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Keywords: Smoke flow inside buildings is a major cause of death in the event of fire. Presently, fire or smoke doors are
Fire safety used, together with smoke control systems, to avoid smoke flowing beyond the boundaries of the fire
SmOké control compartment. In this research, it is proposed the use of downward air curtains to stop smoke flow, which
Efp:zijx(::nts will not impair visibility in escape routes. The methodology followed in this research includes: (i) the

development of an analytical model that relates the relevant characteristic quantities of a plane jet with the
characteristics of the environment in which the fire develops, (ii) small scale experiments with saltwater
modelling to assess the convective parameters that control the smoke tightness of the curtain, (iii) CFD
simulations to assess the performance of a full scale air curtain near a fire source and (iv) fire experiments with a
full-scale test specimen. In this paper both the analytical model and the saltwater experiments are presented.
Test results confirm that vertical downward air curtains are able to avoid smoke flow through openings and
show a good agreement with the theoretical model for predicting the minimum exhaust rate from the fire
compartment. It has been shown that the exhaust flow rate depends on the air curtain flow rate and on the fluid
heat expansion due to fire. Test results also make it possible to assess the minimum nozzle velocity to avoid

Saltwater modelling

smoke leakage.

1. Introduction

Smoke flow inside buildings is a major cause of fire casualties. The
technology currently used to prevent these fatalities relies on the
enclosure of building spaces by fire resistant walls, on the use of fire
resistant doors and on the use of smoke control systems. In many
cases, closing passageways with fire doors makes it difficult to identify
the escape route and can delay people's egress; in other cases, the use
of fire gates makes it difficult to use them as escape routes. When the
fire propagation through the void is unlikely, it is acceptable to use an
air curtain if effective for stopping the smoke flow. Air curtains do not
impair the visibility of building occupants in evacuation and do not
pose difficulties to people using escape routes.

There are several applications of this concept in tunnels [1] and in
building corridors [2], but these are based on the pull-push principle
applied to horizontal air curtains. Several authors have studied the
application of single vertical air curtains (upward or downward) [3—8]
and a research work has been done about double vertical air curtains
[9,12,16]. Some studies used CFD simulations to assess the perfor-
mance of air curtains as regards curtain tightness in corridors [8], fire/
explosion accidents in a clean room [10], contaminant dispersion from
clean rooms [11] and as regards curtain tightness in staircases [17].
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The mentioned research work is not presenting clearly the need for
smoke exhaustion in the fire compartment, which the author of this
paper considers it to be a key issue for achieving smoke tightness by air
curtains for high temperature smoke. Therefore, further research must
be done on this topic in order to obtain a more generalized application
of air curtains to the open boundaries of fire compartments.

This project aims to develop and apply air curtain technology to
limit smoke flow through the building openings. The methodology
followed in this research includes: (i) the development of an analytical
model that relates the relevant characteristic quantities of a plane jet
with the characteristics of the environment in which the fire occurs, (ii)
small scale experiments with saltwater modelling to assess the con-
vective parameters that control smoke tightness of the curtain, (iii)
CFD simulations to assess the performance of a full scale air curtain
near a fire source and (iv) fire experiments with a full-scale test
specimen. This paper addresses both the analytical model and the
saltwater experiments.

The analytical model assumes that the pressure due to the jet
momentum balances the pressure due to buoyancy at the opening. This
model also includes a simplified analytical methodology for estimating
the temperature inside the fire compartment.

Several vertical downward plane jets, vertical upward plane jets and
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horizontal plane jets were tested on a small-scale model (1/20).
However, just the vertical downward plane jets proved to be more
efficient; therefore, only these results will be reported in this paper.
Buoyancy due to fire was reproduced by the difference in density
between saltwater and freshwater. The model, made by Plexiglas,
includes one compartment connected to the exterior by a single
opening, which is protected by the plane jet. The similarity laws
between flows enable the extrapolation of these results to real fire
cases.

The results showed that it is feasible to avoid the leakage of the
denser fluid (simulating smoke) to the exterior of the compartment
using a plane jet (curtain) flowing a less dense fluid. The tests clearly
showed that the plane jet is critical to the tightness because when it is
stopped (with no change in other relevant parameters, including the
exhaust flow rate and the intensity of the saltwater source) the loss of
tightness occurs immediately. Thus, the test results demonstrate the
feasibility of using air curtains to control smoke and enable the
experimental assessment of the parameters that control tightness.

