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Abstract

Air curtains have been widely used to reduce nafiion through door openings and save
heating/cooling energy in different types of builgé. Previous studies have found that there dxiset
aerodynamics conditions: optimum condition (OC)low break-through (IB), and outflow break-
through (OB) conditions, which are important foteggorizing air curtain performance subject to such
key parameters including supply speed and angt pagsence of a person during an actual operation.
However, few studies have focused on the effectthede parameters on air curtain performance in
terms of resisting infiltration and reducing exltion. This research presents a parametric stli@y o
curtain performance based on reduced-scale expetsnaad full-scale numerical simulations. It was
found that increasing air curtain supply angle iowes air curtain performance when it is operated
under the OC and IB conditions but creates excessifiltration under the OB condition. Increasing
supply speed of air curtain generally improves direcurtain performance whereas this improvement
deteriorates with the increase of supply angle utigde OB condition. The presence of person, either
directly under or below the air curtain, almost haseffect on the infiltration/exfiltration durirthe OC
condition. Moreover, the person in the doorway blatk airflow from both directions, contributing to
less infiltration under the IB condition and lesdileation under the OB condition than without the
person. This study provides valuable insights aitacurtain aerodynamics performance under differen
operational conditions and key contributing pararset
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1. Introduction

Every year, buildings use large amounts of eneltgig. reported that, in the U.S., the building sect
including residential, commercial and governmentdimygs, accounted for about 41% of the primary
energy usage, 47% of which is used for the spaa@ngeand cooling systems [1]. For the commercial
buildings, air infiltrations can contribute to 1886 the total heat loss [2]. In modern well-constaeatc
and well insulated buildings, heat losses due tanéltration become more significant and is esited

to be responsible for up to 25% of the buildingtimegploads [3]. Infiltrations through door openings
become quite significant when the doors are fretjyamsed such as in restaurants, retail stores,

supermarkets, offices, and hospitals [4].

A common solution to reduce energy loss due toirdiltration through door opening is to use a
vestibule instead of single doors [5,6]. Yuill @hd Yuill et al. [8] conducted one of the pioneteidges

to estimate infiltration rates for automatic dodased on door usage frequency, geometry, and the
pressure difference across a door. It was fountdaHauilding entrance with a vestibule has a smalle
discharge coefficienCp, and therefore it results in the reduction ofiafiltrations when compared to
the entrances without a vestibule (i.e. single dpor[7]. For this reason, vestibules became a
requirement in climate zones 3 ~ 8 based on the R&H Standard 90.1 [9]. Air curtains have been
proposed and supported by previous studies [1@&4&Hn alternative way to decreasing the infiltratio
rates through the building entrance and reducinigling energy heat losses. The air curtains, wiaich
typically mounted above doorways, separate indowt eutdoor temperatures with a stream of air
strategically engineered to strike the floor withparticular velocity and position [12]. Since the
infiltration rate through building entrance is ditly related to the energy performance of air égoga
many studies focused on the air jet aerodynamidsitarrelationship with the infiltration rate [138]1
Hayes [19] and Hayes and Stoecker [20] proposezhatytical model in terms of “deflection modulus”,
a ratio of air curtain jet momentum to transvexseds, as a result of temperature difference thraig
curtain. Based on the analytical model, the mininjetoutlet momentum to ensure air jet reaching the
floor could be determined, which was defined as“tdpimum condition” pattern in their research. If
the minimum jet outlet momentum was not satisftéd,air curtain jet would not reach the floor, whic

is called “break-through condition”. There alsost&d numerical studies [12,18] on the influencéef

