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Abstract 

The aim of this study was to compare the measured effectiveness of an air curtain device 

at different jet velocities against a three-dimensional (3-D) computational fluid 

dynamics (CFD) model.    The air curtain device was not as wide as the entrance and 

had a geometry that encouraged 3-D flow.   By carefully setting up the air curtain an 

effectiveness of 0.71 was achieved compared to the initial value of only 0.31 as set by 

the air curtain device installer.   The 3-D CFD model predicted the infiltration through 

the entrance with no air curtain to an accuracy of within 20 to 32%.  The predicted 

effectiveness, E, of the air curtain at different jet velocities was 0.10 to 0.15 lower than 

measured.  The shape of the effectiveness curve against jet velocity was well predicted. 

CFD has shown that the flow from this air curtain cannot be considered as 2-D.  The 
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central part of the jet is deflected away from the cold store by the Coanda effect caused 

by the air curtain device’s fan body.  The edges of the jet are deflected into the cold 

store by the stack pressures and turn into the void caused by the deflected central jet.  

Key words: Cold store; Entrance; Computational fluid dynamics (CFD), Modelling, Air 

curtain, Turbulent jet 
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Notation 

at  turbulent diffusivity, m
2
.s

-1 

b  thickness of air curtain jet, m 

cp specific heat at constant pressure, J.kg
-1

.K
-1

  

C  concentration of CO2 in the room, % 

C  k- turbulence model constant, 0.09 

C  k- turbulence model constant, 1.44 

C  k- turbulence model constant, 1.92 

Dm  deflection modulus, dimensionless 

E  effectiveness, dimensionless 

g  acceleration due to gravity, 9.81 m.s
-2

 

H  height of entrance, m 

I  air exchange, dimensionless 

k  turbulent kinetic energy per unit mass, J.kg
-1

 

Q  infiltration, m
3
 

p  static pressure, Pa 

P  Shear production of turbulence, kg.m
-1

.s
-3

 

t  time, s 

T   predicted average temperature, °C 

T  initial temperature difference between cold store and ambient, °C 
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u  air curtain jet velocity, m.s
-1 

T  Temperature, K 

w  velocity vector, m.s
-1 

V  volume of air within the room, m
3
 

Greek 

  coefficient of thermal expansion, K
-1

 

  identity matrix, dimensionless 

  turbulence dissipation rate, m
2
.s

-3
 

  thermal conductivity, W.m
-1

.K
-1

 

  k- turbulence model constant, 1.3 

k  k- turbulence model constant, 1.0 

t turbulent Prandtl number 

  dynamic viscosity, kg.m
-1

s
-1

 

  density, kg.m
-3

 

Subscripts 

a  with air curtain 

b  without air curtain 

o  supply air jet 

ref  reference 

t  turbulent 
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w  ambient 

0  background 

1  initial 

2  final 

Superscripts 

 turbulent mean quantities 

’ turbulent fluctuating quantities 

T inverse matrix   



 6 

1. Introduction 

In 2002, the UK food and drinks industry used the equivalent of 285 thousand tonnes of 

oil to power its refrigeration [1] with most being used in cold stores.  In cold stores 

energy is wasted due to air infiltration into the room during loading and unloading and 

other instances when the barrier between the cold and warm environments is removed.  

For an unprotected frozen storage room this exchange of air can cause the store to gain 

heat at the rate of approximately 105 kW per metre door width [2].  Air infiltration is 

also the main source of frost on evaporators and can lead to accidents caused by ice. 

Transparent PVC strip curtains are the traditional and most commonly used method of 

reducing infiltration.  Ligtenburg and Wijjfels [3] claim that ‘they are generally 

considered as unsafe, not particularly efficient, unhygienic and requiring much 

maintenance and it is possible that they may be banned in the future.’  Vestibules or air 

locks and flexible, fast-opening doors, often in combination with each other, are other 

methods employed to reduce infiltration.  However, vestibules restrict access, are 

difficult to fit to existing sites and can be bulky, while flexible, fast-opening doors have 

heavy maintenance requirements and reduce vision for forklift truck operators. 

Air curtains reduce infiltration without taking up as much space as vestibules and 

without impeding traffic.  Their origin dates back to a patent applied for by Van Kennel 

in 1904 [4,5] and they have been popular for around 50 years.  An air curtain consists of 

a fan unit that produces a planar jet of air (air curtain), which forms a barrier to heat, 

moisture, dust, odours, insects etc.  In the case of cold store air curtains, the device that 

produces it is usually mounted above the door, blowing the air curtain vertically down.  

