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Chapter 1

Computational Modelling
and Simulation to Assist the
Improvement of Thermal
Performance and Energy
Efficiency in Industrial
Engineering Systems:
Application to Cold Stores

Pedro Dinis Gaspar
University of Beira Interior, Portugal

João Pedro Marques Gonçalves
University of Beira Interior, Portugal

Pedro Dinho da Silva
University of Beira Interior, Portugal

Rui Carneiro
University of Beira Interior, Portugal

ABSTRACT
Computational modelling is nowadays a powerful tool for project and design of engineering systems,
anticipating and/or correcting problems that may lead to inefficiencies. This chapter describes three
distinct computational tools with different mathematical and numerical models. The computational tools
are used with the purpose of improving the thermal and energy performance of cold stores. All tools
are applied to the same agrifood company. First, Computational Fluid Dynamics is used to optimize
velocity and temperature fields for the interior a cold room. Afterwards, an energy analysis and thermal
load simulation is performed to the cold store facility to reduce its thermal loads. Finally, a statistical
prediction model based on empirical correlations is used to predict the energy performance of the cold
store and compare it to an average behaviour. The numerical results indicate the improvement of the
thermal performance and consequently of food safety, as well as considerable energy savings that can
be achieved in cold stores by the combined use of different modelling techniques.
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INTRODUCTION
It is recognized by all that energy is a major cost in the operation of many industrial engineering systems. In particular, the refrigeration industry needs to provide cold storage that meets the standards and
requirements of food safety. Thus, the energy consumption in this industry reaches significant values. To
reduce these high-energy consumption values it is important that the design of the cold stores be developed with special care. Computational modelling is nowadays a powerful tool for project and design of
engineering systems, allowing anticipating and/or correcting problems that may lead to inefficiencies.
However, to address these problems, several computational approaches can be followed.
The propose of this chapter is to describe the use of three distinct computational tools, with different
mathematical and numerical models used for the same purpose which is the improvement of thermal
and energy performance of cold stores. Computational Fluid Dynamics (CFD) is used to optimize
conditions for the interior of cold stores, in particular the velocity and temperature fields. Additionally,
energy analysis and thermal load simulation is performed in order to optimize the envelope of cold
store to reduce the mass and thermal loads. Finally, a statistical prediction model based on empirical
correlations is used to predict the global behaviour of the cold store as result of management actions
and operation of the cold store.
All these computational approaches require the formulation of the physical-mathematical problem.
A review on the physical and mathematical representation of phenomena that express fluid flow with
heat and/or mass transfer is carried out. To this end, the general governing equations of motion and heat
transfer in fluids and solids are described, as well as the simplifications usually considered.
The nonlinearity and complexity of the physical-mathematical models require the use of numerical
models for solving the governing equations. The underlying formulations of numerical models are described. The resolution method may involve the discretization through different methods of the differential equations using finite difference or finite volume. Recurrently, the imposition of different boundary
conditions is necessary to simulate the physical phenomena. In addition, it is important to highlight the
application of techniques to promote the convergence of the solution.
Computational modelling through CFD allows optimizing the inner conditions of cold stores, in particular the velocity and temperature fields. CFD technique consists in predict the behaviour of physical
phenomena through computational numerical calculation. The simulation of processes allows predicting
the fluid flow with heat and/or mass transfer, species concentration, phase change, chemical reactions,
mechanical movements, strains, among others. The mathematical models representing the laws of physics that govern the physical phenomena are described by partial differential equations, many of which
without analytical solution.
Other computational tool that uses the finite difference formulation has been tested. This tool was
used to perform energy analysis and thermal load calculation in order to optimize the envelope of the
cold store to reduce the mass and thermal loads. The simulation accounts for the integrated simultaneous solution of building and engineering systems responses, defining time steps for interaction between
thermal zones and the environment. The heat balance based solution technique for building thermal loads
is used for simultaneous calculation of radiant and convective effects, while the transient heat conduction through building elements is performed using conduction transfer functions. The tool may include
additional models depending on the physical process specifications.
Additionally, a statistical model was tested to predict the overall behaviour of cold stores as result of
management and operation actions. The model is used to assess the energy performance of cold stores
2
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through the analysis of the energy profile based on a set of characteristic parameters (amount of raw
material, annual energy consumption and volume of cold stores) obtained through empirical correlations.
The following sections will describe the study details concerning the application of each computational tool.

COMPUTATIONAL FLUID DYNAMICS APPROACH: ANALYSIS
OF AIR INFILTRATION THROUGH COLD ROOM’S DOOR
Introduction
The computational fluid dynamics (CFD) has become a technique quite used in engineering due to its
potentialities in modelling fluid flows with heat and mass transfer in industrial processes. It allows a
detailed analysis of the physical process without the costs associated to experimental tests. Additionally,
applying this technique allows study some details of the fluid flow with heat transfer, and developing
parametric studies to predict the influence of design parameters on the overall performance.
CFD requires the solution of a set of governing equations of fluid flow. These equations vary depending on the study. They are the conservation equations of mass (continuity), conservation of momentum,
conservation of energy and any other equations that need to be solved for modelling a specific physical
process. Each equation is solved in computational mesh composed by control volumes.
The adoption of CFD by food industry engineers began in the 90s due to the greater processing power
of computing resources and to the development of commercial software dedicated to computational fluid
dynamics. Currently, it is an indispensable tool being used on a large scale due to the aforementioned
benefits. Specifically, in regards to the food industry, this technique allows modelling physical and
chemical processes related to cooking, sterilizing, mixing, cooling and refrigerated storage of products,
in order to study possible improvements capable of being adopted in practice (Sun, 2007).

Problem
The refrigeration of food products is associated with the need to preserve its quality. Storing food products
in cold rooms, i.e., within an environment with controlled atmospheric conditions, ensures the product
quality and safety during more time (Sun, 2007).
Temperature is one of the most important parameters of the inner conditions of cold rooms. Storage
at appropriate temperatures according to the type of product increases substantially its lifespan from a
few days until months. This may be verified through the decreased probability of food contamination
by bacteria (Stoecker, 1998).
For controlling the atmospheric conditions inside cold rooms is it required a refrigeration system.
Typically, vapour compression refrigeration systems are used, constituted by an indoor heat exchanger,
the evaporator; a unit that provides energy to the refrigerant, the compressor; an expansion device and
an outdoor heat exchanger, the condenser.
The refrigeration cycle is a process that involves large energy consumption for removing the heat
inside cold rooms, enabling the conservation of food products stored therein under appropriate conditions of temperature and humidity. Thus, it should be noted that its start-up is related to variations of
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temperature and humidity measured inside the cold room. Considering the daily operation of any company
in the agrifood sector is indispensable a repeated opening and closing of cold rooms doors for handling
the food products (storage or removal). This opening causes a natural convective airflow which is due
to temperature difference and hence of difference densities between the inside air and outside air. As
the density of the air inside the refrigeration room is higher than the outside air, the increasing height
of the door will cause a faster increase of the pressure value in the air inside the refrigeration room than
outside it. This means that the pressure below the neutral line increases quicker inside the refrigeration
room than outside promoting an airflow from the refrigeration room to the exterior in the area below
the neutral line. On the other hand, above the neutral pressure line, the pressure within the refrigeration
room decreases quicker when compared to the pressure drop outside the room. This leads to the creation
of an airflow from the outside of the refrigeration room to its inside (see Figure 1). Associated to the
air flows between the interior and the exterior of the refrigeration room, there is a combination of latent
heat and sensible heats transfer. The sensible heat transfer occurs precisely because there is a temperature
difference between the outside and inside air masses. The latent heat transfer is related to the moisture
content of the air income from outside. In addition of being considered as a thermal load, it may also, in
certain situations (case of freezing chambers), imply the condensation and subsequent frost formation
on the evaporator surface (Stoecker, 1998; Sun, 2007).
According to the door opening and closing cycles for storing or removing of food products from
cold rooms, it is intelligible that exists a thermal load associated to air infiltration. This air infiltration is
responsible for a large amount of thermal load that has to be removed from the inside environment using
a refrigeration system. In order to mitigate the energy consumption resulting from this situation, several
studies have been conducted which essentially aim the improvement of the equipment’s efficiency, such
as evaporators, motors, etc. (Stoecker, 1998).
In this sense, a question to be made concerns what will be the impact of improving the energy efficiency of its equipment has on the energy consumption? In reality, the adoption of these measures results

Figure 1. Natural convection through the opening of a cooling chamber (Sun, 2007)
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in a reduction of energy consumption. However, instead of proceeding to the adoption and development
of equipment with better efficiency, can be analysed and applied simple actions and practices that lead
to a reduction of the refrigeration system operation. This is a costless initial procedure to reduce electrical energy consumption in refrigerated facilities. Therefore, it is relevant to analyse the influence of
the opening and closing cycles of cold room doors in its thermal performance and energy consumption
(Faramarzi et al., 2002; Sun, 2007). Evans et al. (2014) conducted a study to characterize the energy
consumption of cold stores. Energy audits in cold stores of several European countries were performed
to identify possible energy savings measures and practices. Infiltration/protection of doors represented
about 8.3% of problems identified in refrigeration rooms with a volume higher than 100 m3. An average
energy saving from 6% to 17% was estimated with the implementation of simple maintenance practices
and/or improvement on the cold room doors.
Several studies considered the development of analytical models to quantify the infiltration load over
time. Table 1 includes the empirical mathematical expressions to determine the air infiltration, I [m3s-1],
developed by some authors. All equations have a common set of variables. The density is an example,
once the infiltration rate is directly related to the difference of density between the air of the interior,
ρi, and external, ρo, environments. Also the opening area, A [m2], the height of the door, H [m], and the
acceleration of gravity, g [m s-2], are variables common to all equations. The main difference between
equations is the infiltration coefficient obtained by each author through experimental studies (Foster et
al., 2003; Sun, 2007).
Besides analytical methods, there are experimental methods for measuring the concentration of a
given gas before and after a certain period of door opening and closing, being subsequently identified
the infiltration rate. Thus, it must be addressed in particular the tracer gas method. This method can be
used to measure the air change. It should be performed according to ISO 12569:2012 or (ISO, 2012)
ASTM E741-11 (ASTM Std, 2009) standards.
In this section of the chapter is described the three-dimensional (3D) numerical modelling in transient regime of the air flow with heat transfer in a cold room, during the opening and closing cycles of
its sliding door. In order to predict the influence of the opening and closing door cycles in the air flow,
i.e. of the air infiltrations and temperature field on the refrigerated space, was considered the numerical
modelling with a tracer gas through the implementation of a species model. The rate of air infiltration
(hot and moist) coming from the outside environment to the cold room is quantified by the tracer gas
concentration decay method. A sensitivity analysis is developed to determine the influence of the outside air temperature, initially imposed Text = 15ºC, on thermal exchanges between environments and
consequently on the thermal performance of the cold room.
This study intends to obtain a set of results concerning the air infiltration rate in cold room through
numerical modelling, foreseeing the change of certain procedures, which will promote the minimization
of thermal exchanges, leading to a reduction of the energy consumption and promotion of the energy
efficiency of refrigerated facilities.

State of the Art
The adoption of CFD by engineers connected to the food industry began in the 90s due to the greater
processing power of computing resources and the emergence of specific and commercial software.
Currently, this it is a widely used tool due to the aforementioned benefits (Sun, 2007). Specifically, in
the food industry, this technique allows modelling physical and chemical processes related to cooking,
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Table 1. Analytical models of infiltration by natural convection through a door opening (Sun, 2007)
Authors/Year
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0.5

Gosney & Olama (1975)

1.5

0.5

Pham & Oliver (1983)

