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Abstract: We focused mainly on a uniform air flow distribution design strategy for a multi-perforated air supply duct with a
multi-blade opposed regulation damper. This design is especially required in tunnel transverse ventilation systems, in which a
uniform air flow distribution is needed to dilute vehicle exhaust gases or vehicle emissions to acceptable concentrations. First,
local resistance coefficients arising when air flows out of the duct through the damper were investigated by means of dimensional
analysis and computational fluid dynamics (CFD) simulation, and a mutual authentication was performed with 3D and 2D sim-
ulation results. This revealed that the ratio of the velocity in the duct and the damper, and the blade opening angle are the two main
factors affecting the resistance coefficient. Second, theoretical analysis based on Bernoulli’s equation was implemented to estab-
lish the relationship between the local resistance coefficient and the pressure drop. Based on the simulation results, a uniform air
flow distribution design strategy corresponding to the opening angle adjustment was obtained. Finally, a calculation case study
was carried out, and sufficient consistency between the theoretical and numerical calculation results was achieved, verifying the
reliability of the design strategy.

Key words: Multi-perforated duct; Computational fluid dynamics (CFD); Flow resistance; Uniform flow distribution; Transverse
ventilation
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1 Introduction al., 2001). In road tunnel engineering, uniform dis-

tribution of air throughout the length of the tunnel is

Uniform air flow distribution is an important and
fundamental issue for many types of equipment and is
required especially in many engineering fields, such
as in air conditioning systems (VanGilder and
Schmidt, 2005), heat sinks for electronic devices in
cooling systems (Kim et al., 1995), piping systems
(Ascough and Kiker, 2002), chemical reactors
(Kareeri et al., 2006), and nuclear reactors (Wang et
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especially needed to dilute vehicle exhaust gases or
emissions to acceptable concentrations in a transverse
ventilation system (we use this term in this study to
include both transverse and semi-transverse ventila-
tion systems). In a transverse ventilation system, a
purpose-built air supply duct runs along the length of
the tunnel, with discrete openings into the tunnel at
intervals along its length, and each of these openings
is fitted with a motorized damper (Lesser et al., 1987;
Li and Chow, 2003). The purpose-built air supply
duct is a kind of multi-perforated duct.

A multi-perforated air supply duct indicates an
air flow channel with a closed end and equally spaced,
uniformly sized side orifices installed on the surface
of the channel. The area of each orifice is usually
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quite small compared with the channel surface. Apart
from tunnel engineering, multi-perforated ducts are
widely used in a lot of other industries, such as med-
icine, chemistry, and agriculture. That is because they
can play the role of a flow divider capable of ejecting
flow through the orifices (EI Moueddeb et al., 1997,
Kareeri et al., 2006; Foust and Rockwell, 2007). Due
to changes of pressure in the longitudinal direction
(flow direction), the discharge angles and flow rates
of the stream released from the orifices are known to
differ at each location (El Moueddeb et al., 1997;
Chen and Sparrow, 2009a; Singh and Rao, 2009). To
achieve uniformity of air flow in a multi-perforated
duct, i.e. a uniform flow rate among orifices, two
strategies are often adopted. One is to ensure a con-
stant static pressure in the whole air supply duct by
appropriate adjustment of the cross section of the duct
along the longitudinal direction. Ye (2017) developed
a systematic design method to realize a uniform air
flow distribution with this strategy. The other is to
maintain a constant cross section along the duct and
adopt a different opening ratio for the orifices at dif-
ferent locations. As for tunnel ventilation systems,
considering the immense length of the air supply duct
and the limited clearance area of the tunnel, the latter
strategy is always selected. A lot of work has been
done on the flow distribution and pressure character-
istics of constant cross section multi-perforated ducts.
Lee et al. (2012) investigated the influence of orifice
configuration on exit flow characteristics. Chen and
Sparrow (2009a) performed an analytical and ex-
perimental study of the characteristics of the flow rate
distribution using multi-perforated tubes where rec-
tangular orifices were installed. El Moueddeb et al.
(1997) represented the flow rate distribution charac-
teristics in multi-perforated tubes with orifices of
various shapes as a 1D equation using the internal
static pressure. Some investigations (Ibukiyama,
1957; Jo et al., 2017) focused on a systematic design
method for realizing a uniform air flow distribution
by regulating the opening ratio of orifices in tunnel air
supply ducts with a constant cross section. However,
all these studies considered only the orifice configu-
ration (shape, pitch, and size). The structure of the
orifice was rarely considered, especially for air supply
ducts in tunnel engineering.