2



O 00 N o u b W N

e e S e S e o O = S )
0o N O U1 b W N KB O

19
20
21
22
23
24
25

26

27
28
29

dynamic and geometrical parameters on air curtaiiopmance. Foster et al. [14] simulated a 1.0 m
wide air curtain by a 2-D CFD model and noticed tha air curtain performance is directly influedce
by jet velocity and door opening duration. By aaalg the CFD simulation results, Wang and Zhong
[21] found and defined three airflow patterns: tgimum condition (OC), inflow (or infiltration)
break-through (IB) condition, and outflow ( or dttAtion) break-through (OB) condition. The
infiltration models for door opening with air curtawere also proposed in terms of the pressure
difference, flow coefficients, and modifiers, arautd be correlated using CFD simulation data fahea
flow pattern. An experimental study was conductgd@mubran et al. [22] to validate the infiltration
models. Using the infiltration models, energy aimflaav simulations were employed to calculate the
energy consumption in buildings with vestibules adcurtains [4,11]. It was found that, on natibna
level based on the US climate zones, air curtaiashare efficient than vestibules in terms of whole
building site end-use energy savings and thus datpeing the efficiency of vestibule [11]. However,
these studies focused on a specific air curtairplgupelocity and angle: for example, the air supply
speed and angle were only 15 m/s and 20° in Wadgzhong'’s study [21], and 9.1 m/s and 13.75 m/s
and 20° in Goubran et al.’s study [22]. The effeickey parameters, e.g., air supply speed and amgie
infiltration rate at different flow patterns is walable [22]. These are the key parameters focwitain
designs and applications. Moreover, the influenicthe people passing through an air curtain door on

air curtain performance has not been well addressed

This research aims to study the effect of suppbedp angle and people on air curtain performance in
terms of reducing infiltration and/or exfiltratidhrough a building entrance doorway. Both reduced-
scaled experiments and full-size numerical simokatvere conducted. This paper first introduced the
infiltration models for different air curtain flowatterns from our previous work [21]. Using a sanil
experimental setup as Goubran et al. [22], we toeducted experimental and numerical analysisef th
effects of air curtain supply speed, angle andgmres of people in doorway on air curtain perforneanc

under different flow patterns and conditions.

2. Methodology

To investigate the effect of air supply speed, aragid people standing under/below the air curtain o
the performance of air curtains at building entemydooth reduced-scaled experiments and full-size

numerical simulation were employed, which is illased in the following sub-sections. The infiltoati
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model of the door with air curtain is also presdnit this section, which is used to evaluate the ai

curtain performance.
2.1. Experiments

The experiments were conducted in the CUBE (Conaddahiversity Building Environment) chamber
(Fig. 1), which comprises an airtight chamber vathlaster door fan, an entrance door installed aith
air curtain, pressure sensors located inside ottiwbosure, and a laser PIV system to captureowirfl
patterns through the entrance door [23]. The CUBH#ivided into two sections by a horizontal ceiling
and the experiments were conducted in the lowdiaseof 2.44 m x 2.44 m x 1.3 m (L x W x H) [22].
the door size is 0. 61 m x 71 m (W x H). In thigdst, the door is fully opened. The air curtain dypp
slot is 0.0635 m x 0.61 m (D x W) with three disgfeavanes, which could be adjusted to change the
supply angle. The air curtain unit also includegaaable frequency drive (VFD) controller to cortro
the supply speed. The supply speed was measursl @ints across the supply slot, from which the
average speed was obtained. In this study, twkerdiit supply velocities were selected: (1) the

maximum supply speed of the unit is 13.75 m/s; @) lower speed 9.1 m/s.

The blower door fan is used to control a given gues difference 4P, across the door by
depressurization or pressurization. Based on theawation of mass, the mass air flow rate thrabgh
door is equal to the airflow rate through the féhe duct ending inside the chamber was equippdd wit
an air diffuser to avoid direct flow towards theodd@see Fig. 1b). The interior pressures of therdiex
were measured and averaged over four points aththber’'s mid-depth plane (Fig. 1a). The external
pressure was measured at a point far from the charb avoid any possible potential airflow
disturbance. The pressure difference across thewta® calculated based on the difference betwesn th

pressures inside and outside the chamber.

Based on the equipment and setup used, the flavaettieved from the blower door fan was with a
maximum of approximately 0.4 ¥s infiltration into the chamber and a minimum ppeoximately 0.3
m®/s exfiltration from the chamber with the entrade®rs fully open. The temperature of the laboratory
where the CUBE is located was recorded during ésérg and averaged at 23 °C, which was used to

calculate the density of the ambient air.
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Fig. 1. The CUBE experimental chamber — (a) topvwéth locations of the pressure reading

points/nodes, and (b) 3D view.