sterilizing, mixing, cooling and refrigerated storage of products, in order to study possible improvements
to be adopted in practice (Sun, 2007).
Orlandi et al. (2013) performed a 3D numerical study of a closed refrigerated display cabinet with
an air curtain and fir with different types of doors, hinged and sliding doors. The aim of this study is a
better understanding of the physical processes associated the energy transport, and its quantification in
standard conditions considering a normal opening and closing process of the door. Standard conditions
are defined by standard EN ISO 23953, which defines the times for opening, open and closing procedure
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of doors. The numerical study was performed in transient regime with a time step equal to 3.3×10−3 sec.
The turbulence model used was the Realizable k-ε due to its computational precision-cost ratio. The
fluid used was dry air as an ideal gas. The computational mesh is a hybrid mesh consisting by 2.5×105
elements. This computational mesh has a mobile geometry with an automatic re-meshing algorithm to
ensure a low skewness of control volumes, as well a reasonable accuracy during the door’s opening and
closing cycles. The opening movement of the door was modelled by an angle of 0.2º at each time step.
The effect of thermal radiation was neglected, as well as the thermal inertia of the solid parts of the
display cabinet. The discharge air temperature of the air curtain is set to a constant value, TDAG = 0 ºC,
and the air jet velocity is to vDAG = 0.15 m s-1. Relatively to the external environment, was imposed an
air temperature with a constant value, Text = 25 ºC. Through energy analysis, it was concluded that the
amount of energy infiltrated in the return air grille (RAG) of the air curtain in the case of a hinged door
was 77% of the total value, while in the case of a sliding door it is 17%. Figure 2 shows the prediction of
airflow through the superposition of velocity vectors and temperature field. It is possible to observe the
movement of the warm air mass entering into the display cabinet by the upper part of the door opening.
Gonçalves et al. (2012) performed a numerical study of the influence of air curtains in the obstruction to the infiltration of thermal loads to the interior of a cold room. A 3D CFC model was developed
to simulate the turbulent and non-isothermal airflow generated by the air curtain after the door opening.
The numerical predictions were obtained solving the equations for conservation of mass, momentum
and energy. The turbulence model used was the k-ω SST. The unstructured computational was composed by 151,857 nodes. Regarding to boundary conditions some considerations were made, namely,
all surrounding were considered as hermetic to airflow in order to provide the air changes exclusively
through the door opening between the two domains. The temperatures inside and outside the chamber
were Tin = 5 ºC and Text = 30 ºC, respectively. All surfaces were considered as being adiabatic. It was
verified that the numerical results are in agreement with the physical interpretation of the convective
phenomenon, and the optimal air jet speed that provides less air infiltration was found. For the different
simulated case studies, the air curtains placed outside the cold room provide better results in relation
to thermal performance. Air curtains with vertical jet have a greater efficiency (> 70%) than the air
curtains with horizontal jet (about 55%). However, when there is air recirculation the efficiency of the
air curtain increases to above 80%.
Figure 2. The door opening process (Orlandi et al., 2013)
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Foster et al. (2003) conducted experimental measurements of air infiltration through doors of different sizes and with two different temperatures inside the cold room. Subsequently these results were
compared with results of analytical and computational models. The tracer gas concentration decay
method was used in the experimental tests. The tracer gas was carbon dioxide in a concentration of
0.5% (5,000 ppm) that was measured with an infrared analyser. The values of air temperature within the
chamber were 0 ºC and -20 ºC. The door remained fully open for tests during time periods of 10, 20,
30 and 40 sec. A door with 2.3 m of width takes 8 (± 1) sec. to open and close; doors with 1.36 and 1
m take 6 (± 1) sec.; the total time of opening and closing a door with 0.43 m was insignificant, so this
case was not considered. The equations shown in Table 1 were used to determine the infiltration rate
through analytical models. The numerical model considered following assumptions and simplifications:
no heat flux through walls; the solid elements of the cold room have no thermal mass; the air humidity
has no effect on airflow through the door; the cold room is hermetic, i.e. the air can only move through
the door opening. A tetrahedral mesh was created. The number of mesh elements ranged from 95,000
to 250,000 and the number of nodes between 18,000 and 46,000. The turbulence model employed was
the k-ε. The results showed that the analytical model developed by Gosney & Olama (1975) (see Table
1) presents closer results to the experimental data. The computational model presents better accuracy
than analytical models, however, lower accuracy than semi-empirical models. On the other hand, when
dealing with transient analysis, or with door protection devices, the computational models are those that
present more advantages in predicting infiltrations.
Foster et al. (2002) studied the air movement through doors of a cold room. Experimental measurements were performed and subsequently compared with the results of a CFD simulation. The experimental
measurements were performed for two sizes of doors. The first text was performed in a cold room with
an inner air temperature of Tin= -20 ºC, having a door with 2.3 m × 3.2 m (L×H). The other tests were
performed in room a having a door with 0.43 m × 0.69 m and considering the inner air temperature of Tin
= 5, 0, -10, -20 and -25 ºC. Air temperature was measured using thermocouples. Anemometers carefully
placed in areas of high interest were used to measure the air velocity at the entrance of the cold room.
In addition, Laser Doppler Anemometry (LDA) was used for 3D acquisition of the air velocity values.
The computational model is similar to the above-mentioned study of these authors, whose physicalmathematical and numerical formulations as well as the simplifications considered were the same. As
initial conditions, it was considered an outside environment temperature of Text = 20 ºC and Tin = -20 ºC
inside the chamber. The Boussinesq model was used to simulate the buoyancy effect, and the k-ε model
was used for turbulence modelling. The energy equation was solved to predict the temperature variations after door opening. It was created a tetrahedral mesh with 113,118 elements and 21,626 nodes.
The CFD model has been shown to be generally accurate, the LDA is best suited to detailed analysis of
the airflow where it can be considered as steady state and the vane anemometry is better for measuring
transient airflow.
Foster et al. (2006) conducted a study to evaluate the efficiency of an air curtain with 1 m wide
placed at the entrance of a cold room with 1.36 m wide. Experimental measurements were performed
and compared with results of analytical and computational models. The door of the cold room had 1.36
m × 0.16 m × 3.2 m (L×W×H). The air curtain was 1 m wide and a discharge air grille has a width
of b = 30 mm. Hot wire anemometers were used to measure the jet velocity of the air curtain. The air
infiltration was measured using the tracer gas decay concentration method. Hayes & Stoecker (1969)
developed the analytical model. It allows the calculation of the deflection modulus, which is related to
the shear forces on both sides of the air curtain. The 2D CFD model corresponds only to the width of
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the air curtain. The computational mesh created consists of 42,000 nodes. The initial air temperature
conditions are Tin = -20 ºC and Text = 20 ºC respectively inside and outside the cold room. The velocity
of the air jet was varied from vDAG = 0 to 18 m s-1 and its temperature was defined as TDAG = 20 ºC. The
turbulence intensity was fixed at 10%, value that corresponds to a high turbulence level. The results
showed that the adjustment of the jet velocity and angle of the air curtain are very important to achieve
an improvement of the efficiency of the air curtain from 0.31 to 0.77. The analytical model provided efficiency values of the air curtain ranging between 0.37 and 0.70. The numerical results obtained through
the computational model showed a maximum efficiency of 0.84.
Gonçalves et al. (2009) measured experimentally the infiltration rate in a cooled space by using the
tracer gas technique. The results shown in Figure 3 were compared with the predictions given by three
analytical models and a CFD simulation. The analytical models of Lilienblum & Fritzsche (1968),
Gosney & Olama (1975) and Pham & Oliver (1983) were used for comparison. These analytical models
do not take into account the relationship between the size of the door with the height and length of the
space, i.e. do not take into account the 3D effects of the flow. The effects of viscosity are also neglected
and the airflow conditions are admitted as being steady state. The geometry under study corresponds
to two volumes (rooms) interconnected by a door with 0.6 m wide and 1 m tall, similar to the study
performed by Gonçalves et al. (2012). Experimentally, the measurement of the temperature inside the
room with lower air temperature was performed using 15 thermocouples distributed evenly throughout the compartment. In the outer room, the measurement of velocity and temperature was performed
using 14 omnidirectional probes. The tracer gas technique, using CO2 with an initial concentration of
0.075%, was used to determine the infiltration rate. The computer model considers a plane of symmetry
to reduce the computational time. The unstructured computational mesh is refined in the door zone. It
was considered that the initial temperatures inside and outside the room are Tin = 5 °C and Text = 30 °C
respectively. The initial air velocity is assumed as zero. The walls were considered adiabatic and nonadherent. The domain had no thermal mass and the air flow only occurred by the opening of the door.
The time step for transient calculations was set to 0.1 sec. The results show that analytical models are
not suitable for determining the infiltration rate. The results of numerical simulation are in accordance
with those obtained experimentally. It can be concluded that the numerical model can predict the air
infiltration and the velocity and temperature field.
Gaspar et al. (2011) investigated the effect of ambient air conditions in the thermal performance and
energy efficiency of vertical open refrigerated displays cabinets. Experimental tests were performed
varying the air temperature, relative humidity, velocity and its direction in relation to the frontal opening
of the cabinet, to evaluate the variation of the heat transfer rate and thermal entrainment factor. It was
possible to assess the performance of the air curtain as barrier to the external environment entrainment.
The experimental measurements used equipment such as a data acquisition system with thermocouples
to measure the air temperature values, hygrometers to measure the air relative humidity, hot wire anemometers to measure the air velocity and ammeter to measure the electric current. The experimental
results allow evaluating the thermal entrainment factor and comparing it with the sensible and latent
loads. It was concluded that by calculating the thermal entrainment factor is possible to evaluate the
thermal performance of an open refrigerated display cabinet (ORDC) rather than calculate all the sensible
and latent heat loads. It was also found that the processes of thermal and mass interaction are strongly
dependent on the ambient air conditions of the surrounding and as such, it is important to take into account all these factors during the project and design of these devices. Additionally, Gaspar et al. (2012a)
developed a comprehensive and detailed CFD modelling of airflow and heat transfer in an ORDC. The
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Figure 3. Evolution of the air infiltration through the door opening, and the average inner temperature
by experimental and numerical means (Gonçalves et al., 2009)

physical-mathematical model considers the flow through the internal ducts, across fans and evaporator,
and includes the thermal response of food products. The air humidity effect and thermal radiation heat
transfer between surfaces are taken into account. Experimental tests were performed to characterize
the phenomena near physical extremities and to validate the numerical predictions of air temperature,
relative humidity and velocity. Numerical and experimental results comparison reveals the predictive
capabilities of the computational model for the optimized conception and development of this type of
equipment. Subsequently, Gaspar et al. (2012b) introduced some modifications in the CFD model. These
modifications were related to low cost geometrical and functional characteristics to perform parametric
studies to predict the improvement of the global performance and energy efficiency. The parametric
studies are devoted to the analysis of the thermal response and behaviour inside the food conservation
space influenced by (1) air flow rate through the evaporator heat exchanger; (2) air curtain behaviour;
(3) hole dimensions and its distribution in the back panel; (4) discharge and return grilles angles; and
(5) flow deflectors inside the internal duct.
The analysis of the numerical predictions from the parametric studies allows the development of an
optimized model for the conception of an ORDC with a more adequate configuration. The numerical
predictions of the optimized model showed lower products temperature and reduced electrical energy
consumption, allowing the improvement of the food safety and the energy rationalization of the refrigeration equipment.
Campos et al. (2013) developed a steady state 3D CFD model of a cold room to perform a detailed
evaluation of the airflow and heat transfer. A parametric study to evaluate the influence of the air temperature and velocity discharged by the evaporator grilles in the cold room performance is developed.
The results evaluation allows predicting a reduction of the energy consumption maintaining similar
thermal performance and ensuring the food safety.
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Bastos et al. (2014) developed CFD parametric studies of the influence on the thermal performance
of a cold room by the number and arrangement of meat carcasses hanging in an airway; by the air temperature in the antechamber; and by opening the door of the cold room. The case studies were tested in
a real facility. A steady state 3D CFD model of the cold room was developed considering the thermal
conduction within the meat carcasses. The numerical predictions show that the average air temperature
inside the cold room as well as the average carcass temperatures increase with the number of products
and depend on the arrangement of the carcasses in the airway. Similarly, the heat load of the cold room
increases with the air temperature of the antechamber and when the door of the cold room is opened.
The carcasses temperature profile becomes less uniform when the door is opened, being the temperature
of carcasses located near the door strongly affected. These parametric studies allow evaluating details
of the airflow and heat transfer that can contribute to the design of cold rooms.
In this section were analysed a set of studies related to the analysis of air infiltration through the door
opening of refrigerated devices, chambers and display cabinets. This type of studies contributes greatly
to improvement of the perception of this type of phenomena and its influence on the performance of
the refrigeration equipment. Additionally, the several approaches performed in these studies serve as
a theoretical supplement to the development of numerical models, thereby facilitating the approach in
certain parameters that influence the results accuracy.

Physical-Mathematical Formulation
The governing equations that express the fluid flow and the heat transfer are mathematical formulations
of the conservation laws in fluid mechanics and thermodynamics. When applied to a Newtonian fluid
allow describing the variation of a desired property of the fluid subject to external forces. The conservation laws are, the conservation of mass, or continuity (see Eq. 1), the conservation of momentum (see
Eq. 2) and conservation of energy (see Eq. 3) (Sun, 2007).

∂ρ
+ ∇ ⋅ (ρu ) = 0
∂t

(1)



∂u 
(ρ u ) + ∇ ⋅ (u u ) =
∂t
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  ∇u + ∇u
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∇⋅u I
  3

(


∂
ρE ) + ∇ ⋅ u ρE + p
(
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∇ ⋅ keff ∇T − ∑ h jJ j +
j


(

)


− 
 (2)
  + ρ g + F
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τ eff ⋅ u  + ST




(3)

Where,
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•
•

•

ρ – Density [kg m-3];
t – Time [s];

p
u 2 
 [J];
E – Energy  = h − +

2 
ρ

u – Velocity vector [m s-1];
p – Static pressure [Pa];
h – Entalphy [J];
µ – Dynamic viscosity [kg m-1.s-1];

g – Acceleration of gravity [m s-2];

F – Acceleration of gravity [N];
I – Unit tensor;
keff – Effective conductivity (= k + kt, where is the turbulent thermal conductivity, defined according to the turbulence model being used) [W m-1.K-1];

J j – Diffusion flux of species j [mol m-2.s-1];

•

T – Temperature [K];

•
•

τ eff – Effective stress tensor;
ST – Source term [W m-3]

•
•
•
•
•
•
•
•
•

It must be highlighted that terms on Eq. 1 to Eq. 3 will be simplified or neglected depending on the
fluid flow and heat transfer characteristics and assumptions. Depending on physical phenomena, specific
initial and boundary conditions must be imposed to solve this set of equations.
The equation of state is used to establish relationships between thermodynamics variables, as density.
The approximation of the fluid to an ideal gas is usual. Considering that the fluid behaves as an incompressible ideal gas, it is possible to establish a relationship between density and temperature in order to
assess which are the variations in density as a function of temperature variations, without having the
pressure any influence on its value. Eq. 4 gives this relationship.
ρ=

prefWa
RT

(4)

Where,
•
•
•

R – Ideal gas constant [J kmol-1.K-1]
Wa – Molecular weight of gas [kg kmol-1]
pref – Operating pressure [Pa]

The tracer gas method can be used to predict the 3D pattern of air infiltration and quantify its rate.
It is necessary to consider the use of a species transport model that enables the creation of a fictitious
fluid with the same properties of the air, but that can virtually be distinguished from the remaining air.
Thus, it is possible to predict the infiltration rate through the initial and final concentration of the “new”
fluid introduced inside the cold room. The solution of the conservation equations of chemical species
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allows predicting the mass fraction of each species Yi, by solving the convection-diffusion equation for
the species i. The Eq. 5 states the equation in its general form (Ansys, 2011).


∂
ρYi ) + ∇ (ρuYi ) = −∇J i + Ri + Si 
(
∂t

(5)

Where,
•
•
•
•

Ri – Net rate of production of the species i by the chemical reaction [kgi m-3.s-1];
Yi – Mass fraction of each species i [kgi kgm-1];
Ji – Diffusion flux of species i [kg s-1.m-2];
Si – Rate of creation by addition from dispersed phase plus any user-defined sources [kgi m-3.s-1].

Numerical Model
A numerical model is needed to solve the mathematical model constituted by a set of coupled non-linear
partial differential equations, describing mass, momentum and energy conservation, together with initial
and boundary conditions. The equations set was solved using the pressure based, non-structured grid,
finite volume method CFD code Ansys Fluent.

Geometry
In the development of the geometrical model is necessary to have in consideration some aspects that lead
to simplifications of the model, namely in what concerns the computational cost and resources usage.
The consideration of the computational cost is essential to obtain a good relationship simulation timeaccuracy (i.e. accuracy of results). Obviously, is intended the best accuracy of results with the lowest
simulation time. Some simplifications in the geometry can reduce the simulation time while maintaining
the results accuracy.
For the case study, the geometry of the interior volume (cold room), Vin = L × W × H = 6 × 5 × 3.2
= 96 m3, and of the outer volume (outside environment or antechamber), Vext = 5 × 8 × 3.2 = 128 m3
correspond to two parallelepipeds, as shown in Figure 4. These two geometries do not considered any
other element in addition to its own volume and to the geometry corresponding to the door (A = L × W
= 1.2 × 2.2 = 2.64 m2), as the focus of interest of the analysis is the air natural convective infiltration
through the door opening. If elements as food products (with different shapes and dimensions), evaporators, support beams, light fixtures, among other components that may be present inside a cold room were
defined, it will be required to create a high refined computational mesh, increasing the computational
cost of the model without bringing any benefits to the accuracy of the results. Thus, these elements are
neglected as in other studies (Foster et al., 2002; Gonçalves et al., 2012). Concerning to the typology
of the sliding door, a single geometry was created that is referred to the different degrees of the door
opening. It is intended the full opening of the door, i.e. an opening equivalent to its length, L = 1200
mm. 36 parallelepipeds were created, which comprise a length and height equal to the opening in the
door zone, with approximately 33.3 mm wide each.
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Figure 4. Three-dimensional geometry of the cold room with sliding door (Legend: 1-Cold room; 2-Outside environment; 3-Outline of the door opening)

Computational Mesh
The computational mesh is created after the development of the model geometry. The mesh is constituted
by a set of elements, control volumes, and nodes through which, are performed all calculations during the
simulations, i.e. the computational domain divided in small volumes. The CFD software Ansys Fluent
allows the user to choose several types of computational mesh. The selection will depend on the model
features, i.e., it can be a 2D or 3D model. A 3D model can use meshes wherein the control volumes
have tetrahedral, hexahedral, polyhedral, and pyramidal or wedge shapes. The choice of the mesh type
depends on the type of application. Thus, when it equates what type of mesh is best suited for a particular
situation is necessary, beyond the type of application, regard to the following parameters (Ansys, 2011):
•
•
•

Definition of the simulation time;
Computational cost;
Numerical diffusion;

When the model is composed by complex geometries and/or of large dimensions, the creation of
structured meshes can lead to a substantial increase of the simulation time, sometimes leading to unsolvable situations or unreal results. In such situations, the use of unstructured meshes formed by tetrahedral
elements is advised. The case study model made use of an unstructured mesh consisting of tetrahedral
elements. At the time of creation of the meshes, for each geometry, was necessary to assess the quality of the elements in order to achieve the minimum computational cost, accuracy and stability of the
numerical computation. This evaluation was based in the analysis of three parameters to measure the
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mesh quality: Aspect Ratio; Skewness; and Orthogonal Quality. The Aspect Ratio is the ratio between
the largest and smallest dimensions of the edges of the faces of the control volume. The quality of the
computational mesh increases with the Aspect Ratio value. Skewness is defined as the difference between
the shape of the element and the shape of an equilateral element with an equivalent volume. The quality
of mesh increases with the reduction of this parameter. Finally, the Orthogonal Quality is calculated in
each element using a vector that goes from its centre until each of its sides, thus evaluating the quality
of the orthogonal elements. The orthogonal quality increases as the value of this parameter near unity
(Ansys, 2011). In Table 2 are expressed the parameters that characterize the computational mesh created.

