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Air curtains are used to reduce the heat and mass exchange across open doorways.
Their sealing ability is assessed in terms of the effectiveness E, the fraction of the
exchange flow prevented by the air curtain compared to an unobstructed open door.
Previous work has studied air-curtain effectiveness when the doorway is the only
means of ventilating a space. In this paper, we examine the effects of additional
displacement ventilation on the dynamics of the air curtain and the resulting changes
in its effectiveness. The main controlling parameter is the deflection modulus Dm,
which is the ratio between the momentum flux of the air curtain and the transverse
forces due to the displacement ventilation. For a relatively warm interior, we find that,
for small values of Dm, the air curtain is drawn inside the space by the ventilation
flow. For large values of Dm, the flow through the doorway is controlled by the air
curtain. A smooth transition occurs between these two regimes, and we estimate the
Dm value for the onset of this transition. Our model provides a quantitative prediction
of E(Dm) in the ventilation-driven regime, and gives a qualitative description of
the other two regimes. Laboratory experiments were conducted to test the proposed
model. The experimental data were compared to theoretical predictions, and good
agreement was found.
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1. Introduction
Whenever a doorway connects two different environments, a collateral fluid

exchange between two zones is possible. Most commonly, this exchange flow is driven
by wind or by the stack effect due to a temperature difference across the doorway.
Heat and moisture flow through the doorway, as well as undesired substances such as
dust, odours, bacteria and other noxious pollutants, which have adverse consequences
for heating energy consumption and indoor air quality. In industrial premises, for
instance, the air exchange through the doorway between a ‘dirty’ and a ‘clean’
environment might contaminate the production process (Chung 1999). In hospitals,
the unhindered air flows between rooms can cause the spread of disease (Hoffman,
Bennett & Scott 1999; Beggs 2003).

The infiltration flow into the indoor environment from the outside can be reduced in
various ways, for example, by means of fast sliding doors, vestibules or plastic strip
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curtains. However, these mechanical installations constitute an impediment to traffic
through the doorway. For entrances with high vehicle or human traffic, this can either
lead to accidents or represent a risk in case of fire. An alternative mechanism for
preventing the infiltration flow is aerodynamic sealing by means of air curtains. An
air curtain is basically a plane turbulent jet that is produced by a fan unit and is
blown with high velocity from a thin nozzle located on any side of the doorframe.
By creating a pressure drop, an air curtain forms a virtual barrier between the indoor
and outdoor environments and thus can reduce the exchange flow through the doorway.
Various designs for air curtains exist and differ depending on whether the doorway is
constructed for human or vehicle traffic (Sirén 2003a). An air curtain can be upwards,
downwards or sidewards blowing. It can draw its air supply from indoors or outdoors.
The primary air supply for the air curtain may be heated or cooled, in which case the
jet will be either positively or negatively buoyant. The air curtain may be inclined or
it can even be designed as a recirculatory system with a return duct at the opposite
wall.

The idea of aerodynamic sealing originated at the beginning of the twentieth
century and was brought forward by Van Kennel in 1904 (cf. Foster 2007). In the
last 50 years, the raised awareness for energy saving has led to a widespread use of air
curtains, triggering theoretical and experimental research on their sealing ability. The
theoretical foundation for all the subsequent research was laid by Hayes & Stoecker
(1969a,b), who identified the deflection modulus Dm as the key parameter for the
stability and the performance of an air curtain. They also proposed an approach to
calculate the heat transfer through an air curtain.

Sirén (2003a) presented an overview of the possible methods for the technical
dimensioning of an upwards blowing air curtain, which are based on the momentum
balance and on the moment-of-momentum balance principles. Sirén (2003a) also
clearly pointed out that the tightness of the building, the vertical leakage distribution
in the building envelope, the imbalance in any mechanical ventilation and the wind all
impact the performance of an air curtain. He also determined the minimum discharge
momentum necessary for an air curtain to reach the opposite side of the doorway, in
both the absence and presence of a mean wind. Hayes & Stoecker (1969a) noted that
a leaky tall building might lead to a very large stack effect, causing the air curtain to
bend inside the room. However, they restricted their analysis only to sealed rooms.

Full-scale experimental studies were carried out for a sealed space with a single
opening containing an air curtain by Howell & Shibata (1980) and Foster et al. (2006),
who found satisfactory agreement with the theoretical predictions of Hayes & Stoecker
(1969a,b). There are also numerical studies on the performance of air curtains in
similar situations (Costa, Oliveira & Silva 2006; Foster et al. 2006, 2007; Gonçalves
et al. 2012). Overall, the numerical simulations are in good agreement with the known
experimental data.

Despite this experimental, numerical and theoretical research on air curtains, there
remain issues and open questions that require further consideration. One of particular
interest is the behaviour of an air curtain in the doorway of a ventilated building.
Although a sealed room is desirable for the optimal performance of an air-curtain
device (ACD), it is often impossible to ensure in practice that the indoor environment
is perfectly sealed. Small crevices in the envelope of the building, connections to
other inner building rooms, additional mechanical ventilation or even a carelessly
opened window all reduce the tightness of the room. Furthermore, sometimes a small
additional ventilation pathway is essential to preserve good indoor quality, e.g. in
order to remove excess heat or carbon dioxide.
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FIGURE 1. Configuration and notation used for the enclosure with one low-level opening
and one top-level opening.

The aim of the present work is to investigate the performance of an ACD in the
doorway of a ventilated space. In § 2, we recapitulate the background for natural
convection flows in a cavity with single and multiple openings and define the basic
quantities describing the performance of an air curtain. In particular, we retrace the
approach by Sirén (2003a) for the calculation of the minimum deflection modulus as a
function of the neutral height hN , which is the height at which the pressures inside and
outside the building are equal. In § 3, we consider a model ventilated enclosure with
an air curtain installed in the doorway and derive an equation that links the position of
the neutral level to the geometry of the vertical leakage distribution. The experiments
using a small-scale model and fresh and salt water as working fluid are described
in § 4. Subsequently, we establish a theoretical model for the effectiveness of the air
curtain as a function of the deflection modulus in § 5. We describe different operating
regimes of the air curtain, and estimate the values of the deflection modulus for the
transition between the different regimes. We compare our model to the prediction of
the minimum deflection modulus by Sirén (2003a), and differences between these two
approaches are pointed out. In § 6, we discuss the experimental results and compare
the measured data to our proposed theoretical model and the values obtained using the
approach by Sirén (2003a). The article is concluded by a summary and conclusions
in § 7.

2. Theoretical framework
In the following, we consider an enclosure filled with fluid of density ρl that is

less dense than the ambient fluid of density ρd. This corresponds to the case of a
warm indoor environment surrounded by a cold exterior. We assume that the density
ratio γ = ρl/ρd ≈ 1, so that the Boussinesq approximation applies. The enclosure is
connected to the ambient by means of two openings: a rectangular bottom doorway
with height hb and width wb, and a top window with height ht and width wt, which is
located at height H above the bottom of the enclosure (figure 1). The corresponding
opening areas are denoted by ab and at, respectively.

2.1. Classification of flow patterns in the enclosure
Depending on the size and the location of the openings, different flow patterns
establish once the vents are opened. One simple approach to describe these natural
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convection flows, which develop due to the density differences between the indoor
and the outdoor environment, comprises the application of the volume conservation
law and Bernoulli equation for an inviscid streamline. An important quantity for
classifying these buoyancy-driven flows is the neutral level height hN , first introduced
by Emswiler (1926). The neutral level is the height at which the pressure is the same
inside and outside the enclosure. We assume a hydrostatic pressure distribution inside
and outside the room, i.e.

pi(z)= pN − ρlgz (2.1)

and
po(z)= pN − ρdgz, (2.2)

respectively, where pN denotes the pressure at the neutral level height and the z
coordinate points upwards, with z = 0 being set at the neutral level height. Then,
the pressure outdoors is greater than the pressure indoors below the neutral level, so
that the ambient dense fluid flows into the room below this height. The situation is
reversed above the neutral level height, and in this region there is an outflow of light
fluid out of the enclosure.

The limiting case in which one of the openings, e.g. the top window, is closed
constitutes the problem of natural ventilation through a single opening. It was treated
for the first time by Brown & Solvason (1962), who assumed that the neutral level
is located half-way up the height of the opening. They computed the pressure and
the associated velocity profiles resulting from the density differences across the
opening and, using this velocity profile, presented an analytical expression for the
total volumetric flow rate through the opening as a function of the opening area ab
and the density difference 1ρ = ρd − ρl. The model of Brown & Solvason (1962)
was later refined by numerous works (Tamm 1966; Fritzsche & Lilienblum 1968)
and tested experimentally (Wilson & Kiel 1990). The generally accepted form for the
steady flow rate q through a single opening is the so-called orifice equation

q= 1
3 Cdab

√
g′hb, (2.3)

where g′ = g(1− γ ) is the reduced gravity. Conventionally, the factor 1/3 that arises
from theoretical integration of the assumed parabolic velocity profile across the
opening height (cf. derivation in § 3) is kept explicitly. The discharge coefficient Cd
accounts for phenomena such as streamline contraction and turbulent mixing and has
to be determined empirically. In practice, values of Cd are around 0.6 for sharp-edged
openings, 0.8 for short tubes and 0.98 for smooth orifices with a streamline shape
(Linden 1999).

