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A B S T R A C T

Cooking is a major source of indoor air pollution, making high-efficiency ventilation systems essential for con
taining cooking pollutants. This study proposes a novel push-pull ventilation system with an inclined capture jet 
at the side edge of the stove. Particle image velocimetry and the scattering grayscale method were used to 
measure airflow characteristics and particle concentration distributions in the cooking zone under different 
exhaust flowrates, capture jet velocities, and simulated cooking operation disturbances. The results show that the 
capture jet gradually dominates the cooking zone airflow with increasing velocity, and its centerline aligns with 
the exhaust outlet, forming a stable containment zone. The deflection angle of the capture jet under heating 
conditions is larger than that under isothermal conditions. The deflection angle increases with the exhaust 
flowrate and decreases with the jet velocity. Empirical linear models for jet centerline trajectory and velocity 
decay can accurately describe these relationships. Cooking operation disturbances increase the thermal plume 
radius and the capture jet entrainment radius but have negligible impacts on the jet deflection angle at 0.8 m/s. 
The capture jet effectively reduces high-turbulence zones and enhances pollutant containment. Cooking opera
tion disturbances reduce total particle capture efficiency (CE) by up to 5%, and this reduction increases with 
disturbance speed. The ventilation system exhibits optimal containment and capture performance at a jet ve
locity of 0.8 m/s, achieving total CEs of 95.9%–97.1% at exhaust flow rates of 360–480 m³/h. Compared to 
corresponding cases without the capture jet, the new system improves total CE by up to 14%.

1. Introduction

Cooking constitutes a fundamental daily routine across households 
worldwide while also serving as the principal contributor to indoor air 
pollution within dwellings [1,2]. The cooking process generates signif
icant quantities of pollutants within brief time intervals [1,2], including 
gaseous pollutants, particulate matter (PM), and other harmful sub
stances [3,4]. Extended exposure to such pollutants elevates the likeli
hood of lung cancer, and respiratory ailments [5]. High-performance 
exhaust systems are therefore imperative to contain cooking pollutants 
and prevent their spread into living spaces.

Past studies have proposed many measures to enhance range hood 
capture efficiency (CE), such as modifying the design of the range hood, 
adding plates and capture jets [6–8]. Range hoods incorporate the 
capture jet can prevent spillage of cooking pollutants from the hood at a 

low exhaust rate [9]. The air curtain formed by the capture jet can also 
effectively improve the CE of the range hood. In the relevant literature, 
two main types of capture jets can be identified: downward and upward 
capture jets [7,9]. The downward capture jets are usually installed with 
one or three slots along the lower edge of the exhaust hood [10,11]. The 
downward capture jets can prevent the spillage of cooking pollutants 
from the hood and reduce individual exposure levels [10,11]. The in
dividual exposure level of cases with downward capture jets can be 
reduced to 10− 5–10− 6 of the baseline case without the capture jets [10,
11]. The optimal air velocity of downward capture jets with one and 
three slots is around 1.8–2.5 m/s [11] and 1.5 m/s [10], respectively. 
However, downward capture jets may collide with the fluctuating 
cooking thermal plumes due to the complex turbulence characteristics 
[12], thus leading to the leakage of cooking pollutants [11].

Furthermore, previous investigations have explored three types of 
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upward capture jets around the stove: one [13], three [11,14,15], and 
four slots [16,17]. The upward capture jets not only enhance the CE of 
the exhaust hood [16,18] but can also significantly reduce the individual 
exposure levels [11,13,19]. Some studies investigated the effect of the 
upward capture jets with 4 slots on the pollution control in a Chinese 
kitchen [16] and a kitchen island [17]. For cases with four-slot upward 
capture jets, the CO₂ concentration around the breathing zone was 
reduced to 0.4–0.5 times that of the baseline case without capture jets 
[16,17]. Furthermore, the CO2 CE for cases with 4 slots upward capture 
jets increased by 7.5% compared to the base case [16]. The upward 
capture jets with 3 slots around the burner can create a clean area 
directly in front of the human body [11]. However, this clean area is 
sensitive to the air speed of capture jets [11]. By comparison, the up
ward capture jets with 3 slots around the stove have been explored in 
many studies [14,15,18,19]. Compared with the baseline case, the CE of 
a downdraft [15] and an updraft range hood [18] combined with 3 slots 
jets around the stove increased by 14.5% and 9.7%, respectively. In the 
above studies [11,15,18,19], the upward capture jets all with an angle of 
90◦. A higher jet velocity may collide with the lower edge of the exhaust 
hood, causing pollutant spillage through entrainment, especially under 
lower exhaust flowrates. The majority of flowrates measured in range 
hoods were only 258–534 m3/h in Chinese residential buildings [20]. 
Furthermore, there is also controversy regarding the impact of the fully 
enclosed air curtain (3 and 4 slots) on the combustion efficiency of the 
gas stove. Huang et al. [13] found that an upward capture jets of one slot 
at the front edge of the stove resist the adverse impact of cross-draft and 
increase the CE of the ventilation system. The mannequin with the 
cooking operation in front of the stove may disrupt the stability of the 
capture jet, thereby causing the leakage of cooking pollutants [21]. 
Moreover, no conclusion was given as to which form of captured jet was 
more effective in the aforementioned studies.