Some air curtains recirculate via a return duct opposite the air jet outlet, but most do not. 
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Measured values of the static effectiveness of air curtains as found installed on cold 

stores (before improvements were made) have been between 0.44 and 0.78 [6].  An 

effectiveness of 1 means that infiltration is totally eliminated, 0 means that there is no 

effect on the infiltration and a negative value indicates that the infiltration is worse than 

with no air curtain. 

The basic theory for natural convection of fluids at different densities through openings 

was expressed more than 70 years ago [7].  Since then many authors have created 

improved models [8-13].  Most air curtains are essentially plane, turbulent jets and the 

physics of these jets are also well documented [14-16]. 

Solving the equations for natural convection through openings and also for turbulent jets 

allows the interaction between the air curtain and air infiltration through the entrance to 

be evaluated.  Hayes and Stoecker [4,5] created analytical equations to predict heating 

and cooling loads across non-recirculatory air curtains.  This theory deviated from 

measurements by about 15% for air curtain height to air jet thickness ratios of up to 84.  

Guyonnaud et al [17] demonstrated differences between the Hayes and Stoecker, and 

Lajos and Preszler [18] model. They showed that knowing the height of the air curtain, 

jet thickness and jet velocity was not sufficient to simply describe the fluid mechanics of 

the air curtain. The convection of jet vortices (large eddies) and the height of the 

impinging (or recompression) zone all affect the effectiveness of the air curtain sealing. 

Ge and Tassou [19] used finite difference models with good success to predict the 

performance of air curtains for vertical refrigerated display cabinets.  Due to the large 

computing power required by the finite difference models, the authors then based 

simplified correlation models on the predictions.  Foster et al [20,21] investigated the 
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use of computational fluid dynamics (CFD) to predict flow through an unprotected cold 

store entrance and showed that it was generally qualitatively accurate. 

A literature search found only one publication [3] where finite difference models have 

been used to predict the effectiveness of an air curtain for a cold store entrance, however 

this was a two dimensional (2-D) simulation and therefore did not take into account end 

effects.  A three dimensional (3-D) finite difference model was used to investigate the 

design of an air curtain on a heated store; this study showed the importance of having an 

air curtain that extended beyond the width of the door [22]. No publications were found 

which describe the 3-D interactions between an air curtain and cold store.  Only one 

publication was found that shows the relationship of real air curtain effectiveness with 

varying jet velocity [23]. 

The aim of this study was to compare the measured effectiveness of a commercially 

available air curtain at different jet velocities against a 3-D CFD model.    The air 

curtain device used in the study had an outlet that was not as wide as the entrance and 

had a geometry that encouraged three-dimensional flow.  In this paper, 3-D flows 

predicted using CFD are compared to idealised, 2-D, planar flow predictions, which are 

often assumed.  The accuracy of this model was compared to the analytical model 

presented by Hayes and Stoecker [5]. 

2. Materials and methods 

2.1 Test room and air curtain 

Experimental studies were carried out on a cold storage room (internal dimensions L x 

W x H = 4.8 m x 5.8 m x 3.8 m), which was used in previous studies by Foster et al 

[20,21].  This cold storage room was inside a food-processing hall of floor dimensions 
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24 m x 17 m.  The room had an entrance (W x H = 1.36 m x 3.2 m) with a 0.16 m 

doorframe and was fitted with a sliding door.  

 

Figure 1 The air curtain device as viewed from below after installation 

An air curtain device (Model TS-40, Thermoscreens Ltd, UK) was fitted centrally above 

the door on the outside of the cold store (Figure 1).  The outlet of the air curtain device’s 

nozzle was positioned 160 mm from the outside surface of the cold store panels; the 

door rail prevented closer fitting than this.  The air curtain had a fan/blower housed in a 

0.62 mm long cylindrical body.  Air was drawn into the fan through a grille in the centre 

of the cylindrical body.  Air could also be drawn into each end of the cylindrical body, 

through slide ports attached to a velocity control dial, allowing the velocity of the air 

curtain to be increased.  Air was blown out of the cylindrical body and through a duct 

that turned the air through approximately 135° and discharged it through a nozzle with 

Velocity control dials 

Discharge nozzle Centre return grille 
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dimensions of 1.0 m wide by 30 mm deep.  The air curtain was fitted and set up by a 

contractor and was provided with controls to allow rotation of the air curtain device to 

provide different air curtain jet angles. 