Finite Volumes Method
In the previous section was developed the physical-mathematical model that describes the phenomenon
that underlies the object of study. This model is based on differential equations. Generally, the differential
equations are impossible to solve analytically. It discretization allows converting them into algebraic
equations.
From the differential equations expressed in the section of physical-mathematical model, it is possible to assess that all dependent variables obey a conservation principle. So, a general scalar quantity,
ϕ, can be considered. The integral form of the generalized differential equation in transient regime for
ϕ, in an arbitrary volume of control, V, is given by the Eq. 6 (Patankar, 1980):

∫
V

∫

 
∂ρϕ
dV + ∫
ρϕv .dA =

∂t


Γϕ ∇ϕ .dA + ∫ SϕdV

(6)

V

Where,
•
•
•
•
•
•

ϕ – Scalar quantity;
v – Velocity vector;
A – Area of the volume’s face;
Γϕ – Diffusion coefficient for variable ϕ;
∇ϕ – Gradient of variable ϕ at the face of the volume;
Sϕ – Source term for the variable ϕ per unit of volume.

Table 2. Statistics of the computational mesh for the model of sliding door
Feature

Value

Number of nodes

494,475

Number of elements

2,818,425

Average Aspect Ratio

1.837

Average Skewness

0.847

Average Orthogonal Quality

0.859
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The numerical solution of a differential equation is based on knowledge of a set of values through
which it is possible to extract the distribution of the variable ϕ. The continuous distribution of the solution throughout the domain is impractical, so the value of variable ϕ is only calculated at certain points
of this domain. For that, the creation of the computational mesh is essential since it allows the definition
of all points where is required to predict the value of the variable ϕ. In the finite volume method, the
computational domain is divided in a number of control volumes. Therefore, it is possible the integration
of the differential equations in each of these, considering that the variation of variable ϕ follows a certain
profile. As result of this operation, a discretized equation (algebraic equation) for the variable ϕ is obtained. One of the advantage of this discretization process refers to the fact of the conservation principle
be maintained in any control volume. Thus, the discretized equation expressed precisely the principle
of conservation for a given variable ϕ such as was explicit in the differential equation (Patankar, 1980).
After integrating the general transport equation, the algebraic equation of the formulation on finite
volumes consist in a discrete transport equation for the variable ϕ, which contains the unknown values
of the variable in the control volume centre and in the neighbouring control volumes. This equation
is typically not linear relatively to these variables. Its linearized form can be expressed by the Eq. 7
(Patankar, 1980):
aP ϕ =

∑a

bound

ϕbound + b

bound

(7)

Where,
•
•
•

ϕbound – Value of the generic variable in the neighbouring nodes;
Abound – Linearized coefficients, aN, aS, aE, aW, of the influence of convection and diffusion, with a
notation based on the position relative to the central node.
b – Source term.

Discretization of Partial Differential Equations
The discretization of the convection-diffusion equation corresponds to one of the main problems to
overcome in order to obtain accurate numerical solutions. In regards to the Navier-Stokes equations, it
is known that there are some difficulties involved in obtaining numerical solutions due to the character
of the equations, but also due to the non-linearity of the problems, high gradients on space and time,
equations coupling, refinement and skewness of mesh, initial boundary conditions, physical models,
among others. The lack of numerical methods with independent precision of mathematical character of
the equations makes difficult to obtain accurate numerical solutions. In addition, the lack of initial and
boundary conditions and the need for 3D meshes in complex geometries leads to an increasing degree
of uncertainty and inaccuracy of the numerical solution (Patankar, 1980).
Over the past years, research concerning the development of appropriate discretization schemes to
each type of flow has been continuous. Thus, when referring to an incompressible flow, such as in this
case study, the most suitable scheme of discretization and which is generally used for this type of application is the Upwind scheme.
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In this work, as already mentioned, the choice fell on the second-order Upwind scheme. To analyse
which discretization scheme is most appropriate to this case study was necessary a comparative analysis
between the first- and second-order Upwind scheme. Given the tetrahedral mesh that constitutes the
model, the direction of flow is never aligned with the mesh. In this case, is advisable to use the secondorder scheme, since the first-order scheme becomes highly diffusive.
Since the simulation of the problem is performed in the transient regime, the governing equations
need to be discretized in time and space. The temporal discretization involves the integration of each
term in the differential equations over a time step, ∆t. The first-order implicit time integration method
shows a good stability relatively to the time step and performs an assessment of the spatial discretization,
F(ϕ) in the later time step, as shown in Eq. 8 (Patankar, 1980):
ϕn +1 − ϕn
= F ϕn +1
∆t

(

)

(8)

This implicit equation is solved iteratively at each time step before progressing to the next time step.
If the time step is fixed, the resolution of time dependent equations is performed until the convergence
criteria is met. Thus, it is necessary to assign a maximum number of iterations for each time step. The
maximum number of iterations varies from case to case, since convergence may reach more quickly in
certain situations than in others.
For this case study, some tests were performed to assess the convergence of the solution in order to
define the maximum number of iterations. It was determined a maximum 50 iterations per time step. In
this maximum number of iterations included is a “safety factor”, since in certain time steps the solution
converges more quickly than in others.

Formulation of the Numerical Method Solution
In this work, the numerical method used to solve the algebraic equations system was based on pressure,
since it best suits to incompressible regimes with low flow velocities (Patankar, 1980). In this method,
the velocity variable is calculated from the momentum equation, and the pressure is extracted from the
pressure equation, which in turn is obtained from the continuity and momentum equations. The resolution
of the integral equations of the continuity, momentum, energy and other equations such as the species
transport is promoted automatically by Ansys Fluent. The solution method based on pressure can use
the segregated formulation, which uses an algorithm to solve sequentially the governing equations. Due
to its non-linearity and coupling, it is necessary to perform the iterative calculation until obtaining a
solution that comply the convergence criteria or reaches the preset number of iterations. This means that
the governing equations for each of the unknown variables are solved one after the other, sequentially.
During the solution process, each of the governing equations is segregated by other equations. This
algorithm is quite efficient in terms of memory, since the discretized equations only need to be stored
once. However, the convergence of the solution is relatively slow (Patankar, 1980).
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Pressure-Velocity Coupling Algorithm
The need for using a special method for solving equations is essential due to the unawareness of a set
of variables. The velocity, u, is an example of a variable to be calculated together with other variables
(Patankar, 1980). The difficulty comes from the existence of a pressure gradient. How to calculate this
gradient if there isn’t a specific equation that provides the pressure value, or has the pressure as the dependent variable? If pressure, p, was known, the pressure gradient would be treated as a source term, and
thus there would be no difficulty on solving the momentum equations. Since this parameter is unknown,
the pressure field will be determined indirectly to satisfy the continuity equation (Patankar, 1980). If
the pressure field is correctly inserted in the momentum equation, its solution results in a velocity field
that satisfies the continuity equation. Therefore, it is verified that there is a relationship between the
continuity equation and the pressure field. In this work was used the SIMPLE (Semi-Implicit Method
for Pressure-Linked Equations) algorithm (Patankar, 1980).

Boundary Conditions
The definition of the initial and boundary conditions (BC) for the model is crucial for the quality of the
numerical results. These BC should be appropriate to the physical phenomenon that is modelled.
In the following sections, the BC used in each of the developed models are analysed. These are the
conditions adopted in order to study the flow of air through an opening, the door. Thus, it is possible
to model the mass exchanges of cooled air and hot air between the cold room and the outside environment. Aiming to reduce the computational cost of the model, some simplifications have been made,
particularly in relation to:
•
•
•
•

The absence of heat transfer through the walls of the cold room (adiabatic walls);
The air flow in the cold room only occurs through the opening of the door (hermetic room);
The air humidity was a neglecting effect on the airflow through the opening;
The walls have a null thickness.

The considerations aforementioned do not have a negative effect in the analysis of the airflow through
the door opening. Assuming these BC, a special emphasis is given to the airflow, disregarding other heat
and mass transfers that could be considered as infiltrations.
•

Outdoor Environment

Once the simulation consist on the door opening and closing, is necessary to define an external environment to the cold room, where the air has a constant and higher temperature value, i.e. the outside
ambient air conditions must remain constant throughout the simulation time. Thus, a BC of constant
pressure (pressure outlet) was used. This BC was set in the surfaces of the exterior volume as shown in
Figure 5. This BC allows the definition of the following values:
•
•
•
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Figure 5. Nomenclature and boundary conditions in the model of the cold room with sliding door

This value of air temperature is commonly found in antechambers of cold rooms. The fluxes of these
parameters are specified normal to the surface where the BC is imposed. The imposition of this BC
increases the solution convergence, since it promotes the conservation of mass within the computational
domain (Patankar, 1980).
The outside environment of the cold room can be compared to an antechamber. So, the rear, upper
and lower surfaces shown in Figure 6 are assumed as walls. This BC is used to limit the fluid and solid
regions.
To define this BC was needed the introduction of some parameters in order to validate the considerations relating to the model. The definition of these parameters is made taking into account the following options:
•
•
•

There is no walls motion (stationary walls). The relative velocity of the fluid along the walls is
null. Walls have no roughness;
Walls are adiabatic, therefore the heat flow is zero, q = 0 W m2. The walls thickness is also zero,
Δx = 0 mm. The heat generation rate is also equal to zero, q = 0 W m3;
A zero gradient of tracer gas in set in each of these walls.

It should also be highlighted the fact that the parameters set for this BC in the external environment
are the same as for the case of the walls that constitute the cold room, not being required a second
analysis to this BC.
•

Cold room

The cold room is the refrigerated space where air infiltration rate through the door opening must be
predicted. As previously mentioned, the cold room is hermetic and its walls adiabatic in order to prevent
infiltrations from other location besides the door.
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Figure 6. Example of the movement described by the sliding door

The initial conditions set for the cold room were: Air temperature equal to Tin = 0 °C, and the pressure
equal to pin = 101,325 Pa. These values correspond to those commonly found in fresh meat cold rooms.
All surfaces of this geometry were defined as walls.
•

Procedure of opening and closing of the door

During the movement of door opening and closing is required, in each time step, to change the BC
in the door area. These amendments are performed in order to simulate the movement of the door at
each time step. Figure 6 illustrates part of the movement described by the sliding door during its opening. For this typology of door is required the creation of a mesh interface, representative of the door
opening (fluid zone) where all equations will be solved. It requires the division of surfaces shared by
two geometries (cold room/door and external environment/door) in areas where is defined as interface
BC. The subsequent creation of an interface mesh allows the creation of an interior zone. However, it
is intended that this inner region crossed by the airflow, vary in size depending on the level of opening
door. Thus, the zone corresponding to the trajectory described by the door movement was divided into
several equal volumes. The BC applied to the surfaces of these volumes that are adjacent to the area
corresponding to door opening is changed between the interface BC and wall BC according to the level
of opening door. The parameters that define the wall BC are the same as those used previously. Through
the analysis of Figure 6, it is possible to describe the procedure used to simulate the door movement.
Assuming that the simulation is in the time step corresponding to an opening of 33.3 mm, and in the
next time step the desired level of opening is 66.6 mm, the procedure is as follows:
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•
•

•

To obtain an opening corresponding to 33.3 mm, the surface n.º 2 in Figure 6 must be defined as
interface BC, subsequently creating the interface mesh. Thus, it can be ensured an opening of 33.3
mm;
In the next time step, in order to simulate an opening of 66.6 mm, the surface n.º 2 will be maintained as interface BC, and surface n.º 3, which until now was defined as wall BC, should be defined as interface BC, to subsequently create a mesh interface that covers the two surfaces, thereby
achieving a complete opening of 66.6 mm;
The same procedure is performed successively until obtaining the desired level of opening. The
procedure to close the door follows the same steps, but the surfaces until defined as interface BC,
will be consecutively defined as wall BC until the desired degree of closure is obtained.

The times of door opening, door open and door closing were set as shown in Figure 7. The following
cycle is to be simulated:
•
•
•

Door opens from 0 to 3 sec.;
Door remains fully open during 8 sec., i.e. up to 11 sec.;
Door closes in 3 sec., i.e. at 14 sec. the door is fully closed.

The time step, i.e. the time between each movement of the door, was determine from the cycle total
time. In this case, the door movement is performed in steps of 33.3 mm. Thus, the time step is approximately equal to Δt = 83 msec.
•

Fluid zone

Figure 7. Time of the sliding door opening and closing cycle
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The fluid zone is the set of control volumes where all active equations of the physical-mathematical
model are solved. The fluid material type to be used is set in this type of zone. The tracer gas method is
used to determine the air infiltration rate in the cold room.
The fluid, air, was set as a mixture of “air + tracer air”. Therefore, the properties of air are unchanged
and the infiltration rate can be easily obtained. The following procedure was set to obtain the air infiltration rate:
Step 1: The species transport model is activated to enable the creation of a mixture of “air + tracer air”;
Step 2: Creation of the mixture “air + tracer air”. A new fluid with the same properties of the air was
created. To distinguish it from the air, a different name was assigned. The name given to this new
fluid is “tracer”;
Step 3: Define the mass concentration of the “tracer” inside the cold room. Since the tracer gas concentration decay method will be simulated, the initial “tracer” concentration inside the cold room was
set to Ctracer = 0.5%. In the end of the simulation, the air infiltration rate will be calculated from the
initial and final concentration values.
•

Solid zone

The solid zone corresponds to the group of cells in which only conduction heat transfer is solved.
Here, the flow equations are not solved. In this type of zone, the only parameter that must be set are the
properties of the solid material to be used. In this case study, the material is not defined since walls are
considered adiabatic.

Monitoring Techniques and Convergence Control
The estimation of initial conditions and setting under-relaxation factors have great influence on the solution convergence when the problem is nonlinear. Apart from these aspects, also the limitation of the
range of values allows controlling the solution, since it prevents achieving of unreal values, which may
lead to divergence of the iterative process (Patankar, 1980).
The under-relaxation is a technique used to accelerate or slowing the convergence, and damping
oscillations of the solution. Thus, the under-relaxation factors are used to update the value of variables
at each iteration (Patankar, 1980).
The values of the under-relaxation factors used for each of the quantities in study are shown in Table 3.
A stop criterion, λ, in function of the residual values of the solution that dictates the time at which
the solution converges and ends the iterative process. The stop criteria defined for all variables is λ =
1×10-3, with the exception of energy, to which was considered λ = 1×10-6.Throughout the simulations,
was not observed any case in which the solution has diverged, therefore it was not verified the increase
in residuals during the simulations. By the other side, has verified in certain cases the stabilization of
the solution residuals to a value near, but above, the stop criteria, which unable stopping the iterative
process. This behaviour is sometimes associated to fluctuations in the values of the dependent variables,
such as pressure. However, even if the solution of the iterative process does not converge by the residuals stop criteria not being reached, if residuals values of the various dependent variables do not present
oscillations of large amplitude, it is considered that possible convergence of the solution was reached
(Patankar, 1980).
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Table 3. Under-relaxation factors for each of the variables used
Variables

Sub-relaxation factors used

Pressure

0.3

Density

0.45

Body forces

0.5

Momentum

0.4

Transport of species (tracer)

0.5

Energy

0.75

The simulations of the numerical model were performed on a computer with an i7 processor 3.40 GHz
with 8 GB of RAM. Each full simulation of the cycle of door opening and closing took about 84 hours.