Multi-blade opposed regulation dampers are
specifically engineered for gas turbine exhaust ap-

plications, in which precise flow control is required.
Standard actuators include pneumatic, electric, hy-
draulic, and manual systems. This kind of damper can
be directly installed on the air duct, and the outflow
can be conveniently and flexibly adjusted by setting
different blade opening angles. Thus, this damper can
play an important role in a tunnel transverse ventila-
tion system to achieve effective air flow control. In
this study, we aimed to develop a uniform air flow
distribution design strategy in a multi-perforated air
supply duct with a multi-blade opposed regulation
damper. Both the computational fluid dynamics
(CFD) simulation method and theoretical analysis
were implemented to investigate the air flow through
a three-blade opposed regulation damper to determine
the flow resistance coefficients corresponding to the
opening angle. The results of this investigation will be
helpful in the preliminary design of tunnel transverse
ventilation systems.

2 Flow resistance through a multi-blade
damper

2.1 Multi-blade opposed regulation damper

Multi-blade opposed regulation dampers are
specifically engineered for gas exhaust applications,
in which precise flow control is required. They can be
installed directly on the air duct, and the air volume
can be adjusted conveniently and flexibly by chang-
ing the opening angle of the blade. The most common
actuators include electric and manual systems. The
shape of the damper is shown in Fig. 1.

The height of the damper generally ranges from
0.22 m to 0.25 m, and a blade usually has a width of
nearly 0.20 m. Under most circumstances, dampers
are galvanized to be capable of working under quite
high temperatures, which is of great significance for
tunnel smoke exhaust in fire situations.

In a tunnel transverse ventilation system, the
damper size chosen depends on the air volume re-
quirement for unit length of the tunnel and the interval
of dampers, because both the minimum and maxi-
mum velocities that flow out of each damper at its
maximum opening ratio should be restricted. Under
such conditions, dampers of a size close to or smaller
than 0.6 m”are always adopted in transverse ventila-
tion system designs (Ibukiyama, 1957). Therefore, in
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this study, a three-blade damper was taken as the
analysis object to give the investigation on the best
universality. The dimension parameters of the damper
are listed in Table 1.
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Fig. 1 Multi-blade opposed regulation damper
(a) Blades closed; (b) Blades open

Table 1 Dimension parameters for the investigated
damper

Parameter Value Parameter Value
Damper length (m)  0.60 | Damper width (m)  1.00
Blade quantity 3 | Blade width (m) 0.20
Damper height (m)  0.25

2.2 Analysis of the air flow in the duct with the
damper

A schematic diagram of an air supply duct with a
three-blade damper is shown in Fig. 2. In the figure,
6 is the opening angle of the blade, 4 and a are the
areas of the duct and damper, respectively, and /" and
v are the air flow velocities of the duct and damper,
respectively.

Applying Bernoulli’s equation between a duct
(section 1) and an outflow (section 2), a balanced
equation can be obtained as

P+2y2=p+Ly 1222 AP, (1)
2 2 2

where P, and P, represent the static pressures of sec-
tions 1 and 2, respectively, p is the air density, ¢ is the

local resistance coefficient arising when air flows out
of the duct through the damper under an opening
angle of 6, and APs is the pressure drop caused by
frictional resistance.

