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Abstract: Exhaust ventilation system with one central fan and multiple terminals has been widely 9 
used for the heat and contaminant removal in building environment. Conventional design without 10 
pressure balancing leads to uneven distribution of exhaust airflow rate among the multiple outlets. 11 
Existed balancing methods usually uses dampers (constant-air-volume valve or regulating valve), 12 
tapered duct, or varied inlet area. However, these methods result in higher fan energy consumption, 13 
or complicated construction and on-site commissioning. In this paper, a flow-guide device was 14 
developed for adjusting the pressure distribution of duct branches. This new device is integrated 15 
with the interflow Tee-junction and does not need any commissioning or regulating. The resistance 16 
performance of the device responding to the structural parameter was derived using the CFD 17 
simulation and experiment. The negative direct resistance featured by the device was found to 18 
effectively benefit exhaust at the outlets farther away from the central fan. The ductwork hydraulic 19 
model based on the Bernoulli's law of airflow and the fitted resistance correlations were further 20 
proposed to fulfill the parametric design. Finally, full-scale test was carried out for a central 21 
exhaust system installed with the flow-guide devices referring to a factory workshop with 30 heat 22 
and contaminant sources. Compared to the system without the devices, the total rate of the system 23 
increased by 25%. Discrepancy of exhaust rate decreased by 78% and uneven degree decreased by 24 
82%, which well meets the engineering balancing requirement. Meanwhile, total resistance of the 25 
system reduced 23.8% owing to the negative loss the devices bring.  26 
Keywords: Central exhaust system; Ventilation; Flow guide; Uniform exhaust; Resistance 27 
coefficient; Pressure distribution  28 
 29 

Nomenclature 30 
P    Static pressure (Pa) 31 
E    Energy Consumption of the central fan (kW) 32 
v    Velocity (m/s) 33 
Pt    Pressure head of the terminal fan (Pa) 34 
         Total pressure loss of the system (Pa) 35 
Q    Airflow rate (m3/h) 36 
L    Distance between the adjacent exhaust terminals (mm) 37 
n    Number of exhaust terminal hoods 38 

*Revised Manuscript with No Changes Marked
Click here to view linked References

mailto:gaojun-hvac@tongji.edu.cn


2 
 

A    Cross Sectional Area (m2) 1 
Re    Reynold Number 2 
K    Roughness degree of main duct (mm) 3 
a,b,c,d,e   Constants in regression formulas 4 
De    Hydraulic diameter of main duct (m) 5 
Greek Symbols 6 
g    Gravity acceleration (m2/s) 7 
ρ    Density (kg/m3) 8 

                 Direct and confluent resistance coefficient  9 
     Frictional resistance coefficient 10 
      Resistance coefficient of the elbow in branch#1  11 
     Exhaust uneven degree of the system 12 
Subscripts 13 
i    Calculation node number  14 
m    Main duct 15 
b    Branch duct 16 
d    Design Value 17 
fc    Front position along flow direction in main duct 18 
bc    Back position along flow direction in main duct 19 
ave,max,min  Average, maximum and minimum of all terminals 20 
 21 

1 Introduction 22 
The air exhaust ventilation system with one central fan and multiple terminals has been 23 

widely used for heat and contaminant removal in various types of buildings, i.e., heat extraction 24 
for train braking in subway station [1], exhaust ventilation in Chinese restaurant with multiple 25 
dining rooms, pollutant removal in an industrial workshop with multiple sources [2, 3] and so on. 26 
For those applications, pressure balancing is always required to ensure a sufficient and uniform 27 
exhaust ventilation.  28 

The air system balancing is related with duct sizing [4] in design period, and testing, 29 
adjusting and balancing (TAB) after installation is completed [5]. Traditional duct design methods 30 
for air systems include Equal friction method, Static regain method and the T-method. 31 
Equal-friction method keeps the designed ducts possessing a constant total pressure loss per unit 32 
loss [6], which is sometimes hard to achieve in real world design. Static regain method changes 33 
downstream duct sizes to obtain the same static pressure at diverging flow junctions [7], which is 34 
only applicable for supply air system. These two methods are both non-optimizing methods, while 35 
the T-method is a practical optimization method with dynamic programming procedure [8]. 36 
T-method pursues both pressure equilibrium and the least life-cycle cost, which is well applied in 37 
some factory exhaust systems[9]. Tapered central duct or varied branch duct can be adopted in 38 
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these exhaust systems [10-12] to adjust the major losses by differing the size of each duct section. 1 
Theoretically, self-balancing can be achieved using this kind of method. However, it requires 2 
complicated construction and the extra needed reduction couplings used to joint ducts with various 3 
sizes as well as the tapered duct itself could contribute to the total system resistance. Thus, 4 
uniform cross-sectional ducts are still widely applied and balancing dampers (commonly 5 
regulating valve) are necessary in these systems. Even though the self-balancing design method 6 
has been taken, dampers are still suggested due to the accuracy limitations. Therefore, except for 7 
duct sizing, regular TAB process is always required to regulate flow rates to match load 8 
requirements over full operating ranges. The most difficulty is the complex interaction between 9 
terminals[13]. Traditional methods for dampers’ adjustment are commonly target method [14, 15], 10 
which are inaccurate and time-consuming due to their inefficient trail-and-error nature in the 11 
manually regulating procedure. The outcomes largely depend on engineers’ experience. To 12 
overcome this problem, simplified way by using the ratio of the junction pressure (SPJ') to the 13 
hood static pressure (SPH') for each branch was proposed to avoid repeated velocity 14 
determinations that required before [16].Some new methods based on both theoretical calculation 15 
model and measuring feedback data have been also studied and made some improvements [17-20]. 16 
While the on-site commissioning process is still complex and costs much time and labor power 17 
especially when the number of terminal branches is excessively high. To prevent this troublesome 18 
process, some kinds of automatic regulating dampers like constant-air-volume valve is sometimes 19 
highly abused. Although they that can automatically adjust the airflow rate to the set value as 20 
pressure changes, they bring much more flow resistance and give rise to a largely higher fan 21 
energy consumption. 22 