To study the effect of people in the door way amadir curtain performance, a person model was edeat
and placed in the doorway of the air curtain ddotperimental measurements were taken with this
setup. The person model and its location abouttwway and the setup are illustrated in Fig. 2. A
particle image velocimetry (PIV) system was usedtfis study to visualize the airflow fields at the
doorway with and without a person, which includddgaYAG dual laser head system, the CCD camera
[23,24], a specially designed Helium Filled SoapbBles (HFSB) system [22], and the PIV data
acquisition. Details of the PIV system could besredd to the literature [22] and references orugeof
HFSB seeds in large scale measurements can aléoubd in literature [25,26]. The procedure of
processing for the PIV captured velocity data wigeq correlate the data using the adaptive cdrogla
method with an overlap of 50% (central differencmgthod with 1.2/2 min peak for validation and an
acceptance factor of 0.1), (2) to filter the catet data using the average filter (3x3 averagieg)a
and (3) to generate the RMS values of the veloators. The flow scale was generated by using the
velocity ranges observed in the cases, and theageegrror calculations were based on the standard
deviation data reported by the software. It is ddt&t the PIV experiment system may incur errois a
uncertainties, due to the systemic errors and @neam sampling deviation of statistical errors [27]
Previous studies indicate that though the estimataf PIV measurement accuracy are case by case, it

reasonable to estimate the overall accuracy a®=appately 10% at most [27,28].
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Fig. 2. Details of the person model used and théainplaced in the doorway
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Fig. 3 lllustration of the section view with theliil of view and seeding (nozzle) positions highiggh
(bottom) (adapted from [11]).
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In order to study the effect of air supply speedgla and presence of people on the air curtain
performance, five scenarios, comprised 51 conditiorere selected to be measured in the CUBE (Table
1). The supply angles are 0° and 20° (towards thside of the door, Fig. 3). The supply air spexd.i

m/s and 13.75 m/s. Each condition was repeatecttisiensure the repeatability of the tests.

Table 1. Experimental scenarios.

Scenario Squl): Supply With/without Measurements PIV measurements
angle (°)| speed (m/s) people
Scenario 1 0 9.1 without people 7 /
. . 12
Scenario 2 20 9.1 without people 15 (incl. 3 repeated)
Scenario 3 0 13.75 without people 8 /
. . 12
Scenario 4 20 13.75 without people 16 (incl. 3 repeated)
Scenario 5 20 13.75 with people 5 2
2.2. Full-size CFD simulations

The experimental study was conducted for a limrtathber of conditions under a reduced-scale setup,
e.g. only supply angles at 0° and 20° were seledsda complementary approach, a series of CFD
simulations were conducted using the ANSYS FLUEMTtvgare, which is widely used to simulate
airflows in and/or around buildings [29,30]. Thensiations were on a full-size building with the doo
size of 2 m x 2.4 m (W x H), which is chosen aceaydo the Automatic Door Selection Guide [31].
The full-size CFD simulation model is 3.3:1 of swmaled CUBE chamber. Please note that in the durren
study, we did not try to compare the results dediint scales quantitatively and to develop sintjlar
rules. So the results of the scaled CUBE chamber the full-size simulation model were only
compared qualitatively. Currently, we are develgpa new scaling method of air curtain jet flows,
which will be covered in a future study. The modeteiilding section is 20 m x 24 m x 10 m (L x Wx
H), within a CFD domain of 50 m x 24 m x 10 m (W& H). An air curtain is mounted horizontally
over the door with a supply slot of 0.08 m x 2 m Q) and a return of 0.2 m x 2 m (W x L). When
the person is considered in the simulation, thghtedf the person model is the average height ef th
Canadian, 1.76 m [32]. Two different locations ebple are considered: people directly under the air

curtain and below the air curtain (Fig. 4).
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To reflect the reality, non-isothermal condition®res considered. The air supply temperature is
maintained the same as the indoor temperatureC 2dr°’the summer condition and 21 °C for the winter
condition. The air supply angle is varied betweeno020° towards outdoors. Pressure boundaries are
applied to the inlet and outlet in Fig. 4, betweedrich the pressure difference varies from -20 P&o

Pa accounting for exterior wind effect. Based andksign day temperatures of the climate zones81 to
in the U.S. [9], the outdoor temperature is selkete -40°C, -20°C and 10°C for the winter mode and
25°C, 30°C and 40°C for the summer mode. In allsihaulation cases, the door is fully open (i.e.leu

swing automatic door with both leaves open at 90°).

