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ABSTRACT 
This thesis concerns investigations of the performance of vertical refrigerated display 
cabinets.  Such cabinets are in widespread use and account for a considerable proportion of 
the energy used in shops.  The open front is important for the shop-owner, who wants the 
chilled items in the cabinet to be well exposed and easily accessible. 
 
The purpose of the work has been to analyse the energy flows in display cabinets and 
subsequently analysing the possibilities to reducing the cabinets' energy requirements while 
retaining or improving their performance.  
 
The work has involved controlled investigations in a climate chamber in order to determine 
how the ambient climatic conditions and other factors affect energy use.  The results show 
that the energy requirement of a display cabinet is linearly proportional to the difference in 
specific enthalpy between that of the ambient air and that of the cold air in the cabinet. This 
means that the cooling power requirement for any arbitrary climate can be determined from 
measurements of the energy requirements of two different ambient climates. 
 
An analysis of energy flows shows that infiltration provides the greatest inward heat leakage 
in a display cabinet.  Radiation and illumination also have a relatively substantial effect in 
comparison with other possible heat inputs, as they act on the most poorly cooled products in 
the cabinet.  The overall energy requirement of a display cabinet is determined by the ambient 
climate and the temperature of the warmest item in the cabinet, which therefore in turn 
determines the mean temperature level in the entire cabinet. 
 
Results from experimental measurements and CFD calculations show that the performance of 
an open vertical display cabinet with cold air blown in through the back is affected by how it 
is loaded and by how the perforations in the back-plate are arranged. The conclusion is that 
cold air input through the back-plate is not the best method of cooling the foodstuff packages, 
as the cold air is supplied where the need for cooling is least.  
 
The air curtain is required to provide good enclosure, and also to cool the foodstuffs at the 
front of the shelves, all with the least input of energy. The results from the modelling show 
that it is not possible to achieve the same efficiency and function with air curtains having the 
same height/width ratio but with different heights.  If the air curtain is to cool items at the 
front of shelves, while at the same time being stable, a shorter air curtain is more efficient 
than a longer air curtain for the same height/width ratio. The overall conclusion is therefore 
that a single long air curtain should be replaced by a number of shorter air curtains, and that a 
thick air curtain is more efficient than a thin air curtain. 

Key words:  air distribution, air curtain, CFD, display cabinet, display case, energy, 
infiltration, model, performance, simulation, supermarket 
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Vertical display cabinets in supermarkets 
- Energy efficiency and the influence of air flows 
MONICA AXELL 
Department of Building Services Engineering 
Chalmers University of Technology 

Abstract 
This thesis concerns investigations of the performance of vertical refrigerated dis-
play cabinets.  Such cabinets are in widespread use and account for a considerable 
proportion of the energy used in shops.  The open front is important for the 
shop-owner, who wants the chilled items in the cabinet to be well exposed and 
easily accessible. 
 
The purpose of the work has been to analyse the energy flows in display cabinets 
and subsequently analysing the possibilities to reducing the cabinets' energy re-
quirements while retaining or improving their performance.  
 
The work has involved controlled investigations in a climate chamber in order to 
determine how the ambient climatic conditions and other factors affect energy 
use.  The results show that the energy requirement of a display cabinet is linearly 
proportional to the difference in specific enthalpy between that of the ambient air 
and that of the cold air in the cabinet, which means that the cooling power re-
quirement for any arbitrary climate can be determined from measurements of the 
energy requirements of two different ambient climates. 
 
An analysis of energy flows shows that infiltration provides the greatest inward 
heat leakage in a display cabinet.  Radiation and illumination also have a rela-
tively substantial effect in comparison with other possible heat inputs, as they act 
on the most poorly cooled products in the cabinet.  The overall energy require-
ment of a display cabinet is determined by the ambient climate and the tempera-
ture of the warmest item in the cabinet, which therefore in turn determines the 
mean temperature level in the entire cabinet. 
 
Results from experimental measurements and CFD calculations show that the per-
formance of an open vertical display cabinet with cold air blown in through the 
back is affected by how it is loaded and by how the perforations in the backplate 
are arranged. The conclusion is that cold air input through the backplate is not the 
best method of cooling the foodstuff packages, as the cold air is supplied where 
there need for cooling is least.  
 
The air curtain is required to provide good enclosure, and also to cool the food-
stuffs at the front of the shelves, all with the least input of energy. The results 
from the modelling show that it is not possible to achieve the same efficiency and 
function with air curtains having the same height/width ratio but with different 
heights.  If the air curtain is to cool items at the front of shelves, while at the same 
time being stable, a shorter air curtain is more efficient than a heigher air curtain 
for the same height/width ratio.  The overall conclusion is therefore that a single 
long air curtain should be replaced by a number of shorter air curtains, and that a 
thick air curtain is more efficient than a thin air curtain. 
Key words:  air distribution, air curtain, CFD, display cabinet, display case, en-
ergy, infiltration, model, performance, simulation, supermarket 
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Definitions and designations 
 
 
Latin letters 
 
A  Area;  m2  

ambA  Area; ambient 

dispA  Open (aperture) area at the front of a display cabinet; the display 

opening area, 441-1:1994E [1] 
sA  Area of the supply air opening for the air curtain 

saleA  Sales area of the shop (floor area) 

shelfiA  Open (aperture) area of shelf i 

totA  Total shop area (floor area) 
 
b  Width;  m 
bs Width;  initial jet width at the supply 
 
C  Constant;  - 
Ci Constant, index i 
 

2COP  Coefficient of performance in the cooling mode - 
 

pc  Specific heat capacity at constant pressure;  J/kg/K  

a,pc  Specific heat capacity at constant pressure; air 

b,pc  Specific heat capacity at constant pressure; brine 
 
D  Depth; m  

cabD  Depth; display cabinet 
d Thickness 
 

mD  Deflection modulus 
 
F         Angle factor;  - 
  
H  Height; m  
H  Height of the opening in a display cabinet 

cabH  Height of the display cabinet 
h Height above the shelf surface 
 
h Specific enthalpy;  J/kg  

1c,ah  Specific enthaphy; air inlet to the coil  

2c,ah  Specific enthalpy; air outlet from the coil 

amb,ah  Specific enthalphy; humid air; ambient 



 x 

ambi,ah  Specific enthalphy; air ambient; shelf no. i; distance 0.5 m in front of 
the display cabinet 

441EN,amb,ah  Specific enthalphy; humid air; ambient in accordance with EN 441 

e,ah  Specific enthalphy; humid air; air curtain;  extract 

int,ah  Specific enthalphy; humid air; display cabinet interior;  mean value of 
all shelves 

iint,ah  Specific enthalphy; cold air in the cabinet; shelf no. i 

o,ah  Specific enthalphy; air; outdoor 

s,ah  Specific enthalphy; air; air curtain; supply 
 
k Turbulent kinetic energy;  m2/s2 
 
L Length; m  

cabL  Length; display cabinet  
l Length scale of vorticies 
 
M Mass; kg 
Mdef Mass of defrost water 
 
&M  Mass flow rate;  kg/s or kg/h 

amb,aM&  Mass flow rate; air; ambient 

e,aM&   Mass flow rate; air; air curtain; extract 

r,aM&   Mass flow rate; air; air curtain; rear 

s,aM&   Mass flow rate; air; air curtain; supply 
 
p Pressure;  Pa  
patm Atmospheric pressure 
  
&Q  Thermal capacity; W  

ACQ&  Heat input; air curtain 

ASWQ&  Heat input; anti-sweat heaters 

cabQ&  Heat extraction rate of the cooling coil 

L,cabQ&  Cooling load; latent 

S,cabQ&  Cooling load; sensible 

75,cabQ&  Heat extraction rate of the cooling coil; 75 % of the time according to 
EN 441:12 

defQ&  Heat input; defrosting 

fanQ&  Heat input; internal fans 

infQ&  Heat input; infiltration 

Linf,Q&  Heat input; infiltration; latent heat 



 xi 

Sinf,Q&  Heat input; infiltration; sensible heat 

I,lightQ&  Heat input; internal lighting 

E,lightQ&  Heat input; external lighting 

prQ&  Heat input; heat from foodstuffs in the cabinet delivered at a too high 
temperature 

downpullQ −
&  Heat input; cooling down foodstuffs after a; defrost 

radQ&  Heat input; radiation 

wallQ&  Heat input; conduction 

G,wallQ&  Heat input; conduction; through the gables 

r,wallQ&  Heat input; conduction; through the rear and top 
 
&q  Specific heat input; W/m2 or W/m  

A,cabq&  Specific heat input; cabinet; per display area 

L,cabq&  Specific heat input; cabinet; per display cabinet length 

Mq&  Specific heat input; foodstuffs; per area 

cq&  Specific heat input; convection; per area 

A,AC,cq&  Specific heat input; convection; air curtain; per display area 

αq&  Specific heat input; conduction; area 

rq&   Specific heat input; radiation; area 

A,rq&  Specific heat input; radiation; per display area 
 
R Gas constant;   
R Universal gas constant; 8314 J/kmol/K 
 
r Specific enthalpy of phase change;  J/kg 
rgl Specific enthalpy of phase change, gas to liquid 
rgs Specific enthalpy of phase change, gas to solid 
 
T Thermodynamic (absolute) temperature;  K 
 
Ti Turbulence intensity;  % 
 
t Temperature;  °C 

1t  Temperature; condensation 

2t   Temperature; evaporation 

in,bt  Temperature; brine inlet to coil 

out,bt  Temperature; brine outlet from coil 

1c,at  Temperature; air inlet to the coil; dry bulb  

2c,at  Temperature; air outlet from the coil; dry bulb  

amb,at  Temperature; air ambient; dry bulb 



 xii 

ambi,at  Temperature; air ambient; height position shelf no. i;  distance 0.5 m 
in front of the display cabinet;  dry bulb 

441EN,amb,at  Temperature; air ambient; position in accordance with EN 441 

e,at  Temperature; air; air curtain extract; dry bulb 

jet,at  Temperature; air; air curtain centreline; dry bulb 

int,at  Temperature; air in the cabinet; mean value of all shelves; dry bulb 

iint,at  Temperature; air in the cabinet; shelf no. i; dry bulb 

o,at  Temperature; air; outdoor; dry bulb 

s,at  Temperature; air; air curtain supply; dry bulb 

amb,dat  Temperature; dewpoint; air ambient 

441EN,amb,dat Temperature; dewpoint; air ambient in accordance with EN 441 

Mmt   Temperature; M-packages; mean value of all packages; shelf no. m 

max,Mt   Temperature; M-packages; highest temperature 

min,Mt   Temperature; M-packages; lowest temperature 
tLmn Temperature; M-packages; left side; shelf no m;  position n 
tMmn Temperature; M-packages; middle;  shelf no m;  position n 
tRmn Temperature; M-packages; right side;  shelf no m; position n 
tM,vis Temperature; M-packages; visible from the open front 
tM,vism Temperature; M-packages; visible from the open front; mean value 
ts Temperature; surface  
tw Temperature; wall   
  
u Velocity in the x direction;  m/s 
u Velocity 
u′  Velocity; fluctuating value 
us Initial velocity;  horizontal direction from the rear 
U Velocity; temporal mean value 

xyz,mu  Resultant velocity; temporal mean value; for position (x,y,z) 

nxyz,mu
−1

 Resultant velocity; temporal mean value; for positions (x,y,z1) to 
(x,y,z1-n) 

shelfi,mu  Resultant velocity; temporal mean value; mean velocity over the shelf 
at a given distance from backplate i.   

 
V Volume; m3 

frV  Volume; chilled air; for storage and exposure of frozen foods 

chV  Volume; chilled air; for storage and exposure of chilled foods 

tot,refV  Volume; chilled air; for storage and exposure of chilled and frozen 
foods 

 
v Velocity in the y direction;  m/s 
v Velocity 
v′  Velocity; fluctuating value 



 xiii 

sv  Velocity in the y direction; at the supply position of the air curtain 
V Velocity; in the y-direction; temporal mean value 
 
V&  Volume flow;  m3/s  

e,aV&  Volume flow; air curtain; return 

r,aV&  Volume flow; air; display cabinet backplate 

s,aV&  Volume flow; air curtain; supply 

bV&  Volume flow; brine 
 
w Goodness factor;  Wh/m3 

frw  Goodness factor; specific electrical energy;  for storage and exposure 
of frozen foods 

refw  Goodness factor; specific electrical energy;  for storage and exposure 
of chilled foods 

tot,refw  Goodness factor; specific electrical energy;  for storage and exposure 
of chilled and frozen foods 

 
w Velocity in the z direction;  m/s 
w Velocity 
w′  Velocity; fluctuating value 
W Velocity; temporal mean value 
 
W Work, Energy (mechanical or electrical);  J ;  Wh  

tot,cab,eW  Energy; electrical; display cabinet; total, including compressor and 
pumps 

coolersdry,eW − Energy; electrical; fans and pumps of dry-coolers 

fr,eW  Energy; electrical; for storage and exposure of frozen foods 

int,eW  Energy; electrical; total supply to internal electrical loads 

ch,eW  Energy; electrical; for storage and exposure of chilled foods 

tot,ref,eW  Energy; electrical; for storage and exposure of chilled and frozen 
foods 

tot,eW  Energy; electrical; total; shop 

totW  Energy; total; shop  
 
W&  Power (mechanical or electrical);  W  

fan,eW&  Power; electrical; internal fan 

tot,fan,eW&  Power; electrical; internal fan; including heat extraction power of 
compressor 

 
light,eW&  Power; electrical; internal lighting 

tot,light,eW&  Power; electrical; internal lighting; including heat extraction power of 
compressor 



 xiv 

m,eW&  Power; electrical; compressor 

p,eW&  Power; electrical; pump 

int,eW&   Power; electrical; total supply to internal electrical loads 
 
x Vapour ratio (specific humidity);  kg water vapour/kg dry air 

1c,ax  Vapour ratio; air inlet to the coil 

2c,ax  Vapour ratio; air outlet from the coil 

amb,ax  Vapour ratio; air ambient 

ambi,ax  Vapour ratio; air ambient; height position, shelf no i; distance 0.5 m in 
front of the display cabinet 

441EN,amb,ax  Vapour ratio; air ambient; position in accordance with EN 441 

e,ax  Vapour ratio; air; air curtain extract 

int,ax  Vapour ratio; air in the cabinet 

iint,ax  Vapour ratio; air in the cabinet; shelf no. i 

s,ax  Vapour ratio; air; air curtain supply 
 
x Distance (horizontal);  m  
xjet Position;  jet centre line;  air curtain 
xs Position;  jet centre line;  air curtain supply 
 
X Infiltration ratio (-) 
Xinf Degree of infiltration 
 
y Distance (vertical;  y = 0 at air inlet position);  m  
ys Position; jet centre line; air curtain supply 
 
 
z Distance (longitudinal);  m 



 xv 

 
Greek letters 
 
α Coefficient of heat transfer;  W/m2/K  
αc Coefficient of heat transfer; convection 
αc,m Coefficient of heat transfer; convection; mean value 
αr Coefficient of heat transfer; equivalent for  radiation; real 
αro Coefficient of heat transfer; equivalent for radiation; ideal 
 
α  Angle;  ° 

sα  Angle; supply direction of air curtain 
 
∆p Pressure difference;  Pa    
∆pst Pressure difference; stack effect 

 
ε   Emissivity;  - 

ambε   Emissivity; ambient 

Mε  Emissivity; foodstuff 

Sε  Emissivity; surface 
 
ε  Rate of dissipation per unit mass;  m2/s3 
 
ϕ  Relative vapour pressure (Relative humidity);  Pa'/Pa'' or % 

1c,aϕ  Relative vapour pressure (Relative humidity); air inlet to coil   

2c,aϕ  Relative vapour pressure (Relative humidity); air outlet from coil 

amb,aϕ  Relative vapour pressure (Relative humidity); air ambient 

ambi,aϕ  Relative vapour pressure (Relative humidity); air ambient; height 
position of, shelf no i; distance 0.5 m in front of the display cabinet 

441EN,amb,aϕ Relative vapour pressure (Relative humidity); air ambient; position in 
accordance with EN 441 

e,aϕ  Relative vapour pressure (Relative humidity); air; air curtain extract 

int,aϕ  Relative vapour pressure (Relative humidity); mean value of cold air 
in the cabinet 

iint,aϕ  Relative vapour pressure (Relative humidity); cold air in the cabinet; 
shelf no. i 

o,aϕ  Relative vapour pressure (Relative humidity); air; outdoor  

s,aϕ  Relative vapour pressure (Relative humidity); air curtain supply 
 
ρ Density;  kg/m3 

amb,aρ  Density; air; ambient 

int,aρ  Density; air; cold air in the cabinet 

bρ  Density; brine 
 
λ Thermal conductivity;  W/m/K 
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 η   Efficiency;  - 

ACη   Efficiency; air curtain 

fanη   Efficiency; fan 

lightη   Efficiency; lighting 

AC,tη   Efficiency; air curtain; thermal 

tη   Efficiency; recirculation; thermal 
 
σ  Stefan Boltzman's constant; 5.67⋅10-8 W/(m2⋅K4) 
 
µ Viscosity (dynamic);  Pa·s  
 
ν Viscosity (kinematic);  m2/s  
νa Viscosity; air  
νb Viscosity; brine  
 
ϑ  Velocity scale; m/s  
 
τ Time;  s 
τc  Time; duration of a refrigeration and defrosting cycle  
τ d  Time; duration of operation in the defrost mode  

fanτ  Time; duration of operation; fan 

lightτ  Time; duration of operation; light 
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1 Introduction  
 
Vertical refrigerated display cabinets are designed in order to be able to expose 
chilled foods at their correct storage temperatures, so that sales can be maximised, 
while using the least possible amount of energy. 
 

 
Figure 1.1 An open vertical refrigerated display cabinet. 

 
In the interests of maximising sales, it is important that the chilled foods should 
maintain their quality while being stored in the display cabinet.  In this respect, 
quality of chilled foods includes fitness for human consumption, appearance, taste 
and smell.  Of these, the most important is naturally that the food should be fit for 
human consumption, which depends on the storage temperature, and so the 
maximum permissible storage temperatures for chilled foods in shops is governed 
by regulations. 
 
This thesis is concerned with the performance of open vertical refrigerated display 
cabinets with indirect cooling.  Shop-owners want to use open cabinets because 
they improve exposure and sales of the chilled products.  Legislation restricting 
the use of synthetic refrigerants, together with the overall objective to reduce 
quantities of refrigerants, have resulted in an increase of the use of indirect refrig-
eration systems in the Nordic countries.  Today, it is indirect systems that domi-
nate for the storage and exposure of chilled foodstuffs in Swedish food stores.  At 
present, the situation in respect of the relative proportions of indirect cooling and 
direct expansion systems is somewhat different in a European perspective.  How-
ever, most of the results and conclusions in this thesis are directly applicable to 
open refrigerated display cabinets, whether connected to indirect cooling systems 
or to direct expansion cooling systems. 
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Figure 1.2 An open vertical refrigerated display cabinet, showing the system 

boundaries for the work described in this thesis. 

 
Figure 1.2 shows the schematic boundaries of the work described in this thesis, 
concerned with the function and performance of refrigerated display cabinets. 
 

1.1 Background 
Demand for chilled and frozen foods has grown substantially over the last 30 
years.  Today, refrigeration for the storage and display of chilled and frozen foods 
accounts for about 40-50 % of the total energy use in a shop:  see Figure 1.3.  If 
the performance of cooling systems remains unchanged, while sales of chilled and 
frozen foods continue to increase, the result will be that energy use in the shops 
will also continue to increase.  There is therefore an incentive for the shops to in-
stall energy-efficient systems and components. 
 

Refrigeration
Light
HVAC

 
Figure 1.3 Breakdown of energy use in a food store. 
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It is of interest to investigate open vertical display cabinets for two reasons:  they 
are in widespread use, and they are major users of energy.  One of the most 
important reasons for this widespread use in the shops is because they enable 
large quantities of foods to be exposed on a limited floor area.  The choice of open 
fronts is motivated by the fact that doors are regarded as a physical obstacle that 
reduces sales. 
 
Display cabinets of this type account for a significant proportion of shops' energy 
use.  Backström and Westman [5] state that the key indicator of specific energy 
use by existing, modern display cabinets is 4000-8000 kWh/(metre of installed 
display cabinet and year).  When it is realised that the installed length of such dis-
play cabinets in Sweden amounts to about 100 km, this means that there is an an-
nual energy use of the order of 0.4-0.8 TWh for display cabinets alone.  In 1997, 
Nutek ran a technology procurement project for indirectly cooled display cabinets 
(Axell and Fahlén [4]).  The results showed that it was possible to reduce specific 
energy use to < 2000 kWh/(metre of installed display cabinet and year).  How-
ever, even this performance still leaves potential for considerable improvements, 
while at the same time also reducing the variations in food temperatures. 
 
Display cabinets are used to store chilled foods in shops at the correct tempera-
ture.  Investigations of the temperature quality of chilled foods by Anema [3], 
Bobbo, Cortella et al. [6] and Nordvedt and Nordvang [18] have shown that the dis-
play cabinets are a weak link in the refrigeration chain.  In a Norwegian field 
study, Torstveit and Magnussen [20] showed that excess temperatures in chilled 
foodstuffs on display in shops has tended to increase rather than to decrease. 
 
Designing such refrigerated display cabinets is a challenge, with the major re-
quirement being to provide good temperature control of the foods with as low an 
energy input as possible.  At the same time, the designer has to consider the shops' 
requirement for the cabinets to be flexible, so that the layout of the internal fit-
tings can be changed as necessary in order to expose the foods in an attractive 
manner.  Shop-owners want to be able to make changes in their shops if neces-
sary, using the same display cabinets for different types of foods, having different 
requirements in respect of exposure.  This requirement for exposure is very 
important to the shop-owner, whose primary objective is to sell goods.  Owners 
therefore want display cabinets with large open fronts, despite the fact that this 
makes them more sensitive to ambient climatic conditions in the shop and to ex-
ternal influences.  In addition, investigations have shown that there is considerable 
spillage of cooled air from the cabinets which can be experienced by both cus-
tomers and staff as uncomfortable.  Attempting to fulfil or meet all these require-
ments/aims when designing a display cabinet is therefore a major challenge for 
the designer. 
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1.2 Purpose of the study 
The hypothesis is that by modifying the air curtain and air flows, the efficiency 
and general operation can be greatly improved. The purpose of this study is to in-
vestigate the ways in which energy efficiency might be improved while retaining 
or improving their performance.  
 
An important part of the work of this study has been to determine the various en-
ergy flows in, and associated with, display cabinets, and then to investigate the 
requisite conditions for reducing cooling demand.  Better knowledge of energy 
flows in display cabinets, and of those external factors that affect their perform-
ance, has then indicated the direction of continued investigations.  By far the 
greatest source of heat input to a display cabinet is in the form of infiltration, and 
so the work has concentrated on analysing air flows in the cabinet and in its air 
curtain.  The purpose of the air curtain is to form a barrier between the warm sur-
roundings and the cooled air in the cabinet. 
 
Improving the air flow in the cabinet is important in improving the temperature 
quality of the foods and in reducing overall energy use.  In order to reduce the 
heat extraction rate of the cooling coil, it must be effectively distributed through-
out the cabinet in such a way as to reduce the temperature difference between the 
coldest and the warmest items. 
 

1.3 Methodology 
The work has combined experimental investigations and theoretical work with 
analytical models in order to describe energy flows in display cabinets.  Flow 
modelling tools based on Computational Fluid Dynamics (usually abbreviated to 
CFD) have been used in order to investigate the air flows in cabinets.   
 
The work can be divided up into the following stages: 
 

• Experimental investigations of a number of display cabinets.  The results 
have then provided a basis for continued work, together with a basic un-
derstanding of how vertical display cabinets work. 

 
• A review of the literature, with associated conclusions, describing experi-

mental investigations carried out by others, in order to provide a basis for 
determining the factors that need to be considered if existing display cabi-
nets are to be modified.  In addition, these results and conclusions also 
provide a framework for describing factors and components in display 
cabinets that affect the overall energy use. 

 
• More detailed experimental investigations have then been carried out on a 

reference cabinet in order to determine how the ambient climatic condi-
tions affect energy use, and to provide input data for the analytical model 
used for investigating energy flows.  The reference display cabinet has 
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been selected from a standard range provided by one manufacturer, and is 
of a commonly encountered vertical type. 

 
• Field investigations have been performed in shops, with the aim of de-

scribing how the ambient climate and energy use vary in practice, and of 
linking these results to those from the measurements made under con-
trolled conditions in a climate chamber.  Methods for field use of measur-
ing temperatures in the foodstuffs, and of calculating the magnitudes of the 
various inward heat leakage contributions, have been developed and 
evaluated. 

 
• Steady-state energy flows in a display cabinet have been analysed, in order 

to quantify the magnitude of the various heat inputs and for analysing how 
they affect energy use. 

 
• CFD models have been used in order to investigate air flows in the cabinet 

and in the air curtain at the front of the cabinet.  A combination of CFD 
modelling and experimental investigations of a reference cabinet has been 
used to provide more detailed knowledge of air flows in the cabinet and 
air exchange with the surroundings.  This work has included both 
full-scale models and smaller, detailed sub-models. 

 
• Measurements and CFD modelling of the air curtain, involving a parame-

ter investigation of how the height/width relationship of the air curtain af-
fects its performance. 
 

1.4 Structure of the thesis 
This thesis has been written as a monograph, with each individual chapter includ-
ing references to, and descriptions of, relevant material with direct links to the 
chapter concerned.  This means that each chapter has its own reference list and 
conclusions.  
 
Chapter 1 describes the background to, and the limitations of, the work and its 
purpose, and summarises and comments on the most important reports and articles 
that have been published. 
 
Chapter 2 describes the results and experience from investigations of a larger 
number of display cabinets under controlled conditions in a climate chamber.  
This work has constituted an important part of providing knowledge of how dis-
play cabinets work. 
 
Chapter 3 provides a theoretical analysis of the operation of display cabinets, 
based on the experimental results described in Chapter 2 and on reviews of the lit-
erature.  It also discusses a number of key functions and components that affect 
the overall energy use and performance of display cabinets. 
 
Chapter 4 describes experimental investigations carried out in a climate chamber 
on an open vertical display cabinet, with the aim of investigating how ambient 
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conditions affect its cooling demand and thermal climate.  The results and conclu-
sions have then been linked to the results from field measurements showing how 
ambient climatic conditions can vary, and what effect these variations have on 
cabinet performance.  Experience from the earlier experimental investigations de-
scribed in Chapter 2, from the review of the literature, has provided a structure for 
determining the contents of the test programme. 
 
Chapter 5 provides an analysis of energy flows in the cabinet, based on the ex-
perimental results.  Factors that affect the magnitudes of the various heat inputs 
are identified, and ways in which could be minimised are analysed. 
 
Chapter 6 describes investigations carried out on a display cabinet in order to de-
scribe the air flows in vertical display cabinets.  This has involved both experi-
mental and theoretical work, using CFD models.  
 
Chapter 7 describes a parameter investigation in order to describe how the 
width/height relationship of the air curtain affects its performance. 
 
Finally, Chapter 8 is a summary of the conclusions from the work described in the 
earlier chapters. 
 

1.5 Previous publications 
The contents of this thesis are based on work that has been described in the fol-
lowing conference contributions, reports and publications.  Those articles that 
have been reviewed are indicated by an asterisk (*). 
 

Conference contributions  

Fahlén, P.  O. and Axell, M.  ,1991.  Frosting - An experimental evaluation of 
frost growth and defrost control strategies.  18th International Congress of Refrig-
eration, vol.3, p.1532-1536, August 10-17 1991, Montreal, Canada.  * 
 
Axell, M.  and Fahlén, P.,1995.  Evaluation of commercial refrigerated cabinets - 
Experience from laboratory tests according to prEN 441.  19th International Con-
gress of Refrigeration, vol.2, p. 673-680, August 20-25 1995, The Hague, The 
Netherlands.  * 
 
Axell, M.  and Fahlén, P. 1998.  Promotion of energy-efficient display cabinets.  
International Conference  "Refrigerated transport, storage and retail display" of 
IIR D1, D2/3., March 1998, Cambridge, United Kingdom.  * 
 
Axell, M., Fahlén, P., et al. 1999.  Influence of Air Distribution and Load Ar-
rangement in Display Cabinets.  20th International Congress of Refrigeration, 
September 19-24 1999, Sydney, Australia.  * 
 
Axell, M.  and Fahlén, P.,2000. Vertical Display Cabinets.  Workshop IEA An-
nex 26, Advanced Supermarket Refrigeration, August 2000, Stockholm, Sweden. 
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Axell, M.  and Fahlén, P.  2001.  Vertical display cabinets - Influence of air distri-
bution in and around a display cabinet.  (In Swedish.), Nordiska kyl- och värme-
pumpsdagarna, August 2002, Copenhagen Denmark. 
 
Axell, M.  and Fahlén, P.  2002.  Climatic influence on display cabinet perform-
ance.  International  Conference "New Technologies in Commercial Refrigera-
tion", IIF-IIR Commissions B2 and D1, July 22 and 23, 2002, p. 175-184, Urbana, 
USA.  * 
 

Other publications 

Axell, M., Andersson, G., et al.1997.  CFD- modelling of a display cabinet - A 
comparison between model and experiment.  (In Swedish.)  SP AR 1997:44, pp.  
41, 1997, Borås, Sweden. 
 
Publications in two national joint research programmes, KLIMAT 21 and 
eff-Sys: 
 
Axell, M., Fahlén, P.  and Andersson, G. 1998.  The energy efficient display cabi-
net.  (In Swedish.)  KLIMAT 21, 1998.  Stockholm, Sweden. 
 
Axell, M., Fahlén, P.  and Haglund, C. 1999.  The energy efficient display cabi-
net. (In Swedish) , KLIMAT 21, 1999, Gothenburg, Sweden. 
 
Axell, M.  and P.  Fahlén.  2000. The energy efficient display cabinet. (In Swed-
ish.)  KLIMAT 21, 2000.  Eskilstuna, Sweden. 
 
Axell, M.  and P.  Fahlén.  2002. The energy efficient display cabinet.  (In Swed-
ish)  First eff-Sys meeting. 2002,  Stockholm, Sweden. 
 
Popular science publications 
 
Axell, M., 2001.  Supermarket cooling. (In Swedish), EFFEKTIV 2001:6, 2001, 
Borås, Sweden. 

 
Axell, M., 2000. Food temperature film. (In Swedish), Swedish National Energy 
Agency and SP, 2000, Borås, Sweden. 
 

1.6 Concepts and definitions 
The following text defines a number of fundamental concepts that will be used 
elsewhere in the thesis.  
 

1.6.1 Refrigerated display cabinets 

Refrigerated display cabinets can be classified in various ways.  Requirements in 
respect of their ability to maintain the quality of foodstuffs, requirements from 
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shop-owners and requirements from customers all affect their design.  There is a 
large number of types of display cabinets on the market, although they can be es-
sentially divided up into the following two classes:  horizontal cabinets (known as 
well cases) with a horizontal air curtain, and vertical display cabinets with a verti-
cal air curtain:  see Figure 1.4. 
 

Horizontal air curtain Vertical air curtain 
  
 
 
 
 
 
 

  
Figure 1.4 Refrigerated display cabinets with horizontal or vertical air curtain. 

 
A display cabinet may be closed or open (see Figure 1.5).  The closed type has a 
door at the front that must be opened in order to reach the foods, and the purpose 
of which is to prevent infiltration of warm, moist air into the cabinet.  In the 
open-fronted type of cabinet, the door at the front is replaced by an air curtain. 
 

Closed Open 
  

  
Figure 1.5 Closed or open vertical display cabinet. 
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1.6.2 Air curtains 

Air curtains can be classified in various ways, depending on the application: 
 

- By the temperature of the air in the air curtain in relation to the ambi-
ent temperature (cold, warm or isothermal [= same temperature as the 
surroundings]).   

- The air of the air curtain may be in a closed or open circuit, as shown 
in Figure 1.6, i.e. recirculating or not recirculating. 

- There may be one or more curtains (see Figure 1.7):  single or multi-
ple, with several parallel air curtains. 

- The flow direction of the air curtain may be horizontal or vertical (up-
wards or downwards). 

- By the way in which the air is blown into the air curtain (see Figure 
1.8):  vertically with an angle, or with the supply and return positions 
centred above each other. 

- By whether the flow in the air curtain is laminar or turbulent. 
- By symmetric or asymmetric velocity distribution in the air curtain, as 

shown in Figure 1.9. 
- By the positioning of the air curtain, with the delivery jet being posi-

tioned inside or outside the cold zone, as shown in Figure 1.10. 
 

Recirculating Not recirculating 
  

  
Figure 1.6 Recirculating or not recirculating air curtain. 
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Single Multiple 

  

  
Figure 1.7 Single or multiple air curtain. 

 
Straight Inclined 

  

  
Figure 1.8 Straight or inclined air curtain. 
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Symmetric velocity profile Asymmetric velocity profile 

  

  
Figure 1.9 Symmetric or asymmetric air curtain. 

 
Contained within the cold zone Outside the cold zone 

  

  
Figure 1.10 Air curtain contained within or outside the cold zone. 

 
The commonest form of air curtain arrangement in a vertical display cabinet is to 
use cold air, recirculating, with a downward direction of flow.  The curtain may 
consist of one ore more parallel streams.  If the cabinet has only one air curtain, it 
is usually recirculated.  If it has more than one, at least the innermost air curtain is 
usually cold and recirculated. The outermost curtain, in contact with the surround-
ings, is usually at a higher temperature, and may be either recirculated or not re-
circulated.   
 
Air curtains may be either symmetric or asymmetric.  An asymmetric air curtain 
can be designed such that it increases the cooling on the cold side, i.e. where the 
food packages are stored, and minimises admixture of warm air on the warm side.  
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On the other hand, an air curtain may unintentionally be unfavourable asymmet-
ric, which can result in increased infiltration of warm ambient air. 
 
The air curtain can be sized and classified by the following parameters (see Figure 
1.11): 
 

- Width at the supply opening, bs, (corresponding to the width of the jet at 
the supply) 

- Height, H (corresponding to the free opening between the supply and the 
extract [return grille]) 

- Initial velocity, vs (corresponds to the initial mean velocity of the supply 
jet) 

- Turbulence intensity, Ti 
- Inlet angle, αs (corresponds to the initial angle at the supply) 
- Length, Lcab (corresponds to the display cabinet length parallel to the open-

ing) 
- Air temperature, ta,s, and vapour ratio, xa,s, of the supply jet. 
- Air temperature, ta,e, and vapour ratio, xa,e, at the extract. 
- Air temperature, ta,int, and vapour ratio, xa,int, in the cold interior inside the 

cabinet. 
- Air temperature, ta,amb, and vapour ratio, xa,amb, in the warm ambient out-

side the cabinet. 
 

Figure 1.11 Designations used to define conditions in and around the air curtain. 

 
The magnitude of energy flows passing through the air curtain depends on the 
mass flows of air transported through the curtain and on the psycometric state of 
the air.  Figures 1.11 and 1.12 show the flow directions and designations as used 
in this thesis.   
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Figure 1.12 Designations used in defining mass flows of air in the air curtain. 

 
The cold air in a display cabinet is usually distributed through a perforated back-
plate and at the front of the cabinet in the form of the air curtain , as shown in 
Figure 1.13.  The air supplied through the backplate and over the shelves cools the 
food, while the air curtain at the front acts as a barrier between the warm ambient 
air and the cold air in the cabinet. 
 

Bottom-installed  Back-installed  
  

  
Figure 1.13 Air distribution in an open vertical display cabinet. The air is cooled 

in a cooling coil which is bottom-installed or back-installed. 
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The air circulating in the display cabinet is cooled by a cooling coil installed in an 
air duct in the cabinet. Traditionally, the cooling coil is installed in the air duct in 
the display cabinet, with both bottom-installed and back-installed placing is being 
used.  The advantage of installing the cooling coil at the bottom of the display 
cabinet is that it is easier to reach for service and cleaning, and that water droplets 
do not get carried over in the air stream during defrosting, which occurs if the heat 
exchanger is mounted in the back of the cabinet. 
 

1.6.3 Refrigeration systems 

Figure 1.14 shows how cooling can be supplied to the cabinet either by means of a 
direct expansion system (a) or by means of an indirect system (b).  In an indirect 
system, the heat is removed via a secondary cooling circuit. 
 

A direct expansion system (DX) An indirect system  
  

Figure 1.14 Cooling the air circulating in a display cabinet by a direct expansion sys-
tem or an indirect system.  

1.6.4 Computational Fluid Dynamics  

Distribution of the air flows in and around a display cabinet is important for its 
performance, and so this thesis describes both experimental and theoretical inves-
tigations of the air flows.  The theoretical investigations have been based on the 
use of Computational Fluid Dynamics, (CFD).   
 
CFD is a technique that has been around for many years:  in fact, long before the 
computational power capable of solving practical problems existed.  Calculation 
involves the use of a computational grid where mass, momentum balances in each 
coordinate direction and an energy balance are applied across each grid cell by 
means of an iterative process.  For a single-phase, non-reacting laminar flow, this 
means solving a set of five simultaneous non-linear partial differential equations, 
plus equations of state, thereby calculating the pressure (p), density (ρ), tempera-
ture (T), and three velocity components (u, v and w) for each grid cell for each in-
stant in time.  This set of equations is called Navier-Stokes equations.  
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The preprocessor assists the input of a flow problem to a CFD program by 
means of an operator-friendly interface and subsequent transformation of this in-
put into a form suitable for use by the solver.  The user activity at the pre-
processing stage is the formulation of the problem to be solved, and involves: 
 

- Definition of the geometry of the region of interest:  the computational 
domain. 

- Grid generation, i.e. subdivision of the domain into a number of smaller, 
non-overlapping sub-domains, to produce a grid (or mesh) of cells (or con-
trol volumes or elements), with selection of the physical and chemical 
phenomena to be modelled. 

- Definition of fluid properties. 
- Specification of appropriate boundary conditions for cells which coincide 

with or touch the domain boundary. 
 
There are three distinct numerical solution techniques:  finite difference, finite 
element and spectral methods.  In outline, the numerical methods that form the 
basis of the solver perform the following steps: 

- Approximation of the unknown flow variables by means of simple func-
tions. 

- Discretisation by substition of the approximations into the governing flow 
equations and subsequent mathematical manipulations. 

- Solution of the algebraic equations. 
 
Various discretisation schemes can be used to solve Navier Stokes equations.  
Discretisation involves replacing the continuous solution of the differential equa-
tions by a number of discrete values.  This process is referred to as having discre-
tised the solution.  The algebraic equations, which contain the dependent vari-
able's sought values at the selected network points, are referred to as the discre-
tised equations.  A given differential equation does not have a unique discretised 
equation:  instead, the equation depends on the assumed variation between the 
points.  Selection of a discretisation scheme represents a choice of how the equa-
tion will communicate with the surrounding volumes. 
 
A given differential equation does not have a unique discretised equation:  in-
stead, the equation depends on the assumed variation between the points.  Increas-
ing the number of points (to produce a closer grid) reduces the importance of the 
profile, i.e. the choice of discretisation scheme. 
 
As most flow cases are turbulent, and as important elements of the turbulence are 
small-scale, with typical dimensions of the order of 0.1 mm, it is not usually prac-
tical to work with such a small grid that the equations of motion can be numeri-
cally solved directly.  It is therefore common to work with time mean values, 
which produce results in the form of statistical correlations with the turbulence.  
The magnitude of these correlations is then approximated by models, with a 
turbulence model consisting of one or more equations that are solved in parallell 
with the main equations in order to produce the correlation terms included in the 
main equations.  The choice of turbulence model affects the solution of the prob-
lem. 
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The k-ε turbulence model, which is based on temporal mean values, is probably 
one of the most widely used turbulence models.  It exists in several variants.  The 
standard model Launder and Spalding [17] uses two model equations:  one for k 
and one for ε.  The turbulent kinetic energy, k, defines the velocity scale, ϑ ,while 
the dissipation rate, ε, defines the length scale, l. 
 

2
1

k=ϑ  (Eq.  1.1)    
 

ε
2

3
kl =  (Eq.  1.2)  

Generation and dissipation of the turbulent kinetic energy are closely linked to 
each other.  When the dissipation velocity, ε, is high, then the generation, k, is also 
large.  The model equation assumes that the generation and dissipation terms are 
proportional to each other.  The RNG k-ε turbulence model is one of the newer 
modifications of this turbulence model as described by Yakhot, Orszag et al. [24].  
The RNG procedure systematically removes the motions of the small scales from 
the governing equation by expressing their effect in terms of the motion of larger 
scales and a modified viscosity.  However, as this model is relatively new, it has 
not been as thoroughly validated as the standard model. 
 
Large Eddy Simulation (LES) models are of non-linear type.  They exist in a 
number of variants, but require long processing times.  It is only in the last few 
years that LES models have become available in commercial codes. For more in-
formation on CFD see, for example, Versteeg and Malalasekera [22]. 
 

1.6.5 Comments and explanations 

The following are a number of terms or concepts as used in this thesis. 
 

- The secondary heat transfer medium, whatever its chemical composition, 
is referred to as brine, in accordance with the definition in EN 255 [8]. 

 
- The term 'relative humidity' is used throughout to indicate the relative va-

pour pressure. 
 

- The ISO recommended term, 'vapour ratio', is used throughout what is 
commonly known as specific humidity. 

 
- European standard EN 441, Refrigerated Display Cabinets, has been used 

as a basis for planning the work, both for the experimental studies in the 
climate chamber and for the field measurements. 

 
- Display open area is the smallest length and height for the opening area of 

the refrigerated cabinet, EN 441-1:1994 [9]. 
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- Visible packages has at least one surface visible through and adjacent to 
the display opening area, 4441-5:1996 [2]. 

 
- Test packages are standardised with a composition of oxy-ethaylmathyl-

cellulose and water according to EN 441-4:1994 [10]. The test packages 
equipped with temperature sensors are called M-packages. 

1.6.6 Performance related requirements and system 
boundaries. 

Shop-owners want to have open display cabinets, with as great a frontal area as 
possible, in order to increase exposure and improve sales.  Flexibility is another 
factor to which high priority is given.  It is therefore an advantage if one and the 
same display cabinet can be used for various types of foods, which may well have 
different requirements in respect of exposure and temperature.  Another of the 
shop-owners' requirements is that it should be possible to change the internal fit-
tings and/or layouts in the display cabinets. 
 
The type of display cabinet investigated in this thesis is the open vertical type.  
The following is a list of the requirements that must be fulfilled, and those that are 
desirable to fulfil.  The specification is based on requirements and wishes that 
were formulated in connection with a technology procurement project carried out 
in Sweden in 1997, Backström and Westman [5].  The specification used in the 
project was intended to meet the requirements of a modern shop, and so it has 
been used as the basis for this work. 
 
Requirements: 

- Open, with maximum display area, in order to provide maximum exposure 
of foodstuffs. 

- Temperature requirement for chilled foods (–1° C<t< + 8°C). 
- Indirect cooling system 
- Low energy use 
- No defrosting 

 
Desirable features: 

- Ability to change internal fittings etc. 
- Easy to load 
- Ability to use the same cabinet for chilled foodstuffs requiring lower stor-

age temperatures:  temperature class M1 as set out in EN441:4.   
(– 1° C<t<+5 °C). 

 
The system boundary around the display cabinet is as shown in Figure 1.15.  
These boundaries represent the interaction interfaces between the cabinet and the 
following two systems in the shop: 
 

- The shop's heating and ventilating system  
- The shop's refrigeration system. 

 
The large open area of the front of the display cabinet means that there will be a 
transport of heat and mass between the cabinet and its surroundings, despite the 
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presence of the air curtain in order to reduce this transport.  Figure 1.15 shows 
how an open vertical display cabinet is affected by persons in the shop, the shop 
lighting, the design of the HVAC system and the outdoor climate. 
 
The electric power that must be supplied to an indirectly cooled display cabinet 
( tot,cab,eW& ) in order to provide a given cooling power requirement, is used to drive 

the compressor ( m,eW& ), pumps ( p,eW& ) as needed to overcome the pressure drop in 
the cooling coil, together with power supply to the internal electrical loads in the 
form of lighting ( light,eW& ) and fans ( fan,eW& ):  see Equation 1.3. 
 

light,efan,ep,em,etot,cab,e WWWWW &&&&& +++=                                                   (Eq.  1.3) 
 
 

Figure 1.15 A schematic representation of the system boundaries and of other 
systems in the shop that can affect the display cabinet. 

 
The design and operating conditions of the refrigeration compressor and the 
evaporator temperature depend on the cooling power requirement and on the re-
quired incoming brine temperature.  In turn, the cooling power requirement de-
pends on the design of the display cabinet, ambient conditions in the shop and the 
required storage temperature of the chilled foods stored in the cabinet. 
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1.7 Important previous surveys 
A number of books, theses and literature reviews should be named, and comments 
on them are given below.  The following chapters in this thesis give references to 
literature relating to the points discussed.   
 