2. Methods
2.1. Analytical model

Smoke tightness due to an air curtain (plane jet) is based on the
balance of the air curtain momentum and on the momentum of the
smoke flow. The nozzle of the plane jet is put at door soffit level and
flows downward, «, being the angle between the curtain axis and the
vertical plane. The initial momentum J, jet per unit of width (of the
opening) is given by Eq. (1).

Jo=pboug

1)

where p is the fluid density, b, the thickness of the jet nozzle and u, the
initial jet velocity. This work considers that the jet momentum is
maintained. Since the smoke flow (horizontal, in this case) is normal to
the plane of the opening (vertical), only the momentum due to the
horizontal component of the jet velocity is concerned, according to Eq.
(2). The effect of this momentum (per unit width of the jet) on pressure
is assessed by Eq. (3), where h is the vertical height above which the
horizontal component of the velocity of the jet comes to zero (i.e.
wherein the jet bends to the vertical). The difference in fluid density
between indoors and outdoors, assuming a uniform density in each
environment, the value of the pressure difference is given by Eq. (4), H
being the height above the neutral plane (when the difference in
densities is uniform, the pressure difference varies linearly with

height).

Jon=pboug sinccg 2
2 .
poboug sinccg
Ap="0007 0
¢ h €))
AR=gH(py—p) 4

Since the effect of the jet is relevant above the neutral plane only,
when the internal pressure is higher than the external pressure, then, h
in Eq. (3) is the height of the opening soffit above the neutral plane.
The maximum pressure difference occurs near the soffit of the opening.
Dividing Eq. (3) by Eq. (4) the pressure ratio obtained is a measure of
the performance of the curtain, as Eq. (5) shows. Eq. (6) defines the
deflection modulus D,, [12], which is proportional to Eq. (5).

AR, poboug sincg

AR gh’(p, — pp 5)
_ Pobou(z)
" ghl(py — p)) (6)

Smoke tightness is obtained by combining the jet momentum with
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the inlet velocity through the opening due to smoke exhaustion in the
compartment. The inflow velocity u, through the opening contributes
also to retain smoke; therefore, its momentum must be considered and
Eq. (3) is modified as presented in Eq. (7). Then, Eq. (5) takes the form
of Eq. (8).

pobgu% sinexg + pohug

AR=

! h (7)
AP, pobougsinccy + pohuy
AR gh*(py — py) 8)

The minimum ratio AB/AR=B was assessed by saltwater experi-
ments. Knowing this value, the minimum jet velocity that complies
with the smoke tightness requirement is given by Eq. (9). The
difference in densities can be obtained from the ideal gas equation
and may be expressed in terms of indoor and outdoor temperatures,
considering Eq. (10). Combining Egs. (9) and (10), Eq. (11) is
obtained.

_ \/ Bgh®(p, — p)) — pohu;
Up=

pobo sinexg 9)
T() _
Po T =Py (10)
| 2 To 2
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110:\/ e —
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Another part of the problem is to estimate the exhaust flow rate of
the smoke control system of the compartment to keep the smoke
tightness of the door. As will be shown, it is impossible to obtain smoke
tightness of the door without exhausting smoke from the compartment.
It is well known that it is possible to obtain smoke tightness of the door
if the exhaust rate is high enough; the advantage of using the air curtain
is to reduce significantly the exhaust flow rate needed to avoid smoke
leakage through the door. Having this in view, the problem of using air
curtains to keep the opening tight will be solved if the jet velocity u,
and the exhaust flow rate are determined as a function of the fire
scenario. From Eq. (11) the assessment of u, will be solved, if B is
known. In this step, it is necessary to assess the exhaust flow rate.

For a compartment with a fire source and an external opening it is
clear that to prevent smoke from flowing through this opening to the
exterior, the following aspects must be taken into account: (i) the
thermal expansion of the smoke into the compartment and (ii) the
outer flow entrained by the plane jet at the door. It is also clear that
eddies due to jet turbulence near the door may transport to the exterior
smoke mixed with the jet flow. In this stage of the work, it will be
considered that eddy smoke transport will be prevented by increasing
the estimation of the outer flow entrained by plane jet at the door.