The fan energy consumption caused by the flow resistance of ventilation and air-conditioning 23 
systems is approximately 15%-30% of the total energy consumption in some public buildings of 24 
China. [21, 22]. Many scholars have devoted to the research on resistance reduction in central air 25 
system. Tee-junction can be commonly found in duct systems and their significant resistance 26 
effect has drawn lots of attention. Gan et al[23] founded that the junction pressure-loss coefficient 27 
is dependent on the flow ratio through CFD method. For combining flows, the coefficient for a leg 28 
increases with the proportion of flow it contributes to the total flow. In some occasions, the 29 
phenomenon of negative ‘‘loss’’ coefficients occurred for turbulent branched flows through the 30 
combining junctions. Bastian et al[24] investigated this phenomenon systematically and suggested 31 
it was due to the mutual energy transfer between the two partial flows. Li et al [25] founded that 32 
the eddy and velocity shock existed in the corner of the T-junction and Y-junction leading to great 33 
resistance. A kind of arc-junction was designed and it presented that the eddy disappeared and the 34 
maximum of velocity peak declined in it. They found the arc-junction could show the lowest loss 35 
with proper curvature radius. Gao et al proposed a kind of protrusion structure[26] based on 36 
biomimicry of the branched structure of plants and furtherly made some optimization on the 37 
structure [27], resulting that the reduction rate of the local resistance in a duct tee could be as 38 
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much as 36% and 21% in two flow directions. By adding the guide vane in the proper position of 1 
the dividing flow tee, Gao et al [28] found that the resistance reduction rate reached 4.3%–263.8% 2 
under different flow ratios and different aspect ratios. Yin et al [29] experimentally found the flow 3 
loss of Tee-junction with the guide vanes at different angles in the branch duct. Haskew et al [30] 4 
studied the effect of the guide vane on an 80° elbow of a circular duct, showing that the vaned 5 
bend under reasonable setting effectively provides uniform stream, reduces cross-stream velocities, 6 
and significantly reduces total pressure losses. Sun et al [31] proposed an optimal position where 7 
the guide plates should be set in the 90° elbow of the circular duct by numerical simulation. 8 
Besides, researches on the flowing characteristics of other flow components and the optimization 9 
for resistance reduction have been also found in [32-35]. However, the loss reduction of the 10 
balancing components in central ventilation system (like constant-air-volume valve) have been 11 
less studied. Existed automatic balancing dampers still result in high fan energy consumption. 12 
Therefore, it is significant to invent a kind of balancing device with simple construction that does 13 
not need regulation or commission after design, which can replace the normal balancing dampers 14 
and do not bring extra resistance or even reduce resistance in the system. The aim of this article is 15 
to investigate the performance of the flow-guide device we developed. Both the resistance 16 
characteristic of the device and its usage in the central air exhaust system were studied. Its 17 
outstanding performance for the uniform exhaust and resistance reduction were discovered and 18 
discussed, which showed its advantages over the normal balancing devices. 19 

 20 
2 A novel T-junction with a flow-guide structure  21 

This paper proposed a novel flow-guide device that is integrated into the Tee-junction with 22 
low resistance for the balancing of central exhaust system. Fig1 shows the overall research 23 
structure of this paper. Firstly, a novel flow-guide device was proposed. Both experiment and 24 
numerical simulation were undertaken to understand the resistance characteristics of the device 25 
with different structural parameters under diverse flow ratios. Parametric design method for 26 
exhaust ventilation system installed with the devices was then proposed, combining with the fitted 27 
resistance relations of the device and the ductwork hydraulic model. Finally, the devices were 28 
applied in a real exhaust ventilation system which served for a workshop with 30 heat and 29 
pollutant sources in Shanghai. Full-scale test was carried out to validate the performance of the 30 
devices. Comparison of the total pressure loss of the system between the device and the ideal 31 
regulating valve was further discussed. The influence of major losses, which is due to friction 32 
between the airflow and internal surface of the main duct, and terminal number upon the 33 
flow-guide device system were also studied. 34 
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Fig.1 Overall research structure of this paper 1 
 2 

