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Abstract. Centralized exhaust system commonly used in high-rise residential
buildings. Kitchens are the focal point in the design of ventilation. In order to
solve the problems of oil fumes reflux and odor migration, simulation studies are
carried out on the uniform ventilating duct and variable pressure ventilating duct.
This study takes a 30-storey building as an example, uses the computational fluid
dynamics (CFD) method to analyze the flow characteristics of the duct and
combines the changing law of the local resistance coefficient of the flow-guide
device to realize the optimal parameter selection. The results indicate that the
flow-guide device has the role of induced flow, which is favorable to improve
the capacity to exhaust fumes, and is more suitable for the conditions of high
operating rate. The size of the flow-guide device should meet the ratio of the area
with the main flue between 0.061-0.074 for the best smoke exhaustion effect, and
the minimum smoke extraction increases by 9.95%-12.76%.

Keywords: Flow-guide device, Centralized exhaust system, Local resistance,
Ventilation, Numerical simulation.

1 Introduction

Kitchens are the main source of indoor pollution, and oil fumes produced by the
cooking process contains more than 200 pollutants, which can seriously damage
human health with long-term exposure [1]. In China, the kitchen in high-rise
residential buildings mostly adopts vertical centralized exhaust system. Centralized
exhaust systems contain multiple power sources, resulting in unbalanced resistance
within the system due to too many system terminals and long main ducts [2]. The
static pressure of the bottom floors increases as the operating rate goes higher, and it
is difficult to exhaust the fume, and even the problem of fume backflow occurs.
Increasing the main duct dimensions can effectively alleviate the problem of
excessive pressure on the bottom floor [3], but it will occupy the building space and
increase the cost. This is usually mitigated by means of dynamic and static pressure
conversion and reduction of shaft resistance, and flues with flow-guide devices and
variable pressure devices have been developed [4]. This paper using CFD numerical

© The Author(s) 2025

W. Guo et al. (eds.), Proceedings of the 3rd International Conference on Green Building, Civil Engineering and
Smart City (GBCESC 2024), Advances in Engineering Research 264,
https://doi.org/10.2991/978-94-6463-728-1_63


http://orcid.org/0009-0009-1605-9385
http://orcid.org/0009-0007-8568-0613
http://orcid.org/0009-0008-1415-6221
http://orcid.org/0009-0004-4377-6703
https://doi.org/10.2991/978-94-6463-728-1_63
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-728-1_63&domain=pdf

678 X. Zhang et al.
simulation to investigate the resistance coefficient of the flow-guide device and its

impact on the exhaust system, and to select the optimal structural parameters.

2 Local Resistance

2.1  Physical Model

The tee in the centralized exhaust system is shown in Fig. 1. The downstream duct
section is defined as the main section, the upstream vertical section as the straight
branch, and the upstream horizontal section as the lateral branch.
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Fig. 1. Schematic diagram of tee in centralized exhaust system.

The empirical formula for the local resistance coefficient of a right-angle tee is shown
in Eqs. (1) and (2) [5]:
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where &qir is the direct resistance coefficient; Q. is the flow rate of the lateral branch,
m?/s; Qs is the flow rate of the main duct, m%/s; Econ is the confluence resistance
coefficient; A, is the cross-sectional area of the lateral branch, m?; Aj; is the cross-
sectional area of the main duct, m?.

The main duct cross-section size is 500x500 mm with a wall thickness of 1.5 mm,
and the diameter of the side branch duct is 150 mm [6]. DesignModeler is used for
modeling. MESH is adopted for meshes generation.

2.2 Setting up Working Conditions

The described local system is simulated using ANSYS Fluent. The solver for the
simulation used the realizable k-¢ turbulence model. For spatially discrete formats, a
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second order upwind method is used to obtain more accurate results. The SIMPLE
algorithm is used to solve the coupled pressure-velocity problem. The air in the duct
is an incompressible fluid. Thermal pressure effects are not considered. Studies have
shown that the minimum exhaust air volume to satisfy indoor air quality is 300 m3/h-
500 m3/h [7]. Velocity inlet boundary conditions are used for both main branch and
side branch inlets, with the side branch inlet flow rate of 400 m?/h, and the straight
branch inlet velocity is inverted using the flow rate ratio and the side branch velocity.
The confluence outlet is set to pressure outlet condition with relative atmospheric
pressure of 0 Pa.

2.3  Model Validation

Compare the simulation results with the calculation results to verify the validity of the
simulation. The local resistance coefficient is calculated as Eqs. (3) and (4):
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where P is the straight branch inlet pressure, Pa; vi is the straight branch inlet flow
rate, m/s; P2 is the lateral branch inlet pressure, Pa; v» is the lateral branch inlet flow
rate, m/s; P3 is the main duct outlet pressure, Pa; v3 is the main duct outlet flow rate,
m/s. &air is the direct resistance coefficient; &'.on is the confluence resistance
coefficient.