The standard k-turbulence model was selected as the turbulencgeinand the pressure-velocity
coupling adopted the SIMPLE algorithm [33]. Stamdarall functions and full buoyancy effect were
selected. The air was assumed as incompressitdegds. Convergence was reached when the residual
was less than 1Y) except temperature, which was less thafl. The air curtain boundary condition is
set up as an inlet with velocity and angle. Thedimass flow rate was set for the air curtain retur

which equals to that of the air curtain supply. Timdulent intensity and hydraulic diameter areduse
specify the turbulence, where the turbulent intgnss | :O.16( Re, )_1/8 [34]. For the spatial

discretization scheme, the second order was chosehe pressure interpolation, and the secondrorde
upwind for momentum and energy interpolations. Tinst order accuracy was chosen for other
interpolations. All the grids were structured hesd@dtal grids. Two different meshing strategies were
adopted for the grid independent study. Strateghd grid size of the inlet of air curtain was 0r2x
0.02 m. Far-field domain used a coarser grid whi $ize of 0.2 m x 0.2 m. The total number of the
grids was about 1,260,000. Strategy 2: the grid sfzhe inlet of air curtain was 0.01 m x 0.01Far-
field domain used a coarser grid with the size .460n x 0.15 m. The total number of the grids was
about 7,000,000. Fig. 5 compares the velocity @®funder the air curtain supply inlet for diffetren
meshing strategies under a specific condition. difference of the average velocity was within 7%t F
the exfiltration flow rate, the difference was amndu7% (7.5 kg/s for the strategy 1 and 7 kg/s far t
strategy 2). The results of two different meshitigategies were reasonably close, so the meshing
strategy 1 was selected (with the total grid nundfextbout 1,260,000).

It is noted that for the simulation cases with espa model, the person model is simplified as agmaf

blocks, and is not a part of the fluid calculatdmain. Since the person model is structured byicsb
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(Fig. 2), the whole fluid zone can still be meshveth structured hexahedral grids. The heat transfer

process about the person model was also neglected.

[ s e
Pressure 1
inlet -
— ™
”
- 3 Outdoor

— |z

Pressure
outlet

Indoor
Air curtain Air E;ﬂl -
e Sw— - u

1200 v=20m/s 20°

Outdoor IPc(\pl: height:1.76m I Indoor

People under air curtain People below air curtain

Fig. 4. CFD model of a full-size building and tleeation of people.

Using the CFD model (illustrated in Fig. 4), 708 GCBimulations were conducted for the air curtain

door with the air curtain supplying air at 10, X8&0 m/s and 0°, 10°, 15° and 20° towards theideits

Table 2 presents a summary of all the simulatiGesa

Table 2. CFD simulation cases with different symgeeds and angles.

Winter mode Summer mode
Outdoor temperaturéQ) -40, - 20, 10 25, 30, 40
Indoor temperatureC) 21 24
Pressure difference (Pa) -20, -10, -5, -3.5, -A%, -1, -0.5, 0, 10, 20, 30, 40
Door opening angle’) 90
Air curtain supply speed (m/$) 10,15,20
Air supply angle (°) 0*,10,15,20
People location** People below and under air curtai
Total number of simulationg 708 (438 cases witlpmaple, 270 with people)

*Q° air supply angle is only for cases with air supgdged of 15m/s

**Cases with people are under the condition ofsapply velocity 20m/s and supply angle 20°
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(a) Location of velocity comparing point. (b) Velocity comparison for different meshing st@ies.
Fig. 5. Grid independent study (summer mode, outtEraperature 25 °C, pressure difference -10 Pa,

air curtain supply speed 10 m/s, supply angle @@hout human model).

2.3. Infiltration model for door with air curtain

As suggested by Wang and Zhong [21], three flowepas, optimum condition (OC), inflow break-
through (IB) and outflow break-throught (OB), weobserved and are shown in Fig. 6, and the
corresponding Q4P relationship can be observed in Fig. 7. The optmuondition (Fig. 6a) is caused
by mild outdoor and indoor pressure differend®,;, and the jet is able to reach the floor and
successfully blocks the outdoor air. In this cdkere is still a net outflow portion as a resultioé air
curtain jet passing through the door. /2 rises above a threshold value, which is definethasipper
critical pressure differencefP,., the outdoor air would penetrate the jet as Flg.sBows. In this
condition, the increase of pressure difference redult in increased infiltration. As the oppoditav
pattern, Fig. 6¢c shows an outflow break-through nvivedoor pressure is higher than the outdoor
pressure AP, < 0) and4P,; reaches another threshold value, which is defa®edhe lower critical

pressure differencelPic, so the exfiltration of indoor air occurs.