2.1 Development of a flow-guide structure 3 
The resistance characteristics of interflow junctions has been already widely discussed. The 4 

total pressure loss due to the combining flow mainly results from flow separation at sharp edges 5 
[36] and subsequent irreversible airflow collision in the mixing process [37], as is shown in Fig.2 6 
(a,b). While the branch flow and the main flow cross each other perpendicularly in T- or in 7 
Y-junction, the resultant airflow collision could cause intensive turbulence and great flow 8 
resistance along the main duct. In order to prevent this situation, a partial-arc structure is added at 9 
the outlet of the branch that “guides” the branch flow into the main flow without distinct collision, 10 
as shown in Fig.2(c). In this occasion, the branch flow direction ideally turns parallel to the main, 11 
which could decrease the flow collision and turbulence generation to some extent, thus achieving 12 
lower total pressure losses. Such paralleled effect reduced significantly the mutual momentum loss 13 
when the main and branch flows merged at the junction. 14 
 15 

Fig.2 Flow collision in the junctions: (a) Intensive flow collision in 90o Tee; (b) Reduced flow 16 
collision in Y-junction; (c) Ideally Paralleled flow converging through flow guider 17 

 18 
To achieve ideally paralleled combining of the main and branch flows in the junction, we 19 
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developed a flow-guide structure and added it in the junction as shown in Fig.3. The structure 1 
consists of two side panels and a quarter-arc bezel with a consecutive plane plate. The three parts 2 
encloses a flow region connecting the inflow from the branch and the outflow to the main duct. 3 
Fig.3 showed the schematic of the flow-guide device and its installation in Tee as well as the real 4 
manufactured device.  5 

 6 

Fig.3 Schematic of the flow-guide device and its installation in the T-junction: (a) Side view along 7 
the main flow direction (b) Sectional view at the main duct (c) The manufactured device 8 
 9 
2.2 Definition of resistance coefficients 10 

Given that there are different flow directions in the Tee-junction, there come with two 11 
different resistance coefficients, namely confluent and direct resistance coefficients, which are two 12 
vital parameters to describe its characteristics. The direct resistance coefficient presents the total 13 
pressure loss along the main flow direction and the confluent resistance coefficient reflects the 14 
total pressure loss along the branch flow direction in combining flow. They are defined as follows:  15 

 16 
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Where the Pfm , Pbm are the static pressure of the front and back position along the flow direction in 19 
the main duct; vfm, vbm are the velocity of the front and back position along the flow direction in 20 
the main duct; Pb and vb are the static pressure and velocity of the branch position. More details 21 
are shown in Fig.4. 22 

The resistance coefficients have been found related to two parameters of the traditional 23 
T-junction, i.e., the confluent ratio of flow rate Qb/Qm and the sectional area ratio Ab/Am. Blaisdell 24 
and Manson[38] proposed quadratic functional equations to correlate the resistance coefficients of 25 
90o T-junction to these two parameters. Other researchers [39-41] also proved that the resistance 26 
coefficients of the 90o T-junction are determined by the two ratios. Compared to a traditional 90o 27 
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T-junction, a structural parameter, the depth the device stretched into the main duct h, was 1 
introduced in the flow-guide device. This depth represents the momentum proportion in the 2 
combing flows and it is functioned as adjusting the cross-section area of the branch outlet. It 3 
means this structural parameter still indicates the effect of the sectional area ratio. In this new 4 
device, however, the sectional area ratio should be defined as Ah/Am. The resistance characteristics 5 
of the device were therefore defined under the flow rate ratio Qb/Qm and the sectional area ratio 6 
Ah/Am.. 7 

 8 

2.3 Experiment and CFD simulation for resistance coefficients 9 
To achieve the resistance characteristics of the flow-guide device, an experiment setup was  10 

established as shown in Fig4. The main duct was built with a cross-section of 450mmX550mm 11 
and the branch duct 150mmX150mm. Two valves were installed in both main and branch ducts to 12 
adjust the flow rate ratio ranging from 0.03 to 0.5. A flow rectifier was used to even the airflow in 13 
the main duct for the purpose of stabilizing measuring condition. The rated airflow and pressure 14 
head of the centrifugal exhaust fan are 4500 m3/h and 300 Pa, respectively. The flow-guide device 15 
with five different depth h as 55mm, 75mm, 95mm, 115mm, and 135mm were applied in the 16 
experiment, as well as the Tee-junction without the device. Three measuring points were chosen in 17 
the ducts, one upstream of the device, one downstream and one in the branch. Standard Pitot tube 18 
and electronic micro-manometer were used to measure the dynamic and static pressure. The 19 
measurements were repeated three times to ensure the accuracy. The resistance coefficients are 20 
calculated by Eqs. (1) and (2). 21 

 22 

Fig.4 Schematic diagram of experiment for the resistance coefficients of flow-guide devices  23 
 24 

