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Abstract

Conventional exhaust duct system design methods utilize the maximum load to choose equipment and ignore the actual running
process. Therefore, in actual running process, exhaust duct system needs to meet the flow-rate requirements by adjusting the damper
angles or the fan speeds. In addition conventional design methods fail to take into account future development and expansion of the
exhaust duct system, which is critical to design concerns. In order to remove the disadvantages of conventional designs, feedback
simulation method is proposed to simulate the actual running process. An acid gas exhaust system in a TFT-LCD factory is pre-
sented in this study. It demonstrates that the new duct simulation method contains a simple computation procedure and takes into
account the balancing adjustment. The proposed design not only shortens the design timeframe and prevents human calculation

errors, but also reduces the dependence on designer experience.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The exhaust duct system is important to control air
pollutants in the factory. An optimum air duct system
transports the required amount of exhaust air to the spe-
cific spaces and meets a satisfactory system pressure bal-
ance. It is essential to have a well-designed exhaust
system at the production site. Conventional duct design
methods [1] cannot achieve a pressure balance system.
After construction of factory is complete, system pres-
sure has to be on-site balanced by adjusting the fan
speeds and the branch dampers to meet the designed
flow rate. However, the pressure balancing procedures
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for air distribution systems is rather complicated [2,3].
It usually takes long time to proportional adjust branch
dampers until each terminal has the proper air volume.
If the factory is expanded or the duct layout is changed,
the pressure balance needs to be readjusted in order for
the system to reach equilibrium. Therefore, this method
of balancing procedures not only costs lots of manpower
but also demands much time and money.

Many scholars have devoted to the research on the
design of the duct system. Tsal et al. [4,5] introduced
a design that eliminates the disadvantages of con-
ventional designs. With its exact mathematical model
and iterative method, the duct system is optimized.
Meanwhile, it has the advantages of minimum life cycle
cost and system pressure balance. Asiedu et al. [6] pro-
posed a genetic algorithm for the duct ventilation system
design. Although both designs enable the system to
achieve system pressure balance with the life cycle cost
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Nomenclature

C, flow coefficient, Pa (s/m?)/?

E. electricity unit price, dollar/kw-h

Kys system flow conductance coefficient, m?®/s/
Pal-s

Ps. fan total pressure, Pa

Py system total pressure, Pa

0 duct airflow, m¥/s

Omn  fan airflow rate, m*/s

Osys system airflow rate, m3/s

Y system annual operation hours, h/year

AP friction loss, Pa

APy system friction loss, Pa

APy the total friction loss and the total dynamic
loss except dampers, Pa

APp  dynamic loss of damper, Pa

Greek symbols
nr fan efficiency
Ne motor efficiency

taken into account, they fail to give method for flexible
design and an insight into the actual operating condition
during the design stage. Moreover, they cannot conduct
the design in case of expansion of the factory or change
of duct lay out.

In terms of duct system simulation research, Tsal
et al. [7] introduced a method that consists of system
condensing, fan operation point and system expansion
procedures. Chen et al. [8] provided the 3C method,
dividing the duct system design into three major steps:
(1) computer-aided design; (2) computer-aided simula-
tion; (3) correction process. The method uses com-
puter-aided simulation to conduct pressure balance.
However 3C method still relies heavily on many empir-
ical rules. Therefore, it usually requires many iterative
simulations and correction processes to reach the system
pressure balance.

This article proposes a feedback simulation method
to adjust the system pressure balance based on the sim-
ulation and correction results. The feedback simulation
method is very similar to the feedback control in dy-
namic system. The system uses an error signal to adjust
the parameter to be corrected as an input next time. The
simulation and correction is repeated until the system

reaches equilibrium. The advantages of feedback simu-
lation method are to conduct simulation on systems that
have completed the design process or the as-built sys-
tem. The balancing and adjustment procedures for flow
requirements spent on-site can be reduced and the en-
ergy conservation strategies for the exhaust duct system
can also be obtained.

2. Feedback simulation method

Conventional simulations adopt the open loop
simulation method, as shown in Fig. 1. The method uti-
lizes the one-way forward method. The advantages are
fewer steps, simple process, and less time-consuming.
The disadvantage is, due to lack of feedback, it only
possesses the simulation feature without the correction
function. As a result, it is applied to simpler systems.
It is not suitable for exhaust duct systems that are more
complicated. Thus feedback simulation method, which
is suitable for the process exhaust duct system, is
demonstrated in this paper. It includes the system
simulation and the correction procedure, as shown in
Fig. 2.