10
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Fig. 6. Characteristics of an air curtain jet undiéfierent pressure differencet?,=P,-P; (adapted from
[21)).

Previous studies have found that when air curiingtalled above the door, the infiltration floate is
not only influenced by the features of the doorropg area, but also the aerodynamics of the atagur
jet [21], and the orifice equation is not appli@af#0,21,32]. For example, under the optimum caowalit
in Fig. 6(a), the net airflow is not zero evenhketpressure difference across an air curtain is. zer
Therefore, the infiltration model of Eqg. (1) forolaof the above three scenarios is proposed, wdrere
extra term is added to the orifice equation: thechiirge modifierDp (P2). Q is the net flow rate
through the door opening,*ms. The discharge coefficien®p, and the discharge modifielp, can be
correlated using Eq. (1) by the net flow rat®s,and pressure differences,;, for each flow pattern,

which can be obtained from experimental or numésitaulation results.

Q__ _sign(ap, )C, [aR,] + D, (1)

AJ2/p

WhereQ is flow rate in n¥s, A is door opening area in“np is air density in kg/th andAP is the

pressure difference across the door in Pa.

The upper critical pressuresP,., and lower critical pressuregPy, could be determined as shown in
Fig. 7, which could be used to evaluate the peréorre of air curtain. A larger value 4P, indicates a
better performance of the air curtain to block #einfiltration through the door opening. A larger
pressure difference betwedR, . and4P:. means a wider range of the optimum condition &edetfore
better air curtain performance. Therefore, the emlwf AP, and 4P are used to evaluate the

performance of air curtain for the parametric stirdshis paper.

11
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Fig. 7. lllustration of air curtain performance lging theQ-4P,; relationship.

3. Resultsand discussions

3.1. Verification of CFD modeling approach

To validate the air curtain modeling method in CHie airflow through the CUBE chamber with air
curtain was simulated under the condition of apmy speed of 9.1 m/s and 13.75 m/s and supplyeang|
of 20 towards outside. The details of the CFD simulasetups can be found from our previous work
[22]. The simulation results were compared with éxperimental results and presented in Fig. 8. The
comparison shows a good agreement between theimegpeal measurements and CFD simulations.
Note that each CFD data point in Fig. 8 is one $ipe€CFD simulation so we did not connect all the
CFD data by lines.

12



N

O 00 N o U

10

11

12
13

0.6

0.5

04

03

Q (m¥s)

0:2

0:1

™~
i=2

-0-1

02T

-0.3-1

-0:4

3
e
g
==

i
o 12 14 16 18

AP, (Pa)

Exp.: 13.75 m/s, 20°
Exp.: 9.1 m/s, 20°
o CFD: 13.75 m/s, 20°
o CFD: 9.1 m/s, 20°

s g
Q

20

Fig. 8. Comparison of experiments and CFD simutetifor the air curtains with different air speeds.

3.2. Parametric study - effect of air supply angle

Figure 9 presents the experimental results of tpply angle of 0° and 20° and for the supply spefed

9.1 m/s and 13.75 m/s. The air infiltration decesasignificantly when the air supply angle increase

from 0° to 20° 4Py increases from 5.5 Pa to 11.5 Pa when the suppglg amcreases from 0° to 20° for

13.75 m/s, and increases from 2.2 Pa to 5.5 Pa wWieesupply angle increases from 0° to 20° for 9.1

m/s. Thus, better air curtain performance coulchti@eved by increasing the supply angle when it is

operated under the optimum and inflow break-throcmyditions.