Rigot [19] has written a book on refrigeration of foodstuffs.  It is relatively com-
prehensive, and provides overall descriptions of the refrigeration chain, different 
types of shop, climate control of the interior of the shop, and how chilled and fro-
zen food cabinets and associated facilities are installed in shops.  It includes a sec-
tion of fundamental theory.  However, most of the book is concerned with chilled 
and frozen food equipment, describing and discussing classification of such 
equipment, energy flows in display cabinets and well cases and the effects of 
various design details such as internal lighting, in terms of heat transport to the 
foods.  The book includes photographs showing air currents in a display cabinet 
and air curtain, as revealed by smoke. 
 
Howell and Adams [15] present a review of the literature covering the period from 
1946 to 1987.  The review includes 100 abstracts from various articles, extending 
over the range of technical subjects.  The purpose of the report is to analyse how 
changes in the moisture content of the air in the shop affect energy use by the dis-
play cabinet.  The report contains measured data from field and laboratory meas-
urements of display cabinets, together with an analytical model describing how a 
display cabinet interacts with the surrounding ambient conditions.  The authors 
emphasise that, when investigating energy use in the shop, it is important to use 
separate models for the display cabinet and for the shop itself.  The climate in the 
shop affects the energy requirement of the display cabinet, and so the use of two 
separate models make it possible to investigate the effects of various measures 
applied to the cabinet or to the indoor climate conditions.  The report also de-
scribes a model of heat and moisture transport through horizontal and vertical air 
curtains.  The authors point out that this distinction is important, as infiltration is 
much greater through vertical air curtains.  The report uses experimental results in 
order to validate the models.  On average, the calculated heat extraction rate is 
10 % below the measured values, although the actual departures vary between 
-27 % and +1 %.  The authors show that there is a great number of different types 
of refrigerated equipment, classifying display cabinets into eleven different 
classes.  The report includes measured data that is of interest for use as reference 
values for models, with details of the width, length, turbulence intensity and ve-
locity of various air curtains. 
 
The major contributors to the analyses of heat and mass transfer through air cur-
tains are Hayes and Stoecker [11], Hetsroni, Hall et al. [14], Hetsroni [12; Hetsroni 
and Hall [13], Howell, Van et al. [16] and Van Nuygen and Howell [21].  Both Hets-
roni and Hayes have developed mathematical models for the prediction of heat 
transfer through air curtains; however, these models assumed very low (less than 
1 %) initial turbulence intensities and uniform initial velocity profiles.  These as-
sumptions will be valid for air curtains with a height width relation less than 10 
(H/bo < 10). 
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Hayes and Stoecker [11] have investigated the heated non-circulated type of air 
curtains.  They measured the heat transfer through the air curtain for various 
combinations of jet angles, initial velocities and jet temperatures.  In addition, 
they also measured the jet deflection caused by lateral pressure difference.  All of 
the experimental work done by Hayes and Stoecker was with air curtains with an 
initial turbulence intensity less than 1 %. 
 
Hetsroni, Hall et al. [14] has developed a mathematical model which can be used to 
estimate the heat transfer through recirculated heated air curtains.  He made some 
measurements of the initial turbulence intensity in the air curtain, but it was al-
ways kept at less than 1 % at the jet outlet. 
 
The effect of the initial turbulence intensity on the development of an air curtain 
jet was earlier presented by Van Nuygen and Howell [21] where it was shown that 
the length of the developing region and thickness of the jet was strongly affected 
by the amount of initial turbulence intensity. 
 
The effect of the turbulence intensity, velocity, and temperature difference across 
the air curtain on the amount of sensible and total heat transfer was presented by 
Howell, Van Nuygen et al. [16].  It was shown that the total heat transfer across an 
air curtain is directly proportional to the initial velocity and the temperature dif-
ference across the air curtain. 
 
Cortella [7] has used CFD modelling to investigate vertical display cabinets.  Most 
of his work has been carried out using a two-dimensional CFD code, based on the 
finite element method, and developed by him.  His work has been concerned with 
comparison of models and experimental results, with the measurements being 
made in accordance with EN 441.  His conclusions are that CFD is a realistic tool 
for the design of display cabinets for investigation of the effect of various parame-
ters such as the jet velocity in the air curtain, the supply temperature of the air cur-
tain, changes to the geometry etc.  However, he concludes that it is difficult to 
achieve quantitatively accurate results with simple models, as display cabinets are 
strongly affected by local air velocities and temperatures in the shop, which also 
makes it difficult to achieve good repeatability of experiments performed in cli-
mate chambers. 
 
Xueqin [23] describes the results of experimental investigations and modelling of a 
high-efficiency display cabinet as a doctoral thesis.  The thesis consists of three 
parts:  the design of display cabinets, experimental work and modelling.  A new 
design of cabinet, developed by a team from the Center for Energy Studies, is de-
scribed.  This is an open vertical display cabinet, cooled by two separate direct 
expansion systems and having double air curtains.  One cooling system cools the 
outer air curtain, and the other, referred to as the process circuit, cools the foods 
and the inner air curtain to a relatively lower temperature.  The experimental work 
has included measurements in a climate chamber.  The shelves of the cabinet have 
been specially designed, with cold air cooled by the process circuit being blown 
out beneath each shelf.  Performance measurements have been made both with 
and without a night cover.  The measured values have been used to evaluate the 
performance of the new design, to analyse inward leakage of heat to the cabinet 
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and to validate the calculated results.  The thesis presents a dynamic model, con-
sisting of two parts:  one for the cooling system and one for the air circuit.  The 
model calculates the cooling power requirement and the necessary energy input to 
the compressor, the mass of water condensed or freezing on the evaporator and 
the supply and return air temperatures. 
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2 Energy use and practical experience 
This chapter includes results published at the IIR conferences in The Hague,  
Axell and Fahlén [1] and in Cambridge, Axell and Fahlén [2]. The papers include 
results and experience from a procurement competition on indirectly cooled open 
vertical display cabinets performed in Sweden. The competition was performed in 
two stages where the purpose of the first stage was to define state of the art for the 
technology. The results from stage 1 were used to formulate the requirements and 
rules for the competitors in the “real” procurement competition (the second stage). 
The requirements included energy efficiency as well as product display and 
serviceability.  
 
The experimental work described below is the first part of the work performed 
and described in this Ph D thesis. The experimental results and the experience 
from the experimental studies of vertical display cabinets have been one important 
part of the work giving a first fundamental knowledge of display cabinet 
technology. The conclusions from this part of the work have later been used to 
define the experimental programme described in chapter 4 and 5 and also to 
define the purpose with the work.  

2.1 Review of previous work 

Rigot [9] gives key figures for the specific cooling load for four types of display 
cabinets used for storage of cold food. One of these is the vertical display cabinet, 
table 2.1. 
 
Howell and Adams [8] show results from experimental studies on 11 types of 
display cabinets. Four of these types are vertical display cabinets, see table 2.1. 
They reports that the heat extraction rate in refrigerated display cabinet energy is 
strongly dependent on cabinet type, the air humidity in the store and the tempera-
ture in the cabinet interior. 
 

Table 2.1 Specific cooling load for display cabinets. 

 
Ambient condition 

ta,amb (°C) / ϕa,amb 
(%) 

Air curtain 
supply 
ta,s (°C)  

Cold interior 
ta,int (°C) 

Specific cooling 
load 
L,cabq& (W/m) 

25 / 60 +4  +6 1200 / 1300 * 
24 /55 +2 +5 1300 ** 
24 /55 +2 +4 700 ** 
24 /55 0 +3 1400 ** 
24 /55 -4 -2 1400 ** 

* Rigot [10] 
** Howell and Adams [8] 
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2.2 Climate chamber for testing of refrigerated 
display cabinets 

The testing equipment consist of a climate chamber, see figure 2.1 and 2.2, used 
to simulate the ambient climate in the store and a brine loop to simulate the in-
directly cooled system connected to the display cabinet. The climate chamber has 
been adapted to the European standard EN 441-4:1994 [6] for testing of display 
cabinets. The local chiller is replaced with a central brine system at a temperature 
level of - 25 °C. This brine loop is heat exchanged to a secondary brine loop 
connected to the cooling coil in the display cabinet. The secondary loop can use 
different brines and the system is built to accommodate different defrost methods 
such as defrost with warm brine and stop defrost. 
 

 
Figure 2.1 Climatic chamber with an open vertical display cabinet loaded 

according to EN 441. 

 
The air is distributed into the climate chamber through the side wall and distri-
buted out from the chamber at the other sidewall, see figure 2.2. The sidewalls 
have double perforated plates in order to deliver the air into the room with an even 
velocity profile. The air is heated, humified, cooled to the dew point temperature 
and finally reheated to the desired dry bulb temperature before it is delivered back 
into the chamber, see figure 2.2. Fluorescent lighting has been installed in order to 
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maintain 600 ± 100 lux measured at a height 1 m above the floor level in accor-
dance with EN 441-4:1994 [6]. The walls are painted with a grey colour with an 
alleged emissivity of 0.9 at 25 °C.  
 

q

 
 

Figure 2.2 Lay-out of the test installation including some of the measuring posi-
tions. 

 
The climate chamber is calibrated in order to comply with the demands in the 
European standard EN 441-4:1994 [6]. The vertical temperature gradient from 
floor to ceiling is less than 0,1 K/m. 
 
The ambient condition (dry bulb temperature and dew point temperature) in the 
chamber is defined by a measuring position (with index EN 441 in figure 2.3) 
located midway along the length of the cabinet according to, EN 441-4:1994 [6].  
 

 
Figure 2.3 Positions for the measurement equipment. 
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2.3 Evaluation of commercial refrigerated 
cabinets – Experience from laboratory tests 
according to prEN 441 

The contents of section 2.3 were presented and published at the IIR conference in 
The Hague 1995.  

2.3.1 Introduction 

Numerous investigators have pin-pointed the dominant influence from refrigera-
tion on energy usage in the commercial sector. For instance, Van der Sluis [11] 
states that refrigeration accounts for 30-40 % of the energy used in food stores and 
supermarkets. It is also well-known that simple measures may lead to substantial 
energy savings although presented figures may differ. Couch and Jessop [4] indi-
cates savings of 50 % by means of strip curtains and 16 % from night curtains. On 
the other hand, van der Sluis claims savings by 35 % from night curtains. This 
difference probably relates to night set-back of the ambient room temperature also 
being used in the first case. Use of a special defrosting thermostat could save up to 
10 % but capacity control is reportedly even more effective.  
 
For commercial reasons, designers and proprietors of refrigerated retail equipment 
naturally concentrate on 'display and the customer will pay'. This tends to 
obfuscate the substantial cost of energy to run the equipment. Indeed, in relation 
to the investment cost of around £900 per m installed display cabinet, the annual 
energy cost of around £450 per m stands out (using an electricity price of 5.1 
pence/kWh). Furthermore, during the heating season cold air leakage from 
refrigerated cabinets into the premises will cost twice unless efficient recovery of 
condenser heat is used. 
 
Realizing the possibilities of improvement in the field of commercial 
refrigeration, NUTEK (Swedish National Board for Industrial and Technical 
Development) intends to promote the development of energy efficient commercial 
refrigeration. A proven method, put to good use by NUTEK in the past, is to stage 
a competition. Now, to formulate a reasonable level of ambition and to lay down 
the rules of a competition it is necessary to have a good grasp of the present 
situation. Therefore, as a first step, SP (Swedish National Testing and Research 
Institute) has assessed present state-of-the-art by testing six vertical display 
cabinets in accordance with prEN 441. This type of cabinet was chosen since it is 
frequently used and has a low energy efficiency. 
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2.3.2 Test program 

Purpose 

The efficient end-use of energy is the predominant objective of NUTEK's activi-
ties. Hence, the primary measurands were the electric, cooling and defrosting 
power inputs to the cabinets. On the other hand, the product temperature and 
ambient operating conditions are the major factors influencing the energy 
requirements of a particular cabinet and thus had to be measured accurately. 

Cabinet type 

The current trend in Sweden focuses on indirect systems for commercial refrig-
eration. Therefore it was decided to test five indirectly refrigerated display cabi-
nets reflecting both standard and top-of-the-line models. As a comparison, an old 
direct expansion cabinet was also included. All cabinets were of approximately 
the same size, around 2.5 m long and 2 m high having a net product load of about 
1000 kg (the loaded volume varies between 978 to 1054 dm3). The cabinets were 
equipped with night curtains only if these were available with automatic operation 
as a standard option. Finally, the indirect systems were delivered without 
defrosting equipment since this is the most common situation. Instead, a defrost 
system using warm brine was designed specifically for this test program and used 
on all indirect cabinets. The DX-system had its own system based on stop 
defrosting with the same frequency as the indirect systems. 

Test conditions 

Two climatic test conditions form the basis of the test program. One is a standard 
ISO and prEN rating point with a dry bulb temperature of 22 °C and a relative 
humidity of 65 %. The other represents Swedish conditions with a dry bulb 
temperature of 20 °C and a relative humidity of 51 %.  At each climatic condition, 
tests were carried out both with day-only and with day-and-night operation. Hence 
there were four rating points for each cabinet.  
 
Each cabinet was adjusted for a relative operating time of 100 % at a dry bulb 
temperature of 22 °C and a relative humidity of 65 %  in the day-only mode. 
These settings were left for the remainder of the test program, leaving the cabinet 
to operate on-off by its own thermostat at the test conditions requiring less cooling 
capacity. The indirect systems were supplied with a brine having a fixed inlet 
temperature of  -8 °C and a flowrate according to the manufacturer's instruction. 
However, all cabinets required some additional fine tuning to keep the product 
temperature in the specified range tM,min = -1 °C to tM,max = +8 °C. Finally, the 
capacity of the DX-system was adjusted by means of the condensing temperature 
for continuous operation at a dry bulb temperature of 22 °C and a relative humid-
ity of 65 %.   
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2.3.3 Test method 

At an early stage we decided to use prEN 441 as the test method. Since this 
method is currently under development it keeps changing and we had to stop at 
the version from 1993 to keep the testing procedure the same for all cabinets.   
 
Test equipment 
 
The test room used was a climate chamber with displacement ventilation to 
achieve low air velocities and low temperature gradients inside the conditioned 
space (c.f. figure 2.2). This chamber complied with the requirements set out in EN 
441-4:1994 [6]. In this context it should be noted that the standard requirements on 
temperature gradients inside the chamber seem incompatible with the strict 
requirements on air velocity. The permissible temperature differences will most 
likely induce air movements outside the allowed velocity range. 
 
The product load was simulated by means of commercially available test 
packages, allegedly in accordance with prEN 441:5. Some test packages were 
equipped with temperature sensors to measure the product temperature. 
Temperatures in the measuring packages and inside the cabinet were measured by 
means of type T thermocouples whereas the ambient test conditions and brine 
temperatures were measured by means of Pt100 sensors. A dew point hygrometer 
provided values of the humidity, an electromagnetic flowmeter recorded the brine 
flow and electric power input was determined by means of electronic transducers. 
Finally, the air velocity was measured by sensors specially designed for thermal 
comfort analysis. 
 

Loading 

The cabinets were loaded with test packages in accordance with prEN 441:5 
(issue 1993, required spacing 25 ± 5 mm). Figure 2.4 illustrates the designations 
used to locate the measuring packages. It was not possible to keep within the 
loading tolerances even with brand-new packages guaranteed to comply with the 
standard. A spot sample of 125 g packages, as delivered from the factory, revealed 
that all of 6 packages were outside the weight specification and 4 of 6 were out-
side the dimensional requirements. Similarly, for 500 g packages, 2 of 8 were out-
side the weight limits and 5 of 8 outside the dimensional specifications. Finally, 
for 1000 g packages, 2 of 74 failed on weight and 51 of 74 failed on dimensions. 
To complicate matters further, commercial packages have a plastic weld about 10 
mm wide. If this were taken into account none of the packages would comply. 
Furthermore, packages lack in dimensional stability and they will compress 
noticeably under load.  
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Figure 2.4 Designations used to locate the measuring packages. 

Defrosting 

PrEN 441 only deals with defrosting in the sense of checking for frost-free 
surfaces directly after a defrost. There are no guidelines as to the control of defrost 
cycles when no equipment or specific instructions accompany the display cabinet. 
Therefore, NUTEK, SP and the participating manufacturers agreed on a defrosting 
procedure based on a defrost interval of 4 h and a defrost that lasted until tb,out > 
+4 °C but never less than 10 min. Warm brine, tb,in = +5 °C, was used to defrost 
the coils but to avoid temperature shock the temperature was raised and lowered 
gradually between -8 °C and +5 °C (see also figure 2.5). 
 

 
 

Figure 2.5 Defrost cycle for indirecly refrigerated display cabinets. 
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2.3.4 Results 

Tables 2.2 and 2.3 summarize the main results from day-only and day-and-night 
operation for test condition with a dry bulb temperature of 22°C and a relative 
humidity of 65 %. In the first case operation was continuous and in the second 
case intermittent (at night), controlled by the internal thermostat. Recordings were 
made of cooling and electric power inputs, relative operating time, defrost power 
input and the accumulated defrost water, the warmest and coldest measuring 
packages and their respective positions, temporal mean values of individual 
measuring packages, mean values of the temperatures of all measuring packages 
visible from the front, mean values of the temperatures on each separate shelf, 
ambient conditions in the test room (temperature and humidity) and finally 
flowrate and pressure difference on the brine side of the cooling coil. 

Energy input 

The heat extraction rate of the cooling coil was determined from measurements of 
brine flow and temperature: 
 

 )tt(cVQ out,bin,bb,pbbcab −⋅⋅⋅= ρ&&   (Eq.2.1) 
 
All components of equation 2.1 were measured directly except cp,b. Past 
experience with technical secondary coolants has shown that the uncertainty of 
this quantity may be as much as 10 % and thus the systematic uncertainty of this 
parameter will dominate the total uncertainty. It was not possible to obtain reliable 
information from the supplier of the coolant.  
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Table 2.2 Results from tests with daytime conditions, ta,amb.EN441 = 22 °C and 
ϕa,amb,EN441=65 %, no night coverage). 
 
Day only 
 

Display cabinet 

Quantity Unit A B C D E F 

cabQ&  (kW) 3.83 3.56 4.04 3.32 3.01 3.19

75,cabQ&  (kW) 3.75 3.33 4.00 3.25 2.88 3.17

defQ&  (kW) 1.03 2.09 - 0.80 1.47 -

tMmax  (°C) 7.9 11.9 8.3 7.8 12.5 8.5
position - TL55 TL55 TM54 TL55 TL14 TR55
tMmin  (°C) 0.4 -1.9 2.4 0.5 -3.4 -3.1
position - TL31 TM32 TL31 TM51 TM41 TM32
tM1  (°C) 2.4 5.2 5.1 2.7 4.2 2.8
tM3  (°C) 4.0 5.2 5.2 2.7 4.1 1.1
tM4  (°C) 4.8 5.1 5.6 2.4 3.3 0.9
tM5  (°C) 5.9 6.0 5.7 3.5 4.1 2.8
tMvis  (°C) 3.2 6.3 5.9 3.5 4.9 2.9
 
 

Table 2.3 Results from tests with day and night time conditions 
(ta,amb,EN441= 22 °C/ϕa,amb,EN441=65%, 12 h without, 12 h with night 
coverage). 

 
Day and night Display cabinet 

Quantity Unit A B C D E F 

cabQ&  (kW) 3.31 2.72 2.97 1.88 * 3.01

75,cabQ&  (kW) 3.25 2.65 2.90 1.85 * 2.94

defQ&  (kW) 1.72 - - - * -

tMmax  (°C) 7.6 12.0 9.9 9.2 * 8.5
position - TL55 TL13 TL34 TL14 * TR55
tMmin  (°C) -0.9 -0.6 2.7 1.9 * -3.1
position - TL31 TM32 TL31 TR11 * TM32
tM1  (°C) 1.4 5.8 5.8 4.4 * 2.8
tM3  (°C) 2.8 5.4 5.9 3.9 * 1.1
tM4  (°C) 3.4 5.2 6.1 3.7 * 0.9
tM5  (°C) 4.4 5.6 5.9 4.2 * 2.8
tMvis  (°C) 3.2 6.2 6.4 4.6 * 2.9
*Cabinet E lacked automatic night coverage. 
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Cooling requirements vary by more than 30 % between the highest and lowest 
inputs. If only those units are included that complied with the requirements on 
product temperature the difference is still more than 20 %. This is also true 
regarding the energy input for defrosting with a lowest value of less than 40 % of 
the highest value. The unit with the lowest input for defrosting was also one of 
two units which seemed fairly unaffected by frosting during continuous operation. 
There is no marked difference in energy input between the DX-unit and the in-
direct units which further underlines the view that design of open display cabinets 
is more of an air-handling problem than a refrigeration problem. 
 
Figure 2.6 illustrates the effect of night covers on the required cooling input. With 
a successful design, as for cabinet D, there is a substantial energy saving. On the 
other hand, in the case of cabinet F there is only a marginal drop. 
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Figure 2.6 The effect on heat extraction rate by the use of night curtains. The 
light columns symbolize day-time operation (no curtain) and the dark 
columns symbolize combined day and night-time operation (12 h 
without and 12 h with curtain). Note cabc QP &= . 

Defrosting 

For all but one of the coils the defrost time of 10 min was sufficient. Indeed, some 
units had completed defrosting long before the minimum time had expired. For 
these units the remaining defrost time provided additional cooling since the 
defrosting brine temperature of +5 °C was always lower than the air temperature 
inside the cabinet. For these cabinets the tables do not provide figures regarding 
the power input for defrosting since the measured power will change from heating 
to cooling during the actual defrost period.  
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Product temperatures 

Three of the six units succeeded in keeping product temperatures within the speci-
fied limits of -1 to +8 °C with continuous operation but only one succeeded with 
night-covers. Smoke tests showed that in many cases air infiltration caused the 
night-covers to aggravate temperature conditions instead of improving them. 
Figure 2.7 illustrates how the product temperature spread increases as the night-
cover comes down in a poorly functioning unit. 
 
  
 

Figure 2.7 Product temperatures, measured in standardized M-packages, in a unit 
where air infiltration around the edges of the night-cover increases the 
temperature spread. 

2.3.5 Discussion 

In the version of prEN 441 of June 1994, the requirements on weight and dimen-
sions have been relaxed compared to the requirements of 1993. On the other hand, 
requirements on spacing between packages have been tightened. The end-result is 
that it is well-nigh impossible to realize a satisfactory loading of a cabinet due to 
the large spread in package dimensions and tight limits on spacing. To ensure 
satisfactory loading it is vital to promote a new design of test packages. Those 
packages available today are just not up to standard.  
 
There should be provisions for a standard defrosting procedure for those display 
cabinets delivered without defrosting equipment. It proved impossible to get 
directions from the manufacturers as to a standard procedure. Apparently, 
consultants, food-chains and individual retailers, all have there own ideas on this 
issue. Therefore, manufacturers of cabinets mostly leave this for their clients to 
solve. All but two of the tested units showed signs of frosting directly after a 
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defrost. The two units that were unimpeded by frosting both had well adapted coil 
designs. One unit used two successive coils, the first with a fin pitch of 12 mm 
and the second with 6 mm. The other unit had a single coil with a fin pitch of 8.5 
mm.  
 
Experience from the tests pin-points the fact that design of efficient vertical 
display cabinets is more a question of controlling air flows and air distribution 
than basic refrigeration technique. For instance, tables 2.2 and 2.3 show that the 
cooling requirement and spread in product temperature vary substantially between 
individual cabinets. These variations are largely due to variations in air distri-
bution and the effectiveness of the forced air barrier and night curtain respec-
tively. Figures 2.6 and 2.7 show that the effect of night curtains may be quite 
different depending on the design and its implementation. This problem is largely 
due to air infiltration at the edges of the night-cover. Only one of the five units 
equipped with a night-cover was without infiltration problems.  
 
It was obvious from the test results that most manufacturers will have to look 
more closely into their design values regarding brine temperature and flowrate. 
This may lead to uneven frosting of the coil and a large scatter of temperatures in 
the refrigerated load. There seems to be a lack of experience as to the setting-up of 
indirectly cooled display cabinets. Few came close to the desired performance 
using the originally supplied set-values, in one case the flowrate had to be halved 
to get inside the temperature limits. Measurement equipment and the uncertainty 
of the measurement are listed in appendix 1.  

2.3.6 Conclusion 

The test results lead to some general conclusions even though the material is very 
limited. Firstly, there is clearly a need for further improvements regarding the test 
standards in general and the test packages in particular. The standard would also 
benefit from the inclusion of guidelines for defrosting procedures when the 
defrosting equipment is not a part of the display cabinet. 
 
Obviously, testing of display cabinets has a mission to fill. Only one of six tested 
units complied with the requirements on product temperature for all test condi-
tions. During the most severe condition, all cabinets suffered from condensation 
inside the cabinet. It was also apparent that most manufacturers have some home-
work to do regarding recommended set-ups of indirectly cooled display cabinets. 
Furthermore, none of the cabinets was equipped with load lines, which made 
loading an unnecessarily arduous task.  
 
Good night-covers show a potential for energy savings of the order of 25-30 %. 
On the other hand, a sub-standard design may not save much energy and may 
actually be detrimental to the control of product temperature. Air infiltration is the 
main culprit in this respect. All in all, the results underline the importance of con-
trolled air flows and air distribution. The key to effective cooling and an even 
temperature distribution is a thorough understanding of the mechanisms control-
ling the air flow patterns. Heavy frosting will directly affect the airflow and its 
distribution and therefore a good coil design with a suitably large fin pitch is also 
important. 
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2.4 Promotion of energy efficient display 
cabinets 

The contents of section 2.4 were presented and published at the IIR conference in 
Cambridge1998. 

2.4.1 Introduction 

NUTEK, from 1998 reorganized as SE (the Swedish National Energy Admini-
stration), has used technical procurement competitions successfully to promote 
energy efficiency in products such as heat pumps, refrigerators, water heaters, air 
handling units and control systems. Traditional promotion of efficient equipment 
may have draw-backs by increasing public expenditure and conserving high 
equipment costs. Competitions, on the other hand, do not introduce subsidies and 
address the issue by stimulating market interest through publicity and improved 
technology and/or economy. Also, an important part of NUTEK's philosophy has 
been to co-operate closely with companies having a market influence. These 
companies promote the winning equipment and will endeavour to install a mini-
mum number of units. A contract for these installations also forms the first prize. 
Hence, the number of units go up, prices go down and energy will be saved at 
little extra cost for society. 
Since refrigeration is responsible for approximately half the use of electricity in 
the commercial sector, this is also an area suitable for such competitions. In 
particular, multi-deck vertical cabinets are common and use a lot of energy and 
hence this type of equipment has been in the focus for a long time. Furthermore, 
for reasons of flexibility, indirect refrigeration systems tend to dominate in new 
installations. Thus it was decided to stage a competition for five-deck, indirectly 
cooled vertical display cabinets. The initial planning started already in 1992. 

2.4.2 Competition 

As a first step, a screening test was carried out to assess the present state of the art 
by testing six cabinets according to prEN 441. This test was extremely important 
in that it provided experience in using the EN-standard, which was being 
developed at that time, as well as input regarding thermal quality and energy use 
of current cabinets. Axell and Fahlén [1] have presented the results and back-
ground of this stage, which concerned five indirectly cooled five-deck cabinets 
and one DX-unit.  

Scope 

The scope of the competition was to find the equipment with the best balance 
between energy efficiency, life-cycle cost, thermal storage quality, environmental 
aspects, sales performance and ease of maintenance. Focus was obviously on 
energy efficiency and it was decided to strive for a reduction by at least 25 % 
compared to the best result of the screening test. The same cabinet should be able 
to function with different types of products in terms of  temperature classes 
between +8 and +5 °C maximum temperature and it should have a load capacity 
exceeding a minimum value. For the sales performance, visual impression was 
also considered important. 
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Requirements 

Backström and Westman [3] have described the conditions of the competition. The 
following rules and requirements applied: 
• Type of display cabinet 
 Indirectly cooled, five deck, vertical display cabinet with a length of 2.5 meters 

and a loading volume of at least 400 dm3 per meter. 
• Thermal range of product 

For reasons of flexibility, the cabinet should be able to operate with acceptable 
efficiency during ambient conditions according to climate class 2 (see ambient 
climate below) and: 
-Temperature class S1 with a maximum of +8°C and a minimum temperature 
of -1°C (Sweden) 
-Temperature class M2 with a maximum of +7°C and a minimum temperature 
of -1°C (EN 441) 
-Temperature class M1 with a maximum of +5°C and a minimum temperature 
of -1°C (EN 441) 

• Range of ambient climate 
-Winter conditions (climate class ”special”): dry bulb temperature 20 °C, 
relative humidity 51 %.  
- Summer conditions (climate class 2): dry bulb temperature 22°C, relative 
humidity 65 %. 

• Refrigerating equipment 
For the purpose of calculations, the necessary chiller was assumed to operate 
with an evaporation temperature 5 K below the outlet brine temperature. The 
cooling coefficient of performance then related to the brine temperature 
according to: COP tc b out= ⋅ +01 2 4. ., . 

• Energy efficiency 
The annual electric input required to comply with the requirements of 
temperature class S1 must be less than 2600 kWh per meter cabinet and the 
aim was to come below 2000 kWh. The input was calculated using data from 
laboratory tests made by SP (Swedish National Testing and Research Institute) 
according to EN 441-1994 and the already stated standardized efficiency for 
the refrigerating equipment. A reference year was used consisting of 40 days 
with climate class 2  (summer) and 325 days with climate class ”special” 
(winter). 
Electric energy is split between indirect and direct input to the cabinet. The 
indirect input relates to components outside the cabinet such as the chiller and 
a pump to circulate the secondary coolant through the cabinet. Pumps and fans 
in the chiller are included in the value of COP2. The direct input pertains to 
fans, lighting, defrosting and frame-heating in the cabinet itself. 

• Environmental aspects and safety 
Recycling must be possible of at least 75 % of the materials in the cabinet. The 

cabinet must comply with the CE requirements. 
• Lighting 

The cabinet should be equipped with lighting that provides an illumination of 
at least 750 lux. 

• Operating instructions 
The competitors should supply the following operating instructions: 
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-Method of defrost, the number of defrosts and criteria for starting and 
stopping defrosts. 
-Volume flow and inlet temperature of the brine (secondary coolant). 
-How to load the cabinet in order to efficiently use the space while still 
complying with EN 441. 
-Set-values of thermostats. 

Deviations between the competition and the screening test 

One of the lessons learned during the previous screening test was that most 
cabinets were sold without defrosting or control equipment. Therefore the brine 
temperature and method of defrosting were prescribed. However, for new designs 
these parameters are major factors affecting the energy efficiency. Therefore the 
choice was left open in these matters for the actual competition. Furthermore, the 
temperature class M1 was not included in the screening test. Finally, the test 
standard changed from prEN 441-1993 to EN 441-1994 but this change did not 
influence the tests. 

2.4.3 Test program 

Axell and Fahlén [1] have described the test program in some detail. SP tested all 
cabinets according to EN 441-1994 using chemically pure propylene glycol and 
water as the secondary coolant. The concentration was 38 % by weight, yielding a 
freezing point of around -20 °C. Figure 2.2 shows the lay-out of the test installa-
tion. 
 
The diurnal test sequence consisted of 12 hours of day-time operation with night 
covers removed and the lighting in the cabinet switched on. Then followed a 
period of night-time operation with the night-covers on and lighting switched off 
(paragraph 2.8, EN 441-5:1994, 2nd test). Using this sequence, three tests were 
made on those cabinets left in the final round. 
The two first tests comprised the temperature class and climates prescribed for 
calculating the energy used during a reference year, i.e. temperature class 
”special” for the product (+8 °C) and climate classes 2 with a dry bulb tempera-
ture of 22 °C and a relative humidity of 65 % and ”special” with a dry bulb 
temperature of 20 °C and a relative humidity of 51 %. The third test condition 
consisted of temperature class M1 (+5 °C  to - 1 °C) and climate class 2 ( 22 
°C/65 % ). The product load was simulated by means of commercially available 
test-packages in accordance with EN 441:4. Some packages were also equipped 
with T-type thermocouples to measure temperature (M-packages). Figure 2.4 
indicates the position of these packages. 

2.4.4 Results 

All competitors used different designs, air distribution techniques, defrost 
methods and control strategies. The winner had the highest brine temperature, 
which implies a low cooling requirement, a high total COP2, and little frosting of 
the cooling coil. Table 2.4 provides mean values of capacities and temperatures 
from tests with winter conditions. 
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Table 2.4 Winter conditions (ta,amb,EN441  = 20 °C / ϕa,amb,EN441 = 51 % ), tempera-
ture class S1. 

 
Winter  Present state of the art Winner  
Quantity Unit A B C D E 

cabQ&  ( kW ) 1.86 2.13 2.13 1.39 0.91 

int,eW&  ( W ) 258 251 202 139 64 

defQ&  ( kW ) ** ** ** ** * 

tb,in ( °C ) -8.1 -8.1 -7.8 -8.1 -1.5 
tM,max ( °C ) 7.8 10.4 10.2 8.3 7.9 
Position    - TL55 TL14 TL34 TM55 TM54 
tM,min ( °C ) 2.1 1.1 2.2 2.4 3.1 
Position    - TL31 TM52 TM32 TR52 TL11 
tM1 ( °C ) 3.6 5.1 5.5 4.4 5.8 
tM3 ( °C ) 4.5 4.8 5.9 4.1 6.2 
tM4 ( °C ) 5.0 4.6 5.9 4.0 6.3 
tM5 ( °C ) 5.4 5.0 5.7 4.4 6.2 
tM,vis ( °C ) 4.8 5.5 6.2 4.7 6.4 

* Defrosting was not necessary. 
** Defrosting continued longer than necessary but still tb,out < ta, so part of 

defQ& adds to .Qcab
&  

 
Figure 2.8 compares the mean values of the cooling requirement during day-time 
with the requirement during day-and-night operation. The diagram also includes 
the direct electric input.



 39 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

H
ea

t e
xt

ra
ct

io
n 

ra
te

, 
Po

w
er

 (k
W

)

A B C D E

Winter

Heat extraction rate
(Day)
Heat extraction rate
(Day / Night)
Total electric input,
internal

 
Figure 2.8 Winter conditions (ta,amb,EN441= 20 °C/ϕa,amb,EN441=51 % ). Comparison 

of day-time heat extraction rate and the diurnal (day/night) heat 
extraction rate and direct electric input. A-D represent the screening 
test cabinets and E represents the winner cabinet.  

Table 2.5 provides mean values of capacities and temperatures from tests with 
summer conditions. 
 

Table 2.5 Summer conditions (ta,amb,EN441= 22 °C/ϕa,amb,EN441=65 % ), tempera-
ture class S1.  

 
Summer  Present state of the art Winner 
Quantity Unit A B C D E 

cabQ&  ( kW ) 3.31 2.72 2.97 1.88 1.50 

int,eW&  ( W ) 257 252 203 139 64 

defQ&  ( kW ) 1.72 ** ** ** * 

tb,in ( °C ) -8.2 -8.1 -8.0 -8.1 -1.7 
tM,max ( °C ) 7.6 12.0 9.9 9.2 7.5 
Position    - TL55 TL13 TL34 TL14 TR54 
tM,min ( °C ) -0.9 1.2 2.7 1.9 2.1 
Position    - TL31 TL32 TL31 TR11 TM12 
tM1 ( °C ) 1.4 5.8 5.8 4.4 5.0 
tM3 ( °C ) 2.8 5.4 5.9 3.9 5.4 
tM4 ( °C ) 3.4 5.2 6.1 3.7 5.7 
tM5 ( °C ) 4.4 5.6 5.9 4.2 5.6 
tM,vis ( °C ) 5.6 6.2 6.4 4.6 5.7 

* , ** See comments to table 2.4. 
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Figure 2.9 compares the mean values of the cooling requirement during day-time 
with the requirement during day-and-night operation. The diagram also includes 
the direct electric input. 
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Figure 2.9 Summer conditions (ta,amb,EN441= 22 °C/ϕa,amb,EN441=65 %). 

Comparison of day-time heat extraction rate and the diurnal 
(day/night) heat extraction rate and direct electric input. A-D 
represents the screening test and E represents the winner.   
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Figure 2.10 compares the calculated annual use of energy for the winning cabinet 
(E) with the results of the screening test.  
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Figure 2.10 Annual use of energy. A-D are based on the screening test and E is 

the winner of the competition.  

 
Total internal electric input is the direct electric energy used and total electric 
input is the energy required by the refrigeration system (compressor, pumps etc.). 
It is apparent from the diagram that the winning cabinet is a substantial improve-
ment. In fact, comparing this cabinet with the requirements of the European 
energy labelling scheme, Elefsen, Gigiel et al. [5], it would most likely go straight 
into class A.  
 
The energy savings due to night covers ranged from 25 % up to 40 %. These 
figures derive from a comparison between a 24 h test without night covers and a 
test cycle using 12 h with night covers and 12 h without. Another interesting 
comparison concerns the difference in cooling requirement between summer and 
winter conditions. This difference ranged between 21 % and 39 %.  
The water drained during a full test cycle (24 h) varied between 10 dm3 and 20 
dm3 for the summer case with a dry bulb temperature of 22 °C and a relative 
humidity of 65 % and temperature class S1 (+8 °C). One reason for this difference 
is that the brine inlet temperature has varied between -1.7 °C and  -3.9 °C for the 
different cabinets. A colder coil will induce more condensation or frosting. In fact, 
the winning unit could operate with no defrosting at all. All cabinets were also 
tested with temperature class M1 (+5 °C) at the ambient condition, dry bulb 
temperature 22 °C and a relative humidity of 65 %. During this test, one of the 
cabinets had problems with the minimum temperature (-1°C) in some of the M-
packages. 
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In the screening tests, night-covers effected savings of the order of 30 %. How-
ever, several of the cabinets had problems with air infiltration at the edges of the 
night curtain resulting in some M-packages being unacceptably warm. On the 
other hand, the winning cabinet in the competition had special guides for the night 
curtain and this helped in minimizing infiltration. 
 
All competitors succeeded in using a brine temperature which was higher than 
that used in the screening test. One contributing factor was that the manufacturers 
had used the experience from the screening test to optimize the control strategy, 
set-values, flowrates, and other technical data. Measurement equipment and the 
uncertainty of the measurement are listed in appendix 1. The estimated total 
uncertainty of the mean value of the measured heat extraction rate of the cooling 
coil is less than 4 %. 

2.4.5 Discussion 

The competition was a success in that the winner beat the energy requirement by a 
wide margin. The calculated yearly use of energy was 1745 kWh per year per 
metre cabinet and this is 50 % lower than the best result of the screening test. This 
result derives from improvements in several areas. Firstly, it is important to have a 
control strategy that adapts to the diverse cooling demands due to changing 
operating conditions, e.g. changes in climate and day/night operation. Data for the 
operational parameters and set-values are very important to get an even tempera-
ture distribution in the M-packages irrespective of the test cycle or the ambient 
conditions during a year. 
 
A general observation is that the warmest M-packages occur in the bottom front 
part of the cabinet (T54-56) while the lowest temperatures appear near the back. 
The vertical distribution differs between the different display cabinets and one 
factor influencing the location of minimum temperature is the cooling-coil 
position. A close control of the spatial and temporal variations in product 
temperature is essential in the optimization of display cabinets. For this purpose, 
all competitors had worked with the air flow patterns inside the cabinet. 
Compared to the units of the screening test, the air-curtains were now stronger and 
the supply of cold air from the rear of the cabinet was changed (the distribution is 
varied vertically by differently sized and shaped holes). 
 
The coil area has been increased and it is now possible to run the cabinet with a 
higher brine temperature. This will also increase the COP of the refrigerating 
installation, as well as reduce frost growth and pressure drop. Reduction of the 
need to defrost is also reflected in the quantity of melting water during a test 
cycle. This varied between the competing units from 10 dm3 up to 20 dm3. The 
difference in brine temperature is one factor but it is not the only. Another impor-
tant factor is the function of the air curtain. The temperature difference between 
the warmest M-packages and the inlet brine temperature is still relatively high at 
9.2 K. A challenge for future designs would be to decrease this difference even 
further. 
Finally, the major factor in reaching the winning result was the reduction of the 
indirect electric input. However, the direct input is still important since all energy 
which is dissipated inside the cabinet must be paid for twice. Firstly it has to be 
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supplied and secondly the dissipated heat must be removed by additional cooling. 
The winning cabinet succeeded in halving the direct input while still maintaining 
the thermal and visual quality inside the cabinet. Not only did the winning cabinet 
have the lowest value of the direct electric input for lighting but it also had the 
highest value of the illumination. 

2.5 Other work 

Faramarzi and Kemp [7] report a comparison between an older and a newer type of 
display cabinet. The newer model cabinet has a noticeably improved performance 
with 35 % reduction in total system power use per meter and 31 % reduction in 
specific cabinet cooling load. A 33 % reduction in infiltration load made a 
considerable contribution to the reduction in cabinet cooling load of the newer 
cabinet equipped with an improved single air curtain design. The older cabinet has 
greater heat inputs from the lights, fans and radiation than the newer cabinet but 
due to less cabinet insulation, the newer cabinet has a slightly higher conduction 
load than the older cabinet. 
 
With improved evaporator coil and air curtain designs, and efficient lighting 
systems, the newer model is clearly more energy efficient than its predecessor. 
The performance of the new type of cabinet is significantly improved with regards 
to total system electrical energy use, which can play a crucial role in a super-
market´s energy cost. The new type of cabinet reduced the post-defrost product 
temperature rise by approximately 40 % which can potentially improve product 
quality and shelf life. The table below provides results for the ambient climate 24 
°C / 55 % relative humidity. 
 

Table 2.6 Comparison of results for a new and an old vertical display cabinet. 
Ambient condition (ta,amb  = 24 °C / ϕa,amb = 55 % ). 

Quantity Old cabinet New cabinet 
ta,s (°C) -5.4 -2.9 
ta,e(°C) 5.5 3.2 
tM,max (°C) 3.7 3.4 
vs (m/s) 1.09 0.51 
Specific cabinet cooling load kWh/(m and year) 14736 10186 

2.6 Conclusions 

Axell and Fahlén [1], [2] report experimental results from tests performed 
according to the European standard EN 441 on indirectly cooled vertical display 
cabinets. Here is a brief summary of the experience from the tests: 
 

• The specific annual electric energy usage in modern vertical display 
cabinets can vary with a factor 4, from 8000 kWh/(meter cabinet and year) 
down to 1745 kWh/(meter cabinet and year).  

 
• Energy savings due to night curtains can range from 25 % up to 40 %. The 

construction of the night curtain is important. There is a risk that air 
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infiltration at the edges will cause unacceptably warm food at the edges of 
the cabinet during night operation. 

 
• Another interesting comparison concerns the difference in cooling require-

ment between a summer ambient condition with a dry bulb temperature of 
22 °C and a relative humidity of 65 % and a winter ambient condition with 
a dry bulb temperature of 20 °C and a relative humidity of 51 %. This 
difference ranged from 21 % up to 39 % between different cabinets. The 
water drained varied with 50 %. This is also a measure of the degree of  
infiltration. 

 
• An increase in coil area makes it possible to run the cabinet with a higher 

temperature of the secondary coolant. This will also increase the COP of 
the refrigerating installation, as well as reduce frost growth and pressure 
drop. New energy efficient vertical display cabinets with a high inlet 
temperature of the secondary coolant make it possible to run the cabinet 
with no defrost at all. This saves both energy and costs for defrost 
equipment. 

 
• The airflow inside the cabinet and the function of the air curtain in particu-

lar are very important factors and largely determine the performance of the 
cabinet. 

 
Faramarzi and Kemp [7] also reported large energy savings for a new cabinet 
design. This was mainly due to an improved single-band air curtain design. It is 
also interesting to note that the new efficient cabinet had a 50 % lower air curtain 
velocity, see table 2.6. The energy usage for the new cabinet reported by 
Faramarzi and Kemp [7] could be compared with the winner, cabinet E, see table 
2.7.  
 
The case cooling load is compared. Note that this comparison is made with an 
assumption that the ambient condition is constant during the year. The ambient 
condition with a dry bulb temperature of 22 °C and a relative humidity of 65 % 
and the ambient condition with a dry bulb temperature of 24 °C and a relative 
humidity of 50 % can be compared because both the enthalpy in the ambient as 
well as the vapour ratio are of the same order. But there is still a difference which 
makes the comparison of the case cooling load difficult. The temperature in the 
food is higher in cabinet E, 7.9 °C, compared with the cabinet reported by 
Faramarzi and Kemp [7], 3.4 °C. Cabinet E has been compared with the require-
ments of the European energy labelling scheme, Elefsen, Gigiel et al. [5] and the 
conclusion was that the cabinet would most likely go straight into class A. The 
same comparison has been done for the “new” cabinet reported by Faramarzi and 
Kemp [7] with the assumption that the two cabinets have the same display opening 
area. Also this cabinet would go straight into class A. Note that the temperature 
difference between air curtain supply and the warmest packages is in the same 
order ,6 K, in both cabinets.  
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The simple comparison done above illustrates the difficulties with comparison of 
energy efficiency. The energy requirement is influenced by the following 
parameters: 
 

• The ambient condition in the surrounding. 
• The temperature of the food stored in the cabinet. 