The thermal expansion of fluid AV=V;-V, (indices 0 and 1
represent the initial and final states, respectively), due to the convective
part of the heat release rate, Q., can be estimated by taking into
account that the thermal energy conservation can be simplified to Eq.
(12), where M is the mass flow rate of the fluid, C, the average specific
heat at constant pressure (considering here that the average is an
approach, which does not have significant consequences since the final
equations will be adjusted by empirical coefficients), T, the absolute
temperature of the hot fluid and Ty the initial temperature. Using Eq.
(10), Eq. (12) can be rewritten as Eq. (13). Eq. (14) refers to the
thermal expansion. The flow rate V of the plane jet is given by Eq. (15)
[13], where x is the distance from the nozzle, b, 'the thickness of the
nozzle, w the width of the nozzle (and door) and V; the jet flow rate at
the nozzle.

Q.=MC,(T-Ty) (12)
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The minimum exhaust flow rate of smoke from the compartment
will be the sum of the corresponding thermal expansion with at least
the entrained flow of the jet from the exterior. The jet entrains fluid
from both sides, but just the flow rate coming from the exterior and the
flow rate at the nozzle correspond to the mass intake into the
compartment. We must keep in mind that turbulent transport in the
jet may require a higher flow rate to maintain smoke tightness. Thus,
the minimum exhaust flow rate V.., includes the thermal expansion
and a portion proportional to the jet flow rate, according to Eq. (16), A
being a constant of proportionality, which includes the geometry of the
opening, to be assessed by experiments.

Vexaust=

% +Aby*ug
0CpTo (16)

In order to fully solve Eq. (11), it is necessary to estimate the smoke
temperature T, and h. This temperature depends on the convective part
of the heat release rate Q. (it is assumed here that in the initial stage of
the fire most of the radiated energy is being absorbed by the envelope,
and does not contribute to heating of the smoke) and on the exhaust
flow rate. Eq. (12) is used to estimate the average temperature of the
smoke, but now considering the values of the specific heat at constant
pressure, which correspond to the initial and final temperatures (Cp
and C,), as shown in Eq. (17).

QC=M(Cp1Ti_CpOTO) a7

Since the exhaust fans keep the flow rate volume approximately
constant, it is convenient to express Eq. (17) as a function of volume
flow rate of the fan, as shown in Egs. (18) and (19). The final
temperature is then calculated according to Eq. (20). The final
temperature dependence on C,,; requires an iterative solution.

. . T
Qc=p0TOVexausl(Cpl_Cp0?0]
1

(18)
T .
CPOJ:CP]_Qif
Tl p()TO\/;zxausl (19)
T CpoTh
= -
Qc
Cpl - P()T(Jvexausl (20)

There are a number of methods that allow estimating the position of
the neutral plane (e.g., see [14]). The results of the experiments show
that the flow near the jet is quite complex and that the neutral plane
may be strongly disturbed. Therefore, further results will be referenced
to the height of the opening.

2.2. Saltwater modelling

In fire scenarios the flow is buoyancy driven. Using saltwater and
freshwater is a good way to scale the difference in density that occurs
between smoke and cold air. In this approach, only the convection is
retained; it does not make it possible to reproduce radiation heat
transfer or chemical reactions. Therefore, just the phenomena related
with the flow driven by the air curtain near the opening are studied.
This enables some simplification of experiments, in particular: (i) the
saltwater (simulating smoke) feeds directly the smoke layer (this avoids
plume flow, which is irrelevant for the jet flow, and has the advantage
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Table 1
Dimensionless variables for fire similarity with saltwater [15].

Dimensionless variable Definition
Prototype Model
o* (T-Tp) Y
Tot ¢
¢ U%/gH U%/gh
t* tgU U
H h
¥ T o
4] 3]
p* PlpoU? p/poU?
Vv HV hv
X* Xo/H X¢/h
P =Pr = Sc Hep LX)
k )
. 1/3 173
U Qog mog
pocpToH poh
Re poUH/p poUh/p
G (H/L)? (/1)
Q*

L[ Q
Q%]

of the saltwater layer density being easier to control); and (ii) the
velocity through the opening is created by exhaustion in the fresh water
layer (hence the total mass of saltwater needed for experiments is much
lower). To reduce the problem of smoke control only to the convective
part is an approximation that is reasonable in an initial fire stage, when
the cold air flow rate is high and the heat release rate of the heat source
is still relatively low, thus corresponding to many smoke control
scenarios.