0.6
05 A 9.1 m/s, 20° A9.1 m/s, 0°
! W 13.75 m/s, 20° 013.75 m/s, 0°
A | ]
0.3 7 a1
A ||
a A | |
= 02 =] n
£ a"
- Alg [
S o4 4g u
A
0 ey u
2 0 2 8 100 12 14 16 18
01— a
A [ ]
"072#‘—.
|
0.3 4
AP,; (Pa)

Fig. 9. Experimental results of the reduced-schimber with supply angle of 0° and 20° for both 9.1

13

m/s and 13.75 m/s.
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Figure 10 shows the study of the supply angleshenair curtain performance based on the full-size
CFD simulations. It can be seen that as the supplje increases, there is slightly less infiltnathmut
more exfiltration. Moreover, the higher the suppbeed is, more effects of different supply angkes a
observed during in the OB regions. For examplegtieeno obvious difference of air exfiltration amgo
different supply angles during the OB condition wtike supply speed is 10 m/s (Fig. 10a). However,
when the supply velocity is increased 20 m/s (E@p), exfiltration rate increases significantlytae
supply angle increases, e.g., from 1%¥sto 15.5 n¥s, when the supply changes from 10° to 20° for the
case of 20 m/s at -20 Pa. The curves for the suggbcity of 15 m/s are similar to those of 20 redés

they are not shown here.

w

30

™~
n

25

o

20

0 (m'/s)
b

0 (m?/s)

10

10 20 30 40 50 60
1P, (Pa)

10

20 30 40 50 60 -30
AP, (Pa)
] CFD: 10° CFD: 15° CFD: 10° CFD: 15°

CFD: 20° —Correlation: 10° CFD: 20° —Correlation: 10°

2o OB s
o

= =Correlation: 15° =+ Correlation: 20° = =Correlation: 15° =+ Correlation: 20°
20 20

(a) (b)

Fig. 10. Results of the full-size CFD simulations different air supply angles at the supply spefe@)
10 m/s and (b) 20 m/s.

Figure 10 contains many data lines, which makésiitl to show a clear picture of the effect of suppl
angle. To provide a better insight, Figure 11 eixyglahe influence of supply angle on the upper and
lower critical pressure differences. It is appardatt as the supply angle increases, bR, and AP,
increase, indicating a larger supply angle is beaif for the air curtain’s resisting effect agains
infiltration for the 1B and OC conditions. The pti@al implication of this conclusion is that for air
curtain operating during the IB (e.g. a buildinguisder-pressurized) or OC modes, it will be benafic

to point the air curtain supply vanes more outwais the other hand, the increased®f. means an

14
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earlier transition from the OC region to the OBdigating exfiltration occurs earlier even at low
pressure differences. Therefore, for an air curtgierating in the OB mode (for example, a buildigg
over-pressurized), larger air curtain supply amgéates more infiltration at low pressure regiansich
should be avoided. For example, when the supplycitglis 20 m/s, as the supply angle increase from
10 to 20, the correspondingP,. increases from 10.3 Pa to 12.9 Pa, indicatingatheurtain is able to
resist a higher incoming pressure. This is consistgth the observations from Fig. 10. Therefotasi
very important to monitor the indoor and outdooegaures so we will know at which mode the air
curtain operates on the performance curve, and ¢hense to either increase or decrease the supply

angle in order to reduce both infiltration and ksdition through a doorway.

X 10 m/s 15 m/s 20 m/s

Range of supply angle and speed that
15 AP, and AP, are within 10 Pa

E 10 m= === S @ e e e o
S s

0 F e+ — e Y ¢ — —
= e Lttty St U SR
& _5 ...............................................................................
Qf ...........................
N () = == == == = = = e e e = e =

-15

0 5 10 15 20 25
Supply angle (°)

Fig. 11. Influence of supply angle on upper anddouritical pressure differences.

To minimize both infiltration and exfiltration, aair curtain should be operated to ensure that the
monitored pressure difference across entrance tidall within 4P or 4P, Suppose the annual
pressure difference across the envelope for adlpidglding is within 10 Pa [35], Fig. 11 shows tiiae

air curtain with the maximum air supply velocity 20 m/s and the minimum supply angle of 10° will
maintain the unit at the OC mode, i.dP,. = 10 Pa so that it is capable to reduce the
infiltration/exfiltration significantly. This infamation provides key insights into air curtain opierss

and designs.
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3.3. Parametric study - effect of air supply speed

Figure 12 plots the&)-4P,; relationship for different air supply speeds dtedent supply angles. It
shows that higher supply speed can significanttiuce the infiltration through the door, and incesas
the upper critical pressurdpP,., during the IB condition, when compared to lowpeeds: the curve
shift to the right with the increase of supply we&ty. It is also important to note that for the saair
curtain supply angle, higher supply speed alsoltesno lower exfiltration, during OB condition.
However, this effect becomes less significant whien supply angle becomes 20° (Fig. 12b) when
compared to 10° (Fig. 12a): indicating that a largapply angle towards outside will reduce the air

curtain performance when indoor pressure is hitjem outside.