Apart from the cross draft [13], cooking behavior can also cause air 
disturbance, thereby reducing the CE of the exhaust hood. The impacts 
of human standing and walk-by motions have been emphasized in pre
vious investigations. Huang et al. [19] found that the CE of the exhaust 
hood in unoccupied cases was 0.1%− 2.4% larger than that in occupied 
cases. Some studies [22,23] investigated the effects of disturbance by 
long-term human walk-by motions on the CE of the ventilation system in 
commercial kitchens. Iwamatsu et al. [23] found that the CE of the hood 
reduced with increasing human movement frequency. Long-term human 
walk-by disturbances could reduce the CE by up to 20%. Lv et al. [24,25] 
focused on the impact of short-term human walk-by disturbances on the 
transient CE of the exhaust hood. The transient CE could be reduced by 
up to 0.5 [24,25]. Compared to human walk-by disturbances, the 
cooking operation above the pan is much more complicated and cannot 
be ignored. However, the impact of the cooking operation disturbance 
on the CE of the exhaust hood is rarely analyzed in previous studies.

To address the containment challenges identified in previous de
signs, such as jet-hood collision and sensitivity to disturbances, this 
study proposes a novel push-pull exhaust system featuring an upward 
capture jet located at the side edge of the stove with an inclined angle. 
This configuration aims to create a more stable and effective airflow 
containment zone that integrates seamlessly with the exhaust flow, 
thereby minimizing pollutant spillage.

Thus, this investigation aims to determine the flow characteristics 
and pollutant containment performance of a new push-pull exhaust 
system in residential kitchens. Particle image velocimetry (PIV) [26] 
and the scattering grayscale method [27–29] were used to measure 
airflow characteristics and particle concentration distributions in the 
cooking zone under different exhaust flowrates, capture jet velocities, 
and simulated cooking operation disturbances. The air velocity, turbu
lence intensity (Tu), vorticity, and particle concentration (grayscale) 
fields were investigated based on the measured data. The deflection 
trajectory and centerline velocity decay of the capture jet were quanti
fied and compared across different conditions, after which correspond
ing empirical linear models were established. The effects of the capture 

jet and simulated cooking operation disturbances on the capture per
formance of the new exhaust hood were evaluated using CE and particle 
concentration measurements in the cooking zone.

2. Methods

2.1. Experimental mockup

As shown in Fig. 1, experiments were conducted in a kitchen cabin. 
The cabin has dimensions of 2.7 m (X) × 2.0 m (Y) × 2.3 m (Z). The 
cabin was placed in a large thermostatic chamber maintained at 22±0.5 
◦C. A nonstick pan (diameter 240 mm) was placed on an electric stove 
with an equivalent heating area. The pan center was positioned 0.22 m 
from the wall. The distance between the center of the pan and the center 
of the exhaust outlet was 200 mm. The pan was heated to a temperature 
of 260±1 ◦C under heating conditions, according to the IEC (2011) [30] 
and GB/T 17713 (2011) [31]. The dimensions of the inlet are 390 mm ×
240 mm. The distances from the center of the air inlet to the wall were 
1350 mm and 320 mm in the x- and y-directions, respectively. The 
exhaust outlet of the range hood measured 400 mm in long and 200 mm 
in wide. The distances from the center of the exhaust outlet to the wall 
were 1350 mm and 220 mm in the x- and y-directions, respectively. The 
distance between the cooking table and the exhaust hood was 750 mm.

Fig. 2a presents the principle diagram of the capture jet. Fig. 2b 
shows the diffuser of the capture jet containing 19 linear slots. The di
mensions of the capture jet diffuser are 50 mm × 300 mm. The di
mensions of each linear slot are 40 mm (h) × 10 mm. The air velocity 
along the diffuser was approximately uniform. The supply angle is 47.5◦. 
A motor-driven aluminium plate (Fig. 2c) rotating clockwise was used to 
simulate the interference caused by cooking operations above the pan. 
The sketch-up of the disturbance generator is presented in Fig. 2c. To 
discuss the impact of cooking operations on pollutant capture efficiency, 
the rotational speed of the disturbance generator was set at two values 
(30 and 60 rpm).

2.2. PIV setup

The airflow and particle concentration (grayscale) distributions in 
the cooking zone were measured using PIV [26] and a scattering gray
scale method under different exhaust flowrates, capture jet velocities, 
and simulated cooking operation disturbances. The particle images were 
also acquired employing the PIV system. Table 1 lists the measurement 
setup of the PIV system. The measurement section of the air velocity 
field and particle concentration (grayscale) field is shown in Fig. 1. Two 
measurement sections overlap. To achieve a time-independent velocity 
field, 540 instantaneous velocity fields were continuously sampled over 

Fig. 1. Schematic diagram of experimental mockup.
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3 min. The trace particles were generated by a smog generator (PIV
part40, PIVTEC GmbH) and were evenly distributed in the kitchen cabin 
during velocity field measurements. The “Dynamic Studio” software was 
used to analyze the particle images. The first step involved removing 
background noise from the raw images via background subtraction. 
Subsequently, the velocity vectors were calculated by the multi-grid 
adaptive correlation method incorporating high-precision sub-pixel 
interpolation.

For 2-dimensional PIV systems, the total systematic error contrib
uted by other factors is 1–2% [32]. The convergence of the 
time-averaged velocity was analyzed using the central limit theorem 
[33] to evaluate the main statistical error. Eq. (1) was applied to 
determine the statistical error Vr of time-averaged velocity [33]. 

Vr =
1̅
̅̅̅
N

√
zα

2
vRMS

V
(1) 

where N is sampling number (540). V is the local time-averaged velocity. 
vRMS is the root mean square of the local velocity. zα /2 is a variable 
related to the confidence level. The statistical error of PIV in the cooking 
zone was quantified at the range of 3.4–7.3% in this study.

