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Abstract: The inclined air-curtain technology was applied to build an inclined air-curtain range
hood. A draft generator was applied to affect the inclined air-curtain range hood in three direc-
tions: lateral (6=0°), oblique (#=45°), and front (6=90°). The three suction flow rates provided by
the inclined air-curtain range hood were 10.1, 10.9, and 12.6 m>/min. The laser-assisted flow visu-
alization technique and the tracer-gas test method were used to investigate the performance of the
range hood under the influence of a draft. The results show that the inclined air-curtain range hood
has a strong ability to resist the negative effect of a front draft until the draft velocity is greater
than 0.5 m/s. The oblique draft affected the containment ability of the inclined air-curtain range
hood when the draft velocity was larger than 0.3 m/s. When the lateral draft effect was applied,
the capture efficiency of the inclined air-curtain range hood decreased quickly in the draft velocity
from 0.2 m/s to 0.3 m/s. However, the capture efficiencies of the inclined air-curtain range hood un-
der the influence of the front draft were higher than those under the influence of the oblique draft
from 0.3 m/s to 0.5 m/s.
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Introduction

Many recent studies have focused on indoor air quality
issues in public and residential kitchens'™®. Cooking and
cooking burners can emit combustion products, pollutants,
and excess moisture that may adversely impact indoor air
quality in residences. Especially, frying, grilling, stove
use, toasting, etc., can increase the indoor sub-micrometer
particle concentration levels and PM2.5 concentrations
by more than 5 to 90 times higher than normal®. Previous
studies reported that sub-micrometer particles and chemi-
cal compounds generated by cooking or cooking burners
resulted in respiratory system problems® 7. Ventilation
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systems play an important role in the energy consumption
of heating and cooling, defining the hydrothermal condi-
tions and air quality of dwellings. Among other functions,
ventilation systems are necessary to ensure the oxygen
levels needed for household combustion appliances®).
Kitchen ventilation is an important topic in modern build-
ing”. Exhaust ventilation can be provided via any of the
following designs: a range hood or other exhaust devices.
The main purpose of kitchen ventilation is to remove
moisture and pollutants from local areas within a house.
A range hood, a well-placed wall, or a ceiling exhaust fan
can be much more effective than an exhaust fan placed
elsewhere in the kitchen or home. Range hoods are im-
portant appliances for reducing the amount of cooking-
induced harmful materials capable of accumulating in
residential sites. The conventional exhaust apparatuses
in the kitchens include types of canopy hoods, exterior
hoods, and variations. Up-suction, side-suction, and
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inclined-suction hoods are typical examples. The main
structures of a conventional range hood are holes or slots
for suction, and fans supply an active pressure gradient
for ventilation. The buoyancy force generated by stoves
or other heating components and the driving force from
blowers or fans, exhaust the contaminant, which includes
particles, odors, gases, and heat, outdoors. In a previous
study, the capture efficiency was a factor for evaluating
the performance of a range hood or a kitchen ventilation
system'®'?. Some studies reported that the flow visualiza-
tion technique was used to investigate the airflow around
the stove under range hoods'®. Some studies reported an
improvement in kitchen ventilation by modifying kitchen
ceilings'* '), Other studies reported that improving range
hoods was a method for controlling pollutants in kitchens.

Abanto and Reggio'®

reported that the characteristic
curves of a ventilator were built based on numerical
results. The hood model has been incorporated into a full-
scale kitchen to predict airflow conditions in the space in
a kitchen. Yi et al.'?