Consider now the case when the upper opening is no longer closed. In this case, a
displacement flow is established, with cold air entering through the lower opening and
warm air leaving through the upper opening. In the case in which the low-level and
the high-level openings possess the same area a= ab= at, the neutral level is located
in the region above the top edge of the doorway and below the bottom edge of the
window. The initial volume flow rate through the openings is given by

qt = qb =Cda
√

g′Hc, (2.4)

where Hc is the vertical distance separating the centres of the openings (see Etheridge
& Sandberg 1996). Linden, Lane-Serff & Smeed (1990) presented a detailed study
of this kind of displacement flow. A sharp interface is maintained between the lower
layer of dense fluid that enters the enclosure and the upper layer of light fluid. The
height of the interface rises over time until the cavity is completely drained of the
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light fluid – known as the ‘emptying box’. For the transient flow, Linden et al. (1990)
calculated the time-dependent fluxes through the openings, the time evolution of the
interface and the total time for the room to empty. In particular, the analysis also
allowed for openings with different areas, which, however, were arranged horizontally
on the bottom side and on the ceiling of the box rather than vertically on the side
walls. Hunt & Linden (1999) argued that the same formula for the inflow and outflow
can also be applied to the situation with vertical openings, provided that their vertical
extents are small compared to their separation distance, i.e. hb�Hc and ht�Hc. The
initial volume flux through the system once the vents are opened can be calculated as

qt = qb = A?
√

g′Hc, (2.5)

where A? is the so-called ‘effective area’ of the combined openings, given by

A? =
√

2CbCtatab(
C2

ba2
b +C2

t a2
t

)1/2 . (2.6)

Here, Cb and Ct denote the discharge coefficients of the bottom and the top opening,
respectively.

In the situation when the bottom vent is considerably larger than the top window,
i.e. ab� at, and the location height H of the top opening is small enough compared to
hb (or, equivalently, Hc is small enough compared to hb), the fluid leaves the enclosure
through the top window as before, but now there is outflow as well as inflow through
the doorway. In this case, the neutral level is situated at some height between the
mid-height and the top of the doorway, i.e. 1

2 < hN/hb < 1. The flow rates through the
enclosure and the position of the neutral level will be calculated as functions of the
geometry of the openings in § 3. We will also derive a constraint on the magnitudes
of at, ab, hb and H for which this flow pattern occurs. A similar analysis applies to
the case in which the bottom opening is much smaller than the top opening. Here, the
neutral level height lies between the bottom of the top opening and its mid-height.

2.2. Previous work on air curtains
Previous research on air curtains has mostly concentrated on the case in which the
air curtain is installed in the doorway of an otherwise sealed room. In this case,
with the air curtain switched off, a bidirectional flow is established in the doorway
with the flow rate given by (2.3). In the following, we consider the simplest case
of a downwards blowing non-recirculating air curtain, which is the most widely used
installation in practice (figure 2). As an idealisation, an air curtain can be represented
as a plane turbulent impinging jet that is discharged with uniform velocity u0 from a
nozzle of width b0. We denote its initial density by ρ0, which in the following will
be assumed ρ0 = ρl. The inclination angle α of the air curtain is measured from the
vertical, i.e. α = 0 when the air curtain is blowing vertically downwards. We define
α as positive if the air curtain is directed towards the dense fluid side (i.e. outwards)
and as negative otherwise. The initial discharge angle α0 is zero for our considered
case of a downwards blowing air curtain.

In the inner structure of the air curtain, several regions with respect to the velocity
distribution can be distinguished – the most important being the developed zone and
the impingement zone. The velocity distribution in the developed zone is basically the
same as for a plane free jet and can be computed according to the Görtler solution
(cf. Schlichting 1955; Rajaratnam 1976). The flow structure in the impingement zone



Effectiveness of air curtain in doorway of ventilated building 135

Jet density
Nozzle width b0

Jet outlet velocity u0 Z

x

hb

FIGURE 2. (Colour online) Schematic of the air curtain in the doorway.

near the bottom of the doorway is complicated (Maurel & Solliec 2001) and, to
the best of our knowledge, no theoretical description of this flow field exists. The
impingement zone is, however, of great importance since a substantial part of the
mass transfer through the air curtain seems to occur in this region (Guyonnaud &
Solliec 1998). In the theoretical modelling of an air curtain, for the sake of simplicity,
it is often assumed that the velocity distribution in the impingement region is the
same as for the developed zone. For a more detailed overview of the inner structure
of an air curtain, we refer to Guyonnaud et al. (2000).

2.2.1. Deflection modulus
The sealing ability of an air curtain depends significantly on the magnitude of

its initial momentum flux compared to the transverse forces acting on it due to the
pressure difference across the doorway. In the doorway of a sealed room, in which the
air is warmer than outside, the stack pressure pushes the air curtain out of the room
above the neutral level and draws it inside the cavity below. If the initial momentum
flux of the air curtain is insufficient, the air curtain bends out of the cavity until it
discharges horizontally to the cold air side. In this breakthrough situation, the lower
part of the doorway remains unprotected so that an unhindered fluid exchange occurs
in this region. Thus, the air curtain fails to ensure a good aerodynamical sealing in
this case. In contrast, an air curtain is called stable if its initial momentum flux is
high enough so that it can reach the bottom of the doorway and completely cover the
opening. The initial momentum flux of an air curtain and the transverse forces due to
the stack effect can be combined into a dimensionless ratio, the so-called deflection
modulus,

Dm = ρ0b0u2
0

gh2
b(ρd − ρl)

= b0u2
0

gh2
b

(
T0

Td
− T0

Tl

) , (2.7)

first introduced by Hayes & Stoecker (1969a,b), where the ideal gas law has been used
to rewrite the fluid densities in terms of corresponding temperatures. Here, the light
fluid ρl is maintained at temperature Tl (‘light’) and the dense fluid ρd at temperature
Td (‘dense’). The initial temperature of the jet at the nozzle is assumed to be T0.

The transition between the breakthrough and stable regimes occurs at a well-defined
value of Dm. The minimum deflection modulus Dm,min needed for a stable air curtain
can be estimated using conservation of momentum flux. Consider the control volume
as depicted in figure 3, where x denotes the horizontal coordinate and Z is the vertical
coordinate pointing downwards with the origin at the air-curtain nozzle.
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FIGURE 3. (Colour online) Control volume around the jet trajectory for which the
momentum flux conservation principle is applied. Note that we use the relation z=−Z+
(hb − hN) between the upwards pointing coordinate z with the origin at the neutral level
height and the downwards pointing coordinate Z with the origin at the nozzle.

The conservation of x momentum flux yields

−(ρd − ρl)g(Z − (hb − hN)) dZ = d(ρbu2 sin α). (2.8)

We can further assume that the jet momentum flux in the flow direction is conserved
(Rajaratnam 1976), i.e. ρbu2 = ρ0b0u2

0, which simplifies the previous equation to

ρ0b0u2
0 cos α

dα
dZ
=−(ρd − ρl)g(Z − (hb − hN)) (2.9)

(see Hayes & Stoecker 1969a; Sirén 2003a). Integrating (2.9) from 0 to Z we obtain

ρ0b0u2
0(sin α(Z)− sin α0)=−(ρd − ρl)g (Z/2− (hb − hN)) Z. (2.10)

The minimum deflection modulus Dm,min is calculated from (2.7) and (2.10) as follows:
the breakthrough occurs if the jet is discharging horizontally to the cold side, i.e. α=
π/2, at the neutral level height, which is located at hN = hb/2 for the sealed room.
Substituting these values into (2.10) and setting α0 = 0 yields

Dm,min = 1
8 . (2.11)

Hayes & Stoecker (1969a,b) studied the situation in which the air curtain is installed
outside of the sealed room so that the initial volume flux q0 is drawn from outdoors.
Since in that case the initial amount of fluid spilled back into the cavity is greater than
the amount of fluid entrained from the room (by a fraction of the initial flux q0), this
leads to the build-up of the so-called auxiliary pressure – the self-generated pressure
of the air curtain. The air curtain is pushed out of the room until it impinges on the
floor at such an angle that the amount of fluid spilled back to the sealed cavity is
equal to the amount of the entrained fluid from it. Accounting for the self-generated
pressure of the air curtain, (2.8) can be modified by an additional auxiliary pressure
term. Calculating Dm,min in that case, Hayes & Stoecker (1969a,b) obtained a result
that is slightly higher than (2.11) and, moreover, depends on the ratio between the
door height and the nozzle width hb/b0. In figure 4, we reproduce the plot presented
by Hayes & Stoecker (1969a,b).

The values of the minimum deflection modulus given by (2.11) and in figure 4
are on the borderline of stability. For a real installation, for which many kinds of
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FIGURE 4. (Colour online) Minimum deflection modulus Dm,min as a function of doorway
height to nozzle width ratio hb/b0 as presented by Hayes & Stoecker (1969a,b).

small disturbances are likely to be present, the value of Dm,min is typically increased
by a safety factor to ensure a stable air curtain. The safety factor should be high
enough to guarantee a stable air curtain but it should not be too high since the
sealing effectiveness of the air curtain starts to decrease for very high values of Dm
(cf. § 2.2.3). In practice, the safety factor is usually chosen between 1.3 and 2
(cf. Hayes & Stoecker 1969b; Foster et al. 2006). A study of the influence of
different safety factors on the performance of the air curtain is presented by Foster
et al. (2006).

2.2.2. Heat transfer through the air curtain
In practice, an air curtain, even if operating in the stable regime, can never fully

prevent heat transfer between outdoors and indoors. The reason for this transfer is
due to the entrainment–spill mechanism: being a plane turbulent jet, an air curtain
entrains fluid from both sides of the entrance, mixes it to a certain extent, and then
spills the fluid again to both sides of the doorway when it impinges on the floor.
Hayes & Stoecker (1969a,b) computed numerically the temperature distribution in the
air curtain as well as heat transfer across the air curtain.

The heat transfer can be expressed in terms of the Nusselt number Nu= hhb/(κcpρ),
the Reynolds number Re = b0u0/ν based on the nozzle conditions, and the Prandtl
number Pr= ν/κ , which can be combined into the dimensionless quantity

Ω ≡ Nu
Re Pr

= hhb

b0u0cpρ
= Q

wbb0u0cpρ(Tl − Td)
. (2.12)

The heat transfer coefficient is defined as

h= Q
wbhb(Tl − Td)

, (2.13)

where Q is the heat transfer rate measured in J s−1. The kinematic viscosity of the
fluid is labelled by ν, the specific heat capacity by cp, the density by ρ and the
thermal diffusivity by κ .

