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ABSTRACT: In this study, ventilation flow rate and pressure rise through a tunnel are sim-
ulated numerically using computational fluid dynamics (CFD) for various conditions such as
roughness height of the surface of tunnel, swirl angle and hub/tip ratio of jet fan, and en-
trance and exit effects. By using a modified wall function, friction factor can be predicted
with respect to the Moody chart within 10% of error for the circular pipe flow and 15% for
the present tunnel. For more accurate design, the effect of the swirl angle and hub/tip ratio
of jet fan, which is not included in the theoretical equation of pressure rise by jet fan needs

to be considered.

Nomenclature

: exit area of jet fan [m?

~.

. equivalent frontal area of vehicle {m?]

: cross sectional area of tunnel [m?]

Y
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. coefficient In equation of turbulence
model, 0.09

: displacement thickness [m]

. diameter of jet fan, 1.25 {m]

. diameter of tunnel, 8.69 [m]

: turbulent kinetic energy [m?/s?]

> number of vehicles

SRR

! number of jet fan
A4P; . pressure rise by a jet fan [Pal
AP, : pressure rise by vehicles [Pal

APyrw © pressure loss by natural wind [Pal
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4P,

Ryw/ Ry,
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: pressure loss by friction of tunnel

wall [Pa]

. exit flow rate of jet fan [m’/s]
: hub/tip ratio of jet fan

: exit velocity of jet fan [m/s]

: wind velocity [nv/s]

! air velocity in tunnel [m/s]

. non-dimensionalized velocity at wall,

(u— uwall)/ur

: wall friction velocity [m/s]
: velocity of vehicle [m/s]

. non-dimensionalized distance from

wall, pCL/4 B2y

: roughness height [m]

Greek symbols

. friction coefficient of tunnel
: von Karman constant, 0.42

. viscosity [kg/(m-s)]
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o : density [kg/m®]

7 : jet fan performance efficiency, 0.9
72 . wall friction efficiency, 0.8

73 . longitudinal distance efficiency, 1.0
ge . entrance loss coefficient, 0.6

1. Introduction

The air pollution concentration in road tun-
nels is considerably high due to the exhaust
gas of vehicles. Relatively short tunnels can be
efficiently ventilated by moving vehicles only.
For most long tunnels, however, it is insuffi-
cient and thus longitudinal ventilation system
by jet fans is generally adopted.

Many researches on the tunnel ventilation
have been performed, especially on the jet fan
installation efficiency and pressure rise by the
jet fan. In general, the distance from the tun-
nel wall to the jet fan is known to have the
most significant effect on the pressure rise
through the tunnel. Martegani et al.,m however
showed that the swirl angle of the jet and
hub/tip ratio are also dominant parameters for
the installation efficiency of jet fan through
their experiments. Also, Saika et a? performed
the experiment measuring the ventilation ve-
locity through the tunnel and the exit velocity
of jet fan in the actual tunnel. They examined
the relation of the pressure rise through the
tunnel and showed that the design equations
are appropriate for estimating the pressure rise.

Recently, with the development of CFD, many
numerical simulations are being carried out on
the ventilation flow through the tunnel.®® In us-
ing CFD, inappropriate conditions for the bound-
ary, the geometry or the installation of fan may
cause large discrepancies from the actual values.
For example, the ventilation flow rate is af-
fected by the roughness height of the tunnel
wall, the geometry of tunnel entrance, the pres-—
sure at the exit of tunnel, the swirl angle of
jet fan, hub/tip ratio, and performance of jet

fan, etc. Therefore, to obtain the quantitatively
appropriate simulation result, it is necessary to
examine the effect of various parameters men-
tioned above on the flow rate.

In the present study, numerical simulations
are performed to study the effect of various
parameters that affects the ventilation flow rate
through the tunnel. The capability of applying
numerical simulation is examined by comparing
the flow rate obtained from the numerical sim-
ulation and the theoretical design equation.

2. Numerical simulation

Simulations are carried out for a straight
double lane tunnel. The length of the tunnel is
205km and the cross sectional area 755m’.
Total of 6 jet fans, whose diameter is 1,250
mm, length 4.8 m, and exit velocity 30 m/s, are
installed by pair at 3 sections. The first sec-
tion is located 160 m away from the entrance
and the longitudinal distance between each sec-
tion is 160 m. At each section, the distance be-
tween the centers of two jet fans is 1.22 Dy

and the gap between the tunnel wall and the
jet fan is 05D,. Figures 1 and 2 show the
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Fig. 1 Cross-sectional view of tunnel.