Trace particles for measurement the particle concentration fields 
were generated by a particle generator (MAG 3000, PALAS) and emitted 
from the pot (Fig. 3). The continuous sampling of instantaneous particle 
concentration fields was also acquired for 540 films within 3 min (16th- 
18th in Fig. 4). For some cases, the velocity field was also measured 
under isothermal conditions to clarify the impact of the cooking plumes 
on the capture jet. Under isothermal conditions, the pan was not heated. 
The measurement conditions are summarized in Table 2.

2.3. Calculation of CE

As shown in Fig. 3, the trace particles generated by the MAG 3000 
were used to simulate the cooking particles. The physical properties of 
DEHS are similar to those of edible oils, with a density of 912 kg/m3 and 
a low evaporation rate [34]. The emission method of trace particles was 
based on the Ref. [35]. The particle emission flowrate was 3.5 L/min, 
controlled by a gas rotameter. The particle number concentrations were 
monitored by applying a condensation particle counter (CPC) (AMG 
1500, MSP) and an Aerodynamic Particle Size (APS 3321, TSI). The 

Fig. 2. (a) Principle diagram of the capture jet; (b) Dimensions of the capture jet diffuser; (c) Sketch of the disturbance generator.

Table 1 
PIV measurement setup.

Laser source Neodymium-doped Yttrium Aluminum Garnet (Nd: 
YAG) dual-pulse laser

Laser power 350 mJ/pulse
Charge coupled device 

(CCD) model
FlowSense EO 11M

Lens Nikon Nikkor 50 mm Lens
Visual field of CCD 4032 pixels × 2688 pixels
Size of interrogation window 48 pixels × 48 pixels
Sampling frequency 3 Hz
Tracing particles Diisooctyl sebacate (DEHS)
Sampling frequency ≈ 1 µm
Diameter of trace particles 1 mm
Velocity field of view 966 mm × 645 mm
Concentration field of view 645 mm × 484 mm

Fig. 3. Experimental configuration of kitchen and particle sampling method.

Fig. 4. Test procedure for particle capture efficiency and measured particle 
concentration with the range hood off during period (2). Error bars represent 
standard deviation.
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sampling frequency of the APS 3321 and AGM 1500 was 1 and 2 min, 
respectively. The APS 3321 and AGM 1500 with a sampling flowrate of 1 
and 0.3 L min− 1, respectively. The sampling dilution ratio for the APS 
3321 and AGM 1500 was 1:100 and 1:25, respectively. The APS 3321 
measured fine particles from 0.542–20 µm. The measurement range of 
the AGM 1500 was set as 35–940 nm with 24 channels. The concen
tration accuracy of the APS 3321 is ±10% of reading plus variation from 
counting statistics. The concentration accuracy of the AGM 1500 is 
±10% relative to the standard MSP CPC.

Fig. 4 shows the test procedure for particle capture efficiency. The 
background concentration Cbackgroundwas monitored during period (1). 
The pan was heated during period (1). Tracer particles were released 
during period (2). The emission strength of particles was determined 
with the range hood off in period (2). The residual emission strength of 
particles was measured with the range hood on in period (2) to deter
mine the capture efficiency of the ventilation system [36]. In period (3), 
the release of tracer particles was stopped. Simultaneously, the range 
hood was turned off and the desk fan was turned on. Each test was 
repeated five times. As shown in Fig. 4, the standard deviation of particle 
number concentrations in period (3) was small. Therefore, complete 
mixing was assumed in the kitchen during period (3). The peak con
centration Cp and the time tp can be obtained from the concentration 
data in period (3).

The particle mass balance equation can be estimated using Eq. (2)
[37]. 

dCin

dt
= PαCout − (α+K)Cin +

S
V

(2) 

where Cin = indoor particle concentration. Cout = outdoor particle 
concentration. P = penetration coefficient of kitchen envelope. α= air 
exchange rate. K = decay rate of particles. S is the source strength. V is 

the volume of the kitchen. All cracks were sealed, and the range hood 
was off during period (3). Thus, only the natural decay rate K was 
considered in the present study.

In the period (3), the particle mass balance equation can be fitted by 
Eq. (3) [37,38]. 

Cin(t) = Cpe− K(t− tp) t ≥ tp (3) 

The source strength Shood− off and residue strength Shood− onof particles 
can be calculated by Eqs. (4) and (5), respectively [37,38]. 

Shood− off = Khood− off ΔCin,hood− offV / (
(
1 − e− Khood− off t

)
(4) 

Shood− on = Khood− onΔCin,hood− onV / (
(
1 − e− Khood− ont) (5) 

where ΔCin = Cin(t) − Cbackground.Shood− on is the residue source strength 
with the hood on in period (2) (in Fig. 4). Shood− off is the source strength 
with the hood off in period (2).

The total particles CEs were calculated through an indirect method 
[39]. 

CE= 1 − Shood− on
/

Shood− off (6) 

2.4. Emission characteristics of trace particles for capture performance 
test

Fig. 4 presents the time-resolved particle concentrations with the 
range hood off during period (2). Fig. 5 shows the measured number 
distribution (NP) and calculated volume distribution (MP) of trace 
particles for the capture performance test. The number distribution of 
trace particles shows a single-modal distribution. The number mode 
diameter is 113 nm. This single-modal distribution is in agreement with 
the PM1 (particles with diameter < 1 μm) generated by commercial 
cooking and heating oil [40]. The number mode diameters of different 
cooking particles ranged from 100–160 nm, including Chinese and 
Western style cooking [40]. The cumulative frequency of NP indicates 
that PM1 accounts for more than 90% of the total number concentration. 
The calculated volume distribution of trace particles shows a bimodal 
distribution. These results are consistent with those of cooking particles 
[41]. The major and minor volume mode diameters are 0.898 and 5.048 
μm, respectively. Although the mode diameters differ slightly from those 
of cooking particles [41], these size distribution characteristics suggest 
that the trace particles could accurately represent those of cooking 
particles. The relative standard deviation for the averaged frequency of 
NP and MP ranged from 4.2% to 18.9%. These values are close to the 
experimental results of oil heating [34]. The small standard deviation in 
Fig. 5 demonstrates good repeatability of the tracer particles.