Hayes & Stoecker (1969a) predicted that, for high values of Dm, Ω tends to a
constant and the discharge angle does not play a role in this regime. The constant
value of Ω implies that the heat transfer rate increases linearly with the jet outlet
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velocity u0. In particular, they found that Ω also depends on the door height to nozzle
width ratio hb/b0.

The numerical results by Hayes & Stoecker (1969a) were tested experimentally
in a full-scale test chamber in the same study, and a reasonable agreement between
experimental data and numerical predictions was found. Also, Howell & Shibata
(1980) performed full-scale experiments to test the dependence of the heat transfer
rate on the deflection modulus. Their results confirmed the prediction of Hayes &
Stoecker (1969a) that Ω tends to a constant value for high values of Dm and a fixed
ratio hb/b0. The numerical investigation by Costa et al. (2006) of a full-scale ACD
showed likewise a constant value of Ω for high values of Dm.

Sirén (2003b) combined the velocity and temperature profiles for the plane turbulent
jet calculated by Tamm (1966) in order to derive an analytical expression for the
heat transfer coefficient h. He found that h was proportional to ρcpu0

√
b0/hb for high

values of Dm, implying that

Ω = Nu
Re Pr

∼
√

hb

b0
(2.14)

for high values of the deflection modulus. Comparison of the model predictions with
the existing experimental data shows that (2.14) can be used as a rough estimate.
However, there is a wide scatter in the experimental data, so that the exact dependence
of Ω on hb/b0 remains an open question.

2.2.3. Effectiveness of an air curtain
The performance of an air curtain, i.e. its ability to reduce the heat and mass

transfer across the doorway, is usually assessed in terms of the sealing effectiveness.
The effectiveness is defined as the difference between the heat transfer or volume
flow rate with the air curtain, Qa or qa, respectively, and the reference value for the
open-door situation, Qopen or qopen, respectively, when the air curtain is absent, divided
by the reference value,

E= 1− Qa

Qopen
= 1− qa

qopen
. (2.15)

The effectiveness E = 0 vanishes if the air curtain has no impact on the flow rate
across the doorway and E = 1 implies that the air curtain completely prevents the
fluid exchange. A value E < 0 indicates that the situation is deteriorated by the air
curtain.

If adjusted properly, an air curtain can prevent up to 90 % of the flow through the
unprotected opening. Figure 5 shows a typical effectiveness curve as a function of the
deflection modulus, which has been obtained experimentally by, for example, Costa
et al. (2006) and Foster et al. (2006) and also in this work. As Dm is increased, the
air curtain becomes stable for Dm slightly higher than Dm,min computed by Hayes
& Stoecker (1969a). This is to be expected since the calculated Dm,min is only an
approximation to the stability boundary (see § 2.2.1). The maximum effectiveness
is attained for some value Dm,max > Dm,min. For Dm > Dm,max, a decrease in the
effectiveness is observed. According to the model by Hayes & Stoecker (1969a),
the maximum effectiveness should be reached for Dm,min and then decrease linearly
with the outlet velocity u0. The intuitive explanation for this decrease is that, the
higher the initial momentum flux of the air curtain, the more mixing occurs, which
enhances the fluid exchange between the cavity and the ambient and thus reduces
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FIGURE 5. Schematic shape of the effectiveness curve of an air curtain in the doorway of
a sealed room that has been reported by experimental and numerical studies (Costa et al.
2006; Foster et al. 2006).

the effectiveness. The experimental measured offset between Dm,max and Dm,min is
probably due to the fact that in real situations leakage occurs around the edges of
the air curtain. This leakage can probably be overcome by higher momentum flux of
the air curtain (Foster et al. 2006).

2.2.4. Influence of the neutral level position on the minimum deflection modulus
When there is a vertical leakage distribution in the building envelope, the neutral

level is no longer located at the mid-height of the opening, and the stability criterion
for the air curtain must be modified. Sirén (2003a), who considered a vertically
upwards blowing air curtain, calculated Dm,min by inserting appropriate breakthrough
conditions into (2.10).

For the case of an elevated neutral level height and a downwards blowing air curtain,
the breakthrough can occur in such a way that the air curtain discharges towards the
light fluid side near the floor, i.e. α=−π/2 and Z= hb. In this case, from (2.10) we
obtain

− ρ0b0u2
0 =−(ρd − ρl)g

(
hb

2
− (hb − hN)

)
hb, (2.16)

which is equivalent to

Dm,min = hN

hb
− 1

2
. (2.17)

We must, however, exercise caution when using (2.17). For hN = hb/2, for example,
it yields Dm,min = 0, which is a nonsensical result. This can be explained as follows.
For certain neutral level positions hb/2< hN < hb, the value given by (2.17) is lower
than Dm,min, which is needed to prevent the air curtain from discharging horizontally
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towards the cold fluid side. The breakthrough to the cold fluid side occurs for α=π/2
at the neutral level height hN , which corresponds to Z = hb − hN . Using (2.10) this
second condition is established to be

ρ0b0u2
0 =−(ρd − ρl)g

(
(hb − hN)

2
− (hb − hN)

)
(hb − hN), (2.18)

or, in terms of the deflection modulus,

Dm,min = 1
2

(
1− hN

hb

)2

. (2.19)

The minimum deflection modulus for a stable air curtain is in fact the maximum of
the two conditions (2.17) and (2.19), i.e.

Dm,min =max

{
hN

hb
− 1

2
,

1
2

(
1− hN

hb

)2
}
. (2.20)

The transition point between the validity of (2.17) and the validity of (2.19) is
obtained by equating (2.17) and (2.19) and is given by

hN

hb
= 2−√2. (2.21)

The solid dark grey (blue online) line in figure 13 depicts the minimum deflection
modulus calculated using (2.20) for the range 0.50 6 hN/hb 6 0.72. It possesses a
minimum at hN/hb=2−√2. These results are similar to those found by Sirén (2003a)
with slight modifications for the change in orientation.

3. Set-up of the model enclosure geometry
In this paper, we investigate the performance of an air curtain in the doorway of

a building with an additional ventilation pathway. As a model enclosure, we consider
the set-up in figure 1 and restrict our attention to the case where the top window is
considerably smaller than the doorway. If the location height of the window is not too
large, there is inflow as well as outflow through the doorway and, hence, the vertical
variation in the velocity field of the flow through the doorway cannot be neglected.
The exact constraints on the magnitudes of ab, at, hb and H for this situation to
occur will now be deduced.

As before, the z coordinate points upwards with z= 0 at the neutral level. Assuming
the hydrostatic pressure variation inside and outside the room as in (2.1) and (2.2),
we use Bernoulli’s equation to calculate the ideal inviscid velocity profiles through
the openings. We obtain

u2
in =−2g

ρd − ρl

ρd
z=−2g′z (3.1)

for the inflow, where the value of z is negative below the neutral level, and

u2
out = 2g

ρd − ρl

ρl
z≈ 2g′z (3.2)

for the outflow.
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Using the inviscid velocity profiles uin and uout, the inflow and the outflow rates
through the doorway are

qin =wbCb

∫ 0

−hN

√
2g′
√
(−z) dz= 2

3 wbCb

√
2g′h3/2

N (3.3)

and

qout,b =wbCb

∫ hb−hN

0

√
2g′z dz= 2

3 wbCb

√
2g′(hb − hN)

3/2, (3.4)

respectively. Note that a discharge coefficient Cb for the bottom opening has been
included to account for streamline contraction and turbulent mixing. Furthermore, we
assume that Cb possesses the same value for the inflow as well as for the outflow.
The flow rate through the window is given by

qout,t = wtCt

∫ Ht+ht

Ht

√
2g′z dz

= 2
3

wtCt

√
2g′H3/2

t

((
1+ ht

Ht

)3/2

− 1

)
, (3.5)

where Ct is a discharge coefficient of the top opening. Assuming Ht � ht, we can
further simplify this expression to

qout,t ≈Ctat

√
2g′Ht. (3.6)

Under the incompressibility assumption, the total volume is conserved inside the
enclosure, and hence the inflow rate (3.3) equals the total outflow rate (3.4) and (3.6),

2
3 wb

√
2g′h3/2

N = 2
3 wb

√
2g′(hb − hN)

3/2 + at

√
2g′Ht (3.7)

⇔ 2
3 wbh3/2

N = 2
3 wb(hb − hN)

3/2 + at

√
H − hN, (3.8)

where we have assumed that Cb≈Ct, which is reasonable if both openings are sharp-
edged. The last equation can be rearranged to

at = 2
3

wb(h
3/2
N − (hb − hN)

3/2)
1√

H − hN
, (3.9)

or, in dimensionless form,

at

ab
= 2

3

((
hN

hb

)3/2

−
(

1− hN

hb

)3/2
)√

hb

H − hN
. (3.10)

Equation (3.10) determines the height of the neutral level hN for given ab, at, hb
and H. Then, (3.3), (3.4) and (3.6) can be used to obtain the flow rates.

Note, in particular, that (3.10) has been derived for the situation in which we
assumed that hN/hb< 1. Substituting this requirement into (3.10) provides a constraint
on the configuration of ab, at, hb and H so that the neutral level is raised above
the mid-height but is still below the top edge of the doorway. Consequently, it is
necessary that

at

ab

√
H
hb
− 1<

2
3
. (3.11)
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FIGURE 6. (Colour online) Relative height of the neutral level hN/hb as a function of the
ratio at/ab as calculated by (3.10).

If at or H are too large and (3.11) is violated, the neutral level height is raised above
the top of the doorway. In this situation, only inflow takes place through the bottom
opening.

Figure 6 shows the relative height of the neutral level hN/hb as a function of the
ratio at/ab for three different geometries, H/hb = 2, H/hb = 3 and H/hb = 4. As
anticipated, for a given ratio at/ab, the position of the neutral level height increases
with the increasing location H/hb of the top opening.