Analysis and Discussion of Results
Parametric studies consist on the variation of a set of parameters that allow a comparative analysis of
their influence on the problem under study. In this case study, several simulations to model the sliding
door were performed, varying between each of them the outside air temperature. Thus, it was possible
to conduct an analysis of the influence that the outside air temperature has in the air infiltration rate
and movement of air masses and consequently, in the value of the air temperature inside the cold room.
Three different situations in relation to the outside air temperature were considered in the case study.
The outer zone to the cold room is exposed to variations of ambient air conditions. In most cases, these
areas do not have a controlled environment, being affected, in greater portion, to atmospheric conditions
that are felt abroad. There are machines movement, people and sometimes these areas are directly open
to the outside. Thus, it was considered that an analysis with different values of air temperature outside
the cold room simulates real situations. This kind of analysis is named as sensitivity analysis. This type
of analysis seeks to determine the effect that the variation of a certain parameter has on the solution of
the reference model. Initially, a reference simulation with the temperature of air outside the cold room
set to Text = 15 ºC was performed. Additional simulations were performed considering the variation of
1 ºC in the air temperature outside the cold room, respectively for Text = 14 ºC and Text = 16 ºC.
For the reference model, i.e. Text = 15 ºC, the predictions of the temperature field in the yz plane at
x = 2750 mm, corresponding to the middle of the door opening are shown in Figure 9. The iso-surface
of tracer gas concentration is shown for Ctracer = 0.25. Additionally, a 3D view of the chamber is also
shown in this figure.
The tracer gas concentration chosen is Ctracer = 0.25, half of the initial concentration. When the tracer
gas concentration is 0.25, indicates that the flow shows already some development, i.e. there is an airflow
between the interior and the exterior of the refrigerated space, and as such, there is a thermal interaction
between the airs of the two environments.
Figure 8 a) shows the predictions obtained for the distribution of temperatures field and displacement of air masses in the door zone when it finishes its opening movement. A parallel analysis was
performed, on both the airflow and thermal interactions between the cold room and the outside environment, depending on the door opening level and its corresponding time. A virtual line, located at half the
height of the door opening, representative of the neutral pressure line as shown in Figure 2 is assumed.
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Figure 8. Predictions of temperature field in the yz plane of coordinates to x = 2750 mm and the isosurface of tracer gas concentration, Ctracer = 0.25

Figure 9. Numerical results of the evolution of air infiltration in the cold room for every time step for
the different external air temperatures
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As the level of the door opening increases: (1) in the zone above the neutral pressure line is observed
the displacement of a mass of hot air into the cold room which can be confirmed by the analysis of the
predictions of temperature field and tracer gas flow along the opening (hot air flow from the exterior into
the chamber), (2) in the zone below the neutral pressure line, the displacement of the air mass occurs
in the opposite direction, i.e. it is observed the displacement of a mass of cold air from the inside the
cold room to its exterior. As larger is the door opening, more easily this phenomenon can be observed.
Focusing on the temperature field and the tracer gas flow nearby of the door opening, the increase of
the size of the door opening in the adjacent zone above the neutral pressure line, there is a formation of
an air layer with a lower temperature than the air that infiltrates into the cold room. This thin portion of
cold air is due to the formation of a vortex, which dimension increases in the upper part of the cold room
and that forces the air to descend. The prediction of the formation of this vortex is, especially, noticeable
when the opening is equal to 900 mm and 1200 mm.
In Figure 8 b), similarly to the analysis carried out when the door finishes its opening process, the
predictions of temperature field in the yz plane at x = 2750 mm, corresponding to half of the door opening
are shown when the door starts closing (after a time of 8 sec. being completely opened). The iso-surface
of tracer gas concentration for Ctracer = 0.25 is also shown in a 3D view of the cold room.
The obtained results show that after 8 sec. of the door being fully open, the airflow is quite developed.
The tracer gas flow through the opening shows that the flow between the two environments increases with
time. The air velocity increases above and below the neutral pressure line. In the temperatures field, it is
predicted that the air that infiltrates inside the refrigerated space (higher temperature and consequently,
lower density), rises and moves along the ceiling, creating a layer of warm air near the ceiling. Over
time, it is observed a decrease of the air temperature in this layer due to mixing and thermal interaction
with the refrigerated air. As air temperature decreases, the flow moves downwardly along the walls
of the cold room. The air that leaves the refrigerated space has temperature lower than the outside air
(greater density), moving along the bottom of the outer zone. The existing vortex in the upper zone of the
cold room is more developed, being its existence more noticeable. During the door closing, the airflow
throttles in both directions, leading to the flow reduction through the door opening, as is evidenced by
the placidity of the flow, especially in the outer zone to the cold room. Thus, during the door-closing
course, air temperature inside the refrigerated space will decrease until a thermal equilibrium is reached,
leading to an increase of average air temperature inside the cold room.
Figure 9 shows the numerical results of the evolution of the infiltration of air during the door opening/
closing cycles, for the different air temperatures outside the cold room. The airflow through the opening
increases rapidly with the door opening movement (0 sec < t < 3 sec.). At t = 4.2 sec. the door is fully
open for 1.2 sec. At this time, the air infiltration rate reaches its maximum value, I = 0.523 m3 s-1, I =
0.537 m3 s-1 and I = 0.551 m3 s-1 to Text = 14 ºC, Text = 15 ºC and Text = 16 ºC, respectively. The temperature difference between the two spaces and the increasing open area during the opening movement,
lead to large movements of air between the two environments. From t = 4.2 sec. to t = 11 sec. the door
remains fully open. A small fluctuation of airflow through the opening is predicted during this period.
The air infiltration rate decreases slightly between 4.2 sec. < t < 7 sec., and henceforth until the instant
in which starts the door closing, t = 11 sec, increases slightly. These small variations in the airflow are
caused by small perturbations in the airflow through the opening, since there is no air movement induced
by the door displacement. During the door closing movement, 11 sec. < t < 14 sec., a rapid decrease
of the airflow through the opening is predicted. The air infiltration rate reaches its minimum value at
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t = 14 sec. The rapid decrease in airflow through the door opening is caused by the gradual reduction
of the opening area resulting from the door closing movement. This behaviour of airflow is similar for
each value of the outdoor air temperature used in the simulation, however, becomes more pronounced
with the increasing temperature difference between the two spaces.
Through the analysis of Figure 10 is possible to conclude that the average air infiltration rate increases
with the difference in temperature between the refrigerated space and the outside environment, since the
pressure difference between the two spaces is greater, and consequently, the airflow will be larger. Thus,
comparing the tracer gas concentration in time steps t = 0 sec. and t = 14 sec., is possible to determine
the average value of the air infiltration rate of throughout the door opening/closing cycles. On average,
for each °C increase of the outside air temperature (or the difference between the indoor and outdoor air
temperatures), the air infiltration rate through the door increases 0.012 m3 s-1, i.e. 12 litters s-1, considering a sliding door with an area A = 2.64 m2. The average air infiltrations rate can still be determined for
each time interval of the movement carried out by the door, i.e. for the time intervals during the door
opening, door fully open and door closing.
In Table 4 is shown the average air infiltration rate for each of the instants of the door opening/closing
cycle according to the temperature difference between the two environments. From the analysis of Table
4, it is verified that the time interval in which the average air infiltration rate is greater corresponds to the
period in which the door remains fully open during 8 sec. Table 4 proves that the greater the temperature
difference between the two environments, larger is the air infiltration rate.
Figure 11 shows the increase of the average value of air temperature inside the cold room after a
door opening/closing cycle. The average air temperature inside the room increases with the temperature
difference between the two environments, since the air infiltration rate increases as well. Hence, there
is an increased infiltration of hot air into the cold room, which leads to an increase in the average value
of the air temperature inside it. On average, for each °C increase of the outside air temperature (or the
Figure 10. Average value of air infiltration at the end of the cycle of opening and closing door for different values of air temperature outside the cold room
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Table 4. Average air infiltration rate in each time of the opening/closing door cycle
Outside temperature,
Text (ºC)

Average rate of air infiltration (m3 s-1) (l s-1)
Opening

Door fully open

Closing

14

0.210 (210)

0.505 (505)

0.287 (287)

15

0.219 (219)

0.520 (520)

0.282 (282)

16

0.227 (227)

0.535 (535)

0.304 (304)

difference between the indoor and outdoor air temperature), the air temperature inside the cold room
increases 0.09 °C, considering a sliding door with an area A = 2.64 m2. The average temperature of the
air inside the cold room also can be calculated for each instant of the door opening/closing cycle. Table
5 shows the increase of air temperature inside the cold room for the periods of door opening, door fully
open and door closing. The overall comparison of Tables 4 and 5 indicates that for each time interval
of the door opening/closing cycle, the greater the air infiltration rate, greater will be the increase of
the average air temperature inside the cold room. The only exception is predicted for the time interval
corresponding to the door closing when the air temperature outside the cold room is Text = 14 ° C. The
increase of air temperature is lower than for Text = 15 ° C, being the air infiltration rate slightly higher.
This fact can be explained by the small difference of the air infiltration rate between the two cases. Being
the temperature difference between the two environments lower when Text = 14 ° C, the air temperature
rise will also be lower than in the case of Text = 15 ° C, since the air temperature difference between
spaces is higher, as well as the thermal interaction.

Conclusive Remarks
The present study aims to evaluate the influence of opening and closing cycles of a sliding door typology in the airflow, namely in the air infiltration, and in the temperature field of the refrigerated space.
In order to assess the influence of these door opening and closing cycles, a sensitivity analysis was
performed by varying the air temperature outside the refrigerated space. A comparative study in order
to assess the thermal performance from the viewpoint of the air infiltration minimization is carried out.
The study comprises a three-dimensional transient CFD modelling to evaluate the airflow at each
time step, and thereby predicting the influence of the outside air temperature variation in the thermal
interaction between the two environments and consequently in the air temperature of the cold room.
The numerical predictions indicate that the outside air temperature of the refrigerated space influences
the air infiltration rate and, consequently, the average air temperature inside the chamber. As greater the
temperature difference between the two environments, greater will be the air infiltration, and therefore,
greater will be the average air temperature inside the cold room.
The numerical predictions of the evolution of air infiltration rate during the door opening/closing
cycles, allows getting some conclusions about its influence in the conditions of the air inside the refrigerated space. Thus, it is possible to indicate some improvement suggestions, practical procedures and
practices aimed for rationalization of the energy consumption.
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Figure 11. Average value of the air temperature in the refrigerated space at the end of the cycle of opening and closing door for different values of air temperature outside the chamber

Table 5. Average air temperature inside the cold room at each time of the opening/closing door cycle
Outside temperature,
Text (ºC)

Increasing of the average air temperature inside the cold room (ºC)
Opening

Door fully open

Closing

14

0.092

0.574

0.119

15

0.103

0.633

0.143

16

0.113

0.693

0.153

ENERGY ANALYSIS AND HEAT LOADS CALCULATION APPROACH:
APPLICATION TO AGROINDUSTRIAL FACILITES
Introduction
With the development of computers and complex numerical methods, it is currently possible to solve
several physical-mathematical problems with a high degree of complexity. The principle of numerical
methods lies in the transformation of the partial differential equations into algebraic equations, which
are solved in a finite number of points. In a competitive society such as the actual society, numerical
methods offer to the user very interesting advantages, some of them are: speed – a computational simulation can be performed quickly, in such a way, that is possible to study the implications of hundreds of
variations in a project in less than a day, and thus choose the best option; low cost – the investment in a
computer and a modelling tool is much lower than the cost associated to an experimental investigation;
complete information – a computational solution has all the information, since all variables are known
in all points of the calculation process; ability to simulate real conditions – there is no necessity to use
models in reduced scale; ability to simulate ideal conditions – interesting to study the influence of certain
parameters, without involving additional complexities (Patankar, 1980).
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The validity of a computational model can be made in three different ways: empirical validation –
the results obtained from the program are compared with the monitored data in a real case; analytical
verification – the results obtained from the program are compared with the values of a known analytical
solution; or through a comparative test – the program is compared with other programs (Judkoff and
Neymark, 2006).
With the purpose to establish a conventional model of validation of the numerical models, the ANSI
and the ASHRAE devised a standard, ANSI/ASHRAE Standard 140 – Method of Test for the Evaluation of Building Energy Analysis Computer Programs, which presents the cases of greater sensitivity
to thermal loads, as the most significant in building energy modelling (thermal inertia, solar radiation,
shading of windows, natural ventilation, among others). This standard presents also the BESTEST
methodology that can be extended to several computational codes, in order to assess the accuracy of the
simulation the total energy consumption of the building and diagnose different predictions in simulation.
Crawley et al. (2008) compared twenty computational tools that calculate and analyse the energy
performance of buildings, they all validated by the BESTEST methodology. The computational codes
in used on the study were: BLAST, BSIM, DeST, DOE-2.1E, ECOTECT, Ener-Win, Energy Express,
Energy-10, EnergyPlus, Equest, ESP-r, IDA ICE, IES <VE>, HAP, HEED, PowerDomus, SUNREL, Tas,
TRACE and TRNSYS. The choice between each program depends on the level of modulation desired,
of the nature of the processes involved, or the desired accuracy.
Compared the capabilities of the several program, it was verified that the most appropriate computational code for modelling the case in study is the EnergyPlus, due to its accuracy and versatility
in modelling the building geometry, HVAC systems and models which facilitate the study of energy
optimization, comparatively to the others.
The EnergyPlus is a modular computational tool, developed in the 70s by the Department of Energy of
the United States of America based on the most peculiar features of BLAST and DOE-2.1e. Its development was stimulated by the great oil crisis and differentiated itself from their antecedents to be developed
in open source, FORTRAN90, a feature that allows the modularization of subroutines, facilitating the
introduction of new parameters and enables the connection to other programs (EnergyPlus, 2013).

Problem
The industrial refrigeration systems perform, currently, a major role in the conservation of food products.
The failure or absence of these equipment would represent significant consequences in the agrifood sector, thus, would affect the people eating habits once they need, in a daily basis, a wide variety of fresh
foods to meet the energy and nutrient requirements. The use of cold in food products conservation has
the objective to prevent or retard the food deterioration, while maintaining a high level of quality with
regard to appearance, flavour, odour and nutrient content, since its commercial value depends of these
characteristics.
Food products that require cold to maintain their organoleptic properties are called perishable food
products. These products require greater care, since any excess temperature to which they are subject,
in transportation, in storage or in the point of sale, enhances the probability of microbial development.
This situation compromises the food quality and can casually have consequences in terms of food
security. Coulomb (2008) states that food products such as fruits and vegetables, dairy products, meat,
fish and shellfish, need to be preserved. These products represent almost a third of all agricultural and
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fishing production. Adds further that only 10% of perishable food products are, in fact, chilled and that
about 30% of the total world production is wasted after harvest, pointing out the refrigeration as the
option to reduce these losses.
On the other hand, a study by the International Institute of Refrigeration (2009), reveals that 25% of all
food produced worldwide are wasted and 20% of this waste is due to the lack of refrigeration, as shown
the Table 6. If developing countries acquire the same cooling technology that is used in industrialized
countries, more than 200 million tons of perishable food products could be preserved, representing about
14% of the current consumption of these countries (James and James, 2010).
Mattarolo (1990) estimated that 40% of all food products require refrigeration corresponding to 15%
of worldwide energy consumption. Lekov et al. (2009) concluded that the refrigeration systems used
for the preservation of food products require significant energy consumptions, as can be seen in Figure
12, since it is vital to ensure a constant temperature throughout the cold chain. James and James (2010)
concluded that production of the electrical energy needed to power refrigeration equipments releases
significant amounts of CO2 to the atmosphere, requiring the use of better energy efficiency practices.
Nowadays the agrifood companies are concerned with the energy bills. Thus, they start to implement
measures and procedures to decrease the energy consumption and to promote the energy efficiency, by
the use of new technologies together with the change of manufacturing processes and behaviours.
The energy consumed by the refrigerated installations is directly related to several factors, such as, the
constructive quality of the building, the exterior environmental conditions, the operating temperatures,
the size of the cold rooms, the configuration of products inside the cold rooms, the inlet temperature of
the products, among others (James and James, 2010).
The purpose of this section is to assess the energy performance of a real company that uses cooling
chambers for storing and conservation of food products, through the modulation in EnergyPlus. For the
modulation of the case in study, the data that characterize the company and the production process were
collected through energy audits. Subsequently a computational model was built and the results compared
with real values for model validation. The computational model was also used to provide suggestions for
improvement in terms of constructive elements, leading to optimization of the building and the cooling
chambers, with the intent to obtain energy savings.
Table 6. Refrigeration requirements and losses due to lack of refrigeration, worldwide and by type of
country (International Institute of Refrigeration, 2009)
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Parameter

World population

Developed countries

Developing countries

Population in 2009
(106 inhabitants)

6.830

1.230

5.600

Refrigeration storage capacity
(m3 1000-1 inhabitants)

52

200

19

Number of domestic refrigerators
(1000-1 inhabitants)

172

627

70

Food losses (all products)
(%)

25

10

28

Losses of fruit and vegetables
(%)

35

15

40

Loss of perishable food through a lack of
refrigeration (%)

20

9

23
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Figure 12. Disaggregation of electric energy consumption by consumer group, in a typical refrigerated
warehouse (Lekov et al., 2009)

