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Axial fans play a pivotal role in the road tunnel ventilation system. Qualified performance of the axial fan is important for both
safety and air quality maintenance reasons. Axial fans performance in situ test of Qinling Zhongnan Mountain highway tunnel, the
second longest road tunnel in the world, is presented in this research. Performance test items and the qualification criterion, as well
asa general framework for the road tunnel axial fan assessment, are recommended. Log-Tchebycheff method is suggested to confirm
the location for the measuring lines and points. The precision of the log-Tchebycheft method in air flow rate measuring is verified
by comparing with the biharmonic spline interpolation fitting result. The research shows that the log-Tchebycheff method has high
precision and good efficiency in the air flow rate measurement of the road tunnel air duct. What is more, the biharmonic spline
interpolation fitting method can be applied to obtain a more accurate result. The number of interpolation points of the biharmonic

spline interpolation fitting method should be bigger than 2000 to provide quality results.

1. Introduction

Ventilation plays a critical role in both normal operating
[1] and fire [2, 3] situations of a tunnel. It should keep
the air pollutant such as COy, NOy, and smoke dust in
low concentration, prevent the smoke back layering, and
exhaust smoke [4-6] out of the tunnel. Especially, long
tunnels necessitate a fine-tuned control of the ventilation
system for safety and air quality maintenance reasons [7, 8].
Axial fans and jet fans constitute the main part of the tunnel
ventilation system. Indoor or numerical researches on jet fans
preference are extensively established [9-15]. For axial fans,
it is generally diagnosed by comparing the fan performance
curve provided by the fan manufacturer with the required
performance parameters of the designed tunnel. Usually,
the fan performance curve provided by the manufacturer is
obtained from their laboratory test. However, there exists a
great difference between the laboratory performance curve
and the in situ one for reasons such as the fan misalign-
ment, operating environment diversity, and added structures
(including diffusion tube, collector, muffler, etc.). On the
other hand, the ageing of the axial fan could also bring a

reduction to its performance. The average efficiency of fans is
only 57% [16] at present and most of them service far different
from their designed working point. Thus, an in situ test is
urgently needed to determine whether the axial fan is still
sufficient at the designed point when to be installed in the real
tunnel fan room environment as well as with time ageing.
To date, the axial fan in situ test has gained much attention
in the mine ventilation [17-21], but little attention has been
given to the road tunnels. It takes granted that research fruits
such as mine fan static pressure and motor parameters tests
can be used for reference in the tunnel axial fan in situ
test. However, first and foremost, air flow rate measurement
during the performance test of the tunnel fans is much more
difficult than mine fans. The cross-section area of the tunnel
air duct is usually two to three times than that of the mine air
duct and is always much shorter. For these reasons, the wind
field of road tunnel air duct is more disordered which brings
difficulty to the precision measurement of the air flow rate.
The air flow rate in a section of tunnel or air duct
may be determined in two ways: either by measuring the
pressure difference produced by a differential pressure device
(orifice plate, venturi tube, nozzle, or pitot tube) or by
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FIGURE 1: Three-shaft ventilation of Qinling Zhongnan Mountain highway tunnel.

determining the velocity at various points in this section and
then calculating the mean velocity. The pressure difference
method is divided into dynamic and static methods. Two
cross sections with different areas and static air flows, which
are always difficult to select, are required in the static pressure
difference method. Similarly, the dynamic difference method
requires a large number of pitot tubes, which always produces
an air leak problem. In addition, a conversion between the
test result and air velocity is needed before we can obtain
the air flow rate with these two methods. In contrast, the air
velocity method can provide the air flow rate directly and is
extensively applied in fan performance in situ tests.