Saltwater similarity is a good means to generate buoyancy and this
is generally achieved using a source of saltwater (coloured for
visualization) to simulate the convective plume in a freshwater
environment. The saltwater having a greater density than freshwater,
the plume is downward generated, leading the similarity to be
interpreted upside down. However, except for such minor nuisance,
this concept of similarity makes it possible to minimize salt consump-
tion.

The equations of continuity (21), momentum transport (22) and
energy conservation (in the form of transport equation) (23) are shown
below [15]. Table 1 presents the similarity between the dimensionless
variables in the prototype and in the model.

DU

Dt* (21)
-

Duﬂ VA —0"k= 1 ahe

Dt* Re (22)
¢

Do :GQ*+( )v*Ze*

Dt* Re Pr* (23)

In the equations above and in Table 1, H and L represent the
enclosure height of the prototype and the diameter of the fire in the
prototype, respectively. U is the velocity scale of the fluid, ¢ the density
(or temperature) perturbation scale, Qo, u, po, To, g M, k and ¢,
respectively represent the convective heat release rate, the velocity, the
cold fluid density, the initial temperature, the acceleration of gravity,
the viscosity, the thermal conductivity and the specific heat at constant
pressure of the air at point X, and time t,, in the prototype, or time t,
and point X, in the model. The variables applied to the saltwater model
are h and 1, representing respectively the height and diameter of the
saltwater source. Y is the mass fraction of salt, © the mass diffusivity,
nip the mass flow of salt at the source and Re, Pr and Sc, respectively
represent the Numbers of Reynolds, Prandtl and Schmidt.

To ensure a similarity between flows, these must be fully turbulent
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at the source and, simultaneously, the momentum of the source must
be small when compared to the buoyancy (heat source momentum at
the origin is zero). According to [15], to satisfy this condition, ratio F
(24) must always be less than 1 at the plume, except near the source (ug
being the velocity at the source and z the height). According to [15], it
is reasonable that F <1 for z> 0.2 H.

The relationship between buoyancy in the saltwater model and the
temperature difference in the prototype can be estimated according to
(25) (Froude Number similarity). Subscripts m and P stand for model
and prototype, respectively. To obtain a full dynamic similarity the
flows must have the same turbulent behaviour.

F = pug/2(p — py)gz 24
28l (0=po)! P

N2l B0 O 7 “Tp=t 1—(@) Tor

up  \28lp(p—py)p/pp P ) (25)

2.3. Saltwater experiments

The saltwater experiments have been carried out inside a glass tank
0.55 m high, 1.40 m long and 0.45 m wide. A Plexiglas model, 0.250 m
high, 0.400 m long and 0.250 m wide, was placed 100 mm above the
tank bottom (Fig. 1). It had a vertical opening of 0.125 mx0.125 m,
with the sill at bottom level of the model. The smoke was simulated by a
saltwater in a freshwater environment. The model was placed inside
the tank upside down. The saltwater was coloured to allow observation.
This model represented a compartment in the geometrical scale 1/20..

The saltwater was pumped directly into the saltwater layer at a flow
rate of 0.0427 1/s (the estimated uncertainty corresponded to 1% of the
flow rate). The downward plane jet was located outside the model and
was fed with freshwater (taken from the tank). Compartment exhaust
was achieved at the bottom (top, on the upside down model) of the
vertical wall opposite to the opening. Freshwater was constantly fed to
the tank in order to maintain the water level. The testing parameters
are shown in Table 2. The flow parameters were measured at a steady
state before testing or, whenever relevant, they were adjusted (one at a
time) during the test to achieve smoke tightness at the opening. The jet
angle (with the vertical plane) and the nozzle thickness were varied (at
a time) for each jet configuration. In each test, the parameters of jet
velocity and exhaust flow rate were adjusted until no saltwater leakage
was visible (Fig. 1). The flow rate was determined by calibration of the
respective valve position.

