at ceiling level and 9%
over a fabric duct distribution system mounted at ceiling level.

� Fabric duct air distribution systems are very flexible and easily
adaptable for the cooling of large high ceiling places. An issue
with their application in chilled food factories particularly when
mounted at low level is the risk of wetting from cleaning the
space on a daily basis. To address this issue, alternative materi-
als of construction that can provide similar air distribution
properties, but which can be easily cleanable, need to be
identified.
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