Air velocity method has been used and developed by
researches in different fields. Single point measurement is
the most common method used in air flow rate tests [22].
Only a single point of air velocity was tested and treated as
the average velocity of each test section among these studies.
Considering the inaccuracy of single point measurements,
Qiu et al. [23] divided the test section into several parts
in their study on the friction coeflicient of a shot concrete
lining. The air velocity at the centroid of each small part
was measured, and their arithmetic mean was regarded as
the mean air velocity of the section. Similar method was
performed by Wang et al. [24, 25], Fang et al. [26], and
Ren et al. [27] during the ventilation performance testing
of a complementary ventilation tunnel. Compared with the
single point measurement, these multipoint experiments
were more accurate. However, the data for every point were
not measured at the same time [28]. To obtain all of the
multipoint measurement data simultaneously, Yang et al. [29]
investigated a tunnel’s ventilation performance via several
wind cups. A tunnel section was also divided into equal area
parts, and a steel frame for supporting the wind cup was used
in this experiment. All the air velocities could be measured at
the same time. A five-point truss was utilised by Levoni et al.
[28] to investigate the fluid dynamic characterisation of the
Mont Blanc tunnel. These simultaneous multipoint velocity
measurements constitute the available method for collecting
reliable mean air velocity data along a tunnel’s cross section
and estimating the total flow rate.

This is because the influence of the tunnel walls and
disordered distribution of the air velocity along its cross
section make direct measurements of the air flow rate a very
difficult task. Usually, the flow velocity is zero at the tunnel
lining wall and reaches its maximum at the centre of the

cross section. The velocity distribution between the tunnel
wall and cross-section centre changes with the flow condition
of the air [30]. The weights of the measuring points in the
above methods are all equal. Therefore, the velocity change
along the tunnel section is ignored in these methods. Thus, a
simultaneous multipoint air flow measurement method that
considers the air distribution of the tunnel cross section is
urgently needed.

To have road tunnel axial fans assessed, this work firstly
presents the performance test items and qualification crite-
rion for road tunnel axial fans. Then, combined with the in
situ test of Qinling Zhongnan Mountain highway tunnel, the
general process of an axial fan assessment is stimulated. What
is more, thought a theoretical analysis, the log-Tchebycheft
method is suggested to confirm locations for measuring lines
and points. Its precision in air flow rate measuring is verified
by comparing with the MATLAB fitting results. Finally, the
performance of the axial fan of the tunnel is assessed via
performance curves established by the in situ result.

2. Engineering Background

The Qinling Zhongnan Mountain highway tunnel is 18020 m
long, making it the longest tunnel in Asia and the second
longest road tunnel in the world. A three-shaft ventilation
system is used for the Qinling Zhongnan Mountain highway
tunnel (Figure 1). A total of 32 high-power axial fans were
installed in the three ventilation shafts. Shaft 1 has nine fans:
four exhaust fans and five inlet fans. Shaft 2 has 12 fans: six
exhaust fans and six inlet fans. Shaft 3 has 11 fans: five exhaust
fans and six inlet fans. The inlet fans were made by the South
Fan Company of China. The exhaust fans were made by the
Flack Woods Company in the UK.

The detailed structure of the shaft 1is shown in Figure 2.
The axial fans are located in an excavated underground fan
room (red circles in Figure 2). Denote that the drive direction
of the left line of the main tunnel is from An Kang to Xian.
The drive direction of the right line is from Xian to An Kang.
As can be seen from Figure 2, the direction of the air flow of
both left and right lines is the same as the drive direction. In
this way, the pressure caused by the traffic flow can be used as
an impetus rather than a resistance of the tunnel ventilation.
The air flow direction is quite clear by applying the three
shafts in this tunnel. The polluted air will be firstly discharged
by the exhaust fans via the air output duct. Then, the fresh air
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FIGURE 3: Ventilation network of the tunnel axial fan.

will be brought into next section of the main tunnel by inlet
fans via the air inlet duct (yellow arrows in Figure 2).

3. Assessment Criteria and Test Items

3.1. Assessment Criteria. For road tunnels, four items are
recommended here to verify an eligible axial fan:

3.11. Maximum Air Flow Volume. Tunnel ventilation axial
fans must provide sufficient volume of fresh air to keep the
tunnel operating environment qualified in its CO concentra-
tion and visibility. Thus, the maximum volume of an axial air
flow rate should be greater than the required fresh air volume.

3.1.2. Difference between the Tested Total Pressure and
Designed Total Pressure at the Designed Operating Point. To
ensure the newly installed or service fans work as it designed
and keep its performance, the difference between the tested
total pressure and designed total pressure should be limited
within 5%.

3.1.3. Fan Motor Capacity Safety Factor. The fan motor must
have sufficient motivation to maintain the fan’s operation,

pony cart is not allowed here. The highway tunnel design code
of China [31] has stipulated that the fan motor capacity safety
factor should be bigger than L.1.