 

Table 2.7 Comparison of results from measurements performed by Faramarzi 
and Kemp [7]  and Axell and Fahlén [2]. 

 
 Cabinet E 

Axell and 
Fahlén [2] 

Cabinet E 
Axell and 
Fahlén [2] 

Cabinet New
Faramarzi 

and Kemp [7]

ta,s (°C) 2.1 3.8 -2.9 
ta,e(°C) - 6.9 3.2 
tM,max (°C) 7.9 7.5 3.4 
Ambient condition 
ta,amb,EN441  

ϕa,amb,EN441 

 
22 °C  
65 % 

 
20 °C  
51% 

 
24 °C 
50% 

ha,amb (kJ/kg) 49.5 39.0 47.8 
xa,amb (kg water vapour/ kg dry air) 10.8 7.4 9.3 
Specific cabinet cooling load 
kWh/(m and year) 
Day / Night 

 
5256 

 
3189 

 
- 

Specific cabinet cooling load 
kWh/(m and year),  
Day 

 
8760 

 
5119 

 
10186 
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3 Factors influencing design and 
operation 

The necessary heat extraction rate of a display cabinet is affected by its design and 
by the choice of components used in it, the required storage temperature in it for 
the chilled foods on display, and the ambient climate condition. The purpose of 
this chapter is partly to describe how the quality requirements for the chilled foods 
affect the design of the display cabinet, and partly to describe how the physical 
parts and equipment used in the cabinet can affect its electrical energy use.  
 
The chapter concentrates primarily on factors within the system boundary defined 
for a display cabinet, as shown in Figure 1.22.  However, both the temperature of 
the foods and the cooling requirement of the cabinet are affected by ambient 
factors, which will therefore be discussed in more detail in Chapter 4. 
 
Display cabinets are usually of a standard type, with the purchaser selecting the 
internal fittings and arrangement to suit the particular needs of the shop concerned 
and the type of foodstuff to be displayed. The choice of fittings can affect the 
function and energy requirement of the cabinet. Figure 3.1 exemplifies two 
arrangements. 
 

Standard arrangement Modified arrangement 

  
Figure 3.1  Two arrangements of a vertical five-shelf refrigerated display cabinet.

 

3.1 Climatic influence on food quality 
Refrigerated display cabinets are used for the display of chilled foodstuffs in a 
shop. The purpose of this chapter is to identify the factors that can degrade the 
quality of the foodstuffs while they are on display or stored in the display cabinet.  
Swedish legislation applicable to foodstuffs defines chilled foodstuffs as those 
that must be stored such that their temperature, throughout their storage time, lies 
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between -1 °C and +8 °C, Statens Livsmedelsverk [26]. This storage at a low 
temperature is intended to guarantee the shelf life of the foods and to ensure that 
their quality and appearance are maintained. 
 
The most important element is, of course, that the food should be fit to eat.  How-
ever, it is also important that its taste and appearance can be maintained during 
storage/display in the shop. Surfaces, for example, must not dry out or change 
colour.  In addition, the shop-owner does not want the products to lose weight 
while being stored/displayed. 
 
In general, non-packaged foodstuffs are more sensitive to changes in flavour, 
changes in appearance and loss of weight, as they lack the protection provided by 
packaging. For this reason, different types of display cabinets are often chosen for 
packaged and non-packaged foodstuffs. 
 
All foodstuffs contain undesirable micro-organisms. Anema [1] has shown, as 
have many other scientists, that a lower storage temperature means that the rate of 
growth of the micro-organisms in the food declines:  see Table 3.1. 
 

Table 3.1  The influence of storage temperature on micro-organism growth. 

 
Pathogenic bacterium Storage  

temperature, °C 
Time to divide from 1 cell to  

100 cells, hours 
12 70 Salmonella 8 222 
7 78 Listeria monocytogenus 4 170 

 
There is therefore a direct relationship between storage temperature and the per-
missible storage time: The lower the temperature, the longer the time for which 
the chilled foodstuffs can be stored before their quality deteriorates. The European 
Commission has not succeeded in reaching a harmonised system for temperature 
requirements for different types of chilled foodstuffs, and so the member states 
apply their own national requirements in respect of storage temperatures. In 
addition to these requirements, the manufacturers of the foodstuffs may also 
specify their own temperature limits for their products. Table 3.2 shows that, 
although each country has its own national requirements, the differences are not 
great.   

Table 3.2 Examples of how legally required temperature conditions can vary 
between European countries. 

 
Product France,  

°C 
Sweden,  

°C 
The Netherlands,  

°C 
Pre-prepared food +4 +4 +4 
Fresh fish 0 - +2 +2 +2 
Minced meat +2 +4 +4 
Chilled food 
All perishable food +8 +8 +7 
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Certain chilled foods, such as meat, mince and fish, need to be stored at lower 
temperatures. The food producers specify a final date for consumption of their 
products. When determining this date, they assume that the foodstuffs will be 
stored at a temperature below the maximum permissible storage temperature. The 
longest permissible storage time (a 'use-by' date) is a function of the storage 
temperature:  see Table 3.1. 
 
In addition to temperature, air velocity is another important factor that affects the 
quality of foodstuffs. Non-packaged foodstuffs such as fruit, vegetables, meat and 
cakes are particularly sensitive. High air velocities can result in more rapid 
drying-out of the surface which, in turn, affects the appearance of the product and 
results in weight loss. Nunes, Villeneuve et al. [24] have shown that, in the case of 
broccoli, air velocities are more important than storage temperature in maintaining 
quality. James and Swain [17] have studied the weight losses in non-packaged 
chilled foodstuffs, and found that it is the air velocity and relative humidity that 
most affect weight losses. However, for most foodstuffs, storage temperature is 
the most critical factor, and is also the subject of legal requirements.  
 
The type of foodstuffs to be stored in display cabinets defines the requirements 
that must be observed when designing such cabinets. The following points should 
be included in any performance specification. 
 
• Highest and lowest permissible storage temperatures. 
• Highest permissible air velocity in order to avoid drying out, oxidation or 

weight loss (primarily for non-packaged products). 
• Lowest permissible moisture concentration to avoid drying-out of the 

surface and weight losses (applies primarily for non-packaged products). 
• Lighting power and colour rendering.  The lighting must not change the 

apparent colour of the surface of the foodstuffs.  In addition, lighting is 
important from a marketing (exposure) point of view:  foodstuffs must look 
as attractive as possible. 

3.2 Heat transfer to the food 
Heat transport to the foodstuffs in a refrigerated display cabinet occurs via the 
following three heat transfer mechanisms: 

• Convection between a fluid and a solid body 
• Radiation between two bodies 
• Conduction within a body 
 
Which heat transfer mechanisms can be used to cool the foodstuffs depends on the 
performance specification, as given above at the end of Section 3.1. 
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Radiation (r = radiation) 
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Figure 3.2 Illustrations of heat transport mechanisms from chilled foodstuffs 
in a refrigerated display cabinet, Fahlén [9].   

 
The coefficient of thermal conductance, αr0, presupposes black body radiation 
between two infinitely large bodies. The actual value, αr, therefore has to be 
modified by an effective emissivity, ε, and an angle factor, F, in accordance with: 
 

 0rr F αεα ⋅⋅=  (Eq. 3.7) 
 
Rigot [25] uses an angle factor for vertical display cabinets, exchanging radiant 
heat  with their surroundings, of F= 0.65. The angle factor between two equally 
large parallel surfaces, F= 1.  Figure 3.3 shows the effective emissivity of 
equal-sized parallel surfaces. In many cases, the surface area presented by the 
surroundings can be regarded as infinitely large in comparison with the size of the 
surface of a packet/item of goods. This means that the effective emissivity 
becomes the same as the emissivity of the surface of the goods etc. 
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Figure 3.3  Effective emissivity of equal-sized parallel surfaces, as given by 

Fahlén [9]. 
 
Flow along a plain surface is applicable to the convective heat transfer at the 
surface of the foodstuffs, see figure 3.4. 

Heat Transfer Coefficient (Convection) 

0

5

10

15

20

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Air Velocity (m/s)

H
ea

t T
ra

ns
fe

r 
C

oe
ff

ic
ie

nt
, 

C
on

ve
ct

io
n 

(W
/m

2 /K
)

L=0,1 m
L=0,2 m
L=0,5 m

 
Figure 3.4  The convective coefficient of heat transfer, αc, as a function of the 

forced air velocity (laminar flow) for different characteristic lengths of 
the surface, as given by Fahlén [9]. 

 
Experience from the experimental investigations shows that the warmest package 
is to be found at the front of the lower part of a display cabinet, and that the 
coldest package will be at the back, against the cabinet backplate. These critical 
positions are shown schematically in Figure 3.5. 
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Figure 3.5 A display cabinet loaded with foodstuff packages. The coldest (dark 

grey) and warmest (black) items are shown in the figure. 

 
Heat transport in a display cabinet occurs by all three heat transfer mechanisms 
originally mentioned. Their effect on the temperature of a foodstuff package 
depends where the item is in the cabinet. Figure 3.6 shows a section through a 
shelf in a cabinet, with the following zones applicable to the positions of the 
packages: 
 
1. Packages having at least one side in contact with the forced air flow. 
2. Packages in contact only with other packages. 
3. Packages in contact with other packs and the shelf. 
4. Packages in contact with the shelf, the backplate and other packages. 
5. Packages in contact with the backplate and other packs. 
6. Packages in contact with the backplate, the forced air flow and other 

packages. 
7. Packages having at least one side in contact with the forced flow of the air 

curtain, and which are also exposed to radiation from the warm 
surroundings and/or lighting in the shop. 
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Figure 3.6  A shelf loaded with food packages. The packages find themselves in 
zones which differ, depending on the heat transfer mechanisms that 
cool or warm them. 

 
It is particularly the temperature of packages in group 7 that risks becoming too 
high, while it is the temperatures of packages in groups 4, 5 and 6 that risk 
becoming too low. 
 
Two examples below illustrate how radiation and convection contribute to heat 
transport, depending on the position of the package on the shelf. Table 3.3 shows 
the given conditions. 
 

Table 3.3 Technical data for the worked example below. 

 
Position Quantity Unit Value 

Ambient air ta,amb ° C 20 
ta,jet ° C 4 Display cabinet air 

curtain vs m/s 1 
ta,int ° C 0 Display cabinet shelf 
us m/s 0.3 
tS ° C 3 Display cabinet 

surfaces εS - 0.9 
tM ° C 5 Foodstuffs 
εM - 0.8 

 
The heat balance of a package is given by 
 

rcM qqqq &&&& ++= λ  (Eq. 3.8) 
 
It is assumed, in the examples below, that conduction is negligible, due to the fact 
that the temperature difference between two adjacent packages is small and to the 
fact that thermal conductivity in foodstuffs is low. The examples show only which 
heat transport processes that dominate. Over a longer period of time, the 
temperatures in the packages change until steady-state conditions are reached. In 
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practice, this means that conduction cannot be entirely ignored, as the temperature 
difference between the coldest package (at the back of the shelf) and the warmest 
package (at the front of the shelf) on one and the same shelf can be of the order of 
5-9 K. 
 
1)  Consider a package placed in position 1, as shown in Figure 3.6. The surface 
area of the package and of the surrounding surface are of the same order of size, 
which means that the angle factor, F= 1. The effective emissivity, ε = 0.83, as 
shown in Figure 3.3, while the αc = 3 W/(m2⋅K) as shown in figure 3.4. 
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This example shows that there is no heat input at position 1 on the shelf. The 
package is cooled by both convection and radiation and the heat transfer rate are 
of the same order of magnitude. Steady-state situation is reached, when the 
temperature of the package no longer continues to fall and heat is transferred from 
the adjacent packages by conduction. There are two ways of increasing convective 
cooling:  by reducing the temperature of the air, and by increasing its velocity. 
There is also one way of increasing cooling by radiation by reducing the 
temperature of the display cabinet surfaces. Results from measurements show that 
the temperature is low in this position (position 1), with small heat inputs, which 
means that the heat extraction rate could be reduced. 
 
2)  This example considers a package in position 7, as shown in Figure 3.6. The 
angle factor, F= 0.65, the effective emissivity, ε = 0.8 and the coefficient of heat 
transfer, αc = 8 W/(m2⋅K). The adjacent surfaces in the shop are assumed to be at 
the same temperature as the ambient air in the shop. 
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This example shows that there is significant heat input by radiation from warm 
surfaces in the shop, and that convective cooling via  the air curtain is not 
sufficient to compensate for the radiant heat input. Note that heat input from the 
lighting, as well as heat loss by conduction from neighbouring packs, has been 
ignored in this simple example. If we assume that the display area of the display 
cabinet cannot be reduced, the following steps can be taken to reduce heat input 
caused by radiation: 
 
• Ensure that the packaging material has a low emissivity. 
• Reduce the temperature in the shop. 
 
Convective cooling from the air curtain can be increased by the following 
measures: 
 
• Reduce the temperature of the air curtain. 
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• Increase the air curtain velocity, in order to increase the coefficient of heat 
transfer. 

 
It is theoretically possible to package the foodstuffs in a package having a low 
emissivity. In addition, the display cabinet's performance specification could have 
specified that the temperature in the foodstuffs can be guaranteed only if they are 
packaged in a material etc. having a given emissivity. The drawback of this 
method is that responsibility for maintaining the temperature requirements is then 
transferred outside the display cabinet's system boundary, and that the type of 
foodstuffs that can be displayed in the cabinet is limited. Reducing the tempera-
ture in the shop would probably reduce the level of thermal comfort for staff and 
customers. 
 
The temperature of the air curtain can be reduced by 1) reducing the supply 
temperature, or 2) by reducing the admixing of warm ambient air so that the 
temperature of the air curtain remains closer to its supply temperature. The draw-
back of reducing the supply temperature is that it increases the compressor electri-
cal energy use, as the evaporation temperature has to be reduced, coupled with the 
fact that there is a greater risk of frosting. Increasing the air velocity can result in 
greater admixing of warm ambient air, and hence there is no guarantee that doing 
so would increase convective cooling. The conclusion is that the air curtain needs 
to improve the convective cooling of packages in position 7, but that this must be 
done in such a way as to minimise admixing of warm ambient air. This will be 
discussed in more detail in later chapters. 

3.3 Night cover 
The actual reduction of the heat inputs by the use of a night cover blind in open 
vertical display cabinets depends on the following factors: 
 
• The efficacy of the blind 
• The opening hours of the shop 
• The magnitude of heat input to the display cabinet caused by radiation and 

infiltration. 
 
Axell and Fahlén [2] and Axell and Fahlén [3] report energy savings of the order of 
30 % through the use of effective night cover blinds, in a cycle consisting of 
twelve hours without coverage and twelve hours with coverage. However, if the 
blind is not properly designed, made or fitted, it can actually result in too high 
temperatures in the foodstuffs at night. Infiltration of warm ambient air around the 
edges of the blind can result in local temperatures in the display cabinet becoming 
far too high. 
 
Faramarzi and Woodworth-Szieper [10] describe the results of an experimental 
study in which they had investigated how night coverage affects energy use and 
foodstuff temperatures in a vertical display cabinet. The blind was made of an 
aluminised material, with a low emissivity. The report shows that increasing the 
length of the period during which the cabinet is protected by the blind has a con-
siderable effect on the energy use. The advantage of having a night cover blind 
with a low emissivity is that it absorbs very little radiation, and reflects back most 
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of the heat to its surroundings. In addition, it provides a barrier against infiltration 
of warm ambient air into the display cabinet, thus reducing both the latent and 
sensible heat inputs. The ability of the display cabinet to maintain the required 
temperatures of the foodstuffs increases with night coverage, but defrosting takes 
twice as long, as the warm ambient air is no longer available to assist melting the 
ice. This is because the supply temperature of the air curtain is lower, and there is 
less heat input by infiltration. 
 
The conclusion is that night covers are an effective means of reducing energy use:  
Xueqin [30], for example, has shown a 50 % reduction in heat extraction rate 
resulting from the use of night covers. The efficacy of the blinds can be increased 
if they are made of a material having a low emissivity.  It is also important that 
they should fit closely to the edges of the cabinet in order to eliminate the risk of 
infiltration. 

3.4 The cooling coil 
The cooling coil is an important part of the display cabinet, and its choice affects 
the total electrical energy use  for a given heat extraction rate. Its design also 
affects the frosting process on the coil. The build-up of frost not only affects 
electricity use but also the performance of the cabinet, since it can affect the 
pressure drop on the air side and thus the air flow through the cabinet. The pur-
pose of this section is therefore to describe how the cooling coil affects energy use 
and performance of the display cabinet. 

3.4.1 Heat transfer, pressure drop and energy efficiency  

The purpose of this section is to describe how the cooling coil should be designed 
in order to achieve the highest energy efficiency. Optimising a cooling coil 
requires minimisation of the work necessary to provide a specific heat extraction 
rate, i.e. the compressor work, pump work and fan work. Cooling coils used today 
are often heat exchangers intended for direct expansion, that have been modified 
for indirect cooling. This means that there is a potential for reducing energy use 
through the use of air coils designed from the start for indirect cooling.   
 
Fahlén [8], Haglund and Fahlén [11]use a relationship between the amount of heat 
transferred per metre of pipe and the corresponding pump work required in a form 
of goodness factor for the energy efficiency of heat transfer by a heat transfer 
medium. The results show that, with increasing Reynold´s number, the pressure 
drop increases more rapidly than does the heat transfer performance. It is therefore 
preferable to have lower flows, operating in the laminar flow mode. The investi-
gation also shows that it is not possible to achieve turbulent flow with 
high-viscosity liquids without requiring an excessive pump work input. Haglund 
and Fahlén [12] also describe a performance specification for the cooling coil in a 
display cabinet, together with a calculation model that can be used to evaluate 
different configurations. 
 
Present-day cooling coil designs give the air a long flow path through the cooling 
coil, as shown in Figure 3.7. The question is, whether it might be possible to 
improve the cooling coil performance by using a different configuration and 
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therefore Haglund and Fahlén [12] have investigated three types of air coil arrange-
ments have been investigated, as shown in Figure 3.7. 
 

Figure 3.7  Air flow through the air coil in a display cabinet.  The air coil on the 
left is typical of the arrangement in present-day display cabinets. 

 
Results from the trials show that the total heat transfer resistance in a cooling coil 
can vary, depending on the type of heat transfer medium used. This is particularly 
the case in the transition zone between laminar flow and turbulent flow, and is due 
primarily to the fact that the different heat transfer media have different vis-
cosities. 
 
Results also show that a cooling coil with a square section achieves the highest 
goodness factor, and thus makes the most efficient use of energy. Experiments 
have also shown that, in hydraulic terms, a new inlet section is formed after each 
bend in the pipe on the short side of the cooling coil. This results in improving the 
heat transfer on the liquid side, in comparison with what would have been the case 
if there had been fully developed laminar flow throughout the length of the pipe, 
which is in agreement with the experimental results reported by Hrnjak [16].  Also, 
Haglund, Fahlén et al. [13] show that, expressed as the sum of the drive energy 
requirements for the pump, fan and compressor, electrical energy demand is 
reduced if a full-length air coil is replaced by four shorter cooling coils contained 
within the same volume as the full-length air coil. The performance of a conven-
tional finned cooling coil can be improved by 10 %, expressed as a reduction in 
electric power requirement for a display cabinet with a specified cooling power of 
3000 kW.  Optimisation involves adjustment of the length, fin spacing, pipe 
diameter and operating point (flow, temperature) of the air coil. 
 
The conclusion is that the efficiency of display cabinets with indirect cooling can 
be further improved by installing cooling coil units designed specifically for 
indirect cooling. The results show that it is more energy-efficient to install several 
shorter air coil units:  the flow disturbances after the pipe bends result in improved 
heat transfer. It is also important to ensure that the flow rate and incoming heat 
transfer medium temperature are correct in order to achieve maximum energy 
efficiency. 
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3.4.2 Frosting and defrosting 

Chan and Tassou [6] state that defrosting and heating in order to avoid condensa-
tion account for 10 % of total energy use in a shop. In addition, there is the 
problem that food temperatures can rise above the maximum permissible 
temperature in connection with defrosting. The purpose of this section is to 
describe the following: 
 
• How does frosting affect the performance and cooling requirement of the 

display cabinet? 
• What are the benefits of avoiding having to defrost the cabinet? 
• What criteria must be fulfilled in order to avoid defrosting? 
 
When the surface temperature of the air coil is lower than the dewpoint of the 
incoming air, water will condense on the surface of the coil, and will freeze if the 
temperature is below 0 °C.  Frost growth can be divided into the following four 
stages, according to Fahlén [8]: 
 
• Condensation 
• Crystal growth 
• Frost layer growth 
• Frost layer full growth 
 
Fahlén [8] notes that there is a consensus among the scientists on identification of 
the parameters that affect frost growth, as follows: 
 
• Air stream flow conditions 
• Air stream humidity 
• Temperature of the cooling wall 
• Temperature of the frost surface 
 
 Fahlén [8] chooses to express these factors in a somewhat different manner: 
 
• Air velocity (affects Reynold´s number and thus the flow conditions) 
• Relative humidity or dewpoint temperature (affects the air stream humidity) 
• Specific cooling load (affects wall and frost surface temperature) 
• Air temperature (affects frost surface temperature and relative humidity). 

3.4.3 Effects of frosting on the performance and cooling 
requirements  

The following effects occur when frosting starts on a cooling coil: 
 
• The heat extraction rate of the cabinet falls as the layer of frost increases in 

thickness, while the electrical power demand of the compressor increases.  
Frosting problems have been investigated for many years. Stoecker [27] 
describes how small quantities of frost can initially improve heat transfer, 
due to the increase in the effective area of the heat transfer surface, and 
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because the greater relative roughness of the surface creates greater turbu-
lence.  However, a significant build-up of frost degrades the performance of 
the cooling coil. 

• The growing thickness of frost on the cooling coil fins increases the 
pressure drop, thus reducing the air flow through the cooling coil. 

 
A reduced air flow rate in the display cabinet means that the applied convective 
heat extraction rate falls, but the most serious problem is that the velocity of the 
air curtain falls as the air flow decreases. This results in increased heat inputs, due 
to greater infiltration of warm ambient air. The cooling requirement therefore 
increases, as does the risk of high foodstuff temperatures. Frost can also build up 
unevenly along the length of the air coil, resulting in corresponding variations in 
the velocity of the air curtain. In the worst case, substantial frost build-up can 
result in the air curtain velocity becoming so low that the air curtain no longer 
forms a barrier against the warm ambient air. 

3.4.4 Benefits of avoiding defrosts  

Defrosting increases the total energy use of the cabinet, and can result in higher 
foodstuff temperatures as a result of defrosting, as shown in Figure 3.8. The 
diagram shows the temperature in foodstuffs on the bottom shelf of the cabinet.   
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Figure 3.8 Foodstuff temperatures on shelf 5 (bottom shelf) as a function of time.  
Defrosting is programmed for every four hours.  The temperature of 
the warmest foodstuffs rises above +8 °C as a result of defrosting. 

 
With defrosting once every four hours, the temperature of the foodstuffs rises, 
with the result that some of them exceed the maximum permissible temperature of 
+8 °C.  In addition to frosting and defrosting affecting the performance of the 



 60 
 

cabinet, the installation of defrosting equipment increases the capital cost of the 
cabinet.  
 
The cooling coil in a display cabinet can be defrosted in a number of different 
ways. One common way is simply to stop the compressor, but allow the fan to 
continue to run. The coil is then defrosted by forced convection, with the air 
temperature circulating in the cabinet gradually rising. This means that no 
additional electrical energy is supplied for defrosting.   
 
There are many different control strategies for starting and stopping defrosting, 
and they have a considerable effect on energy use and cabinet performance. 
Several workers have investigated optimisation of the defrosting cycle control. As 
long ago as 1963, Hetsroni [15] showed that an 'Adaptive Defrost System' reduced 
energy use and improved the quality of the chilled foodstuffs by improving the 
entire system efficacy and performance. 
 
Tassou and Datta [28] have identified and quantified how the ambient climate 
affects frost build-up on the cooling coil in an open vertical display cabinet. How-
ever, a fixed-time defrost control strategy risks not defrosting the cabinet often 
enough if there is a high humidity level in ambient conditions, resulting in high 
foodstuff temperatures. On the other hand, if the local relative humidity is low, 
there is a risk of too frequent defrosting, which would result in unnecessarily high 
energy use. The work shows that, depending on their positions in the cabinet, the 
temperatures of foodstuffs can increase by 3-7 °C while defrosting is in progress.  
The results show that the need for defrosting varies with the time of year, being 
about 50 % less during the winter than during the summer. There is considerable 
potential for reducing the energy use, and improving the temperature control, in 
display cabinets by more sophisticated defrost strategies. An example of this is 
described by Datta, Tassou et al. [7] who investigated the effect of air temperature 
and humidity, together with the incoming evaporator temperature, on frost 
build-up and thermal performance by using an energy transfer coefficient based 
on the log mean enthalpy difference in order to implement defrost on demand.   
 
Lego [18] has investigated automatic defrosting at a constant temperature. This 
principle involves maintaining a constant heat extraction rate, in order to maintain 
the necessary chill temperature for the foodstuffs, while defrosting as needed to 
suit the foodstuffs and so that the evaporator can maintain a high external coeffi-
cient of thermal transmittance. 
 
Mao, Terrell et al. [20] have compared frost growth on a direct expansion cooling 
coil with that on an indirectly cooled coil. The results showed that frost build-up 
occurred more evenly on the indirectly cooled coil. Mao and Hrnjak [19] have also 
compared different defrosting methods for direct and indirect systems. The results 
showed that defrosting was fastest with heated brine, but that this had the draw-
back of failing to defrost other parts of the cabinet such as air ducts, drip trays etc. 
 
The conclusion is that too frequent defrosting results in the temperatures of both 
the foodstuffs and the cooling coil increasing more than necessary. This results in 
an increase in energy use, as it is necessary to reduce the temperature of the entire 
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mass of the cooling coil and of the foodstuffs down to operating temperature 
when cooling again starts. The same effect occurs if defrosting goes on too long.  
If defrosting is started too late, the pressure drop across the cooling coil will have 
become too large, reducing the air flow through the coil and the velocity of the air 
in the air curtain. The fan work increases, as do the losses due to infiltration, 
resulting in the worst case in the air curtain failing to work. If defrosting does not 
last long enough, not all of the frost will be melted away and there is likely to be a 
gradual build-up of frost over each operating cycle, resulting in rising tempera-
tures in the foodstuffs and in the air in the cabinet:  see Figure 3.9. 
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Figure 3.9 Air temperatures in the air curtain, the interior of the display cabinet 
and in the surroundings as a function of time. The defrosting at 2000 
minutes is too short, resulting in the temperatures in the interior of the 
cabinet and in the air curtain continuing to rise. 

 
Control of the defrosting cycle is very important. From an energy point of view, 
the best control strategy is generally one that responds to an actual need for 
defrosting, as the ambient climate in the shop varies widely over the year. How-
ever, experience from field measurements and laboratory measurements shows 
that such demand-controlled defrosting is not particularly common.   
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3.4.5 Criteria that must be fulfilled in order to avoid 
defrosting 

Fahlén [8] describes how, for a given specific moisture content and coefficient of 
thermal conductance, the surface of the frost layer is warmer with a higher air 
temperature. This results in the formation of frost having a higher density. Higher 
moisture content in the air passing over the coil increases the rate of growth of the 
frost and reduces its density. A high specific cooling load (W/m²) reduces both the 
wall temperature and the temperature of the frost surface, to produce a frost with a 
low density. Increasing the air velocity results in increasing the coefficient of 
thermal conductivity on the air side, resulting in a higher surface temperature. In 
his experiments, Fahlén shows that increasing the air velocity increases the rate of 
growth of the frost and produces a higher frost density. 
 
There are two ways to avoid the build-up of frost: 
 
• Design the cooling coil in such a way as to minimise frost build-up. 
• Control the operating conditions so that frost does not build up on the 

surface of the cooling coil. 
 

As far as the design of the cooling coil is concerned, the following factors should 
be considered, Fahlén [8]: 
 
• Design cooling coil to have as low a specific surface loading as possible.  A 

key design target here is to aim for a surface loading less than 50W/m2, 
which is usually also the case for cooling coils installed in display cabinets. 

• Treat the surface of the cooling coil so that the tendency of condensation to 
wet the surface is reduced. 

• Modify the humidity of the supply air to the cooling coil.   
 
As far as control is concerned, the following factors should be considered, Fahlén 
[8] : 
• The surface temperature of the cooling coil must be above 0 °C in order to 

avoid frost formation. This means that the lowest permissible brine 
temperature depends on the fin efficiency . A design factor that can be used 
here is that the brine temperature should be above –2 °C.   

• The air velocity through the cooling coil must be high. 
• The humidity of the inlet of the cooling coil must be low. 
 
In a shop, there are three sources of humidity:  evaporation from foodstuffs, respi-
ration from persons in the shop and moisture from current atmospheric ambient 
conditions outdoors. None of these factors can be controlled by the display cabi-
net. The effects of the outdoor climate on humidity in the shop can be controlled 
by dewpoint control of the shop's HVAC system, but it is difficult to affect the 
moisture released from sources in the shop, such as customers and foodstuffs.  
The best way of avoiding frosting is therefore to optimise the design of the 
cooling coil, and to install it in an energy-efficient display cabinet, such that the 
cooling requirement is minimised. All measures taken with the aim of eliminating 
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frosting have an added value, in that they also result in reduced condensation and 
smaller temperature variations in the foodstuffs while stored in the cabinet.  It is 
the sensible cooling that is beneficial:  latent cooling merely increases energy use, 
and should therefore be minimised.  

3.5 Control strategy 
The used strategy for controlling display cabinets can have major effects on 
energy use and on the temperature of the foodstuffs stored in the display cabinet. 
The importance of optimum control of defrosting has already been described.  
There are considerable potentials for reducing energy used, through such ways as 
matching the compressor evaporation and condensing temperatures to the actual 
variations in cooling loads that occur in a shop over a year. 
 
Many workers have investigated various control systems used in shops in order to 
control refrigeration systems and the performance of display cabinets. The main 
benefits of installing a central monitoring and control system are that it improves 
the ability to guarantee foodstuff temperatures and improves conditions for opti-
mising energy use. Hayward [14] and Willocx, Hendrickx et al. [29] and several 
other workers draw the conclusion that the temperature requirements for chilled 
and frozen foods can be met only through the use of high-quality temperature 
sensors installed in critical regions of display cabinets and well cases. Camporese, 
Cortella et al. [5] draw the conclusion that there is a need for a method of 
identifying 'breakdown' in display cabinets, based on measuring the air curtain 
supply and return air temperatures. Breakdown is defined as being the condition 
of the air velocity being so low that it cannot guarantee to maintain a proper 
barrier effect by the air curtain. 
 
Nakayama [22] has compared conventional control of display cabinets, with each 
cabinet having its own individual control system, with an overall control method 
for a commercial cooling system using a speed-controlled compressor. The results 
showed a reduction of 49 % in energy use. 
 
The conclusion in that one of the benefits of a properly operating control system 
for display cabinets is the better temperature quality of the foodstuffs, which is 
always the most important objective, although the work shows that there is also a 
considerable potential for reducing overall energy use. The cooling load and the 
need for defrosting both vary with ambient climatic conditions, which means that 
cooling and defrosting each need to be controlled on demand. Experience from 
the measurements described in Chapter 2 shows that the cooling load during the 
night can be halved if the cabinet is fitted with a properly designed cover blind.  
However, this will also mean that defrosting will take longer, and so there is a 
need for control of both cooling and defrosting to allow for daily variations, as 
well as for those over the year.   

3.6 Indirect cooling 
It is common, in Swedish shops, to find indirect systems for chilled foods, and 
direct expansion systems for frozen foods, although the entry of CO2 systems to 
the market has meant that there are now more indirect systems for frozen foods.  
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On a European perspective, the use of direct expansion systems is still the most 
common.  Both types of systems have advantages and drawbacks. Advantages of 
indirect systems include greater flexibility and a substantial reduction in the 
amount of refrigerant required. Drawbacks, on the other hand, include additional 
energy for a pump, and an additional heat exchange stage. However, there is 
nothing to show that a properly designed indirect system need be less 
energy-efficient. 
 
Hrnjak [16] has investigated an evaporator in a low-temperature display cabinet, 
originally built for R404A in a direct expansion system, and subsequently 
converted to an indirect system. The indirect system gave excellent results, with 
potassium formate giving the best results as the heat transfer medium. There were 
three parts to the series of trials:  1) on a complete display cabinet,  2) investiga-
tions of local heat transfer conditions, and  3) experiments on the cooling coil 
alone. The results showed that the coefficient of heat transfer in the cooling coil 
unit concerned was somewhat higher when using a brine solution with laminar 
flow than when using it for direct evaporation (DX system). They also showed 
that indirect systems can be more energy-efficient than direct expansion systems.  
Hrnjak emphasises how important it is to use thermophysical data from a reliable 
source.  Fahlén [8] has also shown this in his work with various heat transfer 
media, describing how the thermophysical data inferred for heat transfer media 
containing various additives, such as inhibitors, can vary by up to 10 %. 
 
Melinder [21] shows that indirect systems work well in food stores, particularly for 
chilled foodstuffs, and that indirect systems could be an interesting challenger for 
low-temperature systems intended for use with frozen foods. Analysis of the 
thermophysical conditions associated with various brine solutions show that all of 
them have some drawback or other. There is, in other words, no single brine solu-
tion that is suitable for all applications. It is important to identify which factors 
that are particularly important for a given application, and then to choose the most 
suitable brine solution on this basis. It is also important to study the manufactur-
ers' data sheets, looking particularly to see whether there are special requirements 
in respect of the materials to be used in the system. 
 
Hrnjak´s investigations show that indirect systems can be at least equally 
energy-efficient as direct expansion systems. The experiments were conducted 
using a cooling coil designed for direct expansion, and there would probably have 
been even greater savings if a cooling coil designed for indirect cooling had been 
used.  Melinder's work shows that it is important to choose a heat transfer medium 
that suits the particular application, and to ensure that the system is designed to 
suit it.  In this connection, it is particularly important to select system materials 
that are compatible with the particular brine solution to be used. 
 

3.7 Internal electrical heat inputs 
The internal electrical heat inputs in a refrigerated display cabinet consist of 
lighting, fans and, sometimes, what are known as anti-sweat heaters. Their effect 
on the total energy use of the display cabinet increases when other aspects of the 
cabinet have been optimised in terms of energy efficiency. The positioning of the 
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internal electrical components affects not only the cooling load, but also the total 
electricity use. Waste heat from these components must be removed, which means 
that the compressors use more electrical energy. 

3.7.1 Lighting 

Lighting is installed in display cabinets in order to enhance exposure of the food-
stuffs. The European standards for display cabinets specify an illuminance of 600 
lux. Corresponding recommendations in the USA are 500 lux on the vertical 
surface of the cabinet. In addition to illuminance, colour rendering is also impor-
tant.  Display cabinets tend to be of standard design, with the lighting installed 
under the top edge overhang.  It is then very common that the shop owner 
arranges for additional lighting at shelf levels in order to expose the foodstuffs in 
an attractive manner. When stating technical performance of display cabinets, this 
is normally based on cabinets fitted with standard lighting.  Lighting is normally 
on when the shop is open, and turned off when the shop is closed.   
 
The effect of lighting on energy use and foodstuff temperatures is affected by the 
following factors: 
 
• The position of the lighting 
• The efficiency of the lighting  
• The running time 
 
Lighting may be positioned in the cold zone, or outside it. The waste heat from 
lighting installed in the cold zone must be removed, increasing the cooling load.  
The average additional heat input to the cabinet, with resulting increase in 
electricity use caused by the lighting, can be calculated as follows, where the heat 
input from lighting is 0 (first term of equation 3.9) when installed outside the cold 
zone: 
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A simple example (below) shows how the positioning of the lighting and 
additional shelf lighting affect the cooling load and electricity use. 
Given: 
One fluorescent tube, 10.light =η , light,eW& = 30 [W/m] 
Shop opening hours, τlight = 12 [h]. 
 
Coefficient of performance, COP2 = 2.0 [-]. 
 
Angle factor, F = 0.65 [-] 
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Figure 3.10 Standard lighting, installed outside the cold zone. 
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Figure 3.11 Standard lighting, installed inside the cold zone. 
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Figure 3.12 Standard lighting and shelf lighting in the cold zone. 

 
The examples above illustrate that the positioning, efficiency and total installed 
power of the lighting are important not only for the total cooling load, but also for 
the total electricity use. Traditionally, display cabinets use fluorescent tubes, the 
best efficiency of which is about 5-10 %. Birnie [4] describes the results from 
experiments replacing fluorescent tubes by fibre optics. Fluorescent tubes have an 
optimum operating temperature of 40 °C:  below this temperature, efficiency falls.  
Fibre optics, on the other hand, can operate over a temperature range from –60 °C 
to +135 °C without any change in efficiency. Fluorescent tubes have an operating 
life of about 4-5 months, as against the average life of three years for fibre optics.  
The efficiency also depends on how the fibre optics are installed.  Naredran and 
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Raghavan [23] point out that both the life and efficiency of modern fluorescent 
tubes fall when the tubes are used in low ambient temperatures. Efficiency falls by 
20 % in an ambient temperature of +7 °C, which is a typical temperature encoun-
tered in display cabinets.  In addition, the tubes are generally installed in such a 
way that only about 60 % of the light from them is used to light the foodstuffs. 
Naredran and Raghavan [23] show results from experiments on display cabinets 
containing exactly the same foodstuffs, but comparing conventional fluorescent 
tube lighting with lighting by LEDs, showed that customers preferred LED 
lighting and that overall energy use fell. LED technology is constantly evolving:  
with present-day technology, it is estimated that it could decrease the energy use 
by 5 %, but that these savings should increase to about 70 % if developments 
expected by 2010 are realised. 
 
The conclusion is that more efficient lighting technology can reduce energy use, 
increase the life of lighting equipment and improve visual exposure. In addition, 
the reduced heat input from the lighting reduces the risk of excess temperatures.  
The simple examples given above show that the position of the lighting is 
important in determining electricity use at system level. 

3.7.2 Fans 

Traditionally, the fans used in display cabinets are installed upstream of the 
cooling coil. The advantage of this positioning is that the temperature rise result-
ing from the fan losses can be taken care of directly by the cooling coil, and that 
the fan is usually more easily accessible for maintenance. The fans used in display 
cabinets have an efficiency of about 5-10 %. As they are all installed in the cold 
zone, all heat inputs from the fans result in an increased cooling load and addi-
tional electrical energy use. They have a high load factor:  if the cabinet is 
defrosted by stopping the compressor, the fan runs continuously, although it is 
stopped if defrosting is carried out by warm brine, electric heating or hot gas. 
 
The contribution of the fan to additional heat input to the display cabinet can be 
expressed as follows: 
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Similarly, its total contribution to electrical energy use can be expressed as:  
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With existing fan technology, it is  possible to increase efficiency to about 30 %, 
which would have a beneficial effect both on cooling load and electricity use. Fan 
design is important, and must be such as to ensure that air distribution is the same 
across the full width of the cooling coil. Admittedly, this can be ensured by means 
of design details after the fan, although the additional pressure drop will result in 
an increase in energy use. It is therefore preferable for the fan to be designed so 
that the air from it is as uniformly distributed as possible. 
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3.7.3 Anti-sweat heaters 

Anti-sweat heaters are used to avoid condensation on cold visible surfaces in the 
display cabinet. In the same way as described above for internal electrical compo-
nents in the cabinet, the effect of the heaters on cooling load and electricity use 
depends on where they are positioned and on their operating times. The most 
important aspect is to insulate the cabinet so that condensation is avoided on 
surfaces that are visible to customers. If, despite this, it is necessary to use an anti-
sweat heater, its operating time should be controlled so that it is in use only when 
it is needed. It must be fitted in such a position that the heat from it is conducted 
and radiated towards the surfaces to be kept free of condensation:  radiation or 
conduction of heat towards the cold zones of the cabinet must be minimised. 

3.8 Conclusions 
This chapter has discussed not only fundamental requirements applicable to 
display cabinets, but also the effect of various components on the cabinet's 
performance and energy use. 
 
The purpose of a refrigerated display cabinet is to maintain the quality of the 
foodstuffs while they are on display in the shop. This quality is affected by 
storage temperature, humidity in the display cabinet, air velocity and lighting. 
Heat transport to and from the foodstuffs can be by conduction, convection and/or 
radiation. Which heat transport processes that are the most suitable for cooling 
foodstuffs depends on the type of foodstuffs to be exposed in the cabinet.  In 
general, non-packaged goods are more sensitive than packaged goods.  In most 
cases, it is the temperature requirements that determine the design of the display 
cabinet, although for some foodstuffs it is the moisture content and the risk of 
drying-out that determine the conditions. If it is the moisture content that is 
decisive, it is important that the temperature in the cabinet should not be lower 
than necessary:  if the aim is to minimise drying-out, cooling by forced convection 
should be minimised. 
 
The position and packing of the foodstuffs in the cabinet determine the heat 
transport processes that cool/heat them. If only one layer of goods is placed on 
each shelf, they could be cooled by radiation and conduction from the cold shelf 
surfaces above and below them. On the other hand, packages placed between 
other packages are usually kept cold without problems, provided that they have 
not been loaded into the display cabinet at too high a temperature. In a vertical 
display cabinet, it is the items packed at the back that run the risk of becoming too 
cold, while those positioned at the front run the risk of becoming too warm. This 
means that, in a display cabinet in which the cold air is blown in from the back, 
cooling is supplied just in the position where the need for it is least. Items at the 
front of the shelves are warmed by radiation from surrounding surfaces, by 
radiation from the lighting and by infiltration of warm air, and cooled by forced 
convection by  the air curtain. It is difficult to avoid radiation from the 
surroundings in an open display cabinet. Radiation from unsuitably positioned 
lighting in the cabinet, or from light sources outside it, can be eliminated, and it is 
possible to keep down the temperatures of the surrounding surfaces in the 
premises where the cabinet is installed. From this point of view, it is an advantage 
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if all the display cabinets are installed in the same area. Heat inputs caused by 
infiltration of warm humid ambient air can be reduced by more efficient air 
curtains, which will be discussed further in Chapters 6 and 7. 
 
The following benefits will accrue if frosting in the cooling coil can be prevented: 
 
• A reduction in energy use. 
• Elimination of the risk of frost on the cooling coil fins affecting the air flow, 

and thus reducing the efficacy of the air curtain. 
• The temperatures in the foodstuffs become more uniform, and the risk of 

excessive temperatures due to failure of defrosting procedures is eliminated. 
• The capital cost of control equipment for defrosting can be used instead to 

optimise other design details of the cabinet. 
 
Frosting of the cooling coil can be avoided by controlling the ambient conditions 
in the shop, or by improving the energy efficiency of the display cabinet in order 
to reduce the cooling load. A reduced cooling requirement means that conditions 
are more favourable for raising the incoming brine temperature to the cooling coil 
above the critical temperature of –2 °C. In addition, the cooling coil itself can be 
designed in order to minimise the risk of frosting by a low specific surface loading 
(below 50 W/m2) and surface treatment of the fins.  
 
Covering an open display cabinet when the shop is closed reduces the energy use.  
For optimum performance, the material of the cover must have a low emissivity, 
and the cover itself must fit tightly. 
 
Each cooling coil, together with its given brine heat transfer median at a given 
concentration, has an optimum operating point ( bbin V,t & ), at which electricity used 
to meet a particular cooling requirement is minimised. The results of Haglund, 
Fahlén et al. [13] show that electricity use can be reduced by about 10 % if a tradi-
tional finned cooling coil is optimised for indirect cooling. 
 
Control systems must be efficient in order to make best use of the various energy 
efficiency improvement features in the system. However the most important 
consideration is that the control strategy should be such as to ensure that the food-
stuff temperatures are maintained within the specified temperature limits. 
 
The performance of a display cabinet can be improved, and its energy use 
reduced, by carefully positioning the various components of the cabinet, and 
employing the best possible design features. Table 3.5 shows a number of 
measures that can be employed in order to reduce energy use. Some of them have 
beneficial effects both on energy use and the temperature of the foodstuffs in the 
cabinet:  others, however, impose requirements on other systems in the shop, and 
are commented in the table.   
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Table 3.5 The effects of various measures on the performance and energy use of 
display cabinets. 