In this investigation, for simplicity and consid-
ering the short distance of the flow path, frictional
resistance was not taken into account. A deformation
of Eq. (1) leads to the expression for the local re-
sistance coefficient &
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Fig. 2 A schematic representation of a duct with a damper

2.3 Flow resistance of the damper

The local resistance coefficient is a dimension-
less quantity related to the shape of the local obstacles
and the Reynolds number. At low Reynolds numbers,
especially for a laminar flow, the local resistance
coefficient can be greatly affected by the Reynolds
number. However, when the Reynolds number is high,
it has little effect on the local resistance coefficient
(Yu, 2013). In this investigation, we focused mainly
on viscous flow within a high Reynolds number,
ranging from 1x10° to 5x10°. Thus, we characterize &
only as a function of the velocity ratio (v/V) and
opening angle (6):

§=f(%,9]. 3)

CFD simulation with Fluent 15.0 was taken as
the analysis method to determine how these two fac-
tors affect & To make the simulation results more relia-
ble, both 2D and 3D models were built (Fig. 3), to
enable mutual authentication. Both models consist
three parts: an air supply duct, a three-blade damper,
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Fig. 3 Representation of CFD models and the mesh scheme
(a) 3D model; (b) 2D model; (c) Mesh refinement scheme

and a drainage tube. The drainage tube is used to
monitor the static pressure in the outflow section. In
the 3D model, the duct is 300-m long, 6-m wide, and
2-m high; the drainage tube is 60-m long, 1-m wide,
and 0.6-m high. In the 2D model, the height of the
duct was set as 1.5 m to match the hydraulic diameter
with the 3D model. For both models, the lengths of
the duct and drainage tube were set as 60 times the
length of the corresponding hydraulic diameters to
avoid the influence of flow entrance boundary condi-
tions (Ji et al., 2010). The two models were imple-
mented with the same mesh refinement scheme: the
grids were refined within 30 m and 10 m of the
damper in the duct and drainage tube, respectively.
Selecting an appropriate turbulence model is
vital for numerical simulation of air flow through the
damper by means of the CFD method. The k-¢ tur-
bulence model is known to be able to make relatively
accurate calculations in the event of big changes in
curvatures of streamlines, at the same time being
suitable for rotation and the flow field of recirculation.
So, it is natural to start with the original k-& model
because of its many successful applications (Chen
and Sparrow, 2009b; Farajpourlar, 2017). There are
three kinds of k-¢ models: renormalized group real k-¢
(RNG), realizable k-¢ (REAL), and standard k-¢. In

this study, we compared these three models and found
that the REAL model provided the best convergence
property. So, it was chosen for the numerical simulation.

To compare the 3D and 2D methods, four dif-
ferent velocity ratios (0.2, 0.3, 1.0, and 1.5) were
simulated. The opening angle 6 was fixed at 60° and
the entrance velocity was 8 m/s for each simulation.
The velocity vector distribution fields for the different
velocity ratios are shown in Fig. 4. Using Eq. (2),
local resistance coefficients of the series of simula-
tions were calculated (Fig. 5).

According to Figs. 4 and 5, simulation results
from the 2D and 3D methods fit well, showing that
both methods are feasible to determine the resistance
coefficients. Based on these results, the air flow in the
duct with the multi-blade damper under velocity ra-
tios ranging from 0.1 to 16.7 and opening angles
ranging from 22.5° to 90° was simulated with the 2D
method. The local resistance coefficients were cal-
culated (Table 2).