3.1.4. Total Pressure Efficiency at the Designed Operating
Point. The daily electricity consumption of the operation of
Qinling Zhongnan Mountain highway tunnel is 12652 kW-h
(equivalent to 1890 US dollars). The ventilation costs account
for more than 70% [31] of the total electricity consumption.
Thus, the high efficiency of the axial fan is significant to the
energy-saving operation of tunnels. The recommended lower
limit of fan total pressure efficiency is 70%][31].

3.2. In Situ Items and Methods. The fan performance curves
consist of volume, total pressure curve; volume, axial power
curve; and volume, efficiency curve. Take Qinling Zhongnan
Mountain highway tunnel as an example, to obtain the most
reliable test data, the ventilation network during the in situ
test was the same as that used during its daily operation.
As shown in Figure 3, air from the main tunnel was firstly
discharged into the air inlet duct and then travelled across the
axial fan. Finally, it was blown into the shaft via the air outlet
duct. The calculation process of the fan air flow rate, fan total



pressure, axial power, efficiency and fan motor capacity safety
factor will be presented in detail in the flowing sections.

3.2.1. Fan Air Flow Rate. As shown in Figure 3, the air flow
rate of the fan at the cross section 3-3 was difficult to be
measured. Fortunately, the air flow rate at 4-4 was easy to be
measured. The mass flow rate at each section of the duct is the
same. Thus, the air flow rate measurement section was chosen
as the cross section 4-4. Once the mass flow rate of the duct
could be determined, the volume flow rate of the fan (section
3-3) could then be obtained.

The relationship between the mass flow rate and the
volume flow rate can be presented as follows:

dm = Psay 1

where g,, is the mass flow rate, g,, is the total volume flow
rate of the cross section 4-4 which can be determined by the
air flow rate measurement, p, is the air density of the cross
section 4-4 which can be determined by using the following
equation:

~0.00348 (p;; — 0.3779pg;,)

, (2)
A 27315+t

where p; is the air density of the cross section i-i (kg/m?), p;,
is the absolute static pressure of the cross section i-i (Pa), ¢ is
the relative humidity (%), t is the temperature (°C), and py, is
the air absolute saturated steam pressure at temperature ¢ in
Pa.

The precise measurement of the total volume flow rate
(q4y for section 4-4) was the most difficult work in this
in situ test. The velocity-area method has been proven to
be one of the most accurate methods for the air flow rate
measurement. However, the position of measurement points
has great influence on the accuracy of test results. Previous
research [32] showed that the log-Tchebycheff method could
provide more accurate test results than the equal area method.
Thus, the log-Tchebycheft method was recommended in this
work. The air velocity in the tunnel is not homogeneous along
its cross section. The air velocity distribution is disordered
and difficult to regulate. Thus, it is necessary to divide the
cross section into many parts. If each part is small enough,
the velocity of this small part could be treated as a constant.
Then, the total flow rate could be represented by the following
equation:

v = Z A, 3)

where g;, indicates the air flow rate of the tunnel cross section
i-i, A, is the area of the ith part, and v, is the velocity of the
ith part.

Considering the air in the tunnel to be a fully developed
turbulent flow, the boundary condition at the tunnel surface
can be expressed as follows:

ov
— =1, v,,=0 4
ay =0 y=0 ()

The boundary condition at the centre of the section is as
follows:
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ov

— =0, V|,_p=v
ay -k |y7R max (5)

where v is the axial velocity of a point of the tunnel cross
section, y is the distance between the point and the tunnel
wall surface, R is the hydraulic radius of the tunnel, and the
dimension of velocity gradient dv/dy is (s ™).

The velocity model should be considered in two parts.
The first part is the velocity distribution of the zone near the
wall. The velocity distribution of this part is in line with the
following properties:

+ 1 + + B
V=K1ny +B (5<y <7) (6)

where v* is the dimensionless flow velocity, v© = v/vx, v
indicates the shear stress velocity, v« = /7/p, T is the shear
stress, p is the air density, y* is the dimensionless distance to
the tunnel surface, and K and B are constant.

The second part is the zone away from the tunnel wall. The
velocity distribution of this part is in line with the following
polynomial [33]:

r 2 r 4 r 2N (7)
vmara () v (D) e van(D)
R R R

where ay,a,,a,,...,ay are constant, N is the number of
measuring points in the same radius, and r is the distance to
the tunnel centre.

