
Design of air curtains used for area confinement in tunnels
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Abstract Air curtains' devices, i.e., plane air jets, are used
as virtual screens to reduce the heat and mass transfer
from one zone to another subjected to different environ-
mental or climatic conditions. An air curtain is a plane air
jet blown through an opening. It produces a pressure drop
that forbids transversal ¯ow through the opening. The
principal advantage of such installations is to facilitate the
transit of people, vehicles or material through doorways of
buildings and other enclosures. The purpose of this re-
search is twofold: (i) to characterize the ef®ciency of air
curtains; (ii) to establish how scaled down models could be
used to set up full-scale installations.

List of symbols
C1,C2 constants
e air curtain thickness
Eu Euler number
H roof height
I0 turbulence intensity of the jet at nozzle
k constant
PA atmospheric pressure
P1 static pressure in the upstream section
P2 static pressure in the downstream section

R jet bending radius
Re Reynolds number of the jet at nozzle
Sc scale of the mode
U(x,y) velocity at x,y location
UC(x) centerline velocity at x location
U0 velocity of the jet at nozzle
U1 ¯ow rate velocity in the main tunnel
x,y coordinates

Greek symbols
DP = P1 ) P2 pressure drop created by the air curtain
m kinematic viscosity of air
q air density
a blowing angle
r1, r2 constants

1
Introduction
Most of the time, traditional door causes unacceptable
hindering of traf®c, transport or execution of technological
processes. To facilitate the way of people, vehicles, mate-
rial through doorways of buildings and other enclosures,
while eliminating or reducing air transfer, solid doors are
replaced or supplemented by air curtains. The air ¯owing
across the doors is induced by the difference of pressure
between two rooms generated by the wind or by the ven-
tilation system. Air curtains are popular for energy saving
in public buildings, foundry furnaces, refrigeration sto-
rages or for air quality control in food, electronic indus-
tries and surgical units. Robertson and Shaw (1978)
indicate that these devices could also reduce chemical
species, odors, bacteria's, dust, insects, moisture or ra-
dioactive particles transfer. Grasmuck (1969), Sheikh and
Grasmuck (1970), Powlesland (1974) or Partyka (1995)
report that this device is also applied for air stopping and
¯ow regulation in mine airways. Another important ap-
plication is the safety in underground tunnels. In case of
®re in gallery, air curtains could reduce the moving of
toxic smokes while preserving full access to emergency
exits.

The major criterion for the ef®ciency quanti®cation of
an air curtain is the rate of heat and mass transfer crossing
it, compared with the same opening without curtain.
Robertson and Shaw (1978) have measured the mass
transfer with a gas tracer method. The concentration ratio
between the protected zone and the polluted one, vary
from 5% to 15% when the air curtain correctly seals the
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opening. Inversely, if the outlet velocity is too high or the
blowing angle not optimal, the air curtain should increase
the heat and mass transfer.

The design of air curtains is quite dif®cult. It depends
on the installation site and on the size of the opening. In
supermarkets, or public buildings, the velocity must be
low to avoid unbearable velocities for pedestrians. For
industrial applications, like furnace, refrigeration storage
or ®re security in tunnel, the velocity may be higher and
the jet thicker. Only few recent design data are today
available. Actual installations are set up experimentally on
scaled down or on expensive full scale models. Neverthe-
less, we do not have any general correlation at our dis-
posal.

This paper intends to give design information on the air
curtain. After some general information on air jets, air
curtains designing and ¯uid mechanics similitude, we give
a description of the experimental facilities and methodo-
logy. Results on air curtain performances and similitude
law are then stated. The most important parameters for
design and the limitations in the use of the data obtained
on scaled down models are highlighted.

2
Air jet and air curtain description

2.1
Physic of the free air jet
The number of publications involving experimental data,
mathematical analysis, and computational modeling
points out the importance of air jet in a broad variety of

applications. The reviews of Abramovitch (1963), Raja-
ratnam (1976), Chen and Rodi (1980), Ramaprian and
Chandrasekhara (1985) give some piece of information.
Depending on the door height, the velocity ®eld of an air
jet shows two, three or four regions. We can distinguish
the potential core zone, the transition zone, the af®nity or
developed zone, the impinging or recompression zone. A
basic sketch of the velocity distribution of a jet is repre-
sented on Fig. 1.

Potential core zone
In this region, the centerline velocity remains constant and
equal to the velocity of the jet at exit U0. The turbulence
intensity is also constant. The length of this region is equal
to 5 to 8 times the jet thickness e. Van and Howell (1976)
indicate that this length is strongly in¯uenced by initial
¯ow conditions and by the shape of the nozzle.