In later trials to compare results with an air curtain that covered the full width of the 

door, the entrance was reduced to 1.0 m wide so that the air curtain width matched the 

door width without overlaps.   

2.2 Measurements 

Measurements of the jet velocity were made across the width of the air curtain, close to 

the outlet of the duct using a hot wire anemometer (Model 1650, Thermo Systems Inc, 

UK) (accuracy 2%) whilst the door was fully open.  Turbulence levels were not 

measured as Guyonnaud et al [17] showed that an initial turbulence intensity in the 

range of 0 to 20% had no effect on the air curtain performance and that commercial air 

curtains were in the range of 10 to 20% turbulence intensity.  A range of turbulence 

intensities was modelled to verify this statement. 

Air exchange was calculated by the measured decay of an elevated CO2 concentration in 

the room over time. CO2 was released into the room and mixed using the evaporator 

fans to give a concentration of approximately 0.5% (5 000 ppm). The concentration 

could not exceed 5 000 ppm due to safety implications. All CO2 concentrations were 

measured to an accuracy of 250 ppm with an infra-red CO2 analyser (Model ABPA-210, 

Horiba Ltd, Japan). 

Immediately prior to each door-opening test, the evaporator fans were switched off to 

allow the air movement to settle for 30 s.  The door was fully opened for 10 or 30 s and 

then closed.  The door took a total of 61 s to open and the same to close.  All trials 
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were carried out with an initial room temperature of -20°C.  The air temperature outside 

the room was between 20 and 26°C. 

It was assumed that the decay of CO2 was logarithmic during the door opening and that 

the CO2 fully mixed on entering the room.  Concentrations measured immediately 

before and after the door-opening were used to calculate the infiltration as shown in 

Equation 1 [23].  















01

02ln
CC

CC
 V.Q          (1) 

A door switch was fitted to start the air curtain device as the door started to open and 

stop it just after the door closed.  Experiments were carried out for different air curtain 

velocities, ranging from the minimum (10.5 ms
-1

) to the maximum (18 ms
-1

) attainable 

velocities and with the air curtain switched off.  A vertical jet angle was used for the 

variable jet velocity measurements.  

The effectiveness (E) of the air curtain was derived from the measurements taken, at 

each condition, defined in Equation 2. 
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2.3 Analytical model 

Hayes and Stoecker [5] have presented an analytical model to assist in the design of air 

curtains (Equation 3).  Their model allows the calculation of the ‘deflection modulus’, 

which is the ratio of air curtain momentum to transverse forces, caused by temperature 

difference either side of the curtain (stack effect).  The stack effect is created by the 
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difference in air densities on the two sides of the doorway and results in a linear 

variation in pressure from the top to the bottom of the opening. 
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They also presented a chart showing the minimum outlet momentum required to 

maintain an unbroken curtain (Figure 2). 

 

Figure 2. Minimum outlet momentum required to maintain an unbroken curtain. 

From the chart and equation it is possible to calculate the minimum curtain velocity to 

provide an unbroken curtain.  However, because this is the velocity at the borderline of 

stability, a higher outlet velocity must be selected in order to provide a factor of safety.  

They showed that heat transfer through the curtain is proportional to jet velocity for 

velocities above the borderline of stability and it is not therefore beneficial to have too 
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high a safety factor.  The literature suggests a range of safety factors between 1.3 and 

2.0 to use in this model [5], these were applied in this paper. 

2.4 CFD  model 

A 3-D model was created using CFX 5.7.1 (ANSYS Inc., USA), a general purpose CFD 

code.  The hardware used to run the model was a Viglen Genie PC with an Intel 

Pentium 4 processor running at 1.6 GHz with 1.25 Gb RAM. 

2.4.1 Governing equations 

The governing equations are written following the RANS (Reynolds Averaged Navier 

Stokes) approach. Thus the instantaneous value of each variable  is given by the sum of 

its time averaged mean value  and a turbulent fluctuating component   . 

The time-averaged continuity, momentum and energy equations for a constant property 

incompressible fluid in absence of volumetric heating and neglecting the effects of 

viscous dissipation can be written as follows in their conservative form: 

0 w  (4) 

     wwgwwww 

 ρTTp 

t
 ref -   2   (5) 

   Tρ-T T c 
t

T
c pp





ww

2  (6) 

In the right hand side of equation 5 and 6 appear the unknown Reynolds stresses 

 ww  ρ  and Reynolds fluxes  Tρ w  respectively.  