It can be seen in Fig. 2 that the simulation results are in good agreement with the
calculated values, indicating that the results of simulation are basically correct.
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Fig. 2. Comparison of calculated and simulated results for local resistance coefficient.
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2.4  Analysis of Resistance Coefficient Results

Setting up the flow-guide device to reduce resistance is the most commonly used
method to reduce the resistance of the tee. By changing the internal structure and then
rectify the turbulent airflow, reduce the pressure loss at the component to achieve the
purpose of reducing the resistance [8], the centralized flue inside the flow-guide
device as shown in Fig. 3. Ay is the main flue cross-sectional area, An is the flow-
guide device cross-sectional area.
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Fig. 3. Cross-section of the duct

For showing the effect of An/A on the resistance characteristics more intuitively, the
height h is introduced to replace the variation of Aw/A. A total of seven conditions
were simulated with h of 50 mm, 70 mm, 90 mm, 110 mm, 130 mm, 150 mm and a
conventional tee (h=0 mm). The simulation results of the local resistance coefficients
are compared in Fig. 4.

Compared with same sized tee, the device has a greater coefficient of confluence
resistance. At smaller Aw/A and larger Q2/Qs (greater than 0.2), & decreases
significantly with increasing flow ratio.
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Fig. 4. Simulation results of local resistance coefficient

After the installation of the device, the direct resistance coefficient is mostly negative,
the exact opposite of a tee of the same size. This is due to the fact that the high
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velocity airflow is injected into the main line, as the flow-guide device reduces the
outlet area of the fluid in the side branch, increasing the flow velocity, which can be
"introduced" into the main line airflow, and presents a more remarkable effect when
the outlet area of the equipment is small, or when the velocity of flow is relatively
high. At higher heights h or higher flow ratios Q2/Qs, viscous effects in the airflow
lead to momentum transfer from the branch to the main flow [9]. This phenomenon
can be used to balance the flow velocity between branches. The exhaust air volume
close to the top is smaller, so the direct resistance coefficient of the upper layer is
larger than that of the lower layer, and the confluence resistance coefficient is just the
opposite, &on of the lower layer is larger, but the reduction of the resistance
coefficient of the upper layer also contributes to the exhaust of smoke from the lower
layer. The device is beneficial to balance the exhaust air volume. As the height h
increases, the direct resistance coefficient increases while the confluence resistance
coefficient decreases, in this case, it is necessary to simulate the smoke exhaust
system as a whole, change the structural parameter h, and analyze the simulation
results.

3 Centralized Exhaust System

3.1  Fluent Calculation Settings

Based on the above simulation, a 30-storey residential building is studied to compare
the effects of different cross-section ratios Aw/A on the smoke exhaust effect.
Dimensions of the main duct and lateral branch duct are the same as the local
component. The branch duct is 1m long. The main duct is 91m high with 3m storey
height.

When the hood is on, the inlet is set to the intake fan type (Intake fan). The
performance parameter of the hood i.e. total pressure-air velocity curve is entered
[10]. When the hood is closed, the inlet is set to the wall. The flue outlet is provided
with a backflow-proof vent cap and is set as vent type (Outlet-vent) and the resistance
coefficient is taken as & = 1.0. The wall surface is free from slip and the roughness
height is set as 1.5 mm.

P =300+6.24v-3.750" +0.161° 8 (5)

The operating rate n = 40% for users of 30-storey houses [11]. For conservative
consideration, this paper calculates n1=50% (hoods turned on at odd numbered floors),
and the rest of the settings are consistent with the above.

3.2  Simulation Results and Analysis

Fig. 5 (a) shows the distribution of static pressure at 1 = 50%, after the installation of
the device, the static pressure decreases. When the height of floor is lower, the
declines of the static pressure as h decreasing is more obvious. The top layer of the
static pressure has less change. The static pressure of the main duct all showes a trend
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of increasing first and then decreasing, the most unfavourable users of smoke
evacuation change from the bottom to the middle floors.
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Fig. 5. Comparison of system exhaust characteristics with different flow-guide devices at
N=50%. (a) Static pressure distribution and (b) Exhaust volume distribution

Fig. 5 (b) shows the distribution of exhaust air volume of each layer user, the main
purpose of the system is to ensure that the exhaust air volume of every layer user
meets the demand, i.e., the minimum volume is >300 m?h. However, too much
exhaust air volume of the user on the upper storey will lead to the increase of the
resistance of the main duct, which affects the exhaust of the user on the bottom storey,
so the exhaust imbalance rate is introduced as an evaluation index as shown in Eq.
(6). The evaluation indexes of the exhaust air volume are shown in Table 1. The
unbalance condition of case 1 is the most serious, but the minimum exhaust air
volume still meets the requirement.