The estimated expanded uncertainty corresponded to
U (p)=+1.16kg/m’, for density measurement, U (by)=+0.00002m, for
jet thickness measurement, U («p)= + 0.05°, for jet angle measurement,
U (up)=+0.016m/s, for jet velocity measurement and to 1% of the inflow
velocity u,. The coverage factor was k=2.

The no smoke (coloured saltwater) leakage threshold was assessed
visually through the opening and recorded on video. The most
significant component of the uncertainty of the experiments is the
visual assessment of the saltwater tightness.

.. mr
w%sl ‘I'llﬁ

‘&aun
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3. Analysis of the experiments

Test results were used to calculate AB/AR, according to Eq. (8).
Theoretically, the salt water tightness at the opening is reached when
AB/AR=1. Other variables were expected to influence the tightness
threshold during the experiments. The results were found to depend
only on the calculated average opening velocity (u,), on the jet velocity
(up), on the sin of the jet angle (sin,), on the density difference (p,—p,)
and on the nozzle thickness (bj); a new equation being set, of which the
parameters were adjusted by the least square method (see Eq. (26)).
The exponents were rounded to the nearest fraction and, then, Eq. (26)
was simplified to Eq. (27), coefficient 6125 being found when using
again the least squares method. Fig. 2 presents the experimental results
according to Eq. (28), which shows a good linear correlation. It was
observed that this set of data is not related with buoyancy.

AR, pobou(z, sinxg + pohuﬁ 1

=5523u 720" (sinccy )67

AR gh’(py — py (Po = Pp)
(26)
bou? sinccg + pyhu?
Po ouozln‘xo Pohu; =5125u§/3u3/3b%/3(sino<0)2/3 1
gh*(py — pp Po — P 27)
bou? sinccg + pyhu?
Po 20114(;35111:0 Po 21/13 6125u32/3
gh?ug3b33 (sinexg) (28)

Solving Eq. (28) it is possible to obtain the value of the inlet velocity
u,, as shown in Eq. (29), A* being a constant depending on the initial
conditions and geometry of the problem. For these experiments, value
A* varied between 0.36 and 0.44, 0.39 being the average and 0.02 the
standard deviation. This value represents the entrainment of flow by
the plane jet and theoretically the value of this coefficient is 0.44 [13].
In this case, the experimental average was obtained considering the 20
experimental results available. Even taking into account the experi-
mental dispersion, these results point to a coefficient lower than the
theoretical value of 0.44. It is now clear that this test result corresponds
to Eq. (15), which was obtained with theoretical considerations;
therefore, Eq. (30) will replace Eq. (15) in the mathematical model.

u,=Augb)>/h03=0. 39uob->/h0 (29)

V=uhw = Aug(boh)®w = Aby®3u, (30)

Only in tests 22—25 the jet velocity was set to a minimum. In all the
other cases, the jet velocity was higher; therefore, the saltwater
tightness at the opening was conditioned by jet turbulence and by jet
entrained flow rate from the exterior, which will be balanced by the
exhaust flow rate. That is why Eq. (28) does not depend on buoyancy.
Only the results of tests 22—-25 will be directly related with buoyancy;
thus, these results may be used in Eq. (8) to obtain the tightness
condition related to buoyancy, as shown in Eq. (31), in which Eq. (29)
was included. The ratio AB/AR varies from 0.0071 (in test 23) to
0.0301 (in test 24), the average being 0.0195. These values correspond

Fig. 1. Saltwater model before testing (left) and during test (right), showing saltwater tightness.
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Table 2
Saltwater test parameters.