Table 2 
Experimental cases setup.

Case Exhaust flowrate (Q) 
(m³/h)

Capture jet velocity (V0) 
(m/s)

Conditions

1 300 0 isothermal (iso)
2 300 0 heating - 0 rpm
3 300 0 heating - 30 

rpm
4 300 0 heating - 60 

rpm
5 300 0.4 isothermal
6 300 0.4 heating - 0 rpm
7 300 0.4 heating - 30 

rpm
8 300 0.4 heating - 60 

rpm
9 300 0.8 isothermal
10 300 0.8 heating - 0 rpm
11 300 0.8 heating - 30 

rpm
12 300 0.8 heating - 60 

rpm
13 300 1.2 isothermal
14 300 1.2 heating - 0 rpm
15 360 0 heating - 0 rpm
16 360 0.4 isothermal
17 360 0.4 heating - 0 rpm
18 360 0.8 isothermal
19 360 0.8 heating - 0 rpm
20 360 0.8 heating - 30 

rpm
21 360 0.8 heating - 60 

rpm
22 360 1.2 isothermal
23 360 1.2 heating - 0 rpm
24 480 0 heating - 0 rpm
25 480 0.8 isothermal
26 480 0.8 heating - 0 rpm

Fig. 5. Measured number distribution (NP) and calculated volume distribution 
(MP) of trace particles for capture performance test. Error bars represent 
standard deviation.
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3. Results and discussion

3.1. Flow statistics

Fig. 6 compares the velocity fields of selected cases (see Table 2) 
under isothermal and heating conditions. The velocity vector Vxz = V→x 

+ V→z, where Vx and Vz are the velocity components in the section. The 
airflow pattern in Fig. 6a agrees with that of a top suction range hood in 
our previous study [26]. The flow field in the cooking zone under 
heating conditions was dominated by the cooking thermal plumes, as 
shown in Fig. 6a. The thermal plumes deviated to the left side of the pan. 
It might be due to the plume entrainment imbalance from the confined 
space. The velocity fields in Fig. 6b–e indicate that the flow field in the 
cooking zone was dominated by the capture jet driven forced convection 

under isothermal conditions at lower exhaust flowrates. As for the cases 
under heating conditions, the flow field in the cooking zone was also 
gradually dominated by the capture jet with the increase of jet velocity 
(Fig. 6b–d). The center velocity of thermal plumes in Fig. 6b was 
significantly higher than that in Fig. 6a. This is likely because the 
low‑velocity capture jet is entrained by the thermal plume, thereby 
enhancing the intensity of the thermal plumes. As shown in Fig. 6, the 
deflection angle of the capture jet under heating conditions is larger than 
the corresponding case under isothermal conditions. It is due to the 
impact of the cooking thermal plumes. The airflow pattern in the 
cooking zone was gradually dominated by the suction flow with the 
increase of exhaust flowrate (see Fig. 6e, f). Meanwhile, the velocity 
vectors in Fig. 6e, f indicate that the suction flow and capture jet can be 
well combined to form a cohesive containment system that effectively 
suppresses the thermal plume and channels the airflow toward the 

Fig. 6. Time-averaged velocity fields of cases under isothermal/heating condition: (a) 300 m³/h - 0 m/s; (b) 300 m³/h - 0.4 m/s; (c) 300 m³/h - 0.8 m/s; (d) 300 m³/h 
- 1.2 m/s; (e) 360 m³/h - 0.8 m/s; (f) 480 m³/h - 0.8 m/s.
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exhaust.
Fig. 7 presents the velocity fields of cases with the disturbance 

generator operating at two speeds: 30 rpm and 60 rpm (see Table 2). By 
comparing the velocity fields in Figs. 6a and 7a, b (or Figs. 6b and 7c, d), 
it can be observed that the disturbance can increase the radius of the 
cooking thermal plumes. This is consistent with the thermal plumes 
generated by a rotating heated plate [42]. The comparison results also 
show that the center velocity of thermal plumes decreases with 
increasing disturbance speed. This may be because the disturbance in
duces a vortex flow in the cross-section, thereby reducing the center 
velocity. By comparing the velocity fields in Figs. 6c and 7e, f (or Figs. 6e 
and 7g, h), it can be found that the disturbance can increase the 
entrainment radius of the capture jet. And the entrainment radius in
creases with the disturbance speed. Meanwhile, the center velocity of 
the capture jet decreases with the disturbance speed. Fig. 7e–h indicate 
that the influence of disturbance on the deflection angle of the capture 
jet is not significant, compared to the velocity fields of cases without 
disturbance. This result demonstrates the stability of the airflow 
containment under typical cooking disturbances at a jet velocity of 0.8 
m/s.

The Tu distributions of some cases (in Table 2) were given in Fig. 8. 