 
Mechanism, feature etc. Reduces energy 

use? 
Affects the  
foodstuffs' 
temperature? 

Depends on 
external 
factors? 

Reduce the radiant heat input to 
the cabinet 

Yes Yes Yes 

Comments: Low ambient temperature.  High-reflectivity packaging. 
Infiltration Yes Yes Partly 
Comments: Ambient conditions affect infiltration contribution:  see Chapter 4.  The 

efficacy of the air curtain affects the amount of infiltration:  see Chapter 7. 
Effective control Yes Yes Partly 
Comments: Further savings can be achieved by control of the entire refrigeration system 

and HVAC. 
Covered at night Yes Yes No 
Comments: Requires good control for maximum savings. 
Best lighting technology Yes Yes No 
Comments: Placed outside the cooled zone to minimise heat input to the cooled zone. 
Best fan technology Yes No No 
Comments: Fan should provide uniform air distribution along its length. 
Antisweat heaters Yes Yes Partly   
Comments: The need for anti-sweat heaters can be avoided by a dewpoint control 

feature in the HVAC system.   
Cooling coil Yes Yes No 
Comments: Design the cooling coil for:  

1)Maximum heat transfer in relation to work input: 
Maximise cabQ& / ( )fan,ep,em,e WWW &&& ++  

2) Low specific surface loading. 

Frosting / defrosting Yes Yes Partly 
Comments: 1) Affected by choice of cooling coil design / features. 

2) Affected by ambient climate conditions, which can be controlled by the 
shop's HVAC system. 
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4 The influence of climatic conditions on 
performance 

Open vertical display cabinets are affected by their ambient climate conditions, 
and the purpose of this chapter is to describe how this local climate affects their 
power requirement and internal thermal conditions. It describes the results of 
experimental investigations into the performance of an open vertical display 
cabinet in a climate chamber, the object of which was to investigate how the 
ambient climatic conditions affect power requirements and the thermal climate in 
the cabinet, as well as the results of field measurements that show how the 
ambient climate in a shop can vary, and what the effects of these variations are on 
the performance of the display cabinet. Some of the material in this chapter has 
been previously published and presented by Axell, Fahlén et al. [9] at an IIR 
Conference in Sydney. The chapter also includes experience from field measure-
ments made in two Swedish supermarkets, which was published and described by 
Axell and Fahlén [8] at an IIR conference in Urbana in July 2002. 
 
European standard EN 441, Refrigerated Display Cabinets, has been used as a 
basis for planning the work, both for the experimental studies in the climate 
chamber and for the field measurements. One of the objectives of the work has 
been to be able to compare results from both sources. In order to be able to 
investigate the effect of ambient climate conditions, and to be able to compare 
different sets of measured results, it is particularly important that the measurement 
position for determining the ambient climatic conditions should be accurately 
defined, in order to be able to accommodate the substantial temperature gradients 
in front of a refrigerated display cabinet:  see Figure 4.1. 
 

Full load

0.0

0.5

1.0

1.5

2.0

2.5

-5 0 5 10 15 20 25
Temperature (°C)

H
ei

gh
t (

m
) ta,amb 0.25 m

ta,amb 0.5 m
ta,amb 0.75 m
ta,amb 1 m
ta,int

 
Figure 4.1 Temperature gradients inside and in front of a refrigerated display 

cabinet, as a function of height and distance from the cabinet. 
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4.1 Review of previous work 
Several workers have investigated the effect of various parameters on energy use 
in vertical display cabinets. The large open display area at the front of a vertical 
cabinet means that both the power input, and the thermal conditions in the cabinet, 
are affected by the ambient climatic conditions. Just how much effect a given 
climate has on a given cabinet depends on the design of the particular cabinet. In 
turn, the climatic conditions in the shop depend on the following factors: 
 

• Its geographical position. 
• The design of the building and its HVAC systems, with the choice of 

ventilation flow rates and variations in ventilation with time being 
particularly important. 

 
Many of these investigations have been concerned with determining whether it is 
the dry bulb temperature or the relative humidity of the ambient air that have most 
effect on the energy use and performance of the cabinet. Whether it is the sensible 
or the latent heat inputs that dominate depends on the conditions in the shop and 
the design of the cabinet. Instead of attempting to separate the effects of the dry 
bulb temperature and the vapour ratio of the air, it is therefore more relevant to 
investigate how specific enthalpy of the ambient air affects the total energy use of 
the cabinet. Just how sensitive the cabinets are to variations in the climate depends 
in turn on their performance, with the degree of infiltration having a decisive 
effect. Display cabinets having vertical air curtains are more sensitive to infiltra-
tion than are horizontal display cabinets (well cases). 
 
Rigot [23] shows a state area (Figure 4.2) with combinations of dry bulb tempera-
ture and relative humidity that give a more or less constant enthalpy value, 
referred to as an 'equivalent climate'. The heat extraction rate of the cabinet is 
constant within the marked area in the diagram. 
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Figure 4.2 Equivalent ambient climate that results in a constant heat extraction 
rate for a refrigerated display cabinet, Rigot [22]. 
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Brolls [11] shows that an increase in the dry bulb temperature or relative humidity 
results in an increase in the cooling power requirement of a cabinet, as shown in 
Figure 4.3. The diagram compares conditions produced by various ambient 
climates with a reference state of a dry bulb temperature of 25 °C and air condi-
tions equivalent to a relative humidity of 60 %, showing the energy requirements 
for the various states in relation to the reference energy requirement.  The energy 
extraction rate for the reference conditions is set at unity. Note that there are 
several combinations of dry bulb temperature and relative humidity that result in 
the same energy demand. 
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Figure 4.3 Relative energy extraction rate in a vertical display cabinet as a 
function of ambient relative humidity, Brolls [11]. 

 
Brolls [11] shows that, in addition to the ambient climate conditions, there are 
many other factors in a shop that affect the energy use of display cabinets. Their 
performances can be improved by the following measures: 
 
• Close temperature control through properly designed case refrigeration 

systems. 
• Proper control of air distribution throughout the cabinet. 
• Proper control of defrost frequency and duration. 
• Size and location in the display cabinet. 
• Careful siting of the cabinet in the store to avoid disturbance. 
• Regular shut-down and cleaning of cabinets. 
• Reduce lighting levels where possible. 
• Proper merchandising to ensure the integrity of the refrigeration system. 
• Proper control of ticketing and display material. 
• Proper control of packaging size and location in the display cabinet. 
• Careful siting of the cabinet in the store to avoid draughts and other outside 

influences. 



 76 

 
Adams [2] reports that about 75 % of the total cooling load of a display cabinet 
with vertical air curtains results from the infiltration of warm surrounding air. 
About 80 % of the inward heat transport resulting from this effect is in the form of 
sensible heat, with the remaining 20 % being in the form of latent heat. Another 
consequence of the infiltration  is that the aisles along which they are sited are 
cooled.   
 
Howell [20] is one of those who has carried out considerable work on investigating 
the effect of the ambient climate on energy use in food stores. His investigations, 
which have included not only experimental work in the field and in the laboratory, 
but also theoretical modelling, show that the moisture content of the surroundings 
has a considerable effect on the energy demand of open vertical display cabinets.  
Howell [20] reports that, together with the HVAC system, refrigeration systems in 
shops usually account for about 70 % of shops' total energy use.  Results from 
measurements and calculations show that energy use falls with reducing moisture 
content in the surroundings. However, he notes that insufficient information is 
available on the performance of state of the art display cabinets to allow a reliable 
quantification of by how much the ambient moisture content affects energy use. 
  
Sweetser [24] has investigated how reduced relative humidity in the ambient air 
affects condensation in display cabinets, their heat extraction rate and the overall 
energy demand of the refrigeration machinery. The work involved laboratory 
trials of a number of different display cabinets, including a vertical five-shelf 
cabinet. The starting point was the fact that, for many years, the reference climate 
used for such calculations in shops in the USA was equivalent to a dry bulb 
temperature of 24 °C and a relative humidity of 55 %. This is also a standard 
climate, as used for performance testing of display cabinets, and regarded as being 
such as to provide a balance between  1) energy cost and investment cost of 
refrigeration equipment in the shop in relation to  2) energy cost and investment 
cost of the HVAC system to control relative humidity in the shop. The experi-
ments were carried out at a constant dry bulb temperature of 24 °C, and with 
varying relative humidity. The results showed that an open vertical display cabinet 
was sensitive to variations in the moisture content of the surrounding air.  Infiltra-
tion accounted for about 80 % of the total heat input to the cabinet. As the 
moisture content fell, the proportion of infiltration heat input in the form of latent 
heat also fell, so that at a relative humidity of 35 % it accounted for only 9 % of 
the heat input. Defrosting time also fell in step with moisture content of the air, 
such that it was reduced by 40 % when the relative humidity of the air was 
reduced from 55 % to 35 %. At the lowest moisture content, no heaters were 
needed in order to prevent condensation in the cabinet. 
 
Measurements of the initial air velocity of the air curtain were used in order to 
visualise the build-up of frost on the air coil. The highest air velocities were 
measured at the end of each defrosting cycle, when the cooling coil was clean:  
the air curtain velocity falls as frost grows on the cooling coil.  Falling velocity of 
the air curtain then results in increased infiltration and a greater demand for 
cooling. In addition, the temperature of the foodstuffs increased with increasing 
ambient relative humidity. Similar experiments on well cases show that the heat 
input resulting from infiltration is equivalent to about 24 % of the total heat 
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extraction rate. The results show that well cases are relatively insensitive to 
changes in the ambient relative humidity of the climate conditions that were 
investigated. The author's conclusion is that it is more energy-efficient to reduce 
the moisture by the shop's HVAC system than to use the display cabinets as 
dehumidifiers. 
 
Henderson and Khattar [19] describe the results of field measurements in two 
24-hour stores in the USA. The purpose of these measurements was to quantify 
how the relative humidity in the indoor air affected energy use in the store's 
refrigeration system, and to compare different methods of controlling defrosting. 
Their work shows that, in the two stores where the measurements were made, it 
was the ambient dry bulb temperature that had most effect on energy use, 
although variations in relative humidity also affected energy use. Their work also 
showed that energy use can vary widely between stores. The authors also showed 
that energy usage could be reduced  by controlling the use of anti-sweat heaters.  
In addition, they found that the reduction in energy use  resulting from 
demand-controlled defrosting increased linearly in inverse proportion to falling 
relative humidity in the surroundings. The authors' conclusion is that, in many 
cases, the savings that could be achieved by installing dehumidifying equipment 
in the HVAC system were overestimated during the winter, due the low outdoor 
air humidity and ensuring low indoor humidity. 
 
Faramarzi [16] has investigated how the cooling requirement in an open vertical 
display cabinet is affected by variations in the ambient climate. The author's 
experiments show that the display cabinets are affected more by changes in the 
relative humidity than by changes in the dry bulb temperature. These results are 
valid for the ambient climate and for the vertical display cabinet that was used in 
the investigation. 
 
Vertical display cabinets are particularly sensitive to high humidity in the ambient 
air, due to the fact that infiltration accounts for about 70-80 % of the total heat 
input. A well case, on the other hand, is relatively insensitive to high humidity, 
due to the fact that the proportion of heat input to it resulting from infiltration 
amounts to only about 25  % of its total heat input. 
 
The conclusion is that there is a need for a proper theory and controlled experi-
ments in order to determine the effects of various ambient climatic conditions in 
order to describe how energy use in a display cabinet is affected by the climatic 
conditions. It ought to be more relevant to investigate how the ambient air specific 
enthalpy affects energy use, and to attempt to distinguish between the effects of 
latent and sensible heat gain. However, it should be noted that high humidity can 
have a decisive effect on the performance of the cabinet if frost formation results 
in a reduced velocity of the air curtain and a rise of the temperature of the food-
stuffs. The moisture content in the ambient air should be expressed as a vapour 
ratio or dewpoint, both of which are independent of the dry bulb temperature.  The 
relative humidity, on the other hand, changes as the dry bulb temperature varies. 
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4.2 Climate chamber measurements with 
controlled ambient conditions 

The advantage of investigating display cabinets under controlled ambient 
conditions in a climate chamber is that both the ambient climatic conditions and 
the temperature in the foodstuffs can be controlled. 
 
The purpose of these investigations has been as follows: 
 
• to determine the effect of the ambient climatic conditions. 
• to ascertain the energy savings that can be achieved by improving protection 

against ambient conditions by the use of covers during the night. 
• to obtain results that can be used as input data for energy balance calcula-

tions for a display cabinet:  see Chapter 5. 

4.2.1 Experimental programme 

The experiments have been performed on an open five-shelf, 2.5 m long display 
cabinet, fitted with a night cover blind.  Internal electrical loads consist of fans 
installed in the bottom of the cabinet, and lighting fitted in the top. The cabinet 
has a single recirculating air curtain, with an air coil designed for indirect cooling.  
The water-based heat transfer medium (the brine) is a solution of 38 % by weight 
pure propylene glycol, having a freezing point of -20 °C. The choice of pure 
propylene glycol was justified because of the uncertainties in the thermophysical 
data that will be caused by various additives, resulting in errors in determination 
of density and specific heat capacity of up to ±10 % (Fahlén [15]). In addition, 
selection of this particular heat transfer medium, and of its concentration, was also 
made so that the results could be compared with those of the investigations 
described in Chapter 2. 
 
The experiments were carried out in accordance with the tests prescribed in 
European standard EN 441. The cabinet was loaded, using standardised packages 
of oxy-ethyl-methyl-cellulose and water, as prescribed in EN 441:5 1996 [14].  
Each of the packages has a standardised wrapper, having a defined emissivity 
(ε = 0.9), with standardised dimensions and a standardised weight.  The thermal 
capacity of the packages is the same as that of lean beef. The temperature of the 
'foodstuffs' was measured by thermocouples inserted into the centres of the 
standardised packages. The temperatures were measured at standardised positions 
in the centre and at the left-hand and right-hand ends of the cabinet, as defined in 
EN 441-5. In addition to the measurements prescribed in the standard, further 
measurements of temperatures and relative humidity were made:  on the shelves, 
at the supply and return positions of the air curtain, before and after the cooling 
coil and at a position 0.5 m in front of the cabinet, as shown in Figure 4.4.  
Surface temperatures of all internal and external surfaces of the cabinet were 
measured, as well as the walls, floor and ceiling of the climate chamber, using 
both a Infra Red (IR) camera and thermocouples. 
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Figure 4.4 Measurement positions used in the investigation. 

 
Appendix 1 shows the instruments used for the measurements, and the estimated 
uncertainties of measured values. 
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The heat extraction rate is defined as the steady state coil capacity in balance with 
cooling requirement of the cabinet. This is calculated from the following equation, 
as given in EN 441-12:1997 [13]: 
 

)tt(VcQ in,bout,bbbb,pcab −⋅⋅⋅= && ρ  
  

 
The density and specific heat capacity of the heat transfer medium are calculated 
continously, with allowance for the concentration and temperature of the liquid. 
 
The foodstuffs were kept at the same temperature in all measurement cases, in 
order to make it possible to compare the effect of different ambient conditions.  
Each series of measurements was preceded by a stabilisation period, in order to be 
sure of thermal equilibrium in the foodstuff packages. Stability was defined as 
being the state in which the mean temperature of all the visible packages was 
7.5 ± 0.5 °C. The incoming temperature of the brine, and its flow rate, were 
adjusted so that the display cabinet ran continuously at the operating case 
presenting the greatest heat extraction rate, i.e. Case 1, as shown in Table 4.2 
below. When the ambient climatic conditions were changed, such that the heat 
extraction rate was reduced, the package temperature, tM,vis = 7.5 ± 0.5 °C, was 
maintained by operating the cabinet intermittently under thermostatic control.   
 
The cooling coil was defrosted using warm brine. This was done under timer 
control, starting every four hours and stopping when the input and output brine 
temperatures were the same.  
 
The results from earlier display cabinet experiments, and from other investiga-
tions, show that a display cabinet is affected by the ambient climate condition. 
Two different dry bulb temperatures and two different moisture contents were 
used in the experiments, in order to distinguish the effects of dry bulb temperature 
from those of the absolute humidity of the air. The hypothesis behind this was that 
the heat extraction rate is affected both by the dry bulb temperature and by the 
absolute humidity, and that there are various combinations of dry bulb tempera-
ture and relative humidity that give the same specific enthalpy, and thus the same 
cooling load, as shown in Figure 4.2. 
 
The measurement programme included both daytime operation, without covering 
the cabinet, and night-time operation, when it was covered. The test cases are 
listed in Table 4.1, made up of a combination of two different dry bulb tempera-
tures and two different vapour ratios, to produce four different specific enthalpies.  
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Table 4.1 Ambient climatic conditions used in the investigated cases. 

 
Case 
no. 

Dry bulb 
temperature  

ta,amb,EN441 

Relative humidity 
 

ϕa,amb,EN441 

Vapour ratio  
 

xa,amb,EN441 

Day / Night 

 ( °C ) ( % ) (g water /  
kg dry air) 

 

1 20 51 7.5 Day 
2 20 51 7.5 Night 
3 20 Dry * Dry * Day 
4 20 Dry * Dry * Night 
5 15 70 7.5 Day 
6 15 70 7.5 Night 
7 15 Dry * Dry * Day 
8 15 Dry * Dry * Night 

*  The air dewpoint is lower than the inlet temperature of the brine. 
 
Each investigation was started with a settling period, the length of which was 
defined as being of such a duration that there were no long-term temperature 
change trends in any of the packages. This was followed by a stabilisation period 
of 24 hours, after which the test cycle started, also of 24 hours. The results from 
day cases, not involving the use of a night cover blind, are from 24-hour test 
cycles. Tests were also carried out using cover blinds.  EN 441 specifies a 12-hour 
night cycle, preceded by a 12-hour day cycle. However, in our case, the night 
cycle test case was extended to 24 hours, in order to investigate also night 
conditions after reaching equilibrium. Air leakage during the night cycle tests was 
minimised by sealing the edge of the blind with tape. 
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4.2.2 Experimental results 

It can be seen from Figure 4.5 that both the ambient dry bulb temperature and  
vapour ratio affect required heat extraction rate during the day.   
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Figure 4.5 Heat extraction rate as a function of ambient specific enthalpy, for day and night 
(with night coverage). 

 
It can be seen that the effect of the vapour ratio on the necessary heat extraction 
rate during the night with a well-fitting cover blind is very much less. The vapour 
ratio affects only heat input to the cabinet in the form of infiltration and/or 
defrosting. With a diffusion-proof night cover blind, the night-time heat input to a 
cabinet consists only of radiation and conduction through the blind and walls, 
together with heat from the internal electrical loads. It can be seen that there are 
considerable savings to be made by covering the cabinets at night. These savings 
would be even greater if the mean value of temperature of the visible food 
packages had not fallen somewhat, to 7.0 °C, during the night. The corresponding 
daytime temperature is 7.5 °C, up to 7.7 °C. Figure 4.5 also shows that there is a 
connection between the specific enthalpy of the surroundings and the cooling 
power requirement of a vertical display cabinet. However, it should be noted that 
the necessary heat extraction rate is greater at a specific enthalpy of 30.2 kJ/kg 
and a dry bulb temperature of 20 °C, than it is at a specific enthalpy of 34.2 kJ/kg 
and a dry bulb temperature of 15 °C. As will be shown later on in this section, a 
linear relationship can be obtained between the heat extraction rate and the 
specific enthalpy difference between the ambient air and the cold air inside the 
cabinet. 
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Figure 4.6 Temperature difference between the air curtain supply and extract as a 

function of specific ambient enthalpy. 

 
It is common to investigate the performance of display cabinets by measuring the 
air curtain supply and extract temperatures. This temperature difference is shown 
in Figure 4.6 as a function of the specific enthalpy of the ambient air.   
 
The necessary heat extraction rate to a vertical display cabinet is usually 
controlled by a sensor or sensors in the air flow before and/or after the cooling 
coil, and measuring only the dry bulb temperature. In these experiments, the 
cabinet was controlled such that the foodstuffs temperature remained constant 
while the ambient climatic conditions were changed. Figure 4.6 shows that the 
temperature difference in the air curtain remains constant when the ambient dry 
bulb temperature is also constant. This means that it is possible to maintain a 
constant foodstuffs temperature in a display cabinet by measuring the dry bulb 
temperature in the ambient air and the temperatures before and after the cooling 
coil. In order to maintain a constant foodstuffs temperature when the ambient dry 
bulb temperature falls, it s necessary to raise the temperature of the incoming air 
to the air curtain. It can be seen from the diagram that the temperature difference 
in the air curtain can remain constant, despite the fact that the vapour ratio varies.  
However, it should be noted that the experiments on which these results are based 
lay within a limited range of ambient climatic conditions. 
 
Figure 4.7 shows that the sensible heat extraction rate remains approximately 
constant when the dry bulb temperature is constant. However, the latent heat 
extraction rate is not constant when the vapour ratio is constant. One explanation 
is that the surface temperature of the cooling coil varies with the necessary heat 
extraction rate. It can be seen from the diagram that the total heat extraction rate is 
linearly dependent on the enthalpy difference between that of the warm ambient 
air in the shop and that of the cold air in the cabinet.  
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Figure 4.7 Heat extraction rate and cooling load as a function of the specific 

enthalpy difference between the ambient climatic conditions and the 
air in the cabinet.   
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In practice, it would be possible to estimate the necessary heat extraction rate for  
any ambient climate based on measured results in response to two different 
ambient climatic conditions. This is a big advantage, as measuring the heat 
extraction rate takes a long time due to the fact that the cabinet is loaded with a 
high thermal mass, which takes a long time to reach steady-state conditions. The 
heat extraction rate of the cabinet can be expressed as a straight-line equation, see 
equation 4.1. 
 

( ) 21 ChhCQ int,aamb,acab +−⋅=&  (Eq. 4.1) 
 
Note that the line does not pass through the origin, due to the effect of heat input  
that is independent of variations in the ambient air specific enthalpy, i.e. input 
from the internal electrical loads in the cabinet. It can be seen from the diagram 
that calculation of the infiltration losses based only on the dry bulb temperature 
before and after the air curtain results in an underestimate of the amount of 
infiltration heat, and that this underestimation increases when the vapour ratio of 
the ambient air increases. 
 
It is interesting to compare Figures 4.5 and 4.7. This shows that it is not until the 
necessary heat extraction rate is expressed as a function of the enthalpy difference 
between the warm ambient climatic conditions and the cold air inside the cabinet 
that a linear relationship is obtained. This is due to the fact that the thermal 
conditions of the air in the cabinet constantly change in response to changes in the 
ambient climatic conditions, in order to maintain a constant foodstuffs 
temperature. 
 
The sensible cooling load of the cooling coil is calculated from the following 
equation: 
 

( )21 c,ac,aa,pe,aS,cab ttcMQ −⋅⋅= &&       (Eq. 4.2) 
 

The latent cooling load of the cooling coil is calculated from the following 
equation: 
 

( ) dtM
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&&&    (Eq. 4.3) 

The calculation of uncertainty of the measurement is based on Fahlén´s [15] work 
and are listed and discussed in appendix 1. The estimated total uncertainty for the 
mean value fot the heat extraction rate of the cooling coil is less than 4 %.  

4.3 A method to investigate the temperature 
distribution in open display cabinets 

In order to provide a means of visual investigation of temperature distribution in 
foodstuffs in open display cabinets, a measurement method that is suitable for use 
both in the field and the laboratory has been developed. The method involves 
measuring the surface temperatures of the goods using an infra-red camera. In 
order to achieve acceptable accuracy, it is important that the correct input data is 
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used when making the measurements. This applies to various factors and 
parameters, including the emissivity of the packaging materials and the ambient 
temperature. These two parameters are important, as the method of measurement 
is based on radiation exchange between the packages and the surroundings. 
 
Laboratory measurements have been made in order to determine the emissivities 
of various types of packaging materials. Surface temperature sensors were applied 
to the packages, which were cooled to a temperature of +6 °C. The emissivity was 
adjusted until the same temperature was measured both by the IR camera and by 
the surface temperature sensor. The results from the laboratory measurement had 
made it possible to determine the emissivities of a number of common types of 
packaging materials. These measured emissivities of a number of 'reference 
packages' could then be used when setting up the IR camera for field measure-
ments. 
 
The emissivities of all the packaging materials investigated in the laboratory lay 
between 0.6 and 0.8. The investigations showed that it was not possible to use the 
IR camera for temperature measurements of all types of packaging:  shiny metal 
packaging, for example, was impossible to measure from. Figure 4.8 shows how 
important it is to set the correct emissivity when using the IR camera:  for 
example, an overestimation of the emissivity by 0.25 units results in an over-
estimation of 5.4 K in the actual temperature.  
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Figure 4.8 Displayed temperatures measured using the IR camera.  The measured 
temperature with the reference sensor is 5.9 °C. 

 
The method is suitable for use both in the field and in the laboratory. Its advantage 
is that it enables the surface temperatures of all visible food packages in the 
cabinet quickly to be determined.  If the measurements of the foodstuff tempera-
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tures are then combined with other measurements of energy use, air temperatures 
in the air curtain and temperatures in the interior of the cabinet, the information 
can be used to analyse the performance of display cabinets in a shop. The biggest 
benefit of the method is that it provides a rapid qualitative understanding of how 
the particular display cabinet is working, and enables the warmest items in it 
quickly to be located.  It also has pedagogic benefits, in that it enables the 
temperature distributions to be visualised in an illustrative manner. It has therefore 
been used by Axell [6] in order to produce a video film that shows how incorrect 
loading and poor operation or maintenance can affect the temperature quality of 
the foodstuffs. 
 
Field measurements always include measurements of foodstuff temperatures using 
Pt100 sensor probes in order to check whether the measured surface temperature 
is the same as the temperature at the centre of the package.  In the case of 
homogenous foodstuffs, the difference between the surface temperature and the 
centre temperature has been ± 1 K. Results from field measurements in ten shops 
show that, all too frequently, the temperatures of chilled foodstuffs are too high, 
which agrees with the results stated by Torstveit and Magnussen [25] . The results 
also show that new, energy-efficient display cabinets better fulfil the legal 
temperature requirements.  
 
In addition, results from field measurements show that the operation and care of 
display cabinets is very important in terms of the temperature quality of the food-
stuffs, which has also been pointed out by Brolls [11]. Overloading is a common 
problem, with foodstuffs loaded outside the marked load lines in the cabinet. 
Figure 4.9 shows an example, with temperatures exceeding the maximum permit-
ted temperature of + 8 °C. It can be seen from the diagram that the temperature is 
too high on the upper shelves.  In this case, the high temperatures are due to a 
combination of overloading and incorrectly positioned lighting. 
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 Figure 4.9 Temperatures of foodstuffs in a display cabinet.   

 
 

4.4 Measurements in supermarkets 
The contents of this section have previously been published by Axell and Fahlén 
[8] at an IIR conference in Urbana. The results are based on field measurements 
made in two Swedish supermarkets. Earlier experiments, as described in Section 
4.2, were carried out in a climate chamber, in which it was possible to control 
both the ambient climatic conditions and the temperatures of the foodstuffs. The 
purpose of the field measurements was to link the results and conclusions from 
the climate chamber measurements to real conditions encountered in the shop.  
Field measurements provide information not only on how various factors in the 
surroundings can vary, and how they affect energy use, but also on the thermal 
climate in the display cabinets. What distinguishes these measurements from 
earlier laboratory measurements is that they include a system investigation of the 
entire cooling system, including the compressors, cooling coils, refrigerated 
chambers and various types of display cabinets. However, the detailed investi-
gations have been carried out on vertical display cabinets. 

4.4.1 Experimental programme 

The main purpose of the field measurement was to study the influence on the 
performance of display cabinets of variations in the stored quantities of foodstuffs, 
customer frequency, ambient conditions and diurnal variations due to opening and 
closing hours. Measurements of temperature, humidity and energy use were 
therefore made in two Swedish supermarkets. A secondary purpose was to 
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evaluate different simplified methods of estimating the infiltration ratio, suitable 
for on-site measurements in a supermarket. 
  
The measurement programme was designed to study the influence of ambient 
conditions, customer frequency, load variations and variations caused by the 
difference in cooling demand depending on whether the shop was open or closed.  
The variations in these factors have different frequencies/time-scales, and so the 
test program includes three different test periods: 

A year, a week and a day and a night. 

 
Appendix 1 lists measurement equipment and estimated total uncertainty of 
measured values. 
 
A year 

 
Outdoor air conditions vary during the year and the influence on the ambient air 
conditions and energy use in the supermarket was studied on an overall level. The 
measurements include measurements of electrical energy supply and climatic 
conditions. The climatic conditions are defined by measurements of dry bulb 
temperature and relative humidity at the same position. 
 
Climatic conditions were measured using local data loggers (Easy Log), 
measuring both temperature and relative humidity. The electrical appliances were 
divided into two groups:  1) with constant electrical power demand, and  2) with 
varying electrical power demand. The first group was measured on a snapshot 
basis, and the energy was calculated for the relevant period assuming constant 
power demand. The second group was measured continuously with a kWh-meter 
(sampling interval = 1 hour).   
 

Table 4.2  Measurement programme for factors which vary over a year. 

 
 

Energy supply (kWh) 
Climatic condition: 

Dry bulb temperature t (°C), 
Relative humidity ϕ (%) 

- Total energy supply to the supermarket 
(electrical, oil and/or district heating) 

- Total electrical energy supply for 
storage of refrigerated products  

- Total electrical energy supply for 
storage of frozen products  

- Total electrical energy supply for 
storage of refrigerated and frozen 
products (including fans and pumps in 
the rooftop dry-cooler system) 

- Outdoor air  

- Indoor air (mixed condition at the 
extract of the ventilation system) 

- Indoor air (inlet condition to the 
building, at the supply of the 
ventilation system) 

- Indoor air (ambient condition in front 
of the display cabinet, in accordance 
with 441-4:1994 [1]). 
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A week 
More detailed measurements were performed on a display cabinet during a 
summer and a winter week. One vertical indirectly cooled display cabinet for 
meat, to maintain a product temperature range between –1 °C and +5 °C, was 
chosen in each supermarket for more detailed measurements. The influences of 
customer frequency, load variations and ambient conditions on the display cabinet 
performance were studied. During these periods, the temperature gradient in front 
of the cabinet, and the equivalent temperature, were measured to indicate the 
perceived thermal comfort for customers and staff. The sampling interval was five 
minutes. The measurements included climatic conditions defined by dry bulb 
temperature and relative humidity inside the cabinet and in the ambient air, as 
well as the 'thermal comfort' at a position 0.5 m in front of the cabinet, as shown 
in Figure 4.10.   
 

 
Figure 4.10  Measurement positions for the week period. 

 

24 hours 

The effect of day and night operation on the display cabinet performance was 
investigated over a 24-hour period. The same cabinets were studied as had been 
monitored for the week performance data. The measurements (see Figure 4.11) 
included climate conditions defined by paired dry bulb temperature and relative 
humidity measurements outdoors, in the supermarket, in the cabinet, in the local 
area in front of cabinet and in the food (temperature only), using local data 
loggers (Easy log), except for the food temperature (Pt 100 sensor) and the local 
climate at different heights at a position 0.5 m in front of the cabinet.  
 
Local conditions in front of the cabinet were measured with thermocouples 
(type T) and relative humidity sensors. Inlet and outlet temperatures of the brine 
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to the cooling coil were measured with local data loggers (Easy log), and the 
density of the brine was measured with a refractrometer to estimate the concen-
tration and to include the temperature dependence of specific heat capacity and 
density of the brine. The brine flow was measured with an ultrasonic flow meter 
with a sampling interval of 1 minute. From these data, the cooling power to the 
cabinet could be calculated. Temperatures in the food were measured in one 
package on each shelf. The temperatures of the front packages were monitored 
hourly during daytime operation using an IR camera. Surface temperatures inside 
and outside the cabinet were measured with Pt 100 surface sensors.   
. 
 

Figure 4.11  Measurement positions for a day and a night operation. 

 
Measurements were also made to calculate the degree of infiltration. The mass 
flow of air circulating in the cabinet was inferred from air velocity measured by 
means of an anemometer.  Air velocity, temperature, and relative humidity at the 
air curtain extract were measured in order to enable the total mass flow circulating 
in the cabinet to be calculated.  Velocity, temperature and relative humidity were 
measured to enable the mass flow rate at the air curtain supply point to be 
calculated. Three methods of estimating the infiltration ratio were compared:  see 
Table 4.3. 
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Table 4.3  Methods of estimating the infiltration ratio. 

Method Measurements 
1) Defrost water as an indicator of 
infiltration 

Volume of defrost water during 24 hours

2) Exchange of air in the cabinet Tracer gas measurement using N2O (air 
changes per hour in the cabinet) 

3) Enthalpy balance over the air curtain Temperature, relative humidity 
(ambient, interior of display cabinet, air 
curtain supply and extract positions). 
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4.4.2 Description of the supermarkets 

The two supermarkets were located in the same town in Sweden, with an area 
having an annual mean outdoor temperature of 6 °C.   

Table 4.4   Description of the supermarkets. 

 
Parameter Quantity Supermarket A Supermarket B 

Total energy supply 
(kWh) 

Wtot 3819772 1149344 

Total electrical energy 
supply (kWh) 

We,tot 2982972 1149344 

Total area (m2)   Atot  8981 3300 
Sales area (m2) Asale 3839 2650 
System for 
refrigeration 

 Central indirectly 
cooled system 

Central Indirectly 
cooled system 

Brine  Propylene glycol Propylene glycol 
Air volume; chilled 
food; cabinets and 
rooms (m3) 

Vch 1267 1317 

System for freezing  Central system. 
Direct expansion 

(R404 A). 
Indirectly cooled 

system (CO2) for the 
cabinets 

Central system. 
Direct expansion 
system (R404 A) 

 

Air volume; frozen 
food; cabinets and 
rooms (m3) 

Vfr 373 187 

Total air volume (m3) Vref,tot 1640 1504 
Condenser cooling  Dry coolers, 

outdoors 
Dry coolers, outdoors

Heat recovery to warm 
the ventilation air 

 Partly Partly 

Heating system / 
Source 

 Warm air system /  
District heating and 
electricity 

Warm air system / 
Electricity 

Mean customer 
frequency 
([purchases⋅2] /day) * 

 5179 1491 

*  The mean customer frequency is defined as each paying customer having 
one accompanying person.  Note that this assumption has not been 
statistically evaluated.   
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4.4.3 Results 

Results include measurements over three different time periods (see 
Section 4.4.1). 

Overall system evaluation for a year 

The work in this project has included an overall analysis of energy systems in the 
supermarkets, as well as a more detailed study of the electrical energy use for 
refrigeration and freezing. For the overall system evaluation, it was important to 
find key indicators that can be used in such comparisons. The sizes of the two 
supermarkets differ.  It is common to use (energy/sales area) or (energy/total area) 
for this type of comparison. A comparison of the supermarkets using total energy 
per total area or sales area indicates that supermarket B uses the energy more 
efficiently:  see Table 4.5.  
 

Table 4.5  Comparison of different goodness factors for the two supermarkets. 

 

Goodness factor Supermarket 
A 

Supermarket 
B 

Total electrical energy supply / Total area 
(kWh/m2 and year) 

425 348 

Total electrical energy supply / Sales area 
(kWh/m2 and year) 

995 434 

Fraction of the total electrical energy used for 
refrigeration and freezing of food, including 
electrical energy to the outdoor dry-coolers (%) 

30 46 

 
It is, however, important to know that supermarket A has a more complex energy 
system, with offices, bakery and a greenhouse. One way to decrease the energy 
use and increase the cost effectiveness is to use space more efficiently.  New key 
indicators have therefore been defined, for comparison of the energy efficiency of 
the refrigeration systems without the influence of other energy systems.  On this 
basis, supermarket B was still the most energy-efficient. 
 
 

fr,ech,ecoolersdry,etot,ref,e WWWW ++= −   (Eq. 4.4) 
 

frchtot,ref VVV +=  (Eq. 4.5) 
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Table 4.6 Resulting goodness factors for the refrigeration system 
(time period = 1 year). 

 
Refrigeration  Chilled food  Frozen foods   Goodness factor: 

Specific electrical 
energy supply 

(kWh/m3) reftot

reftot,e
reftot V

W
w =    

 (Eq. 4.6) 
ch

ch,e
ref V

W
w =     

(Eq.4.7) 
fr

fr,e
fr V

W
w =    

(Eq. 4.8) 
Result, 

supermarket A 
613 499 698 

Result, 
supermarket B 

259 169 601 

 

Measurements during a winter week and a summer week 

In both supermarkets, there was an increase in the number of customers at the 
weekend. However, it was variations in the outdoor conditions that seem to have 
had the most influence on the climate conditions in the display cabinet during the 
summer week. During the winter week, the small variations in the indoor air 
condition caused by the outdoor conditions influenced neither the display cabinet 
performance nor the used electrical energy.   

 
An increase in customer frequency will result in  1) greater disturbance of the air 
curtains, and  2) increased dry bulb temperature and relative humidity in the 
indoor air if the ventilation system is not able to remove the increased sensible 
and latent heat load caused by the customers. The influence of increased customer 
frequency was hard to identify. But there was a 55 % increase in electricity use 
during Saturdays, as compared to the mean value for the whole week, both for 
summer and winter conditions.  Although customer frequency was more than 
three times higher in supermarket A than in supermarket B, it was still hard to see 
an influence by the customer frequency on the air condition inside the display 
cabinet. It was not possible to evaluate the consequences of variations in load, 
because there was continuous reloading of the cabinets every day. 

 
The most important contribution to variations in display cabinet performance and 
electrical power usage was variations in ambient humidity caused by variations in 
the outdoor condition, see figure 4.12 and 4.13. 
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Figure 4.12  Total electrical power supply for summer and winter conditions, 
supermarket A. 
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Figure 4.13  Total electrical power supply for summer and winter conditions, 
supermarket B. 

 
The total electrical power input for refrigerating food, including pumps, fans, 
compressors and internal electrical devices in the cabinets, increased by 55 % 
during the summer, while a comparison of electrical power input to compressors 
gave even higher figures of up to 100 %. This increase would have been even 
larger if the cabinets had managed to keep the temperature of the food at the same 
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level as in the winter case. The mean temperature in the cold interior was more 
than 2 K higher during summer, as shown in Figures 4.14 - 4.17. 
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Figure 4.14  Daily mean temperatures indoors, outdoors and in the cabinet 
interior during a summer week.  Results from one specific cabinet. 
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Display cabinet, Winter
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Figure 4.15  Daily mean temperatures indoors, outdoors and in the cabinet 
interior during a winter week.  Results from one specific cabinet. 
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Figure 4.16  Daily mean values of specific enthalpy during a summer week.  
Results from one specific cabinet. 
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Figure 4.17  Daily mean values of specific enthalpy during a winter week.  
Results from one specific cabinet. 

 
 
 

The problem with spillage of cool air in front of the cabinet is worse during the 
summer. The temperature difference from top to bottom in front of one of the 
cabinets increased from 3.3 K (winter) up to 6.7 K (summer). An increased 
temperature gradient influences the thermal discomfort for staff and customers, 
but it was also an indication of an increased degree of infiltration.  The air curtain 
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efficiency during daytime operation, and the night cover efficiency during night-
time operation, were estimated using a simple calculation of the infiltration ratio. 
As expected, the result indicated that this ratio was of the same order during 
summer and winter. This is also in accordance with Rigot [22] conclusions. He 
reports that the infiltration ratio is approximately constant. However, the air at the 
supply of the air curtain was delivered to the air curtain at a higher temperature 
level during the summer week. In addition, the enthalpy and the dry bulb 
temperature of the cold interior of the cabinet were higher during both daytime 
and night-time operation during the summer week. Even if the infiltration ratio is 
constant, the latent part of the heat load caused by infiltration will increase with 
more humid conditions. The thermal air curtain efficiency was estimated using the 
dry bulb temperatures (equation 4.9), see table 4.8.   
 










−
−

−=
s,aEN,amb,a

e,aEN,amb,a
AC,t tt

tt

441

4411η    (Eq. 4.9) 

 
Table 4.8 Mean values of dry bulb temperatures and related thermal efficiency of 

the air curtain for one week operation. 

 
Case ta,s  

(°C) 
ta,e  

(°C) 
ta,int1-5  
(°C) 

ta,amb,EN441 
(°C) 

AC,tη   

(-) 
Summer / day 2.2 7.8 4.3 16.9 0.6 
Summer / night -0.8 3.3 0.6 16.9 0.8 
Winter / day -1.0 6.2 2.0 16.9 0.6 
Winter / night -2.3 2.1 -0.9 16.8 0.8 
 

Detailed measurements to compare different methods of estimating 
the infiltration ratio 

The influence of diurnal variations was evaluated in supermarket B on a vertical 
display cabinet with a length of 5.6 m and a display area (in accordance with 
EN 441) of 9.3 m2. Three different methods of calculating the degree of in-
filtration have been compared.  The measurements were made during the winter 
period. The dry bulb temperature was 0 °C, and the relative humidity was 90 %. 

 
The first method, using the melting water from defrost tray as an indicator of 
infiltration, was not useable because the volume of melt water during a period of 
24 hours was less than 1 dm3. Billiard and Gautherin [10] used this method for 
calculation on a vertical freezer with a difference of 7 % between measured 
cooling capacity and calculated total heat load. Axell, Fahlén et al. [9] have 
reported results from laboratory measurements on display cabinets during summer 
conditions. The authors report that the uncertainty of this method will increase 
with a decrease in the moisture content of the ambient air and with a higher 
temperature of the secondary coolant. 
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The second method used a tracer gas technique to measure the exchange of air in 
the display cabinet. Nitrous oxide, N2O, was used as the tracer gas.  The tracer gas 
was supplied at the extract, and its concentration was measured at the air curtain 
supply. The decay rate of N2O was measured in order to calculate the infiltration 
ratio. 

 
The third method used is an enthalpy balance for the air curtain, using mean 
values of the climate conditions in the five shelves, at the air curtain supply and 
extract positions, and the mean value from ambient climate conditions for five 
different heights at a distance of 0.5 m in front of the cabinet, see figure 4.18. The 
heat exchange in a display cabinet can be described by the following equation:   
 

fandefASWlightinfradwallcab QQQQQQQQ &&&&&&&& ++++++=  (Eq. 4.10) 
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Figure 4.18 Heat input to the display cabinet and measured coil capacity during 
daytime operation.  Ambient dry bulb temperature is 16.3 °C and 
relative humidity is 24 %. Both are measured in the area close to the 
display cabinet in the measuring position as specified in EN 441.    
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Figure 4.19 Heat input in the display cabinet and measured coil capacity during 
night-time operation with night cover. Ambient dry bulb temperature 
is 16.8 °C and relative humidity is 24 %. Both are measured in the 
area close to the display cabinet in the measuring position as 
specified in EN 441.    

 
The main contribution to the radiation exchange is through the open display area, 
which means that the contribution is low during the night when the front of the 
cabinet is covered. Heat exchanges caused by defrosting and infiltration depend 
both on the dry bulb temperature and on the humidity of the ambient conditions.  
All heat exchanges were calculated as mean values, including both cooling and 
defrost operation. The total heat load is compared with the measured cooling 
capacity. The internal electrical devices were measured as snapshot values. Con-
duction and radiation were calculated using temperature measurements and 
technical data. The display cabinet had no anti-sweat heaters and therefore this 
heat load was set to zero. The investigated display cabinet used a passive defrost 
method, known as ‘stop defrost’, where brine flow is stopped and forced 
convection from the circulating air defrosts the coil. The mean heat load caused 
by defrosting was set to zero, but in a dynamic energy balance the temperature 
increase of the cooling coil would be taken into account. 
 
The best agreement was achieved using an energy balance over the air curtain for 
the calculation of the heat load caused by infiltration. The total heat input was 
underestimated by 6 % compared with the measured heat extraction rate.  The 
tracer method (N2O) underestimated the total load by 48 % compared with the 
measured cooling capacity. The display cabinet was located directly against 
another length of cabinets. One explanation can be a buoyancy-induced 
circulating flow, with tracer gas returning to the air curtain extract and causing a 
lower measured decay rate of N2O and thereby a lower calculated infiltration 
ratio.  
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Foster [18] has studied the cold aisle effect using numerical models. He reports that 
the cold air spillage from vertical display cabinets is directed upwards in between 
the cabinets. The cold air then fell back down into the cabinet. The measured 
cooling capacity with night cover was 55 % lower than that of daytime operation 
(see Figures 4.18 and 4.19). 