State of the Art
The commonly used method for the study of energy performance of cooling chambers for food products consists on analysis of energy consumptions of the cooling system after the measuring the relevant
variables, according conventional procedures. This method is lengthy and entails some errors related to
the uncertainty of the values measured by the measuring instruments and the uncertainty related with
the reading.
On the other hand, with the technological developments in recent decades, it has become possible to
simulate quickly and accurate the energy performance of residential buildings, industrial units, among
others, through the utilization of complex computational codes. These codes allow the study of several
parameters related to the building, thus allowing the sizing of the power of refrigeration systems needed
to suppress the thermal loads, as well as, to test various solutions that promote the energy efficiency on
cooling chambers. However, is essential the utilization experimental data to validate the numerical study.
It is now carried out a literature survey of numerical studies where was used the EnergyPlus to evaluate the energy performance of cooling chambers used on preservation of food products.
Martins (2012) uses the EnergyPlus to simulate and evaluate the energy performance of a company
of storage and distribution of food products. Was analysed the electrical energy consumptions of the
company (monthly and annual), the contribution of consumption of the refrigeration system in the total
consumption of the company, identified the main thermal sources that most influence the total load of
the cooling system and, consequently, its consumption. The results show a discrepancy between simulation and real values of energy consumption of the company. Additionally, they show that the cooling
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system is the largest energy consumer in the company (around 80%). It was found that outdoor climate
conditions affect the cooling load and it was identified the ceiling as the constructive element with the
higher thermal load. This behaviour is justified by the extensive area of ceilings and because the ceiling
is adjacent to the attic, where the temperatures are higher. Finally, it was made a sensitivity analysis of
some variables, such as temperature, the infiltration load, the load of products, the infiltration load by
the removal of lamellae on the doors, the sensitivity of the cooling load with coverage of sandwich panel
on the roof, the orientation and location geographic of the building.
Utage et al. (2013) used the EnergyPlus to study and simulate the cooling system of a warehouse in
India, in order to calculate the needs for cooling and the annual electricity consumption of the company.
This study was conducted in order to reduce energy consumption. Thus, the following change in the
installation were performed: the replacement of the insulation from 150 mm of expanded polystyrene
(EPS) to 100 mm of polyurethane foam (PUF). The method was validated through real data obtained
in a warehouse located in Pune, India. According to the simulation, the change of thermal insulation
brought an average reduction of 9.78% of the cooling requirements for a summer day and 9.26% for a
winter day. It was proved that with this change in insulation, the investment would pay-off in 6.8 years.
Chan (2011) relates that the use of weather files is one of the key factors for the success of a simulation of the energy performance of a building, thus, it is essential that the files be as precise as possible, to
ensure the accuracy of the results. The author used the EnergyPlus to simulate the energy consumption of
HVAC systems with current and future data, and verified a substantial increase in energy consumption,
ranging from 2.6% to 14.3% for service buildings and 3.7% to 24% for domestic buildings.
Bhandari et al. (2012) make use of EnergyPlus and the weather data (dry bulb temperature, relative humidity, solar radiation, wind speed and direction) of three different microclimates to realize the
influence of weather in the energy performance of a building. Furthermore, the authors compared the
contribution and impact of each one of aforementioned data on the thermal loads of the buildings. The
simulations show that the accuracy of climate data influences the results obtained, having been identified differences of 90% between the values of the variables, 40% to the thermal loads of the building
and 7% in annual energy consumption.
Tzempelikos and Athienitis (2007) analysed the electrical energy savings in office buildings, using
solar radiation for daylighting instead of the use of artificial lighting. To determine the optimal amount
of glass surface that ensures the commitment between solar gains and the consumption of HVAC equipment, them defined the variable “window-to-wall ratio” which relates the daylighting capacity in function
of the glazed area by total area of surface. The thermal performance through the control of natural and
artificial lighting to different orientations and weather conditions was also studied. It was concluded to
a building office in Montreal, with the facade facing south, and with a “window-to-wall ratio” equal to
30% it is possible to ensure a luminance of 500 lux in 76% of the annual work period. For the same value
of “window-to-wall ratio”, using an on/off control for the artificial lighting, it was verified a reduction
in electricity consumption of 77% in the lighting, and 16% in the HVAC equipment.
Tsikaloudaki et al. (2012) studied the performance of different types of glazing in an office buildings as a function of geometry and thermo-physical and optical properties and with different shading
configurations. They analysed the energy consumption related to the cooling systems in each case and
concluded that higher overall heat transfer coefficients allows to higher cooling systems consumption.
To minimize the power consumption by the refrigeration systems the authors defined a maximum value
of 2 W m-2 K-1 to the overall heat transfer coefficient.

32


Computational Modelling and Simulation

Zhou et al. (2007) used the EnergyPlus in a services building to compare the operation of an air
conditioning system with variable airflow (VRF) with two conventional air-conditioning systems (VAV,
variable air; FPFA, fan-coil plus fresh air). During the modelation of the building were considered thermal gains associated to the office equipments, lighting and occupancy, in order to size the equipment
that presents lower power consumption. The results showed that the VRF system consumed less 22.2%
of electrical energy than the conventional VAV system and less 11.7% than the FPFA.
Li et al. (2009) modelled and tested a HVAC system with variable airflow (VRF) in EnergyPlus, in
order to analyse the power consumption by the refrigeration, in seasonal and monthly basis, for a typical
building of Shanghai, as well as the disaggregation of consumption by the system component. The results
show a lower energy consumption of the compressor with the increase of the evaporation temperature.
This system provides energy savings in the order of the 20% compared to a conventional system FPFA.
Li and Wu (2010) used the EnergyPlus to model and simulate a module of an air conditioning system with variable air flow and heat recovery (HR-VRF), installed in a typical commercial building. In
this study it was analysed the thermal comfort and the room temperature inside the building during the
winter, between one VRF-HR system and a heat pump. The results show that the system HR-VRF can
reach energy savings between 15 and 17% compared to the heat pump system.

Physical-Mathematical Formulation
The EnergyPlus has the ability to simulate the thermal behaviour of a building in a variable time base,
as well to calculate the energy consumption, in order to test solutions and strategies to improve energy
efficiency. For this, it is necessary to introduce in the program a variety of parameters, such as the location, the geometry, the parameters related to activity, the lighting, the constructive elements, the glazed
surfaces, the HVAC systems, among others, as can be seen in Figure 13 (Crawley et al., 2008).
The program structure is comprised of three key components: the controller of simulation (Simulation
Manager) – coordinates actions between simulation modules, the module of simulation of the heat and
mass balance (Heat and Mass Balance Simulation) and the simulation module of the building systems

Figure 13. Input and output data in EnergyPlus
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(Building simulation System). This structure ensures greater accuracy in predicting the temperature, the
occupant comfort, the assessment of the control of real systems, in comparison with other computational
simulation codes, since the results obtained are considered in other modules, being performed some
corrections and the results are recalculated.
Despite the aforementioned advantages, the EnergyPlus has the disadvantage that the input data
necessary for running a simulation, so as the weather files and the output data obtained in simulation
are in ASCII text format files, what is revealed as a difficulty for the user due to the lack of a graphical user interface (GUI) that allows the visualization of data and results. Thus, the DesignBuilder is
presented as a graphical interface that allows building and specifying in detail the model, and enabling
the results visualization.
The DesignBuilder emerged in 2005 as the first, and currently the most complete, graphical user
interface with the EnergyPlus. This interface allows you to model in three dimensions a building without
any limitations relatively to complex geometries. Thus, it is possible to “build” a building in an extremely
realistic way, through the definition of the actual thickness of the walls, doors and windows, as well
the materials that compose them. The used program also considers the influence of shadows caused by
surrounding buildings, thickets, or shading devices. Finally, it is noteworthy that this computational tool
provides certified reports and regulations of the energy performance of buildings in the UK, France,
Ireland and Portugal (Cumano, 2009).
The program has a fairly complete data base in the various fields, using the predefined libraries is
easy to choose a climatic database, through the selection of a region, the materials that constitute the
constructive elements, the activities performed in the several divisions, as well the HVAC systems in
using. Another feature of this computational code is the possibility to create templates for data entry
into the program, allowing them to be saved and used in other situations that present similar parameters.
The calculation method in which the program is based is the CTF (Conduction Transfer Function),
recommended by ASHRAE, and consists in the transformation of heat gains from all sources in thermal
loads. The calculation takes into account a balance sheet that covers all forms of heat transfer, not only
surface-surface, but also to air present in the zone in study (Cumano, 2009).
For the realization of the mathematical calculations the computational tool uses the concept of “zone”,
defined as a set of areas that are subjected at the same thermal control, as can be seen in Figure 14.
The different “zones” of a certain building interact each other through heat flows on the adjacent
surfaces. According to ENERGYPLUS (2013a), the calculation of the heat flux that crosses the surface
of an element (walls, ceilings, floors, etc.) is given by the Eq. 9.
∞

∞

j =0

j =0

qko′′(t ) = ∑ X jT0,t − jδ − ∑YjTi,t − jδ
Where,
•
•
•
•
•
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q ′′ – Heat flow [W m-2];
t – Current iteration;
X, Y – Factors of thermal response, depends of the properties of the materials;
i – Internal element of the surface;
o – External element of the surface.
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Figure 14. Schematic illustration of energy balance of thermal loads in a zone (ENERGYPLUS, 2013a)

ENERGYPLUS (2013a) also relates that the calculation of the energy balance of a particular zone
is based on the Eq. 10.
Cz

dTz

N sl

=

dt

∑ Qi +

i =1
N surfaces

∑
i =1

N surfaces

∑
i =1

hi Ai (Tsi − Tz ) +

(10)

m iC p (Tzi − Tz ) +

m infC p (T∞ − Tz ) + Qsist
Where,
•
•

Cz ⋅

dTz

– Energy stored in the air of the zone z [J];

dt

N sl

∑ Q

– Sum of heat from internal sauces [J];

i

i =1
N surfaces

•

∑ h A (T
i

i

si

− Tz ) – Sum of the heat exchanges, convection, originating from the inner surfaces

i =1

of the zone [J];
•

N zones

∑m C (T
i

p

zi

− Tz ) – Sum of heat exchanges due to mixing of air between zones [J];

i =1
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•
•

m infC p (T∞ − Tz ) – Heat transfer associated with the infiltration of outside air [J];
Q – Rate of heat exchange with the air conditioning system [W].
sist

Numerical Model
For simulation purposes it was necessary to build based on the real model a computational model. As a
reference for the study was considered a small company with 4 employees and with fixed opening hours
from 9 hours to 18 hours, Monday to Saturday. This company is dedicated to the retail sale of meat and
meat products. The building covers an area of approximately 600 m2, has the main facade oriented to
the west and a minimum ceiling height of 4 m and a maximum of 6 m. In the surroundings, there are no
buildings or groves that cause shading.
Starting with a plant kindly provided by the company, the model was built in DesignBuilder, as
displayed in Figure 15.
For simplicity, the building is divided into two zones: “Others” and “Chambers zone.” The chambers
1 and 2 are situated in the “Chambers zone,” and have a volume of 86.4 m3 (6 m x 4.5 m x 3.2 m) and
192 m3 (6 m x 10 m x 3.2 m), respectively, as shown in Figure 16.
After the exhibition of physical and geographical parameters of the company is necessary to describe
the constructive elements of the building and of the chambers 1 and 2.

Constructive Elements
The building under study was built in 2006, and presents excellent conditions of thermal insulation. In
Table 7 are defined the elements that characterize the building and in Table 8 the elements that characterize the chambers 1 and 2.
After the presentation of the constructive elements relating to the building and the chambers are
described the parameters that characterize the different zones and chambers of this company.
Figure 15. Perspective of the company-building facade modelled in DesignBuilder
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Figure 16. Company plant model

Table 7. Constructive elements of the building
Element

Materials

Thickness (mm)

U (W m-2 K-1)

External walls

Cement sand render
Brick
Extruded polystyrene board
Brick
Cement sand render

15
110
40
110
15

0.595

Roof and doors

White-painted steel
Polyurethane foam
White-painted steel

1
40
1

0.626

Floor

Aerated concrete slab

200

0.680

Walls and ceilings

White-painted steel
Polyurethane foam
White-painted steel

1
60
1

0.432

Windows

Glass with reflecting layer
Air box
Simple glass

6
6
6

3.107
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Table 8. Constructive elements of the chambers 1 and 2
Zone

Materials

Thickness (mm)

U (W m-2 K-1)

Walls, ceiling and door

White-painted steel
Polyurethane foam
White-painted steel

1
80
1

0.224

Floor

Aerated concrete slab Epoxy resin

200
2

0.699

Parameters that Characterize the Different Zones
The parameters that characterize the different zones and chambers of the company under study are
described in Table 9.
The lamps used in the company are of the fluorescent type. Therefore, the type of luminaries has been
defined as “Surface Mount”. In turn, the metabolic activity considered for each of the defined zones and
chambers is “Manual labour (light)”. The temperature verified in the area “Others” is not controlled,
oscillating in function of the thermal gains by conduction through the constructive elements, however,
the temperatures of the “Chambers Zone” and the chambers 1 and 2 are controlled. These values are
shown in Table 9. In Table 10 are shown the data needed to calculate the sensible and latent heat load
of the products, as well, the values obtained.
The specific heat and the enthalpy of vaporization of the pork meat were taken from the tables present in ASHRAE (2006c). The amount of product distributed by the two cameras at the time the audit
was around of 4500 kg. The rate of chilled product was obtained through the ratio between the amount
of meat present in the chambers during the audit and its duration (in seconds). The company indicated
the difference between the product inlet temperature and the desired temperature. The values of Qtotal
Table 9. Parameters that characterize the different zones of the company
m

Q prod

Q L

Qtotal

Qtotal A

166

30

325

355

13

166

70

760

830

14

Zone

c
(kJ kg-1 K-1)

m
(kg)

(kg s-1)

ΔT
(K)

hl
(kJ kg-1)

Chamber 1

3.08

1350

0.002

5

Chamber 2

3.08

3150

0.005

5

(W)

(W)

(W)

(W m-2)

Table 10. Data used to determine the heat load of the products
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Location

Occupation
density
(person m-2)

Metabolic
activity
(W person-1)

Equipment gains
(W m-2)

Illumination gains
(W m-2)

Temperature
(C)

Others

0.013

180

25

3

-

Chambers zone

0.015

180

25

3

8.0

Chamber 1

0.040

180

0

4

0.2

Chamber 2

0.020

180

0

3

0


Computational Modelling and Simulation

were rounded to the unit and result of the sum of the load of products with its latent load. The thermal
load of products and the gains related to respiration and transpiration of them were treated as convective
gains of 13 and 14 W m-2 in the chambers 1 and 2, respectively.
In the calculation of the heat load for infiltration were used the values shown in Table 11.
For the infiltrations through the door opening it was assumed one passage by hour, with an opening
time of 3 sec. The estimate for the time that the door remained open was of 30 sec. The factor of air flow
in the door Df selected was 0.8, in accordance with ASHRAE (2006b). The effectiveness of protection
ε was considered equal to 0.95, since the chambers had lamellae of PVC in good conditions.
Relatively to the periods of daily occupation and schedules annual occupancy, defined for the zone
“Others”, “Chambers zone” and the chambers 1 and 2 are presented in Figures 17 to 19. These graphs
were defined in function to the indications of company, and try to recreate the periods of occupancy and
the occupancy rates that occur with greater frequency, however, there is always a difference between the
periods defined for the simulation and what happens in reality.
Table 11. Data used to determine the heat load by air infiltrations (Q inf )
Location

L
(m)

H
(m)

Q S A

RS

P

(W m )
-2

θp
(s)

θ0
(min)

Q

Dt

Df

ε

(kW)

Q inf

Q inf A

(kW)

(W m-2)

Chamber 1

2

2

2500

0.59

1

3

0.50

14

0.22

0.95

0.8

0.50

19

Chamber 2

2

2

2500

0.59

1

3

0.50

14

0.22

0.95

0.8

0.50

8

Figure 17. Daily occupation period set for the “others” zone
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Figure 18. Daily occupation period set for the “chambers zone” zone

Figure 19. Period of daily occupancy set for the chambers 1 and 2
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Finally, it is noteworthy that the periods of operation of the equipment follows the period of occupation of this zone, with the exception of the cooling system that operates constantly.
With the description of the parameters that characterize the different zones and chambers, are described
all the data needed for the simulation of the company in study. In the following section are shown the
results of simulation between 12 and 19 November.