Apart from the experiment, the computational fluid dynamics (CFD) simulation was also 25 
adopted to investigate the resistance characteristics of the flow-guide devices. The effects of 26 
turbulence models, difference differencing schemes and meshing arrangements on the accuracy of 27 
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the simulation were studied previously [42]. The standard k-ε turbulence model combined with 1 
the QUICK difference scheme and SIMPLE algorithm for coupling pressure and velocity were 2 
found to be adequate and hence used for the present work. The pressure based segregated solver 3 
and unstructured mesh were chosen.  4 

The size of the main and branch ducts was chosen the same as the experiment. The inlets of 5 
main and branch ducts were set as velocity inlet and the set values of velocity were calculated with 6 
different flow ratios according to the experiment. The main duct outlet was set as pressure outlet 7 
and the relative pressure gauge is set as 0 Pa. The device with ten different depths h, 55 mm ~ 155 8 
mm with increasing rate 10 mm, were simulated. To investigate the overall influence of the 9 
sectional area ratio Am/Ah on the resistance characteristics, different cross section of the main duct 10 
was considered in the CFD simulation, while the branch duct keeps as 150*150 mm and the 11 
structural parameter h = 85 mm. 12 
2.4 Results of resistance coefficients 13 

As is shown in Fig.5 (a,b), the simulation results agree well with the experiment data. It can 14 
be seen that the resistance characteristics changes with the flow rate ratio Qb/Qm and the sectional 15 
area ratio Ah/Am. The confluent resistance coefficient of the device is generally larger than that of 16 
normal Tee, especially in the range of small Ah/Am and large Qb/Qm. It is expected that the branch 17 
resistance of the terminals close to the central fan is to be increased with smaller Ah/Am to balance 18 
the resistance with the branches far away from the fan, and thus to help even the flow rate among 19 
all the branches. Significant low Qb/Qm occurs at the branches close the fan, the confluence 20 
resistance coefficient there will be not extremely high. In this instance, the new flow-guide device 21 
can act as a regulating valve through adjusting the structural parameter h.  22 

It is exciting that the direct resistance coefficient shows negative values under most range of 23 
different flow rate ratios, being totally opposite to the normal T-junction (see Fig. 5b). It is 24 
resulted from the high-velocity airflow being injected into the main duct, as the device narrows 25 
down the branch flow outlet. It can “introduce” the airflow of the main duct and present more 26 
significant effect when the flow rate ratio is high or the size of the device outlet is small. Fig.6 27 
presents the velocity distribution of the flow converging area near the flow-guide device. 28 
Turbulent airflow generates while the mainstream and the flow through flow guider converges, 29 
which causes that these two streams are not strictly parallel especially when the height of the 30 
device h or the flow rate ratio Qb/Qm is higher (see Fig.6d). At the outlet of the flow guider, it is 31 
observed that there exists a relatively high-velocity area. The velocity gradient gives rise to the 32 
shear flow pattern at the branch outlet. At the same time, the viscous effect in the airflow leads to 33 
the momentum transfer from the branch flow to the main flow, and thus produce the induction 34 
effect on the main flow, i.e., the negative direct resistance. Such finding is very useful for 35 
balancing flow resistance between the branches close to the fan and those far away from the fan, 36 
and thus even the flow rate among the branches. As mentioned above that the device with lower 37 
depth h used for the branches close to the fan can only increase the local confluent resistance, but 38 
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merely increase the total resistance for those far away from the fan. While the induction effect 1 
observed in this work, i.e., the negative direct resistance, help increase the driven force for the 2 
exhaust flow through far branches. In this situation, the new flow-guide device acts as some 3 
virtual booster fan in the main duct. 4 

To further examine the relationship between the resistance coefficient and the sectional area 5 
ratio Ah/Am, we extend different h to different sectional area in the CFD simulation. Fig.7 shows 6 
that the confluent resistance coefficient increases with the increment of Qb/Qm and decrease with 7 
increment of Ah/Am. It also presents that the direct resistance coefficient decreases with the 8 
increment of Qb/Qm and increase with increment of Ah/Am. It is confirmed that the variation of the 9 
resistance of the new flow-guide device is determined by the two ratios, similar to the T-junction.  10 

 11 

Fig.5 Resistance coefficients results: (a) Confluent resistance coefficient curve of the flow-guide 12 
device with different height under diverse flow rate ratio, comparing the experimental data with 13 
CFD simulation results; (b) Direct resistance coefficient curve of the device with different height 14 
and flow rate ratio; (c) Influence of the device height on the Confluent resistance coefficient; (d) 15 
Influence of the device height on the Direct resistance coefficient 16 
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Fig.6 Velocity distribution of the flow converging area near the flow-guide device. 1 

Fig.7 Influence of the section area ratio Ah/Am and flow rate ratio Qb/Qm on the resistance 2 
coefficients of the flow-guide device: (a) Confluent resistance coefficient (b) Direct resistance 3 
coefficient 4 
 5 