Transition zone
The analytical solution for the velocity distribution of a
free jet of low turbulence intensity is given by Eq. (1). It
could be applied both to the potential core and to the
transition zone. According to Schlichting (1968), the value
of the empirical constant r1 is equal to 13.5
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Af®nity or developed zone
This region begins after approximately 20 e. It is also
called the af®nity region. For a free jet, the velocity ®eld

Fig. 1. The different zones of an im-
pinging jet
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U(x,y) and the centerline velocity UC(x) can be respectively
calculated by Eqs. (2) and (3), Schlichting (1968):
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The values of the empirical constants C1 and C2, depend on
the nozzle shape and on the boundary conditions. They
are in the range: 1.9 < C1 < 3.0 and )8 < C2 < 10.

Impinging or recompression zone
In air curtain applications, depending on the height of the
entrance, only some of the previous regions exist. In all
cases, an impinging zone also called the recompression
zone is present nearby the ¯oor. The thickness of this zone
represents approximately 15% of the total jet height, Gu-
tmark et al. (1978).

2.2
Air curtain theoretical analysis

2.2.1
Dimensional Analysis
Each air curtain installation has speci®c geometric and
dynamic conditions. For a long two dimensional tunnel in
the isothermal case, and for an exhaust ¯ow exactly equal
to the plane air ¯ow blown at ®xed angle a, 8 variables
describe the problem: DP, H, e, a, U0, I0, m, q. Three fun-
damentally I.S. units (mass, length and time) are involved
in the problem. Using the p-Buckingam theorem, we can
set up 5 non-dimensional numbers which are representa-
tive of the phenomena. There are the geometric aspect
ratio H/e, the Reynolds number U0 e/m, the turbulence
intensity of the jet I0 at exit and the blowing angle a. The
last number is the ratio of the pressure forces to the in-
ertial forces; it is called the Euler number:
Eu � DP=�1=2qU2

0 �. The relationship between these ®ve
non-dimensional numbers can be written as following:
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Here is the limit of the dimensional analysis of the prob-
lem. The function f must be determined analytically or by
means of experiments.

2.2.2
Theoretical calculations of air curtains
To characterize the air curtain ef®ciency, it is possible to
de®ne a minimum discharge velocity U0, ensuring the
sealing of an opening subjected to a cross pressure dif-
ference DP. The plane air jet closes the door by compen-
sating this pressure difference.

Neglecting the viscous and gravity forces, and consid-
ering that the pressure difference is constant along the x-
direction, the force budget, in stationary condition, gives
the expression of the jet bending. When the transversal
mean ¯ow is null, (U1 = 0), the de¯ection of a jet subjected
to a constant transversal pressure difference is an arc of
circle of radius R.

R � qU2
0 e

DP
�5�

Using the momentum equation, the integration of the
Euler equation gives the expression of the Euler number
when the mean ¯ow rate across the air curtain is null.

Eu � k
e

H
sin�a� �6�

The analytical value of the constant k is equal to 4. Un-
fortunately, experimental tests done for building energy
saving reported by Lajos and Preszler (1975) show that k
depends on the ratio H/e; they found for a = 30°:

k � 1:71� 0:0264
H

e
�7�

Hayes and Stoecker (1969a, b) have also solved the same
problem. Their experiments show that the Euler number
depends on the geometric and dynamic parameters of the
air curtain. They give an empirical correlation expressing
the Euler number as a function of H/e and a:
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e
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The main conclusion of their study shows that the Euler
number remains constant for each geometric con®gura-
tion. Thus, for a given entrance, the discharge velocity U0

of an effective air curtain is proportional to the square root
of the pressure difference to be counterbalanced. Experi-
mental works of the previous authors proved the validity
of this correlation if 25° < a < 45° and 10 < H/e < 40.
Graphic representations of Eqs. (6) and (8) are given on
Fig. 2 for a = 30°. As only the ratio H/e appears in the
correlation, the Euler number seems to be representative
of the size of the model. Note that in regard to Eqs. (6)±(8)
the value of Euler number does not change when H/e is
kept constant. No more details on this topic are given in
the papers. Nevertheless, Fig. 2 points out the difference
between Lajos and Preszler (1975) and Hayes and Stoecker
(1969) results. Experimental conditions seem to have
strong effects on results.
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Fig. 2. Experimental correlations suggested by Hayes and
Stoecker (1969) and Lajos and Preszler (1975), (a = 30°)

379



More recently, Partyka (1995) analytically solves the
problem for mine security application. He has developed a
mathematical model yielding data for performance com-
parison. In this model, a theory for the calculation of the
pressure difference created by an air curtain in a rectan-
gular duct is applied to two turbulent plane air streams
injected from two opposite walls. His theory can also be
applied to an air curtain created by a single jet. Analytical
results show that the pressure counterbalanced by the jet is
a function of the square of the discharge velocity U0. The
author also picks up that the optimal blowing angle of the
jet is closed to 30°. This theory does not ®t very well to
experimental results. The author proposes to use a cor-
rection coef®cient varying in the range of 0.35 to 0.9. He
does not give more information on this point.