0 (m’/s)
T

0 (m’/s)
T

=4 OLP

-30 =20 -10 20 30 40 50 60 -30 10 20 30 40 50 60
; AP, (Pa) 1P,; (Pa)
. ’ g
, 10 CFD: 10 m/s CFD: 15 m/s CFD: 10 m/s CFD: 15 m/s
CFD: 20 m/s —Correlation: 10 m/s CFD: 20 m/s —Correlation: 10 m/s
15
- =Correlation: 15m/s = - Correlation: 20 m/s = =Correlation: 15m/s = - Correlation: 20 m/s
20 =20
(a) (b)

Fig. 12. Results of the full-size CFD simulations dlifferent air supply speeds at the supply anfig)
10° and (b) 20°.

3.4. Parametric study - effect of peoplein doorway

Figure 13 presents the experimental results oldaméh the person model below the air curtain and
those without the person. The comparative figur@ashthat the air curtain door performance seems
unaffected by the person in presence. The PIVresilts in Fig. 14 further prove this observation.
Under the same pressure differend®{ = 11.2 Pa), the captured PIV flow patterns atdber mid-
plane show that the air curtain’s jet moves arotimal person while still providing the appropriate

sealing for the door against air infiltration weihd without the person. It is important to note d@me
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of the measured disturbances observed in the FMtseare due to the existence of the person in the

doorway which blocked the laser sheets behind tbdein(i.e. inside the chamber). Another reason is

that the flow in the chamber and from the air dartaxhibited 3D flow characteristics and the PIV

system only captured the 2D time-averaged flovhatiddle plan.

0.5

0.4 +

0.3 +—

m Without people

Q (ms)

0.2

0.1

0.0

-0.1 +

-0.2

@ People below air curtain +
4

.1.#*#

G araew

-0.3

-0.4

Fig. 13. Experimental results of the reduced-schimber with people below the air curtain jet of753

m/s at the angle of 20°.

17



(O N S

10
11
12
13
14
15
16
17
18

Air curtair:

5 O‘utside Inside
|

(a) Without people. (b) People below air curtain.

Fig. 14. PIV streamline measurements at the dodfpiane with air supply velocity: 13.75 m/s and

angle: 20° for (a) without people, (b) dummy pedpdéow air curtain’s jetAP,; = 11.2 Pa).

Fig. 15 shows the CFD velocity profile at the cahsection of the door when one person is below the
air curtain. The results indicate that there stiist three flow patterns, inflow break-throughtioum
condition and outflow break-through, though thejairis affected by the person especially during th
range of mild pressure difference (optimum conditioThe same conclusions of the reduced-scale
chamber tests also apply to the full-size CFD satioih results as shown in Fig. 16. With the perison
the doorway, there still exist three distinct flawnditions. For the range of mild pressure diffeeen
(from -4 to 12.3 Pa), the existence of the persmslittle influence on the infiltration/exfiltratiocurve.
With the increase of the pressure difference (&l region), a person in the doorway, either diyec
under or below the air curtain unit, contributesrore reduction of the infiltration due to the tkage
from the person against the incoming air. This kdge effect is more apparent when the person is
directly under the air curtain, i.e. the persomdiag right in the middle of the door), than whée t

person is below the unit. In summary, both expenitaleand numerical results show that the presehce o
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a person in the doorway, either directly under elolw the air curtain, has little effect on air @imt
performance, and in some scenarios, it even helfdotk incoming air so the infiltration througheth
door is reduced.

Fig. 15. CFD illustration of air flow pattern atetleentral section of the door (velocity, m/s).
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Fig. 16. Air curtain performance of the full-siz&Q simulations with/without person in the doorway

(supply angle: 20°).

It should be noted that the small-scale PIV test® lare used to exam air curtain flow patternsierat
than to validate full-scale CFD simulations. Intfait is often impractical to validate full-size OF
results by full-size PIV tests because it is qahellenging to conduct full-size PIV experimenteda

the space needed to project the laser light andatige size of the room [36]. Therefore, most & th
previous PIV tests were conducted on small-scapemxents [37-39] or a section of a whole space
[40—42]. Currently, validating full-scale CFD simatibns by full-scale PIV experiments is fairly |l

or non-exist in the most cases.