Tu is delineated asTu =

̅̅̅̅̅̅̅̅̅̅

〈v́ 2〉

√

/V, where v́ is the fluctuation of instan
taneous velocity. Fig. 8a shows that the cooking zone has a high Tu value 
under isothermal conditions. Due to the low air speeds and large fluc
tuation in this area. As depicted in Fig. 8b–d, the Tu distributions of 
cases without a capture jet are controlled by the disturbance of the 
cooking plume under heating conditions. The high-Tu zone is located on 
the left side of the pan. By comparing the Tu distributions in Fig. 8b–d, it 

can be found that the disturbance can increase the area of the high-Tu 
zone. Moreover, another high-Tu zone is located at the right side of 
the pan with the disturbance speed at 60 rpm. These zones with low 
velocity and high-Tu will preserve pollutants. Fig. 8e–h show that the Tu 
distributions of cases are dominated by the capture jet and slightly 
affected by the disturbance. The high Tu zone under heating conditions 
is located at the right side of the capture jet (see Fig. 8f, h). By comparing 
the Tu distributions in Fig. 8f–h, it can be found that the disturbance can 
decrease the area of the high-Tu zone. It indicates that the capture jet 
will help the containment and extraction of pollutants.

3.2. Vorticity field

The vorticity ω is used to further characterize the rotation trend of 
airflow. The vortex identification method is delineated as follows [12]: 

ω =
∂Vz

∂x
−

∂Vx

∂z
(7) 

W = 〈ω〉 (8) 

where Wis time-averaged vorticity, s− 1. The W distributions of some 
cases (in Table 2) were displayed in Fig. 9. Fig. 9a depicts that the 
surface layer of the range hood formed a positive vortex under 
isothermal conditions due to the viscous effect. Fig. 9b–d compares the 
W for the cases with different disturbance speeds. The rotational ten
dency in the region of the thermal plume is stronger. The vorticity 
structure of cases under heating conditions is controlled by two pairs of 
vortices in opposite directions, as shown in Fig. 9b–d. The rotational 

Fig. 7. Time-averaged velocity fields of cases with disturbance under heating condition: (a) 300 m³/h - 0 m/s - 30 rpm; (b) 300 m³/h - 0 m/s - 60 rpm; (c) 300 m³/h - 
0.4 m/s - 30 rpm; (d) 300 m³/h - 0.4 m/s - 60 rpm; (e) 300 m³/h - 0.8 m/s - 30 rpm; (f) 300 m³/h - 0.8 m/s - 60 rpm; (g) 360 m³/h - 0.8 m/s - 30 rpm; (h) 360 m³/h - 
0.8 m/s - 60 rpm.
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tendency on the left side of the pan is stronger than that on the right side. 
It might be due to the restricted suction on the right side of the thermal 
plume. Moreover, the vorticity tendency decreases with increasing 
disturbance speed. It might be because the disturbance causes the 
thermal plume to exhibit a vortex flow in the cross-section, thereby 
resulting in a decrease in the Vxz and W. Fig. 9e demonstrates that the 
vorticity structure of the capture jet exhibited symmetry about the jet 
centerline under isothermal conditions. Fig. 9e–h show that the vorticity 
structure of cases with a capture jet is dominated by the jet flow. While 
the vorticity structure of the capture jet exhibited an asymmetric dis
tribution about the jet centerline under heating conditions (see 
Fig. 9f–h). Fig. 9f shows that the cooking thermal plumes made a sig
nificant upward deflection in the W distribution. By comparing the W 
distributions in Fig. 9f–h, it can be found that the disturbance can 
decrease the vorticity magnitude on the right side of the capture jet. The 
reduction in vorticity magnitude on the right side of the jet suggests that 
disturbance weakens the local rotational flow structures, which, while 
part of the containment zone, may also indicate a slight loss of coherence 
in the airflow barrier. However, the vorticity magnitude on the left side 
was less affected by the disturbance. This result also indicates that the 
capture jet at 0.8 m/s has a relatively strong anti-disturbance capability.

3.3. Capture jet flow characteristics

To further investigate the capture jet flow characteristics, the 
centerline velocity decay law was analyzed. The dimensionless trajec
tories of capture jet centerline velocity at different conditions are 
compared in Fig. 10. The dashed lines in Fig. 10a paint the centerlines of 
the capture jet under isothermal conditions. The low exhaust flowrate 
has less effect on the deflection degree of the capture jet at V0 = 1.2 m/s. 
The centerlines of the capture jet were nearly coincident below Z/h = 12 
for the cases with V0 = 1.2 m/s (see Fig. 10a). The solid lines in Fig. 10a 
paint the centerlines of the capture jet under heating conditions. The 
deflection degree of the capture jet under heating conditions is larger 
than that in corresponding cases under isothermal conditions. The 
thermal plumes have notable impacts on the deflection degree of the 
capture jet, especially for the cases with low Q and V0. As shown in 
Fig. 10a, the deflection degree of the capture jet increases with Q and 
decreases with V0, both for isothermal and heating conditions. Fig. 10b 
compares the trajectories of the capture jet centerline velocity for the 
cases with and without disturbance. Although the disturbance had a 
non‑negligible impact on the velocity field (see Fig. 7) and vorticity field 
(see Fig. 9) on the right side of the capture jet, the influence of the 
disturbance on the deflection angle of the capture jet was negligible. 
This is attributed to the disturbance has a minor influence on the center 

Fig. 8. Tu of fluctuating velocities for cases: (a) 300 m³/h - 0 m/s - iso; (b) 300 m³/h - 0 m/s - heating; (c) 300 m³/h - 0 m/s - 30 rpm; (d) 300 m³/h - 0 m/s - 60 rpm; 
(e) 360 m³/h - 0.8 m/s - iso; (f) 360 m³/h - 0.8 m/s - heating; (g) 360 m³/h - 0.8 m/s - 30 rpm; (h) 360 m³/h - 0.8 m/s - 60 rpm.
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velocity of the capture jet. Moreover, Fig. 10b shows that the extension 
line of the capture jet centerline can intersect with the center of the 
exhaust outlet. This result indicates that the captured jet with V0 = 0.8 
m/s exhibits relatively good airflow performance.