180 Sa Ryang Kim, Nahmkeon Hur, Youngil Kim, Ki-Jung Kim

2,050 m

FLOW DIRECTION -———s
7 yd
\ /o
Jet Fan Tunnel

Fig. 2 Planar view of tunnel and installed jet fans by pair.

schematics of the cross-section and the planar
section of the tunnel.

In the present study, the effect of the rough-
ness height of the wall, the swirl angle of jet
fan, hub/tip ratio ( Ry./Ry,) of jet fan, 25m/s

of wind at the tunnel exit, and existence of
computational region before the entrance and
after the exit of the tunnel on the ventilation
flow rate through the tunnel is examined. Table
1 shows the values of parameters and bound-
ary conditions for each simulation case.

To consider the effect of wall roughness
height, the modified logarithmic wall function,m
Eqn. (1) is used.

v gqdl vt =D"
u A+x log BT CR oy

where, DT = pC},M kl/ZD/#, Rt = pC},“k”zyo//z,
and A, B and C are constants. Total of 10
cases were examined with different roughness
height, vy, which varied from 0 to 40 mm.

Jet fan was modeled to be a solid cylinder
with two inlet boundaries with uniform veloc-
ity for both inlet and exit of jet fans. The exit

flow rate of jet fans was fixed for all case.
Simulations were performed for two swirl
angles, 17° and 30°, which had been used in
the experiment of Martegani et al.'"’ The rotat-
ing direction of jet fan has also been consid-
ered. The cases of co-rotating fans (S1F, S2F)
and counter-rotating fans (S1, S2) were simu-
lated and compared. As for the boundary con-
dition at the inlet and exit of jet fan, the cir-
cumferential velocity was added so that the
resultant velocity vector had the same angle
with the swirl angle to the axis of rotation.
For the effect of hub/tip ratio, simulations were
carried out for two cases, where Ry, /R =

0.18 and 0.40, which had also been examined
by Martegani et al."(Fig. 3).

The wind velocity outside the tunnel exit
was assumed to be 25m/s of which value is
generally accepted in the road tunnel design.
The effect of wind was considered by applying
given pressure boundary condition at the tunnel
exit. The effect of the wind outside the tunnel
was modeled with 2 cases and the results were
compared with each other. One (B1) was that
the wind flows backward through the tunnel

Table 1 Simulation cases for tunnel ventilation with jet fans

. . Hub/tip Exit Entrance| Exit
Roughness height Swirl angle ratio condition loss loss
Case |R1|R2|R3|R4[R5[R6|R7[R8|RO[RI0[SI[SIF[SSoF|HI | 2| BL [ B2 | E1 | E2
Roughness | | | o1 5 119|20|30]35|37] 40 37 37 37 37 37
height (mm)
Swirl angle 0° ESES 0° 0 0°
Ryl Ry 0 0 0.18/0.40 0 0 0
2
Exit B.C. Pum Pum Pum |dPurw —"TU"— Pam | om 2
Enterance Patm at
B.C. Patm Patm Patm Patm far fleld Patm
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Fig. 4 Part of meshes for tunnel with jet fan. Fig. 5 Meshes for entrance of tunnel.
from the exit to the entrance with a velocity of tained was less than 2%. Therefore, for all
25m/s, and the other (B2) was that the pres- simulation cases, the mesh of 390,000 was used.
sure at the exit is equivalent to a dynamic For examining the effect of rotational direction
pressure of 2.5m/s. of the jet fan, simulations were carried out with

The computational domain for the entrance the mesh including the full tunnel geometry
and exit regions were considered to examine (S1F, S2F), since symmetry along the center
the effect of the position of the surface where line can no longer be applied.
boundary condition is given.