Analysis and Discussion of Results
The results of this simulation were obtained through the introduction of the parameters aforementioned,
and are listed in the form of a final report provided by the software used. In this “report” are discriminated
the several types of consumptions, and graphs related to the temperatures, the thermal loads, among
others, in function of the building areas and chambers.
The actual power consumption of the company, registered during period of the energy audit was 1172
kWh. Otherwise, the power consumption obtained through the simulation was 1324 kWh, meaning a
difference of 13%, as can be seen in Figure 20. To the results obtained in the simulation, the refrigeration represents 56.4% of the total energy consumption of the company, and 47.8% in the real situation.
The difference in energy consumed by refrigeration in the simulation compared to the real case can
be justified by the difference between the climate data used and the temperatures recorded during the

Figure 20. Energy consumption comparison, total and partial, between the real case and the simulation,
during the energy audit
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audit, accordingly with reported by Chan (2011) and Bhandari et al. (2012) about the importance of the
correct weather data in the success of the simulation of the energy performance of a building. In Figures 21 and 22 are shown the temperatures observed inside the chambers 1 and 2 during the simulation,
respectively, and it appears that they remain constant over time.
The energy balance on the chambers 1 and 2 are shown in Figures 23 and 24, respectively. It is verified that in the chambers 1 and 2 the thermal loads related to the lighting, sensible and latent heat load
of the products and the heat load of occupation represent 20.1% and 21.2%, respectively, of the energy
used by the cooling system to remove these heat gains. The remaining amount of energy is used by the
cooling systems to deal with thermal gains by heat transfer through the constructive elements of the
chambers and the infiltrations.
Figures 25 and 26 show the thermal gains by heat transfer through the constructive elements and
infiltrations, and reveal that is through the floor that occur the higher thermal gains, 59.06 kWh in the
chamber 1 and 132 kWh in the chamber 2.
Regarding the heat transfer that occur through constructive elements of the whole building, it is verified that is through floor that there are the higher thermal gains, 394.76 kWh. This may be due to the
extensive area occupied by the floor compared to other elements, and because the heat gains through the
floor are purely by conduction. It is also verified that through the roof and of walls is released a significant
amount of energy to outside the building, as can be seen in Figure 27. This is due to temperatures within
the building are higher than the outside temperatures during the simulation, as can be seen in Figure 28.
Another important point of study is the temperature in the attic zone, above the cooling chambers.
This space is confined and its temperatures are quite different from cold rooms and exterior temperature.
The Figure 29 shows that the temperatures in the attic are usually lower than the outside temperature.
However, it is necessary to note that the period of the simulation happens in the cold season.
The computational tool will be used now to evaluate the implementation of some changes in the
constructive elements of the company and its consequences into energy performance.
The first case tested consisted in improving the floor of the chambers. For this, it was placed a plate of
extruded polystyrene foam of 80 mm thick (U = 0.254 W m-2 K-1). With this change, the results showed
a decrease in total energy consumption of 8.5%, corresponding to an energy saving during this period
of 113 kWh. With this improvement, it was observed a decrease in thermal gains in the chamber 1 and
2 of 62% and 61.9%, respectively, as can be seen in Figure 30 and Figure 31.
The second simulation, Figure 32, consisted in the increasing the thickness of the sandwich panel of
the walls of the chamber 2 that are close to the walls of the building, since they are oriented to the south
and west. So, the sandwich panel of 80 mm was replaced by another one with 100 mm thickness (U =
0.190 W m-2 K-1). With this improvement the energy consumption decreased by 0.3%, corresponding
to an energy saving of less than 4 kWh. Regarding the thermal gains occurring by the walls there was a
reduction of 13.6%, i.e., corresponding to less than 3.18 kWh.
Finally, a study considering simultaneously the two improvements referred previously was performed.
So it was simulated the energy performance of both chambers when improved their floors and the walls
of chamber 2. The results, as displayed in Figure 33, indicate a decrease in electricity consumption of
8.8%, corresponding to 116 kWh.
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Figure 22. Temperature values of the chamber 2 (black) and the outside dry bulb (red) in DB

Figure 21. Temperature values of the chamber 1 (black) and the outside dry bulb (red) in DB
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Figure 23. Internal thermal loads recorded in the modelling for the chamber 1, during a week

Figure 24. Internal thermal loads recorded in the modelling for the chamber 2, during a week
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Figure 25. Thermal gains by heat transmission through the constructive elements and infiltrations in the chamber 1, during a week
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Figure 26. Thermal gains by heat transmission through the constructive elements and infiltrations in the chamber 2, during a week
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Figure 27. Heat transfer through the structural elements of the building, during a week
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Figure 28. Temperature values in the “Others” zone (black) and dry bulb outdoor air (red)
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Figure 30. Thermal gains by heat transmission through the constructive elements and infiltrations after the improvement of the floor of the
chamber 1, during a week

Figure 29. The temperature in the attic above the “Chambers zone” (black) and dry bulb air (red)
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Figure 31. Thermal gains by heat transmission through the constructive elements and infiltrations after the improvement of the floor of the
chamber 2, during a week
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Figure 32. Thermal gains by heat transmission through the constructive elements and infiltrations after the improvement of the walls of the
chamber 2, during a week
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Figure 33. Thermal gains by heat transfer through the constructive elements and infiltrations after the improvement in the both floors and in
the walls of the chamber 2, during a week
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Conclusive Remarks
In this study was highlighted the importance of industrial cooling systems, since they help prevent and
slow the deterioration of the food products consumed daily. However, is necessary to realize that these
systems are larger energy consumers. Therefore, it is imperative to minimize the consumption of these
equipments. One of the best solutions to reach this objective is the thermal improvement of the constructive elements of the building envelope and cold rooms. The use of computational tools to analyse
the energy consumptions requires a correct validation in order to assure the validity of the results. The
analysis of the results obtained in simulation, show that loads by heat transfer are those that most affect
the energy performance of the cold rooms, accounting for over 66% of the need of refrigeration of the
company under study. The floor presents itself as a constructive element that deserves greater attention
and the results show that a correct investment in the improvement of the floor could bring significant
economic gains for the company. The attic above the chambers is another point that deserves some attention, given the proximity of this zone with the cameras and the large thermal amplitude between the
chambers and the attic. The solution that provides better results in decreasing the temperature of the
attic zone is to use materials with better thermal properties in the building envelope namely in the roof.

GLOBAL PREDICTIVE APPROACH: EVALUATION OF ENERGY
CONSUMPTION IN MEAT AGROINDUSTRIAL SECTOR
Introduction
The sustainability and food safety in the agrifood sector has been a topic of research and study. The
world demand for food is increasing which is reflected on an enormous strain for the production and
conservation sectors of the food chain. A predictive tool for assessment of the energy performance in
agrifood industries that use cold storage is developed in order to contribute to the improvement of the
energy efficiency of this industry. The predictive tool is based on a set of characteristic correlated parameters: amount of raw material annually processed, annual energy consumption and volume of cold
rooms. A case study of application of the predictive tool is applied to an agrifood company belonging
to meat sector, specifically a dry-sausage industry. The results obtained help on the decision-making of
practice measures for improvement of the energy efficiency in this industry.

Problem
The demand of chilled and frozen food as increased substantially, which leads to new requirements for
the efficiency of refrigeration systems (Laguerre et al., 2013). Energy represents a factor of greatest
importance not only for a country economy, but also especially for the well-being of its citizens. In 1971,
there was a global electricity consumption of around 439 Mtone, and in 2010, this figure rose to 1.536
Mtone (IEA, 2012). This increase is related to the population growth, being the industry responsible for
about 35.2% of energy consumption worldwide in 2010. The energy consumed globally for the cooling
process accounts for 15% of energy consumption (Pachai, 2013). Thus, it is important to develop studies and tools that help the efficiency improvement of these processes to ensure a better sustainability
of this industrial sector. Additionally, it intends to promote and develop actions that contribute to a real
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improvement of energy efficiency and competitiveness of this sector. The main objective of this work
consists in the development and implementation of an analysis algorithm to be validated with companies
outside the sample of technical audits. It focus the development of a predictive tool to support strategic
decisions in companies allowing the estimation of their energy performance and pointing practice measure that lead to an effective improvement of energy efficiency. Note that this project is not aimed for
the energy characterization of the cold stores in particular, but to the energy characterization by agrifood
category, i.e., meat, fish, dairy, horticultural (fruit and vegetables), wine and vineyard and distribution,
in order to obtain real data that was used for the development of the correlations included in the model/
algorithm. This specific case study will be applied to a dry-sausage industry.

State of the Art
There are some results provided by studies and tools that help the efficiency improvement of refrigeration related processes to ensure a better sustainability of this industrial sector. Specifically, predictive
tools were developed for the analysis of several points related to the cooling processes (whether energy
consumption, environmental impact, among others). The tool FRISBEE CCP -Cold Chain Predictor(Gogou et al., 2013), developed within the activities of FRISBEE (Food Refrigeration Innovations for
Safety, Consumers Benefit, Environmental impact and Energy) project, performs simulations on specific
conditions defined by the user, constructs graphs representing the variation of temperature over time
and predicts the remaining shelf time of the product. These simulations are performed based on the
method of Monte Carlo generating distributions of time/temperature for every stage of the cold-chain
and selected product. The results represent realistic scenarios for the behaviour of food products, being
possible to take corrective actions in order to optimize the efficiency of the cold-chain ensuring product
quality and increasing its validity. This tool is intended to provide free information and tools to managers,
designers and operators of the refrigeration industry optimizing the efficiency of their companies. In
this same context, Evans et al. (2014a, 2014b) describes the ICE-E (Improving Cold Storage Equipment
in Europe) project devoted to the development of tools with the same goals. This project contributed
to reduce the energy consumption and greenhouse gas emissions from the European food cold storage
sector through the application of more energy efficient equipment and taking into account the energy
and environmental standards of the EU.
Eden et al. (2010) describes a predictive tool, QMRA (Quantitative Microbial Risk Assessment),
which is combined with the principle of the Hazard Analysis and Critical Control Points (HACCP) to
enable the improvement of quality and safety of food in a preventive approach. More specifically, this
tool allows to estimate the risk of pathogens growth based on the temperature and chemical and nutritional characteristics of food. As result, the SLP (Shelf Life Predictor) was developed with the ability
to predict the true and the remaining shelf life of foods. Apart from the quality and safety of foods, this
tool allows tracking (traceability) products in order to know the places where they are in real time so that
the consumer can make use of reliable information about the origin of food. It also allows to overlook
the manufacturing process from the collection of raw materials to their processing, helping to ensure
quality and safety.
Van der Sluis (2008) describes a software that makes the temperature control of cold stores taking into
account the price of electricity and the daily consumption profile of the company. The load management
was accomplished considering that compressors will work during time periods of low-cost electricity
due to lower demand, in order to accumulate energy in the form of cold to rationally use it during peak
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hours. However, this procedure is executable only if the facilities have enough cold storage capacity to
store the energy demand during the day. Besides the abovementioned works, other computational tools
and models have been developed to enhance the operation of refrigeration facilities and system devices.
These works are only few examples of recent ongoing research and development focusing the energy
improvement of refrigeration systems, which are the main consumers in the agrifood industry.

Physical-Mathematical Formulation
Initially, an extensive survey was developed to carry out a collection of information about the agrifood
industries. The survey was conducted based on a sample of 87 agrifood companies: 33 from the meat
sector, 31 from the dairy sector and 23 from the horticultural (fruits and vegetables) sector in the central
region of Portugal (Silva et al., 2014; Gaspar et al., 2014). This region has the highest number of agrifood companies in Portugal. Additionally, it has the perfect weather conditions and soil and vegetation
properties that allows the development of agrifood practices for a wide range of products from different
sectors. Several regional products are manufactured in the region, among which stand out the products
in the meat sector (cured meats), dairy products (cheeses) and fruits. This survey was used to collect
information regarding physical characteristics of plants, activities and characteristics of production
processes, high energy-use equipment with special emphasis on cooling systems, cooling and freezing chambers and energy consumption. Besides serving as a support document for data recording, the
document ensured a systematic and reliable data collection. Moreover, it was also used as a technical
guide to the plants inspection. The data collection process was carried out face-to-face, with a visit to
the industries, and where the building, the equipment, the technical operations and the manufacturing
processes were observed.
Several experimental techniques (thermometry and hygrometry) were applied to measure the environmental conditions inside and outside the cooling equipment; to evaluate the preservation condition
of cooling chambers walls, thermal bridges, sealing condition of chambers doors, and insulation of
refrigerant suction pipes and of discharge air ducts of air handling units (thermography); to evaluate
its electrical power consumption and the profile analysis of electricity consumption (energy and power
measurements) as well as the physical dimensions of the cooling and freezing rooms.
A computer database was built to record all information gathered from the plants. This database was
designed to allow data processing and analysis. It also made possible to obtain various performance
indicators from each agrifood company and simultaneously to carry out a comparative analysis between
different plants in each sector.
The data was statistically organized, analysed, and interpreted in order to develop analytical correlations that represent the Portuguese average energy performance of agrifood industries. The statistical
program SPSS version 18 was used to assess the data dispersion and to calculate the correlations. The
determination coefficient, R2, was used to set to correlation type. Based on the results, a linear regression
equation was used to obtain the relationships between the relevant parameters. The regression outliers
were removed from the sample using the Chauvenet’s criterion.
The correlations obtained focused on several key parameters that characterize companies of agrifood
sector, including: the quantity of raw material processed annually, the annual electricity consumption,
and the volume of cold rooms. These equations express the relationships between the following relevant
parameters: Electrical energy consumption (annual), E [MWh]; Raw material (annual), RM [ton]; Compressors nominal power, CP [kW] and Cold room volume, V [m3]. Note that the parameter of electricity
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consumption accounts not only for the energy consumed for cooling or processing food products, but also
other sinks as lighting, heating, office, etc. The complete description of the predictive tool for the meat
sector is presented in Santos et al. (2013), Nunes et al. (2014a) and Nunes et al. (2014b). Although not
making part of this study, this predictive tool was also developed to access the thermal performance of
companies belonging to the horticultural sector (Neves et al., 2014a; Nunes et al., 2014b) and to the dairy
sector (Neves et al., 2014b). The correlations developed for sausages industry are shown in Table 12.

Numerical Model
The predictive tool was developed in MATLAB making use of GUIDE (Graphical User Interface Design
Environment). This tool provides point-and-click control of software applications, reducing the need
to type commands in order to run an application. GUIDE provides tools for graphically design the user
interface for applications. The computations to be performed by the application were programmed in
MATLAB language and the data is display in plots. The user interface of the predictive tool is extremely
simple, intuitive, user-friendly and easy to understand. The aim is to provide a tool accessible to all
professionals in the agrifood industry regardless of their qualifications. Finally, the code generated in
MATLAB was converted to an executable file that can run in any computer. As the correlations used
in the algorithm are the core of the predictive tool and were obtained through real values collected in
companies, the predictions validity are limited to a variation domain of each of characteristic parameter.
The validity of the predictions are constrained by the plots provided in the result windows. To perform the
simulation the predictive tool requires the user to input the following data: Annual energy consumption,
Annual raw material processed and Total volume of cold rooms. The tool starts the computation based
on the correlations and displays in a new window the general results that summarize the current state of
energy performance of a company. In this window, plots that relate the characterization parameters of a
company are displayed. All plots have a green shaded background that represents the confidence level of
95% of the statistical correlations. In addition, it is also shown in each plot the value of the percentage

Table 12. Statistical correlation for the energy performance of agrifood companies of the sausages sector
Relationships
Electricity consumption, E [MWh] vs. Raw material, RM [ton]

Compressors nominal power, CP [kW] vs. Raw material, RM [ton]

Cold room volume, V [m3] vs. Raw material, RM [ton]
Electricity Consumption, E [MWh] vs. Cold room volume, V [m3]
Compressors nominal power, CP [kW] vs. Cold room volume, V [m3]
Average specific energy consumption, SEC [kWh ton-1]
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Model correlations

E = 0.2376MP + 24.18
(R2 = 0.92)

CP = 0.0702RM + 11.49
(R2 = 0.68)

V = 4.3795 RM − 87.42
(R2 = 0.82)

E = 0.3243V − 6.84
(R2 = 0.96)

CP = 0.0572V + 3.41
(R2 = 0.93)
660.2
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deviation of the parameter under consideration: (Company point – red dot) and correspondent correlation value for the average meat industries (black dot). To show the applicability of the predictive tool,
the company case of study in the application of the former computational tools is used. The company
under study has 15 years of activity, employing only 4 workers. According to the Portuguese legislation
is classified as a micro-enterprise, devoted to the production of dry-cured sausages. It processes annually
44.8 tons of raw material, mainly pork meat. The company has three cold rooms with a total volume of
142 m3. However, its covered area is 600 m2 since the facilities include rooms for manufacturing the
sausages and a smokehouse for drying the products. The cold rooms are made with polyurethane sandwich
panels with fluorescent lighting. The compressors have a total rated power of 10.5 kW distributed by
four Bitzer compressors (individual cooling circuits) and the annual global energy consumption is 21.2
MWh. The power factor of the company is 0.86. The facility has not a capacitors system for power factor correction. This particular company does not have a stove either a boiler. The details of the industry
are gathered in Table 13.