Surprisingly, we found that the velocity ratio of the main duct and device outlet Vm/Vh is the 6 
key parameter to determine the positive or negative sign of the direct resistance coefficient. The 7 
critical condition is that Vm/Vh =1. While the ratio is below one, i.e. the airflow injected from the 8 
device outlet to the main duct is much faster, it can “introduce” the main flow and lead to negative 9 
loss. The negative loss effect become much stronger with the velocity ratio decreasing from the 10 
critical value, for example the flow ratio Qb/Qm increases or the section area ratio Ah/Am decreases, 11 
(see Eq.3). Oppositely, the direct resistance shows positive sign and the flow-guide device would 12 
add the total pressure loss along the main duct. Therefore, in the design period, it is beneficial to 13 
make the Vm/Vh below one as much as possible. 14 
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                                  (3) 1 

Power functional fitting curve was found proper to describe the correlation between the ratio 2 
of direct resistance coefficient to flow rate ratio ξdir/(Qb/Qm) and the velocity ratio Vm/Vh 3 
(see,Eq.4). Confluent resistance coefficient ξcon is found second-order parabolic correlated with 4 
the ratio of direct resistance coefficient to flow rate ratio ξdir/(Qb/Qm) (see Eq.5). The fitted data 5 
contains all kinds of combination of the two ratios Qb/Qm and Ah/Am we studied in this paper. 6 

      
  
  
            

  
                            (4) 7 

Where a=3.679; b=0.8, Qb/Qm is in the range of 0.03-0.5 and Ah/Am is in the range of 0.03-0.1. 8 

             
  
  
            

  
  
                           (5) 9 

Where c=0.358, d=-1.902, e=1.348, Qb/Qm is in the range of 0.03-0.5. 10 
Fig.8 dipicts the power functional and the parabolic correlations discussed above, 11 

respectively, which clearly reflects the overall resistance characteristics of the new flow-guide 12 
device. By using these correlations, it becomes possible to assign suitable branch outlet size h for 13 
each exhaust terminal to achieve even flow rate without a regulating or constant-air-volume valve, 14 
which usually have significantly high maximum total pressure loss and lead to high fan-power 15 
consumption of exhaust ventilation system. 16 

Fig.8 Relationships between the resistance coefficients of the flow-guide device: (a) Power 17 
functional relationship between the ratio of direct resistance coefficient to flow rate ratio ξ18 

dir/(Qb/Qm) and the velocity ratio of Vm/Vh (b) Second-order parabolic relationship between the 19 
confluent resistance coefficient ξcon and the ratio of direct resistance coefficient to flow rate ratio 20 
ξdir/(Qb/Qm). 21 
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 1 
3 Ductwork hydraulic model for central exhaust system 2 
3.1 Mathematical model for ductwork flow  3 

To assign reasonable value of structural parameter of the device among multiple terminals to 4 
achieve uniform exhaust, we further extend the work built in Sec.2 with only one branch duct into 5 
a central exhaust system with n terminals (See Fig.9). A ductwork hydraulic model was built up 6 
based on the Bernoulli's law and airflow continuity.  7 

 8 
 9 

Fig.9 Central exhaust system with n terminals and the calculation node i of the system 10 
 11 

According to the Bernoulli's law, we can establish two equations of energy conservation for 12 
the airflow from i-1 to i and from bi to i as follows 13 

      
       

 

    
      

     
 

    
       

 

    
                           (6) 14 

      
     

 

     
       

     
 

    
       

 

    
       

     
 

     
                  (7) 15 

Where      is static pressure of the branch inlet, regarded as the atmospheric pressure of the 16 
environment;      is the total resistance coefficient at the branch bi;   .denotes the major loss of 17 
the main duct between i-1 and i, which is caused by the friction between airflow and internal duct 18 
surface and is calculated by [43]  19 

            
  
   
 
    

  
  
                          (8) 20 
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where Re is Renold Number. L is length between the adjacent branches. K is roughness degree of 1 
internal duct surface. De is hydraulic diameter of the main duct. 2 

To solve Eqs. 6 and 7, we need to take into consideration the equation of mass conservation, i.e.  3 

                                               (9) 4 

Where the exhaust airflow rate for each branch is constantly      due to the uniform exhaust 5 
pattern concerned in this work. 6 
3.2 Parametric design of flow-guide devices in the ductwork 7 

According to the ductwork hydraulic model presented in Sec. 3.1, the local losses, 8 
represented by the confluent and direct resistance coefficients, are the linchpin for balancing the 9 
branch-loop flow resistance and ensuring uniform exhaust for the ventilation system. The sectional 10 
size of main and branch duct is determined by the common hydraulic calculation, based on the 11 
farmost branch loop and the recommended velocity in duct. The confluent flow ratio at each 12 
branch is pre-specified for the uniform exhaust concerned. Therefore, the crucial parameter for the 13 
uniform exhaust design is the branch outlet height h of the flow-guide device.  14 

To fulfil the uniform exhaust, the resistance coefficients of the two adjacent devices should 15 
satisfy 16 