Because the geometry of tunnel is symmetric 3. Results and discussion
with respect to the center plane, the mesh was .
generated only for the half of the tunnel. The The role of the jet fans is to generate the
number of meshes for the inside of tunnel was ventilating flow through the tunnel. The venti-
about 390,000, and for the entrance region about lating flow is governed by the momentum of
90,000. A enlarged part of meshes for the in- jet and the pressure recovered at downstream.
side of tunnel is shown in Fig.4, and that of The distribution of pressure along the tunnel
the entrance region in Fig.5. For calculation, was shown in Fig.6. The pressure rise by jet
STAR-CD” V3.1 was used on a Linux Cluster fans was obtained by the pressure difference
(Dual Pentium Il 850 Mhz CPU, 7 node, 512 MB at the intersection of vertical axis and the line
RAM/node). Each case was calculated using one (dotted line in the figure) that has been ex-
CPU, which took about 7 days for each case. trapolated from the linear pressure distribution
Mesh density test was performed with doubled downstream of the jet.(g) The ventilation flow

mesh, and the difference of the flow rates ob- rate was calculated by integrating the velocity
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Fig. 6 Pressure distribution along the center
of the tunnel.

multiplied by area at each cell. Friction factor
was obtained from the gradient of the linear
part of pressure distribution.

To examine the result of the numerical simu-
lation, the calculated ventilation flow rates were
compared with the values from design equa-
tions. The analytical equations(g) to calculate
the design values are as follows.

APyrw + 4P, — 4P,, < N X 4P; (2)
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where, 4Py is pressure rise by wind outside
the tunnel, 4P, is pressure loss by friction on
the tunnel wall, 4P,, is pressure rise by traf-
fics, 4P; is pressure rise by a jet fan, and
each term is as follows.

L,
5)
L,

)

-22 M( Vt_ Ur)z

APy = (1+ce+/l, 3)

£
2

4P, = (1+§e+/1, U2 @)
A

A

m

4P, (5)

r

4P; = pQ(U;,— U,) 772773:4{_; (6)

The pressure rise by traffic vehicles was not
considered in the present study, so the corre-
sponding term was neglected when the design
flow rate was calculated using the equation.
By inserting each term (3), (4) and (6) into
Eqn. (2), it becomes a quadratic equation with
respect to the mean velocity of the tunnel, U,.

Table 2 Results of ventilation flow rate, friction factor, pressure rise

Roughness height (mm)
Case R1 R2 R3 R4 R5 R6 R7 RS R9 R10
Values 0 1 2 5 10 20 30 35 37 40
Relative roughness | 0  ]0.000115]0.000230]0.000575]0.00115 | 0.00230 | 0.00345 [0.00403] 0.00423 [0.00460
Flowrate | CFD | 546 | 487 459 421 390 | 360 342 | 335 | 332 | 330
(cms)  |Design 301
Friction | CFD [0.0089] 0.0113 [ 0.0130 | 0.0156 [ 0.0180 | 0.0214 [ 0.0237 [0.0247] 0.0251 [0.0256
factor Design ) 0.025
Pressure rise] CFD | 111 [ 112 [ 113 [ 114 [ 115 | 115 | 115 | 115 [ 115 | 116
by a jet fan |Eq.6)] 963 | 996 | 101 | 103 | 105 [ 107 | 108 | 108 | 108 | 108
(Pa) Design 11.0
Swirl angle Hub/tip ratio | Exit condition [Ftrance| Exit
region | region
Case S1 | SIF s2 | soF | H1 H2 Bl B2 El E2
Values 17° 30° 018 | 0.40 - - - -
Flowrate | CFD | 328 | 3% 317 | 315 | 338 | 363 267 | 320 | 297 | 332
(cms) Design 301 301 234 290 301
Friction | CFD | 0.0251 | 0.0249 [ 0.0251 | 0.0247 | 0.0251 [ 0.0251 | 0.0261 [0.0261] 0.0251 |0.0251
factor Design 0.025
Pressure rise]l CFD | 112 | 110 | 104 [ 102 [ 120 [ 138 | 124 | 117 | 119 | 116
by ajet fan [Eq. 6)] 109 | 109 | 109 [ 109 | 115 | 155 | 112 [ 109 | 110 | 108
(Pa) Design 11.0 11.0 114 1.0 | 110
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The ventilation flow rate was then calculated
from the mean velocity multiplied by the cross
sectional area of the tunnel.

Table 2 shows the ventilation flow rate, fric-

tion factor, pressure rise by a jet fan for all
cases by numerical simulation and design values.

3.1 Examination of modified wall function

To examine the applicability of the modified
wall function Eqn. (1) to the present study, the
circular pipe flows were simulated for the Rey-
nolds number of 2><106, which was similar to
that of the present tunnel. The relation of fric-
tion factor with respect to the roughness height
of wall was compared with the Moody chart'?
and Colebrook’s equation.(m) The results are
shown in Fig. 7. The simulation predicted about
10% lower values compared with that of the
Moody chart and Colebrook’s equation. Since
the trends are in good agreement, the modified
wall function at the tunnel wall has been used
for all simulations in this study.