4.4.4 Discussion 

The overall measurements over a period of one year indicate that there is a large 
scatter in energy use, even for supermarkets which at first glance seem to be 
comparable. Night covers reduced the cooling demand by 55 %. This can be 
compared with a reduction in cooling demand with night covers of over 75 % 
reported by Axell and Fahlén [7]  for a highly efficient display cabinet. The mean 
value of the measured food temperatures is 3.2 K lower during the night, and the 
thermal inertia of the food slows the rate at which temperature rises (or falls). This 
makes it possible to keep the food inside the temperature limits during daytime 
operation. The temperature increase in the warmest package is 4 K during daytime 
operation.  This temperature increases from the moment when the night cover is 
raised until it is pulled down again. A more reliable method would be to install 
more efficient display cabinets with a lower degree of infiltration. The mean value 
of the power input to the compressor used for chilling food is 26 kW while 
defrosting, and the internal electrical devices use 7 kW in supermarket B. 
Defrosting, lighting and fans can all be improved.  Internal electrical inputs must 
be paid for, both as direct electrical input to the device and as an indirect electrical 
input to the compressor to remove the heat introduced. 
 
During the summer week, the electrical power input to the compressor increased 
by 100 % in supermarket B, and by 61 % in supermarket A. These figures would 
have been even higher if the cabinet had maintained the interior temperature at the 
same level as in the winter case. During the summer, the mean temperature at the 
air curtain supply was 3 K higher, and the mean air temperature inside the cabinet 
was 2 K higher. In order to keep the temperature in the food at the same level 
during both summer and winter conditions, the air curtain supply temperature 
should be reduced by at least 2 K. One way to achieve this would be to reduce the 
inlet brine temperature, which would give a lower COP and increased electricity 
use. A simple calculation, assuming that the electrical input to the chiller increases 
by 2.4 % per K decrease in evaporation temperature, indicates that the electrical 
use during summer operation would have been more than 5 % higher than the 
figures given above. Although the frost build-up on the cooling coil varies during 
the year, the most common defrost method found is fixed-time control of defrost 
starting and stopping. During the summer, with a higher rate of frost build-up, it is 
important to defrost in order to maintain a constant air flow in the air curtain and 
thus guarantee a seal against the warm ambient air. A lower temperature in the 
cooling coils would have increased the need for defrosting even more. 
 
Two methods have been found realistic to use for calculation of the heat gain  
caused by infiltration. If it is possible to measure the cooling capacity with good 
accuracy, the heat exchange caused by infiltration can be calculated indirectly (see 
Equation 4.11). For secondary coolant systems, the cooling capacity can be 
measured with an ultrasonic flow meter. For accurate measurement, it is necessary 
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to guarantee a fully developed velocity profile and to have good knowledge of the 
concentration of the brine for correct calculation of cp⋅ρb. The heat exchange 
caused by infiltration can also be calculated using an enthalpy balance across the 
air curtain. In this method, the measurement of the mass flow of air at the air 
curtain supply and at the extract of the cabinet are the most critical elements. 
 

ASWwallsraddeflightfancabinf QQQQQQQQ &&&&&&&& −−−−−−=  (Eq. 4.11) 
  
Using the shop's HVAC system to control the dewpoint temperature in the body 
of the shop will decrease both the variation in cooling demand for storage of 
chilled food (mostly protected by vertical air curtains) and in frost build-up. The 
measurements indicate that well cases (for storage of frozen food) are less 
sensitive to infiltration, so that their electrical demand is relatively constant and 
unaffected by the variations in indoor humidity caused by the yearly variation. 
Another advantage with a low humidity in the shop is an improved temperature 
quality in the food during summer conditions, and probably also less increase in 
the temperature gradients in front of the cabinet. Axell, Fahlén et al. [9], as well as 
Henderson and Khattar [19], have reported that the dry bulb temperature is 
responsible for the largest part of the heat exchange in a vertical display cabinet. 
This is true looking at the energy balance of a display cabinet.  But the results 
show that the increased cooling demand is caused, to a greater or lesser extent, by 
higher heat exchange due to infiltration. The proportion of infiltration heat gain 
supplied by latent heat increases with a higher humidity in the shop caused by 
higher outdoor humidity. 
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Figure 4.20 Electrical power input and outdoor temperature over a year, super-
market A. 
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Supermarket B
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Figure 4.21 Electrical power input and outdoor temperature over a year, supermarket B.

 
It was difficult to analyse the effects of variation in the load and variation of 
customer frequency. The customer frequency varies both during the day and 
during the week. The customer frequency is more than three times higher in 
supermarket A than in B. This means that there is a higher latent and sensible heat 
load caused by the customers influencing the ambient condition, and also a higher 
degree of disturbance of the air curtains caused by the customers. This can be one 
explanation for the higher energy use in supermarket A: see Figures 4.20 and 
4.21. A more detailed analysis of the influence of customer frequency and load 
variation should be performed under controlled conditions. 
 
One way to compare the energy efficiency, especially for supermarkets of 
different sizes, is to use an 'energy goodness indicator', defined as electrical 
energy for refrigeration / refrigerated air volume. The advantage of this method is 
that supermarkets with different combinations of areas and cabinets can be 
compared, and the size of the supermarket becomes less important. In addition, 
the influence from other large energy consumers, such as the greenhouse in super-
market A, can be more or less neglected in such a comparison. 

4.5 Conclusions 
The results from the field measurements show that the specific enthalpy of the 
ambient air in the vicinity of the display cabinet varies between 25 kJ/kg and 
40 kJ/kg, as shown in Figures 4.17 and 4.18. This confirms that the climate 
conditions data used in the climate chamber, ranging from 22 kJ/kg up to 
39 kJ/kg, are representative of Swedish conditions:  see Figure 4.5. The measure-
ments of ambient climatic conditions agree well with the results of field 
measurements in three shops presented by Arias and Lundquist [5]. 
 
The results from the laboratory measurements and the field measurements both 
show that energy use for refrigeration of foodstuffs is affected by the ambient 
climatic conditions in the shop, and by the specific enthalpy of the ambient air.  
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However, the results from the experimental investigations in a climate chamber 
(shown in Figure 4.5), in which the ambient climatic conditions were controlled 
and the temperature of the foodstuffs was constant, show that it is not possible to 
express the heat extraction rate of the cooling coil as a function of the ambient air 
specific enthalpy alone:  it is necessary also to consider the psychometric 
conditions of the air in the cabinet.  In order to maintain the foodstuffs at a 
constant temperature, the enthalpy of the air in the cabinet must be changed when 
the ambient climatic conditions change. The conclusion is that the required heat 
extraction rate of the cooling coil is linearly dependent on the difference in 
enthalpy between the warm ambient air in the shop and the air in the cabinet: see 
Figure 4.7. 
 
This means that the required heat extraction rate for some arbitrary ambient 
climatic conditions can be determined on basis of the measured heat extraction 
rate (with constant temperature) under two different sets of ambient climatic 
conditions. This is of considerable help, as performance measurements of display 
cabinets are time-consuming due to the substantial thermal mass of the foodstuffs 
(about 400 kg/m in a vertical display cabinet). 
 
The field measurements show that the ambient air dewpoint varies, and that the 
dry bulb temperature is relatively constant in the area around the display cabinet, 
which means that the variations in the specific enthalpy of the ambient air around 
the cabinets is mainly due to variations in the dewpoint. Heat and moisture 
transports between the ambient air and the cabinet occur in the area closest to the 
cabinet, and so there are considerable benefits in controlling the dewpoint of the 
ambient air in order to reduce the use of electricity for the display of chilled and 
frozen foodstuffs in the shop. 
 
The field measurements show that well cases (containing mainly frozen foods) are 
less sensitive to variations in the enthalpy of the surrounding air, which is due to 
the fact that infiltration is much lower through a horizontal air curtain than 
through a vertical air curtain. Chilled foodstuffs, however, are mainly exposed in 
vertical cabinets, which required heat extraction rate varies with the ambient air 
specific enthalpy. Although, expressed as specific energy use per cooled volume, 
the energy requirement for chilled foodstuffs is lower than that for frozen foods, 
the overall energy use is greater due to the fact that there are normally many more 
vertical display cabinets (with chilled foodstuffs) in a shop than there are well 
cases (frozen foods), as shown in Table 4.5. The total energy use for the exposure 
of chilled foodstuffs was three times greater than that for frozen foods in super-
market A, and twice as high in supermarket B. 
 
The results both from measurements in the climate chamber and in the field show 
that major reduction in energy use can be achieved by covering the display 
cabinets at night. The theoretically greatest savings potential that can be achieved 
by covers at night depends on how efficient the air curtain is. Results from the 
measurements in the climate chamber show that the relative reduction in energy 
use is constant, at about 75 %, when the ambient climatic conditions change, but 
that the absolute savings increase when the enthalpy difference between the 
ambient air and the air in the display cabinet increases. The field measurements 
show that covering the cabinets at night reduces the use of electricity by 55 %, 
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and that such coverage is in fact essential in order to comply with the legal 
temperature requirements for the foodstuffs. About this figure was also noted by 
Faramarzi and Woodworth-Szieper [17].  Theoretically, it is possible to use the 
foodstuffs as a thermal store during the night, although there are some weaknesses 
with this strategy. It presupposes that the thermal capacity and mass of the food-
stuffs are known, and that the opening hours of the shop are such that there is 
sufficient time at night to guarantee that the temperature does not rise above the 
maximum permissible temperature. The thermal capacity of foodstuffs varies 
from one foodstuff to another, which means that they all have different thermal 
storage capacities. The conclusion is that the air curtains in display cabinets need 
to be more effective, so that the cabinets can meet the temperature requirements 
without having to use the mass of the foodstuffs as a thermal store during the 
night.  In order to minimise energy use, the temperature of the foodstuffs should 
be constant, whether with or without covers at night. 
 
Comparison of the results from a winter week and a summer week showed that 
the electrical energy for driving the compressors increased by 100 % in shop B 
and by 60 % in shop A during the summer. At the same time, the temperatures in 
the cabinets rose by 2 K, which means that the temperatures of the foodstuffs 
increased by at least the same amount, and the thermal comfort of personnel and 
customers probably deteriorated. However, there is a need for more in-depth 
analysis, further measurements and the development of existing standards for 
thermal comfort in order to be able to draw conclusions as to how thermal comfort 
affects purchasing behaviour and the working conditions of employees. The basis 
for claiming that thermal comfort is reduced is that the temperature gradients in 
front of the vertical display cabinets increased from 3.3 K to 6.7 K. The hip/ankle 
temperature gradient exceeded 3 K, which is the recommended maximum value in 
ISO 7730. However, the recommendations given in standard ISO 7730:1994 E [21] 
for thermal comfort are based on subjective experience of exposure to climatic 
conditions for a longer period of time. The conclusion must therefore be that more 
work is needed to quantify how thermal comfort affects customers and personnel 
in a shop for shorter periods of time. However, much indicates that this is a real 
problem, as several authors, such as Foster [18] and Xiang and Tassou [26], are 
investigating how ventilation systems and heating systems should be changed in 
order to reduce the problem of cold aisles in areas where vertical display cabinets 
are installed. The conclusion is that more effective air curtains in display cabinets 
would be the most important measure in reducing the high temperature gradients 
in front of vertical display cabinets. 
 
The results from measurements in climate chambers and field measurements 
indicate that electricity use in shops can be reduced through the use of more 
energy-efficient chilled food cabinets, and that more energy-efficient cabinets also 
result in an improved thermal climate in them, i.e. improved foodstuffs quality. In 
order to achieve the maximum energy efficiency at system level, the entire 
refrigeration and freezing system must be analysed together with the HVAC 
system, as the enthalpy of the ambient air has a clear effect both on the energy use 
and thermal climate in the cabinets, with much indicating that it also affects the 
thermal comfort of persons in the shop. 
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An analysis of how the refrigeration system and the HVAC system should be 
designed in order to achieve the highest energy efficiency is affected also by 
where the shop is situated, the design of the building and the efficiencies of the 
chilled and frozen food cabinets. 
 
Figure 4.22 shows results from experiments performed in a climate chamber with 
a constant foodstuffs temperature.   
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Figure 4.22 Mean values of dry bulb temperature in the air curtain supply and 
extract, and in the ambient, as a function of heat extraction rate.  

 
In order to maintain a constant foodstuffs temperature during the day, the air 
curtain supply temperature, ta,s, increases when the cooling power demand falls, 
while the air curtain extract temperature, ta,e, is constant. Figure 4.6 shows that the 
air curtain temperature difference, ta,e-ta,s , is constant when the ambient dry bulb 
temperature is constant. Figure 4.22 shows that the control conditions are 
completely different when night covers are pulled down and the food temperature 
is maintained. Both the supply and extract temperatures is changed. The 
conclusion is that the control system for a display cabinet intended to maintain a 
constant temperature with and without covers at night should include sensors to 
measure the ambient dry bulb temperature and the supply and extract tempera-
tures in the air curtain, and that the control characteristics for day and night 
performance should be different. Arias [3] showed that savings with night covers 
amounted only to 10-20  %:  a possible explanation for this low value could be a 
poor control strategy that did not allow for the reduced cooling power demand 
during the night. 
 
It is common to have a constant outgoing brine temperature in indirect cooling 
systems in Swedish shops. Cooling power for the display cabinets is then 
controlled by a solenoid valve controlled by a thermostat, turning the flow to the 
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cabinet on and off. Figure 4.22 shows that the air curtain supply temperature, ta,s, 
can vary by 6 K. If the temperature of the brine to the cooling coil in the cabinet 
could be varied, it would mean that a constant brine flow could be maintained 
through the cooling coil when the required heat extraction rate changed.  At 
system level, this would mean that further savings could be achieved, as the 
compressor power requirement would be reduced as the evaporator temperature 
increased. If it is assumed that the compressor power demand increases/decreases 
by 2.4 %/K as the evaporator temperature is reduced/increased, a rise of 6 K in the 
brine supply temperature would reduce electricity use by about 14 %. This is only 
an example, and it is important to note that the outgoing brine temperature in an 
indirect system supplying several display cabinets and/or refrigerated storerooms 
must be designed to meet the requirements of the particular display cabinet/well 
case/refrigerated storeroom that requires the lowest brine supply temperature.  
Arias and Lundquist [4] discuss various system arrangements for indirect systems, 
and point out that an increase of only a few degrees in the evaporator temperature 
improves system efficiency and reduces the amount of electricity required by the 
compressor.   
 
In his investigation, Sweetser [24] shows that the air velocity of the air curtain can 
be affected by frosting on the air coil, and so fall. Camporese, Cortella et al. [12] 
suggest that there is a need for an indicator to respond when the air curtain is no 
longer operating properly, in order to start defrosting.  According to their 
suggestion, this indicator should be based on measurements of the air curtain 
supply and extract temperatures. 
 
The moisture content affects the enthalpy of the ambient air, causes condensation 
on visible surfaces in the display cabinet and causes a build-up of frost on the 
cooling coil, which can result in a greater degree of infiltration. The various heat 
gains that must be removed in a display cabinet affected by higher moisture 
content are those caused by defrosting, the latent heat in infiltration, contribution 
of anti-sweat heaters and possibly also (indirectly) the sensible heat input due to 
infiltration, if infiltration increases as a result of frosting of the cooling coil. 
 
Appropriate design and control of the shop HVAC system makes it possible to 
reduce the additional latent heat gain provided by the ventilation air and from 
persons in the shop, although respiration from the foodstuffs will always affect the 
internal climatic conditions in the display cabinet. 
 
Field measurements show that the greatest part of the latent heat gain in a shop 
comes from the incoming ventilation air. Figure 4.23 shows an example, with the 
limitation of the ambient dewpoint to less than 3 °C (line in the figure), which 
would corresponds approximately to a specific enthalpy of less than 34.5 kJ/kg 
(line in the figure) in the shop.  
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Figure 4.23 Electrical power required supplied to the compressors, and local 
ambient air conditions, as a function of time in supermarket B. 

 
The reduction in maximum electrical power supply in the shop is nearly 50 %. 
The value of the saving that can be achieved depends on the design of the shop, 
and on where it is in the country. The figures shown here are representative of the 
Swedish climate, with a mean annual temperature of +6  °C. However, despite 
energy use, by far the most important argument for installing dehumidification 
equipment is to ensure that the chilled foodstuffs meet the legal temperature 
requirements. In order to decide whether it pays to install a dehumidifier in the 
HVAC system, and to define an 'optimum' value of the indoor air specific 
enthalpy, it is necessary to set the additional cost for the HVAC system against 
the refrigeration system costs. The overall objective is to ensure that both chilled 
and frozen foods are exposed within the prescribed temperature intervals for the 
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least possible cost, which means that the total cost of the refrigeration equipment 
and the HVAC system must be minimised. 
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5 Analysis of energy flows  
The purpose of this chapter is to analyse and describe the energy flows in a verti-
cal display cabinet. The input data for the analysis is based on the experimental 
results described in Chapter 4.  Parts of this work have been previously presented 
and published by Axell, Fahlén et al. [1] at an IIR Conference in Sydney, and at an 
IEA conference (Annex 26) in Stockholm. 

5.1 Review of other work 
This review of the literature consists of references that were published both before 
and after my own publications. The purposes of the review are 1) to describe 
various types of models that are used for calculating the heat inputs and total 
cooling power requirement of a vertical display cabinet, and  2) to describe how 
the magnitudes of the various heat inputs have been calculated in the various 
models. 
 
Models can generally be divided up into stationary and dynamic models.  In a 
stationary model, all the heat inputs to a display cabinet are treated as temporal 
mean values. These models provide information on the magnitude of the various 
heat inputs in relation to the total cooling power requirement, and on the para-
meters that affect the magnitude of the heat inputs. In this case, 'parameters' 
include design features and properties of the display cabinet, ambient climatic 
conditions and the temperature of the foods in the cabinet. In addition to the 
above, a dynamic model also includes consideration of the time-dependence of the 
various heat inputs. The choice of model to be used depends on the intended 
application of the model. 
 
The purpose of using a model can be 1) to investigate the display cabinet as a 
stand-alone system in detail, or  2) to investigate how the display cabinet, 
regarded as just one element of a whole, affects other subsystems and the total 
energy use in a shop. 
 
It is common to divide up the total heat input to a display cabinet as follows: 
 
• Heat input caused by infiltration of warm, moist ambient air. 
• Heat input caused by the exchange of radiation between the cold surfaces in 

the display cabinet and warm surfaces in the surroundings. 
• Heat input caused by thermal conduction through the walls of the cabinet. 
• Heat input caused by heat for defrosting. 
• Heat input caused by heat for anti-sweat heaters. 
• Heat input caused by heat release from internal fans. 
• Heat input caused by heat release from internal lighting. 
 
The various heat inputs vary with time to a greater or lesser extent, with the major 
difference between the model assumptions described below being  1) how the 
various heat inputs are calculated, and  2) whether they are regarded as dynamic 
or stationary. The stationary models have often been developed in order to 
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describe the cooling power requirement of a display cabinet and the magnitude of 
the heat inputs for a given ambient climate and for a maximum permissible food-
stuffs temperature. Both stationary and dynamic models can be used to describe 
how a cabinet is affected by other systems in the shop, and also to describe, in 
turn, how the cabinet affects the other systems. The choice of a stationary or 
dynamic model often comes down to a question of the timescale to be investi-
gated. 
 
CECOMAF [4], the European industry association for refrigerated display cabinet 
manufacturers, has developed an empirical relationship describing the cooling 
power requirement. Heat inputs are divided up into two categories:  those that are 
functions of the front area of the cabinet, and those that are related only to the 
length of the cabinet: 
 

dispBcabAcab ACLCQ ⋅+⋅=&  (Eq. 5.1) 
 

cabQ& =  Cooling power requirement for a given ambient climate, in accordance 
with EN441.   

Lcab =  The length of the cabinet (excluding end walls) 
Adisp=  The frontal area  
CA and CB = constants defined for each type of display cabinet category.   
 
This equation does not give any information on the magnitudes of the various heat 
inputs. 
 
Rasmussen, Munther et al. [18] describe a method for determining the efficiency of 
a shop's refrigeration system. The method is based on a combination of measure-
ments of temperature and total energy use for the system concerned, and on 
calculations of the energy requirement of a reference system, identical to the 
system under consideration in terms of the number and size of components, but 
basing the components' efficiency and cooling power requirement on a mean 
value for all such products on the market. The cooling power requirement for 
display cabinets is based on the CECOMAF standard. The calculated cooling 
power requirement is then corrected against the measured values, using correc-
tions divided up into four individual parts, related to the infiltration, thermal 
conduction, radiation and internal heat input from electrical equipment in the 
cabinet. Each part is corrected individually, based on the measured air temperature 
in the cabinet and on the dry bulb temperature and moisture content of the 
surroundings. This model has been developed in order to investigate total energy 
use of the entire shop. 
 
The method provides information on the energy efficiency of the refrigeration 
system in relation to a reference system. Measurements should be made on several 
occasions, in order to investigate the sensitivity of the system to variations in the 
ambient climatic conditions. To investigate the energy efficiency of an entire 
shop, it is necessary to analyse the performance both of the refrigeration equip-
ment and of the HVAC system. 
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Howell [14] claims that it is necessary to employ separate models for the display 
cabinet and for the shop, with the two models being linked to each other via the 
relative moisture content and temperature of the shop. The display cabinet model 
consists of the following contributions to the heat input, as shown in Equation 5.2: 
  

def

ASWligthfanLSradwallcab

Q
dt
de

QQQQQQQQ

&

&&&&&&&&

++

+++++++= inf,inf,

 (Eq.  5.2) 

 
The infiltration is divided up into a sensible heat portion and a latent heat portion. 

dt
de  = the change in energy use in the display cabinet caused by loading it with 

foodstuffs at a temperature above the interior temperature of the cabinet.  
 
The author divides up the heat inputs into the following two groups: 
 

Table 5.1 The heat inputs dependent on, and independent of, the relative 
humidity in the store. 

 
Dependent on store relative humidity Independent of store relative humidity

ASWQ& = heat input from anti-sweat 
heaters 

wallQ& = heat input from conduction 

defQ& =  heat input from defrosting radQ& = heat input from radiation 

LQinf,
& = heat input from infiltration, 

latent heat 

e = heat input from foodstuffs above the 
maximum permissible temperature 
when loaded 

Sinf,Q& *= heat input from infiltration, 
sensible heat 

lightQ& = heat input from internal lighting 

*  The sensible heat element of the infiltration is independent of the store 
relative humidity, but proportional to the latent heat element of the 
infiltration, according to the author. 

 
Factors that are dependent on the moisture content will also be affected by the 
design of the cabinet. Details of the following factors must therefore be specified 
in order to be able to calculate the cooling power requirement: 
 
• The length and height of the front opening. 
• The air curtain velocity at the supply. 
• The thermodynamic state of the air curtain air at the delivery jet 

(temperature and moisture content). 
• The thermodynamic state of the air in the cabinet (temperature and moisture 

content). 
• The shop opening hours. 
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It is important, when investigating overall energy use in a shop, and how it is 
affected by the display cabinets, to describe how the cabinets themselves are 
affected by the ambient climatic conditions in the shop, i.e. the interchange 
between the refrigeration equipment and the HVAC system. A display cabinet 
communicates with two systems in the shop:  1) the HVAC system and  2) the 
refrigeration machinery. An analysis of all the systems in the shop therefore 
requires the display cabinet model to be able to describe its cooling power 
requirements and requirements in respect of evaporator temperature. 
 
Howell [13] has also developed a simplified model for investigating how the 
relative humidity of the surroundings affects the display cabinet cooling power 
requirement, the amount of energy required by anti-sweat heaters and the energy 
required for defrosting. He divides display cabinets up into two categories:  
1) those having a vertical air curtain, and  2) those having a horizontal air curtain.  
This division is necessary, as these two types of cabinets require different 
equations in order to describe heat input caused by infiltration. The following 
input data are required in order to perform the calculation: 
 
• 55infQ&  for an ambient climate with a dry bulb temperature of 24 °C and a 

relative vapour pressure of 55 %. 
• wallQ& , heat input by conduction. 
• int,at  for the ambient relative humidity with a dry bulb temperature of 24 °C. 
 

55infTPwallcab QCQQ &&& ⋅+=  (Eq.  5.3) 
 

TPC  is a constant, depending on empirical values, and shown by Howell in tabular 
form. 
 
Measurements of at least one set of ambient climatic conditions are needed in 
order to be able to use this model. The division of display cabinets into two 
categories is relevant, as there is a considerable difference in the infiltration 
between a vertical cabinet and a horizontal cabinet. (A reflection here is that an 
empirical model of this type should be based instead on the enthalpy of the 
ambient air.) The model does not provide any information on the magnitudes of 
the other heat inputs. 
 
Faramarzi [8] uses a dynamic model that considers the effects both of the 
replacement of food packages and of frosting. 
 

( ) ++++++++=
SdefASWSlightfanpulldownradwallcab QQQQQQQQQ &&&&&&&&&

inf,    

( )
LprLinf, QQ && ++  (Eq 5.4) 

 
The model considers the extra cooling power requirement that has to be supplied 
in order to  1) reduce the temperature of foodstuffs newly loaded into the cabinet 
with a temperature higher than the cabinet temperature, prQ& , and  2) to reduce the 
temperature of foodstuffs of which the temperature has risen in connection with 
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defrosting, pulldownQ& .  Infiltration is divided up into latent heat and sensible heat 
input. The author's work shows that the latent heat contribution comes mainly 
from moisture penetrating through the air curtain, although under certain 
conditions there can also be a moisture input from foodstuffs in the cabinet ( prQ&  

and downpullQ −
&  can be both sensible and latent). 

 
Ge and Tassou [10] describe a model of a vertical display cabinet, based on flow 
theory for a plain two-dimensional jet with free mixing at constant pressure.  
Mixing of the cold jet occurs in a stationary surrounding. The method of solution 
is based on finite differences, and was previously described by Howell and Adams 
[15]. The results of the calculations are in the form of profiles of the dry bulb 
temperature, the air velocity and moisture distribution in the air curtain. These 
profiles are then used to calculate moisture transport and heat transport by 
conduction, convection and radiation between the display cabinet and its 
surroundings, thus giving the total cooling power requirement of the cabinet. The 
results also provide data for the inlet conditions for a separate model of the 
evaporator, which can then be used for calculating the variations in the thermo-
dynamic state of the air leaving the evaporator, in turn providing information on 
the inlet conditions to the compressor and the model of the cabinet. This model 
should be capable of providing complete information on how the cabinet as a 
component affects energy use in the shop as a whole. 
 
The model presented by Orphelin, Marchio et al. [17] allows for the 'cold aisles 
problem' in front of the display cabinets and the thermal link between the cabinets 
and the shop's HVAC system. The model allows for the following heat exchanges.  
The list below shows how the authors treat the variation in heat input caused by 
the ambient climate: 

• wallQ& , is linearly dependent on (ta,amb-ta,int) 
• infQ& , is linearly dependent on (ha,amb-ha,int) 

• radQ& ,is linearly dependent on (ta,amb-ta,int) 
• defQ& , is linearly dependent on (xa,amb-xa,int) 
 
Following heat input is independent of the ambient climate: fanQ& , lightQ& and 

ASWQ& . The effect of heat input associated with restocking the shelves is ignored, 
and it is assumed that the items loaded into the cabinet are at the same tempera-
ture as the cabinet. Measurements that were made show that the daytime moisture 
content in the shop is uniform in that area of the shop where the frozen food and 
chilled food cabinets are installed. 
 
Figure 4.8 in Section 4.2 shows that the authors' method of calculating the 
magnitudes of the various heat inputs is relevant. The results presented in Section 
4.2 show that the specific enthalpy, the dry bulb temperature and the absolute 
moisture content of the cold air in the cabinet all vary with ambient climatic 
conditions, which means that measurements are required from at least two sets of 
ambient conditions. 
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The air curtain can be divided up into horizontal layers in order to calculate the 
degree of infiltration.  Results presented by Morillon [16] show that the exchange 
of air increases linearly towards the bottom. He calculates the temperature profile 
in the cold aisle, and assumes that the temperature profile in the uppermost layer 
is constant throughout the shop. Measured results from a shop are compared with 
measured results from EN 441 tests in a climate chamber. They show that the 
infiltration profile is strongly affected by the cold aisles problem, and particularly 
at the bottom of the display cabinet opening, the exchange of air will decrease. 
 
Xueqin [20] has made measurements and calculations in order to investigate the 
energy flows in a vertical display cabinet, comparing two different methods of 
calculating the degree of infiltration. The first case uses measured values, with the 
degree of infiltration being calculated by calculating energy and moisture balances 
across the air curtain, which is assumed to be symmetrical. The results from this 
method are then compared with a completely theoretically calculated  degree of 
infiltration. The results from the two methods show good agreement.  The global 
infiltration method is based on a method presented by Flick, Moureh et al. [9] and 
which is in turn based on a fraction, with air molecules introduced as a function of 
their position (x, y). Flick uses empirical correlations from Hegge [11] in order to 
calculate the temperature and velocity in the jet. 
 
Xueqin´s model for a display cabinet is intended for use with a cabinet having a 
double air curtain. The work also includes detailed investigations of how thermal 
conduction in various wall materials affects the heat input. Measurements have 
included both day and night cases, with a night cover blind being used. The total 
inward heat leakage through the air curtain is nine times higher than that through 
the cover blind. Heat exchange due to radiation during the day was four times 
greater than at night with a cover blind. 
 
Both stationary and dynamic models have been published, spanning a wide range 
in terms of the degrees of detailing. Selection of any particular model depends on 
what it is to be used for. A stationary model can provide sufficient information for 
detailed investigations of display cabinets as standalone systems, but if the 
objective is to investigate how the cabinets affect the surrounding climate in the 
shop, it may be necessary to use a dynamic model or a CFD flow model. A 
dynamic model can also be preferable when evaluating various control strategies 
such as the type of defrosting method. 
 
If the objective is to investigate the energy efficiency of the entire shop, the 
display cabinet model should describe not only the interface between the cabinet 
and the ambient conditions in the shop, but also that with the refrigeration 
machinery. 
 
The methods of calculating the various contributions to the energy exchange also 
differ. Heat input by radiation is calculated in a number of different ways.  
Billiard and Gautherin [2] use constants for both the emissivity and the angle 
factor, while Faramarzi [8] calculates individual angle factors for each cabinet 
when calculating the radiation energy exchange.  Hotani and Mihori [12] describe 
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an experimental method of determining the angle factor by using a camera with a 
fish-eye lens. They also present key indicators that can be used for determining 
the radiation energy exchange. The radiation exchange for a vertical display 
cabinet is assumed to be 107 W/m2, while that for a horizontal well case is 
assumed to be 200 W/m2.   
 
The effect of defrosting on the refrigeration energy demand is dealt with in a 
number of ways. Billiard, Xueqin and Faramarzi all allow for the heat input 
required for defrosting.  In addition, Billiard and Faramarzi allow for the 
associated rise in temperature of the foodstuffs that can occur during defrosting.  
 
There are both experimental and theoretical methods of calculating the infiltration 
losses in a vertical cabinet. Howell describes an empirical method and one based 
on a flow model. Axell and Xueqin use an empirical method, based on calculation 
of an energy balance for the air curtain. All authors state that infiltration is the 
main cause of the losses. 

5.2 Stationary models for analysis of energy 
flows in the display cabinet 

The objective of this analysis of energy flows in a display cabinet is to investigate 
which heat inputs have most effect on the energy efficiency of a vertical cabinet, 
and to identify which factors that affect the magnitudes of the various heat inputs.  
A further important element of the work is to select a suitable model, and suitable 
methods, for calculating these heat inputs. 
 
Experiments on, and energy balances of, open vertical display cabinets show how 
important is the heat exchange between the cold air in the cabinet and the warm 
air in the shop in terms of determining the overall cooling power requirement and 
the thermal climate in the cabinet. Figure 5.1 illustrates the various heat transports 
in a vertical cabinet, and whether they are affected by the dry bulb temperature or 
the moisture content of the ambient air. 
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Heat input from 
• defQ& , defrosting 

(dependent on amb,ax ) 
• Linf,Q& , infiltration, latent heat 

(dependent on amb,ax )  
• Sinf,Q& , infiltration, sensible heat

(dependent on amb,at ) 
• radQ& , radiation 

(dependent on amb,at ) 
• wallQ& , conduction 

(dependent on amb,at ) 
• E,lightQ& , external lighting  

• fanQ& , internal fans 

• I,lightQ& , internal lighting 
 

Figure 5.1 Energy balance of an open vertical display cabinet. 

 
A stationary model is used to describe the energy flows in a vertical display 
cabinet. The purpose of the analysis is  1) to quantify the magnitudes of the 
various heat contributions,  2) to identify which heat inputs make the greatest 
contributions to the refrigeration power requirement,  3) to identify what factors 
affect the magnitude of the heat inputs, and  4) to select methods of measuring and 
calculating the magnitudes of the various heat inputs with sufficient accuracy. A 
stationary model is perfectly adequate for such an analysis. However, choice of a 
stationary model does bring with it some limitations, which should be noted.  A 
stationary model cannot, for example, provide information on how the choice of 
defrosting strategy affects the cooling power requirement, or on how other types 
of dynamic variations affect the cooling power requirement or the magnitudes of 
the heat inputs and their variations with time. Theoretically, the effect of dynamic 
variations can be analysed using a stationary model, by making various types of 
changes such as modifying the ambient climate, extending the defrosting time or 
raising the temperature of the foodstuffs, and then performing a new calculation 
using the stationary model. The review of the literature described above covered a 
number of methods of calculating the magnitudes of the various heat inputs, 
capable of being based either on theoretical results or on experimental results.  In 
this analysis, the values given for heat inputs are, in all cases, based on experi-
mental results. The experiments on which these results are based are those 
described in Section 4.2, and were carried out on an indirectly cooled display 
cabinet, defrosted every four hours by using warm brine. 
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5.2.1 Selection of method for calculating the heat input 
caused by infiltration 

The largest heat input to a vertical display cabinet, and therefore the most 
important one, is that resulting from infiltration. Axell, Fahlén et al. [1] used a 
stationary model to calculate the magnitude of this heat input, calculating 
infiltration in three ways: 
 
• Model 1: Calculation of the infiltration based on the quantity of defrost 

condensate as an indicator of the amount of infiltration, as described by 
Billiard and Gautherin [2]. 

 
• Model 2: Calculation of the degree of infiltration based on a moisture balance 

across the air curtain, with the air curtain assumed to be symmetrical, in 
accordance with Rigot [19], Fahlén [7]. 

 
• Model 3: Calculation of the infiltration based on an energy balance across the 

air curtain. 
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Figure 5.2 Model 1 with infiltration calculated with the defrost water as an 
indicator. 

 
Billiard and Gautherin [3] describe the results of calculations for an open vertical 
display cabinet, showing a difference of 7 % between the calculated cooling 
power requirement and the calculated heat inputs. Figure 5.2 shows that, in our 
case, Model 1 results in a difference of 14 %.  However, the uncertainty of 
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calculation when using a method based on the quantity of defrost melt water to 
calculate the degree of infiltration will increase as the moisture content of the 
ambient air decreases and as the surface temperature of the air coil increases. This 
is supported by the results from the field measurements described in Section 4.4.3.  
This method is more suitable for use with vertical display cabinets when the 
cooling coil is colder and so the quantities of defrost condensate are greater. 
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Figure 5.3 Model 2 with infiltration calculated from a moisture balance over the 
curtain and with an assumption that the air curtain is uniform. 

 
Figure 5.3 shows that Model 2 results in the greatest difference between the 
cooling power requirement and the sum of the heat inputs. However, this model is 
intended to be used as a simple field model, not requiring as many measurements. 
One of the contributory causes of this difference is the fact that the air curtain is 
assumed to be symmetrical, while the actual air curtain in the display cabinet 
under consideration is not symmetrical. However, the field model (Model 2) can 
easily be modified by comparing the theoretical results with the measured cooling 
power input. With a few iterations, it is then possible to achieve good agreement 
with the measured results. However, this assumes that it is possible to make a 
comparison with the measured cooling power input. 
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Figure 5.4 Model 3, with the infiltration calculated from an energy balance 
across the air curtain. 

 
Figure 5.4 shows the best agreement between the cooling power input and the sum 
of the various heat inputs. This model calculates the heat input from infiltration, 
using an energy balance across the air curtain, and so it is this model that has been 
chosen for the continued analyses of energy flows. 

5.2.2 Calculation of heat inputs  

The following model can be used to describe the Heat inputs that contribute to the 
energy flows in a vertical display cabinet. All calculations are based on stationary 
conditions, with measured values being in the form of time mean values. 
 

EligthASW
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 (Eq.  5.5) 

 
Note that heat inputs by conduction have been separated. 
 

=G,wallQ&  Conduction through the ends of the cabinet. 

=R,wallQ&  Conduction through the floor, top and back of the cabinet. 
 
Conduction through the floor, top and back of the cabinet is a function of the 
length of the cabinet, which is not the case for conduction through the ends. Heat 
input from external lighting, and radiation exchange from other surrounding 
surfaces in the shop, are separated. 
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Heat input caused by defrosting is calculated as a mean value of all defrosting 
cycles during one operating cycle, which is 24 hours as shown in Equation 5.6.  
Defrosting is carried out using warm brine. 
 

( ) dt)tt(VcQ
n

j jout,bin,bbbb,p
c

d
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ρ
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τ &&  (Eq.  5.6) 

 
j  = Defrost number j 
n = Number of frost build-ups during a 24-hour operating cycle. 
 
It is assumed that all radiation exchange occurs only through the open front of the 
cabinet and, more specifically, between the visible items of food and the 
surrounding warm surfaces visible to them. This calculation is based on mean 
temperatures, as calculated over a complete 24-hour cycle. 
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 (Eq.  5.7)  

 
The emissivity of both the surrounding walls and the food packages is known. The 
measurements were made in accordance with the requirements of EN 441. The 
climate chamber in which the measurements were made complies with the 
requirements in the standard, and the emissivity of the surrounding walls is 0.9, in 
accordance with EN 441-4:1994 [5]. The wrappings of the standardised food 
packages have an emissivity of 0.9, in accordance with EN 441-4:1994 [5]. The 
temperature of the surrounding walls has been measured using an IR camera and 
type T copper/constantan thermocouples. The temperature of the visible food-
stuffs has been calculated in accordance with EN 441:5 1996 [6]. The angle factor 
has been calculated for the specific test set-up. 
 
It is assumed that the external lighting in the climate chamber exchanges heat only 
with the open surfaces of the cabinet, calculated as follows: 
 

lightE,ligth,eE,light FWQ η⋅⋅= &&  (Eq.  5.8) 
 
F= Angle factor of the external lighting, as determined by the position of the 

lighting in relation to the open surfaces in the cabinet. 
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Equation 5.9 is used for calculation of conduction through the gables of the 
cabinet: 
 

( )in,wjout,wjj
n

j
jG,wall ttAQ −⋅⋅∑=

=1
λ&  (Eq.  5.9) 

 
j  = wall material no. j 
n = number of different wall materials used in the end wall of the cabinet (glass 
and end wall). 
 
The end walls of the cabinet used in the investigation were in the form of a solid 
portion with a glazed section at the front.  Surface temperatures of the materials 
on both the inside and the outside of the cabinet were measured and used as inputs 
for the calculations. These temperatures vary with height, and so were measured 
at several points using thermocouples and an IR camera. A time mean value for 
these measurement points was then determined for a complete 24-hour cycle for 
the internal and external metallic and glass portions of the end walls. The values 
for the thermal conductivities and wall thicknesses were based on data from the 
manufacturer. 
 
Heat input from the internal fan was calculated using measured values for the 
average electrical power requirement of the fan over a 24-hour cycle. 
 

fan,efan WQ && =  (Eq. 5.10) 
 
Heat input from the internal lighting was calculated on the basis of the average 
power input for lighting during a 24-hour cycle. 
 

light,eI,light WQ && =  (Eq.  5.11) 
 
Heat input by conduction through the back and top of the cabinet was calculated 
as the change in enthalpy between the position immediately after the air coil and 
the delivery jet of the air curtain. The moisture ratio of the air, xa2, was assumed to 
be constant, with a value as measured after the air coil. This makes it possible to 
calculate the enthalpy difference arising as a result of the rise in the temperature 
of the air between the exit from the air coil and the delivery jet for the air curtain, 
with the total mass flow being heated by conduction through the back of the 
cabinet. The air passing up the back of the cabinet is divided into two streams, 
with half supplying the air curtain (heated by conduction passing the top of the 
cabinet) and rest being directed downwards into a new air duct for discharge into 
the cabinets through the internal backplate. On the basis of this division of the air 
flow, it is assumed that the proportion of the total air flow, CN, heated to the air 
curtain supply temperature is 75 % of the total air flow:  see Equation 5.12.  Note 
that this figure needs to be modified for each particular type of display cabinet. 
 
 

( )2c,as,aNe,aR,wall hhCMQ −⋅⋅= &&  (Eq.  5.12) 
 



 126 
 

Figure 5.4 shows how the air flow in the cabinet is distributed. 
 

 
Figure 5.4 Distribution of air flows in the cabinet. 

 
 
The mass air flow through the inner backplate of the cabinet is calculated as 
follows: 
 

( ) e,asr,a MCM && ⋅−= 1  (Eq.  5.13) 
 

s,ar,ae,a MMM &&& +=  (Eq.  5.14) 
 
The heat exchange due to infiltration is based on an energy balance across the air 
curtain.  This assumption allows for the air contribution through the internal 
backplate and for the resulting fact of the air curtain not being symmetrical.  It is 
assumed that the air from the air curtain and that discharged through the internal 
backplate have the same specific enthalpy. 
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 (Eq.  5.15) 

 
The mass flow of air into the cabinet from the surroundings can be calculated 
from this equation. 
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The degree of infiltration can then be calculated from the following equation: 
 

e,a

amb,a
inf M

M
X

&

&
=  (Eq.  5.17) 

 
The heat exchange caused by infiltration can then be calculated from: 
 

( )e,aamb,ae,ainfinf hhMXQ −⋅⋅= &&  (Eq.  5.18) 
 
 
The following measured data is required in order to be able to calculate the 
infiltration losses by this method: 
 
• the total mass flow circulating in the cabinet 
• the mass flow in the air curtain 
• the ambient dry bulb temperature and vapour ratio 
• the dry bulb temperature and vapour ratio at the supply to the air curtain  
• the dry bulb temperature and vapour ratio at the extract from the air curtain 
• the heat input from the external lighting 
• the heat input by radiation 
• the heat input from the internal lighting 
 

5.2.3 Measured data required for the calculations in the 
model 

The experimental investigations were carried out on a 2.5 m long indirectly 
cooled display cabinet, in accordance with the requirements of EN 441 and with a 
number of additional measurements. Warm brine was used for defrosting.  Table 
5.1 shows the various measured data that were needed in order to calculate the 
magnitudes of the various heat inputs. The mass flow through the display cabinet, 

aeM& , was measured indirectly by measuring the air flow and then calculating the 
mass flow from it. The proportions of air discharged through the air curtain and 
air discharged through the internal backplate were determined by measuring the 
air velocity in the air curtain. The display cabinet was not fitted with anti-sweat 
heaters. 
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Table 5.1 Input data required for calculation of the various heat inputs in a 
display cabinet. 

  
Heat input Measured data Calculated uncertainty 

of measurement  

I,lightQ&  I,light,eW&  ± 0.5 % 

E,lightQ&  E,light,eW&  ± 0.5 % 

fanQ&  fan,eW&  ± 0.5 % 

defQ&  bV& , in,bt , boutt , bρ  ± 4 % 

radQ&  Mmnt , amb,wallt , 12F , Mε , ambε , 

dispA  
± 2  % 

G,wallQ&  wallλ , wallδ , out,wt , in,wt  ± 2 % 

R,wallQ&  e,aM& , amb,ap , s,at , s,aϕ , 2c,at , 2c,aϕ  ± 2 % 

infQ&  e,aM& , amb,at , amb,aϕ , s,at , s,aϕ , e,at , 

e,aϕ , I,lightQ& , E,lightQ& , radQ& , amb,ap , 

s,aM& , 
,t int,a 1 ,t int,a 2 ,t int,a 3 ,t int,a 4 ,t int,a 5  

1int,aϕ , 2int,aϕ , 3int,aϕ , 4int,aϕ , 5int,aϕ  

± 7 % 

Cooling 
power input 

Measured data Calculated uncertainty 
of measurement 

cabQ&  bV& , in,bt , boutt , bρ  ± 4 % 
 
Table 5.1 shows the estimated uncertainties of measurement of the various heat 
inputs. Calculated total uncertainties of measurement of all measured data are 
shown in Appendix 1. The aggregated uncertainty of measurement of the sum of 
the heat inputs gives a total uncertainty of measurement of less than 9 %. 