As the temperature variations are in a range of values which allows the use of the 

Boussinesq approximation to simulate buoyancy. Following such an approximation, the 
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density is assumed constant in the transient and convective terms, while it is linearly 

dependent on temperature in the buoyancy term     grefTT  .     

The k- turbulence model was adopted to model the Reynolds stresses and fluxes. As it 

uses an eddy-viscosity hypothesis, the Reynolds stresses can be linearly related to the 

mean velocity gradients as follows: 

    T

tt
3

2
k

3

2
wwwww     (7)  

where t is the turbulent viscosity, 2)(21 wk  is the turbulent kinetic energy and  is 

the identity matrix. Analogously the Reynolds fluxes are linearly related to the mean 

temperature gradient as  

  Tac'T tp    w  (8)  

with  

t

t
ta




  (9)  

where at e t are known as turbulent diffusivity and turbulent Prandtl number 

respectively.  

From this point on we drop the over bar on the mean quantities for the sake of 

simplicity.  

In the k- model, it is assumed that the turbulence viscosity is linked to the turbulence 

kinetic energy and dissipation via equation 10. 
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Where Cμ is a constant. The values of k and  come directly from the differential 

transport equations for the turbulence kinetic energy and turbulence dissipation rate 

(equations 11 and 12). 
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where P is the shear production defined by: 

   k
3

2
P tt   wwwww T    (13) 

C1, C2, k and  are constants. 

To compare results with another turbulence model, the SSG Reynolds stress model [24] 

was also used at one condition.  The Reynolds stress model does not use the eddy 

viscosity hypothesis, but solves equations for the transport of Reynolds stresses 

 ww  ρ  in the fluid.    

2.4.2 Boundary conditions 

The air jet was an inlet type boundary condition with a constant velocity, temperature 

and turbulence intensity across it.  The magnitude of the inlet velocity was varied from 

10 to 26 m.s
-1 

and the direction was taken to be normal to the boundary.  The 

temperature was fixed at 22C and the turbulence intensity was 10% except for one case 

at 5 and 20%. 
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The return grille was modelled as an outlet with a relative static pressure.  In this way 

the exit boundary condition pressure profile can float, but the average value was 

constrained to a specified value. 

All boundaries except the inlet and outlet of the air curtain were modelled as no slip 

walls where the velocity of the fluid at the wall boundary was set to zero.  Initially, an 

‘opening’-type boundary condition was used at the outer boundaries of the volume 

outside the cold store.  This type of boundary condition allows simultaneous inflow and 

outflow and is useful if it is not known whether the flow will be entering or leaving 

through the boundary.  This was found to generate numerically instabilities, so the outer 

boundaries of the volume outside the cold store were modelled as no slip walls and were 

placed far enough from the entrance so as not to influence the air curtain.   

The wall-function approach is an extension of the method of Launder and Spalding [25]. 

In the log-law region, the near wall tangential velocity is related to the wall-shear-stress 

by means of a logarithmic relation. In the wall-function approach, the viscosity affected 

sublayer region is bridged by employing empirical formulas to provide near-wall 

boundary conditions for the mean flow and turbulence transport equations. These 

formulas connect the wall conditions (e.g., the wall-shear-stress) to the dependent 

variables at the near-wall mesh node which is presumed to lie in the fully-turbulent 

region of the boundary layer. 

2.4.3 Initial conditions 

The initial conditions of temperature of the cold store and outside were –20°C and 

+22°C respectively.  The initial conditions of velocity throughout the domain were 0.   
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2.4.4 Discretisation 

Equations 4-6 and 11-12 were solved using a finite volume technique. The advection 

scheme used was the High Resolution Scheme.  This scheme varies the blend factor 

throughout the domain based on the local solution field in order to enforce a 

boundedness criterion.  A blend factor of 0.0 is equivalent to using the First Order 

Advection Scheme and is the most robust option. A value of 1.0 uses Second Order 

differencing for the advection terms.  In flow regions with low variable gradients, the 

Blend Factor will be close to 1.0 for accuracy. In areas where the gradients change 

sharply, the Blend Factor will be closer to 0.0 to prevent overshoots and undershoots 

and maintain robustness. 

The transient scheme defines the discretisation algorithm for the transient term.  The 

Second Order Backward Euler scheme was used.  This is an implicit time-stepping 

scheme, and is second order accurate. 