We now consider a downwards blowing air curtain mounted at the top of the bottom
opening. In the next section, we describe small-scale experiments that were conducted
to study the performance of the air curtain in the doorway of this model enclosure.

4. Experiments and results
Small-scale experiments with fresh and salt water were carried out in a tank with

dimensions 0.58 m × 0.58 m × 0.59 m (figure 7 and figure 16 in appendix C). The
tank was divided into two equal compartments by a vertical barrier containing a
rectangular bottom doorway and multiple circular top openings of different sizes
(cf. figure 17 in appendix C), so that each compartment corresponded to the model
enclosure set-up described in the previous section. The door width wb was 0.1 m and
its height hb could be varied between 0 and 0.3 m by means of a removable sluice
gate. This mirrors the dimensions of a real entrance door, the height-to-width ratio
of which usually lies around 2. The top openings in the separation barrier could be
individually closed with rubber stoppers.

Just above the top of the door opening, an ACD was fixed on the fresh water
side, corresponding to a location just inside the enclosure. It consisted of a horizontal
circular pipe fixed above the doorway with a thin slit of width b0 on the lower side of
the pipe and running the width of the door opening. Plastic foam shrouded in gauze
wire was inserted inside the tube in order to ensure a more even fluid distribution
along the nozzle length. The exact turbulence level at the outlet was not measured
since Guyonnaud et al. (2000) found that the turbulence intensity does not affect the
air-curtain performance. The nozzle width b0 could be varied between 0 and 3 mm,
but was fixed to 1 mm during most of the experiments. The length of the pipe was
l= 0.2 m, which was larger than the width of the doorway. The ends of the pipe were
sealed with an adhesive foil to match the width of the doorway.
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(a) (b)

(c)

FIGURE 7. (Colour online) Experimental tank showing the ACD and the top openings:
(a) experimental tank; (b) separation barrier; and (c) open doorway with the ACD above it.

The experiments were conducted using fresh and salt water. The density ratio γ was
kept in the range 0.95–1, so that the Boussinesq approximation was valid. Fresh water
was supplied to the ACD from a constant-head tank situated above the experimental
tank. This ensured a constant flow rate for the duration of an experiment. The flow
rate varied between 4 and 5 l min−1, and was measured using a flow meter (Omega,
FLR1013) with an accuracy ±3 % full scale. The experimental set-up is presented in
figure 16 in appendix C.

A typical experimental procedure consisted of the following steps. First, one half of
the water tank was filled with water of density ρd to the height 0.5 m and the other
half was filled with water of density ρl to a height that was slightly below 0.5 m.
These densities were measured using a density meter (Anton-Paar, DMA 5000) with
a precision of 0.000 05 g cm−3. Then, the ACD was switched on and allowed to work
for a few seconds. This guaranteed that a plane impinging jet was established before
the entrance door was opened. Once the water height on the fresh water side reached
0.5 m, the door as well as some of the top orifices were opened simultaneously and
timing was started. The experiment was then allowed to run for some time t, and was
finished by closing all the orifices and by switching off the ACD. Subsequently, the
water was thoroughly mixed in each half of the tank and the new densities ρnew

l and
ρnew

d were measured.
The runtime t of one experiment was usually below one minute and varied

depending on the initial density ratio γ . Very small initial density differences required
longer runtimes to enable the change in the densities to be measured accurately.
However, even for the longest runtime, the volume of water added to the tank by the
air curtain amounted to at most 5 % of the total water volume, so that this additional
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water did not significantly alter the conditions during the experiment. A correction
was made during the data analysis to account for this added water volume.

The shadowgraph technique was used for flow visualisations, which provided
observations of the behaviour of the air curtain in the doorway, i.e. breakthrough or
impingement on the bottom, as well as intrusions of fluids. An example is shown in
figure 10 and will be discussed in detail in § 4.3.1.

4.1. Comments on scaling
In order to achieve dynamical similarity between our small-scale experiments and the
full-scale situation, we need to ensure that the Reynolds numbers are comparable to
the values for real air-curtain installations. There are two different Reynolds numbers
that are relevant for the similarity considerations. The first is based on the buoyancy-
driven flow in the emptying box, Re=√g′HH/ν, where H is a typical length scale
and ν is the kinematic viscosity of the working fluid. Since νair/νwater ≈ 10 and in
our model Hmodel/Hfull-scale ≈ 10−1, the dynamical similarity is obtained if the density
differences are chosen so that g′model> g′full-scale, which is achieved in these experiments
(see Linden et al. 1990; Hunt & Linden 1999).

The other relevant Reynolds number is based on the nozzle conditions of the
air curtain. The dynamical similarity is achieved if Remodel/Refull-scale ≈ 1. In our
experimental set-up, the discharge velocity is in the range 0.5–1 m s−1, and the nozzle
width is b0 ≈ 10−3 m. Typical full-scale discharge velocities are around 10 m s−1 for
doorways with primarily human traffic and around 40 m s−1 for industrial installations.
The nozzle width for real air curtains varies between a few millimetres and a few
centimetres. Thus, the nozzle-based Reynolds number in our experiments ∼103 is
also in the same range as the nozzle-based Reynolds number for real air-curtain
installations.

4.2. Effectiveness curve of the air curtain in the doorway of a sealed enclosure
In order to test the experimental set-up and, in particular, the proper installation of the
ACD, we conducted a series of experiments in which we measured the effectiveness
of the air curtain for the case of a sealed enclosure. During these experiments, only
the doorway was opened while the top orifices remained closed. The nozzle width
was adjusted to 0.001 m using calipers. Two door heights were used: hb= 0.2 m and
hb = 0.12 m.

Each experimental run was performed as specified at the beginning of this section.
Using the measured densities at the beginning and at the end of each experiment, we
calculated the volume Vmeas of the intruding dense fluid into the light-fluid half of the
tank as follows. The mass conservation for the light-fluid half of the tank is

ρnew
l (V + βq0t)= ρl(V − Vmeas)+ ρdVmeas + βρ0q0t, (4.1)

and for the dense-fluid half of the tank is

ρnew
d (V + (1− β)q0t)= ρd(V − Vmeas)+ ρlVmeas + (1− β)ρ0q0t, (4.2)

where V is the initial volume of water in each half of the tank. Here, β denotes the
fraction of the initial flow rate through the ACD that is spilled to the light fluid side.
Since the ACD is located at the light fluid side, it is expected that 0.5 6 β 6 1, with
β = 0.5 if the initial air-curtain flux divides equally when the jet impinges on the
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FIGURE 8. (Colour online) Effectiveness curve of the ACD for a sealed enclosure.

floor and β = 1 when the total initial volume flux is deflected to the light-fluid half.
Furthermore, we assume that the volume of dense fluid intruding the light fluid side
is the same as the volume of light fluid intruding the dense fluid side. Eliminating the
unknown β by combining (4.1) and (4.2) yields

Vmeas= q0t
(ρ0 − ρnew

d )(ρnew
l − ρ0)

(ρd − ρl)(ρ
new
d − ρnew

l )
+V

((ρd − ρnew
d )(ρnew

l − ρ0)+ (ρnew
l − ρl)(ρ0 − ρnew

d ))

(ρd − ρl)(ρ
new
d − ρnew

l )
.

(4.3)
The intruded volume of dense water into the light fluid side can also be computed
directly from (4.1) by rearranging Vmeas = (V + βq0t)(ρnew

l − ρl)/(ρd − ρl), where we
used ρ0= ρl. For the flow rates and the runtimes used during the experiments (which
are less than 5 l min−1 and 60 s, respectively), the added volume of water by the
ACD to the light fluid side is at the utmost 3 % if β = 0.5 and 6 % if β = 1. Hence,
β does not have to be calculated explicitly and can be assumed for the majority of
the experiments to have any value between 0.5 and 1 without introducing an error of
more than 1–2 % to the calculated values of Vmeas.

Figure 8 shows the effectiveness curve as a function of the deflection modulus.
For the calculation of the reference flow rate through the unprotected opening, we
use the orifice equation (2.3) with the experimentally measured discharge coefficient
Cb = 0.57 as presented in appendix A. In figure 8 we note the following features
of the experimentally measured effectiveness curve. For Dm / 0.2 the values of the
measured effectiveness are very low. During these experimental runs, the shadowgraph
images showed that the air curtain did not reach the floor but broke through towards
the dense fluid side. Hayes & Stoecker (1969a) predict (cf. § 2.2.1) that the air
curtain should ideally become stable around a slightly higher value than Dm = 0.125.
Using the proposed safety factors between 1.3 and 2, we can expect the onset of
the air-curtain stability in the Dm range of 0.16–0.24, which is the case in our
experiments. Next, we observe that the effectiveness peak in our experiments occurs
around the Dm values of 0.35–0.4 and the maximum effectiveness amounts to almost
90 %. This is comparable to the numerical results by Costa et al. (2006), who
observed the maximum effectiveness of approximately 80–90 % for the range of Dm
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of 0.3–0.4. Also, the numerical prediction by Foster et al. (2006) shows a maximum
effectiveness of approximately 80 % for Dm ≈ 0.3. The experimentally observed
maximum effectiveness by Foster et al. (2006) occurs for a slightly higher value
of Dm ≈ 0.5, which, however, they attribute to the fact that a significant leakage
around the air-curtain edges was present in their experimental set-up because the
air curtain did not cover the whole width of the doorway. Finally, for Dm & 0.4
we can observe a decrease in the air-curtain effectiveness. The presence of such
a decrease in the air-curtain effectiveness was reported by Costa et al. (2006) and
by Foster et al. (2006). Foster et al. (2006) report that a similar curve shape was
measured by Longdill, Frazerhurst & Wyborn (1974). The decrease in the air-curtain
effectiveness for high values of Dm is consistent with the theoretical prediction by
Hayes & Stoecker (1969a) that the heat transfer rate Qa is proportional to u0 in this
regime (cf. § 2.2.2): higher values of Dm imply higher values of u0 (if all the other
parameters are kept fixed) and E = 1 − Qa/Qopen should decrease. Altogether, our
experimentally measured effectiveness curve possesses the same shape as shown in
figure 5 and had been reported by previous studies.