             
 
                                          (10) 17 

And for the first branch duct where the flow-guide device is not installed to ensure lower local 18 
flow resistance, Eq.10 should be modified into  19 

             
 
                                 (11) 20 

Where the ξcon,1 is the virtually equivalent resistance coefficient of the first branch, donated by the 21 
90°elbow connecting the branch#1 and the main duct, whose resistance coefficient is ξc. 22 
Combining Eqs. 3-11, we can organize a calculating flowchart as the following Fig.10 to 23 
accomplish the parametric design of flow-guide devices for uniform exhaust and then determine 24 
the pressure head requirement of the central exhaust fan in the ductwork. After the initial system 25 
parameters were determined, we can attain ξcon,1 and ξ1 from Eq.11 and Eq.8, which will be then 26 
substituted into Eq.10. By jointly solving the Eq.10 and Eq.5, ξcon,2 and ξdir,2 can be calculated. 27 
The ξdir,2 can be plugged into Eq.4 and solve the velocity ratio so that h2 can be determined by 28 
Eq.3. The ξcon,2 will be then used for the next calculation node, repeating the above procedure. 29 
After the iteration is completed, the distribution of h , ξcon, and ξdir can be all determined. The 30 
pressure head of the central fan Pn can be subsequently known by Eq.7 of node n. 31 
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Fig.10 Calculating flowchart for the parametric design of the flow-guide device 1 

 2 
4 Real Application 3 
4.1 Design results  4 

In order to validate the actual performance of the flow-guide device, a real-world application 5 
was chosen referring to a real central exhaust system of a factory workshop with 30 heat and 6 
contaminant sources in Shanghai. The initial information of the system is listed in Table1. The 7 
total pressure loss coefficient of the elbow in branch #1 has been pre-tested under the designed 8 
flowrate.  9 

 10 
Table1. Initial information of the real-application system 11 
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 1 

Term 
Terminal 
Numbers  

n 

Branch Design 
Flowrate  
Qd(m3/h) 

Loss Coefficient of 
Elbow in Branch #1  

ξc 

Size of the 
Branch Duct 
(mm X mm) 

Value 30 325 2.8 150 X150 

Term 
Roughness 

Degree 
 K(mm) 

Length between  
Adjacent Terminals 

L(mm) 

Hydraulic Diameter  
of the Main Duct  

De(mm) 

Size of the  
Main Duct 
(mm X mm) 

Value 0.15 3000 495 450 X 550 

 2 
According to the parametric design procedure established in Sec.3.2 , the required resistance 3 

values and the device height of each exhaust terminal were calculated. The major losses of the 4 
main duct is increasing with the increment of the total flowrate in main duct, as is shown in 5 
Fig11.a. Therefore, at the farmost terminal#1 with lowest main flowrate, the major losses is 6 
extremely small while it plays the dominant role at the nearest terminal away from the central fan. 7 
Fig11.b demostrates the direct resistance distribution of each terminals. Oppsite to the major 8 
losses along the main duct, the direct resistance shows negative value at terminals (#2-#17) and 9 
keeps relatively low positive value at the rest terminals. The negative feature is resulted from the 10 
low veloctiy ratio Vm/Vh (below 1) at far terminals, as is analysis in Sec.2.4. In this situation, the 11 
negative direct resistance help increase the driven force for the exhaust flow through far branches. 12 
The flow-guide device functions as some virtual booster fan in the main duct. These virtual fan 13 
can overcome the major losses of the main duct at the far terminals and thus present total negative 14 
loss along the main duct at the interval between terminals (#2-#8). As it is known in Eq.10, the 15 
diffence value of the confluent resistances between adjacant devices functions to offset the total 16 
pressure loss along the main duct between these two branches. Therefore, the confluent resistance 17 
fristly decreases at the section with total negative loss and then increases, as is shown in Fig11.c. 18 
It reaches the lowest value at the middle terminal #8. Thus, contrary to our anticipation, we found 19 
that the peak value of the device height is not at the farmost terminal but in the middle. Then it 20 
declined by the trend of approximately linear relation. Fig11.d dipicts the design results of the 21 
device height distribution and adopted values. As is studied in Sec.2.4, the resistance coefficients 22 
are not sensitized to the device height when the flow rate ratio is relatively low. Therefore, one 23 
single value of height may be acceptable for some adjacent devices with low flow rate ratios. Such 24 
simplification reduces the manufacturing cost. Therefore, eleven values of height are adopted in 25 
this real application system. 26 
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Fig.11 Calculation results of design process: (a) The major losses along the main duct of each 1 
calculation node (b) The direct resistance of the flow-guide device in each calculation node (c) 2 
The confluent resistance of the flow-guide device in each calculation node (d) The device height 3 
distribution of exhaust terminals  4 
 5 
4.2 Full-scale test  6 