exhaust ventilation system was developed to effectively

reported that a concurrent supply and

exhaust heat and contamination from the kitchen. Liu et

') reported that air curtains on range hoods control the
18)

al.
escape of oil fumes from kitchen hoods. Huang et al.
investigated the performance of a wall-mounted range
hood with laser-assisted flow visualization in static condi-
tions (the draft of the environment was controlled) and
dynamic conditions (humans walking by). A novel design
of a range hood was reported by Huang ez ai”®>". A range
hood with the installed inclined air-curtain was called the
inclined air-curtain range hood. The inclined air-curtain
was installed in front of the range hood to separate the
cook and the pollutant generated from the pans of heating
oil. For static tests>”), the detected tracer-gas concentration
of the conventional range hood was larger than that of the
air-curtain range hood by about three orders of magnitude
around the front edge of countertop. No significant spill-
ages of oil fumes or tracer-gas concentration was observed
or detected around the front and lateral planes of the air-
curtain range hood. The inclined air-curtain range hood
presented excellent hood performance by isolating the oil
mists from the mannequin with an air curtain and therefore
could reduce spillages out into the atmosphere and the
mannequin’s breathing zone?").

The important parameter affected the performance of
the range hoods in kitchens was the uncontrolled draft
in the environment. The uncontrolled draft was induced
from air conditioners, fans, or the wind got into the space
through windows or doors of kitchens. The draft effect was

a kind of continuous disturbance of airflow in kitchens.
It was different from the effect of walk-by mentioned by
Huang ez al'® Y. Chen et al.'” presented the containment
of conventional range hoods operating under the effect
of a cross draft. When the velocity of the cross draft was
greater than 0.2 m/s, the pollutant spillage was increased
with the increasing draft velocity.

The performance of the inclined air-curtain range
hood was higher than the conventional range hood was
represented®” V. We expected that the performance of the
inclined air-curtain range hood was higher than that of the
conventional range hoods in the draft effect. We inves-
tigated the performance of an inclined air-curtain range
hood in a steadily and continuously draft supplied by a
homemade draft generator. Using the laser-assisted smoke
flow visualization technique and the tracer-gas method, the
relation between the flow behaviors and the containment
of the inclined air-curtain range hood was studied.

Material and Methods

Experimental space

The test room was a room with dimensions 19 m
(length) x 16 m (width) x 5 m (height). The velocity of
the environmental draft in the space was less than 5 cm/s.
Turbulence and interference from external sources such as
an air supply diffuser, doors, and traffic in the room were
restricted.

Inclined air-curtain range hood

The inclined air-curtain range hood was assembled with
three components: one suction slot, one slot jet, and two
guard plates. The stainless-steel suction hood shown in
Fig. 1 (a) was installed on the test platform made of alumi-
num extrusion. The inlet of the suction hood was designed
to be a narrow slot 2 cm wide and 70 cm long. In general,
entry loss of a slot hood is larger than that of a rectangular
opening hood (W/L>0.2, the ratio of width over length of
the suction inlet). However, the width of the suction inlet
was larger than 14 cm if the W/L>0.2 was adopted. The
width of the suction hood was increased to 14 cm so that
the area of the inlet of the suction hood was increased.
The velocity at the inlet of the suction hood was decreased
with the increasing area of the inlet of the suction hood if
the suction flow rate was constant. The effective capture
velocity was too low to decrease the performance of
exhaust the contaminant generated in cooking. Therefore,
the width of the inlet of the suction hood was 2 cm (W/
L=0.028) for the high capture velocity of the suction hood.
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Fig. 1. Configuration of inclined air-curtain range hood. (a) iso-
metric view, (b) side view, (c) top view, (d) guard plate.

The exhaust outlet of the suction hood was a circular hole
with a 15 cm diameter. The flange was 48 cm wide and
90 cm long. The flange, which was bent at two sides at a
15° angle, was installed on the inlet of the suction hood.
As shown in Fig. 1 (b), the height of the hood was 55 cm
in this study.