Taking into account the wind tunnel airflow distribution,
the true function of the flow rate distribution on the two
parts f(x) could be approximately expressed by Tchebycheft
polynomials P(x), f(x) e C[-1,1]. If we let x = cos®,
0 € C[0,7] and g(0) = f(cos0) can be expanded into the
following cosine series:

l (o9
g = 2% F I\ZlaN cos NO (8)

The (N +1)th order Tchebycheft polynomial [34] is expressed
as

Ty =cos(N+1)0 9)
When cos 0 = x, (9) can be reexpressed as follows:
Tn41 (%) = cos [(N + 1) arccos x] (10)

Let (N + 1)arccosx = 2k + 1)/2 (k = 0,1,...,N); the
Tchebycheff nodes can be expressed as follows:

S Qk+1)m )

X = €O

The nodes can be transferred from x € [-1, 1] to any common
situation x € [a, b] by using the following equation:

x=%[(b—a)t—a+b] (12)

Thus, the new interpolation nodes can be calculated as
follows:

b-a k+1)m a+b
cos +
2 2IN+1) 2

X, = k=0,1,---N (13)
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FIGURE 4: Rectangular section point distribution.
TABLE 1: Measuring point distribution.
eorf x;/L or y,/H
5 / 0 0.212 0.426
6 / 0.063 0.265 0.439
7 0 0.134 0.297 0.447
TABLE 2: Specific test line and point distribution according to Tchebycheff method.
Measuring lines or points 1 2 3 4 5 6
x/L 0.075 0.235 0.437 0.563 0.765 0.925
vi/hy 0.061 0.235 0.437 0.563 0.765 0.939

Locations of measure points in the rectangular section deter-
mined by the log-Tchebycheff method are shown in Figure 4,
and the specific coordinates are listed in Table 1. The mean
velocity can be calculated by the following considering an
equal weight for each measuring point:

Zle;{ Vim
ef
where v, is the measured velocity of section i-i, e is the
column number of the measuring point parallel to the short
side of the rectangle, and f is the column number of the

measuring point parallel to the long side of the rectangle.
The cross section of the tunnel was measured using a
laser profiler before the determination of the location of
measure points. Take section 4-4 as an example, its size and
shape are shown in Figure 5 after the measurement by the
laser profiler. An improved log-Tchebycheft method was then
used because that the cross section was not a rectangle. This
means a weight in line with the length of the measurement
line was considered when calculating the air flow rate of
the tunnel section. To achieve high precision, adjustments
to the position of the measurement line of two adjacent wall
edge regions had to be made. Specifically, if six measurement
lines were used in the in situ test, then X;/L = 0.075 and

v = (14)

Xn/L = 0.925, and if seven were used, then X;/L = 0.065
and X /L = 0.935 (ISO 5802: 2001,1DT). The position of the
middle lines can be checked in Table 2.

The measuring point distribution based on the log-
Tchebycheff method is shown in Figure 5. Measuring lines 1 to
6 are shown from left to right, and the specific values are listed
in Table 2. The TF-3 ventilator comprehensive tester applied
in this test is shown in Figure 6.

The volume flow rate of the entire air duct can be
expressed as follows:

Qay = [(n1) + (vahy) -+~ (vniy)] % (15)
r

where g, is the total volume flow of section 4-4, vy is the
arithmetic average velocity at the measuring point of the Nth
measuring line, Ly is the length of the Nth measuring line,
and N, is the total number of measuring lines. L is the length
of the baseline between the tunnel surfaces.

The axial fan air flow rate can be then calculated as

follows:
_dm _ P
Yops P3

where g, is the axial fan flow rate.

(16)
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FIGURE 5: Test line and point distribution according to log-Tchebycheff method.

F1GURE 6: TF-3 ventilator comprehensive tester.

3.2.2. Fan Total Pressure. The total pressure of the axial fan
can be expressed as follows:

Pe=pi-pat ) Ap 17)
where p, is the axial fan total pressure, p; is the total pressure
of section i-i, and Ap is the pressure loss caused by the fan
collector and diffusion tube.

In (17),
pvi

Pi=Pist =

where p;, is the absolute static pressure of section i-i and can
be calculated by (19) and v, can be expressed by (20) and (21).