2.4.5 Geometry of the model 

The domain of the model covered the cold store and a volume outside, in front of the 

cold store door (Figure 3).  The modelled volume outside the cold store did not cover 

the full volume of the processing hall, as this would have required greater computer 

resources than were available.  
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Figure 3: Isometric view of the modelled volumes, illustrating the position of the air curtain and entrance 

The geometry of the modelled air curtain was an approximation of the real air curtain; 

the exact geometry would have required a finer mesh than was possible with the given 

computing resources when in conjunction with such a large domain (Figure 4).  

Important geometrical dimensions, such as the nozzle thickness and its relative position 

to the fan body were modelled as accurately as possible.  The air return grille on the air 

curtain was modelled as being at the top of the air curtain.  This was because the real 

return grille characteristics were complex and attempts at modelling it with the size of 

mesh used in the model caused un-realistic flows.  The door rail obstructed entrainment 

to the room side of the outlet nozzle and so a simplified geometry was created to give 

the same effect (shown as the block labelled “simplified door rail” to the left of the 

outlet and return ducts in Figure 4). 
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Figure 4: Front and side elevations of the modelled air curtain device and air curtain inlet and outlet 

boundaries.  Dimensions in mm 

The geometry was discretised with a tetrahedral mesh.  The numerical mesh ranged 

from 30 mm at its finest point to 500 mm at its largest point, with an expansion factor of 

1.2 between these mesh sizes.  The width of the air jet boundary is the same as the 

minimum cell size, thus there is only one cell across the width of the air jet.   

In the plane of the door entrance, and for a radius of 0.5 m from this plane, the mesh 

was 100 mm with an expansion factor of 1.2 outside the radius of influence.  The total 

number of grid nodes for the model was 383 945.  To test the convergence of the mesh, 

finer meshes were used on a ‘cut down’ geometry.  This ‘cut down’ geometry was 

essentially the same, except a symmetry plane was used to reduce the number of mesh 

points.  Mesh sizes of 100, 70 and 40 mm in the plane of the door entrance were 
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produced.  Computer resources did not allow meshes smaller than 40 mm within the 

entrance in this model. 

Computer simulation times were approximately 22 hours for a transient run of 30 s with 

a mesh size of 100 mm to a normalised residual of 1 x 10
-4

.  For each solution variable, 

φ, the normalised residual r  is given in general by equation 14. 









pa

r
r

][
][           (14) 

where r  is the raw residual control volume imbalance, ap is representative of the 

control volume coefficient and Δ  is a representative range of the variable in the 

domain.  

2.4.6 Predictions of air exchange 

The CFD model was used to predict the air exchange between the cold store and the 

surroundings and the effectiveness of the air curtain at differing jet velocities.  

Infiltration was calculated for door-open durations of 10 and 30 s from the predicted 

average temperature inside the cold store.  The change in mean cold store temperature 

(T2) follows the same logarithmic relationship as that in Equation 1, as shown in 

Equation 15.  
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To represent the air exchange in a more universal manner, a dimensionless air exchange 

parameter, I, is defined in Equation 16.  An air exchange of 1.0 corresponds to the 

whole volume of the cold store exchanging with the outside. 
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V

Q
 I            (16) 

Significant distortion of the air curtain from its ideal planar shape was thought to be due 

to the Coanda effect.  This was especially true in the area where the air curtain flowed 

out of the nozzle, close to the cylindrical fan body.  This shape would be likely to cause 

bending of the air curtain towards the fan body due to its proximity, but was less wide 

than the air curtain and so would cause more distortion in the centre of the curtain than 

the outer parts. 
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Figure 5: Front and side elevations of the simplified, symmetrical modelled air curtain device and air 

curtain inlet and outlet boundaries 

To evaluate the effect of this asymmetry on the jet flow, a simplified air curtain was also 

modelled.  This was created such that the combination of the simplified door rail, which 

was the same shape as used in the original model, and the device’s body made a shape 
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that was symmetrical either side of the air curtain plane (Figure 5).  The symmetrical 

curtain had the same inlet and outlet positions as the previous model. 

3. Results and discussion 

3.1 Initial measurements 

Infiltration without the air curtain operating was measured as 14.9 (standard deviation of 

1.0) and 51.2 (standard deviation of 0.4) m
3 

for a door-open time of 10 and 30 s 

respectively.  This gave an air exchange of 0.14 and 0.49 for a door-open time of 10 and 

30 s respectively. 