In this study, the density difference is caused by different salt concentrations rather
than by temperature differences. Therefore, in analogy to the dimensionless quantity
Nu/(Re Pr) proposed by Hayes & Stoecker (1969a,b), we consider the dimensionless
quantity Sh/(Re Sc) as a measure for the mass transfer. The Sherwood number Sh is
defined as

Sh= khb

D
, (4.4)

where k is the mass transfer coefficient given by

k= Ṁ
wbhb(ρd − ρl)

, (4.5)

D is the diffusivity and Ṁ is the mass transfer rate in kg s−1. The value of Ṁ can be
calculated from the measured density at the end ρnew

l and the time t as follows:

Ṁ = ρ
new
l (V + βq0t)− ρlV − ρ0βq0t

t
= (ρ

new
l − ρl)(V + βq0t)

t
, (4.6)

where β can be obtained from (4.1) and (4.2) (or just set to any value between 0.5
and 1 as argued above). Here, we assume that the mass transfer is steady once the
initial transients die away.

The Reynolds number based on the nozzle conditions and the Schmidt number are
Re= u0b0/ν and Sc= ν/D, respectively. Thus,

Sh
Re Sc

= khb

u0b0
= Ṁ

wbb0u0(ρd − ρl)
= Ṁ

q0(ρd − ρl)
. (4.7)

Figure 9 presents the mass transfer parameter Sh/(Re Sc) as a function of Dm. It
tends to a constant value for Dm ' 0.35. This trend is in agreement with the results
obtained in previous studies (Hayes & Stoecker 1969a; Howell & Shibata 1980; Costa
et al. 2006).

Since we used two ratios hb/b0 = 200 and 120 of the door height to the nozzle
width, we can compare the constant values to which Sh/(Re Sc) tends for high
values Dm. Averaging the values of Sh/(Re Sc) for Dm>0.35 for both cases, we obtain
approximately 0.667± 0.032 for hb/b0= 200 and 0.535± 0.013 for hb/b0= 120. The
ratio between these values is 1.246 and agrees with the prediction (2.14) by Sirén
(2003b) that the dimensionless group should be proportional to

√
hb/b0, which yields√

200/120= 1.29.
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FIGURE 9. (Colour online) Dimensionless group Sh/(Re Sc) for a sealed enclosure and
for two ratios of hb/b0.

Opening at (m2) at/ab H (m) hN/hb Ht (m) Dm,1 Dm,2 Dm,3

A 0.022π 0.062 0.5 0.56 0.388 0.09 0.04 0.99
B 0.032π 0.14 0.4 0.61 0.278 0.08 0.15 3.61
C 0.03752π 0.22 0.4 0.68 0.264 0.05 0.35 8.37

TABLE 1. Parameters for the three opening configurations and theoretical estimates for the
transition values of Dm between different operating regimes of the air curtain as explained
in § 5: Dm,1 denotes the transition value between unstable and ventilation-driven regime,
Dm,2 between ventilation-driven and transition regime, and Dm,3 between transition and air-
curtain-driven regime.

4.3. Effectiveness curves of the air curtain in the doorway of a ventilated building
In order to investigate the performance of an air curtain in the doorway of a ventilated
building, three series of experiments were conducted in which different top openings
were used. The opening areas and locations are given in table 1. The relative height
of the neutral level hN/hb was calculated by solving (3.10) numerically for each
experimental run. The relative neutral height hN/hb had the values of 0.56, 0.61 and
0.68 for the top openings A, B and C, respectively.

4.3.1. Qualitative observations
At the start of each experiment, we observed an initial transient flow pattern: the

removal of the door gate caused the fluid from both sides of the tank to be entrained
into the wake of the gate. A turbulent flow field was visible in the vicinity of the
doorway in which the mixing between light and dense fluid occurred. A similar
transient flow pattern also developed in the vicinity of the top opening after the
removal of the rubber stopper. Once these initial transients died away, we observed
outflow from the light-fluid half into the dense-fluid half through the top opening, as
shown in figure 10.
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(a) (b)

(c) (d )

FIGURE 10. (Colour online) Shadowgraph images of different air-curtain regimes
depending on the value of Dm and on the size of the top opening. In all the presented
images, the left-hand side of the tank is filled with fluid of density ρl and the right-hand
side with fluid of density ρd. The flow through the top opening is unidirectional from
light-fluid half to dense-fluid half of the tank in all situations, as is clearly visible
in panels (a–c). In panel (d), the top opening is located slightly beyond the field of
view of the camera, but the same unidirectional flow through it was observed during
the experiment. (a) Unstable regime: opening B is used and Dm ≈ 0.12. There is an
ascending plume on the dense fluid side of the tank, with the origin in the vicinity of the
door mid-height. A gravity current intrudes into the light-fluid half. (b) Ventilation-driven
regime: opening C is used and Dm ≈ 0.30. A gravity current propagates along the
bottom in the light-fluid half of the tank. No plume is visible on the dense fluid side.
(c) Transition regime: opening B is used and Dm ≈ 0.55. The air curtain impinges on
the bottom. There is a weak plume on the dense fluid side of the tank with the origin
at the bottom. (d) Air-curtain-driven regime: opening A is used and Dm ≈ 1.23. The air
curtain impinges on the bottom of the tank. A plume is visible in the dense-fluid half
of the tank.
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With increasing values of the deflection modulus, different flow patterns in the
vicinity of the bottom opening developed as presented in figure 10.

(a) Unstable regime (figure 10a). The intrusion current of dense fluid into the light
fluid half of the tank along the bottom was visible. A plume of light fluid rose on
the dense fluid side of the doorway. The plume origin was located slightly above
the mid-height of the doorway. The presence of this plume indicated that the air
curtain was deflected to the dense fluid side, and that there was still bidirectional
flow through the doorway.

(b) Ventilation-driven regime (figure 10b). As in the unstable regime, the dense fluid
entered the light fluid side along the bottom of the tank. However, in this regime,
no plume was observed on the dense fluid side of the doorway. This suggested
that the air curtain was deflected completely to the light fluid side of the tank.

(c) Transition regime (figure 10c). In contrast to the previous regimes, no gravity
current of dense fluid propagated along the bottom of the light fluid side of
the tank. Instead, there was a turbulent flow field recognisable in the vicinity
of the bottom. The average density of this turbulent field appeared to be larger
than ρl, but less than ρd. As a consequence, this turbulent region remained
near the bottom in the light-fluid half of the tank and slowly expanded away
from the doorway. In the dense fluid side of the tank, a tiny plume that rose
from the floor was visible next to the doorway. This flow pattern indicated that
the air curtain impinged on the tank bottom. However, its flux was not divided
equally between both sides of the tank. The larger part of the impinged fluid
went to the light fluid side and only a small part was deflected to the dense
fluid side.

(d) Air-curtain-driven regime (figure 10d). The flow pattern observed here was
basically the same as in the transition regime. However, in this case, the
air-curtain flux divided equally between both sides of the tank after impingement
on the bottom, so that a more pronounced plume was visible in the dense-fluid
half of the tank. The same flow pattern was also observed for the case of the
air curtain installed in the doorway of a sealed enclosure if the value of the
deflection modulus was Dm >Dm,min.

4.3.2. Quantitative observations
In order to obtain the sealing effectiveness of the air curtain, we calculate the

amount of dense fluid entering the light-fluid half by means of (4.3). The reference
value for the inflow rate through the unprotected opening is computed using (B 1)
with Cb= 0.57, as explained in appendix B. In figure 11, the effectiveness curves are
depicted for the three different top openings A, B and C.

We observe that the effectiveness of the air curtain in the doorway of a ventilated
building is reduced compared to the case of the sealed enclosure. Furthermore, it
appears that, for a given top opening, the effectiveness of the air curtain remains
constant for a certain range of the deflection modulus values. For the top opening A,
we also observe a decrease in the effectiveness for Dm ' 0.5.

For the top opening C, for which hN/hb ≈ 0.68, the approach proposed by Sirén
(2003a) predicts the value Dm,min=0.18 for which the air curtain should become stable,
cf. (2.20). However, it is apparent from figure 10(b) that the air curtain still does not
impinge on the bottom of the doorway for Dm= 0.3 and is drawn completely towards
the light fluid side in this case. Hence, it appears that (2.20) underpredicts the value
for the minimum deflection modulus.
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FIGURE 11. (Colour online) Experimentally measured effectiveness curve as a function
of the deflection modulus for different positions of the neutral level. Three different top
openings were used during the experiments.

In the following section, we develop an alternative model in order to explain
the observed flow patterns and the shape of the effectiveness curve for the case of
the ventilated building. This model will also yield higher values of the minimum
deflection modulus than given by (2.20).

5. Model for the effectiveness of the air curtain in the doorway of a ventilated
building
In this section, we develop an alternative model for the behaviour of an air curtain

in the doorway of a ventilated building and compare it to the one proposed by Sirén
(2003a) (cf. § 2.2.4).

Based on the experimental observations described in § 4, we classify the behaviour
of the air curtain into four different regimes, which are shown in figure 12.

(a) Unstable regime (figure 12a). For small values of Dm, the momentum flux of
the jet is not sufficient to overcome the outflow region of the bottom opening and to
reach the neutral level. Thus, the air curtain is deflected outwards.

(b) Ventilation-driven regime (figure 12b). For larger values of Dm, the jet can cross
the neutral level. However, it is possible that the momentum flux is still not sufficient
to establish a stable air curtain that reaches the floor. Breakthrough occurs and the air
curtain discharges horizontally towards the light fluid side.