J2(0-0,)"/(n-1)
B, = o

where Qi is the exhaust air volume of the ith floor of the switch-on floor, m*/h; Qave is
the average value of the exhaust air volume of all switch-on floors, m*/h.

The resistance characteristics of the system are altered by the device, as h
decreases, the unbalance rate also decreases gradually, and Q; tends to be uniform.
The minimum exhaust air volume appears in the middle storey.

Case 2 has the smallest unbalance rate, but also the smallest average exhaust air
volume discharge. When h in the range of 90-110 mm, the minimum exhaust air
volume in the system is higher and the change is small, only 2.5% lower. In case 6
and 7, compared with case 5, the minimum exhaust air volume is lower and the
unbalanced rate of smoke removal is higher. Overall, conditions 4 and 5 have the best
smoke removal effect, and it is recommended to select a flow-guide device with h
between 90-110 mm, i.e., the area ratio Ah/A is in the range of 0.061 to 0.074.

(6)
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Table 1. Indicators for evaluating exhaust air volumes

Working Max1murT1 Mmlmurr.l Average. Range Disequilibriu
condition exhaust air exhaust air exhaust air m¥h n rate
volume m*’h  volume m*/h  volume m*h

1(h=0) 646.85 392.36 476.01 254.50 0.16
2(h=50) 393.80 367.96 376.55 25.84 0.02
3(h=70) 471.93 416.34 432.01 55.59 0.04
4(h=90) 524.30 431.05 454.96 93.26 0.06
5(h=110) 571.29 442.04 475.28 129.25 0.09
6(h=130) 589.13 423.95 466.38 165.17 0.11
7(h=150) 613.59 423.34 473.56 190.25 0.13

Fig. 6 shows the static pressure distribution cloud diagram of the 14th floor users. The
static pressure at the confluence is slightly smaller than the main flue static pressure,
because the flow-guide device plays a role in the conversion of dynamic and static
pressure, the main flue area at the confluence is reduced, according to Bernoulli's
equation, the static pressure decreases as the velocity increases. The static pressure at
the confluence decreases by 0.73% when h=90 mm and it decreases by 0.66% when
h=110 mm, which is conducive to alleviating the problem of odor migration of the
users who have not turned on the machine.
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Fig. 6. Static Pressure Distribution Cloud. (a) h=90 mm and (b) h=110 mm

To further investigate the effect of the device, simulations were conducted for
different operating rates. Results are shown in Fig. 7 (a). For an equal cross-section
duct without flow-guide device, when n < 60%, users on all floors satisfy the
minimum exhaust air volume requirement; when the operating rate is up to 70%, 38%
of users do not satisfy the exhaust volume criterion. After adding the flow-guide
device, the exhaust air volume is shown in Fig. 7 (b). When h=50-110 mm, all users
the exhaust requirements. The flow-guide device improves the smoke exhaust
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capacity of the system and can meet the smoke exhaust requirements of higher
operating rates.
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Fig. 7. Distribution of exhaust air volume (a) at different operating rates of equal section flue
and (b) with different flow-guide devices at n=70%.

4 Conclusion

In this paper, the simulation study on the local resistance coefficient and the overall
smoke exhaust characteristics of the equal-section duct with and without the flow-
guide device is carried out respectively, and the conclusions are as follows:

(1) The flow-guide device confluence resistance coefficient is generally greater
than the same size tee, the direct resistance coefficient is basically negative, less than
the same size tee, can be induced on the straight branch duct at the airflow, to help the
user on the bottom exhaust the fume.

(2) Comparison of the device at different heights with quite different resistance
characteristics reveals that the direct resistance coefficient increases and the
confluence resistance coefficient decreases as the height h increases, thus requiring
simulation of the system as a whole.

(3) After installing the flow-guide device, the maximum static pressure position is
changed from the bottom storey to the middle storey, and the maximum static
pressure position is gradually shifted upward with the decrease of h (i.e., the decrease
of Aw/A), which can effectively alleviate the problem of the bottom user's difficulty in
exhausting the fume. 30-storey building should be used with the infusion device with
the size of h=90-110 mm, i.e., Ah/A is located in the interval of 0.061-0.074.

(4) The exhaust system with the device are more resilient at higher operating rates
than conventional equal-section duct.
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