The slot jet was assembled with three cross-flow fans
to form a plan jet. The slot jet was installed 50 cm from
the rear wall on the countertop of the test platform. As
shown in Fig. 1 (¢), the width and length of the slot jet
were 2 cm and 60 cm, respectively. According to the result
represented by Huang et al.>?, the parameters V=1 m/s
and 6=15° were suggested that the inclined air-curtain
effectively isolated the contaminant from the mannequin.
So, the same values of the velocity of the slot jet and the
inclined angle of the slot jet shown in Fig. 1 (b) were used
in the experiments of the study. The distance 47, the offset
between the centerline of the suction slot and the center-
line of the oil pan, was specified to be 5 cm. The plan jet
and the slot suction formed a special flow pattern called
the inclined air curtain. The guard plates were 10 cm x
15 cm rectangular plates made of acrylic. Each guard plate
was 5 cm thick. The angle of each installed guard plate on
the rear wall was 70°.

The characteristic velocities at the inlet of the suction of
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the inclined air-curtain range hood were 12 m/s, 13 m/s,
and 15 m/s. The flow rates of the suction velocities were
10.1 m*/min, 10.9 m*/min, and 12.6 m*/min.

Flow visualization

Two electric heaters were installed on the countertop
to simulate the burners. Each of the electric heaters was
applied 450 W to heat the plate on the heater. The tem-
perature of the hot plate on each electric heater was 360°
to 370°. The mineral oil in the oil pans was heated to 210°
to 220° by the electric heaters to generate an oil mist for
the flow visualization. The diameter of the oil mist droplet,
measured with a particle analyzer (Model 2600C, Malvern
Instrument Ltd., Malvern, Worcestershire, UK), was 1.7 £
0.2 pum.

A green laser beam with a wavelength of 532 nm was
generated from a 100 mW Nd-YAG laser. The laser-light
sheet was formed when the laser beam passed through
a homemade laser-light expander. The thickness of the
laser-light sheet was 0.5 mm. The oil mist generated from
heated oil pans scattered the laser light and made the im-
ages of the mist in the plane of the laser-light sheet visible.
The images were recorded with a charge-coupled device
(CCD) camera. The framing rate was 30 frames/s, and the
exposure time was 1/60 s.

Draft generator

As shown in Fig. 2 (a), the draft generator consisted
of an axial fan, a section of honeycombs, and a section
of multi-stage screens. The airflow that exited the axial
fan had swirl and fluctuation components. At the exit of
the draft generator, the degree of swirl was decreased to a
negligibly small value, and the turbulence fluctuation was
less than 0.5%. Table 1 shows the nominal draft velocities
and the range of centerline velocities within the effective
distances. At each rotating speed of the axial flow fan, the
centerline velocity values remained somewhat constant at
each axial distance from the exit of the draft generator up
to some effective distance. Beyond this effective distance,
the centerline velocities decayed quickly. We named the
persisting centerline velocity before fast decay the “nominal
draft velocity,” V4. The axial distance measured from the
exit of the draft generator before the centerline velocity
decayed quickly was named the “effective distance.” The
draft generator was installed at three locations (lateral
6=0°, oblique 8=45°, frontal 6=90°) to provide a cross
draft, as shown in Fig. 2 (b). The horizontal distance be-
tween the exit of the draft generator and the center of the
countertop was 1 m. The vertical distance from the center
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Fig. 2.
generator, (b) deployment of hood and draft generator.

Draft generator and deployment of draft test. (a) draft

of the draft generator to the surface of the countertop was
0.21 m.

Tracer-gas concentration tests

Sulfur hexafluoride (SF¢) was used as the tracer gas in
the experiment. Using the tracer-gas concentration method,
the capture efficiency (#) of the inclined air-curtain range
hood was evaluated. SF¢ at a concentration of 99.99999%
was released from two homemade gas-release rings. As
shown in Fig. 3, each homemade gas-release ring, with a
diameter of 18 cm, was made of a copper tube. The outer
diameter of the copper tube was 0.4 cm, and the copper
wall was 0.5 mm thick. Each gas-release ring had 20 holes
0.2 cm in diameter. The flow rate released from each gas-
release ring was 3 L/min. The ejected velocity of each hole
on the ring was 0.8 m/s. The influence of the tracer-gas jet
was negligible in the experiments. The flow was controlled
by a homemade system of the flow rate measurement
that consisted of a pressure gauge, a needle valve, and a
calibrated rotameter. The gas-release rings were attached