Analysis and Discussion of Results
The tool allows predicting the energy performance of a particular company in relation to the national
average value of sausages sector. Depending on the results, the tool also provides practice measures
to improve the energy efficiency. Thus, it can be used on energy-decision making process in order to
improve the energy efficiency if required and/or desired.
Figure 34 shows the overall results of the energy performance of the case study.

Table 13. Cold store characterization and activity
Company activity

Meat subsector

Sausages industry

Quantity of raw material [ton]

44.8

Electricity consumption [MWh]

Company
characterization

21.2

Total volume of cold rooms [m ]

142

Compressors nominal power [kW]

10.5

3

Company age

15

Number of workers

4

Company size

Micro company

Number of cold rooms
Covered area [m ]
2

3
600

Lighting

Fluorescent

Tube insulation

Polyurethane

Chambers insulation

Polyurethane

Capacitors battery

No

Power factor

0.86

Boiler

No

Air-conditioned corridors

No
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Figure 34. Predictions of energy performance
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Based on the predictions, the company shows a specific electrical energy consumption below average, characterizing it as a competitive business.
Figure 34. a) shown an energy consumption 64% lower than the national average for the raw material
processed. In the remaining plots, the conclusions are similar and all predicted values are below average.
The compressors power and the volume of cold rooms are lower than expected by 39% and 23% respectively for the raw material processed when compared to the national average. Figure 34 e) and Figure
34 f) compares the energy consumption and the nominal power of compressors with the volume of cold
rooms. In these plots is noted that the predicted values are below the average 86% and 10% respectively.
The prediction in Figure 34 e) (86%) is outside the confidence interval due to an amount of raw material processed 23% lower in relation to the volume of the cold room. This condition is verified by the
low energy consumption. Considering again Figure 34 a), it is clear that if the company handles more
quantity of raw materials, the energy consumption will increase. Finally, by evaluating the plot comparing the SEC with the national average is predicted a value 28% lower than the estimated average. It is
important to point out that this company uses electricity for heating water. This condition contributes to
the low power factor (0.86) which increases the cost of electricity due to the increased reactive power.
This problem can be easily solved by installing a small capacitor system. Notice that although the results
obtained in the simulations are valid, the value of the amount of raw materials is slightly below the valid
domain what can compromise the prediction results, hence the variation between the values of different
plots (-86% maximum in Figure 34 e) and - 10% minimum in Figure 34 f).

Conclusive Remarks
The predictions results as well as the conclusions obtained from the audits are indicative but allow managers of agrifood companies to be aware about the positioning of their company in relation to the national
average in terms of energy performance. However, any change in the company or in the processes require
a detailed in-situ study about the energy consumption of different devices that are part of manufacturing and cooling processes, taking into account the various inefficiencies that may exist. Nevertheless,
the results obtained by the tool for the prediction of energy performance of meat industries are in line
with the failures or inefficiencies detected in the fieldwork. The predictive tool here presented can be
adapted to another country or sector, requiring only the modification of the correlations as well as the
limit range of application and the confidence intervals.

FUTURE RESEARCH DIRECTIONS
Each case study shown in this chapter made use of a specific computational modelling and simulation
tool to assist the improvement of thermal performance and energy efficiency in industrial engineering
systems, particularly in cold stores. The computational modelling tools were used separately to study
particular physical phenomena in the same company. A future research direction is to develop functions
code that exchange the relevant input and output data between modelling tools in order to obtain numerical results with additional precision due to an integrated analysis of the company.
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CONCLUSION
This chapter focus on computational modelling tools applied to analyse and improve the thermal and
energy performance of cold stores. Considering the same company, different computational tools are
used to analyse: (1) the velocity and temperature fields for the interior a cold room of the company by
Computational Fluid Dynamics software; (2) the thermal loads and energy consumption of the company
through an energy analysis and thermal load simulation code; (3) the energy performance of the company
through a statistical predictive model based on empirical correlations of the agrifood sector.
The first computational tool is used to evaluate the influence of opening and closing cycles of a cold
room’s sliding door in the air infiltration rate and in the temperature field. A sensitivity analysis was
performed by varying the air temperature outside the refrigerated space.
The study comprises a three-dimensional transient CFD modelling to evaluate the airflow at each
time step, and thereby predicting the influence of the outside air temperature variation in the thermal
interaction between the two environments and consequently in the air temperature of the cold room. The
numerical predictions of the evolution of air infiltration rate during the door opening/closing cycles, allow
to indicate some improvement suggestions, practical procedures and practices aimed for rationalization
of the energy consumption.
The second computational tool is used to determine the energy consumption of a company, namely,
the company that has a cold room where the first computational tool was applied. The simulation results
show that heat transfer loads are those that most affect the energy performance of the cold rooms, accounting for over 66% of the need of refrigeration of the company under study.
The third computational tool is used to classify the energy performance of the company in relation
to the behaviour of its agrifood sector. The results obtained by the tool for the prediction of energy
performance of meat industries are in line with the failures or inefficiencies detected in the fieldwork.
The numerical results obtained by each one of the three computational tools are linked and point to
different but complementary directions that lead to considerable energy savings.
Globally, using these different approaches, the improvement of the thermal performance and energy
savings can be achieved by optimization of company’s operation through thermal loads reduction and
improvement of system operation and infrastructure design.

ACKNOWLEDGMENT
The authors thank all the institutions and entities, public and private, that either by providing data or
collaborating on the experimental studies, contributed to the development of the case studies described
in this chapter.
The computational tool presented in the section “Global predictive approach: evaluation of energy
consumption in meat agroindustrial sector” was part of a work package of project “InovEnergy – Eficiência
Energética no Sector Agroindustrial” inserted in the InovCluster plan of action. The study was funded
by the National Strategic Reference Framework (QREN 2007-2013), POFC (Operational Programme
for Competitiveness Factors), 01/SIAC/2011, Ref: 18642.

60


Computational Modelling and Simulation

REFERENCES
Ansys (2011). Ansys Fluent 14 User’s Guide.
Bastos, E., Gaspar, P. D., & Silva, P. D. (2014, June). CFD parametric study of the influence of number and arrangement of meat carcasses in the thermal performance of refrigeration rooms - case study.
Proceedings ASME 2014 12th Biennial Conference on Engineering Systems Design and Analysis
(ESDA2014), Copenhagen, Denmark.
Bastos, E. C. (2013). Estudo paramétrico por DFC da influência da capacidade e disposição do armazenamento de carcaças cárneas no desempenho térmico de câmaras de refrigeração [MSc Thesis].
Covilhã: UBI.
Bhandari, M., Shrestha, S., & New, J. (2012). Evaluation of weather datasets for building energy simulation. Energy and Building, 49, 109–118. doi:10.1016/j.enbuild.2012.01.033
Campos, R., Bastos, E., Gaspar, P. D., & Silva, P. D. (2013, June). Experimental study and numerical
modelling of the thermal performance of cold rooms for storage of meat products. Proceedings 8th
World Conference on Experimental Heat Transfer, Fluid Mechanics, and Thermodynamics (ExHFT-8),
Lisbon, Portugal.
Chan, A. L. S. (2011). Developing future hourly weather files for studying the impact of climate change
on building energy performance in Hong Kong. Energy and Building, 43(10), 2860–2868. doi:10.1016/j.
enbuild.2011.07.003
Coulomb, D. (2008). Refrigeration and cold chain serving the global food industry and creating a better
future: Two key IIR challenges for improved health and environment. Food Science and Technology
(Campinas.), 19(8), 413–417. doi:10.1016/j.tifs.2008.03.006
Crawley, D. B., Hand, J. W., Kummert, M., & Griffith, B. T. (2008). Constrasting the capabilites of building energy performance simulation programs. Building and Environment, 43(4), 661–673. doi:10.1016/j.
buildenv.2006.10.027
Eden, M., & Colmer, C. (2010). Improved Cold Chain Management: Efficiency and food safety through
international project results. Food Safety and Tecnhology, 24(1), 30–32.
ENERGYPLUS. (2013a). EnergyPlus Engineering Reference. California: LBNL.
ENERGYPLUS. (2013b). Getting Started with EnergyPlus. California: LBNL.
Evans, J. A., Foster, A. M., Huet, J.-M., Reinholdt, L., Fikkin, K., & Zilio, C. et al. (2014). Specific
energy consumption values for various refrigerated cold stores. Energy and Building, 74, 141–151.
doi:10.1016/j.enbuild.2013.11.075
Evans, J. A., Hammond, E. C., Gigiel, A. J., Foster, A. M., Reinholdt, L., Fikiin, K., & Zilio, C. (2014).
Assessment of methods to reduce the energy consumption of food cold stores. Applied Thermal Engineering, 62(2), 697–705. doi:10.1016/j.applthermaleng.2013.10.023

61


Computational Modelling and Simulation

Faramarzi, R., Coburn, B. A., & Sarhadian, R. (2002). Showcasing energy efficiency solutions in a cold
storage facility. Proceedings 2002 ACEEE Summer Study on Energy Efficiency in Buildings (Vol. 3,
pp. S107-S118), Pacific Grove, California, USA.
Ferziger, J. H., & Perić, M. (2002). Computational methods for fluid dynamics (3rd ed.). Berlin, Germany: Springer-Verlag. doi:10.1007/978-3-642-56026-2
Foster, A. M., Barrett, R., James, S. J., & Swain, R. (2002). Measurement and prediction of air movement through doorways in refrigerated rooms. International Journal of Refrigeration, 25(8), 1102–1109.
doi:10.1016/S0140-7007(01)00108-6
Foster, A. M., Swain, M. J., Barrett, R., D’Agaro, P., & James, S. J. (2006). Effectiveness and optimum
jet velocity for a plane jet air curtain used to restrict cold room infiltration. International Journal of
Refrigeration, 29(5), 692–699. doi:10.1016/j.ijrefrig.2005.12.011
Foster, A. M., Swain, M. J., Barrett, R., & James, S. J. (2003). Experimental verification of analytical
and CFD predictions of infiltration through cold store entrances. International Journal of Refrigeration,
26(8), 918–925. doi:10.1016/S0140-7007(03)00097-5
Fritzsche, C., & Lilienblum, W. (1968). Neue Messungen zur Bestimmung der Kälteverluste an Kühlraumtüren. Kältetechnik-Klimatisierung, 20, 279–286.
Gaspar, P. D., Gonçalves, L. C., & Pitarma, R. A. (2011). Experimental analysis of the thermal entrainment factor of air curtains in vertical open display cabinets for different ambient air conditions. Applied
Thermal Engineering, 31(5), 961–969. doi:10.1016/j.applthermaleng.2010.11.020
Gaspar, P. D., Gonçalves, L. C. C., & Pitarma, R. A. (2012a). Detailed CFD modelling of open refrigerated
display cabinets [Hindawi Publishing Corporation.]. Modelling and Simulation in Engineering, 2012.
Gaspar, P. D., Gonçalves, L. C. C., & Pitarma, R. A. (2012b). CFD parametric studies for global performance improvement of open refrigerated display cabinets. [Hindawi Publishing Corporation.]. Modelling
and Simulation in Engineering, 2012.
Gaspar, P. D., Silva, P. D., Nunes, J., & Andrade, L. P. (2014). Characterization of the specific electrical energy consumption of agrifood industries in the central region of Portugal. Applied Mechanics and
Materials, 590, 878–882. doi:10.4028/www.scientific.net/AMM.590.878
Gogou, E., Katsaros, G., Derens, E., Li, L., Alvarez, G., & Taoukis, P. (2013). Development and applications of the European Cold Chain Database as a tool for cold chain management. Proceedings of
2nd IIR International Conference on Sustainability and the Cold Chain (ICCC 2013), Paris, France.
Gonçalves, J. C., Costa, J. J., Figueiredo, A. R., & Lopes, A. M. G. (2009). Infiltração de ar através de
portas de acesso a câmaras frigoríficas. Verificação experimental de previsões analíticas e através de
CFD. Revista Millenium, 37. (in Portuguese)
Gonçalves, J. C., Costa, J. J., Figueiredo, A. R., & Lopes, A. M. G. (2012). CFD modelling of aerodynamic sealing by vertical and horizontal air curtains. Energy and Building, 52, 153–160. doi:10.1016/j.
enbuild.2012.06.007

62


Computational Modelling and Simulation

Gosney, W. B., & Olama, H. A. L. (1975). Heat and enthalpy gains through cold room doorways. Proceedings Institute of Refrigeration, 72, 31-41.
Hayes, F. C., & Stoecker, W. F. (1969). Design data for air curtains. ASHRAE Transactions, 2121, 168–180.
ISO 12569:2012: Thermal performance of buildings and materials -- Determination of specific airflow rate
in buildings -- Tracer gas dilution method. International Organization for Standardization. (2012). ISO.
James, S. J., & James, C. (2010). The food cold-chain and climate change. Elsevier, Volume. Food Research International, 43(7), 1944–1956. doi:10.1016/j.foodres.2010.02.001
Judkoff, R., & Neymark, J. (2006). Model Validation and Testing: The Methodological Foundation of
ASHRAE Standard 140. Quebec City: NREL.
Key World Energy Statistics. International Energy Agency. (2012). IEA.
Laguerre, O., Hoang, H. M., & Flick, D. (2013). Experimental investigation and modelling in the
food cold chain: Thermal and quality evolution. Trends in Food Science & Technology, 29(2), 87–97.
doi:10.1016/j.tifs.2012.08.001
Launder, B. E., & Spalding, D. B. (1974). The numerical computation of turbulent flows. Computer
Methods in Applied Mechanics and Engineering, 3(2), 269–289. doi:10.1016/0045-7825(74)90029-2
Lekov, A. (2009). Opportunities for Energy Efficiency and Automated Demand Response in Industrial
Refrigerated Warehouses in California. California: LBNL. doi:10.2172/962214
Li, Y. M., & Wu, J. Y. (2010). Energy simulation and analysis of the heat recovery variable refrigerant
flow system in winter. Energy and Building, 42(7), 1093–1099. doi:10.1016/j.enbuild.2010.01.023
Martins, P. J. (2012). Modelação numérica do desempenho energético de unidades de refrigeração para
conservação de produtos alimentares. Master Science Thesis, Covilhã, UBI.
Mattarolo, L. (1990). Refrigeration and food processing to ensure the nutrition of the growning world
population. Dresden.
Neves, D., Gaspar, P. D., Silva, P. D., Andrade, L. P., & Nunes, J. (2014a). Computational tool for the
energy efficiency assessment of horticultural industries - Case study of inner region of Portugal. ICCSA
2014, B. Murgante et al. (Eds.), Lecture Notes in Computer Science 8584 (LNCS), Part VI, Springer.
Neves, D., Gaspar, P. D., Silva, P. D., Andrade, L. P., & Nunes, J. (2014b, June). Computational tool for
the energy efficiency assessment of cheese industries - Case study of inner region of Portugal. Proceedings V Congreso Iberoamericano de Ciencias y Técnicas del Frío (CYTEF 2014), Tarragona, Spain.
Nunes, J., Neves, D., Gaspar, P. D., Silva, P. D., & Andrade, L. P. (2014a). Predictive tool of energy
performance of cold storage in agrifood industries: The Portuguese case study. Energy Conversion and
Management, 88, 758–767. doi:10.1016/j.enconman.2014.09.018
Nunes, J., Silva, P. D., Andrade, L. P., & Gaspar, P. D. (2014b, October - November). Potential of energy
savings in Portuguese meat industry. Proceedings 8th International Conference on Energy and Development, Environment and Biomedicine (EDEB’14), Lisbon, Portugal.