3.2 Ventilation flow rate and friction factor

The variation of the ventilation flow rate and
the friction factor for the roughness height of
the tunnel wall is shown in Fig.8. The venti-
lation flow rate calculated by the design Eqn.
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Fig. 7 Comparison of friction factor with CFD
and conventional data (Rep=2x 10%).

(2) was about 301 m*/s when the friction factor
was 0.025. For a smooth wall, the numerical
prediction of the ventilation flow rate was 80%
larger than the design equation. For a rough-
ness height of 37 mm (relative roughness of
0.043), the friction factor becomes 0.0251 which
is close to 0.025, the value used in the design
equation. Then the error of the ventilation flow
rate is reduced to 10%. Therefore, it is found
that the consideration of the roughness of the
wall is important and should be included in the
numerical simulation.

The friction factor was predicted about 15%
lower than that from Moody chart. The error
was larger than the circular pipe flow, because
the shape of the cross section of the tunnel
was not circular and the flow was eccentric.
Thus, the numerical simulation with appropri-
ate consideration of the roughness of the tun-
nel wall can predict the ventilation flow rate
and friction factor through the tunnel within 10
~15% error. In the present study, since the
roughness of the tunnel wall was not well
known, all the simulations were performed as-
suming the roughness height of the wall as 37
mm of which value predicted the closest fric-
tion factor used in the design.

Figure 9 shows the result for the swirl angle.
If the jet fans rotates opposite relative to each
other, the symmetric assumption becomes valid.
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Fig. 8 Comparison of flow rates and friction
factors of the tunnel for various rela-
tive roughness.
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Fig. 9 Comparison of flow rate and friction
factor for various swirl angle.

But, in most cases the rotational direction of
fans will be the same, so the flow field will
not be symmetric and the full tunnel geometry
should be included in the simulation domain. In
Table 1, S1 and S2 are symmetric cases while
SIF and S2F are not. As the swirl angle in-
creased, the friction factor did not vary while
the ventilation flow rate decreased about 5%. It
was because the circumferential velocity com-
ponent made the secondary flow active and
raised the total loss through the tunnel. The
rotational direction of jet fan did not affect the
friction factor nor the ventilation flow rate, be-
cause the two jet fans were located so suffi-
ciently far apart not to cause any interaction.
Hence, to determine the effect of swirl, further
study on the parameters such as the distance
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Fig. 10 Ventilation flow rate and friction fac-
tor for different hub/tip radius ratio.

between the fans and the distance from the
wall are necessary, and these effects should be
considered in the design equation.

Figure 10 shows the results for considering
hub/tip ratic. As the hub/tip ratio increased,
the effective flow area of jet decreased and the
exit velocity of jet fan increased. So, it was
expected that the induced flow rate by jet fan
increased and total flow rate through tunnel
increased. The simulation result showed that
the friction factor did not vary but the flow
rate increased up to 10% as the hub/tip ratio
increased. Though the hub is short and the
velocity distribution would not be uniform in
the actual jet fan unlike the trend depicted in
Fig. 3, the result showed that the exit velocity
of jet fan had significant effect on the venti-
lation flow rate through the tunnel. Therefore,
it is important to consider the appropriate
boundary condition for the jet fan.

Figure 11 shows the simulation results for a
wind of 2.5m/s outside the tunnel exit. Due to
the exit resistance, the ventilation flow rate
decreased about 5~20%, while the friction fac-
tor increased a little. In this case, the results
of numerical simulation showed over 15% error
compared with the design value. In the figure,
case Bl considered all the terms of Eqn. (3),
which means that 25m/s wind blew backward
through the tunnel. But in actual situation, where
the fans are operating and vehicles moving,
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Fig. 11 Ventilation flow rate and friction fac-
tor for different backward flow.
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this would not happen. Therefore, for the back
flow wind at the exit as in case BZ, it is more
appropriate to consider only the first term in
Eqn. (3) assuming that it acts as a pressure
resistance of which value is equivalent to the
dynamic pressure of the wind. The present de-
sign equation gives somewhat excessive venti-
lation flow rate. Therefore, to predict the ven-
tilation flow rate accurately in the numerical
simulation, further study is necessary for the
boundary condition of the wind outside the
tunnel.