Pis=PiatPa (i=2,3) (19)

. qng//)z
2

(i=2,3) (18)

(20)

V3 (21)

e

In (20) and (21), S, and S; are the areas of sections 2-2 and 3-
3, respectively. In (19), p;, is the relative static pressure which
can be determined by the U-shaped manometer:

As shown in Figure 7, four hydrostatic test holes were
made in sections 2-2 and 3-3. These were connected to a
single pressure transmission pipe, which was then connected
to a U-shaped manometer. The result shown by the U-shaped
manometer was the relative static pressure of the inlet and
outlet of the fan.

The value of )’ p can be expressed as follows:

2 2
ZAP _ <(CP§Vﬁ + (dP;‘% ) (22)
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FIGURE 7: Homemade pressure test holes.

where . is the collector tapered loss coeflicient, {  is the
diffusion tube expansion loss coefficient, and vy is the fan
inlet velocity and can be calculated as follows:

9m

= 23
P> Sq @3)

i
where Sj is the area of the fan inlet.

3.2.3. Total Pressure Efficiency. The fan axial power can be
expressed as follows:

P, =P xn, x1, (24)

where P, is the fan axial power, 7, is the motor efficiency
based on the Chinese code of Guidelines for the Design of
Ventilation of Highway Tunnels (JTG/T D70/2-02-2014)[31],
the range of 7, is 90%-95% (1, = 93% is used in the
following calculation), #. is the mechanical transmission
efficiency between the motor and fan (#. = 100%), and P, is
the motor input power that can be measured by the DJYC
motor economy tester with the measurement precision of
level 1. Because the motor power supply voltage of the fan
was 6 kV, which was higher than the direct measurement
limit of the tester. A voltage transformer (PT) and current
transformer (CT) were used for the indirect measurement.

Based on the measured fan axial power and the fan output
power, which could be calculated using the fan flow rate
and fan pressure, the fan total pressure efficiency #, can be
expressed by

P q.p

=~ Too0p,

a

(25)
where P, is the fan output total pressure power.

3.2.4. Fan Motor Capacity Safety Factor. The axial fan motor
capacity safety factor can be calculated by using the following
equation:

100011,

v P

273+t ) P (26)
273+20 p,

kl =P1

where k; is the axial fan motor capacity safety factor.

3.2.5. Standard Conditions Convention. In order to compare
the performance of different types of axial fans, the test data
calculation had to be converted to the situation with the
rated fan rotational velocity and standard air state (with an
atmospheric pressure of 101325 Pa, an air temperature of 20°C,
a relative humidity of 50%, and an air density of 1.2 kg/m®) in
accordance with the law of similarity.

The following equations can be applied to transfer the
calculated parameters into the rated fan rotational velocity
and standard air state:

vt = kn'qv
Py = kp'knz " P
Pst = kp'knz " Ps

(27)
Py = kp 'kn3 “Pa

Ptf:kp'kn3'pt
Psfzkp'kns'Ps

where g, is the converted air flow rate, p;¢ is the converted
fan total pressure, py is the converted fan static pressure, Py,
is converted fan shaft power, Py is the converted fan output
total pressure power, Py is the converted fan output static
pressure power, k, is the air density conversion factor, k,, is
the rotational speed conversion factor, and k, and k,, can be
expressed as follows:

1.2

£ e
N,

ky = y‘? (29)

1

where N, is the rated speed of the axial fan and N; is the
measured speed of the axial fan.

4. General Steps for Tunnel Axial
Fan Assessment

A general framework with six steps for a tunnel axial fan
assessment is recommended in Figure 8. The first two steps
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FIGURE 8: Axial fans assessment framework.

which are finished via the in situ test are followed by the
calculation processes in steps 3, 4, and 5. Usually, seven to
ten different operating points should be tested for the fitting
of one performance curve. Then, a “YES” or “NO” can be
obtained in step 6 by comparing the result from step 5 with
the tunnel axial fan assessment criteria. If the fan is not
eligible, more detailed electric tests should be carried out to
check the problem of the fan and then have it fixed. Another
performance in situ experiment should be carried out to test
the fixed axial fan after the repairing.