Table 1. Nominal velocity (V) of draft generator

Nominal draft velocity

Effective distance (m)  Velocity range (m/s)

V4 (m/s)
0.1 0.80-1.03 0.09-0.13
0.2 0.08-1.06 0.19-0.20
0.3 0.75-1.00 0.27-0.32
0.4 0.07-1.10 0.39-0.41
0.5 0.60-1.07 0.48-0.50
0.6 0.75-1.30 0.57-0.61
0.7 0.35-1.40 0.70-0.72

SF, inlet
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Fig. 3. Sulfur hexafluoride gas-release ring.

to the hot plates (which were heated to 380 °C) of the
electric heaters so that the SF¢ gas would receive heat and
buoyancy from the hot plates. A Miran SapphIRe Portable
Ambient Analyzer (Thermo Electron Corp., Franklin, MA,
USA) was used to measure the concentration of SFs gas.
The resolution of the analyzer was 0.001 ppm for mea-
surement of the concentration of SF¢ gas, and the sampling
rate was 20 readings per second.

For the static condition (i.e., the velocity of the airflow
in the space was controlled at slower than 5 cm/s), the def-
inition of the capture efficiency was the ratio of the con-
taminants captured by the hood to the total contaminants
produced at the source®”. Two gas-release rings were in-
serted into the suction slot of the inclined air-curtain range
hood to ensure that the total released SF¢ was injected into
the piping system. The total flow rate of SFe from the two
gas-release rings was 6 L/min for 12 min. The SFs concen-
tration was measured at the location about 1.0 m upstream
of the end of the piping system (20 m long).

As shown in Fig. 4, the average value over =t4—t3 is
denoted as C;. The average value over time t=f,—¢| is
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Fig. 4. Typical time history of SF¢ gas concentration detected at
exhaust pipe of range hood for capture index measurement.

denoted as C. The capture efficiency # is calculated by

n= i>< 100% (1)
C2

For the draft condition, the measurement method for
C, was the same as that of the static condition; however,
the measurement of C; was a little different. The gas-
release rings were placed on the hot plates of the electric
heaters, and the SF¢ concentration in the exhaust pipe was
measured from time zero for 12 min. During the lead-in
period of 8 min, the draft was not applied; the draft was
then applied for the next 3 min and stopped at /=11 min.
The typical time-varying SF¢ concentration for transition
from the “no draft” to the “draft” condition is shown in
Fig. 4. When the draft was applied at =8 min, the SFg
concentration dropped quickly within 1 min and fluctuated
in terms of a low time-averaged level C. After the draft
was stopped at /=11 min, the SFs concentration recovered
to normal values at #>11.5 min.

Results and Discussion

In the study reported by Huang ez al.>?), the flow formed
by the oil mist generated by heating the oil pans on the
countertop was restricted stably within the range between
the guard plates in a test under static conditions.

The laser-light sheet shown in Fig. 5 was located at the
plane of z=40 cm, and the distribution of the oil mist was
formed by the effect of the draft velocity of 0.2 m/s from
three directions. The results showed that V¢=0.2 m/s was
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too weak to affect the flow structure of the inclined air-
curtain range hood. However, the variations of the oil mist
distribution were observed with the different directions of
the draft effect. When the draft blown from the lateral di-
rection (6=0°), there was no air curtain to resist the draft in
the lateral direction so that the oil mist was moved to the
right of Fig. 5 (a). When the draft blown from the oblique
direction (6=45°), some part of the draft was resisted by
the inclined air-curtain so that the oil mist was moved
toward the real wall and the right of Fig. 5 (c). When the
draft blown from the front direction (=90°), the draft was
resisted by the inclined air-curtain. Although, the draft was
resisted by the inclined air-curtain, the oil mist was pushed
by the airflow came from the front direction. Therefore, it
was observed that the oil mist was moved toward the rear
wall of the range hood. When the suction flow rate was
increased, the obvious improvement of the oil mist distri-
bution was shown in Fig. 5 (b).