The transition from the unstable regime to this regime occurs when the jet
discharges horizontally, α = π/2, at the height hN . Inserting these conditions
into (2.10), we obtain the result (2.19),

Dm = 1
2

(
1− hN

hb

)2

. (5.1)

The air curtain is first pushed out of the enclosure above the neutral level and is
then drawn again towards the room below the neutral level height, where it breaks
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FIGURE 12. (Colour online) Schematic of the air curtain operating in different regimes.
(a) In the unstable regime, the air curtain breaks through to the dense fluid side above
the neutral level. (b) In the ventilation-driven regime, the air curtain is drawn completely
towards the interior of the enclosure. (c) In the transition regime, the air curtain impinges
on the bottom, but its flux does not divide equally: the greater part of the air-curtain flux
goes into the enclosure. (d) In the air-curtain-driven regime, the air curtain impinges on
the bottom and its flux divides equally between indoors and outdoors.

through and discharges horizontally into the enclosure. Assuming that the pressure is
hydrostatic, the pressure difference across the doorway is given by

pi − po =−(ρd − ρl)g(Z − ZN), (5.2)

where ZN = hb− hN . Therefore, in the idealised case, the force acting on the jet at the
height ZN +1Z is minus the force at the height ZN −1Z, i.e.

(pi − po)|ZN+1Z dZ =−(ρd − ρl)g1Z dZ =−(pi − po)|ZN−1Z dZ. (5.3)

This implies that the jet trajectory is symmetrical with respect to the neutral level
height. Thus, the jet angle at h? = hb − 2(hb − hN) is equal to the discharge angle α0.

Consequently, at the height h? above the bottom, the jet is again directed vertically
downwards, and the flow through the lower part of the bottom opening with the
height h? matches the outflow through the top vent. Below the height h?, the air
curtain is further drawn inside the room until breakthrough occurs and the air curtain
discharges into the enclosure.

This flow can be modelled as an emptying box with the ‘imaginary’ bottom
opening of the height h?, as depicted in figure 12(b), where a vertically discharging
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air curtain is mounted at the top of the imaginary bottom vent. Since hN > h?, the
air curtain is drawn inside the cavity across the whole height h?. Note, in particular,
that the position of the neutral level height hN for this imaginary emptying box
remains unchanged compared to the original system. This is due to the fact that in
the original system the outflow through the part of the bottom opening with height h?
matches exactly the outflow through the top opening. The outflow through the top
opening is given by (3.6), and the inflow through the imaginary bottom opening can
be calculated by (cf. (3.3))

qin = 2
3 Cbwb

√
2g′(h3/2

N − (hN − h?)3/2), (5.4)

where hN is determined by at, ab, hb and H from (3.10). Neglecting the vertical
variations in the velocity profile, we can also approximate the inflow as

qin ≈Cba?
√

2g′H?, (5.5)

where H? is the distance between the neutral level and the upper edge of the
‘imaginary’ bottom orifice, i.e. H? = hN − h? and a? =wbh?.

Equations (3.6) and (5.5) for the inflow and the outflow, respectively, are the well-
known equations for the emptying box (when the box is completely filled with light
fluid). A slight inconsistency still remains between (5.5) and the usual emptying box
inflow expression. Here, we denote by H? the vertical distance between the neutral
level height and the upper edge of the bottom opening with ‘imaginary’ height h?.
The convention is to consider the distance between the neutral level and the middle of
the doorway. The resulting discrepancy can be dealt with by defining H?= hN − h?/2.
The same is true for the top opening.

For the emptying box, the initial flux through the system is (Linden et al. 1990;
Hunt & Linden 1999)

qin,? = qout,t =Cbat

√√√√√2g′(Ht +H?)(
1+ a2

t

a2
?

) , (5.6)

where we assume Ct ≈Cb.
The distance H? between the neutral level and the ‘imaginary’ bottom opening is

smaller than the distance Ht between the neutral level and the top opening because
H? = hN − h? = hN − (hb − 2(hN − hb)) = hb − hN and Ht = H − hN = (H − hb) +
(hb− hN)= (H− hb)+H?>H?. Since H?<Ht, the pressure drop between the interior
and the exterior of the room across the top opening is larger than the pressure drop
across the ‘imaginary’ bottom opening. Thus, at < a? and the flow through the room
is primarily controlled by the top opening. Therefore, we designate this regime as the
ventilation-driven regime.

In the ventilation-driven regime, the air-curtain effectiveness is given by

E= 1− 3Ctat
√

2g′Ht

2Cbwb
√

2g′h3/2
N

= 1−
3Ctat

√
H − hN

hb

2Cbab

(
hN

hb

)3/2 , (5.7)
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where the numerator represents the flux through the emptying box (calculated by
means of the outflow through the top opening (3.6)) and the denominator constitutes
the inflow without the air curtain (3.3).

In this ventilation-driven regime, the air curtain is drawn inside the room. Let q(hb)

be the volume flux through the air curtain at the distance Z = hb from the nozzle
(which approximately corresponds to the bottom of the doorway if the air curtain seals
the opening completely). The volume flux q(hb) consists of three different parts: the
initial volume flux q0, the entrained fluid from the interior of the room (q(hb)− q0)/2,
and the entrained fluid from outdoors (q(hb)− q0)/2.

The ventilation-driven regime, in which the air curtain breaks through and
discharges horizontally towards the enclosure, persists as long as the outflow through
the top orifice (3.6) is greater than the sum of the initial fluid flux q0 and the
entrained volume flux from outdoors (q(hb) − q0)/2 at the distance Z = hb from the
nozzle, i.e.

qout,t > q0 + q(hb)− q0

2
= q(hb)+ q0

2
. (5.8)

This criterion can be explained as follows. Let us assume that the air curtain reaches
the bottom of the doorway at some value of the deflection modulus for which qout,t >

q0 + (q(hb)− q0)/2. Then, the amount of fluid that leaves the room through the top
opening is greater than the amount of fluid that is additionally added to the room due
to the impingement of the air curtain on the bottom (this amount is 6(q(hb)+ q0)/2).
This lowers the pressure in the cavity, so that the air curtain is additionally drawn
inside the cavity. Subsequently, it breaks through and discharges horizontally towards
the interior. There is an influx qin of the dense fluid into the cavity along the bottom,
so that

qout,t = q0 + q(hb)− q0

2
+ qin. (5.9)

The effectiveness in the ventilation-driven regime should remain roughly constant and
equal to (5.7), since the amount (q(hb)− q0)/2+ qin added to the room is the dense
fluid from the exterior.

(c) Transition regime (figure 12c). Once the amount of fluid (q(hb)+ q0)/2 added
to the room by the air curtain matches the flux qout,t, the air curtain can reach the
floor. The air-curtain flux then starts to divide between the interior and the exterior of
the room, so that the fraction Ξ of the flow q(hb) added to the room counterbalances
the outflow qout,t through the top opening. In this case we have

q0

q(hb)
<Ξ <

q(hb)+ q0

2q(hb)
, (5.10)

and a transition takes place between the ventilation-driven regime, in which the flow
through the whole system is controlled by the outflow through the top opening, and
the air-curtain-driven regime (as discussed later), in which the air curtain governs the
flow in the cavity.

The value of Dm between the ventilation-driven and the transition regime can be
estimated by noting that transition occurs when

q(hb)+ q0

2
≈ qout,t. (5.11)
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The volume flux in the plane turbulent jet increases with distance from the nozzle and
can be calculated as

q(hb)

q0
=C

√
2hb

b0
, (5.12)

where C is an empirical constant. According to Rajaratnam (1976), C≈ 0.44. Hence,
the transition deflection modulus can be estimated as

Dm = b0q2
0

g′h2
bb2

0w2
b

= 8C2
t a2

t Ht(
C

√
2hb

b0
+ 1

)2

h2
bw2

bb0

= 32C2
t

9

(
C

√
2hb

b0
+ 1

)2

hb

b0

((
hN

hb

)3/2

−
(

1−
(

hN

hb

))3/2
)2

, (5.13)

where we have used (3.6), Ht = H − hN and (3.10). As Dm increases, the air curtain
is pushed out of the room until the fraction of flow rate q(hb) added to the room is
Ξ = q0/q(hb). In this limit, the initial flux through the air curtain compensates the
loss through the top opening qout,t.

For the values of Dm for which Ξ . (q(hb)+ q0)/2q(hb), (5.7) is a good estimate
for the effectiveness. If we assume that the density distribution within the air curtain
is self-similar (Tamm (1966) as cited by Sirén (2003b)), then the flux of dense fluid
added to the room due to turbulent mixing is ∼Ξq0. Consider an increase of Dm in
the transition regime by increasing the initial momentum flux of the air curtain. Then
there is competition between the decrease in the fraction Ξ of the air-curtain flux
spilled back to the room, since the air curtain is gradually pushed out of the enclosure
next to the bottom, and the increase in the initial flow rate q0. Experimental data
suggest that in the transition regime the effectiveness first rises because Ξ reduces
and then decreases again since the mass transport due to the mixing flux through the
air curtain, which is proportional to q0, gradually gains in importance.

(d) Air-curtain-driven regime (figure 12d). This regime occurs when the initial flux
of the air curtain q0 alone can replenish the cavity so that it counterbalances the loss
through the top opening, i.e. q0 = qout,t. For higher values of the deflection modulus,
the amount of fluid added to the room by the air curtain is greater than the amount
of fluid that would leave the room through the top opening due to buoyancy alone.
Hence, the outflow through the top opening increases, since it is now forced by the
flux of the air curtain. The flux through the system is controlled by the flux through
the air curtain in this regime and is, therefore, called the air-curtain-driven regime.
The higher the deflection modulus in this regime, the higher the forcing of the flow
by the air curtain. Thus, as the deflection modulus increases, the exchange between
the interior and the exterior of the room also rises. In turn, the effectiveness of the
air curtain decreases, as is also the case for the air curtain in the doorway of a sealed
room.