5. Test Results and Discussion

5.1 Precision of the Log-Tchebycheff Method. The calculation
of the fan flow rate by using log-Tchebycheff method is free
from the multiple integral. Thus, the air flow rate can be
easily determined. The air of the tunnel is treated as a fully
developed turbulent flow when using the log-Tchebycheft

method. However, the actual distribution of air flow in the
tunnel differs from the ideal turbulent flow distribution.
Another method to get a more accurate air flow rate is
by fitting the flow field through the measured flow speed
data and then calculates the volume enclosed by the 3D
fitting surface and its projection plane. Biharmonic spline
[35] interpolation method can be applied to solve this 3D
interpolation problem.

The fitted flow field is shown in Figure 9. Taking the duct
with direction as the x-axis and the duct height direction as
the y-axis, the air flow rate is shown in the z-axis. The volume
enclosed by the 3D fitting surface and its projection plane v
can be expressed as follows:

v= ”z(x,y)dxdy

Seven sets of experiments at the different operating point
were carried out to get performance curves of the axial fan.

(30)
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Take the first set of experiments as an example; the calculated
air flow rate influenced by the interpolation points number
is shown in Figure 9. It can be obtained from Figure 9 that
the smooth of the fitting surface enhanced with the increase
of the interpolation points number N from 20 to 500. It
is obvious that the more interpolation points we take, the
more precise of the integral result will be. More detailed from
Figure 10, the air flow rate rises sharply before its peak at 300
and then declines smoothly. When N reaches to 2000, the
calculation result tends to be stable. Thus, 2000 was chosen
to be the number of interpolation points in the following
calculations.

Comparison of the air flow rate results from the log-
Tchebycheff method and MATLAB fitting are shown in
Table 3, the difference between the two methods is about 4%.
The log-Tchebycheft method showed high precision and great
efficiency.

5.2. Fan Performance Assessment. According to the road
tunnel axial fan assessment framework in Figure 8, curves are
fitted in Figures 11-13 based on the in situ test data. Now we
assess the axial fan along the assessment criteria in section
2.2
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TABLE 3: Air flow rate comparison.
Operating points 1 2 3 4 5 6 7
Air flow rate Log-Tchebycheft method 157.65 15112 149.79 141.96 138.89 130.97 119.57
MATLAB fitting 151.35 145.23 143.74 136.19 134.40 125.58 114.80
Difference (%) 3.99 3.90 4.04 4.07 3.23 412 3.99
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FIGURE 11: Air flow rate-total pressure curve.
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5.2.1. The Maximum Air Flow Rate. The maximum air flow
rate of the tested fan is 157 m’/s. It is bigger than the designed
operating point of 144 m?/s.

5.2.2. Difference between Tested Total Pressure and the
Designed Total Pressure at Designed Operating Point. The
tested total pressure at the designed operating point is 614
Pa (Figure 11). The difference is 2.5% when compared with
the designed total pressure (630 Pa). It is smaller than the
threshold of 5%.

5.2.3. Fan Motor Capacity Safety Factor. The in situ fan axial
power at the designed operating point is 108.2 kW (Figure 12).
The calculated fan motor capacity safety factor via (26) is 1.22
which satisfies the criteria.

5.2.4. Total Pressure Efficiency at the Designed Operating Point.
It can be obtained from Figure 13 that the fan efficiency at the
field environment is 78.6% which is more than 70%.

The assessment results of all the four items are “YES”.
Therefore, the tested axial fan of Qinling Zhongnan Mountain
highway tunnel is qualified.

6. Conclusion

An in situ experiment to exam the axial fan performance of
Qinling Zhongnan Mountain highway tunnels was carried
out. Assessment criteria, test items, and methods for a
qualified tunnel ventilation axial fan were recommended. A
general framework for the road tunnel axial fan assessment
was also provided. The log-Tchebycheff method to determine
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the location of the air flow rate measurement points was
proposed of which the precision was proven by comparing
with the MATLAB fitting. Based on the investigations, the
following conclusions are drawn:

(1) Axial fan assessment is an essential work for the safety
and efficiency operating of the road tunnel ventilation
system.

(2) The log-Tchebycheft method has qualified precision
and good efficiency in measuring the air flow rate of
aroad tunnel.

(3) The 3D surface fitting of which the number of the
interpolation point is recommended to be bigger than
2000 can be applied to obtain a more accurate result
of the air flow rate.
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