The capture jet centerline of most cases in Fig. 10 exhibited a clear 
linear relationship, except for the case at V0 = 0.4 m/s and Q = 300 m³/ 
h. The dimensionless trajectories of capture jet centerline can be 
generalized as Eq. (9). The coefficient K1 is summarized in Table 3.K1 
increases with Q and decreases with V0, both for isothermal and heating 
conditions. Table 3 shows that for cases under isothermal conditions, the 
coefficients of determination (R²) of the fitted models were all near 0.99, 
and the root mean square errors (RMSE) ranged from 0.21 to 0.46. For 
cases under heating conditions, the R² values ranged from 0.93 to 0.99, 
and the RMSE values ranged from 0.82 to 1.43. These results demon
strate that the trajectory of the capture jet centerline velocity can be 
reliably predicted by the fitting model (Eq. (9)) under both isothermal 
and heating conditions. 

Z / h = K1X / h (9) 

Fig. 11 plots the dimensionless jet centerline velocity decay of some 
cases in Table 2. In most cases, the dimensionless velocity V0 /Vc shows a 
linear relationship with dimensionless distance L/h. The centerline ve
locity decay coefficient K2of the capture jet, determined via linear 
regression (Fig. 11), can be fitted by Eq. (10) [30]. 

V0 /Vc = K2(L / h) + 1 (10) 

where Vc is the centerline velocity of the capture jet at distance L.
Table 3 also summarizes the values of K2. As shown in Table 3, K2 of 

cases under isothermal conditions decreases with the increase of V0. 
While, K2 of cases under heating conditions increases with V0.K2 of cases 
with V0 = 0.8 m/s increases with Q, both under isothermal and heating 
conditions. Table 3 also indicates that the K2 of the capture jet under 
heating conditions is smaller than the corresponding cases under 
isothermal conditions. It might be due to the jet entraining more air 
under heating conditions, resulting in a lower K2. Fig. 11b compares K2 
for the cases with and without disturbance at V0 = 0.8 m/s. Fig. 11b 
demonstrates that even with the disturbance, the jet centerline velocity 
decay can still be fit by Eq. (8). As shown in Fig. 11b and Table 3, 
although the trajectories of the capture jet centerline are almost over
lapping (see Fig. 10b), the high disturbance speed results in a higher K2. 
Table 3 shows that under isothermal conditions, the R² values ranged 
from 0.96 to 0.99, and the RMSE values ranged from 0.03 to 0.08. Under 
heating conditions, the R² values ranged from 0.89 to 0.97, the RMSE 
values ranged from 0.02 to 0.06. These results indicate that the fitting 
model (Eq. (10)) can well predict the jet centerline velocity decay under 
both isothermal and heating conditions.

Fig. 9. Time-averaged vorticity field of cases: (a) 300 m³/h - 0 m/s - iso; (b) 300 m³/h - 0 m/s - heating; (c) 300 m³/h - 0 m/s - 30 rpm; (d) 300 m³/h - 0 m/s - 60 rpm; 
(e) 360 m³/h - 0.8 m/s - iso; (f) 360 m³/h - 0.8 m/s - heating; (g) 360 m³/h - 0.8 m/s - 30 rpm; (h) 360 m³/h - 0.8 m/s - 60 rpm.
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3.4. Particle concentration field

Fig. 12 compares the time-averaged particle concentration (gray
scale, Cg) fields for some cases acquired using a scattering grayscale 
method with the PIV system. Fig. 12 provides a visual representation of 
containment effectiveness. The time-averaged particle concentration 
fields in Fig. 12a and Fig. 12b illustrate containment failure with sig
nificant particle escape from the cooking zone for the cases without the 
capture jet and with a low-speed capture jet, respectively. The escape of 
particles might be caused by cooking thermal plume perturbations and 
high concentration differences. As shown in Fig. 12c–e, with the V0 was 
increased to 0.8 m/s, the particles were effectively contained within the 
capture zone and captured by push-pull flow under various disturbance 
speeds (0, 30, 60 rpm). This phenomenon is consistent with the oil fume 
visualization experiments conducted on an air-curtain exhaust system 
[13]. Huang et al. [13] found that a single upward capture jet with V0 =

1 m/s at the front edge of the stove could mitigate the adverse impact of 

cross-draft and elevate the CE of the exhaust hood. By comparing the 
particle concentration fields in Fig. 12c–e, it can be found that the 
disturbance can weaken the effect of entraining and aggregating parti
cles by the capture jet. Therefore, the radius and area of the particle 
cluster in the measurement section for cases with disturbance are larger 
than those without disturbance. It might be because the disturbance 
causes the flow near the pan from a vortex in the cross-section, thereby 
expanding the area of the particle cluster. With the V0 was increased to 
1.2 m/s, another circular particle cluster appeared on the upper right 
side of the capture jet (see Fig. 12f). This may be attributed to the highly 
pulsating nature of the high-velocity jet, whose containment was 
compromised by excessive momentum. Besides, the suction flow was 
destroyed due to the capture jet with a large velocity. The jet flow with 
large velocity will impinge on the range hood, resulting in an increase in 
convective escape of particles. In general, the result in Fig. 12 indicates 
that the captured jet can exhibit relatively good capture performance at 
V0 = 0.8 m/s.