Journal of Building Engineering 8 (2016) 243—-248

Test number bo [m] up [m/s] o [deg.] Initial p, [kg/m3] Final p, [kg/m3] p [kg/m3] u, [m/s]
1 0.00250 0.560 25 970.0 970.0 1023.4 0.0394
2 0.00500 0.560 25 968.7 968.7 1026.3 0.0508
3 0.00125 0.560 25 968.6 968.6 1027.8 0.0337
4 0.00750 0.458 25 976.4 976.4 1033.9 0.0436
5 0.00750 0.458 25 964.2 974.7 1020.1 0.0561
6 0.00125 0.700 25 968.1 975.4 1025.9 0.0289
7 0.00125 0.850 25 960.2 977.3 1024.4 0.0371
8 0.00125 1.000 25 963.2 973.3 1028.0 0.0376
9 0.00125 1.000 30 965.5 978.9 1026.9 0.0382
10 0.00125 0.850 30 973.0 975.5 1025.5 0.0384
11 0.00125 0.700 30 969.8 977.9 1026.7 0.0325
12 0.00125 0.560 30 969.8 974.8 1026.7 0.0310
13 0.00125 0.560 35 972.4 972.6 1031.7 0.0467
14 0.00125 0.700 35 975.8 979.6 1026.2 0.0462
15 0.00125 0.850 35 955.3 956.0 1019.0 0.0403
16 0.00125 1.000 35 955.3 956.9 1019.0 0.0559
22 0.00125 0.401 30 965.4 967.9 1032.1 0.0269
23 0.00125 0.142 30 975.6 979.1 1003.0 0.0113
24 0.00125 0.456 30 973.9 979.6 1012.7 0.0178
25 0.00125 0.321 30 968.1 970.7 1003.2 0.0209
%‘W"“‘i geometric scale is //L=1/20 (geometric similarity), thus, the velocity
sh by’ 7 (si e . . . P . . .
Eh7ug " bp ™ (Sl %0) . .t scale is u,,/up=1/20 (kinematic similarity). According to Eq. (25), which
800 >4 fulfils the Froude Number, the buoyancy of test 22 corresponds to the
. ’“ temperature difference of 372 K (Tpp=293K). Dynamic similarity is not
w00 ) r fully accomplished in these experiments because the Reynolds Number
o in the model is ranging from 500 to 3400, while in the prototype the
= 2l flow is fully turbulent.
i L
* .
300 4. Conclusions
200
100 In this paper, a set of equations has been developed, which
. describes the fire smoke tightness of a downward air curtain applied
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 to an opening. Saltwater modelling was used to study the convective

2/3
u‘,/

Fig. 2. Best fit of experimental results, by linear relation.

to the four extreme left points in the graph of the Fig. 2. Just the lowest
one (0.0017 in test 23) correspond to the optimal condition (extreme
left point of the graph of the Fig. 2), because physically correspond to
the test with the lowest momentum in the plane jet where was still
possible to keep the salt water (representing the smoke) inside the
compartment. As a consequence, the exhaust flow rate is also the
lowest obtained in the tests; this is the purpose of this technology.
However, it seems to be wise to consider a more conservative value of
the ratio AB/AR in order that the salt water tightness at the door may
be safely obtained; therefore, it is proposed here to use the average
ratio AB/AR obtained in the test 22-25. Hence, Eq. (32) replaces Eq.
(9) in the analytical model. In these equations, the model scale is
included by variable h.

boul
AR PO (sen oy +A)=0. 0195
AR gh*(py — p) (€29)]
10. 0195gh*(p, — py)
o=, | —— o
\/ pobo(sen g + A*?) (32)

In these test results, AB/AR<1 because the saltwater density used in
this computation is the saltwater source density and h is the full height
of the door and not the height between neutral plane and door sill (as
deduced in the analytical model). Physically, the representative flow
density is the mixture density at the door height. It was not possible
during tests to assess directly this local density.

Finally, in these experiments, the time scale is #,/fp=1 and the
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performance of this kind of flows and the experiments made it possible
to draw the following conclusions:

1. Downward curtains may be successfully applied to avoid saltwater
flow through an opening, but require exhaustion in the compart-
ment.

. Small scale saltwater tests show that the convective process de-
scribed by the theoretical model is correct; therefore, this convective
part of the model is expected to be applicable for obtaining smoke
tightness of openings during fire events (adjustment of the model for
fully turbulent flows will be required).

. The test results show that the minimum jet velocity required to
obtain the saltwater tightness of the opening may be given by Eq.
(32).

. Minimum saltwater exhaust flow rate from the compartment is given
by Eq. (29), which agrees with Eq. (15) of the theoretical model. To
obtain the minimum smoke exhaust flow rate, the term correspond-
ing to smoke expansion due to heating must be added.

Full-size experiments, including a prototype of the air curtain and
using a fire source, will be developed to verify the smoke tightness
model and to adjust the model for fully turbulent flows.
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