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ABSTRACT: The flow of an air curtain mounted above a doorway in which was placed a manne-
quin was studied using stereo particle image velocimetry. The study revealed that the interfer-
ence of the air curtain flow was limited to a region near the doorway. The air curtain flow stag-
nates around the top surfaces of the mannequin. A high level of turbulence also existed in this
region. The turbulence diminished rapidly past the mannequin and increased in a thin region
near the floor as the flow entered the floor vents.

1 Introduction

Air curtains are highly versatile devices that are used to provide a dynamic barrier for easy movement
of people and materials. For a historical review of innovative applications, see [1]. Most of the early
studies of air curtains emphasized performance parameters of the installed devices alone, usually with
highly idealized configurations [2—7]. More recently, advanced experimental and computational tech-
niques have been applied to facilitate the study of more complex configurations [8-20], with the reali-
zation that rectangular jets cannot be properly considered as two-dimensional planar jets [21,22].

Much of the literature on air curtains has been in refrigeration where the emphasis has been in reducing
the entrainment of warm ambient air and in improving energy efficiency, per the above-cited refer-
ences. In addition, there has been a longstanding interest in using air curtains for isolation [23—33] and
they have been proposed for explosives detection portals [34]. Unfortunately, practically all of the re-
ported studies involve the bare air curtain flow. Therefore, further understanding of air curtains for
critical demands necessitates studying such flows subjected to disturbances [35-38]. The presence of a
moving subject, such as a human, poses tremendous difficulties for experiment or numerical simula-
tion. Instead, further understanding can nonetheless be achieved by studying the flow past a stationary
mannequin, which is the aim of the present study.

There is precedence in using mannequins for studying ventilation and natural convection associated
with human activities. References [39-42] are recent examples of the use of heated mannequins to
simulate the actual thermal state of humans. In some situations, unheated mannequins are used, for ex-
ample [43— 45]. A more specific example of an air curtain flow with a mannequin can be found in
[46]. In general, unheated mannequins are used in situations where a forced convective flow exists.
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Representing a human being by a
mannequin may be problematic since the
actual thermal condition is not properly
modeled. A recent study of the human
thermal plume showed that the maximum
plume velocity was 0.24 m/s [47]
Comparing this against the maximum
velocity of the flow leaving the air curtain
of the present study of 5.8 m/s [20], one
can conclude that the human plume is

negligible. Thus, the isothermal
mannequin is deemed adequate for the pre-
sent study.

An alternate justification of an isothermal
mannequin can be made based on
buoyancy Con'SlderatlonS- Buoyancy Fig. 1. Cutaway view of test cabin.
effects are negligible for low values of the

Richardson number Ri = (pamb — Pt )gh / PanVju - In a study of cold wall jets pertinent to air curtains

[12], the justification for an isothermal assumption was that the low value of the Richardson number of
0.3. For the present case, a clothed human will have an average surface temperature of 26.6°C [47].
With an ambient temperature of 20°C, a characteristic height of 2 m and a jet velocity of about 6 m/s,
the Richardson number for the present experiment is about 0.01, that is, practically zero, thus amply
justifying the use of an isothermal mannequin.

2 Experimental Method

The experimental method has been presented in [20] and thus will only be briefly mentioned here. A
2.4 m’ test cabin, raised 0.6 m from the laboratory floor and partitioned midway by a 0.15 m thick wall,
with a 0.91 m wide x 2.1 m doorway, is shown schematically in Fig. 1. The facility was raised 0.6 m
from the laboratory floor to accommodate ducting. A Fantech Model AC3600 air curtain was mounted
on top of the doorway. This air curtain is capable of delivering a maximum flow velocity of 10.3 m/s
and a maximum flow rate of 22.5 m’/min. The entire air curtain exhaust housing was locked to deliver
a vertical air curtain downward. The exhaust of the air curtain was directed through a grilled vent
comprising of a grid of six rows of 25 rectangular openings, each 30 mm long by 10 mm wide, totaling
0.0444 m’,