63


Computational Modelling and Simulation

Nunes, J., Silva, P. D., Andrade, L. P., Gaspar, P. D., & Domingues, L. C. (2014c, June). Energetic evaluation of refrigeration systems of horticultural industries in Portugal. Proceedings 3rd IIR International
Conference on Sustainability and Cold Chain (ICCC 2014), London, United Kingdom.
Orlandi, M., Visconti, F. M., & Zampini, S. (2013). CFD assisted design of display cabinets. Proceedings
of 2nd IIR International Conference on Sustainability and the Cold Chain (ICCC 2013), Paris, France.
Pachai, A. C. (2013). From Crandle to table – cooling and freezing of food. Proceedings of 2nd IIR
International Conference on Sustainability and the Cold Chain (ICCC 2013), Paris, France, April.
Patankar, S. V. (1980). Numerical Heat Transfer and Fluid Flow. Hemisphere Publishing Corporation.
Pham, Q. T., & Oliver, D. W. (1983). Infiltration of air into cold stores. Proceedings of 16th International
Congress of Refrigeration, 4, 67-72.
Rodi, W. (1980). Turbulence models and their application in hydraulics. A state of the art review. International Association for Hydraulics Research.
Santos, R., Nunes, J., Silva, P. D., Gaspar, P. D., & Andrade, L. P. (2013, April). Computational tool
for the analysis and simulation of cold room performance in perishable products industry. Proceedings
2nd IIR International Conference on Sustainability and the Cold Chain (ICCC 2013), Paris, France.
Silva, P. D., Gaspar, P. D., Nunes, J., & Andrade, L. P. (2014). Specific electrical energy consumption and
CO2 emissions assessment of agrifood industries in the central region of Portugal. Applied Mechanics
and Materials, 675-677, 1880–1886. doi:10.4028/www.scientific.net/AMM.675-677.1880
Standard Test Method for Determining Air Change in a Single Zone by Means of a Tracer Gas Dilution.
(2011). ASTM Standard E741-11.
Stoecker, W. F. (1998). Industrial Refrigeration Handbook. New York: McGraw-Hill.
Sun, D. W. (2007). Computational Fluid Dynamics in Food Processing. CRC Press, Taylor & Francis
Group, Boca Raton, USA. doi:10.1201/9781420009217
Sun, D. W. (2007). Computational Fluid Dynamics in Food Processing. CRC Press.
doi:10.1201/9781420009217
The Role of Refrigeration in Worldwide Nutrition. (2009International Institute of Refrigeration. Paris.
Tsikaloudaki, K., Laskos, K., Theodosiou, T., & Bikas, D. (2012). Assessing cooling energy performance of windows for office buildings in the Mediterranean zone. Energy and Building, 49, 192–199.
doi:10.1016/j.enbuild.2012.02.004
Tzempelikos, A., & Athienitis, A. K. (2007). The impact of shading design and control on building
cooling and lighting demand. Solar Energy, 81(3), 369–382. doi:10.1016/j.solener.2006.06.015
Utage, A. S., Mali, K. V., & Kadam, A. D. (2013). Performance simulation of cold storage using EnergyPlus. International Journal of Engineering Science and Technology, 5, 286–297.
Van der Sluis, S. M. (200, April 8). Wind energy storage in cold stores: Night Wind. In Proceedings of
Energy Efficiency & Renewable Energy Sources (EE & RES), Sofia, Bulgaria.

64


Computational Modelling and Simulation

Zhou, Y. P., Wu, J. Y., Wang, R. Z., & Shiochi, S. (2007). Energy simulation in the variable refrigerant flow air-conditioning system under cooling conditions. Energy and Building, 39(2), 212–220.
doi:10.1016/j.enbuild.2006.06.005

ADDITIONAL READING
Anderson, J. D. (1995). Computational fluid dynamics. The basics with applications. McGraw-Hill
Science/Engineering.
Anil, D. W. (2005). Introduction to Computational Fluid Dynamics. Cambridge University Press.
Ansorge, R., & Sonar, T. (2009). Mathematical Models of Fluid Dynamics: Modelling, Theory, Basic
Numerical Facts - An Introduction (2nd ed.). Wiley-VCH. doi:10.1002/9783527627967
Blazek, J. (2005). Computational Fluid Dynamics: Principles and Applications (2nd ed.). Elsevier Science.
Cebeci, T., Shao, J. P., Kafyeke, F., & Laurendeau, E. (2005). Computational Fluid Dynamics for Engineers: From Panel to Navier-Stokes Methods with Computer Programs. Springer.
Chung, T. J. (2014). Computational Fluid Dynamics. Cambridge University Press.
Fletcher, C. A. J. (2012). Computational Techniques for Fluid Dynamics (Vol. 2). Springer.
Fletcher, C. A. J. (2013). Computational Techniques for Fluid Dynamics: Vol. 1. Fundamental and
General Techniques (2nd ed.). Springer.
Gaspar, P. D., Barroca, R., & Pitarma, R. A. (2003). Performance evaluation of CFD codes in building
energy and environmental analysis. In Proceedings of Building Simulation 2003, Eindhoven, Netherlands.
Gaspar, P. D., Gonçalves, L. C. C., & Ge, X. (2010). CFD parametric study of ambient air velocity
magnitude influence in thermal behaviour of open refrigerated display cabinets. Proceedings of 5th
European Conference on Computational Fluid Dynamics, ECCOMAS CFD 2010, Lisbon, Portugal.
Gaspar, P. D., Gonçalves, L. C. C., & Ge, X. (2010). Influence of ambient air velocity orientation in
thermal behaviour of open refrigerated display cabinets. Proceedings of ASME 2010 10th Biennial
Conference on Engineering Systems Design and Analysis (ESDA 2010), Istanbul, Turkey. doi:10.1115/
ESDA2010-24124
Gaspar, P. D., Gonçalves, L. C. C., & Pitarma, R. A. (2007, June). Experimental analysis of the thermal
entrainment three-dimensional effects in re-circulated air curtains. Proceedings of 10th International
Conference on Air Distribuition in Rooms – ROOMVENT 2007, Helsinki, Finland.
Gaspar, P. D., Gonçalves, L. C. C., & Pitarma, R. A. (2008). Three-Dimensional CFD modelling and
analysis of the thermal entrainment in open refrigerated display cabinets. Proceedings of ASME 2008
Heat Transfer Summer Conference (HT 2008), Vol. 2, 63-73. doi:10.1115/HT2008-56421
Gaspar, P. D., Gonçalves, L. C. C., & Vögeli, A. (2009). Dependency of air curtain performance on
discharge air velocity (grille and back panel) in open refrigerated display cabinets. In Proceedings of
2009 ASME International Mechanical Engineering Congress and Exposition (IMECE2009), Vol. 9,
1067-1076. doi:10.1115/IMECE2009-11029
65


Computational Modelling and Simulation

Gaspar, P. D., Mendes, R. P., & Gonçalves, L. C. C. (2012). Chapter: Criteria Assessment of Energy Carrier Systems Sustainability. In Z. Morvaj (Ed.), Energy Efficiency - A Bridge to Low Carbon Economy.
InTech.
Gaspar, P. D., & Pitarma, R. A. (2004). CFD Codes efficiency case study: Ability to perform numerical simulations in the refrigerated compartment of a foodstuff transportation vehicle. Proceedings of
9th International Conference on Air Distribuition in Rooms – ROOMVENT 2004, Coimbra, Portugal.
Gaspar, P. D., & Pitarma, R. A. (2004). Evaluation of CFD codes by comparison of numerical predictions of an air-conditioned room case study. In B. Sundén, C. A. Brebbia, & A. Mendes (Eds.), Advanced
Computational Methods in Heat Transfer VIII – HEAT TRANSFER 2004 (Vol. 5).
Gaspar, P. D., & Silva, P. D. (Eds.). (2015). Handbook of Research on Advances and Applications in
Refrigeration Systems and Technologies. IGI Global, 2015. doi:10.4018/978-1-4666-8398-3
Hoffmann, K. A., & Chiang, S. T. (2000). Computational Fluid Dynamics (4th ed., Vol. 1). Engineering
Education System.
Hoffmann, K. A., & Chiang, S. T. (2000). Computational Fluid Dynamics (4th ed., Vol. 2). Engineering
Education System.
Hoffmann, K. A., & Chiang, S. T. (2000). Computational Fluid Dynamics (4th ed., Vol. 3). Engineering
Education System.
Lewis, R. W., Nithiarasu, P., & Seetharamu, K. (2004). Fundamentals of the Finite Element Method for
Heat and Fluid Flow. Wiley. doi:10.1002/0470014164
Li, B. Q. (2005). Discontinuous Finite Elements in Fluid Dynamics and Heat Transfer (Computational
Fluid and Solid Mechanics). Springer.
Lomax, H., Pulliam, T. H., & Zingg, D. W. (2004). Fundamentals of Computational Fluid Dynamics
(Scientific Computation). Springer.
Manso, M., Castro-Gomes., J., Silva, Pedro D., Virtudes, A.L., &, Delgado, F.M.G. (2013, June) Modular
system design for vegetated surfaces: a proposal for energy-efficient buildings. Proceedings of BESSSB13 California: Advancing towards net zero, Pomona, California.
Nascimento, S. M., Heidinger, G. G., Gaspar, P. D., & Silva, P. D. (2014). Experimental study of the
interference in air curtains due to the parallel transfer in front of refrigerated display cases. In Proceedings of ASME 2014 12th Biennial Conference on Engineering Systems Design and Analysis (ESDA2014),
Copenhagen, Denmark.
Nascimento, S. M., Heidinger, G. G., Gaspar, P. D., & Silva, P. D. (2015). Chapter: Overview of the
commercial refrigeration sector and further developments in the design of equipments and systems. In
P. D. Gaspar & P. D. Silva (Eds.), Handbook of Research on Advances and Applications in Refrigeration
Systems and Technologies. IGI Global.
Nunes, J., Silva, Pedro D., &, Andrade, L. P. (2011, August). Energetic efficiency evaluation in refrigeration systems of meat industries. Proceedings of the 23rd IIR International Congress of Refrigeration:
Refrigeration for Sustainable Development, Prague, Czech Republic.

66


Computational Modelling and Simulation

Nunes, J., Silva, P. D., Andrade, L. P., & Gaspar, P. D. (2014). Characterization of specific energy consumption of electricity of Portuguese sausages industry (Vol. 186). WIT Transactions on Ecology and
the Environment. doi:10.2495/ESUS140681
Petrila, T., & Trif, D. (2004). Basics of Fluid Mechanics and Introduction to Computational Fluid Dynamics (Numerical Methods and Algorithms). Springer.
Pitarma, R. A., Gaspar, P. D., & Carvalho, M. G. (2004). Dynamic modelling of refrigerated truck
chambers. In B. Sundén, C. A. Brebbia, & A. Mendes (Eds.), Advanced Computational Methods in Heat
Transfer VIII – HEAT TRANSFER 2004 (Vol. 5).
Pletcher, R. H., Tannehill, J. C., & Anderson, D. (2011). Computational Fluid Mechanics and Heat
Transfer (3rd ed.). CRC Press.
Pozrikidis, C. (2009). Fluid Dynamics: Theory, Computation, and Numerical Simulation (2nd ed.).
Springer. doi:10.1007/978-0-387-95871-2
Salvi, R. (2007). Navier-Stokes Equations: Theory and Numerical Methods. Dekker.
Versteeg, H., & Malalasekera, W. (2007). An introduction to computational fluid dynamics The Finite
Volume Method (2nd ed.). England: Pearson Education Limited.
Wesseling, P. (2009). Principles of Computational Fluid Dynamics (Springer Series in Computational
Mathematics). Springer.
Wilcox, D. C. (2006). Turbulence modeling for CFD (3rd ed.). D C W Industries.
Zienkiewicz, O. C., Taylor, R. L., & Nithiarasu, P. (2013). The Finite Element Method for Fluid Dynamics (7th ed.). Butterworth-Heinemann.
Zienkiewicz, O. C., Taylor, R. L., & Zhu, J. Z. (2013). The Finite Element Method: Its Basis and Fundamentals (7th ed.). Butterworth-Heinemann.

KEY TERMS AND DEFINITIONS
Air Curtain: The Air Movement and Control Association International Inc. (AMCA International)
defines air curtain as a controlled stream of air moving across the height and width of an opening with
sufficient velocity and volume to reduce the infiltration or transfer of air from one side of the opening
to the other and/or to inhibit insects, dust or debris from passing through.
Air Infiltration Rate: Infiltration of warm moist air through doors into cold stores during the time
for loading and unloading food produtcs causes increased costs for running and defrosting the refrigeration system, safety problems associated with the mist formed in the doorway; safety problems associated
with ice forming around the door opening, on the floor and on the ceiling; food quality, safety and weight
loss caused by temperature fluctuations.
Cold Store: Cold stores have the function of storing a product at the correct temperature and to prevent
quality loss. All chilled and frozen food and temperature controlled pharmaceutical products are stored
in a cold store at least once from production to the consumer. Chilled stores generally maintain products
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at temperatures between −1 and 10 ºC whereas frozen stores generally maintain product at below −18
ºC. The cold store market varies from small stores of 10–20 m3 up to large warehouses of >100 m3.
Computational Fluid Dynamics: Technique to predict fluid flow by means of numerical methods
for discretization and solution techniques of the mathematical model composed by a set of partial differential equations representing the conservation laws for the mass, momentum, and energy.
Energy Consumption: The energy consumption of a cold store is dependent on its internal dimensions and construction materials, product load and its arranjement inside the cold store, cooling capacity and location of the evaporator, internal and external ambient air conditions (temperature, humidity
and direction and magnitude of velocity), doors area and time that are open that will contribute to the
infiltration of ambient air, thermal loads of lightining, people and devices operating and generating heat
inside the cold store.
Food Safety: Food safety refers to the conditions and practices that preserve the quality of food to
prevent contamination and foodborne illnesses. Ensuring the food temperature below the prescribed
limits will promote their safety.
Frost Formation: Frost formation occurs when humid air encounters a surface whose temperature
is less than the freezing temperature of water (273 K), and is less than the dew point temperature, so
that water vapour goes from a gaseous to a solid state. As the frost layer increases in the evaporator
surface, the cooling capacity of refrigeration is depleted due to the extra thermal resistance to the heat
transfer process and also because it increases the air pressure drop, thereby substantially reducing the
fan-supplied airflow rate.
Heat Exchanger: Piece of equipment built for efficient heat transfer from one medium to another.
Thermal Entrainment: Dimensionless temperatures or enthalpies difference that quantifies the
aero-thermodynamics blockage provided by an air curtain. This parameter varies from 0, which corresponds to no entrainment (unreachable condition) to 1, which corresponds to unblocked passage and
entrainment of air between the two contiguous environments.
Thermal Load: Amount of heat (sensible and latent) energy to be removed from an inner environment by the refrigeration equipment to maintain that environment at the design temperature when worst
case external temperature is being experienced.
Tracer Gas Concentration Decay Method: Experimental method for measuring the concentration
of a given gas before and after a certain period of door opening and closing, being subsequently determined the infiltration rate. The tracer gas is injected into the sealed room/division for a short period of
time. After mixing with the room air, the door is open and the tracer gas concentration is measured at
regular time intervals.
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