Trials were carried out on the air curtain as commissioned by the contractor, who set it 

to its lowest velocity and pointing vertically downwards.  The jet velocity of the air 

curtain across the width of the duct averaged 10.5 m.s
-1

.  The measured effectiveness of 

the air curtain was 0.2 for a door-open duration of 10 s and 0.31 for 30 s. 

3.2 Optimisation 

Figure 6 shows the effectiveness of the air curtain for a door-open duration of 30 s and 

for different air jet velocities at an angle of 0° to the vertical.  The effectiveness of the 

air curtain was increased from a minimum of 0.31 with a jet velocity of 10.5 m.s
-1

 (as 

installed) to a maximum of 0.71 with a jet velocity of 18 m.s
-1

, which was the highest jet 

velocity obtainable. 
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Figure 6.  Measured and predicted effectiveness of the air curtain for different air jet velocities for a door-

open duration of 30s and jet angle of 0°.  The measurements were taken at different outside temperatures 

(shown in the legend). 

3.3 Analytical predictions 

From equation 3 the deflection modulus was calculated as 0.24 for the air curtain with a 

jet velocity of 10.5 m.s
-1

.  By slight extrapolation of the curve in figure 2, for an angle of 

0°, it was calculated that the minimum discharge momentum for this air curtain, which 

had a door height to jet thickness ratio of 107, is approximately 0.15.   

To calculate the minimum velocity required to achieve a continuous air curtain across 

the entrance given a known deflection modulus, equation 3 can be re-arranged to give 

equation 17. 
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Applying equation 17, a minimum velocity of 8.3 m.s
-1

 was calculated.  This is the 

minimum recommended velocity; in practice a safety factor of between 1.3 and 2.0 is 
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commonly used.  Using this range of safety factors, a number of velocities can be 

chosen from 11 to 17 m.s
-1

. Using these velocities in figure 6 results in an effectiveness 

of the air curtain varying from 0.37 to 0.70.  A higher safety factor of 2.2 yields the best 

effectiveness in these tests.  This range of velocities shows that the jet should have been 

powerful enough to reach the floor at all available velocities, though the minimum 

velocity of 10.5 m.s
-1

 is just below the velocity calculated with a minimum safety factor 

of 1.3. 

3.4 CFD predictions 

Air exchange without the air curtain device operating was predicted as 0.19 and 0.58 for 

a door-open time of 10 and 30 s respectively.  This was 32% and 20% higher than 

measured for the door-open times of 10 and 30 s respectively. 

Figure 6 shows that the predicted effectiveness was always lower than measured (0.10 

lower at the minimum and 0.15 lower at the maximum measured velocity).  The trends 

of the predicted and measured data are similar up to the maximum measured velocity, in 

that they have a similar, positive gradient that reduces with jet velocity.  The predicted 

effectiveness reaches a maximum of 0.66 at a jet velocity of 22 m.s
-1

.  It was not 

possible to increase the measured jet velocity above 18 m.s
-1

 in these experiments due to 

limitations in the installed system, however, the only data found in the literature [23] 

shows the shape of the predicted curve to be accurate, essentially a polynomial curve 

with one maximum effectiveness at a specific velocity.  It is not possible to predict at 

what jet velocity the maximum effectiveness would be from the data. However, the 

(average) positive gradient between the highest two measured velocities indicates that 

the maximum effectiveness would be greater than 0.72, at a jet velocity above 18 m.s
-1

. 
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Figure 7. Predicted air exchange at a jet velocity of 18 m.s
-1

 for a door open duration of 30 s with different 

model assumptions. 

Figure 7 shows results of a sensitivity analysis that was carried out on the predicted air 

exchange at a jet velocity of 18 m.s
-1

.  The purpose of this was to ascertain the accuracy 

of assumptions made in the model.  The ‘model used’ bar in the figure represents data 

from the model that is described in this paper (k- turbulence model, Bousinnesq 

approximation, and turbulence intensity (TI) of 10%).  The other bars in the figure full 

buoyancy modelling (not Bousinesq approximation), Reynolds stress turbulence model 

and TIs of 5 and 20%.  The measured bar in the figure shows the infiltration measured 

in the experiments.  All of the assumptions modelled were within 10% of the model 

used.   

Figure 8 shows the predicted air exchange after a door open duration of 10 s for the ‘cut 

down’ model at a jet velocity of 18 m.s
-1

.  The predicted air exchange was reducing with 

finer meshes; however, there was only a 5% reduction in air exchange with the mesh 

reduced from 100 to 40 mm.   The differences due to the assumptions were much lower 

than the difference between predicted and measured results (47%). 
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Figure 8. Predicted air exchange at a jet velocity of 18 m.s
-1

 for a door open duration of 10 s for different 

mesh sizes. 