Fig. 10. Dimensionless trajectory of the capture jet centerline velocity at: (a) different velocity of capture jet and exhaust flowrate; (b) different disturbance speed.

Table 3 
The K1 and K2 values of different cases.

Exhaust Flowrate (m³/h) Capture jet Velocity (V0) (m/s) Condition K1 K1 - R2 K1 - RMSE K2 K2 - R2 K2 -RMSE

300 0.4 isothermal 1.20 0.99 0.23 0.125 0.98 0.06
300 0.8 isothermal 1.17 0.99 0.46 0.056 0.98 0.04
300 1.2 isothermal 1.05 0.99 0.21 0.054 0.99 0.04
360 0.4 isothermal 1.31 0.99 0.32 0.096 0.99 0.03
360 0.8 isothermal 1.18 0.99 0.37 0.073 0.99 0.04
360 1.2 isothermal 1.09 0.99 0.35 0.055 0.98 0.04
480 0.8 isothermal 1.18 0.99 0.39 0.092 0.96 0.08
300 0.4 heating - - ​ - - -
300 0.8 heating 2.01 0.95 1.12 0.019 0.89 0.04
300 0.8 heating - 30 rpm 1.91 0.93 1.43 0.018 0.93 0.02
300 0.8 heating - 60 rpm 1.78 0.98 0.83 0.035 0.93 0.05
300 1.2 heating 1.48 0.99 1.00 0.041 0.95 0.05
360 0.4 heating 1.65 0.97 1.41 - - ​
360 0.8 heating 1.80 0.94 1.27 0.032 0.93 0.05
360 0.8 heating − 30 rpm 2.05 0.99 1.34 0.030 0.94 0.03
360 0.8 heating - 60 rpm 1.95 0.98 0.82 0.091 0.93 0.06
360 1.2 heating 1.44 0.98 1.15 0.043 0.95 0.05
480 0.8 heating 1.95 0.98 1.26 0.071 0.97 0.05
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The water vapor is also a key factor in real cooking plumes and 
pollutant dispersion. However, because water vapor would interfere 
with the measurements of the flow field and the particle concentration 
field, its generation was intentionally excluded from the experimental 
setup. This simplification in the present study was made to isolate the 
effects of ventilation conditions and particle dynamics without the 
additional complexity of humidity-driven processes. Lv et al. [24,43] 
and Xie et al. [44] used water vapor visualization experiments to analyze 
the morphology and evolution of the thermal plume, as well as the ef
fects of different stages of human walking on water vapor flow. Although 
water vapor visualization makes it difficult to quantify the plume ve
locity, it can still serve as a visual tracer to reflect the fluctuating 
characteristics of the thermal plume and pollutant dispersion [24,43,
44]. Future experimental studies will further investigate the effects of 
cooking oil fumes, water vapor, and their mixtures on pollutant 
dispersion modeling.

3.5. Particle capture efficiency

Fig. 13 presents the particle CEs of cases with different push-pull 
airflow rates and disturbance speeds. As shown in Fig. 13, the parti
cles CEs increased with the exhaust flowrate. This result agrees with 
previous studies [35,39]. Fig. 13 compares the particle CEs for cases 
with various V0 of the capture jet and Q at 360 m3/h, the capture jet 
exhibits the highest CE at V0 = 0.8 m/s. The total CE for the case with V0 
= 0.8 m/s and Q = 360 m3/h (480 m³/h) is 95.9% (97.1%). The total CE 
for the case with Q at 360 m3/h and 480 m³/h (V0 = 0 m/s) is 81.8% and 
86.6%, respectively. The total CEs for the cases with V0 = 0.8 m/s and Q 
= 360 m3/h (or 480 m³/h) are higher by 14% than those of the corre
sponding cases without a capture jet. The air flowrate required by the 
capture jet at V0 = 0.8 is only 22 m³/h. By comparison, the total CE for 
the case with Q at 480 m3/h is only 4.7% higher than that of the case 
with Q at 360 m3/h. This result indicates that improving the airflow 
distribution of the exhaust system to enhance the CE is much more 
effective than simply increasing the exhaust flowrate. The measurement 
results from 120 occupied residences conducted by Yin et al. [20] show 
that the mean effective Q was only 312–516 m3/h, even with the door 
fully open. The reasonable capture airflow (see Figs. 6 and 7) and 
acceptable CE (Fig. 13) with V0 = 0.8 m/s and Q at 300–480 m3/h 
indicated that the proposed ventilation system in our study could be 
used well in real residential kitchens.

Fig. 13 shows that the CE of ultrafine particles (UFP) increases with 
particle size for all cases. This result is consistent with the experimental 
study [45] with low exhaust flowrates. The size-resolved particle cap
ture efficiency distributions in Fig. 13 showed a two-valley distribution. 
The first valley particle is 0.3–0.5 μm in size. The second valley particle 

is 1.7–2.1 μm in size. The particle range agrees with the experimental 
study [39] regarding the low particle capture efficiency at 0.3–2 μm. 
These valley particle sizes can be used as the identification particle size 
for future simulation and optimization design. The impact of the simu
lated cooking operation on the CEs increased with the disturbance speed 
(see Fig. 13). This disturbance could reduce the total CE by up to 5%. 
The disturbance could reduce the CE of some particle sizes by up to 10%. 
The extent of the cooking operation on the CE is comparable to the 
interference caused by HVAC diffusers in the kitchen [22]. The effects of 
disturbance by long-term [22,23] and short-term [24,25] human 
walk-by motions on the CE are also not to be ignored. The impacts of 
these interference factors on the CE of the new exhaust hood proposed in 
the present study need to be addressed in future studies.