The flow was produced by a fan in the air curtain and captured by two floor vents directly below the air
curtain and separated from each other by 25.4 mm. The vents were covered by registers, each 101.6
wide by 304.8 mm long. The total open area of the floor vents was approximately equal to the open
area of the air curtain exhaust vent. Upon passing the floor vent, the air entered a 0.0084 m’ plenum.
The air then traveled through a 305 mm diameter air conditioning duct which redirected it to the
cabin’s roof, entering the diffuser which was located approximately 3.5 ft behind the air curtain unit.
Next, the air passed through the diffuser to smooth the flow. After the diffuser, the air traveled back to
the front portion of the air curtain as mentioned above. An airtight circulation system was thus set up.
The air curtain fixture was offset to the side of the doorway nearer to the SPIV system to enable the
bulk of the flow to be mapped.
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A commercial, white male mannequin (Rudyl/F, Mondo
Mannequins, New York) was placed in the doorway, as
shown in Fig. 2. The mannequin is 1.84 m tall. Other,
pertinent dimensions include a chest that is 356 wide and
203 mm thick (this being the thickest part of the manne-
quin). The waist is 318 mmwide and 165 mm thick. The
widest dimension of the mannequin is 546 mm measured
from the knuckles of both hands. The mannequin was
dressed with a black tracksuit made of cotton with the head,
hands and feet exposed. The original stand was removed to
avoid interference with the floor registers. The center of
the mannequin was 77.8 mm ahead of the leading edge of
the doorway. The leftmost position of the mannequin was
4439 mm from the left post of the doorway while the
rightmost position of the mannequin was 466.1 mm from
the right post. The slight asymmetry was due to the slight
offset of the air curtain to accommodate its switch at the
right side of the doorway.

A LaVision FlowMaster 3D SPIV system was used for
SPIV. A cylindrical lens with a focal length of f =-10

mm spread a beam of light from a New Wave Research Fig. 2. Mannequin in test cabin.

Solo 120 Nd:YAG double-pulsed laser into a 2.5 mm thick

sheet. This allowed a working distance of 2 m which fulfilled the distance requirement needed for the
laser to properly illuminate the measurement area. The lasers were pulsed at 5 Hz at 2 x 120 mJ/pulse,
with a pulse duration of 11 ms. The images were captured by two Flow Master 3S ImagerIn-
tense/ImagePro ICCD cameras with 1376 x 1040 pixel resolution and a 12 bit dynamic range. Other
major components of the imaging system included a frame grabber, control electronics and a host com-
puter running the DaVis 7.1 PIV data acquisition and processing software. Data were stored in a 750
GB hard drive.

A LaVision V-Z Droplet Seeder producing droplets of extra virgin olive oil with an estimated mean
diameter of 1 um was run for 15 s with the air curtain turned on. After turning off the seeder, the air
curtain was run for a further minute to distribute the seed material. Sufficient seed material was then
produced without saturating the cameras. The droplet concentration decreased due to absorption into
the wooden structure and through tiny leaks. However, sufficient seed was available for 45 minutes
which was adequate for surveying an entire plane.

2.3 Experimental Procedure

The surveys were in vertical planes parallel to the doorway. The cameras were mounted on a lift sys-
tem that allowed them to be aligned parallel with the survey planes in the lateral displacement configu-
ration [48]. The separation between the two cameras was 815 mm. Each camera subtended the same
angle with the light sheet. The separation of 815 mm yielded a half-angle between each camera and the
center of the image of 12.45 to 17.46°, which was within the recommendations of [11], thereby mini-
mizing off-axis error in the horizontal plane.

Lu and Pierce [20] reported a comprehensive survey of six planes of a bare air curtain flow. That study
showed that the air curtain flow was confined to a narrow region. Therefore, in this study, only three
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planes were surveyed. The same numbering system as [20] was kept to be consistent. In the present
study, surveys were made of planes 1, 3 and 4. The locations of these planes relative to the camera
plane are listed in Table 1. Plane 1 was located at the longitudinal axis of the air curtain. Mannequin
blockage and limited laboratory access allowed only the right side, i.e., the mannequin’s left, to be sur-
veyed.

With only a small common area being captured by the camera pair, a survey of an entire plane required
that the ensemble-averaged images of individual common areas be patched together. The actual distri-
bution of the rectangular patchwork is found in Table 1. Due to perspective, the rectangles diminish as
one approached the cameras. The uncertainties in the images are AX =1 mm, Ay =2 mm and Az ~ 4

mm [20].

Table 1. Rows and rectangles per survey plane.

Plane Location of plane from camera No. of rows and Size of individual Total image size
plane (mm) rectangles rectangle (mm?) (m?)
1 1846.5 10 x2 299.6 x 222.9 0.574 x 1.968
3 1675.0 10 x 4 275.4 x 198.6 1.123 x 2.000
4 1600.0 10 x 4 263.1 x 195.8 1.095 x 1.971

Based on [20], four hundred stereo images were taken at each location in order to obtain ensemble-
averaged statistics for the mean and turbulent flow quantities. After the ensemble has been obtained,
the cameras were then moved horizontally to obtain images from the next rectangle and so forth to col-
lect data for an entire row. Upon completing a given row, the lift moved the camera to the next row
and the process was repeated. The dataset for an entire plane was then processed by DaVis to yield en-
semble statistics of the velocity field. DaVis merged the data of each rectangle to yield ensemble data
of the entire plane. The topmost row (No. 8) was designated as the datum row. The entire process of
acquiring the SPIV images and processing the data for each plane took about 16 hours.