As shown in Fig. 6, for the draft velocity 0.3 m/s,
the flow structure was different from that in Fig. 5. The
dispersion zone of the oil mist in Fig. 5 was expanded,
especially in Fig. 6 (¢), 6 (d), and 6 (¢). At the 0.3 m/s
draft velocity, the flow of the oil mist was dispersed at a
low flow rate, i.e., Os=10.1 m>/min. The increased draft
velocity from the lateral direction (6=0°) forced the oil
mist to move to the right, as shown in Fig. 6 (a), when the
flow rate of the range hood was 10.1 m*/min. When the
flow rate was increased to 12.6 m3/min, the oil mist shown
in Fig. 6 (b) was stably restricted under the hood. When
the draft was applied from the oblique direction (6=45°),
the oil mist, shown in Fig. 6 (c), was dispersed, and the
zone of the oil mist was larger than that shown in Fig. 5 (c).
When the draft was applied from the oblique direction,
the oil mist was attached to the rear wall, and the right
part of the oil mist moved to an area close to the edge of
the flange of the range hood. The compact structure of the
oil mist, as shown in Fig. 5 (d), was destroyed to disperse
slightly, as shown in Fig. 6 (d), due to the draft velocity of
0.3 m/s even if the oil mist was still restricted under the
range hood. When the front draft (§=90°) was applied, the
flow of the oil mist, shown in Fig. 6 (e), moved to attach
on the rear wall of the range hood at a low flow rate of
10.1 m*/min. The flow, shown in Fig. 6 (f), was stable at
the 12.6 m*/min flow rate.

The draft velocity increased to 0.5 m/s, as shown in
Fig. 7. As shown in Fig. 7 (a) and 7 (b), the oil mist dis-
persed to the right side and leaked out of the flange when
the draft was applied from the direction of #=0° even
though the flow rate was increased to 12.6 m*/min. When
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Fig. 5. Images of oil mist in horizontal plane at z=40 cm. V=0.2
m/s. (a)Q,=10.1 m*/min and 6 = 0°, (b)Q,=12.6 m*/min and 0=0°,
(©0,=10.1 m*/min and 0=45° (d)Q,=12.6 m*/min and 0=45°, (e)
0,=10.1 m*/min and 0=90°, ()@,=12.6 m3*/min and 6=90°.
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Fig. 7.

Images of oil mist in horizontal plane at z=40 cm.
V4=0.5 m/s. (a)Q,=10.1 m*/min and 6=0°, (b)Q,=12.6 m*min and
0=0°, (¢)@,=10.1 m*/min and 6#=45°, (d)Q,=12.6 m*/min and 6=45°,
(€)@, = 10.1 m*/min and 6=90°, (f)Q,=12.6 m*/min and #=90°.

the applied draft was in the direction of 6=45°, the con-
tainment of the flow rate of 12.6 m*/min was better than
that of the flow rate of 10.1 m*/min. Although the higher
flow rate was used, leakage was found around the front of
the flange, as shown in Fig. 7 (d). As shown in Fig. 7 (e),

Fig. 6. Images of oil mist in horizontal plane at z=40 cm. V;=0.3
m/s. (a)@,=10.1 m*min and 6=0°, (b)Q,=12.6 m*/min and 0=0°,
(©)Q,=10.1 m*/min and 0 = 45°, (d)Q,=12.6 m*/min and 0=45°, (e)
0,=10.1 m*min and #=90°, (f)Q,=12.6 m3/min and §=90°.

the flow rate of 10.1 m*/min was too low to restrict the
oil mist even though there was an inclined air curtain in
front of the range hood. However, the oil mist, shown in
Fig. 7 (f), was restricted under the area of the flange of the
range hood at the flow rate of 12.6 m*/min when the draft
velocity 0.5 m/s was applied in the front direction.