Mover, as mentioned in section 2.3, the focus of plaper is to study the effect of supply speed]ean
and people on air curtain performance associatddthwe pressure difference parameters, i.e. theesgal

of APy. and4P,,, which are obtained fror@-4P,; relationship (Fig. 7). Therefore, the CFD modeling
approach is validated in the forms@{4P,; relationship in section 3.1. The PIV test resulese meant

to providing extra information assisting the untkmging of air curtain flow patterns so the PlIVtses
and using them for validating CFD models (in angejaare not the focuses of the current study.
Validating CFD simulations of air curtains by PI¥periments has been one of the research focuses of
our previous publication [22], which provides maméormation for readers with more interests in PIV
tests and validation studies.

4. Conclusons

In this parametric study, 102 reduced-scale exparimand 708 full-size CFD numerical simulations
were used to investigate the effect of the suppbed and angle as well as the effect of the presehc
people on the performance of air curtain, and tfiération/exfiltration rates through air curtagoors.
Previous studies found that there exist three fowditions (namely: optimum condition, inflow break
through and outflow break-through conditions) adaug to the characteristics of an air curtain jeder
different pressure differences. During the optimaomdition, the jet is able to reach the floor and
successfully blocks the outdoor air, and therefoiethe objective condition for the design of airtain.
Considering the upper critical pressut#B,, and lower critical pressuresP., are the key parameters
to determine boundaries of the optimum conditiom,this study they are used to evaluate the
performance of air curtain with the designated ausi parameters. A larger value 4®,.and more
negative value offP. indicate that a larger pressure difference acressdbor opening is required to
generate infiltration break-through and exfiltratioreak-through condition, respectively. Thus,rgda

value of4P,cand more negative value dP, are indicative of a better air curtain performagoein
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other words, a wider span of the optimum conditiegion). In this study/P,. and4P,; are obtained by
correlating the data of infiltration flow rates atite pressure differences across the door using the

infiltration model for the door with air curtainEhe experimental and numerical study found that:

(1) Increasing the supply angle will increase the \alo1P,.and4P.. Thus, the larger supply angle
will improve the air curtain performance when itaperating under the optimum and infiltration
break-through conditions. However, it will weakehme tair curtain’s performance of reducing
exfiltration during outflow break-through condition

(2) Increasing the supply speed of air curtain willrease the value ofP,cand decrease the value of
APy. Thus, increasing the supply speed will contribiatdower infiltration/exfiltration during the
infiltration break-through and exfiltration breakrdough conditions. Therefore, increasing supply
speed could improve air curtain’'s performance. Hmve as the supply angle increases, the
difference of the air curtain performance cur@e~4P) for different supply speed becomes smaller
during the outflow break-through condition.

(3) Although the air curtain jet is affected by the quer especially during the range of mild pressure
difference (namely: optimum condition), it was fauthat the person has little influence on the
infiltration/exfiltration during optimum conditioiismall pressure differences). However, since the
person present in the doorway can contribute tarttrease of the flow resistance through the door
(i.e. to some extent improving the performancehef &ir curtain door), as the pressure difference
across the door increases, the presence of therpeas reduce the infiltration/exfiltration through

the air curtain when compared to the cases wittlmiperson.

The findings of this study provide several key gidgs of air curtain and their performance contioosit
which are important for designers, engineers, gects and building operators. There exist somerothe
parameters, e.g. external wind speed and directind, existence of indoor and outdoor temperature
difference, which should be explored for the futsedy. Another step of the future study would de t
employ the air curtain performance curves unddediht parameters from this study to conduct aiflo
and building energy analysis to evaluate their gné@npacts from the perspective of the annual whole

building energy efficiency under different weatled air curtain operating conditions.
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Highlights

e Air curtain speed, angle and person presence manifest different aerodynamics impacts for different flow regions
o  Wider span of optimum flow region at higher pressure difference indicates better air curtain performance

o Larger supply speed widens optimum flow region thus reduces both door infiltration and exfiltration

e Larger outward angle reduces infiltration in optimum and inflow breakthrough regions but increases exfiltration
e Doorway person presence adds minimum impact on the jet but more resistance against infiltration/exfiltration