The transition point between the transition regime and the air-curtain-driven regime
can be estimated by balancing

qout,t ≈ q0, (5.14)
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where qout,t is computed by means of (3.6). Then, we can calculate

Dm = 2C2
t a2

t Ht

h2
bw2

bb0

= 8
9

C2
t

hb

b0

((
hN

hb

)3/2

−
(

1−
(

hN

hb

))3/2
)2

(5.15)

(cf. the derivation of (5.13)). The model can be summarised as follows. For low Dm
(which should, however, be higher than the value needed to overcome the unstable
regime (5.1)), the flow through the cavity is driven by the outflow through the top
opening, which can be predicted by means of the emptying box model. Thus, E
remains roughly constant for a certain range of Dm and is given by (5.7). For high
Dm, the initial flux through the air curtain exceeds the flow through the top opening
due to buoyancy. Therefore, the air curtain now forces the flow through the whole
system, so that the outflow through the top opening increases. In this regime, E
decreases due to the increasing turbulent mixing within the air curtain. In between,
there is a transition regime in which E first increases (due to the fact that the air
curtain is gradually pushed out of the enclosure) and then decreases again (because
the air curtain gradually enhances the mixing between indoors and outdoors due to
the increasing deflection modulus, i.e. increasing flow rate if the density difference
is kept constant). We can estimate the transition points between the different regimes
by equating the flow rates involved.

Note that not all regimes may be present for a certain configuration of the room
(i.e. location and area of the top opening compared to the doorway dimensions). For
example, for the case at→ 0 and H→ hb, (5.13) and (5.15) describing the occurrence
of the transition regime and the air-curtain-driven regime predict Dm→0, which means
that the air curtain operates in the air-curtain-driven regime once Dm is high enough
so that the jet can cross the region above the neutral level height. This is the limiting
case of a sealed cavity. Of course, a situation is also possible in which (5.13) is
smaller than (5.1) but (5.15) is larger than (5.1). In this case, with increasing Dm the
air curtain first operates in the unstable regime, then it enters the transition regime
without operating in the ventilation-driven regime, which is then followed by the air-
curtain-driven regime.

In order to compare our proposed model to the minimum deflection modulus
values calculated previously by Sirén (2003a), we need to establish the corresponding
expression for Dm,min in our model. Sirén (2003a) defines Dm,min as the highest
value that ‘still leads to breakthrough under specific conditions’. In our model,
the breakthrough occurs if Dm is lower than (5.1) or if the air curtain operates in
the ventilation-driven regime, i.e. if Dm is lower than (5.13). Thus, we define the
minimum deflection modulus as

Dm,min =max


1
2

(
1− hN

hb
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,
32hb

9b0
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t
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)3/2

−
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1−
(

hN
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))3/2
)2

(
C

√
2hb

b0
+ 1

)2


. (5.16)

Expression (5.16) depends explicitly on the ratio hb/b0 and on the empirical
constant C. For large values of hb/b0, the dependence on the former is negligible.
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FIGURE 13. (Colour online) Comparison between the minimum deflection modulus in our
model (long and short dashed lines; black and red online) and the minimum deflection
modulus calculated by Sirén (2003a) (solid line; blue online). Filled circles (blue online)
indicate experimental runs in which we observed impingement of the air curtain on
the tank bottom; triangles (red online) show situations in which breakthrough occurred;
asterisks (black) show the experiments in which we could not clearly distinguish between
breakthrough and stability.

However, the exact value of C significantly affects Dm,min. Figure 13 depicts the
minimum deflection modulus (5.16) from our model for C = 0.44 and C = 0.3
compared to the minimum deflection modulus as predicted by (2.20) using the
approach by Sirén (2003a).

As expected, for the case in which the neutral level is just slightly raised above the
middle of the doorway, Dm,min from our model coincides with the prediction (2.20). In
that case, the deflection modulus necessary to prevent the breakthrough to the dense
fluid side (i.e. the air curtain has insufficient momentum to seal the outflow region
of the bottom opening) is higher than that needed to prevent breakthrough towards
the enclosure. This condition is identical for our model and for the approach by Sirén
(2003a). However, if hN/hb & 0.6, our theory predicts significantly higher values of
Dm,min than obtained by Sirén (2003a). This discrepancy can be explained as follows.
The approach as discussed in § 2.2.4 does not account for losses through the top
opening but only for the horizontal buoyancy force acting on the air curtain. Let us
assume that the air curtain reaches the bottom for Dm,min as predicted by (2.20). Then
the outflow through the top opening is greater than the rate at which volume is added
to the enclosure due to impingement of the air curtain. The pressure in the cavity
decreases, creating an additional force that draws the air curtain into the enclosure.
As a consequence, the air curtain breaks through and discharges horizontally towards
the enclosure. Therefore, it appears that Dm,min by (5.16) should be a better estimate
than Dm,min given by (2.20).

6. Comparison between experiments and theory
The theoretical operating regimes of the air curtain as presented in figure 12 are

in accordance with the shadowgraph images shown in figure 10. We can calculate
the transition values of the deflection modulus between different regimes as explained
in § 5. Table 1 summarises the results obtained from (5.1), (5.13) and (5.15) for the
three top openings. We denote by Dm,1 the transition value of the deflection modulus
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from the unstable to the ventilation-driven regime, by Dm,2 the transition value from
the ventilation-driven to the transition regime, and by Dm,3 the value between the
transition and the air-curtain-driven regime. We can observe experimentally that, in all
three situations, the air curtain crosses the neutral level for a value of the deflection
modulus around 0.15–0.2, as seen from the fact that the scatter in the data shown
in figure 11 decreases (cf. also figure 10a, which shows the air curtain operating in
the unstable regime for Dm = 0.12). These values are higher than the theoretically
predicted values for Dm,1, but this is in line with the argument that for real air-curtain
installations a safety factor should be applied. For example, in our experimental set-up
we control only the total flow rate q0 through the air curtain and not the discharge
velocity itself. Therefore, the discharge velocity of the air curtain might be slightly
non-uniform, with lower values at the ends of the ACD since the fluid is provided
through a pipe that is located in the middle of the air-curtain tube. Hence, leakage
might occur around the edges of the air curtain.

For opening A, the theoretically predicted Dm,2 value with C = 0.44 is lower than
the Dm,1 value. Thus, in this case, the air curtain immediately enters the transition
regime once the deflection modulus is high enough so that the jet can cross the
neutral level. Experimentally, we could observe no ventilation-driven regime for the
top opening A: the air curtain was operating either in the unstable regime or it
impinged on the floor of the tank. According to table 1, the air-curtain-driven regime
for the top opening A should occur at Dm ≈ 0.99 and the effectiveness should start
to decrease in the transition regime for a value of the deflection modulus lower
than 0.99. Comparing this theoretical value to the effectiveness curve in figure 11,
we observe that the onset of the decrease in the air-curtain effectiveness occurs for
the value Dm ≈ 0.5. As explained in § 5, we can expect that the effectiveness of the
air curtain starts to decrease in the transition regime. Therefore, the onset of the
decrease for Dm ≈ 0.5 is consistent with this expectation. The transition between the
transition and the air-curtain-driven regime is very smooth and cannot be observed
directly from shadowgraph images. Therefore, the Dm,3 value should be understood in
the sense that a decrease in the air-curtain effectiveness is guaranteed for Dm >Dm,3
but the onset of this decrease is very likely to occur for Dm <Dm,3.

For opening B, the Dm,2 value calculated with C= 0.44 is slightly higher than the
theoretically predicted Dm,1 value. It is, however, to be expected that for this opening
configuration the air curtain operates just over a small parameter range of Dm values
in the ventilation-driven regime since experimentally observed Dm,1 values are higher
than theoretically predicted.

For opening C, the air curtain first operates in the unstable regime, followed by
the ventilation-driven regime before it should get into the transition regime at the
theoretical deflection modulus value of around 0.35. This also explains why we can
still observe the breakthrough of the air curtain for Dm = 0.3 to the light fluid side,
cf. figure 10(b), which contradicted (2.20).

For openings B and C, no decrease in E could be detected for the range of Dm
used during the experiments. This is also consistent with table 1, which predicts
the Dm,3 values for openings B and C to be far outside the range accessible during
the experiments.

We plot the theoretical estimates for the effectiveness of the air curtain in the
ventilation-driven regime in figure 11. We observe that the effectiveness value given
by (5.7) is a good estimate for the effectiveness in the ventilation-driven regime
(compare opening C in figure 11) and at the lower end of the transition regime
(compare opening B in figure 11).
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In order to compare the theoretically predicted Dm,min values to the experimental
observations, we show the following experimental data in figure 13: circles (blue online)
indicate the experiments in which we could observe the impingement of the air
curtain on the tank bottom, and triangles (red online) show the experiments in which
a breakthrough of the air curtain occurred. Asterisks (black) show the experiments
in which we could not definitely determine by observation whether the air curtain
was stable or whether breakthrough occurred. This uncertainty is partly due to the
experimental set-up: the ACD was located on the light fluid side of the tank and
the separation barrier in the tank prevented us from inferring from shadowgraph
images the exact value of Dm at which the plume started to rise at the dense fluid
side of the tank. Therefore, it is to be expected that the air curtain impinges on
the bottom for lower values of the deflection modulus than indicated by (blue)
circles in figure 13. Note, in particular, that our model predicts higher values of the
minimum deflection modulus than (2.20), which is consistent with the experimental
observations. However, the minimum deflection modulus for our model (5.16)
depends explicitly on the entrainment constant C into the plain turbulent jet. For
our calculations we assumed the value C= 0.44 as given by Rajaratnam (1976). For
a specific air-curtain installation the experimental value of the entrainment constant
might differ, and this uncertainty should be taken into account when estimating
the Dm,min value.