5.2.4 Comparison of calculated and measured results 

Figure 5.5 shows that there is relatively good agreement between the measured 
cooling power input and the sum of the heat inputs, but that there is a variation 
between the four cases investigated. The heat inputs for the case with the dry bulb 
temperature of 19.9 °C and a dewpoint of 9.6 °C were overestimated by 1.3 %, 
while those for the case with a dry bulb temperature of 14.9 °C and a dewpoint of 
–3.0 °C were underestimated by 4.3 %.  The measurements and calculations were 
carried out with a constant average temperature (+7.6 °C to +7.7 °C) for the 
visible surfaces of the food packages. 
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Figure 5.5 Results of energy balances for four different sets of ambient climatic 
conditions. Infiltration has been calculated as an energy balance across 
the air curtain. The sum of the heat inputs has been compared with the 
cooling power input to the cabinet. 
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Table 5.2 shows the measured data, degree of infiltration, proportion of total 
cooling power input in order to deal with infiltration and the differences between 
measured heat extraction rate of the cooling coil and the sum of the calculated 
heat inputs. The total uncertainty of the mean value of the heat extraction of the 
cooling coil is estimated to less than 4 % and the uncertainty of the sum of the 
calculated heat inputs is less than 9 %. The total uncertainty in the calculation of 
the heat inputs is rather high. The deviation between measured heat extraction to 
the cooling coil on the other hand gives a largest deviation of 4.3 %. 
 

Table 5.2 Input data and results of calculations of the energy balance for the 
display cabinet for four different sets of ambient climatic conditions. 

  
Quantity Unit Case 1 Case 2 Case 3 Case 4 

441EN,amb,at  °C 19.9 19.9 14.9 14.9 

441EN,amb,a,dt  °C 9.6 0.5 9.6 -3.0 

441EN,amb,ax  g water/ 
kg dry air 

7.5 4.0 7.5 3.0 

441EN,amb,ah  kJ/kg 39.12 30.17 33.98 22.61 

s,at  °C 0.6 0.1 3.5 3.4 

s,ah  kJ/kg 6.29 6.38 13.21 9.35 
Mdef kg 20.3 0.9 14.1 0 

int,at  °C 1.0 0.7 3.7 3.5 

int,ah  kJ/kg 10.46 10.52 15.91 11.06 

e,at  °C 8.3 7.9 7.8 7.7 

e,ah  kJ /kg 20.12 15.93 21.76 14.9 

e,aM&  kg/s 0.184 0.184 0.184 0.184 

vis,Mt  °C 7.7 7.7 7.6 7.6 

sC  - 0.5 0.5 0.5 0.5 

infX  - 0.47 0.34 0.39 0.28 

cabQ&  W 2519 1712 1488 1085 

infQ&  W 1641 891 881 391 

cab

inf

Q

Q
&

&
 

 
- 

 
0.65 

 
0.52 

 
0.59 

 
0.36 

Deviation  % 1.3 1.5 3.0 -4.3 
 
The results show that infiltration of surrounding air accounts for about 65 % of the 
heat input in case 1, and that both the degree of infiltration and the relative 
proportion of heat input caused by infiltration fall with falling specific enthalpy of 
the ambient air.  
 
The fact that the degree of infiltration falls is due to the fact that the mean values 
used in the calculations are based on the final 75 % of each operating cycle after 
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defrosting. This means that the growth of frost on the air coil affects the degree of 
infiltration.  The results show that the air velocity in the air curtain falls, and that 
the degree of infiltration is greater, when the moisture ratio of the ambient air 
increases. The fact that the growth of frost also varies can be seen by the 
difference of 19.4 kg in the quantity of defrost water from Case 1 and Case 2. It is 
interesting to note that the growth of frost can have a relatively substantial effect 
on the efficiency of the air curtain, even when the ambient climatic conditions are 
relatively mild in comparison with the climatic conditions that are usually used as 
the design case for display cabinets (ta,amb,EN441 = 25 °C and ϕa,amb,EN441 = 65 % ). 

5.2.5 Effects of heat inputs on display cabinet 
performance and the required heat extraction rate 

The objective of the analysis of energy flows in the display cabinet was to 
quantify the magnitudes of the various heat inputs and to identify which of them 
could be reduced. Figure 5.5 shows that infiltration is by far the largest 
contributor to heat input in a display cabinet, and is therefore that which is the 
most important to reduce if the energy efficiency of the cabinet is to be improved. 
This can be done by the following means: 

 
• Reducing the aperture area of the open front 
• Making the air curtain more efficient. 
 
The inward heat leakage caused by infiltration can be reduced by reducing the 
specific enthalpy of the ambient air: both the results from Chapter 4 and those 
given in Table 5.2 show that reducing the specific enthalpy of the air also reduces 
the heat input caused by infiltration.  It should be noted that the ambient climatic 
conditions in the shop are controlled by other systems, outside the system 
boundary of the display cabinet. The vapour ratio in the shop can be reduced 
without having any adverse effects on thermal comfort in the shop. However, 
there is an economic balance point that determines whether it is preferable to 
dehumidify the air in the shop or in the display cabinets. This balance point is 
affected by the efficiency of the display cabinets (i.e. by the amount of 
infiltration), and by the design of the shop, its geographical situation and 
construction. Chapter 1 described how the visual exposure of the foodstuffs in the 
cabinets is important for their sales. A smaller front aperture, or the presence of 
doors, are regarded as sales-inhibiting, and cannot therefore be considered as 
possible solutions.  Infiltration must therefore be reduced by improving the 
performance of the air curtains. Air flows and air curtains in vertical display 
cabinets are discussed in more detail in Chapters 6 and 7. 
 
Figure 5.5 shows that the heat input as a result of conduction through the back and 
top of the cabinet are somewhat greater than the radiation heat input. However, 
the heat input as a result of radiation exchange with the surroundings, together 
with the heat input from internal and external lighting, is aggregated and acts on a 
small local area at the front of the cabinet, where cooling is poorest: see Figure 
5.6. 
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Figure 5.6 Food packages are exposed to the greatest heat inputs in position 7. 

 
It can therefore be said that, as far as the performance of the display cabinet is 
concerned, the contribution from these heat exchanges has a relatively substantial 
effect on the performance of the cabinet. The cooling power requirement of a 
display cabinet is determined by the maximum permissible foodstuffs tempera-
tures and the ambient climatic conditions. This means that the heat input from 
radiation and lighting has a relatively greater effect on the cooling power require-
ment than does the heat input from the internal fans and from conduction through 
the back and top. Figure 5.7 illustrates how the heat inputs resulting from 
infiltration, radiation and lighting are apportioned. 
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Figure 5.7 Heat inputs in a vertical display cabinet.  
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One way of expressing this is that the heat input from infiltration, radiation and 
lighting is aggregated and affects the temperature of the foodstuffs at the front of 
the cabinet through the open front. These heat inputs therefore have a direct effect 
on the design cooling power requirement, which is determined by the temperature 
of the warmest food package. 
 
Other heat inputs caused by thermal conduction, heat losses from the internal fans 
and from defrosting are spread out in a different way, so that they tend to act more 
evenly over a greater proportion of the load in the cabinet. 
 
Chapter 3 discussed various ways in which the radiation heat input might be 
reduced, and concluded that all such ways were under the control of external 
factors outside the system boundary of the display cabinet. As far as design is 
concerned, it is only the angle factor that can be influenced, if it is accepted that 
the front aperture must be as large as possible.  It is common for display cabinets 
to be boot-shaped with the lower level extending further forward than the shelf 
levels, which has the effect of increasing the angle factor and increasing the area 
of the bottom of the cabinet that exchanges radiation with the surroundings. The 
cabinet with the lowest energy use, as described in Chapter 2, did not have this 
forward extension, and all the shelves were of the same depth. 
 
Chapter 3 also discussed the efficiency of the internal lighting and fans. The heat 
from these electrical components has to be 'paid for twice'; partly indirectly, by 
removing the associated heat input to the cabinet, and partly directly, in the form 
of the electricity supply to the components. Together with the above arguments, 
this shows that it is particularly important to minimise heat input from internal 
lighting. 
 
Display cabinets are usually made in sections that are joined to produce the 
required length. Apart from the losses through the ends of the cabinet, all the 
losses in a cabinet are a function of its overall length, and therefore increase with 
increasing length. From this point of view, heat input by thermal conduction 
through the ends is not particularly critical. On the other hand, the results of the 
experimental investigations show that it is usually the food packages on shelves 4 
or 5, and placed at the ends of the cabinet, that are the warmest. It is therefore 
sensible not to include the glazed ends which, according to Xueqin [20], increase 
the heat input from conduction and radiation (W/m2) through the ends of the 
cabinet by a factor of 40 in comparison with traditional ends made from sheet 
metal and thermal insulation. In addition, the experimental work shows that there 
is a risk of the air velocity from the internal backplate, and the air velocity in the 
air curtain, being lower at the ends of the cabinet. 
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5.3 Conclusions 
Comparison between the measured cooling power supplied and the sum of the 
total losses shows good agreement when the infiltration has been calculated using 
an energy balance across the air curtain. Analysis of the uncertainty of measure-
ment of the energy balance shows that the uncertainty is greatest in respect of heat 
inputs resulting from infiltration. Analysis of the entire energy balance shows that 
it is difficult to achieve a total uncertainty of measurement of less than 9 %:  the 
mass flow of air and measurements of the moisture content of the air have the 
greatest effect on the uncertainty of measurement. 
 
Measurements made in a laboratory climate chamber can be carried out under 
controlled conditions, while those made in the field can suffer from restrictions on 
the placing of various types of sensors. Experience from the field measurements 
showed that the simplest way of determining the heat input from infiltration was 
to measure the supplied cooling power and then indirectly to calculate the 
infiltration as the difference between the cooling power and the sum of the other 
heat inputs. In the case of field measurements, it is measurement of the air flow in 
the cabinet that is the most critical factor from an uncertainty of measurement 
point of view. 
 
The results show that infiltration of surrounding air accounts for about 65 % of the 
total heat input, which is in good agreement with the measured results and 
calculations of other authors. 
 
It is interesting to note that the degree of infiltration falls with falling enthalpy of 
the surrounding air. The measured data on which the calculations are based was 
made in such a way that the temperature of the foodstuffs remained constant while 
the ambient climatic conditions varied, and is based on the final 75 % of the time 
in each operating cycle, which means that the growth of frost has a relatively 
greater effect. 
 
The growth of frost has varied between measurements. When the air is dry, the 
quantity of frost condensate is negligible, and so the degree of infiltration is also 
less. The degree of infiltration is greatest when the dry bulb temperature and the 
moisture content of the ambient air are highest, producing a frost condensate 
quantity of about 20 kg per 24 hours. The build-up of frost on the air coil is 
reduced if the dry bulb temperature falls while the ambient moisture content 
remains the same. Under these conditions, the quantity of frost condensate 
amounts to only about 14 kg, and the degree of infiltration is lower. This can be 
explained by the fact that the supply temperature of the air curtain can be higher, 
while still retaining the required constant temperature of the foodstuffs, as 
compared with the case when the dry bulb temperature is 20 °C. The build-up of 
frost, therefore, is affected both by the moisture content of the surrounding air and 
by the surface temperature of the air coil. 
 
The results show that both effective air curtains and efficient cooling coils are 
important in minimising the build-up of frost and the degree of infiltration. It can 
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be seen from the above that relatively moderate vapour ratios in the surrounding 
air can result in a greater degree of infiltration as a result of the build-up of frost. 
 
If a temperature or moisture balance is used in order to calculate infiltration 
(Model 2), the agreement between the supplied cooling power to the cooling coil 
and the sum of all the heat inputs is poorer. However, this method is intended for 
use as a simple field method when measurement resources are limited. It works 
best with a symmetrical air curtain and limited heat input from radiation, which 
was not the case for the display cabinet used in these tests. In addition, it requires 
an iterative procedure, together with measurements of both temperature and 
moisture in order to enable the moisture balance to be replaced by an enthalpy 
balance. If the infiltration contribution is to be calculated on the basis of the 
quantity of frost condensate, a considerable portion of the inward heat leakage by 
infiltration must be in the form of latent heat. This means that this method is 
therefore more suitable for use with vertical display cabinets when the air coil is 
colder, and thus when there is a greater quantity of frost condensate or when the 
moisture content of the surroundings is high. 
 
The results show that the heat input caused by infiltration, radiation and lighting 
has a relatively greater effect on the cooling power requirement of the cabinet, as 
these heat inputs are collected directly through the open front, raising the 
temperature of the 'warmest' packages of food at the front of the shelves. It is the 
temperature of these packages that determines the cooling power requirement. 
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6 Simulations and experiments on air 
distribution 

The purpose of the work described in this chapter is to present the results of 
experience and conclusions concerning how the air flow in a traditional vertical 
display cabinet operates. It has been carried out in the form of a combination of 
experimental and theoretical investigations. Two important elements of the work 
have been 1) to develop a methodology for investigating the air flow in a refrige-
rated display cabinet, and 2) to investigate how the air flow in a cabinet is affected 
by load changes and by the design of the backplate. Some of the material in this 
chapter has been previously described and published at an IIR conference in 
Sydney (Axell, Fahlén et al. [2]), and in a report, SP-AR 1997:44, Axell, 
Andersson et al. [1].  
 
The results from the analysis of energy flows in a display cabinet, as described in 
Chapter 5, show that it is infiltration that provides the main contribution of heat 
input in open vertical display cabinets. This means that it is both the air flow in 
the cabinet, and the air curtain in particular, that are particularly important in 
determining whether the cabinet operates in a satisfactory manner. 
 
The energy-efficient display cabinet (E) in Table 2.5 has a temperature difference 
of 9.2 K between the warmest item, tM,max, and the incoming brine temperature, 
tb,in. The results show that, from an energy point of view, some of the packages in 
the cabinet – and particularly those at the back - are cooled more than is 
necessary.  If this temperature difference (tM,max - tb,in) can be reduced, energy 
efficiency at system level improves, as the compressor can now work with a 
higher evaporator temperature, thus giving a higher COP. At the same time, the 
risk of frosting on the air coil is reduced. 
 
To reduce heat and mass transport into the display cabinet, it is necessary to 
reduce infiltration. This reduces both sensible and latent heat which have to be 
removed, resulting in a reduced cooling power demand. In addition, reduced 
inward transport of moisture to the cabinet reduces the amount of frosting on the 
air coil. An efficient air coil means that a higher brine temperature can produce 
the necessary air temperature leaving the coil. In addition, a higher incoming brine 
temperature reduces the risk of frosting on the air coil, increasing the cold factor 
and thus improving the overall energy efficiency at system level. The packages in 
the cabinet must be cooled as evenly as possible, in order to minimise the 
temperature difference between the coldest and the warmest items.  Even 
temperature distribution throughout the items in the cabinet avoids unnecessary 
excess cooling of the coldest items. 
 
This chapter therefore describes detailed investigations of the air flow behaviour 
and properties, carried out in the form of a combination of experimental and theo-
retical work. 
 
Computational Fluid Dynamics (CFD) can be an effective way of analysing the 
air flow in and around a refrigerated display cabinet for the theoretical analysis.  
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Experimental investigations of display cabinets are complicated and 
time-consuming, due to the fact that it takes a long time for thermal equilibrium in 
the artificial test packages to be achieved. The mass of packages in a fully-loaded 
2.5 m long display cabinet is of the order of 1000 kg.  
 
A common way of distributing the cold air in a display cabinet is to use not only 
an air curtain at the front of the cabinet, but also to supply it through perforated 
panels at the back of the cabinet, as shown in Figure 6.1. The air velocity over the 
shelves is much lower than the velocity in the air curtain: typical values are 
0.05 m/s - 0.3 m/s over the shelves, with the air curtain velocity often being 3-6 
times higher.   
 

 
Figure 6.1 Air flows in a vertical display cabinet. 

 

6.1 Review of other work 
This review of the literature covers works relating to general experience of CFD 
modelling of refrigerated display cabinets, a presentation of the various methods 
of measurement that are used for calibrating or validating CFD models, and a 
presentation of articles describing investigations of how the loading of cabinets 
affects their function and performance. Note that this review includes articles 
published both before and after my own works, which were published mainly 
between 1997 and 1999.  
 

6.1.1 Experimental investigations and CFD modelling  

The results from CFD calculations are affected by how the problem is defined and 
by the simplifications made in order to solve the problem and reduce the 
processing time. They are therefore affected by decisions which are made 1) 
during the pre-processing stage, and  2) during the solver stage. The purpose of 
the review has been to identify which boundary conditions, what grid size, what 
method of solution and which turbulence models are used for numerical investi-
gations of refrigerated display cabinets, and what experience there is of the 
various alternatives. 
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The work described below can be divided into two categories. The one category 
includes models of which the purpose is that they should be used for investigation 
of the air flow in a display cabinet in order to optimise the design of the cabinet.  
The other category is concerned with models in which the display cabinet is 
actually a boundary in the model, and of which the purpose is to investigate how 
the cabinet affects the ambient climatic conditions in the shop. This latter category 
relates primarily to vertical display cabinets, in which the substantial exchange of 
heat between the cabinet and its surroundings, resulting primarily from infiltration 
through the large open vertical front surface, results in cold floor surfaces in front 
of the cabinets. Both categories are described in the section below. 
 
Stribling, Tassou  et al. [22] describe a two-dimensional model for investigation of 
a vertical display cabinet having a single air curtain. This model is suitable for 
design optimisation of display cabinets. An important part of the work was to 
investigate how the following factors affected the modelled results: 
 
• The size of the grid 
• Different discretisation schemes for the governing equations 
• Different turbulence models. 
 
The results show that the grid needs to be more dense where the highest velocity 
gradients occur at the outer edge of the air curtain, and so a more dense grid is 
proposed for use in the region of the air curtain. They also show that the choice of 
discretisation scheme affects the results. Although the accuracy of the results for 
the highest velocities is better when the hybrid scheme is used, the model 
becomes less accurate when there are substantial velocity gradients. The work 
compared the results obtained by the Reynold stress model and the k-ε model, and 
found that there is little difference in the results. If the instantaneous velocity 
fluctuations in the form of turbulent kinetic energy are compared, the results from 
the Reynold stress model show better agreement with the measured results.  
Calculated values are compared with measured velocity and temperature 
gradients. In a buoyant flow, as occurs in and around a display cabinet (with 
substantial temperature differences between the air in the cabinet and the air 
curtain and the air outside the cabinet), the temperatures are directly related to the 
velocities, which means that temperature measurements can be used to calibrate 
the model. 
 
Baleo, Guyonnaud et al. [3] have performed CFD calculations using the FLUENT 
CFD code and the k-ε turbulence model on an empty display cabinet with an air 
curtain flowing from the bottom to the top. The authors investigated how the 
function of the air curtain was affected by a secondary flow outside the cabinet, 
which was simulated by entering a boundary condition in the form of a pressure 
difference. The results show that the flow pattern in the cabinet changes when the 
mass air flow in the air curtain is reduced by 30 %. The results show that the k-ε 
turbulence model overestimates both the eddies and the velocity on the outside of 
the air curtain. The authors note that it is difficult to achieve high accuracy of 
velocity measurements using hot-wire anemometers in those regions where the air 
velocity is low and the velocity direction fluctuates. The experimental measure-
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ment methods used for validation of the calculations involved the use of ther-
moelements, hot-wire anemometers and Laser Doppler Anemometry. 
 
Morillon [17] has performed CFD calculations on a double air curtain. As with the 
authors above, he points out that it is important to use a dense grid in the area in 
and around the air curtain. 
  
Bobbo, Cortella et al. [4] have used a two-dimensional finite element method to 
investigate temperature distributions in frozen foods in a well case with a 
horizontal air curtain. The calculations were carried out for transient conditions, 
dividing the well case up into three zones:  walls, bottom and the open top.  
 
The cold horizontal air curtain flows along the surface of the load in the well case 
as a result of its density difference. The value of the coefficient of thermal transfer 
caused by convection depends on the air velocity. The convection contribution in 
the air curtain is divided up into the following two parts:  one describing the 
convection exchange between the air curtain and the frozen foods, and one 
describing the convection exchange between the air curtain and the surroundings. 
The convective heat and mass transport exchange with the surroundings depends 
on the geometry of the well case, the air velocity and the ambient air currents.  
The results show that the temperature of the foodstuffs depends on their position 
in the well case. The authors carried out experiments with two different ambient 
air velocities: 0.15 m/s and 0.28 m/s. The results show that even minor air 
currents in the surroundings can affect a horizontal air curtain, the function of 
which failed with an external air velocity of 0.28 m/s, with the result that the 
temperatures of the foodstuffs in the well case started to rise.  
 
Kröger. R [15] have investigated how display cabinets affect the temperature 
distribution and air flow in a climate chamber when carrying out tests in 
accordance with EN 441. They used temperature measurements to validate their 
model, in which the open front of the cabinet was treated as a boundary, with air 
flowing in at 90° at the top and out from the bottom at 45°.   
 
Van Oort and Van Gerwen [24] used the PHOENICS CFD code and the k-ε 
turbulence model to investigate various display cabinets. Measured values showed 
a good qualitative agreement with the modelled results. Smoke and temperature 
measurements were used to validate the theoretical models. 
 
Oliviera, Penot et al. [19] present a two-dimensional model of a vertical display 
cabinet having a double air curtain, using a finite volume method and the k-ε 
turbulence model. They compared their calculated results with experimental 
results, showing a qualitative agreement between the two. 
 
Foster and Quarini [13], Foster [11] have used CFD analysis, and report that CFD 
modelling in combination with experimental work provides an effective method 
of working. Their work has included investigation of the problem of cold aisles 
between display cabinets, when the cabinets are lined up facing each other and 
spilling cold air on to the floor. They recommend a methodology involving the 
use of smaller models instead of full-scale models when using CFD to investigate 
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various phenomena. Foster [12] has combined experimental work and modelling 
using the CFX code to investigate how the display cabinets affect ambient  
climatic conditions. To do this, he has used two models:  a large model for the 
entire shop, and a smaller, more detailed, model for investigation of the problem 
of cold aisles along lines of display cabinets. The small model was then used to 
investigate the efficacy of various ventilation systems on the local climate around 
the display cabinets. Input data for the models was provided by temperature 
measurements made using thermoelements and air velocity measurements 
obtained by hot-wire anemometers, with these measurements also being used for 
validation of the models. The results show that cold air spillage can be a problem.  
The display cabinets were modelled as solid objects, having an air inlet at the top 
and an outlet at the bottom. The conclusion of his work is that the models show a 
good qualitative agreement. 
 
Xiang and Tassou [26] have developed a dynamic CFD model of a vertical display 
cabinet, incorporating 1) the effect of frost on the air flow, temperature and 
humidity at the exit from the air coil, and 2) the temperature of the foodstuffs.  
They used an empirical model, using time-dependent boundary conditions from 
experimental data, to represent the frost build-up process. The foodstuffs were 
simulated by a conducting wall model, with heat transport within the foodstuffs 
being ignored. Both the air curtain and the discharge of cooled air through the 
backplate were treated as porous media. The model was stationary and 
two-dimensional. The turbulence model used was the RNG k-ε turbulence model.  
The results show that air flow through the backplate can result in a variation of 
temperatures on the shelves.  In a later work, Xiang and Tassou [27] used CFD to 
investigate the problem of cold floors along the front of display cabinets. Their 
model simulated the boundary between the display cabinet and the surroundings 
as a pressure boundary, which meant that air could flow both in and out of the 
cabinet. The effect of various measures in the heating and ventilating system, 
intended to reduce the problem of cold floors, was compared. The best 
performance is achieved if the cold air is sucked in at the bottom and returned at 
high level above the display cabinets, after having been heated to the same 
temperature as that of the interior of the shop.  Doing so saves energy and 
improves thermal comfort. 
 
Cortella, Manzan et al. [9] used their own PSIOME code, which is a dimensional 
calculation program based on the finite element method. Calculation is divided up 
into two steps, with heat transport in the foods and the air being calculated by two 
separate models, due to the fact that temperature changes in the foods and the air 
have different time constants. The temperature distribution in the foodstuffs was 
then determined separately using a conduction model. This method of carrying out 
the calculations in two steps has previously been used by Bobbo, Cortella et al. [4], 
using temperature measurements to visualise the flows in the cabinet. The 
calculations used constant surface temperatures as the boundary conditions. The 
air curtain was assumed to have a uniform velocity profile across the delivery jet, 
and the air flow from the backplate was modelled by defining an air velocity of 
0.1 m/s, discharged from the entire area of the backplate. The results indicate that 
an optimum delivery velocity for the air curtain is 0.6 m/s. The ability of the air 
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curtain to provide a boundary fails at a delivery velocity of 0.3 m/s, due to the fact 
that the air flow from the backplate interferes with the air flow in the air curtain. 
 
Cortella [6] describes calculations on a vertical display cabinet using the PSIOME 
CFD code and the LES (Large Eddy Simulation) turbulence model. The CFD 
model assumes that the foodstuffs have a constant surface temperature, based on 
measured values. The display cabinet, from which the measurements were taken 
and on which the calculations are based, is intended for chilled foodstuffs and has 
double air curtains. The model, which has a grid size of 20 000 cells, is 
two-dimensional, and does not consider air currents in the climate chamber. The 
author compares the calculated results with measured results made in accordance 
with EN 441. Although comparison of the calculated and measured temperatures 
in the air curtain extract connection show a difference of only 0.2 K, there is 
considerable difference in the calculated and measured cooling power require-
ments. The author suggests that one of the reasons for this discrepancy could be 
that the effect of air currents in the climate chamber was not considered in the 
model. The calculations never reach steady state or a periodic pattern. The 
criterion for stopping the calculations is based on the time mean value of the 
temperature at the air curtain extract connection no longer varying. It is interesting 
to note that the air curtain is most effective when the inner air curtain and the 
outer aircurtain have a low velocity (0.3 m/s). The heat input  due to infiltration is 
487 W/m. The simulation is performed with a fully loaded display cabinet and 
with a temperature of the foodstuffs of 6 °C and an ambient temperature of 25 °C. 
 
Cortella [7] describes the results of CFD calculations on vertical display cabinets, 
presenting them in the form of a heat balance. The CFD code used was PSIOME, 
and the model was similar to that described above. The author shows that CFD is 
an effective tool that can be used in the design of display cabinets. He also shows 
that the results provide a good qualitative agreement:  however, it is difficult to 
achieve quantitatively good results when using simple models, due to the vary 
complex and unstable boundary conditions. 
 
Cortella and D'Agaro [8] compare the results of calculations made using a 
PSIOME code, developed by them, with the commercial CFX code, which is 
three-dimensional and based on finite volumes. The calculations related to a 
display cabinet having three vertical air curtains, with the temperature being 
varied in the innermost air curtain and the calculated results being validated by 
measurements made in accordance with EN 441. The most energy-efficient 
arrangement was achieved when the air velocity was highest in the innermost air 
curtain and lowest in the outermost. Comparison of calculated and measured 
results showed that it was possible to reduce the uncertainty of calculation of the 
supplied cooling power (W/m) to below 4 % when using the PSIOME code with 
the LES turbulence model and a first-order discretisation scheme. The same 
operating case was then calculated using the commercial CFX code, with various 
discretisation schemes and turbulence models.  Of the calculations made using the 
CFX code, the best results were obtained using a stationary model, the k-ε 
turbulence model and a first-order discretisation scheme. This gave a difference 
between measured and calculated cooling power requirement of the order of 
100 %, while the other examples, with other discretisation schemes and 
turbulence models, produced even greater differences. The results show that the 
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differences are very large with different models. The models must be validated, 
even if they are to be used for sensitivity analyses in connection with investigating 
the effects of air supply velocities or temperatures. There must always be 
validated models, even if the work is being carried out using a commercial code.  
However, the calculated results obtained using PSIOME show that it is possible to 
achieve good agreement between calculated and measured cooling power 
requirements, of the order of <4 %. 
 
The conclusion that can be drawn from these projects is that experimental work in 
combination with CFD is an effective means of investigating the air flows in 
vertical display cabinets.  Investigations have been carried out both using finite 
element methods and finite volume methods. One of the purposes of this review 
of the literature has been to ascertain the assumptions and simplifications made by 
the various authors in order to perform the calculations. It is always necessary to 
strike a balance between the degree of detail and the necessary processing time.  
The most commonly used turbulence model is the k-ε model, but both Baleo, 
Guyonnaud et al. [3] and Stribling, Tassou  et al. [22] report that infiltration around 
the edge of the air curtain is overestimated, which means that the size and veloci-
ties of eddies are also overestimated. Morillon [16] suggests that the grid should be 
denser in the calculation area for the air curtain itself. Cortella, who works using a 
code that he has developed, uses the LES turbulence model.  Bobbo, Cortella et al. 
[4] and Cortella, Manzan et al. [9] suggest that the calculation of heat transport in 
the air curtain and heat transport in the chilled goods should be performed in two 
separate steps. This would see the heat transport in the air, which is mainly 
convective, being solved in a first step, followed by calculation of the heat 
transport in the chilled goods. The reason for doing this is that the time constant of 
heat transport in the foodstuffs is long (of the order of hours), while the time 
constant for heat transport in the air is of the order of seconds. 
 
It is common to use thermoelements, temperature-compensated anemometers and 
smoke for validation of the CFD calculations. Stribling, Tassou et al. [23] report 
that the temperature is not normally closely linked to the velocity, but that the 
velocity in a buoyant flow (as is the case with the air flow in display cabinets) is 
directly related to temperature as a result of the density gradients. Cortella uses 
temperature measurements at the air curtain extract position and energy balances 
of the entire cabinet for validation.  
 
The most detailed and accurate measurements of air flows in display cabinets 
have been made using Particle Imaging Velocimetry (PIV)), Laser Tomography 
or Laser Doppler methods.  Measurements have been made by Penot, 1995 #570], 
Penot, Garrabe et al. [20; Penot, Mousset et al. [21], Foster [11] and Morillon and 
Penot [18]. An advantage of these three methods is that they are non-contact 
methods, which means that making the measurements does not interfere with the 
flows. A drawback, on the other hand, is that they are demanding of resources in 
terms of both cost and time. Cortella [7] states that energy balances could be used 
instead, complemented by LDA and PIV when necessary to refine the CFD 
models.  Particle Imaging Velocimetry and Laser Tomography provide a picture 
of the velocity distribution, while Laser Doppler is used for measurements at 
specific discrete positions.   
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6.1.2 Influence of load arrangement 

This section refers to results from both experimental and theoretical investigations 
of how load changes affect the performance of a display cabinet. 
 
Camporese  [5] have conducted experimental investigations of how the 
arrangement of foodstuffs in a display cabinet affects the temperature distribution 
of the foodstuffs in the cabinets. Different test standards prescribe different 
loading principles, and the purpose of their work was to investigate how these 
different loading principles affect the performance of the cabinet. For testing, 
cabinets are loaded with standardised packages to represent the foodstuffs. The 
ISO and ASHRAE standards do not allow any spaces between the packets, while 
the DIN standard prescribes loading in columns 15 mm apart. The results show 
that different ways of loading affect the temperature of the foodstuffs during both 
day and night conditions (i.e. air curtain and night cover blind). 
 
Faramarzi [10] presents experimental results that show that the load arrangement 
does not affect energy use, but that it can affect the temperatures of the foodstuffs. 
 
Using CFD modelling, Foster [11] has investigated the effect of the load arrange-
ment by starting with a fully-loaded display cabinet and then progressively 
removing the shelves, one after the other, until the cabinet was empty. The results 
showed that the best performance and the lowest energy use were achieved with a 
full load. 
 
Hu, Fan et al. [14] have investigated how a closed vertical display cabinet is 
affected by load changes and changes in the hole pattern in the perforated back-
plate, with consideration of the following four cases: 
 
• An empty display cabinet 
• A full display cabinet 
• Regular perforations in the backplate 
• Irregular perforations in the backplate 

 
A standard k-ε turbulence model was used in their simulations. The results show 
that the air distribution is affected by the load, and that the best air distribution is 
achieved with an irregularly perforated backplate. 
 
All the authors mentioned above draw the conclusion that a display cabinet works 
best when it is fully loaded.  
 

6.2 Experiments 
An important element of the work in the experimental and theoretical investi-
gations described below has been to investigate how the air flow is affected by the 
positioning of the foodstuffs in the cabinet.  
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6.2.1 Experimental programme 

The measurements and calculations have been carried out on a 2.5 m long vertical 
display cabinet having a single air curtain, as shown in Figure 6.2. 
 

 
Figure 6.2 Schematic diagram of the display cabinet used for the measurements 

and calculations. 

 
All measurements were carried out under isothermal conditions in an ambient 
temperature of 20 °C.  The total volume flow, e,aV& , flowing through the cabinet 
extract grille was determined by measuring the characteristic of the cabinet's 
internal fan, as shown in Figure 6.3. The results of this calibration provided a fan 
curve that was then used to determine the air flow by means of an indirect method 
based on pressure drop measurements in the display cabinet. The air flow through 
the air curtain delivery grille, s,aV& , was measured indirectly by first measuring a 
velocity profile along the length of the air curtain using a hot-wire anemometer, 
and then calculating the air flow using Equation 6.1. It was assumed that the rest 
of the air flow, r,aV& , was discharged through the backplate of the display cabinet, 
in accordance with Equation 6.2.  
 

sss,a AvV ⋅=&  (Eq.6.1) 
 

s,ae,ar,a VVV &&& −=  (Eq.  6.2) 
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Figure 6.3 Measuring the display cabinet's fan curve. 

 
As a first step, the work started by measuring the air velocity of the air curtain 
supply in order to check for uniform velocity along the length of the air curtain.  
The results show that the velocity was uniform, which meant that the display 
cabinet could be assumed to be symmetrical, and the measurement programme 
could be reduced so that all measurements were made on the right-hand section of 
the cabinet. 
 
In order to validate the calculated results, the vertical velocity profile was 
measured at five horizontal positions on the shelves, as well as at two positions in 
the fore-and-aft direction of the shelves, 250 mm and 350 mm respectively from 
the backplate.   

 
Figure 6.4 The measurement positions in the display cabinet 

 
Figure 6.4, which represents the right-hand end of the cabinet, shows the measure-
ment positions. The numerals along the top identify the measurement positions, 
with measurement position no. 1 being closest to the centre of the cabinet. The 
distances between the measurement positions are shown at the bottom of the 
diagram.  On the shelves themselves, measurements were made in one to five 
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positions vertically at each measurement position. The air velocity measurements 
were made using a direction-insensitive hot-wire anemometer.  
 
Measured values of local velocities are needed in order to validate the calculated 
flow field. The ideal would have been to use non-contact measurement methods, 
such as PIV or LDA, which would have eliminated the risk of the sensors 
disturbing the flow field and reducing the accuracy of measurement.  
Unfortunately, resources were not available for the use of such methods. 
 

Empty cabinet Partly loaded cabinet Fully loaded cabinet 
   

 
   

Figure 6.5 The three load cases investigated. 

 
The measurement programme involved measurement of air velocities at all shelf 
levels, as described above, for the following cases (see Figure 6.5): 
 
• With the display cabinet empty. 
• With the cabinet partly loaded (shelves 2 and 4 unloaded). 
• With the cabinet full, in accordance with EN 441. 
• With the cabinet empty, with the backplate removed. 

 
A baffle plate is fitted downstream of the air coil in the cabinet air duct in order 
partly to even out the air curtain velocity in the lateral direction and partly to 
distribute the air between the air curtain and that to be discharged through the 
backplate (see Figure 6.6).   
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Figure 6.6 Schematic diagram of the display cabinet investigated. The ringed 

areas show parts which have been the most greatly simplified in the 
computer model. The arrows indicate the main air flow directions in 
the cabinet. 

 
The ringed areas in the diagram show those parts where the greatest simplifi-
cations have been made in the computer model.The arrows in the diagram indicate 
the main flow directions of the air in the cabinet. 
 
The measurements on the empty cabinet were repeated after removing the baffle 
plate described above, in order to investigate how it affected the air distribution 
over the shelves. Comparison of the two cases (with and without the baffle plate) 
showed the degree of detailing that was needed for the CFD model if it was to 
reproduce the true flow pattern on the shelves. 
 
Time mean values were calculated for all measurement positions. In order to 
validate the flow calculations, this was followed by calculation of the mean values 
of the resulting velocities for each position in the vertical direction (the y axis) 
and in the fore-and-aft direction (the x axis), based on four positions in the lateral 
direction (the z axis), 

41−xyz,mu .  The value closest to the side wall was excluded:  
see Equation 6.3. 
 

( )
432141 4

1
xyz,mxyz,mxyz,mxyz,mxyz,m uuuuu +++=

−
 (Eq.  6.3) 

 



 151 
 

The hot-wire anemometer was calibrated at various ambient temperatures, and the 
measured velocity was corrected for the particular ambient temperature. All 
measurement instruments were calibrated, and are traceable back to a National 
Standards Laboratory or to corresponding international laboratories. Report 
SP-AR 1997:44, Axell, Andersson et al. [1], gives details of all the instruments 
used in the work. Uncertainty of measurement calculations show that typical 
uncertainty of measurement of the mean value of the air velocity should be less 
than ±0.016 m/s, while that of air temperature should be ±1 K and of air flow 
should be ±3 %. 

6.2.2 Experimental results 

The results of the experimental work are reproduced in their entirety in the SP-AR 
1997:44 report by Axell, Andersson et al. [1]. The air velocity measurements were 
made using a hot-wire anemometer, calibrated at various ambient temperatures. 
The air temperature was measured in connection with the velocity measurements, 
which were then corrected for temperature. With empty shelves, the variations in 
horizontal mean velocity over the shelves was relatively little, as shown in Figure 
6.7. 
 
The loads on the shelves tend to block the air flow, reducing the free 
cross-sectional area available above each shelf. Figures 6.7 show that the variation 
in velocity in the horizontal plane is somewhat greater with loaded shelves, and 
that the resulting time mean value of velocity is generally higher both for partly 
loaded and for fully loaded shelves. 
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Figure 6.7 Velocity variations in a display cabinet in the horizontal direction. 
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Figure 6.8 Air velocity variations in the vertical direction in an empty display 
cabinet. 

 
Figure 6.8 shows that there is a relatively substantial variation in velocity between 
the individual shelves, of the order of  0.1 m/s to more than 0.3 m/s in the empty 
cabinet. 
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Figure 6.9 Mean velocity at various positions in the vertical direction on shelf 
no. 2, as a function of horizontal distance from the centre line of the 
cabinet.  'h' is defined in the diagram as the height above the shelf.   
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Figure 6.9 shows the results of velocity measurements under isothermal 
conditions with an empty cabinet. It can be seen that there were noticeable 
differences in the vertical direction on individual shelf levels. 
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Figure 6.10 Air velocity variations in the horizontal direction over shelf no. 5.  'h' 
is defined in the diagram as the height above the shelf. These 
measurements were made in an empty cabinet. 

 
The variations in air velocity between one shelf and another were considerable 
when the baffle plate, the purpose of which was to smooth out the air flow and to 
distribute it between the air curtain and the backplate, was removed. This change 
was greatest over the bottom shelf, with the velocity increasing from < 0.2 m/s to 
> 0.3 m/s:  see Figure 6.10. It should also be noted that there is considerable 
variation in velocity in the horizontal direction. It can be seen from the figure that 
the velocities are much higher at the end of the display cabinet without the baffle 
plate, as compared with the velocities measured with the baffle plate.  
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Figure 6.11 Air velocity variations in the vertical direction. The velocity sensor 

was installed 350 mm from the backplate. Measurements made 
under isothermal conditions. 
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Figure 6.11 shows that both the relationship between the velocities over the 
shelves and the absolute value of the velocity change in response to the load on 
the shelves. 

6.3 Simulation  
The simulations were performed using the SOFIE CFD code with the k-ε 
turbulence model: more details of the SOFIE code are given by Welch and Rubini 
[25]. 

6.3.1  Influence of the load arrangement 

A two-dimensional model of a vertical display cabinet was used to investigate the 
effect of the load in the air flow over the shelves. The model consisted of the 
display cabinet and an area extending 600 mm in front of it. The model was 
stationary, and the calculations were performed for isothermal conditions. The 
boundary for the surroundings was set as a pressure boundary, while the shelves 
and load were set as inactive blocks. The measured air flow in the return from the 
air curtain was used as an inlet condition for the model. The fan was replaced by 
an inlet condition that maintained a constant flow, which means that 'flow in = 
flow out'. Measurements and calculations were performed for the following three 
cases, as shown in Figure 6.5: 
 
1. An empty cabinet. 
2. A partly loaded cabinet (shelves 2 and 4 empty). 
3. A loaded cabinet in accordance with EN 441:3. 
4. An empty cabinet with the air distribution baffle plate removed. 
 
The number of calculation cells was about 100 000, which meant that the 
calculations took a relatively long time. The measurements showed that the 
distribution baffle affects the air flow over the shelves, which meant that it had to 
be included in the model. The two-dimensional model was calibrated for the case 
of the empty cabinet. Calibration included calibration of the supply to the air 
curtain and the design of the baffle in the model. It can be seen from Figure 6.12 
that all parts were simulated using straight, perpendicular lines.  This is because 
the SOFIE model uses Cartesian coordinate systems, and is not capable of dealing 
with curved parts.  Nor does it include any multiblock function, which means that 
all grid lines in the x and y axes run through the entire geometry. A grid 
sensitivity analysis was also performed as part of the work of calibration. 
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Figure 6.12 Schematic diagram of the display cabinet investigated. The ringed 
areas show parts which have been the most greatly simplified in the 
computer model. The enlarged views on the right show how the 
model treats them. The arrows indicate the main air flow directions 
in the cabinet. 

 
The experimental results show that the velocity varies somewhat in the horizontal 
direction, and so the experimental values used for comparison with the calculated 
values are therefore mean values based on measured values from measurement 
positions 1-4 in the horizontal direction (see Figure 6.4). Measured values from 
position 5 have been excluded, in order to avoid the influence of boundary effects 
caused by the end walls of the display cabinet. This is because, in certain cases, 
the experimental results show that the measured values from the ends of the 
cabinet clearly differ from the other values. 
 
In all cases, the calculated velocities are resultant velocities, as the measurements 
were made using a direction-insensitive sensor, which produces a resultant 
velocity measurement. However, the results from the calculated velocities show 
that it is the velocity component u in the x-direction that dominates. 
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Figure 6.13 Velocity profiles in the vertical direction. Heights as shown in the 

diagram are as measured from the lower surface up to the top of the 
cabinet. Comparison between calculated and measured velocities. The 
lines indicate the calculated values, and the triangles indicate the 
measured values. 
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The calculated results from the two-dimensional full-scale model show 
qualitatively good agreement with the measured values. For the empty cabinet, 
there is a substantial variation in velocities between the shelves (0.1 m/s to > 
0.3 m/s). There were also considerable differences in speeds in the vertical 
direction. The effect of loads on the shelves changes the relationships between the 
shelf velocities and the magnitude of the velocity: see Figure 6.13. The highest 
velocities, and the most uniform velocity profile in the vertical direction, are 
achieved with a fully-loaded cabinet, and it is also for this cabinet that there is the 
best agreement between calculated and measured values. One explanation for best 
agreement in this case could be that the velocities are highest, with the result that 
the accuracies of measurement are also highest. It is difficult to measure low air 
velocities (less than 0.1 m/s) using hot-wire anemometers. 
 
As there is such a difference between the measured velocities and the calculated 
velocities, the measured values have been checked as follows. The measured 
velocities have been compared with the measured air flow through the cabinet 
backplate, r,aV& . As the air flow over each shelf is calculated from the velocity 
measurements and the cross-sectional area of the shelf zone, the total flow has 
been calculated by adding the air flows over each shelf, in accordance with 
Equations 6.4 and 6.5. As used in the equations, the mean velocity over any shelf 
x is the mean value of the mean velocity, ,u xyz,m for all positions in vertical direct 
y over shelf x.   

∑=
=

n

j
zxy,mshelfx,m j

u
n

u
1

1  (Eq.  6.4) 
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uAu

AuAuAuAV

⋅+⋅

⋅+⋅+⋅+⋅=&
 (Eq.  6.5) 

 
The sum of the air flows over all the shelves was then compared with the total 
measured air flow.  The results showed that the calculated air flow through the 
backplate, as given by Equation 6.5, was greater than the measured air flow from 
Equation 6.2. The comparison also showed that the air flow was overestimated 
most for the empty cabinet, which indicates that the measured velocities for the 
empty cabinet are those that differ the most. This comparison supports the 
explanation for why the best agreement between the CFD-calculated values and 
measured values are obtained for the fully-loaded cabinet. 

6.3.2 Influence of the hole pattern in the backplate  

Experience from working on the full-scale model showed that a high degree of 
detailing was needed in order to ensure qualitatively good results, which meant 
that it was time-consuming to determine the geometry of a full-scale model. A 
sub-model was therefore developed for a single shelf when investigating the air 
flow through the cabinet backplate. The actual pattern of holes in a model of a 
single shelf was replaced by various other patterns of holes. The model was 
stationary and isothermal. The k-ε turbulence model was used, in a 
three-dimensional model with assumed symmetry in the transverse direction.   
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There were two purposes for developing this model: 
 
1. To investigate whether the real hole model could be replaced by a simpler 

pattern that would require less work during the pre-processing stage, 
allowing the use of a coarser grid and thus also saving calculation time.  