By considering the entrance region, the ven-
tilation flow rate was similar with the design
value (Table 2) though most other cases pre-
dicted over about 10% larger values. This was
because the loss at the entrance was predicted
greater than that of the design equation. Hence,
the consideration of the appropriate entrance
geometry and loss coefficient was necessary to
get more precise results for the numerical sim-
ulation. As the length of the tunnel is in-
creased, the ratio of the entrance loss to the
total loss is decreased. Since the entrance loss
was about 10% of total in the present tunnel,
further study on the effect of entrance shape
is recommended.

The existence of the exit region did not af-
fect the ventilation flow rate nor the friction
factor (Table 2). Therefore, it is sufficient to
apply the exit boundary condition directly at
the exit of the tunnel.

3.3 Pressure rise by jet fans

To obtain the number of jet fan for tunnel
ventilation, it is necessary to calculate exactly
not only the required pressure rise of the left
hand side of Eqn. (6), but also the pressure
rise due to a jet fan in the right hand side.
Different pressure rises were compared and
shown in Table 2 which are obtained by cal-
culating the pressure gradient along the length
of the tunnel from the result of numerical sim~

ulation (Fig. 6), by inserting the flow rate from
the result of numerical simulation into Egn.
(6), and from theoretical design equation Eqn.
(2).

The pressure rise with respect to the vari-
ation of the roughness of the wall did not
show much difference between different meth-
ods of calculation. The pressure rise calculated
by Eqn. (6) with the ventilation flow rate from
the result of numerical simulation was smaller
than that of other methods because the nu-
merical simulation predicted greater ventilation
flow rate.

As the swirl angle increased, the pressure
rise obtained from the pressure distribution de-
creased, but that from the ventilation flow rate
did not vary. The reason is that the effect of
the swirl angle on the pressure rise is not in-
cluded in the Eqn. (6).

When hub/tip ratio was considered, the ef-
fect of the increase of exit velocity of jet fan
was larger than that of the increase of the
flow rate on the equation, which makes the
prediction of the pressure rise greater than the
design value.

By considering the wind outside the tunnel
exit, the error varied about 10% depending on
the boundary condition.

Since the ventilation flow rate of the simu-
lation which considers the entrance region was
similar to the design value, the pressure rise
calculated from the design equation agrees well
with the design value, but differs from the
value obtained from the pressure distribution
through the tunnel. The existence of exit re-
gion has negligible effect on the result.

Therefore, to predict the pressure rise ac-
curately, it would be necessary to study the
effect of various parameters on the jet fan and
include those effects in the design equation.
And it is also necessary to examine the meth-
od for calculating the pressure rise from the
result of numerical simulation.
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4. Conclusions

In the present study, the effect of wvarious
parameters that affect the flow rate of tunnel
with jet fan ventilation was examined by nu-
merical simulation, and the conclusions are as
follows.

(1) By using the modified logarithmic wall
function, the friction factor at tunnel wall can
be estimated with an error of less than 10% in
the circular pipe flow and 15% in the present
tunnel flow.

(2) With the same wall friction factor, the
simulated flow rate was predicted about 10%
larger than the designed value. Therefore, it is
necessary to consider the wall roughness in
numerical simulation to obtain reasonable flow
rate and friction factor.

(3) The entrance region should be included
in the simulation domain to consider entrance
effect. The predicted pressure loss due to en-
trance in the simulation was larger than that
of the design equation. Therefore, further study
is necessary to find the relation between the
entrance shape of tunnel and the pressure loss.

(4) Two methods for considering the effect
of 25m/s wind outside the tunnel exit resulted
in largely different flow rates. So further study
on the appropriate boundary condition for the
wind outside the tunnel exit seems necessary.

(5) The rotating direction of the fans did not
affect the flow rate. The distance between the
fans seemed to be sufficient so that the in-
teraction had no effects. But in general, the
full geometry should be modeled to consider
the rotational direction of fans.

(6) The swirl angle and the hub/tip ratio
affected the flow rate through the tunnel. But
these parameters might depend on the designer
or the manufacturer of the fan. Therefore, the
correct boundary condition for the fan should
be applied for more precise prediction of the
characteristics in the flow through the tunnel.

(7) In addition to the known parameters for

the fan installation efficiency, additional param-
eters, such as the swirl angle of the exit
velocity and the hub/tip ratio of fan should be
considered to get more accurate flow rate and
pressure rise through the tunnel.
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