3 Results

3.1 Streamlines

The ensemble-averaged, in-plane streamline maps are shown in Fig. 3. The mannequin silhouette or
outline is included in the maps as appropriate while the doorway location is shown by the yellow
frame. Moreover, the SPIV system was unable to access a thin region at the exit of the air curtain.
This region is blocked off as a black rectangle in the maps. This inaccessible region varied slightly
from plane to plane.

Figure 3a shows a distinct shear layer demarcating the air curtain flow from the still ambient environ-
ment. Figures 3b and c¢ show erratic flow just slightly away from the mannequin. This flow, which is
extremely slight as will be shown later, appears to be due to entrainment by the air curtain. A similar
erratic flow behavior was seen in the bare air curtain flow [20]. It appears that the mannequin dis-
turbed the air curtain flow substantially in Plane 1 but that the disturbance is not significant in Planes 3
and 4.
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3.2 Velocity Profiles

The ensemble-averaged, in-plane velocity maps are shown in Fig. 4. These velocity maps complement
the ensemble-averaged streamline maps of Fig. 3 and help in understanding how the presence of the
mannequin affects the air curtain flow. Figure 4a shows that the jet leaving the air curtain was dis-
rupted by the mannequin. The u velocity component directly over the mannequin was reduced as the
flow stagnates. The u velocity component was stronger (but at reduced strength compared to the bare
air curtain [20]) past the mannequin’s head. The three-dimensionality of the flow is also evident in Fig.
4a. Moreover, the mannequin produced regions, especially above the shoulder and to the right of the
leg, where the SPIV system was unable to yield good data, as evidenced by disruptions in the velocity
profiles in those regions. The air curtain flow diminished in velocity as it approaches the floor. Inter-
estingly, the data showed that large variations in the transverse velocity components appeared at the
floor, which can be attributed to the registers covering the floor vents.

The surveys in Planes 3 and 4 showed that the mannequin presented a minor disturbance in those re-
gions (Figs. 4b and c). The transverse velocity components were relatively larger than those for the
bare air curtain.

3.2 Turbulence Quantities

Figure 5 shows the turbulent kinetic energy (TKE). The figure shows that the TKE is generally small
and negligible except for regions within the air curtain above the mannequin’s shoulder and at the floor
vents. The flow leaving the air curtain is also turbulent, as is typically found in other air curtains [13].
Figure 5c shows a triangular artifact to the right of the mannequin. This is due to stray scattering from
a scratch on the transparent wall. Another artifact that is visible in Figs. 5b and c are dark spots to the
right of the mannequin’s face and hands. These dark spots are due to laser light reflection from these
reflective surfaces even though the laser sheet is shining in planes that do not incident on the manne-
quin. The DaVis software is unable to interrogate those saturated regions and returned no values. Fig-
ure 5 also shows the patchwork of individual interrogation regions that forms the composite maps
which was not evident in the maps of mean properties.

The Reynolds stress distributions for plane 1 shows a high region of turbulence as the jet exits the air
curtain, as well as at the floor as the flow enters the vents (Fig. 6). The figures reveal a thin region at

the interface of the air curtain with the surroundings. Figure 7 shows the u'v’ Reynolds stress distribu-
tion for plane 3. (The other components as well as the Reynolds stress distributions for plane 4 are not
shown for brevity.) Figure 7 shows that there is a negligible amount of turbulence within the resolution
of the SPIV system, similar to that shown in Figs. 5b and c of the TKE. Similar conclusions can be
drawn on the distributions not shown in this paper.

4. Conclusions

The flow from a commercial, off-the-shelf air curtain past a mannequin was visualized using stereo
particle image velocimetry. A previously developed patchwork technique for mapping a large region
was used. The presence of shiny surfaces of the mannequin caused some regions of the maps to be de-
void of useful data.

The study showed that the mannequin, when located directly below the air curtain, disturbed the flow.
However, the disturbance was largely confined to the vicinity of the air curtain. The turbulent flow
from the air curtain was damped rapidly by the presence of the mannequin.
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Fig. 4. Ensemble-averaged velocity maps.
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Fig. 6. Reynolds stresses of plane 1.
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