When the door was reduced to 1.0 m wide so that the air curtain fully covered the door 

with no overlaps, the predicted effectiveness at a jet velocity of 18 m.s
-1

 was 0.59 

compared to 0.56 for the 1.36 m door at this velocity, a 5% increase.  For the same 

reduction in door width, the measured effectiveness was increased from 0.71 to 0.79, an 

11% increase in the effectiveness.           

3.4.1 3-D flow 

Figure 9 shows predicted velocity vectors for a vertical elevation in the central plane of 

the entrance.  Although the air curtain leaves the nozzle pointing straight down, the air 

is very soon deflected away from the room by the Coanda effect, due to the proximity of 

the fan body.  It is not possible to see the 3-D effects of this flow from a single 2-D 

plane and therefore 3-D iso-velocity plots for 3 different views are shown in Figure 10.  

The iso-velocity plots show the direction of air flow for all positions at 3 m.s
.-1

.  The 

front elevation shows that the jet narrows in the plane of the entrance.  The side 
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elevation highlights that the centre of the jet is bent out away from the room but the 

sides are folded back into the room.  The plan view shows that the central part of the jet 

is deflected out of the room (upwards in the figure) and narrows, but that the sides of the 

jet are drawn into the room and cross one another. 

 

Figure 9.  Predicted velocity vectors and temperature contours in the plane of the entrance for a jet 

velocity of 18 m.s
-1

, angle of 0
o
 and door-open duration of 30 s. 

To further understand the effects shown by these predictions further predictions were 

carried out. 

To establish the consequence of the stack effect, the model was repeated isothermally.  

Results from this showed a similar flow except that the two sides of the jet were 

deflected towards each other but not into the cold store.  
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To establish the consequence of the shape of the air curtain body, a simplified, 

symmetrical air curtain was modelled.  The flow was similar to that found when 

modelling the more realistic air curtain, except that the centre of the jet was not 

deflected out of the cold store.  The sides of the jet were deflected towards each other 

and into the room but to a much lesser degree. 

To establish the consequences of the stack effect on the simplified air curtain, the 

simplified air curtain was modelled isothermally.  The shape of the resulting air curtain 

was very different to the previously modelled scenarios.  The iso-velocity surface was 

more planar and symmetrical, the jet changing its cross section from a thin rectangle at 

the nozzle outlet to a broad oval where it strikes the floor.  This is much closer to an 

idealised 2-D air curtain, although 3-D shapes are still present.  Due to the lack of stack 

effect entraining air at the sides of the curtain, the sides of the jet were no longer bent 

into the cold store and the symmetrical air curtain device meant that there was no 

unsymmetrical bending of the curtain due to an uneven Coanda effect. 

From these models we can deduce that the centre of the jet is deflected away from the 

cold store because of the proximity and shape of the air curtain body (Coanda effect).  

The effect of the ends of the jet being bent into the cold store is caused by the stack 

effect.  This is probably because the velocity at the ends of the curtain is reduced, due to 

entrainment and therefore is less able to resist the stack pressures.  In addition gaps at 

the sides would allow free entry of air and so the shear on the edges of the curtain in an 

inwards direction towards the top of the curtain would be greater.  The effect of the ends 

of the curtain being deflected towards each other is due to both the stack effect and the 

shape of the air curtain device.  As the centre of the jet is bent away from the cold store, 

a low-pressure zone is formed, which the jet ends are pulled into. 
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Figure 10.  Velocity vectors at a Iso-velocity of 3 m.s
-1

 in the region of the entrance for a jet velocity of 18 

m.s
-1

, angle of 0
o
 and door-open duration of 30 s.  Front elevation (left), side elevation (right) and plan 

view (bottom). 

To establish whether an air curtain that covered the full width of the door would have a 

similar shape, the door was reduced to 1.0 m wide so that the air curtain fully covered 

the door with no overlaps.  The predicted shape of the jet was almost identical to that 

with the 1.36 m wide door. 
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4. Conclusions 

The effectiveness of an air curtain fitted over a 1.36 m wide entrance to a cold store has 

been measured and predicted using both 2-D analytical and 3-D CFD models.   