Following the analysis of the data in Table 2, the
following conclusions were drawn:

1. When the opening angle 0 is constant, the lo-
cal resistance coefficient ¢ tends to increase as the
velocity ratio v/V decreases. This is especially obvious
when v/V is small.
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Fig. 4 Velocity vector distribution fields for different velocity ratios
(a) 3D method, v/F=0.2; (b) 3D method, v/V'=0.3; (c) 3D method, v/V'=1.0; (d) 3D method, v/F'=1.5; (e) 2D method, v/V'=0.2; (f)
2D method, v/V=0.3; (g) 2D method, v/V=1.0; (h) 2D method, v/V’=1.5

Table 2 Local resistance coefficients under different opening angles and velocity ratios

Resistance coefficient &

o 6=90°  6=78.75° 6=67.5° 0=56.25° 6=50.625° 6=45° 6=39.375° 6=33.75° 0=28.125° £=22.5°
16.7 0.741 1.10 2.00 6.09 10.7 19.4 36.7 73.0 156 403
10.0 0.757 1.12 1.94 6.10 10.7 19.4 36.7 73.0 156 403
5.0 0.842 1.19 2.07 6.17 10.7 19.5 36.8 73.2 157 403
2.5 1.07 1.44 2.30 6.43 10.9 19.6 37.1 73.6 157 403
1.3 1.79 2.11 2.12 7.29 12.0 20.7 38.3 75.0 159 408
0.6 4.01 4.25 4.72 10.7 15.9 253 42.9 80.2 164 419
0.5 5.70 5.63 6.16 12.0 17.3 26.5 46.1 82.7 168 421
0.4 8.12 7.86 8.01 13.7 19.0 27.9 45.8 82.9 171 424
0.3 1.1 10.4 11.1 15.5 21.0 30.2 47.4 84.8 170 429
0.2 27.8 28.4 29.8 32.1 342 44.8 62.5 97.6 182 492
0.1 106 105 105 108 109 112 126 161.9 250 574
35 2. When the velocity ratio v/V is constant, & tends
ol to increase as the opening angle 6 decreases. This is
w especially obvious when 6 is small.
:é Br . Do 3. When v/V>2.5, & under each opening angle
”g 20 « 30 method s1tuat19n tends to be a constant Va¥ue, which reveals
8 | . that & is related only to the opening angle 6 when
g v/V>2.5.
E:‘? 10 4. When v/V is close to 0.1, curves for & corre-
sl e . sponding to opening angles <45° approach each other.
Based on the analysis above, curves for £ under
00.0 . 0?2 . 014 . 0:6 . 0?8 . 1To . 112 . 1:4 . 16 the conditions 02450 and 6<45° were plotted, re-

Velocity ratio v/V

Fig. 5 Comparison of local resistance coefficients ob-

tained from 3D and 2D methods

spectively (Figs. 6a and 6b).
According to Fig. 6, when v/V<2.5, the re-
sistance coefficient curves respond differently under
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the conditions of large or small opening angles as the
velocity ratio decreases:
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Fig. 6 Local resistance coefficient curves for v/} ratios
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(a) Curves for large opening angles; (b) Curves for small
opening angles

1. The growth pattern of curves for large opening
angles (6>45°) can be divided into three phases: a
slow growth phase (phase 3, 0.6<v/)'<2.5), a quicker
growth phase (phase 2, 0.3<v//’<0.6), and the quick-
est growth phase (phase 1, 0<v//’<0.3). In the quickest
growth phase, the curves gradually approach each
other and confluence is achieved when v/V is close to
0.1. We conclude that when v/V is quite small, i.e.
close to 0.1, £ is related only to the velocity ratio v/V.

2. The growth pattern of curves of small opening
angles (6<45°) can be divided into two phases: a slow
growth phase (phase 2, 0.3<v/F<2.5) and a quick
growth phase (phase 1, 0<v/1<0.3).

The above conclusions can be explained as fol-
lows: Changes in flow direction and section contrac-
tion and expansion are the main causes of pressure
loss for air flow through the damper (Oliveira and

Pinho, 1997; Kalpakli and Orlii, 2013). The pressure
loss caused by a change in flow direction is closely
related to the flow rate in the duct, while the loss
caused by section change depends only on the flow
rate through the damper and the opening angle. Thus,
when the velocity ratio v/V is quite large, the pressure
loss depends mainly on the section change; as the
flow rate increases within the duct, pressure loss
caused by the change in flow direction starts ac-
counting for more of the total pressure loss and
eventually becomes the dominant factor.