3
Experimental apparatus and procedure

3.1
Test bench description
Figure 3 shows a general view of the installation. The
experimental facilities consist of a wind tunnel (1.4 m
width, 8 m length) the ¯oor height H of which is adjus-
table from 0.2 m to 1.44 m. So, the ratio H/e is variable
from 12 to 48 for the narrowest nozzle and from 0 to 18 for
the broadest one. The air jet blows from top to bottom at a
30° angle to the vertical axis. The maximum velocity is
30 m/s for the narrowest nozzle. The nozzle thickness is
20, 40, 60 or 80 mm. Using a grid, we can set the turbu-
lence intensity of the jet from 0.5% to 20%. The pressure
difference on both sides of the air curtain (P1 ) P2) is
created with the main tunnel fans. We can set it conti-
nually from 0 up to 50 Pa.

3.2
Measurement facilities and experimental procedures
Velocity ®elds of the air curtain are investigated by a
Dantec hot wire anemometer coupled to a micrometric
displacement arm. An 8 W laser, and a C.C.D camera are
used to visualize the air curtain shape. The pressure dif-
ferences (P1 ) PA) and (P2 ) P1) are measured in each
section with a multichannel pressure sensor of high sen-
sitivity (resolution of 1 Pa). For each section, the static
pressures are spatially averaged with eleven parietal taps.

The air curtain is considered fully effective when the
pressure difference (P1 ) PA) is null. In that case, the
mean mass transfer from the upstream part of the tunnel is
null and the ¯ow rate in the downstream part of the tunnel
is exactly equal to jet ¯ow rate at exit. This is later called
the null mean ¯ow condition.

4
Experimental results

4.1
The free air jet
Before studying the air curtain, we need to verify if the
installation is suitable to produce a jet similar to those
reported in literature. As shown on Fig. 4, the centerline
velocity decay follows the expression given in Eq. (3). The
coef®cient C1 is equal to 2.51 and C2 to 0. They are exactly
in the range of values reported by other researchers.

This experimentation also gives the transversal distri-
bution of the jet velocity. Non-dimensional velocity pro-
®les are plotted from x/e = 6 to 50 on Fig. 5. There is a
very good agreement with theoretical results given by
Rajaratnam (1976). These tests have been conducted for
different jet thickness (20 to 80 mm) and several Reynolds

Pressure scanner

PA

Pressure scanner

PA

Fig. 3. Schematic view of the installation
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number from 33 000 to 66 000. We have obtained the same
velocity decays and transversal velocity distributions.

4.2
Shape and curvature of the air curtain
Hayes and Stoecker (1969a, b) and Lajos and Preszler (1975)
indicate that the curvature of an air curtain could be ap-
proximated by an arc of circle of radius R, Eq. (5). Flow
visualizations and centerline velocity measurements done
by laser sheet and hot-wire anemometry are shown on
Figs. 6 and 7. In case of impingement, the de¯ection of the
jet produced by the pressure difference on both sides cannot
be ®tted with an arc of circle as promoted by these authors.

Hot-wire anemometry measurements of the velocity
®eld show that the recompression zone interacts on the
whole velocity ®eld development. The velocity decay,
plotted on Figs. 8 and 9, follows the same law but begins
closer to the nozzle. So, theoretical calculations are not
adequate for jet bending calculation. In case of a con®ned

jet with impingement closed to the nozzle, Hayes and
Stoecker (1969) or Lajos and Preszler (1975) results are not
applicable in our case.

4.3
Pressure drop created by the air curtain
Results are presented in form of the pressure difference
counterbalanced vs the dynamic pressure of the air jet
calculated at exit. It corresponds to the null mean ¯ow
condition (P1 ) PA = 0 and U1 = 0). For any given geo-
metry, we observe on Fig. 10, that the Euler number re-
mains constant for each ratio H/e. This result is in good
agreement with Hayes and Stoecker (1969a, b) and Lajos

Fig. 4. Centerline velocity decay of a free air jet (U0 = 27 m/s,
I0 = 0.5%, e = 20 mm, a = 0°)
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Fig. 5. Dimensionless transversal velocity distribution of a plane
air jet (U0 = 27 m/s, I0 = 0.5%, e = 20 mm)
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Fig. 6. Laser visualization of the air curtain, theoretical and ex-
perimental jet bending at null mean ¯ow condition (U0 = 3 m/s,
I0 = 0.5%, e = 20 mm, H/e = 12, a = 30°)

Fig. 7. Visualization of the air curtain frontier (U0 = 3 m/s,
I0 = 0.5%, e = 20 mm, H/e = 12, a = 30°)
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and Preszler (1975) conclusions. We obtain similar results
for each air jet thickness (20, 40, 60 and 80 mm).