The 1:1 full-scale test was carried out according to the information listed in Table 1. As 7 
shown in Fig12. It consists of a central exhaust fan, a main duct, 30 branch exhaust terminals, the 8 
flow-guide devices and several measuring points. Ambient air instead of real polluted gas is 9 
chosen as the flow medium in the experiment. The rated airflow rate and pressure head of the 10 
central exhaust fan are      m  h and     a. The sizes of these installed devices are chosen 11 
according to Sec.4.1. 12 
The systems with and without the flow-guide devices were both tested. The airflow rate of each 13 
terminal, the static pressure distribution along the main duct and the energy consumption of the 14 
central fan were all measured. The static pressure along the main duct and the dynamic pressure in 15 
the branch duct were measured, as well as the energy consumption of the central fan. Three 16 
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repeated measurements were conducted to ensure the accuracy. Table 3 shows the detailed 1 
information of the measuring devices used in this test. 2 
 3 

Fig.12 Full-scale experiment system: (a) Schematic diagram of the test platform; (b) Field photo 4 
 5 

Fig13 shows the static pressure distribution along the main duct and the airflow exhaust rate 6 
of each terminal. Compared to the system without the flow-guide device, the exhaust rate 7 
distribution was inclined to reach the average level, showing that the properly-designed 8 
flow-guide device can basically realize uniform exhaust. The airflow discrepancy and exhaust 9 
uneven degree are defined to evaluate the exhaust uniformity of the central air system, as follow: 10 

                                          (12) 11 

                    
    

                             (13) 12 

The detailed calculation and measurement results are presented in Table2.The airflow discrepancy 13 
is decreased by 80% and the uneven degree is reduced from 0.498 to 0.090. The exhausted airflow 14 
rate of the farthest terminal greatly increases, reaching close to the design value. Thus, the 15 
traditional problem of insufficient exhaust of the farthest terminal is solved by installing the 16 
flow-guide device. 17 

After applying the flow-guide devices, the resistance characteristic curve of the total system 18 
is greatly changed and thus the system operating point was offset. Surprisingly the total rate of the 19 
system increases from 7772 m3/h to 9717 m3/h. Meanwhile, the total pressure loss of the system is 20 
decreased by 23.8% from 191.8 Pa to 146.2 Pa. Apparently, the total flow impedance of the 21 
system declined with the flow-guide devices installed. Moreover, the test results showed that the 22 
energy consumption of the central fan decreased from 11.12 kW to 10.73 kW.  23 
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Fig.13 Test results of the systems with and without the flow-guide device: (a) Static pressure 1 
distribution (b) Airflow rate distribution  2 
 3 

Table.2 Detailed results of the test 4 
 5 

Term 
Qmax 

(m3/h) 

Qmin 

(m3/h) 

ΔQ 

(m3/h) 

Qtot 

(m3/h) 
β 

ΔPsys 

(Pa) 

E 
(kW) 

Without devices  645 115 530 7772 0.498 191.8 11.12 
With devices  391 272 119 9717 0.090 146.2 10.73 

Changing Rate  39.4% 136.5% 77.5% 25.0% 81.9% 23.8% 3.5% 

 6 

Table.3 Detailed parameters of measurement apparatus 7 
 8 

Term Type Range Error Accuracy 
Hot-wire anemometer TSI8385A  0-50 m/s       3% 0.01m/s 

Electronic micro-manometer E0-1000Pa 0-1000Pa      3% 1Pa 

Clamp on power hitester CM3286-01 0.05-632.5kw  3% 0.01kw 

 9 

5 Discussion 10 
The proposed novel design of flow-guide device in this paper could fulfill even exhaust by 11 

means of properly designing the device height. Surprisingly, the confluence resistance can balance 12 
the system well while the direct resistance at far terminals shows great negative value. The 13 
accumulation of the negative direct resistance the devices bring could make a great difference. 14 
Therefore, the new system could save the energy consumption of the central fan. Besides, the 15 
traditional systems using dampers always need a TAB process after installation, while the system 16 
balanced by the new flow-guide device does not need any adjusting process with propitiate 17 
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pre-design of the devices, which shows another superiority.  1 
Assuming that the exhaust uniformity has already satisfied in system of Sec.4 by ideal 2 

valves or flow-guide devices, the flow resistance and total pressure distribution for these two 3 
scenarios (with ideal valves versus flow-guide device) are further compared. Fig14 (a) shows the 4 
resistance along the main duct of the two scenarios. The flow resistance of the ideal valve system 5 
consists of the major losses of the main duct and direct resistance of the Tee-junction while the 6 
device system transformed the latter one into that of flow-guide device. The flow-guide devices at 7 
far terminals shows negative direct resistance and relatively lower resistance than the normal 8 
Tee-junction at the close terminals. Therefore, the flow resistance along the main duct is smaller in 9 
the device system than the ideal valve system. The section between terminal#1 and terminal #6 10 
presents pressure gain instead of loss in the flow-guide device scenario. It acts as a virtual booster 11 
fan that helps the exhaust in the main duct. Fig14 (b) shows the total pressure distribution along 12 
the central duct. The device system shows a lower total pressure loss and thus a fan with lower 13 
pressure head could be used. Approximately 35% total resistance reduction rate could be achieved 14 
comparing with the ideal valve system. 15 