3 Design strategy for uniform air flow
distribution

3.1 Static pressure distribution in the duct

In a tunnel transverse ventilation system, there is
an air supply duct with numerous dampers and a
closed end. A fixed amount of fresh air flows into the
duct from the entrance and flows uniformly out of the
duct through the dampers. The dampers are numbered
from the end of the duct. The air supply system is
illustrated in Fig. 7.

Since the amount of air flowing out from each
damper is the same, the air flow velocity in the air
supply duct decreases linearly, and its distribution in
the air duct can be expressed as

Vs )

where L represents the length of the duct, V) is the air
flow velocity at the entrance, V, is the velocity at a
position that is x meters away from the end of the duct,
and the subscripts refer to the positions related to the
values.

‘_\_\_v |‘__}a__x_+\ X)

| L

EE—
N (N=1# (N-2)# (N-3)# (N-4)# N 2% 1# J
v

Fig. 7 Schematic diagram of an air supply system in a
tunnel transverse ventilation system

Selecting the damper that is x meters away from
the end of the duct as an analysis object, two sections
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with an interval of dx are located in the upstream and
downstream directions of the damper, respectively. A
Bernoulli equation can be established between these
two sections:

2 VZ 2
LAV APV gt o P

T2 4 2 2
(v, +dr,y ©)
=Px+dPX+p x2 u .

where P, represents the static pressure of the section
in the upstream direction, dP, and dV, are the varia-
tions in static pressure and velocity between the two
selected sections respectively, d is the hydraulic di-
ameter of the duct section, A is a frictional factor, and
o is the local resistance coefficient along the duct air
flow direction caused by the damper.

Combining Eqs. (4) and (5), the static pressure
variation dP, can be expressed as

2 2 VZ
dpP. :i.ﬂ.x_zdx_pyxdyx +a'0_x' 6)
Sd 2 L 2

Integrating both sides of the formula from a
range of zero to x, we can obtain a formula to calcu-
late the static pressure difference between the selected
section and the closed end of the duct:

X 2
R_R):[ﬂ_ljpl/ J’a&. (7
' d ) 2 30 2

When the ratio of the outflow from the damper to
the flow inside the duct is less than 0.2, which is quite
common in an air supply duct, a is only from 0.02 to
0.03 (Rong et al., 2010). So, the last term of Eq. (7) is
usually negligible. Thus, Eq. (7) can be amended as

Ax sz
P=P+ —-1 8

Eq. (8) shows that the minimum static pressure
within the air duct is not located at the end of the air
duct. According to energy conservation, part of the
dynamic pressure loss is converted into a static
pressure increment, while the loss caused by the local
and frictional resistances transforms to other forms of

energy. As a result, there is a balance point between
these two kinds of energy conversion, and the specific
location of the minimum static pressure is related to
the frictional factor A and hydraulic diameter d.

3.2 Strategy for opening angle regulation

Assuming that the interval between two dampers
is /, and the first damper is half the distance away
from the closed end of the duct, then the distance x,
between the closed end of the duct and the damper
numbered # can be expressed as

x ==_L )

where N represents the total number of dampers.
Combining Egs. (8) and (9) provides a formula to
calculate the static pressure at each damper position:

2

PP+ l(nL ijl-ﬂnVN .
3d\N 2 2\ N

Taking Eq. (10) back to Eq. (1) and replacing P;

with P,, the relationship between the static pressure
inside and outside the duct is given by

E[.}.Bﬂ
2\ N

In a tunnel transverse system, P, refers to the
static pressure in the tunnel at the damper position,
and is related to traffic, meteorological parameters,
and the structure of the tunnel. To precisely determine
P. is complex, but it is usually quite small when
compared with the static pressure inside the duct.
Thus, in a primary design stage, P, is always taken as
zero, i.e. the same to the barometric pressure. Based
on this concept, a formula to calculate the local re-
sistance coefficient &, can be obtained as

2
VN) . (12)

P+iE_££ ﬁ
3d\ N 2)2 \N

According to Eq. (12), to calculate the local re-
sistance coefficient, the static pressure Py at the end of
the duct must be determined first. Two points need to
be considered in determining Py.