This paper has shown the importance of correctly setting up air curtains to give optimal 

effectiveness.  Downing and Meffert [7] reported that air curtains are often not installed 

at their optimum.  This paper has re-enforced those statements using data from 

controlled experiments. 

The analytical model gives a guide to the jet velocity required for an air curtain that 

seals the entrance as well as possible by reaching the floor.  However, these studies have 

shown that with the air curtain used in these experiments, the effectiveness can vary 

greatly, depending on which safety factor was chosen in conjunction with the calculated 

velocities.  The analytical model is unable to give any guide on the effectiveness of the 

air curtain at the different jet velocities, but this work presents the variation in 

effectiveness with changing safety values. 

The 3-D CFD model predicted the infiltration through the entrance with no air curtain to 

an accuracy of within 20 to 32%.  The predicted effectiveness of the air curtain at 

different jet velocities was 0.08 to 0.15 lower than measured.  The trend of the curve of 

effectiveness against jet velocity was well predicted.  Further experimentation with 

higher jet velocities would have been useful.  However, the system was unable to reach 

velocities that would allow verification of the predicted optimum jet velocity.   

Reducing the width of the door to the width of the air curtain had little effect on the 

predicted shape of the air curtain flow, although it did provide a slight increase in the 

predicted and measured effectiveness of the air curtain. 
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It is quite likely that a finer grid mesh would give more accurate predictions, however, 

the model was fairly accurate at predicting the effectiveness of an air curtain with a 

coarse mesh (100 mm in the plane of the door) compared to the thickness of the jet (30 

mm).  

Predictions at different turbulence intensities re-enforced the statement by Guyonnaud et 

al [18] that they had little effect on air curtain performance. 

CFD has shown that the flow from this air curtain cannot be considered as 2-D.  The 

central portion of the air curtain is deflected away from the cold store by the Coanda 

effect (caused by the fan body).  The sides of the curtain are deflected into the cold store 

by the stack pressures and are drawn into the void caused by the deflected central 

portion.  The same effect is predicted for an air curtain that covers the full width of the 

door. 

Reducing the deflection of the sides of the curtain would probably increase the 

effectiveness of the air curtain.  Either angling the jet outward more at the sides and / or 

using a higher jet velocity at the sides might do this. 

It was not possible to completely validate the effects shown by the CFD work without a 

tool such as laser Doppler anemometry (LDA) or digital particle image velocimetry 

(DPIV).  However, tufts of tissue paper attached to the air curtain nozzle did show the 

deflection of the central region of the jet towards the fan body and away from the door 

entrance. 

There were only a finite number of mesh cells available for modelling the experimental 

set-up, due to memory limitations of the computer.  It was not possible, given the size of 

the domain, to model accurately the exact geometry of the air curtain including the 

complex return air boundaries.  Reducing the domain to just around the air curtain body 
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would allow a more accurate prediction of the jet exiting the air curtain, however, this 

would not allow prediction of the effectiveness of the air curtain attached to this cold 

store.  Overcoming this problem would require greater memory than could be achieved 

using the current 32 bit hardware with a single processor.  Running the model on 64-bit 

hardware or portioning the mesh and solving on a network of computers may overcome 

this problem.  
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Figure captions 

Figure 1. The air curtain device as viewed from below after installation. 

Figure 2. Minimum outlet momentum required maintaining an unbroken curtain. 

Figure 3: Isometric view of the modelled volumes, illustrating the position of the air 

curtain and entrance. 

Figure 4: Front and side elevations of the modelled air curtain device and air curtain 

inlet and outlet boundaries. 

Figure 5.  Geometry of the simplified air curtain used in the CFD model.  Front 

elevation (left) and vertical elevation (right). 

Figure 6.  Measured and predicted effectiveness of the air curtain for different air jet 

velocities for a door-open duration of 30s and jet angle of 0°.  The measurements were 

taken at different outside temperatures (shown in the legend). 

Figure 7. Data from a sensitivity analysis showing the predicted air exchange at a jet 

velocity of 18 m.s
-1

 with different model assumptions.   

Figure 8.  Predicted velocity vectors and temperature contours in the plane of the 

entrance for a jet velocity of 18 m.s
-1

, angle of 0
o
 and door-open duration of 30 s.   

Figure 9.  Velocity vectors at a Iso-velocity of 3 m.s
-1

 in the region of the entrance for a 

jet velocity of 18 m.s
-1

, angle of 0
o
 and door-open duration of 30 s.  Front elevation 

(left), side elevation (right) and plan view (bottom). 