Therefore, as the slope of the curve remains constant for
any given geometry, the Euler number is independent of
the Reynolds number of the jet at exit, Re = U0e/m, see
Fig. 11. Then, for a study achieved at actual size, we can
use the Euler criteria to extrapolate the data. So using the
running parameters (U0; DP), we are able to calculate any
other setting parameters, for example a higher pressure
difference to be counterbalanced.

4.4
Influence of nozzle turbulence intensity
Initial turbulence intensity level I0 of a jet is usually lower
than 2% in laboratory experimentations even though it is

in the range of 10 to 20% in actual air curtains. So it is
important to qualify the effect of the turbulence intensity
at nozzle on the air curtain performances. Our investiga-
tion studies the in¯uence of this parameter on the air
screen performances. It appears on Fig. 12, that I0 does
not affect the air curtain performances. The function f in
Eq. (4) is independent of I0. The pressure counter-bal-
anced by the jet is still the same for a ®xed air supply
velocity and for any turbulence intensity. Only the mean
velocity has an effect. This result is of great interest for
actual applications because it is very dif®cult and expen-
sive to keep low the turbulence intensity in such installa-
tions.

4.5
Influence of the scale of the model
In many cases, air curtain devices are optimized using
geometrically reduced scale models. To verify the accuracy
of such model tests, we have changed the scale of the
model from 1/4 to 1/1 for a ratio H/e set to 12. Figure 13
shows that the Euler number does not remain constant
with the scale changing. Then, it is not correct to use re-
duced scale models to design air curtain's installations. We
effectively show that the Euler number grows with the

10

8

6

4

2

0

12
-2 0 42

y/e

x/
e

U / U0

Fig. 8. Velocity distribution of an air curtain (U0 = 20 m/s,
I0 = 0.5%, e = 20 mm, H/e = 12, a = 30°)
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Fig. 9. Centerline velocity decay of a free jet and of an air curtain
(U0 = 20 m/s, I0 = 0.5%, e = 20 mm, H/e = 12)
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device scale. No previous investigations have pointed out
this information, neither did Hayes and Stoecker (1969a,
b) or Lajos and Preszler (1975).

A constant Euler criteria will give a discharge velocity
U0 stronger than necessary. Then the air curtain creates an
opposite ¯ow. In such case, the air curtain can stimulate
the ®re by provision of fresh air.

4.6
Influence of the ratio H/e and e
The ratio H/e and the jet thickness e are changed respec-
tively from 20 to 80 mm and from 12 to 48 by ¯oor
displacement. On Fig. 14, we plot the curve Eu =
f(H/e,e,Sc).

The Euler number does not remain constant with
variable geometric conditions (neither with the air curtain
scale nor with the ratio H/e).

Nevertheless a semi-empirical correlation has been ex-
tracted from our data base:

Eu � 43 e
H

����
H
p ÿ 0:4

20
�9�

So, there is no available similitude using only the dimen-
sional analysis. Geometric data H, e, jet velocity U0 and

pressure difference are not suf®cient to simply describe
the ¯uid mechanics of the air curtain. The convection of
the jet vortices, see Guyonnaud et Solliec (1998) and Figs. 6
and 7, and the height of the impinging zone, take part in
the air curtain sealing mechanism.

5
Conclusions
According to the former discussion, we cannot give a
general correlation apply to the air curtain design. Nev-
ertheless, an extrapolation correlation has been set for an
opening from 0.2 to 1.44 m height. Some information of
great interest has been pointed out in this study. The main
conclusions are the following ones:

± when the pressure difference is increased, the velocity
setting of an air curtain can be known with the Euler
criteria only if the geometry is unchanged.

± in the range of 0 to 20%, the turbulence intensity does
not affect the air curtain performances. Only the mean
¯ow rate is required to ensure the sealing.

± the geometric extrapolation from the reduced scale
model using the Euler number similitude is not avail-
able. In all cases the Euler extrapolation will give an
over-ef®cient device. In underground applications,
the safety will be preserved in all cases. However, care
must be taken not to stimulate the ®re with opposite
¯ow.
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