(10)

pz
P+&EVv L
éZZ 2

(11)

(& +1)Z
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1. Meeting the minimum pressure difference
requirement

As revealed by Eq. (8), there is a minimum static
pressure position within the duct that leads to the
smallest pressure difference between the two sides of
a damper. The number of the damper located at the
minimum pressure position, zy;,, can be determined
as

n. =(ﬂ+£)£ (13)

A 2JN

The static pressure at that damper position is

2
Y R LU SR OV AT
’ 3d\ N 2 2\ N

To effectively implement air supply, Pmin
should be large enough to overcome the flow re-
sistance caused by the damper. This can be expressed
as

2(Pn,min

_Pe +p I/)"z,min_v2
ool ), .

(15)

The local resistance coefficient &y, can be de-
termined in advance according to the largest opening
angle and the velocity ratio in the primary design
stage.

2. Convenient adjustment of the opening angle

In a tunnel transverse ventilation system, the
velocity ratios at the entrance region of the duct are
usually small (close to 0.1). In this circumstance, a
small static pressure difference between the two sides
of the damper will lead to a large opening angle
(6>45°) design, according to Table 2 and Fig. 6.
However, curves for large opening angles are too
close to allow selection of the right opening angle for
design. Eq. (8) reveals that the pressure difference
between two sections in the duct depends only on the
entrance velocity. So, in the design of uniform air
flow distribution, the pressure at the closed end
should be large enough to ensure that the entrance-
region opening angle design complies the small
opening angle curves.

The analysis above provides a clear design
strategy for uniform air flow distribution in tunnel

transverse systems, which can be reduced by: (1)
Designing the basic parameters for the air supply duct
(including the interval of the dampers) and deter-
mining the velocity ratios for dampers at each loca-
tion; (2) Calculating the static pressure distribution
along the duct; (3) Ascertaining the position and the
corresponding damper where the minimum static
pressure is located, and assigning the opening angle
for the damper; (4) Selecting an appropriate static
pressure for the end of the duct, and calculating the
local resistance coefficient at each damper position;
(5) Combining the calculated results with Table 2 and
Figs. 6 and 7 to determine the opening angle for each
damper through a method of interpolation.

4 Design case

To verify the reliability of the opening angle
design strategy, a 600-m air supply duct was taken as
a design case. Dampers with a length of 0.6 m and
width of 1 m were installed on the duct, and the in-
terval was set as 20 m. The hydraulic diameter of the
duct is 4 m, the air density is 1.225 kg/m’, and the
frictional factor is 0.042. Assigning the fresh air re-
quirement per unit length of tunnel as 0.024 m’/s, the
entrance velocity is 7.2 m/s. After many trial calcula-
tions, both the minimum pressure difference re-
quirement and the convenience of the opening angle
adjustment were satisfied when taking 10 Pa as the
duct end static pressure. In this design case, every
three consecutive dampers were designed to have the
same opening angle.

With the information given above, the static
pressures at each damper position were first calcu-
lated, and then with a combination of velocity ratios,
local resistance coefficients were obtained. Opening
angles (Table 3) were finally designed by means of
interpolation.