Altogether, our model captures all the important features of the experimental flow
pattern observations and the measured effectiveness curves. Note, in particular, the
perceptible decrease in the effectiveness of the air curtain for the ventilated building
compared to a sealed enclosure. Assuming a temperature difference between inside
and outside of 1T = 20 K, a door height of 2 m, a discharge velocity of 10 m s−1

and a nozzle width of 0.01 m, which are in the typical ranges for real air-curtain
installations, we obtain the value Dm ≈ 0.37. In this case, the effectiveness of the
air curtain would be between 80 and 90 % for a properly installed air curtain in the
doorway of a sealed room (cf. figure 11). Figure 11 and (5.7) also indicate that, for
the same value of the deflection modulus, the value of the air curtain would decrease
by around 20 % for a small ventilation opening with area at/ab ≈ 0.06 located at
H= 2.5hb. For an opening area of at/ab≈ 0.12 at the same location, the effectiveness
of the air curtain would be just half of the effectiveness for the sealed case (cf. (3.10)
and (5.7)). Figure 6 indicates that the neutral level height rises if at/ab or H increases.
Therefore, if a small opening is needed for the ventilation of the room, e.g. for carbon
dioxide removal, its location height and area should be chosen as small as possible in
order to keep the neutral level height low and thus maintain a reasonable air-curtain
effectiveness.

There are some other points that can be further discussed regarding the application
of our theoretical and experimental results to real air-curtain installations. It is possible
to assess the performance of an air curtain not only in terms of its effectiveness E as
defined in § 2.2.3 but also in terms of its energy efficiency. The energy efficiency can
be defined as the ratio between the energy consumption with an operating air curtain
and the energy consumption when the door opening is unprotected, i.e.

Λ := cpρdqa(Tl − Td)+ P
cpρdqopen(Tl − Td)

= 1− E+ P
cpρdqopen(Tl − Td)

, (6.1)

where we have used qa/qopen = 1 − E (cf. § 2.2.3) and P denotes the power
consumption of the ACD itself. The term cpρdqopen(Tl − Td) is the energy needed
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to heat the intruding air up to room temperature when the door is unprotected
and cpρdqa(Tl−Td) is the energy needed for heating when the air curtain is operating.
Consider, as before, a doorway with hb = 2, wb = 1 m and assume Tl = 293 and
Td = 273 K. Using the orifice equation (2.3), we can calculate that the energy needed
to heat up the intruding air is approximately 12 kJ s−1 when the door opening is
unprotected. In comparison, the energy consumption P for the operation of the ACD is
much lower and is in the range of 100–300 J s−1 as stated by various manufacturers.
Thus, the last term in (6.1) is negligible and, for a neutrally buoyant air curtain with
ρ0 = ρl as considered in this study, the relation between the effectiveness and the
energy efficiency is simply Λ = 1 − E. The question about the energy efficiency is
more interesting if we consider a heated air curtain with ρ0 < ρl, since in that case
the definition in (6.1) contains an additional term that accounts for the energy needed
to heat up the initial air-curtain flow. We investigate the effects of the air-curtain
buoyancy in a separate ongoing study.

Another aspect worth discussing is the impact of human and vehicle traffic on
the air-curtain flow in real installations. The passage of a pedestrian or a vehicle
would momentarily disturb the air-curtain flow. For very low values of the deflection
modulus, such a disturbance could lead to a breakthrough of the air curtain, which
is one of the reasons why safety factors are needed. Provided that the deflection
modulus is high enough, however, the air curtain should re-establish immediately. Lu
& Fernandes (2008) studied the air-curtain flow around a mannequin using the stereo
particle image velocimetry visualisation technique. The authors concluded that the
disturbance was confined to the vicinity of the air curtain. Thus, we can expect that
objects passing the air curtain only alter the sealing ability over a short time, and
should not affect the overall performance of the air curtain significantly. Nonetheless,
the effect of very high human and vehicle traffic on the sealing effectiveness of the
air curtain would be a very interesting question for future work, which is, however,
beyond the scope of the present study.

7. Conclusions

We investigated the performance of an air curtain in the doorway of a ventilated
building both theoretically and experimentally. The vertical leakage distribution in
the building envelope was modelled by means of a small top window that was
located above the door. The presence of this additional displacement ventilation
pathway raised the position of the neutral level above the mid-height of the doorway,
i.e. hb/2< hN . We restricted our attention to the case in which the flow through the
doorway was still bidirectional, i.e. hN < hb. In § 3 we derived a constraint on the area
of the top opening at and its location height H so that the condition hb/2< hN < hb

is fulfilled. Furthermore, we derived an equation that links the position of hN to
the room geometry and, using the Bernoulli equation for an inviscid streamline, we
calculated the ventilation flow rates. Subsequently, these ventilation flow rates were
used as reference values in the calculation of the air-curtain effectiveness.

A theoretical model for the performance of an air curtain installed at the top of
the doorway showed that four different operation regimes can be distinguished. For
a fixed room and openings geometry, the only controlling parameter is the deflection
modulus Dm. For small values of Dm, the air curtain is deflected to the dense fluid
side above the neutral level height. It does not seal the outflow region of the bottom
opening, and the low part of the doorway remains completely unprotected: this regime
is called the unstable regime. In the ventilation-driven regime, the initial momentum
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flux is high enough that the air curtain can seal the outflow region above the neutral
level height. However, in this regime, the losses through the top opening are larger
than the amount of fluid that is added to the room by the air curtain. Thus, the
air curtain is drawn into the enclosure and there is an additional inflow of dense
fluid along the bottom to compensate the outflow through the top opening. The flow
through the enclosure in this regime is controlled by the top opening. If we further
increase the value of Dm, the air-curtain flux at the floor (minus the fraction of the
fluid that is entrained from inside the room) equals the outflow through the top orifice.
The air curtain enters the transition regime in which it impinges on the floor. For
even higher values of Dm, the air curtain is gradually pushed out of the room until
it divides equally between the enclosure and the ambient after impingement on the
floor. In this air-curtain-driven regime, the air curtain governs the flow through the
enclosure and forces the increased outflow through the top opening. We determined
the approximate values of Dm for the transition between the different regimes by
equating the flow rates involved. Using the expression for the emptying box flow rate,
we could also estimate the effectiveness of the air curtain in the ventilation-driven
regime. Furthermore, we predicted approximately the qualitative behaviour of the
air-curtain effectiveness E(Dm) in the other regimes. Our model can be compared
to the theoretical approach proposed by Sirén (2003a) for the calculation of the
minimum deflection modulus Dm,min. It turns out that the values of Dm,min computed
using our model are significantly higher than those predicted by Sirén (2003a). The
reason for this discrepancy is that our model takes account of the losses through the
top opening, whereas Sirén (2003a) considers only the transverse forces acting on
the air curtain.

To test our theoretical model, we conducted small-scale experiments using water
as the working fluid and brine for creating density differences. The shadowgraph
images of the air curtain yield clear evidence for the existence of different operating
regimes as described in our model. The value of the air-curtain effectiveness in the
ventilation-driven regime is predicted very well by our model. Furthermore, our model
also explains qualitatively the shape of the E(Dm) curve in other regimes.

Acknowledgements
We would like to thank Dr C. P. Caulfield and J. L. Partridge for useful discussions

and D. Page-Croft for the technical assistance with the experimental set-up. This
research was supported by the Engineering and Physical Sciences Research Council
and by the Studienstiftung des deutschen Volkes.

Appendix A. Determination of the discharge coefficient
The discharge coefficient for the open doorway was determined by measuring the

flux when the air curtain was turned off. Figure 14 depicts the non-dimensional
volume of fluid V∗ = Vmeas/abhb that flowed through the doorway against the
non-dimensional time t∗ = 1

3 t
√

g′/hb. The volume of water exchanged between the
two halves of the tank was calculated from the densities ρnew

l and ρnew
d at the end

of the experiment as

Vmeas = ρ
new
l − ρl

ρd − ρl
V, (A 1)

where V denotes the total water volume in one side of the tank. A least-squares
regression line was fitted to the measured data. The discharge coefficient was
determined to be Cb ≈ 0.57 ± 0.01, which is very close to the value 0.6 for
sharp-edged openings suggested in the literature.
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FIGURE 14. (Colour online) Plot of the non-dimensional volume V∗ against the
non-dimensional time t∗.
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FIGURE 15. (Colour online) Plot of the non-dimensional volume V∗ that intruded into
the light-fluid half of the tank against the non-dimensional time t∗. During this series of
experiments, the two halves of the tank were connected by means of the open doorway
and additionally by one open top orifice.

Appendix B. Verification of the neutral level height
The examination of the air-curtain effectiveness for a ventilated building requires

knowledge of the reference inflow rate through the unprotected doorway. In § 3, we
derived the theoretical expressions (3.3) and (3.10) for the neutral level height for a
known vertical leakage distribution and, consequently, for the inflow rate through the
bottom opening. A series of experiments was undertaken to check the validity of (3.3)
and (3.10).
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FIGURE 16. (Colour online) Schematic of the experimental set-up for small-scale
experiments.

In this case we opened either top orifice B (diameter 0.06 m) or top orifice C
(diameter 0.075 m) and allowed the fluid to exchange between the two sides of the
tank for some time t. The volume of dense fluid Vmeas entering the half of the tank
initially filled with light fluid was calculated using (A 1).

We introduce a new non-dimensional time t∗ = 2
3

√
2g′/hb(hN/hb)

3/2t. Note that, in
the case when the neutral level is located in the middle of the doorway, i.e. hN/hb= 1

2 ,
the non-dimensional time reduces to t∗ = 1

3 t
√

g′/hb as before. Hence, according
to (3.3), the volume of dense fluid flowing into the light fluid side is

V∗ =Cbt∗. (B 1)

Figure 15 shows V∗ as a function of dimensionless time t∗, where hN is determined
for each experiment numerically from (3.10) using Mathematica. For comparison,
we plot the theoretical line V∗ = Cbt∗ with Cb = 0.57, which is the value for the
discharge coefficient determined experimentally in appendix A. The measured values
are in very good agreement with the proposed model. The least-squares approach
yields a regression line with Cb = 0.59 for the measured values.
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FIGURE 17. (Colour online) Sketch of the separation barrier (dimensions in metres).

Appendix C. Schematics of the experimental set-up

The schematic of the experimental set-up is presented in figure 16 and the sketch
of the separation barrier is shown in figure 17.
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