 
2. To investigate how the hole pattern in the backplate affects air flow over the 

shelves. 
 
A model of a single shelf was developed in order to investigate whether calcula-
tion time could be reduced through the use of a coarser grid: the idea was to see 
whether it was possible to replace the actual hole pattern by a simpler geometry. 
 
The actual hole pattern consisted of lines of uniformly distributed round holes, as 
shown in Figure 6.14. This was compared with the following three alternative 
patterns: 
 
1. Square holes, having the same hydraulic diameter as the circular holes. 
2. Thin slits, providing the same open area as that of the true hole pattern. 
3. Wide slits, with the width of the slits being the same as the diameter of the 

holes. 
 
Figure 6.14 shows the true hole pattern on the left (a), with the three alternative 
hole patterns (b-d) on the right. 
 

Actual hole pattern Model 1, square holes Model 2, narrow slits Model 3, wide slits 
    

  
a b c d 
Figure 6.14 Schematic diagram of the hole patterns in the backplate. 

 



 161 
 

The results from the various models were compared, and the velocity profiles at 
different positions in the fore-and-aft directions on the shelf were investigated. 
The results showed that it was not until the air flow reached the front of the shelf 
that the various velocity profiles were the same and of the same magnitude, and 
thus were no longer affected by the shape or size of the holes in the backplate: see 
Figure 6.15. 
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Figure 6.15 a) Calculated velocity profiles over shelf no. 2 at various positions 

in front of the backplate.  The holes, narrow slits and wide slits 
are as shown in Figure 6.14.  
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Figure 6.15 b) Measured velocity profiles over shelf no. 2 at various positions in 

front of the backplate.  The holes, narrow slits and wide slits are 
as shown in Figure 6.14.  

 
The results showed that it was not acceptable to use simpler models of the air flow 
from the backplate over the shelves if the objective was to investigate the air flow 
and cooling of the foodstuffs on the shelves resulting from forced convection.  
However, if the purpose of the modelling was to investigate how the air flow from 
the backplate affects performance of the air curtain, the results show that it is 
acceptable to employ a simpler geometry of the backplate in order to reduce 
calculation time. 
 
The calculated values were compared with measured results for a position 
350 mm in front of the backplate. It is possible only to make a qualitative 
comparison, and to compare the shapes of the velocity profiles. The measure-
ments and calculations were made for an empty shelf, with low air velocities, with 
measured values being in the range 0.03 m/s up to 0.16 m/s. The calculated air 
flow rate through the backplate was based on measurements of air flow as 
described above in Section 6.2. The hole pattern was uniformly distributed across 
the entire backplate, and the air flow through it and over the shelf under investi-
gation was based on an assumption that the air distribution between shelves would 
be proportional to the aperture area through the backplate of the shelf in relation 
to the aperture area of the entire backplate. 
 
It can be noted that there is a qualitative agreement between the measured and 
calculated values in respect of the shapes of the velocity profiles. There are two 
explanations for the fact that the quantitative difference is relatively great.  1) It is 
difficult to measure air velocities below 0.1 m/s. The uncertainty of measurement 
is calculated as being less than 0.016 m/s under isothermal conditions.  2) The 
assumption that the air distributes itself uniformly over the entire backplate does 
not quite agree with reality: Measurements showed that the velocity varied in the 
vertical direction. 
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6.3.3 The effect of load variations from front to back of 
the shelves 

The effects of the load were investigated using a load as prescribed in EN 441, 
varying it in depth (the x-direction of the shelf) as follows: 1) an empty shelf, 2) 
100 % full, 3) 95 % full, 4) 75 % full and 5) 50 % full.  In all cases, the load was 
regarded as starting from the front edge of the shelf.  Calculated values show a 
qualitatively good agreement for the model using the square holes: see Figure 
6.16.  
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Figure 6.16 a) Calculated velocity profiles with 50 % load as a function of 

height from the shelf for three different types of backplate hole 
patterns at a position 400 mm from the rear.  
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Figure 6.16 b) Calculated velocity profiles with 95 % load as a function of from 

the shelf for three different types of backplate hole patterns height 
at a position 400 mm from the rear.  

 
Figure 6.16 shows that, with a 50 % load on the shelf (starting from the front of 
the shelf), the effect of the different hole patterns is very small when compared 
with the results for the 95 % load case. In the 50 % load case, the empty volume 
behind the load serves as a pressure-smoothing chamber. The dotted line indicates 
the position of the theoretical section for which the calculated results are shown, 
400 mm in front of the backplate. 
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6.4 Conclusions 
The various CFD models returned qualitative agreements with the measured 
results. The velocity profile over the shelves was strongly dependent on the load.  
The best agreement was achieved in the case of a full shelf load, which was also 
the case that provided the highest velocities and the most even velocity distribu-
tion in the vertical direction. One reason for the best agreement being achieved 
with a fully loaded cabinet may be that the velocities are higher:  the measurement 
error becomes proportionally excessive at low velocities below 0.1 m/s. 
 
The size, shape and distribution of the aperture area in the cabinet backplate 
affects the velocity profile on the shelves. The present results agree well with 
those obtained by Hu, Fan et al. [14]. However, it should be noted that their 
calculations relate to a display cabinet fitted with doors.  
 
The results show that, when investigating the performance of the air curtain, it is 
reasonable to use a simpler assumption for air flow from the backplate. However, 
if it is the air distribution over the shelves and the cooling of the foodstuffs on the 
shelves that are to be investigated, the way in which the air is supplied through the 
backplate is very important. 
 
The results show that the cabinet is sensitive to changes in load, which agrees 
with the conclusions reached by Camporese [5], Faramarzi [10] and Foster [11].  
The further conclusion from this is that, in reality, and out in the shop, it is likely 
that the load in the cabinet, and the way in which the load varies during the 
day/week, will affect the temperature quality of the foodstuffs. The air distribution 
for chilling the foodstuffs in the cabinet should therefore be improved. However, 
the work described by Foster covered the case in which both the shelves and the 
foodstuffs had been removed. Removing the shelves from a display cabinet, or 
sloping them as shown in Figure 3.1, interferes with the air flow through the 
cabinet. Although the primary purpose of the shelves is to carry the foodstuffs, 
they also naturally serve to direct the air flow from the backplate. The cold air in a 
display cabinet tends to fall, and so removal of the shelves will change the flow 
pattern.  
 
A combination of CFD simulations and experimental work has shown itself to be 
an effective way of working. Full-scale models of display cabinets require not 
only a considerable amount of work during the pre-processing stage, but also a 
long processing time. One of the major reasons for this is the fact that display 
cabinets are large, with height and width dimensions in metres, while holes, slits 
and other flow details have to be described in millimetres in order to ensure 
accurate results. This involves a combination of detailed work during the 
pre-processing stage, together with a fine grid, leading to long processing times.  
The number of cells required for the full-scale model was of the order of about 
100 000, which should be compared with the values employed for the various 
works in the literature review, which are of the order of 10 000-20 000. However, 
it must be noted that none of these models attempted to simulate the entire display 
cabinet, including the air ducts in the back of the cabinet.  The full-scale model 
covered the entire cabinet 
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Figure 6.17 shows how important it is to reproduce small details that can affect 
the flow as correctly as possible:  if not, the velocity profile results can be 
seriously affected.   
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Figure 6.17 A comparison of simulated and measured air velocities as a function 

of height in an empty display cabinet, as measured 250 mm in front 
of the backplate. The solid lines represent the simulated values, while 
the crosses indicate the measured values.   

 
It is time-consuming to develop and calibrate full-scale models when small 
flow-related details can have a considerable effect on the results. The diagrams 
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show the effect that the baffle plate has on the velocity profile across the shelves.  
The methodology of using small sub-models for investigation of various flow 
phenomena, such as for detailed investigation of the air flow over a shelf, is an 
effective way of working. The results can subsequently be incorporated in a 
full-scale model when there is better knowledge of the possible effects of various 
simplifications on the final results. The measurements and calculations show that 
a high degree of detailing is required in order to describe the flow patterns 
throughout the cabinet. The example of the bent baffle shows the importance of 
calibrating the models against experimental results. 
 
Experience shows that it is difficult to measure low air velocities (less than 
0.1 m/s) using hot-wire anemometers. The measurements take a long time, and 
any attempts to speed up the process by making measurements at several positions 
at once should be carried out with considerable care, as self-induced convection 
around the sensors can result in incorrect results at low air velocities. If possible, 
in order to reduce the risks of interference caused by the sensors themselves, 
measurements of air velocity should be made by some non-contact method. 
 
The commonest methods of measurement used for calibration of CFD models of 
refrigerated display cabinets are hot-wire anemometers, smoke and thermo-
couples. Thermocouples can be used only under non-isothermal conditions. An 
alternative method that can be used to validate the models is that of energy 
balances, which has the major advantage of requiring very much less in the way of 
measurement equipment. 
 
It is possible to measure air velocities by non-contact methods:  examples of such 
methods are PIV, Laser Tomography and Laser Doppler measurements. They 
provide higher accuracy, and can be used down to lower air velocities. Unfortu-
nately, they require considerably more in the way of resources. 
 
The conclusion is that the choice of measurement method to validate the models 
depends on what the purpose of the models is. Non-contact methods are required 
if the objective is detailed investigation of flow phenomena in the air curtain. If, 
however, the objective is to investigate the efficacy of the air curtain and the 
display cabinet, it is perfectly acceptable to work with temperature measurements 
and energy balances. 
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7 Simulation and experiments on air 
curtains 

The purpose of this chapter is to describe the parameters that affect the efficacy of 
an air curtain. Analysis of the energy flows in a display cabinet, as described in 
Chapter 5, shows that infiltration accounts for about 60-70 % of the total inward 
heat leakage in an open vertical display cabinet. In other words, the air curtain is 
the single component that has by far the most effect on the energy efficiency of a 
display cabinet. 
 
In order to develop efficient air curtains, there needs to be a method of character-
ising the efficiency of air curtains, an analysis of the factors that affect their 
efficiency and a description of the ways in which these various factors affect the 
efficiency. 

7.1 Review of previous work 
Several authors or teams are engaged in CFD modelling of display cabinets and 
air curtains. Section 6.1 describes the results of CFD analyses of air flows in 
display cabinets and air curtains in general. The review of the literature on the 
following pages (which is concentrated more specific on air curtains) provides an 
overview of technical development, reference to a number of special investi-
gations concentrating on air curtains and various methods of evaluating the 
efficacy of air curtains.  
 

7.1.1 Technical development 

The development of air curtains has passed from a single air curtain to several 
parallel curtains.  Nearly 40 years ago, in 1965, [Jennings, 1965 #723], suggested 
a solution in the form of two parallel air curtains intended for the protection of 
frozen foods. However, a single air curtain can still be more effective than an air 
curtain consisting of several parallel streams. Both Axell and Fahlén [2] and 
Faramarzi and Kemp [10] describe the results of measurements on energy-efficient 
display cabinets having single air curtains. However, it is generally most common 
to have several parallel air curtains in vertical display cabinets intended to store 
frozen foods that require particularly low stock temperatures, e.g. open vertical 
freezer display cabinets, requiring stock temperatures of below -18 °C.  
 
In a multi-curtain vertical display cabinet, the innermost curtain is always of re-
circulating type. A recirculating air curtain can be regarded as a closed circuit, in 
which an 'ideal curtain' would have the same temperature at the supply position as 
at the extraction point. The outer curtains can be either recirculating or 
non-recirculating. Dupre [8] uses the temperature difference between the supply 
and extract temperatures to classify the efficacy of various types of air curtains 
(see Table 7.1)  
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Table 7.1 Classification of the efficacy of air curtains, based on the temperature 
difference between the supply and return positions, Dupre [8].  

 
Air curtain Temperature difference 

(ta,e-ta,s) K 
Single air curtain 8 
Double air curtain 6 
Double air curtain with recirculation 4 
Triple air curtain with recirculation 2 
Ideal air curtain 0 

 
Adams [1] reports that, optimally, an air curtain should be designed so that mixing 
is maximum on the cold inside and minimum on the warm outside. To achieve 
this requires the supply opening to be designed so that the air velocity is lower on 
the outside, i.e. on the 'warm' side.  
 
Howell and Adams [16] describe technical data for five different types of vertical 
display cabinets having vertical air curtains, with delivery velocities varying 
between 0.6 m/s up to 4 m/s, as shown in Table 7.2. Note that the air curtain 
velocity in the vertical cabinets intended for frozen foods is four times higher than 
that in the cabinets intended only for chilled foods.  
 

Table 7.2 Technical data for vertical air curtains in display cabinets intended for 
operation at various storage temperatures, Howell and Adams [16] . 

 
Temperature Air curtain 

 
Display 
cabinet 

Supply 
 

(°C) 

Interior 
 

(°C) 

Return
 

(°C) 

Width 
 

(m) 

Height
 

(m) 

Supply 
velocity 

(m/s) 

Specific 
heat 

extraction 
rate 

 
(W/m) 

Multi-shelf, 
meat 

 
-4 

 
-1.7 

 
1 

 
0.076 

 
1.04 

 
1.1 

 
1428 

Multi-shelf, 
dairy 

 
2 

 
5 

 
8 

 
0.076 

 
1.37 

 
0.9 

 
1312 

Multi-shelf, 
deli 

 
0 

 
2.8 

 
2.7 

 
0.109 

 
1.32 

 
0.9 

 
1408 

Multi-shelf, 
produce 

 
2 

 
4 

 
4.4 

 
0.041 

 
1.22 

 
0.6 

 
696 

Multi-shelf, 
frozen food 

 
-23 

 
-20 

 
-18 

 
0.076 

 
1.32 

 
4 

 
1509 

 
Cortella, Manzan et al. [7] have performed CFD calculations on a vertical display 
cabinet having a single air curtain. They report that a velocity of 0.6 m/s was 
optimum for the particular display cabinet concerned, and that a common velocity 
range for air curtains in display cabinets is between 0.5 and 0.8 m/s. Morillon [20] 
reports that the trend is towards lower velocities of air curtains.  



 173 
 

7.1.2 Investigations concentrated on air curtains 

A vertical air curtain in a display cabinet is intended to separate two bodies of air, 
having a mutual temperature difference of 20-30 K. One type of air curtain that is 
common in display cabinets consists of a non-isothermal, recirculating vertical 
curtain, with air supplied at the top and extracted at the bottom, for references see 
section 1.6.2. The following discussion also includes investigations of air curtains 
in other applications, i.e. not installed in display cabinets. 
 
The efficiency of an air curtain depends on the following parameters (see 
Figure 7.1): 
 
1. The width of the supply opening, bs  
2. The height, H  
3. The supply velocity, vs  
4. The turbulence intensity, Ti 
5. The air curtain angle at the inlet, αs  
 

 
Figure 7.1 Important parameters that are important for the air curtain efficiency. 

The air curtain angle being positive to the cold interior. 

 
In this thesis, the x-direction is defined as being positive in the direction from the 
backplate of the cabinet towards the front, while the air curtain blows downwards 
in a negative y-axis direction, as shown in Figure 7.2. 
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Figure 7.2 Definition of the coordinate system and directions as used for defining 

positions and directions in this thesis. (Note that the velocity in y- 
direction in the air curtain is negative according to the coordinate 
system.) 

 
The velocity in the x-direction, u, consists of a mean velocity, U, and a fluctuating 
component, u’:  see Equation 7.1.  
 

uUu ′+=   (Eq. 7.1) 
 
In the same way, the velocity in the y-direction is v, while that in the z-direction is 
w, in accordance with Equations 7.2 and 7.3. 
 

vVv ′+=   (Eq. 7.2) 
 

wWw ′+=  (Eq. 7.3) 
 
The air flow in the air curtain can be divided up into the following three regimes 
from the supply down to the return grille (extract): 
 
1. A transition zone, in which the flow rate is constant. 
2. A fully developed zone, with a fully developed velocity profile and falling 

velocity. 
3. A recovery zone,  with a velocity profile and flow rate depending on the 

design of the return grille. 
 
The flowrate in the transition zone is constant, equal to the supply velocity, vs.  
Schlichting [21] shows that the length of this zone is a function of the width of the 
supply opening, as shown in Equation 7.4.  
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sb.y ⋅= 25   (Eq. 7.4) 
 
Hayes and Stoecker [13] subsequently showed that the length of the transition 
zone, y, as defined in Equation 7.4, is valid for a turbulence intensity Ti < 1 %.  
Van Nuygen and Howell [22] showed that the length of the transition zone in 
which the velocity is constant depends on the intensity of turbulence, Ti, in the 
delivery jet. At higher turbulence intensities, the jet quickly widens.  I have inter-
preted the Van Nuygen and Howell [22] definition of the length of the transition 
zone in the form as shown in Equation 7.5. In other words, the length of the 
transition zone is reduced as the turbulence intensity increases. 
 

( )is T..by ⋅−⋅= 2660395   (Eq. 7.5) 
 
This equation is valid for higher intensities of turbulence, 2 % < Ti < 15 %.  The 
experimental results show that the air velocity in the centre line of the air curtain 
departs from the value in the fully devloped zone, regardless of the value of inten-
sity of turbulence in the delivery jet.  Van Nuygen´s and Howell´s [22] experi-
ments were carried out with delivery velocities of 2.05 m/s, 4.11 m/s and 
8.22 m/s, which are relatively high velocities in comparison with typical velocities 
of a vertical air curtain in display cabinets for chilled foods, as shown in Table 
7.2. 
  
The turbulence intensity, Ti, is a function of the kinetic energy, k, and the  result-
ing mean velocity, um:  see Equations 7.6 and 7.7. 
 

( )222
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1 wvuk ′+′+′⋅=   (Eq. 7.6) 
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=   (Eq. 7.7) 

 
According to the van Nuygen definition, the length of the transition zone is a 
function of the turbulence intensity and the width at the delivery position.  The 
velocity profile is fully developed in the following fully developed zone, with the 
result that both the centre velocity and the mean velocity fall, v < vs. In the recov-
ery zone, both the absolute velocity and the velocity profile in a recirculating air 
curtain are affected by the design of the extract grille opening. 
 
Hetsroni, Hall et al. [15] have investigated a symmetrical, recirculating, 
non-isothermal air curtain having a low turbulence intensity (< 1 %). However, 
this air curtain was not installed in a display cabinet in their work. Their results 
show that the air curtain velocity falls approximately in proportion to the square 
root of the distance from the delivery position down towards the return connection 
(extract). In order to maintain the mass flow rate of the moving air, air is drawn 
into both sides of the jet in order to compensate for the falling air velocity and 
thus to increase the mass flow in the air curtain. This mass flow rate increases in 
proportion to the square root of the distance from the delivery jet, reaching a 
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maximum at a position downstream of the delivery position. At this position, the 
admixture of the ambient air is greatest. The mass flow rate then declines in the 
direction down towards the extract, finally reaching a constant value in the re-
circulating circuit. This means that the surplus air is discarded on both sides of the 
symmetrical air curtain. 
 
Hetsroni and Hall [14] present an experimentally validated correlation for the heat 
transport through a symmetrical, recirculating non-isothermal air curtain.  
 

sb
HRe.

Pr
Nu ⋅⋅⋅= 208080  (Eq. 7.8) 

 

Validity range: 141000251000 <⋅⋅<
sb
HRe  

 
Equation 7.8, which is valid for turbulence intensities less than 1 %, has a maxi-
mum deviation of ± 20 % in relation to the experimental data. 
 
Hayes and Stoecker [12], who have investigated thin, high-velocity 
non-recirculating air curtains under both isothermal and non-isothermal 
conditions, defines a dimensionless number (the deflection modulus, Dm) that 
describes the ability to provide proper sealing of the cabinet. According to 
Equations 7.9 and 7.10, this ability depends on the momentum of air supplied and 
the magnitude of horizontal forces acting on the air curtain. 
 

Original momentum of air in the vertical direction 
Dm =        ---------------------------------------------------------------- (Eq. 7.9) 

Transverse forces which act to deflect the curtain 
(Horizontal) 
   

   
 

)(Hg
vbD

amb,aint,a

sss
m ρρ

ρ
−⋅⋅

⋅⋅= 2

2

 (Eq. 7.10) 

 
The horizontal forces are a function of the total pressure difference across the air 
curtain. Hayes [12] shows that the horizontal force due to the temperature 
difference between the cold atmosphere inside the display cabinets and the warm 
ambient air dominates, while the horizontal force resulting from the rise in 
pressure caused by air recirculating into the cold side can be neglected. The 
resulting horizontal force is therefore created by the temperature difference, which 
acts by causing a difference in density between the delivery position and the 
neutral zone, which is the vertical position at which the pressure difference is 
zero. 
 
Due to this difference in density, the air curtain tries to deflect towards the cold 
side. If there is insufficient momentum of air, the air curtain is unable to separate 
the cold and warm air bodies. On the other hand, an unnecessarily high mass flow, 
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i.e. much higher than is needed in order to separate the two air zones, results in 
excessive heat transport due to increased admixture of warm ambient air. 
 
To minimise heat transport through the air curtain requires the air curtain to be 
optimised such that the momentum of air in vertical direction just overcomes the 
horizontal forces. However, Hayes [12] recommends that there should be a safety 
margin, doubling the momentum of moving air in relation to the minimum level. 
Hayes and Stoecker [13] show that the minimum value of the deflection modulus 
when the air curtain is seals properly, lies between 0.12 and 0.25 for a warmed air 
curtain, with low turbulence and with a delivery angle between +30° and -15°, and 
with an H/bs ratio between 10 and 100.  
 
Figure 7.3 shows that, for each air curtain configuration, there is a value of the 
deflection modulus at which heat transport through the air curtain is minimised.  
Hayes [12] uses a dimensionless expression for the heat transport, Nu /( Re⋅ Pr), 
which is a function of bs, H and vs. Equations 7.11 and 7.12 show which charac-
teristic length are used for calculating Nusselt's number and Reynold's number.  
 

λ
α HNu c ⋅=  (Eq. 7.11) 

 

µ
ρ sss vbRe ⋅⋅=  (Eq. 7.12) 
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Theoretical analysis of heat transfer versus 
deflection modulus. 

Comparison of experimental and calculated 
heat transfer rates, (Indices c=interior,  
w = a,amb). 

 

Figure 7.3 Heat transport through the air curtain as a function of the deflection modulus, a 
given by Hayes [12] 

 
Figure 7.3 shows that the heat transport increases substantially when the deflec-
tion modulus is below the value at which the air curtain ceases to seal properly. 
The diagrams also show that heat transport through the curtain is lower for a 
lower height/width ratio.  
 
Figure 7.3 shows that the heat transport is to a great extent is affected by the 
height/width ratio, H/bs, of the air curtain. The delivery angle has only little effect 
when the value of the deflection modulus is well above the limit at which the air 
curtain seals properly. However, at low deflection moduli, which are relevant for 
air curtains when heat transport needs to be minimised, the effect of the delivery 
angle cannot be ignored.  
 
Hayes and Stoecker [13] provide recommendations for the case of a 
non-recirculating air curtain, intended to provide good protection. The following 
parameters are important for a given height, H, and temperature difference: 
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• The air curtain delivery angle, αs 
• The width of the air curtain, bs 
• The air delivery velocity, vs 
 
In their experimental investigations of a recirculating air curtain, Howell and 
Shiabata [17] have varied the delivery velocity between 0.8 m/s and 5.2 m/s, and 
draw the following conclusions from the results: 
 
• There is a minimum value of deflection modulus when the air curtain is 

providing proper sealing. 
• Initial turbulence intensity has a moderate effect on the heat transfer rate 

through an air curtain. 
• The total heat transfer through a recirculated air curtain is directly pro-

portional to the initial jet velocity and the temperature difference across the 
air curtain. 

• Transverse and longitudinal temperature differences can be used as corre-
lating parameters for recirculated air curtains. 

• The heat transfer rate (Nu/Re⋅Pr) correlates well with the deflection 
modulus Dm. 

• It exists a value of Dm for each air curtain configuration which minimizes 
the rate of heat transfer across the air curtain. 

 
The authors' results show that a short air curtain will provide full protection at a 
lower supply velocity. The experimental results shown in Figure 7.4 show that, 
expressed as Nu / (Re⋅ Pr), the heat transport across the air curtain can be 
described with the deflection modulus , Dm. 
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H/bs=15 

 
 
 

H/bs=23 

Figure 7.4 Dimensionless heat transport through the air curtain as a function of 
deflection modulus; Howell and Shiabata [17].   

 
For a vertical air curtain installed in a refrigerated display cabinet it is the case 
with minimum heat transport through the air curtain that is of interest to investi-
gate. It is therefore interesting to identify the lowest value of deflection modulus for 
which the air curtain provides full sealing. 
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From the above reasoning we can draw the conclusion that, for each and every air 
curtain, and for a given ambient climate, there is a optimum delivery velocity at 
which the air curtain is stable. It is at this lowest delivery velocity that heat 
transport through the air curtain is minimised. The value of the deflection 
modulus falls with increasing ambient temperature, which means that an air 
curtain must be designed for the warmest ambient temperature. As the tempera-
ture falls, the stability of the air curtain increases due to the fact that the horizontal 
forces caused by density variations decrease. 
 
The conclusion from this review of the literature is that it is the height/width ratio 
and the delivery velocity that are the parameters that have the most effect on the 
performance of the air curtain. Vertical air curtains in display cabinets must be 
designed in such a way as to minimise heat transport. Based on the above 
reasoning, this means that the lowest deflection modulus for which the air curtain 
provides full protection must be identified for the design ambient temperature.  In 
the case of an air curtain with a optimum low delivery velocity (i.e. so that it just 
precisely provides full protection), it is likely that neither the delivery angle nor 
the turbulence intensity can be neglected. 
 
Figures 7.3 and 7.4 show that the optimum value of the deflection modulus, when 
heat transport through the curtain is at a minimum, varies. Hayes [12] states that 
the optimum value of the deflection modulus is between 0.12 and 0.25 when the 
turbulence intensity is less than 1%. The results in Figure 7.4, for conditions when 
both the delivery velocities and the turbulence intensity are higher, show that the 
value of the deflection modulus when heat transport is at a minimum is about 1. 
 
An air curtain can be divided into three regimes. In the regime closest to the 
delivery jet, the velocity at the centre of the air curtain is constant. Further down-
stream in the air curtain, both the centre velocity and the mean velocity of the air 
curtain fall.  For turbulence intensities below 1 %, the length of the transition zone 
is a function only of the width of the air curtain. If the turbulence intensity 
increases above 1 %, the length of the transition zone changes from being a 
function of width at the delivery position to being a function of the width and the 
turbulence intensity. The length of the transition zone reduces with increasing 
turbulence intensity. However, according to Van Nuygen and Howell [22], 
increased turbulence intensity does not affect the reduction in velocity that occurs 
in the fully developed zone.             

7.1.3 Characterisation of the function of air curtains 

The following review of the literature describes various methods of characterising 
the function of an air curtain. 
 
Hayes [12] uses two different parameters to describe the stability of an air curtain. 
The first of these is the position in the horizontal direction of the maximum 
velocity of the air jet, in relation to the inlet width of the air curtain, as shown in 
Equation 7.13, which thus describes the departure of the air curtain from its initial 
centre line. 
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 (Eq. 7.13) 

 
The second measure is the corresponding coordinate in the vertical direction, as 
shown in Equation 7.14. Both equations are related to the initial width of the air 
curtail. This function describes where, in the vertical direction downstream of the 
delivery jet, the air curtain departs from its original centre line. 
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 (Eq. 7.14) 

 
Heat transport is expressed dimensionless using the expression Nu /( Re⋅ Pr), 
which is a function of bs, H and vs. Equations 7.11 and 7.12 describe the charac-
teristic lengths used for calculation of Nusselt's number and Reynold's number. 
   
The dimensionless heat transport is then expressed as a function of the deflection 
modulus. There is a minimum value of deflection modulus at which the air curtain 
provides full protection. Figure 7.3 shows that it is at this deflection modulus that 
heat transport through the air curtain is lowest. 
 
Howell and Shiabata [17] use the same method as the authors above, with dimen-
sionless expressions for heat transport and stability (deflection modulus), in order 
to investigate the efficacy of an air curtain. They show that the total heat transport 
through an air curtain is linearly dependent on the temperature difference between 
the delivery and return positions: see Equation 7.15. 
 

)tt(Q s,ae,adisp −∝&  (Eq. 7.15) 
 
Field, Kalluri et al. [11] present a method that uses Richardsson's number, 
Reynold's number, Grashof's number and an expression for the thermal infil-
tration, to analyse the air curtain. This method differs in principle from those 
described above. Richardsson's number describes the admixture of a jet with some 
other media at a different temperature, as shown in Equation 7.16. Equation 7.18 
shows the expression used by the authors to describe thermal infiltration, XT, into 
the air curtain. If there are no thermal losses, then XT is given a value of 0.  
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Equation 7.17 gives Grashof's number.  
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Field, Kalluri et al. [11] use the following definition to express the relative thermal 
infiltration. 
 

ReT ⋅η  (Eq. 7.19) 
 
The authors show that the width of the air curtain increases from the delivery 
position down to the extraction position, with an isothermal curtain increasing 
more in width than does a non-isothermal curtain. The non-isothermal air curtain 
initially reduces in width, as a result of the negative buoyant acceleration, but then 
increases in width. A curtain with a lower Reynold's number and a higher 
Richardsson's number exhibits a clearer 'throat' close to the inlet, where the width 
of the air curtain decreases, and it is also such an air curtain that increases least in 
width downstream towards the extract position. Their work was carried out on an 
air curtain, of which the cold inside was in the form of a wall in line with the 
inside of the delivery jet. The results show that the relative thermal infiltration 
falls with declining Reynold's number over the range for which the work was 
performed (4700<Re<8000).  
 
The thermal infiltration, which can be used as a simpler expression of the infil-
tration into the air curtain, increases with increasing Reynold's number and 
decreases with increasing Richardsson's number. For a cold, non-isothermal 
curtain, the width of the curtain decreases with increasing Richardsson's number.  
The value of Richardsson's number has most effect on the air curtain close to the 
delivery position, where acceleration due to gravity and negative buoyancy cause 
the curtain to deflect inwards and create an initial narrowing of the curtain before 
it starts to increase in width. 
 
A reflection here is that Richardsson's number should be more suitable for use 
when a jet is discharged into a medium with homogenous temperatures. In a 
display cabinet, the air curtain jet is exposed to a cold side and a warm side. The 
experimental investigations involved a flat wall surface on the cold inside. 
Although this arrangement is similar to that of a fully-loaded display cabinet, it 
limits the opportunity for investigating the stability of the air curtain, as it is 
flowing along a flat surface. 
 
A further method described in Chapter 5, investigating the efficacy of an air 
curtain, is the use of the degree of infiltration, Xinf.. The results showed that the 
most reliable method of calculating the degree of infiltration was to establish an 
enthalpy balance across the air curtain. 
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Cortella and D'Agaro [6] use a method that is based on the specific heat input due 
to infiltration (W/m) in relation to the necessary specific heat extraction rate 
(W/m).  Cortella [5] defines a measure of the efficacy of the air curtain, ACη , as 
shown in Equation 7.20. This efficiency is 1 when there is no inward heat leakage 
caused by infiltration. 
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=η  (Eq. 7.20) 

 
The results of the investigation of the performance of a display cabinet with 
double air curtains show that performance is best when the velocity of the inner 
curtain is at a maximum and that of the outer curtain is at a minimum. The 
delivery velocities of both air curtains have been varied between 0.3 m/s < vs 
< 1.0 m/s. 
 

7.2 Factors that are important for a vertical air 
curtain 

The overall objective is that the temperature requirements applicable to the chilled 
foods must be fulfilled with the least possible use of energy. This means (among 
other things) that there must be as little infiltration into the cabinet of warm and 
humid ambient air as possible. This can be achieved only by effective air curtains.  
The air curtain and infiltration are affected by various factors, such as how the 
cabinet is loaded with foodstuffs, customers removing food from the cabinet, 
ambient climate, variations in the air curtain air flow and other effects from the 
surroundings. Table 7.3 shows that factors that interfere with, or affect, the 
performance of the air curtain can be divided into two groups. 
 
The purpose of grouping the factors in the table below is to show that some of 
them (on the left) cannot be allowed to interfere with the efficacy of the air 
curtain, as they cannot be eliminated in practice:  despite them, the display cabinet 
must operate as intended. It is unreasonable to attempt to ensure that the cabinet is 
fully loaded for every minute of the time that the shop is open, while one that is 
ineffective if/when customers take goods from it is not fulfilling its purpose. The 
factors in the right-hand column, however, can be dealt with by appropriate 
responses and/or external measures out in the shop. 
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Table 7.3 Factors that affect the performance of an air curtain. 

 
Factors that cannot be eliminated Factors that can be eliminated or 

affected 
• Natural variations in loading of 

foodstuffs occurring during the 
day/week 

• Incorrect loading of items into the 
cabinet, such as overloading or 
blocking of return air grilles 

• The ambient climate in the shop 
(dry bulb temperature and relative 
humidity) 

• Variations in the air flow of the 
curtain 

• Interference with the air curtain 
caused by customers taking items 
from the cabinet 

• External disturbances 
 
Incorrect loading of foodstuffs into the cabinet can be avoided by marked load 
lines in the cabinet and by better information to shop personnel on how the 
cabinets work and how incorrect loading interferes with the air curtain and so also 
with the overall performance of the cabinet. A lower dry bulb temperature and a 
lower dewpoint temperature in the shop reduce the cabinet energy use and 
improve the performance of the air curtain, as described in Chapter 4. The effect 
of the indoor climate in the shop can be reduced by a HVAC system to provide 
optimum ambient conditions. 
 
Undesired variations in the air flow can be avoided by reliable, effective defrost-
ing, so that the build-up of frost on the cooling coil does not affect the air curtain 
air velocity. Maintenance is important (regular cleaning of the cabinet) in order to 
prevent anything from blocking the air circuit. Frost build-up can be avoided by 
raising the incoming brine temperature, by reducing infiltration (= more efficient 
air curtains) and/or by a larger cooling coil surface area in relation to the heat 
extraction rate and more efficient cooling coils. 
 
The conclusion is that air curtains designed for display cabinets must be stable 
and must permit customers to remove items from the cabinet. In addition, 
provided that the cabinet has been correctly loaded, they must not be affected by 
varying load levels. 
 
 



 186 
 

7.3 The effect of backplate air supply on a 
vertical air curtain 

The deflection modulus can be used as a method for analysing the stability of the 
air curtain. Air curtains tend to deflect inwards towards the cold interior of the 
cabinet as a result of the density difference across them.  
 
The air velocity, and therefore also the momentum, is constant in the transition  
zone. According to Schlichting [21] (see Equation 7.4), the vertical position where 
the air flow changes to a fully developed flow with falling air velocity depends 
only on the width of the supply opening for low turbulence intensities (Ti < 1 %), 
but (according to van Nuygen and Howell [22] - see Equation 7.5) on both the 
turbulence intensity and the width at higher turbulence intensities 
( 2 % < Ti < 14 %). This means that, in the transition zone, the air curtain is 
stable. 
 
In a display cabinet to which air is also supplied through the back plate, the 
momentum of air supplied through the back needs to be considered. This air 
counteracts the tendency of the air curtain to bend inwards towards the cold air in 
the cabinet. The air coming through the backplate, and opposing this motion, 
should therefore be included in a local force balance down towards the air 
extraction position. The results in Chapter 6 show that the air flow and vertical 
velocity distribution of the air coming through the backplate are affected by 
variations in the amount of items on the shelves and by the design of the back-
plate. The size of the holes, their shape and their distribution affect the vertical 
velocity distribution and the absolute velocity. The air coming through the back-
plate is intended primarily to cool the items on the shelves, although it also has a 
stabilising effect on the air curtain. 

 
If the velocity of the air coming through the backplate is changed, there will be a 
corresponding change in the vertical position air curtain where the flow of the air 
curtain departs from the initial centre line. At the bottom of the cabinet, the air 
curtain tends to deflect outwards from the cabinet, as indicated in Figure 7.5.  It 
can be seen that air should not be supplied through the backplate at the bottom of 
the cabinet, as the resulting horizontal flow from the backplate tends to influence  
the air curtain deflection more outwards from the cabinet. 
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Figure 7.5 Schematic diagram of the air curtain in a display cabinet and of the 
forces acting on it. 

 
The vertical position in the air curtain where the air curtain tends to deflect 
inwards towards the cold interior depends on the momentum of the air being 
blown into the air curtain and the temperature difference between the cold interior 
and warm exterior. The amount of momentum in the transition zone close to the 
supply position is constant. As the air flow changes to a fully developed flow, the 
velocity falls and so also does the momentum. The vertical momentum of the air 
curtain falls in proportion to the horizontal forces acting on it, thus increasing the 
tendency of the air curtain to depart from its initial centre line. 
 
Figure 7.6 shows how the density of the air inside and outside the curtain varies as 
a function of height for various ambient climatic conditions. These results are 
taken from experiments described in Section 4.2. 
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Figure 7.6 Air density as a function of height on the cold and warm sides of the 
air curtain. 

 
Figure 7.7 shows corresponding density differences between the two sides, as a 
function of height. The figure shows that the density difference is decreasing with 
falling dry bulb temperature and is relatively independent of variation in ambient 
vapour ratio. In conjunction with Equation 7.10, it shows also that the value of the 
deflection modulus increases with falling ambient dry bulb temperature.  
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Figure 7.7 The density difference of the air between the cold and warm sides of 
the air curtain (ρa,int-ρa.amb) as a function of height. 
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It can therefore be seen that it is most relevant to investigate the deflection 
modulus at the maximum design ambient temperature. Increased moisture 
transport through the air curtain results in greater latent heat input and possibly 
also an increased build-up of frost on the air coil. As this can also result in a 
reduction in air curtain velocity, the inward transport of moisture can therefore 
indirectly result in upsetting the stability of the air curtain. 
 
The definition of the deflection modulus is based on an air curtain in a cabinet 
without a supply of cooled air through the backplate. In a cabinet with backplate 
air supply, this air flow needs to be considered, as shown in Equation 7.21. 
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  (Eq. 7.21) 

 
 
Figures 7.3 and 7.4 show that the value of the deflection modulus should lie 
within the range 0.1-1.0. Table 7.3 shows that the deflection modulus can be 
considerably lower in a display cabinet, and that the effect of backplate air supply 
on the modulus is negligible. This calculation has been made for a case in which 
the supply temperature of both the air curtain and the backplate air is 0 °C, and the 
air curtain supply velocity is 0.7 m/s. The calculated values of the deflection 
modulus with allowance for backplate air supply are based on results from the 
CFD modelling described in Chapter 6, for a fully loaded, partly loaded and 
unloaded cabinet. The mean velocities given by the CFD results for each shelf 
have been calculated, and are used as input data for the modified deflection 
modulus in Equation 7.21. Figure 7.8 is a schematic diagram of the loading of the 
cabinet for the three CFD cases.  
 

Table 7.3 The deflection modulus for an ambient dry bulb temperature of 
19.9 °C and a dewpoint temperature of 9.6 °C. 

Deflection modulus 
 Empty Partly load Fully load 

0.026* 0.026** 0.026** 0.026** 
*   From Equation 7.10 
** From Equation 7.21 
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Empty cabinet Partly loaded cabinet Fully loaded cabinet 

   

 
Figure 7.8 The three load cases 

 
The velocity of the air in the air curtain, and the width of the air curtain, increase 
from the supply position downstream towards the extraction. Figure 7.9 shows the 
mean horizontal velocity at various shelf levels and the vertical velocity in the air 
curtain at two sections close to the front of the shelf. Shelf no. 1 is at the top of the 
cabinet, closest to the air curtain supply position. 
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Figure 7.9 Air velocity as a function of height.   

 
Figure 7.9 shows that the mean velocity in the x-direction varies from one shelf to 
another, with the highest velocities occurring over those shelves carrying a full 
load of goods. Comparing the vertical air velocity in the air curtain with the 
horizontal velocity over the shelves shows that the two are of the same order at 
shelf level no. 4, which means that the resulting velocity component in the air 
curtain is diagonally outwards from the cabinet. At the bottom shelf level (no. 5) 
the horizontal velocity through the backplate is higher than the vertical velocity in 
the air curtain, which means that the direction of air flow in the curtain is 
relatively more horizontally outwards from the cabinet.  
 
The variation in the velocities over the shelves also affects heat transport by 
convection from the items on the shelves. Figure 7.10 shows the temperature in 
the cabinet and outside it as functions of height.  
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Figure 7.10 a) Air temperature as a function of height on the cold and warm 
sides of the air curtain (ambient air dry bulb temperature 19.9 °C) 
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Figure 7.10 b) Air temperature as a function of height on the cold and warm 
sides of the air curtain (ambient air dry bulb temperature 14.9 °C).

 
Figure 7.10 shows that the temperature declines in the vertical downward 
direction outside the display cabinet, and that the temperature in the cabinet rises 
at the lowermost shelf. The results show that the dry bulb temperature of the air in 
the cabinet varies from 0.2 °C in shelf no.1 to 3.0 °C in shelf no. 5 at the bottom 
of the cabinet when the ambient dry bulb temperature is 20 °C and the dewpoint 
temperature is 0.5 °C. This means that the cooling power requirement is greatest 
on the lowermost shelves. 
 
The depth of the shelves is 0.5 m. The convective coefficient of heat transfer can 
be estimated by assuming forced laminar flow along a plane surface. 
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The mean velocity over the shelves varies from 0 to 0.24 m/s, depending on how 
each shelf is loaded, as shown in Figure 7.9. Figure 7.11 shows how the 
convective coefficient of heat transfer varies within this velocity range. It can also 
be seen that the value of the coefficient is low in this range, which means that the 
equivalent value of the radiant coefficient of heat transfer is of the same order as 
that of convective coefficient of heat transfer. 
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Figure 7.11 Convective coefficient of heat transfer as a function of air velocity 
through the backplate. (Assuming force laminar flow along a plane 
surface.) 

 
The conclusion is that the way in which goods are loaded into the cabinet affects 
how effective they are cooled by cooled air through the backplate. Convective 
heat transfer from the foods is related to the air velocity, and can vary by a factor 
of 1.5-2 on the lower shelves, where the cooling requirement is greatest, 
depending on how the cabinet has been loaded. From the point of view of stability 
of the air curtain, the horizontal velocity component (u) should be small so that 
the air flow in the air curtain is not deflected out over the front of the cabinet. 
Heat transport from the vertical surfaces of the items at the front of the shelves 
can occur only by convective heat exchange with the air curtain.  
 
Cooling is needed on the shelves, but it is not necessary to supply cold air at the 
back, where the need for cooling is least. If items at the back of the shelves are to 
be cooled by convective heat exchange, the air flow out from the shelf should be 
in such a direction that the vertical velocity component dominates at the front of 
the shelf. The need for cooling of the foodstuffs is greatest on the lowermost 
shelves, but at the same time the horizontal velocity component from the air 
through the backplate must be minimised in order not to interfere with the air 
curtain. However, further up in the cabinet, a horizontal velocity component at the 
front of the shelves can be beneficial, as it tends to oppose the inward deflection 
of the air curtain at that level. The exact vertical position where the air curtain 
starts to deflect inwards will vary, depending on the ambient climatic conditions 
in the shop. 
 
The above results and reasoning show that the air flow over the shelves is affected 
by the way the cabinet is loaded. As a result, the horizontal mean velocity over the 
shelves varies, depending by how much the air flow is blocked by the goods on 
the shelves. This means that the cooling of the goods on the shelves varies, 
depending on how the cabinet is loaded. There is therefore a need for the 
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stability/performance of the air curtain to be independent of the air flow from the 
shelves. 
 
Xiang and Tassou [24] present a technical solution of how cooling of the food-
stuffs in a cabinet could be designed. This prototype has no cold air flow through 
the backplate:  instead, the cooling air is supplied and discharged through the shelf 
itself. They do not discuss whether this cooling would interfere with the air 
curtain, but such a design might work better in combination with a curtain. 

7.4 A methodology for experimental studies of 
air curtains 

The performance of the air curtain in a display cabinet has been investigated by a 
combination of experimental work and CFD calculations, with the aim of 
developing a methodology for investigating air curtains under non-isothermal 
conditions. Experience from the investigations of air flow over the shelves in the 
interior of the cabinet, as described in Chapter 6, showed that it is difficult to 
measure low air velocities with acceptable accuracy when using hot-wire 
anemometers. The review of the literature also showed that several of the authors 
had used temperature measurements to calibrate their CFD models, and so the 
following two methods have been used in order to validate the calculated 
response. 

 
• Temperature measurement using thermocouples mounted on a rake, see 

Figure 7.12. 
• Temperature measurement of a sheet of paper in the air curtain, as measured 

by an IR camera, see Figure 7.12. 
 