To verify the calculation results, a CFD method
was also carried out. With the designed opening an-
gles, a 2D model was built, as presented in Fig. 8. In
this model, boundary layer grids with a thickness of
0.004 m were appended to both edges of the duct, and
denser grids were applied in regions (+0.25 m) around
each damper. With trial simulations, the roughness
height and roughness constant were set as 0.026 m
and 0.8, respectively, as these values led to a
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satisfactory consistency with the assigned frictional
factor. Numerical and theoretical results for static
pressure and velocity distributions were compared
(Figs. 9 and 10). To quantitatively analyze the accu-
racy of the design results, the root mean square error
(RMSE) was calculated. The RMSE is the square root
of the average of squared errors, and is sensitive to
differences between two samples of data, especially
when outliers exist. In general, a lower RMSE is
better than a higher one, and a value of 0 (never
achieved in practice) would indicate a perfect fit to
the data. The RMSE was calculated as

(16)

where m is the number of data in each sample and d;
represents the difference between a predicted value
and an observed value.

The calculated RMSE values were 1.12 Pa for
static pressures and 0.0083 m/s for velocities at each
damper position. In view of the scale of the numbers
analyzed, both these errors are acceptable.

Table 3 Opening angle design list

No. Distance to the ~ Velocity  Static pres-  Local resistance ~ Velocity ratio Opening an- Applied
duct end (m) (m/s) sure (Pa) coefficient &; vV, gle 6 (°) dampers

2# 30 0.48 9.87 24.69 1.67 43.09 1#-3#

S# 90 1.20 9.40 25.51 0.67 44.55 4#-6#

8# 150 1.92 8.93 27.87 0.42 44.78 TH-9#

11# 210 2.64 8.87 32.77 0.30 44.44 10#-12#

14# 270 3.36 9.62 41.25 0.24 43.54 13#-15#

17# 330 4.08 11.58 54.32 0.20 41.85 16#-18#

20# 390 4.80 15.15 73.00 0.17 39.15 19#-21#
23# 450 5.52 20.73 98.32 0.14 36.23 22#-24#
26# 510 6.24 28.72 131.29 0.13 33.86 25#-27#
29# 570 6.96 39.52 172.94 0.11 31.50 28#-30#
(a) (b)
Fig. 8 Model for the design case
(a) Model for the whole duct; (b) Local mesh refinement
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Fig. 9 Comparison of static pressure distribution
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Fig. 10 Comparison of velocity distribution
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5 Conclusions

A uniform air flow distribution is especially
needed to dilute vehicle exhaust gases or emissions to
acceptable concentrations in tunnel transverse venti-
lation systems. However, few investigations have
focused on this field. Multi-blade diverter dampers
are engineered specifically for gas exhaust applica-
tions and can be directly installed on an air supply
duct. Air flow volume adjustment can be adjusted
conveniently and flexibly with the damper just by
setting different blade opening angles. This study
focused mainly on the uniform air flow distribution
design of a multi-perforated air supply duct with a
damper. The aim was to achieve a uniform outflow
distribution at each damper position along the duct.

Both 2D and 3D CFD simulation methods were
carried out to investigate how the ratio of the velocity
in the duct to that flows through the damper, and the
blade opening angle affect the local resistance coef-
ficient & arising when air flows out of the duct through
the damper. Simulation results revealed that: when
v/V>2.5, ¢ is related only to the opening angle 8; when
v/V<2.5, ¢ caused by large opening angles (6>45°)
and small opening angles (6<45°) show different
growth patterns as the velocity ratio decreases; when
v/V is close to 0.1, & caused by large opening angles is
related only to the velocity ratio v/V.

With the simulation results, theoretical analysis
based on the Bernoulli equation was implemented to
establish the relationship between the local resistance
coefficient and the opening angle. Finally, a uniform
air flow distribution design strategy corresponding to
the opening angle adjustment was obtained. In addi-
tion, a sufficient consistency between the theoretical
and numerical calculation results in a design case
verified the reliability of the strategy.

This investigation is helpful in the preliminary
design of tunnel transverse ventilation systems and
similar projects. However, more work is still needed
to provide a comprehensive design strategy.
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