Figure 8 shows the capture efficiency # varying with
the draft velocity V4. For the cases of 6=0°, the variation
of 5 decreased rapidly when Vg4 varied from 0.2 m/s to
V4=0.3 m/s. In Fig. 8, the capture efficiency was little
changed for the cases of #=45° in the section of the draft
of 0.2 m/s to 0.3 m/s. When the draft velocity was higher
than 0.3 m/s, the capture efficiency of the range hood
decreased an average of 18.8% when the draft velocity
increased from 0.3 m/s to 0.4 m/s. As shown in Fig. 8,
the trend of the cases of =90° changed moderately in the
range from 0.2 m/s to 0.4 m/s and changed rapidly in the
range from 0.4 m/s to 0.5 m/s. For the cases of 6=90°, the
variation of the capture efficiency in the three flow rates
was a maximum of 2%, when the draft velocity was in the
section from 0.2 m/s to 0.4 m/s. However, the variation in-
creased 8.6% on average when the draft velocity increased
from 0.4 m/s to 0.5 m/s.

As shown in Fig. 8, the draft effect began to be active to
the inclined air-curtain range hood was the draft velocity
of 0.3 m/s. In the draft velocity of 0.3 m/s, the capture
efficiency of the cases of 8=0° was lowest among the
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Fig. 8. Capture efficiencies of inclined air-curtain range hood

with respect to influences of draft from various directions and suc-
tion flow rates.

draft effect of the three directions. In the case of 6=45°,
the maximum of the variation of the capture efficiency
was recorded in the range from 0.3 m/s to 0.4 m/s. For
all cases, the increased suction flow rate was efficient for
the containment of the inclined air-curtain range hood.
Especially, the capture efficiency was higher than 90% in
the effect of the draft velocity of 0.5 m/s when the suction
flow rate was 12.6 m*/min in the case of 6=90°.

To compare the results represented by Chen et al.'”, the
performances of the conventional and jet-isolated range
hoods were obviously decreased when the draft velocity
was higher than 0.3 m/s. The same result shown in Fig. 8
was found on the inclined air-curtain range hood. When
the draft velocity was 0.3 m/s in any direction of the three
directions, the capture efficiencies of the inclined air-
curtain range hood and the conventional range hood were
on the same level in 12.6 m*/min of the suction flow rate.
When the draft velocity was lower than 0.3 m/s in any
direction of the three directions, the capture efficiency of
the inclined air-curtain range hood was higher than that
of the conventional range hood in 12.6 m*/min of the
suction flow rate. In the oblique and front directions, the
capture efficiency of the inclined air-curtain range hood
in 12.6 m*/min of the suction flow rate was higher than
that of the jet-isolated range hood in 15.0 m*/min of the
suction flow rate when the draft velocity was smaller than
0.3 m/s.

JCHEN

Conclusions

The containment ability of the inclined air-curtain
range hood was tested in the draft effect. The capture
efficiency was the index to evaluate the performance of
the containment of the range hood. From the results, low
capture efficiency was observed when the draft effect was
applied from the lateral direction. High capture efficiency
was observed when the draft effect was applied from the
front direction. If the draft effect was applied from the
oblique direction, the capture efficiency of the inclined
air-curtain range hood did not decrease at a draft velocity
less than 0.4 m/s. Increasing the suction flow rate of the
hood was efficient to improve the capture efficiency of the
inclined range hood. The capture efficiency was higher
than 90% at the flow rate of 12.6 m>/min and the draft
velocity of 0.5 m/s in the case of #=90°. Using air-curtain
technology, the capture efficiency became low at the draft
velocity higher than 0.5 m/s. The draft effect in a kitchen
affects the air quality in that room. The results of the study
pointed out that the containment ability of the inclined
air-curtain range hood was weak when the draft came
from the lateral direction. The containment ability of the
inclined air-curtain range hood was strong when the draft
came from the front direction.
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