Table 4 compares the pollutant capture performance of this new 
exhaust hood with that of previous investigations involving air curtains. 
Compared with most studies [10,11,15,16], the new exhaust system 
achieves favorable capture performance at lower exhaust and air curtain 
supply flowrates. This indicates that the new system can effectively 
reduce exhaust energy consumption. Moreover, given the relatively low 
effective exhaust flow rate of range hoods in high‑rise residential 
buildings [20], this new system is particularly suitable for application in 
real residential kitchens. With the exception of Huang et al. [21], the air 
curtain supply angle was set to 90◦ in all other studies. The results from 
Ref. [21] and our study indicate that the airflow pattern with the in
clined capture jet directed straight toward the exhaust outlet enables 
more effective containment of the cooking thermal plume and pollutant 
dispersion.

4. Conclusion

The flow characteristics and capture performance of a new push-pull 
exhaust system in a residential kitchen were investigated in this 
research. The major conclusions are summarized. 

(1) This study demonstrates that the proposed push-pull system 
achieves effective airflow containment by transitioning the flow 
field from being dominated by chaotic thermal plumes to a forced 
convection regime controlled by the capture jet. This creates an 
organized airflow that successfully channels pollutants toward 
the exhaust. The deflection and decay of the capture jet are 
influenced by the exhaust flowrate, jet velocity, and thermal 
conditions. The deflection angle of the capture jet under heating 
conditions is larger than that under isothermal conditions. The 
deflection angle increases with the exhaust flowrate, and de
creases with the jet velocity. Empirical linear models for jet 

Fig. 11. Dimensionless jet centerline velocity decay at: (a) different velocity of capture jet and exhaust flowrate; (b) different disturbance speed. Error bars represent 
standard deviation.
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centerline trajectory and velocity decay can describe these 
relationships.

(2) Although the simulated cooking operation disturbance increased 
the entrainment radius of the jet and the area of particle clusters, 
it had a negligible effect on the deflection angle and trajectory of 
the jet centerline. With a capture jet velocity of 0.8 m/s, the 
robustness of the air containment zone against typical cooking 
motions is demonstrated. The impact of the simulated cooking 
operation on CE increased with the disturbance speed. The 
disturbance could reduce the total CE by up to 5% and the CE for 
specific particle sizes by up to 10%.

(3) The capture jet demonstrates optimal containment and capture 
performance for the novel exhaust hood with a velocity of 0.8 m/ 

s. The capture jet achieved total particle CEs of up to 95.9%−

97.1% at exhaust flowrates of 360–480 m³/h. The capture jet 
significantly improves total particle CE by up to 14% compared to 
corresponding cases without the capture jet.

(4) The study confirmed that the CE of UFP increases with particle 
size. The size-resolved particle CE of PM0.02–10 exhibited a two- 
valley distribution. The particles in the size ranges of 0.3–0.5 
μm and 1.7–2.1 μm have relatively low CE. These valley particle 
size ranges can represent critical points for future simulation and 
optimization of ventilation systems. The high-resolution experi
mental data also provide valuable benchmarks for future 
computational fluid dynamics simulations and the development 

Fig. 12. The time-averaged particle grayscale (Cg) fields: (a) 360 m³/h - 0 m/s; (b) 360 m³/h - 0.4 m/s; (c) 360 m³/h - 0.8 m/s; (d) 360 m³/h - 0.8 m/s - 30 rpm; (e) 
360 m³/h - 0.8 m/s - 60 rpm; (f) 360 m³/h - 1.2 m/s.
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of adaptive control strategies that are suitable for different 
cooking conditions.
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Fig. 13. The PM0.02–10 particle capture efficiency of different cases.

Table 4 
Comparison of pollutant capture performance across different studies.

Air curtain 
type

Refs. Exhaust 
Flowrate 
(m³/h)

Air curtain 
details

Comment

Downward, 
three slots

Liu et al., 
2014 [10]

630 36 m³/h, 1.5 m/ 
s, − 5◦

Leakage rate 
mitigated by 2 
orders vs. 
baseline.

Downward, 
one slot

Cao et al., 
2017 [11]

504–564 64.8–90.1 m³/h, 
1.8–2.5 m/s, 
90◦, at the front 
edge of the 
range hood.

Intake 
fraction 
mitigated by 
2–3 orders vs. 
baseline.

Upward, one 
slot

Huang et al., 
2011 [21]

504–606 41.7 m³/h, 1 m/ 
s, 75◦ , at the 
front edge of the 
stove.

Leakage rate 
mitigated by 2 
orders vs. 
baseline.

Upward, 
three slots

Cao et al., 
2017 [11]

504–564 49–73.5 m³/h, 
1–1.5 m/s, 90◦, 
around the 
cooker.

Intake 
fraction 
mitigated by 2 
orders vs. 
baseline.

Upward, four 
slots

Zhou et al., 
2019 [16]

444–519 157 m³/h, 0.5 
m/s, 90◦

CE: 91.7%−

96%.
Upward, 

three slots
Liu et al., 
2020 [18]

750 450 m³/h, 1.54 
m/s, 90◦

CE: 93.1%−

98.5%.
Upward, 

three slots
Liu et al., 
2024 [15]

500 136 m³/h, 1.2 
m/s, 90◦

CE: 95.2%.

Upward, one 
slot

Our 
investigation

360–480 22 m³/h, 0.8 m/ 
s, 47.5◦, at the 
side edge of the 
stove.

CE: 95.9%−

97.1%.
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