 16 

Fig.14 Comparison between the systems balanced by valves and devices (a) Resistance along the 17 
main duct (b) Total pressure distribution; 18 
 19 

Take the system in Sec.4 for example, the optimum height distribution of the devices are 20 
mainly affected by the resistance coefficient of the elbow in branch#1 ξc and the frictional 21 
resistance of the main duct ξi. Fig15 (a) demonstrates the influence of the major losses along the 22 
main duct upon the device height distribution. The curve of device height drops faster from the 23 
peak with the larger major losses. While the height of the first few devices is almost the same as L 24 
changes. Fig15 (b) depicts that the resistance coefficient ξc greatly affect the initial and peak value 25 
of the device height. The two values decrease with ξc increasing. But the height of those terminals 26 
close to the central fan is not sensitive to ξc.  27 
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Although the flow-guide device shows a good potential of resistance reduction, the energy 1 
saving potential does not increase with the number of flow-guide device increasing, for the reason 2 
that the flow-guide effect would become weakened as the flow ratio decreases. We found that the 3 
resistance reduction rate would increase rapidly at the beginning and then reaches a peak value 4 
with the increment of terminal numbers n. After that, it declines slowly with n increasing. The 5 
major losses ξi and the resistance of the elbow in branch#1 ξc are found to have significant impact 6 
on the loss reduction rate. Fig15.(c) shows that larger major losses would lead to a smaller 7 
reduction rate and the peak value. However, the loss reduction rate seems to have little relation 8 
with the major resistance along the main duct when n is relatively small. Fig15.(d) tells that the ξc 9 
affects the value of terminal number that corresponding to the peak of the reduction rate. Before 10 
the peak, the reduction rate decrease with ξc increasing. While the terminal number is large enough, 11 
ξc shows less impact. 12 

 13 

Fig.15 The device height distribution and resistance reduction rate comparing to the ideal valve 14 
system: (a) Influence of the distance between adjacent branches L on the height distribution; (b) 15 
Influence of the resistance coefficient ξc on the height distribution (c) Influence of L and Terminal 16 
Number n on the resistance reduction rate; (d) Influence of ξc. and terminal number n on the 17 
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resistance reduction rate;  1 
 2 
6 Conclusion  3 

A novel flow-guide device is developed for uniform exhaust in central exhaust ventilation 4 
system. This device is integrated in the converging Tee-junction with a partial-arc structure, which 5 
is added at the outlet of the branch that “guides” the branch flow to the main flow without distinct 6 
collision. Experimental studies and numerical simulations are both conducted to understand its 7 
resistance characteristics. It is found the new flow-guide device can function as a regulating 8 
damper through adjusting the structural parameter h. We further extend the work with only one 9 
branch duct into a central exhaust system with multiple terminals. The ductwork hydraulic model 10 
is established according to the Bernoulli’s Law and flow continuity. Combining with the 11 
regression formulas of the device resistance coefficients, a parameterized design method is built 12 
up to determinate the structural parameter of the devices applied in each terminal. A real-world 13 
application referring to a factory workshop with 30 heat and contaminant sources in Shanghai is 14 
adopted to explore the performance of the devices. Based on the current study, several conclusions 15 
could be summed up in this paper as below: 16 

(1) The resistance characteristics of the flow-guide device changes with the flow rate ratio of 17 
flow rate Qb/Qm and the sectional area ratio Ah/Am. The confluent resistance coefficient 18 
increases with the increment of Qb/Qm and decreases with increment of Ah/Am. While the 19 
direct resistance coefficient shows the opposite feature. 20 

(2) When the velocity ratio Vm/Vh is below 1 as the device narrows down the branch flow 21 
outlet, the direct resistance presents negative value due to the high-velocity airflow being 22 
injected into the main duct. In central exhaust system, the negative direct resistance of 23 
the flow-guide devices help increase the driven force for the exhaust flow through far 24 
branches.  25 

(3) The flow-guide device can act as a regulating valve through adjusting the height h of the 26 
device to realize uniform exhaust that meets the engineering requirements. In the 27 
real-world application, the exhaust ventilation rates for all terminals got close to the 28 
design value after applying the flow-guide devices. Except for improving the exhaust 29 
uniformity, the total airflow rate of the system increased by 25% while the total flow 30 
resistance of the system decreased by 23.8%, which showed that the flow impedance of 31 
the system declined after the flow-guide devices installed. 32 

(4) Comparing to the system balanced by ideal valve, approximately 35% total resistance 33 
reduction rate could be achieved by the flow-guide device. Besides, system using normal 34 
regulating dampers need a TAB process after installation, while the system balanced by 35 
the flow-guide device with proper pre-design does not need any commissioning or 36 
regulating process. 37 

(5) With the terminal number increasing, the resistance reduction rate would firstly increase 38 
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rapidly at the beginning. After reaching a peak value, it declines slowly and the major 1 
losses of the main duct is found to have significant impact.  2 
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