Thermocouple 
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IR camera 

 
Figure 7.12 Temperature measurements in the air curtain with thermocouples, 

and measurement of the temperature profile on a sheet of paper with 
IR camera. 

 
The CFD model consists of about 100 000 cells.  Simulation has been carried out 
using the SOFIE CFD code and the k-ε turbulence model. The CFD grid network 
is denser in the air curtain. The main difference between this model and other 
models is that it includes the effect of the supply opening design and the design of 
the backplate. This means that the grid network is dense, as several of these flow 
area details are on millimetre scale, while the cabinet as a whole is on a metre 
scale 
 
The CFD model is two-dimensional, and the vertical display cabinet which it 
models has a single air curtain flowing vertical downwards. The calculation area 
covers the cabinet and an area extending out 600 mm in front of it.  The model is 
stationary, and the calculations are performed under non-isothermal conditions. 
The boundary condition to the surroundings is in the form of a pressure boundary, 
while the shelves and load in the model are represented by impediments to the air 
flow. The measured air flow at the the air curtain extract is used to provide the 
inlet conditions to the model. 
 
The air curtain supply temperature in the non-isothermal model is set at 0 °C, 
based on measured values. The boundary conditions of the foodstuffs are repre-
sented by varying surface temperatures, which are based on measured values.  The 
load on each shelf is divided up into four zones, and the surface temperatures of 
the foodstuffs being based on measured values from experiments in a climate 
chamber having an ambient dry bulb temperature of 20 °C and a dewpoint 
temperature of 0.5 °C. Moisture transport has not been included in the model. 
 
Figure 7.13 compares the calculated CFD temperature  profile with measured 
temperatures in the air curtain, obtained by traversing a thermocouple through the 
air curtain. 
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Figure 7.13 Measurements and CFD modelling of temperature profile in the air 

curtain.  Supply velocity is 0.7 m/s:  ambient dry bulb temperature is 
20 °C and ambient dewpoint temperature is 0.5 °C. 

 
Figure 7.13 shows a qualitative agreement between the calculated and the 
measured values.  It can be seen that the agreement between the measured and 
calculated values is poorest in the region closest to the air supply position. On the 
whole, the simulated values underestimate the width of the air curtain. 
 
The specific heat input in the air curtain is compared with the results of the CFD 
model, as shown in the equation below. 
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The difference between the calculated and measured specific heat input is 7 %. 
The model underestimating the specific heat input compared with the measured 
value. This can be compared with the results reported by Cortella and D'Agaro [6], 
which indicate a best agreement between calculated and measured results of 
within 4 %. One explanation for the difference can be that the CFD model is 
two-dimensional, and thus does not allow for air flows in the climate chamber that 
affect the actual measured results. Testing in accordance with EN 441 specifies 
that the longitudinal (z-direction) air velocity in the climate chamber may lie in 
the range 0.1-0.2 m/s. Some air flow is required in the climate chamber, in order 
to maintain constant ambient climatic conditions, and this velocity was 0.1 m/s. 
 
As the CFD model is stationary, it does not reflect any dynamic variations.  
However, variations in the air flow with time can be qualitatively investigated 
using the IR camera. Figure 7.14 shows temperature measurements in the air 
curtain as a function of time. The brine temperature during these measurements 
was controlled by a thermostat, resulting in the supply temperature to the air 
curtain varied.  Figure 7.14 shows three lines indicating the conditions when the 
IR camera measures were made. The results of these three measurements are 
shown in the photographs below the diagram. The picture sequence in the figure 
shows the changes in the air curtain when its supply temperature varies. It can be 
seen from the second photograph that the air curtain deflects towards the inside of 
the cabinet when the supply temperature is higher, but that it then straightens up 
when the supply temperature is reduced, as shown in the third photograph. The 
diagram and photographs show that the IR camera can be used together with other 
measured results in order to analyse what is happening in the air curtain, thus 
obtaining a better qualitative understanding of how it works and of how it is 
affected by dynamic processes. 
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Figure 7.14 b) A series of measurements made using the IR camera, revealing the 
motion of the air curtain as its supply temperature varies (see figure 
7.14 a). 



 201 
 

 
Figure 7.15 shows the temperature distribution in the entire cabinet, partly in the 
form of isotherms and partly in the form of a temperature profile. The results 
show that the air from the back of the cabinet (the x-direction) affects the cooling 
of items placed on the front of the shelves. The velocity increases in the section 
closest to the vertical front edge of the shelf load, and the temperature is also 
lower there. The picture illustrates the problem discussed in Section 7.3, showing 
how the horizontal velocity component from the back of the cabinet dominates 
shelf levels 4 and 5.  Note that the cold air which, ideally, should be flowing 
vertically down the vertical surfaces of the packages at the front of the shelves, is 
increasingly deflected outwards away from the shelves as it approaches the 
bottom of the cabinet. By shelf no. 5, the direction of air flow is about 45° 
outwards from the shelf. 
 

Figure 7.15  Temperature distribution in the entire display cabinet and the 
ambient in front of the cabinet.  

 
The conclusion is that the CFD model results agree sufficiently well with the 
measured values for them to be used for continued analyses of how various 
parameters affect the performance of the air curtain. 
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7.5 Influence of height and inlet width of the air 
curtain 

The conclusion from the review of the literature in Section 7.1 is that the 
efficiency of the air curtain is affected most by the height/width relationship and 
the supply velocity of the air curtain. A two-dimensional stationary CFD model, 
has been used to investigate how these parameters affect the function and 
efficiency of the air curtain. 

7.5.1 Conditions 

The main force acting on an air curtain is that caused by the difference in density 
between the cold air in the cabinet and the ambient air, and so it is important to 
design the model so that the pressure difference that is indirectly caused by the 
temperature difference can be investigated. The model used here does not include 
any flow of cooling air through the backplate:  the food packages on the shelves 
are assumed to be at a constant temperature, as the time constant of the heat 
transport processes that affect them is much greater than the time constant of the 
heat transport processes that affect the air temperature. Experience from 
previously described CFD models shows that models that attempt to describe the 
entire cabinet in detail require very long processing times. For this reason, the 
model used for this parameter investigation has been considerably simplified. 
 
The distance from the front of the shelf to the air curtain delivery line in is 
200 mm in the model. In a commercial display cabinet, the inner edge of the air 
curtain supply opening is normally much closer to the front edge of the shelves, so 
that the air curtain can be stabilised by the packages on the shelves and cool those 
at the front of the shelves. The purpose of moving the air curtain further away 
from the shelves in the model was to investigate the ability of the air curtain to 
maintain its centre line right from the supply position down to the extract grille, 
without flowing down along the front edges of the packages. In this respect, the 
model differs from a practical display cabinet, in which the air curtain is supposed 
to flow down the vertical front faces of the packages in order to cool them.  
However, this only occur with a stable air curtain that does not deflect inwards 
over the shelves if any of the shelves are empty. 
 
The following assumptions have been made for the model: 
 
• All surfaces are at a constant temperature. 
• The temperature of the food packages is assumed to be inactive blockages. 
• Other surfaces in the cabinet are assumed to be at 0 °C.  
• The air is dry.  
• The delivery temperature of the air curtain is 0 °C. 
• The velocity profile at the air curtain supply is even. 
• The turbulence intensity is 0.1 % at the supply position. 
• The turbulence model is of the k-ε type. 
• The ambient temperature is 25 °C. 
• The width of the air curtain supply opening and extract opening = bs, . 
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• The inlet and return of the air curtain are centred above each other. 
• The delivery angle, αs, is assumed to be 0°. 
 
The velocity profile in the model was chosen so that the velocity was the same 
throughout the cross-section of the air curtain at the delivery position. Three 
different heights of air curtain, H, were investigated, as shown in Table 7.4 and 
Figure 7.16. 
 

Table 7.4 Combinations of height and width for the air curtain investigated. 

 
H 

(mm) 
H/bs 

300 5  13,3  
535  10,5   
800 5  13,3 28,8 

 
 
Selection of operating cases to be investigated in the parameter study was based 
on the following considerations: 
 
According to Equation 7.4, the length of the transition zone is a function only of 
the width of the air curtain, and so its stability could be maintained with a 

height/width ratio, 25.
b
H

s
≤ , for low turbulence intensities of < 0.1 %. This would 

mean that a height/width ratio of less than 5.2 would mean that the air velocity in 
the curtain would be maintained from the delivery position down to the extract at 
the bottom of the cabinet.   
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Figure 7.16 The three models used in the CFD calculations 
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7.5.2 Results 

 
The following pages describe the results from the parameter investigation, looking 
at the effect of the height/width ratio and delivery velocity of the air curtain at a 
constant ambient temperature of 25 °C and a constant supply temperature of 0 °C.   
 
For the air curtain to be as efficient as possible, the temperature difference 
between the supply and return positions must be as small as possible. Figure 7.17 
shows the thermal air curtain efficiency as a function of supply velocity to the air 
curtain. The thermal air curtain efficiency is defined according to the equation 
below. 
 

( )
( )s,aamb,a

e,aamb,a
AC tt

tt
−
−

−= 1η    

 

s,ae,a tt →  amb,ae,a tt →    

 

1→ACη    →ACη 0
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Figure 7.17 Thermal air curtain efficiency as a function of the air curtain supply 
velocity 

 
Figure 7.17 shows that the thermal air curtain efficiency air increases when either 
the supply velocity or the width of the air curtain increase. If we compare results 
for the same height/width ratio (H/bs), it can be seen that the efficiency, is higher 
for the short curtain (H=300 mm). 
 
Figure 7.18 shows the deflection modulus as a function of the supply velocity in 
the air curtain. 
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Figure 7.18  The deflection modulus as a function of the supply velocity in the air 
curtain. 

 
Figure 7.18 shows that the deflection modulus, Dm, which is an overall measure of 
the stability of the air curtain, increases with increasing width and supply velocity.  
It can be seen that, for the same height/width ratio and the same supply velocity, 
the deflection modulus is higher for the shorter air curtain. 
 
Hayes and Stoecker [13] state that the deflection modulus should exceed 0.12-0.25 
if the air curtain is to provide full protection. It can be seen from Figure 7.20 that 
the deflection modulus exceeds 0.25 for a supply velocity of vs=0.6 m/s for 
H=300 mm and H/bs=5. A higher supply velocity, vs=1 m/s, is needed in order to 
achieve the same deflection modulus for an air curtain having the same H/bs =5, 
but with a greater height, H=800 mm. Similarly, it can be seen from the figure 
that H/bs=13.4 also requires a higher supply velocity in order to achieve the same 
value of deflection modulus for a higher curtain. 
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The results show that the stability of the air curtain is dependent on its height, and 
that stability increases with increasing width and decreasing height of the air 
curtain. It is also interesting to note that air curtains as used today in display 
cabinets generally have a supply velocity in the range 0.5-1.5 m/s, which means 
that their deflection moduli are much lower than 0.12. 
 
The specific cooling load is expressed as a function of the open display area, Adisp.  
This is because the magnitude of the necessary heat extraction rate is directly 
related to the size of the opening. Equation 7.23 shows the definition of specific 
cooling load per unit of open display area. 
 

( )
HL

ttvbc
q e,as,asss,ap

A,cab ⋅
−⋅⋅⋅⋅

=
ρ

&  [W/m2] (Eq. 7.23) 

 
 
Figure 7.19 shows the specific cooling load per open display area of the air 
curtain as a function of the air curtain supply velocity. 
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Figure 7.19 Air curtain specific cooling load as a function of the air curtain 
supply velocity 

 
In order to minimise the energy requirement of a vertical display cabinet, the 
specific cooling load, must be as low as possible. Figure 7.19 shows that the 
lowest specific cooling load, as a function of the open display area, is achieved 
with the narrowest air curtain and the greatest height at the lowest supply velocity.  
This is not an expected result. At the same time, it is this air curtain, with the 
lowest supply velocity, that has the lowest thermal air curtain efficiency. The 
value of the deflection modulus is low, which indicates that the air curtain is not 
stable. All this shows that these quantities are not sufficient for describing the 
efficiency and function of an air curtain. 
 
It must be noted, however, that this parameter investigation has been carried out 
using a constant supply temperature, ta,s = 0 °C. This means that the temperature 
in the display cabinet, ta,int, and the air curtain extract temperature, ta,e, vary with 
the efficiency of the air curtain. The choice of supply temperature was made on 
the basis of being such that it would be possible to obtain this temperature from an 
cooling coil having a surface temperature sufficiently high to prevent the build-up 
of frost on it. Figure 7.20 shows the internal temperature in the display cabinet 
and at the air curtain extract position as a function of supply velocity. The lines in 
the figure indicate the maximum permissible foods temperatures. 
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Figure 7.20 Air temperature in the display cabinet and at the air curtain extract as 
a function of the air curtain supply velocity 

 
Figure 7.20 shows that the temperatures in the display cabinet, ta,int, and the air 
curtain extract temperature, ta,e, are higher for the longest1 air curtain 
(H=800 mm).  In general, the extract temperature, ta,e, falls with increasing supply 
velocity and lower height/width ratio. The lowest extract temperature is achieved 
with the shortest air curtain. The result based on the specific cooling cooling load 
shown in Figure 7.21 indicated that the air curtain having the lowest specific 
cooling cooling load was the thinnest curtain with the greatest height/width ratio, 
H/bs= 28.6, and the lowest supply velocity, vs=0.3 m/s. This air curtain has an 
extract temperature of 13.8 °C, which exceeds the maximum permissible foods 
package temperature of +8 °C. The high extract temperature matches the low 
value of the thermal air curtain efficiency. 
 
The vertical surface of the packages at the fronts of the shelves can be cooled only 
by the air curtain, which means that the specific radiated heat from the surround-
ings must be removed from the packages by convective heat transport by the air 
curtain. The warmest packages are those at the bottom of the display cabinet close 
to the extract connection. It is not possible to remove sufficient heat rates from 
them using the air curtain if the temperature in the air curtain is higher than the 
maximum permissible package temperature. 
 
The convective heat transport from the packages via the air curtain had to be at 
least as great as the specific radiant heat input from warm surrounding surfaces in 
the shop and from lighting. However, the model has not incorporated any lighting 
effect, and so this conditions to be identify is when the specific convective cooling 
load from the air curtain equals the design specific radiant heat input:  see 
Equation 7.24. 
                                                 
1  Length, as used here and elsewhere in this chapter, is the (distance in y-direction) length of 
the air curtain, i.e. along the front of the display cabinet. 
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 A,rA,AC,c qq && =  (Eq. 7.24) 

 
The specific convective cooling load is defined in equation 7.25. 
 

( )s,ae,acA,AC,c ttq −⋅= α&  [W/m2] (Eq. 7.25) 
 
Using a simplified method, the coefficient of heat transfer can be estimated by 
assuming a forced laminar flow along a plane surface. The height of the air curtain 
is the characteristic length. 
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The ambient temperature is constant at +25 °C, and the two different specific 
radiant heat inputs are calculated from Equation 7.26.   
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The difference between the two cases is in the maximum permissible design 
temperature for the foodstuffs, as follows: 
 
1. Maximum permissible foodstuff temperature is tM,,max = +8 °C . 
2. Maximum permissible foodstuffs temperature is tM,,max = +5 °C .

  
It is the first case which is the design case in this parameter investigation. The 
purpose of case no. 2 is to ascertain whether it is possible to use the same display 
cabinet for foods that require a lower storage temperature. Figure 7.21 shows the 
convective coefficient of heat transfer needed in order to remove the radiant heat 
input from the ambient as a function of various air curtain temperatures. 
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Figure 7.21 The lowest necessary convective coefficient of heat transfer as a 
function of the air curtain extract temperature for the design ambient 
temperature of + 25 °C. 

 
Figure 7.22 shows the extract temperature of the air curtain as a function of 
supply velocity for the various cases in the parameter investigation. 
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Figure 7.22 Temperature at the air curtain extract grille as a function of supply 
velocity.  Design ambient temperature is +25 °C. 

 
Two lines have been incorporated in Figure 7.22, showing the maximum per-
missible extract temperature for a given supply of velocity, as needed in order to 
meet the maximum permissible foodstuffs temperature of + 8 °C, in accordance 
with Equation 7.24. The condition for calculating the position of the limiting line 
is that the convective coefficient of heat transfer at a given supply velocity 
permits a maximum extract temperature as needed to provide the necessary 
cooling of the lowermost packages. Below this line, the cabinet will be able to 
maintain the necessary storage temperature of all the items in it. The second line 
is a corresponding line for a maximum permissible storage temperature of +5 °C. 
 
Figure 7.22 shows that a shorter air curtain, and a lower value of the height/width 
ratio, means that the foodstuffs temperature can be guaranteed at a lower supply 
velocity (see Figure 7.22). 
 
The following air curtain supply velocities are required for the various air curtains 
in order to ensure that the foodstuff temperature does not exceed +8 °C (see 
Figure 7.22): 
 
H=300, H/bs=5 requires sv > 0.6 m/s for tM,max = +5 °C 
H=300, H/bs=10.7 requires 80.vs ≥  m/s for tM,max = +5 °C 
H=535, H/bs=13.4 requires sv >1.2 m/s for tM,max = +8 °C 
H=800, H/bs=5 requires ≥sv 0.6 m/s for tM,max = +8 °C 
H=800, H/bs=10.7 requires ≥sv 1.5 m/s for tM,max = +8 °C 
H=800, H/bs=28.6 requires sv >3.0 m/s for tM,max = +8 °C 
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The following air curtains require the following supply velocities in order to 
ensure that the temperature of the foodstuffs does not exceed +5 °C (see Figure 
7.22): 
 
H=300, H/bs=5 requires sv >0.8 m/s for tM,max = +5 °C 
H=300, H/bs=10.7 requires sv >1.8 m/s for tM,max = +5 °C 
H=800, H/bs=5 requires ≥sv 1.8 m/s for tM,max = +5 °C 
 
The results show that the widest and the shortest air curtain could be used for 
protecting foodstuffs having a maximum permissible storage temperature of 
+ 5 °C if the supply velocity is increased from 0.6 m/s to 0.8 m/s. 
 
Investigations of the departure of the velocity profile from its centre line shows 
that short, wide air curtains are straight and stable, but that long air curtains tend 
to deflect and flow down along the front edge of the load. This can be likened to 
the 'coanda effect' which can arise from the discharge from a ventilation supply 
device, with the air attaching itself to the ceiling and flowing along it. The results 
indicate that the flow pattern and the efficiency of the air curtain can change in an 
empty display cabinet. This has therefore been allowed for by introducing a 
further criterion, that the air curtain must maintain its centre line from the supply 
position down to the extract grille, i.e. y/H=1 this means that the maximum 
velocity in the air curtain shall not decay from the centreline (see figure 7.23 and 
7.24). 
 

 
Figure 7.23  The air curtain centre line . 
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Figure 7.24 The stability of the air curtain as a function of supply velocity. 

 
The energy efficiency of an air curtain could be optimised using the following 
model: 
 
1) Performance and quality requirements must be fulfilled. 
 
• The air curtain must be stable from the supply to the extract positions,  
• There must be sufficient cooling of the front vertical surfaces of the 

packages. 
 

2) If these conditions are fulfilled, choose the air curtain having the lowest 
specific cooling load. 
 
What velocity is needed in order to achieve stability (see Figure 7.24)? 
 
The following cases give y/H=1 
 
H=300, H/bs=5 requires  60.vs ≥  m/s 
H=300, H/bs=10.7 requires  51.vs ≥  m/s 
H=535, H/bs=13.4 requires  ≥sv 2.0 m/s 
H=800, H/bs=5 requires  ≥sv 2.0 m/s 
H=800, H/bs=13.4 requires  sv >2.0 m/s 
H=800, H/bs=29 requires  02.vs > m/s 
 
Is the convective cooling sufficient (see Figure 7.22)? 
 
H=300, H/bs=5 requires  sv > 0.6 m/s for tM,max = +5 °C 
H=300, H/bs=10.7 requires  80.vs ≥  m/s for tM,max = +5 °C 
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H=535, H/bs=13.4 requires  sv >1.2 m/s for tM,max = +8 °C 
H=800, H/bs=5 requires  ≥sv 0.6 m/s for tM,max = +8 °C 
H=800, H/bs=13.4 requires  ≥sv 1.5 m/s for tM,max = +8 °C 
H=800, H/bs=28.6 requires  sv >3.0 m/s for tM,max = +8 °C 
 
Conclusions from the performance and quality requirements: 
 
H=300, H/bs=5 The stability and cooling requirement are fulfilled at 

60.vs ≥  m/s 
H=300, H/bs=10.7 The stability requirement necessitates 51.vs ≥  m/s 
H=535, H/bs=13.4 Not fulfilled 
H=800, H/bs=5 The stability requirement necessitates ≥sv 2.0 m/s 
H=800, H/bs=13.4 Not fulfilled 
H=800, H/bs=29 Not fulfilled 
 
Least energy use when the above requirements are fulfilled, as shown in 
Figure 7.19. 
 

H=300, H/bs=5 =dispq&  300 W/m2, for vs = 0.6 m/s 
 
H=300, H/bs=10.7 =dispq&  550 W/m2, for vs = 1.5 m/s 
 
H=800, H/bs=5 =dispq&  700 W/m2, for vs = 2.0 m/s 

 
 
Table 7.5 shows the supply velocity required in order to meet the various condi-
tions. 
 
Table 7.5 The lowest supply velocity required in order to meet the specified 

performance and quality requirements for a display cabinet to 
maintain chilled foodstuffs below a maximum permissible storage 
temperature, tM,max, of +8 °C. 

 
H=300 H=535 H=800 

H/bs=5 H/bs=10.7 H/bs=13.4 H/bs=5 H/bs=10.7 H/bs=29
 

vs 
(m/s) 

vs  
(m/s) 

vs  
(m/s) 

vs 
(m/s) 

vs  
(m/s) 

vs  
(m/s) 

Stability 
y/H=1 

60.≥  51.≥  ≥ 2.0  ≥ 2.0 >2.0  >2.0  

Cooling 
AC,rAC,c qq && =  

 
60.≥  

 
51.≥  

 
>2.0  

 
≥ 0.8 

 
≥  2.0 

 
>2.0  

 
 
1 

Stability and 
cooling 

 
60.≥  

 
51.≥  

 

 
≥  2.0 

 
≥ 2.0 

 
>2.0  

 
>2.0  

2 Lowest specific 
cooling load 

60.≥  51.≥  - ≥ 2.0 - - 
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The results show that the air curtain with the highest energy efficiency is the 
shortest one, with the least height/width ratio, i.e. the thickest air curtain. From the 
results shown in Figure 7.24, it would also be possible to use the short, thick air 
curtain to meet the reduced maximum permissible temperature requirement of 
+5 °C, provided that the air supply velocity is increased from 0.6 m/s to 0.8 m/s in 
order to guarantee the foodstuffs temperature in the packages at the front of the 
shelves. 
 
The parameter investigation shows that it is not possible to achieve the same 
performance from the air curtain when the height is varied with a constant 
height/width ratio and constant supply velocity. A method of investigating the 
efficiency of air curtains has been presented, intended to identify the air curtain 
having the highest energy efficiency when both the stability and the quality 
requirements (in respect of the foodstuffs storage temperature) have been fulfilled.  
The results show that it is more energy-efficient to replace one high air curtain by 
several short air curtains. 

7.6 Conclusions 
The above results and reasoning show that the air flow from the back of the 
cabinet is affected by the load on the shelves. The mean horizontal velocity over 
the shelves varies, depending on the amount of goods blocking the air flow.  
These variations are so wide that both the cooling of items on the shelves and the 
stability of the air curtain vary, depending on the load in the cabinet.  
 
The conclusion is that heat can be removed from packages on the shelves either 
by radiation to cold surrounding surfaces or by convective heat transfer to cold air 
flowing past the packages. In a display cabinet having an air supply through the 
back, the coldest air is supplied at the back of the shelves, where the cooling 
requirement is least. If the packages are to be cooled by air flowing past them, the 
air should be distributed in some other way so that the air velocity is less sensitive 
to load variations, and with the air flow being controlled so that it is the vertical 
velocity component that dominates at the front edges of the shelves. If this is the 
case, then there is less risk of interfering with the air flow in the air curtain. 
 
The results from the CFD calculations show that the two-dimensional full-scale 
model underestimates the width of the air curtain in comparison with the 
temperature measurements made in an actual air curtain. If we compare the heat 
input through the air curtain, we find that the CFD model underestimates the 
inward heat leakage by 7 % relative to the measured results. A possible explana-
tion for this difference is that the model is two-dimensional, and therefore is not 
allowing for the longitudinal air flow in the climate chamber as required by 
testing in accordance with EN 441. There must be an air flow in the climate 
chamber in order to maintain constant ambient climatic conditions. The results 
from the CFD calculations show that the velocity of the air curtain at the bottom is 
so low that the climate chamber air flow can affect the measured results.  Never-
theless, the conclusion is that the CFD model provides sufficiently good agree-
ment to allow modified models to be used for a parameter investigation of the air 
curtain. 
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An air curtain in a display cabinet should provide good protection and remove 
heat from the foodstuff packages at the front of the cabinet.  If the velocity is low, 
the curtain tends to deflect inwards towards the cold interior of the cabinet.  If the 
cabinet is fully loaded, this need not be a problem, as the items on the shelves 
provide a physical barrier to further inward deflection. However, in practice, it is 
not realistic to assume that a display cabinet will always be fully loaded, and so 
two criteria have been defined which a display cabinet air curtain must fulfil. The 
air curtain must operate properly, providing full protection, even though the 
cabinet may not be fully loaded, and it must also provide cooling for the items at 
the front of the shelves. The stability/function of the air curtain should be 
independent of the way in which the items on the shelves are cooled. 
 
In present-day display cabinets, it is common for the supply velocity to be in the 
range 0.5-1.0 m/s.  Both European and American standards use a design ambient 
dry bulb temperature of 25 °C. Based on this data, it is possible to calculate the 
deflection modulus, which is a measure of the stability of the air curtain. There is 
no absolute value of deflection modulus at which the air curtain provides full 
protection, although Figures 7.3 and 7.4 show that it should be in the range 
0.1-1.0. The results show that the deflection modulus of an air curtain in a vertical 
display cabinet is very low, which implies that a vertical display cabinet will not 
operate satisfactorily when only partly loaded. 
 
The parameter investigation in this chapter has investigated how the efficacy and 
function of the air curtain are affected by the air curtain's width, height and supply 
velocity. One of the important questions was whether, for the same height/width 
ratio, it was possible to achieve the same function and stability. 
 
A methodology was presented for evaluating the efficacy of an air curtain in 
terms of  1) guaranteeing the required cooling of the foodstuffs and  2) ensuring 
that the air curtain is stable. If these criteria are fulfilled, they identify the air 
curtain that has the lowest energy use. 
 
According to Schlichting [21], the length of the transition zone is 5.2 ⋅bs. In the 
investigation, H/bs was given a value of 5, which meant that the air curtain would 
not degrade the stability of the air curtain, before the air flow reached the extract 
grille. The results show that it is not possible to achieve the same stability with the 
same supply velocity and the same height/width ratio, which agrees with the 
conclusions reached by Howell and Shiabata [17]. According to the results of the 
parameter investigation, a display cabinet would be considerably more efficient if 
a single full-height air curtain were replaced by several part-height curtains. In 
order to achieve a stable air curtain for a given H/bs ratio of 5, the supply velocity 
has to be increased from 0.6 m/s at H=300 mm to 2 m/s at H=800 mm. At the 
same time, this more than doubles the specific cooling load if the height of the air 
curtain is increased. 
 
The results described in Section 7.3 show that, in present-day display cabinets, 
the air curtains almost certainly become less effective when the cabinets are not 
fully loaded. There are some reported investigations into the effects of display 
cabinet loading, but most of the investigations are concerned with an ideally 
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loaded cabinet, i.e. a fully loaded cabinet. A contributory reason for this dearth of 
investigations is that many build upon the official test standards for evaluating the 
performance of display cabinets.   
 
It should, however, be noted that the parameter investigation was not intended in 
any way to be an optimisation of the efficiency of an air curtain in terms of energy 
use or stability.  Such an optimisation would require optimisation of the velocity 
profile, the supply angle and the design of the return extract, coupled with careful 
investigations of the effect of turbulence in the inlet jet. This simplified parameter 
investigation has calculated the convective coefficient of heat transfer using 
simple methods.  Calculation of the surface temperatures of the foodstuffs will be 
included in the CFD model as a next step. However, the effects of thermal 
conductivity in the foodstuffs should still be calculated as a separate model, as the 
heat transport in the foodstuffs is on a completely different time scale, with very 
much longer time constants before steady-state conditions are reached. 
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8 Discussion and conclusions 
 
The purpose of this work has been to analyse the energy flows in open vertical 
refrigerated display cabinets in order to investigate the ways in which their energy 
efficiency might be improved. Although the work has been concentrated on 
display cabinets cooled by an indirect system, most of the conclusions are also 
directly applicable to display cabinets cooled by direct expansion systems.  In 
energy terms, an open vertical display cabinet can be regarded as a system that 
communicates with both the shop's HVAC system and its refrigeration services 
system. An initial comparative laboratory investigation of a number of different 
vertical display cabinets showed that there is a considerable potential for 
substantially reducing their energy use. Of the display cabinets investigated, the 
one having the highest energy efficiency had a single air curtain and a cooling coil 
with a low specific surface loading. In addition, the internal electrical loads were 
more efficient than those in the other display cabinets, and the night cover blind 
was designed so that it fitted close up against the end walls of the cabinet. 
 
The effect of ambient climatic conditions  
 
Controlled trials in a climate chamber showed that the necessary heat extraction 
rate of the cooling coil is a direct function of the difference in specific enthalpy 
between that of the ambient air and that of the cold air in the cabinet. This means 
that, for any arbitrary ambient climatic conditions, the cooling power requirement 
can be determined from the values of measured parameters for two different sets 
of ambient climatic conditions. However, as the cooling power requirement also 
depends on the maximum permissible temperature of the foodstuffs in the cabinet, 
this temperature was kept constant when the ambient climatic conditions were 
changed. It is thus most energy-efficient to control the cabinet such that it main-
tains (but does not exceed) the maximum permissible temperature of the food-
stuffs when the ambient climatic conditions are changed. This means that the 
temperature of the cooling air is varied in response to changes in the ambient dry 
bulb temperature. The results show that it is possible to maintain a constant food-
stuffs temperature by varying the temperature difference between the supply air 
and the extraction air in response to changes in the ambient dry bulb temperature. 
 
This present study indicates that present technology is unable to cope with the 
requirements on storage climate and in sensitivity to the external influences. The 
study also shows that energy efficient display cabinets are less sensitive for the 
ambient condition. In order to achieve the greatest energy efficiency at system 
level, it is necessary to analyse the performance of the entire refrigeration services 
system, consisting of the compressor(s), display cabinets, well cases and the 
cooling system for the refrigeration condenser(s), together with the shop's HVAC 
system. This is because the specific enthalpy of the ambient air has a clear effect 
not only on energy use and the thermal 'climate' of the foodstuffs, but also on the 
thermal comfort of customers and staff in the shop. In order to benefit from the 
more favourable ambient climatic conditions, with a lower specific enthalpy, it is 
important that the entire refrigeration system should be efficient and that the 
control strategy for the display cabinets considers not only the actual cooling 
power requirement but also the actual defrosting energy requirement.  



 228 

 
Control of display cabinets 
 
In order to reduce the overall use of electricity, the system's brine temperature 
should be controlled to vary in response to changes in the ambient temperature, so 
that the compressor is always operating with the highest possible evaporator 
temperature. An increase in the air curtain extract temperature can be an indicator 
of a deterioration in the performance of the air curtain and of a need to defrost the 
cabinet. 
 
The results show that control requirements during the day are very different from 
those during the night, when the cabinet is protected by a blind. At the night the 
internal illumination is turned off and the blind minimises the inward radiation. In 
the interests of reliable, energy-efficient systems in the shop, the display cabinet 
should meet the temperature requirements without having to use the foodstuffs in 
them as thermal stores. 
 
Energy flows  
 
This work, and many others, show that about 60-70 % of the total energy demand 
is needed to remove the heat carried into the cabinet by infiltration of ambient air.  
The best method of determining the magnitude of the infiltration heat input is to 
calculate an energy balance across the air curtain. The results show that, even with 
relatively moderate humidity levels in the ambient air, there can be a considerable 
variation in the degree of infiltration due to the degradatiof the air curtain caused 
by the growth of frost on the cooling coil. Hence there are significant savings to 
be made by reducing condensation and avoiding the build-up of frost on the coil. 
 
Important components  
 
In addition to an effective air circulation system in a display cabinet, there are 
three further components that are important in determining the thermal 
performance and energy efficiency. 
 
An efficient cooling coil, with a low specific surface loading, in conjunction with 
an efficient air curtain, allows the supply temperature of the brine to be main-
tained sufficiently high to prevent frost from building up on the coil, and so 
reducing the cooling power requirement for removing latent heat. The most 
important argument for installing an efficient cooling coil with a low specific 
surface loading is that it avoids the risk of interfering with the stability of the air 
curtain. The build-up of frost on the cooling coil can affect the air velocity in the 
curtain, thus indirectly resulting in a reduction in the efficiency of the air curtain, 
with associated risk of higher foodstuff temperatures. 
 
In addition to infiltration, a further factor that significantly affects the cooling 
power requirement of the display cabinet is the heat input from radiation and from 
internal lighting. Thermal radiation and internal lighting act directly on the 
warmest items in the cabinet through the open front. It is the temperature of the 
foodstuffs in this position that determines the design heat extraction rate of the 
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cooling coil. Temperature rise due to thermal radiation can be reduced by using 
packaging materials with low emissivity, or by reducing the aperture size of the 
front of the cabinet. This first measure will restrict the range of goods that can be 
stored in the cabinet, while the second reduces the visibility of the goods in the 
cabinet. The heat gain from lighting can be reduced by installing the lighting out-
side the cold zone, by using best available technology and, if possible, by 
reducing the specific illumination power per m². 
 
Covering the front of an open display cabinet during the night when the shop is 
closed is an effective means of reducing energy demand. For best results, the blind 
must be diffusion-proof, of a low emissivity and have a close fit. The field 
measurements show that covering the front of the cabinet during the night reduces 
electricity use by 55 %, and that such coverage is essential in order to ensure that 
the foodstuffs temperature is maintained below the maximum permissible value. 
The field measurements metered the electrical energy supply to the central 
refrigeration compressors.   
 
Air flows  
 
A combination of CFD simulations and experimental work has shown itself to be 
an effective way of working. Full-scale models of display cabinets require not 
only a lot of work during the pre-processing stage, but also a long processing 
time. One of the main reasons for this is that while the overall dimensions of the 
display cabinet are on metre scale, important details in it, such as holes, slits and 
other flow parts, have to be described on millimetre scale in order to produce 
sensible results. The number of cells in the full-scale model used in this project is 
about 100 000, which should be seen against the 10 000-20 000 cells used in other 
works. However, none of these latter models attempted to simulate the entire 
cabinet, including the air ducts in the back. The full-scale model in this work 
represents the entire cabinet. 
 
The results from the CFD calculations show that it is important to reproduce small 
flow-related parts as correctly as possible, in order to minimise any error effects 
on the velocity profiles. It is time-consuming to develop and calibrate full-scale 
models under these conditions. The measurements and calculations show that a 
high degree of detailing is needed in order to describe flow conditions throughout 
the cabinet. The methodology of using small part-models in order to investigate 
various detailed flow phenomena is therefore an efficient way of working, 
applicable to areas such as detailed investigation of determining the effect of 
backplate design on the air flow over a shelf. A small sub-model of this type 
shows the effects of such simplifications on the final results from a full-scale 
model. 
 
CFD modelling and measurements show that load variations and the design of the 
backplate in a cabinet with air being supplied through the back affect the function 
and efficiency of the cabinet as a whole. The size, shape and distribution of 
openings in the backplate affect the velocity profile of the air flowing over the 
shelves. The results show that, for investigation of the air curtain performance, it 
is permissible to use a simpler assumption of the flow behaviour from the back-
plate. However, if it is the air distribution over the shelves and the cooling of 
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goods on them that are to be investigated, it is most important to model the inlet 
conditions in the backplate correctly. 
 
This work has shown that the performance of a traditional display cabinet, with 
cold air being blown in through the back, is affected by load variations. The 
variations in air velocity through the backplate caused by different amounts of 
goods on the shelves are so great that they affect not only the temperature of the 
goods but also the stability of the air curtain.  The velocity of the air in an air 
curtain is low, and so the velocity (and therefore the effect) of the air coming 
through the backplate cannot be ignored. 
 
The modelling of the entire cabinet shows that the air flow from the back can be 
important in maintaining the necessary low temperature of the packages at the 
front of the shelves, facing the warm surroundings. The air from the back should 
be distributed in such a way that its velocity component in the downward vertical 
direction dominates as the air leaves the shelf. The cold air from the shelf needs to 
assist the cooling of packages at the front of the shelf by increasing the convective 
coefficient of heat transfer and reducing the temperature of the layer of air closest 
to the packages, and thus improving convective heat transport away from them. 
The conclusion is that if cold air is to be supplied to the interior of the cabinet, the 
way in which it is supplied needs to be changed. There is no need to supply air to 
the back of shelves, where the actual cooling requirement is least. The air should 
be supplied in such a way that air flows are not affected by variations in the load 
of goods on the shelves, and such that it is the vertical velocity component that 
dominates as the air leaves the shelves. One alternative way of providing cooling 
at the back of shelves is to cool only by radiation exchange with surrounding cold 
surfaces. The air velocity at the back of shelves is low, with the result that 
convective heat transport is of the same magnitude as that resulting from 
radiation. 
 
The commonest methods of measurement used for calibration and validation of 
CFD models of display cabinets are hot wire anemometers, smoke and thermo-
couples. Temperature measurements cannot usually be used to investigate flow 
phenomena, but the air flow in a display cabinet is characterised by thermal 
driving forces, which means that the temperature variations reflect the velocity 
variations. Thermocouples can be used only under non-isothermal conditions.  
There are also non-contact methods of measuring air velocities, such as PIV, 
Laser Tomography and Laser Doppler measurements. They require more in the 
way of resources than traditional anemometers, but provide higher accuracy and 
can be used at low air velocities. An alternative method of validating models is to 
use energy balances, which has the major benefit of requiring much less in the 
way of instrumentation. A further method of investigating air flows in an air 
curtain is to measure the temperature distribution in the air curtain indirectly by 
using an IR camera to measure the temperature of a sheet of paper supported in 
the air curtain. However, this method should really be regarded as a qualitative 
method, rather than a quantitative method.  Its advantage is that it is fast, and that 
flow pattern events can be continuously monitored. 
 
The conclusion is that the choice of measurement method to validate the models 
depends on the purpose of the modelling. If the objective is to investigate flow 
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phenomena in the air curtain in detail, then non-contact methods are needed. If, on 
the other hand, the objective is to perform calculations to investigate the 
efficiency of the air curtain and the cabinet, then it is sufficient to work with 
temperature measurements and energy balances. 
 
The results show that, in comparison with the temperature measurements actually 
made in the air curtain, the CFD model used in these investigations under-
estimates the width of the air curtain. Comparing the heat input through the 
curtain achieves an agreement between the two methods within 7 %, with the 
CFD model underestimating the inward heat leakage. One explanation for this 
difference between the two methods is that the model is two-dimensional, and 
cannot therefore allow for the longitudinal air flow in the climate chamber during 
the investigation.  Nevertheless, the results agree sufficiently well to allow 
modified models to be used for parameter investigations of air curtains. 
 
An air curtain in a display cabinet must provide good enclosure and cool the items 
at the front edges of shelves. If the air velocity is low, the air curtain tends to 
deflect inwards towards the cold interior of the cabinet.  If the cabinet is fully 
loaded, this need not be a problem, as the items on the shelves provide a physical 
barrier to further inward deflection. However, in practice, it is not realistic to 
assume that a display cabinet will always be fully loaded, and so the air curtain 
must operate properly, providing full protection, even though the cabinet may not 
be fully loaded, and must also provide cooling for the items at the front of the 
shelves.  
 
The effect of the width, height and supply velocity 
of the air curtain 
 
The parameter investigation has looked only at how the efficiency of the air 
curtain is affected by its width, height and supply velocity. One of the important 
questions was whether it is possible to achieve the same efficiency from different 
heights of curtains, but with the same height/width ratio. A methodology was 
presented for evaluating the efficiency of an air curtain where  1) cooling of the 
foodstuffs is guaranteed, and  2) the air curtain is stable. When these criteria are 
fulfilled, the air curtain having the lowest energy use can then be identified. The 
results show that, for the same height/width ratio, a short air curtain is more 
efficient than a high air curtain. This work has also shown that, in present-day 
display cabinets, the efficiency of the air curtains is likely to be considerably less 
when the cabinets are not fully loaded.  Both European and American standards 
specify test conditions with an ideally loaded (= fully loaded) cabinet. Most of the 
published experimental work is based on these standards, which is important as 
experiments should be carried out under repeatable conditions. When investi-
gating the performance of display cabinets, it is particularly important to have a 
carefully defined position for measuring ambient climatic conditions, as the 
cabinet itself creates substantial temperature gradients in front of it. Most of the 
previously published investigations aimed at optimising the performance of 
display cabinets are based on fully loaded cabinets. The purpose of the method-
ology described here is that it should allow for the stability of the air curtain when 
identifying the most energy-efficient air curtain, and to provide good energy 
efficiency, even when some of the shelves in the cabinet are empty. It is not 
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entirely safe to optimise cabinet designs only for fully-loaded cabinets. Further-
more optimisation which concentrates only on energy efficiency can result in such 
a low air curtain supply velocity that the curtain ceases to function properly when 
the cabinet is only partly loaded. 
 
Future work 
 
It is important to emphasise that the parameter investigation described here should 
not in any way be seen as an attempt to optimise air curtain performance. Optimi-
sation includes several aspects, such as the velocity profile, the supply angle and 
careful investigation of the effects of turbulence intensity at the air supply. In the 
ongoing project further work should therefore be concentrated on investigating the 
effect of the velocity profiles, with the expected result that the energy efficiency 
of the air curtain, as measured by the present methodology, improves. Instead of 
calculating the coefficient of heat transfer for different supply velocities on the 
basis of forced laminar flow along a plane surface, calculation should be based 
instead on direct determination of the surface temperatures of the foodstuffs in the 
CFD model.   
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Page 128: Table 5.1 column Measured data line 10 ( cabQ& ) include cp,b 
 
Page 145: include Reference Penot, F., Morillon, C., et al., 1995. Analysis and digitalisation 

of flow images for studying refrigerated display cases, (in 
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Page 220:line 9 The following cases give y/H=1 
 

H=300, H/bs=5 requires  60.vs ≥  m/s 
H=300, H/bs=10.7 requires  51.vs ≥  m/s 
H=535, H/bs=13.4 requires  ≥sv 2.0 m/s change to >2.0 m/s  
H=800, H/bs=5 requires  ≥sv 2.0 m/s change to >2.0 m/s 

 
Page 221:line 4 H=800, H/bs=28.6 requires  sv >3.0 m/s for tM,max = +8 °C change to 

sv >2.0 m/s  
 
Page 221:line 9 H=800, H/bs=5 The stability requirement necessitates ≥sv 2.0 m/s 

change to H=800, H/bs=5 Not fulfilled 



 

 

 
Page 221: Least energy use when the above requirements are fulfilled, as shown in 

Figure 7.19. 
 

H=300, H/bs=5 =A,cabq&  300 W/m2, for vs = 0.6 m/s 
 

H=300, H/bs=10.7  =A,cabq&  550 W/m2, for vs = 1.5 m/s 
 
H=800, H/bs=5 =dispq&  700 W/m2, for vs = 2.0 m/s change to 
 
H=535 the requirements are not fulfilled, for vs < 2.0 m/s and 
 
H=800 the requirements are not fulfilled, for vs < 2.0 m/s 
 

 
Page 221:table 7.5 

H=300 H=535 H=800 
H/bs=5 H/bs=10.7 H/bs=13.4 H/bs=5 H/bs=10.7 H/bs=29 
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y/H=1 
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2 Lowest specific 
cooling load 

60.≥  51.≥  - ≥ 2.0 - - 

 
Change to 
 

H=300 H=535 H=800 
H/bs=5 H/bs=10.7 H/bs=13.4 H/bs=5 H/bs=10.7 H/bs=29 
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(m/s) 

vs  
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Stability 
y/H=1 

60.≥  51.≥  >2.0  >2.0  >2.0  >2.0  

Cooling 
AC,rAC,c qq && =  

 
60.≥  
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≥ 0.8 
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>2.0  
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Stability and 
cooling 

 
60.≥  

 
51.≥  

 

 
> 2.0 

 
≥ 2.0 

 
>2.0  

 
>2.0  

2 Lowest specific 
cooling load 

60.≥  51.≥  - - - - 
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