System
dimension ) Simulation
parameters and model
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— System —— Output
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Fig. 1. Open loop simulation.
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Fig. 2. Feedback simulation method.
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2.1. System simulation

The system simulation adopts the simulation method
introduced by Tsal et al. [7]. It comprises three major
steps—system condensing, fan operating point and sys-
tem expansion. (a) System condensing: the purpose is to
condense a complicated duct system into a virtual duct
and obtain the equivalent flow conductance coefficient
of a single virtual duct K. (b) Fan operating point:
when system condensing is completed, the complicated
system is simplified to a fan and a single virtual duct.
The relationship between the volume flow rate and sys-
tem friction loss of the system is

sts = Ksys APsys (1)

With Eq. (1), the fan operating point can be obtained
through the intersection point of the system curve and
the fan performance curve. The fan total pressure Pp,,
and fan volume flow rate Oy, can be obtained. (¢) System
expansion: after the fan operating point is determined,
system expansion is to restore the condensed system into
the original system. Based on various duct’s equivalent
flow conductance coeflicient, the flow rate is distributed
to various ducts until the entire system is expanded.

2.2. Correction procedure

The most notable feature of the feedback simulation
method is the establishment of correction procedures
based on the characteristics of the duct system. Suppose
there are N paths in an exhaust duct system with the
volume flow rates required in the paths being
01,0>,...,0n. The total volume flow rate needed by
the system is

n=N

Oy =>_0, (2)
n=1

The total friction loss and the total dynamic loss except
dampers for each path are APz ,APry,...,APry, and
the dynamic loss created by the dampers in the paths
are APp1,APp,,...,APp y. Then the total friction loss
and total dynamic loss of each path is

AP,,:APTA’,,-FAPD’,” n:l,2,...,N (3)

The total flow rate provided by the fan must meet the
total volume flow rate required by all paths. Therefore,
the total volume flow rate provided by the fan is

n=N
Qfan = sts = Z Qn (4)
n=1

Since the flow rate provided by the fan is given, the fan
operating point can be obtained through the fan perfor-
mance curve. Through this operating point, the total fan
pressure Pg,, can be obtained and it should be equal to
the total friction loss and total dynamic loss of one path.

Ppn = AP, (5)

To meet the pressure balance requirement of all paths,
the dynamic loss created by dampers can be obtained as

APDJI = Ppan — APT‘n (6>

Then the flow coefficient created by dampers in various
paths can be obtained through Eq. (6)

CV = APDn/\/Q (7)

Adjust the flow coefficients of dampers at all paths from
Eq. (7) and substitute the corrected values into the sys-
tem simulation, until the error between the simulated
flow rate and the designed flow rate falls within +5%,
the feedback simulation is completed. The results of flow
coefficients are converted to the operating angle of the
dampers at each path, which provides an efficiency
method to meet the system balance.

3. Case study

A case study on balancing adjustment of a TFT-LCD
exhaust duct system with the developed method is pre-
sented. Figs. 3 and 4 show a TFT-LCD acid gas exhaust
duct system. There are 18 machines located at the termi-
nal of various paths. Their positions and numbers are
shown in Fig. 3. At the first stage of actual running pro-
cess only 11 machines are operating, while the other 7
machines (M2, M3, M5, M7, M10, M13 and M16) are
idling. In the present simulation only 11 paths are consid-
ered. Dampers are installed at the terminal of the ducts.
They are used to balance and adjust the volume flow rate
required by various machines. Their positions and num-
bers are shown in Fig. 4. The exhaust gas is expelled to
the top floor through the scrubber and then is emitted
out. The fan performance curve is shown in Fig. 5.

Two different operation strategies, the damper con-
trol simulation and fan speed control simulation, are
investigated. The simulation parameters are shown in
Table 1. They include an air density of 1.2 kg/m* and
a viscosity coefficient of 1.54 x 107> m?/s. The conduits
used in the system are regular galvanized spiral ducts
with the absolute roughness being 3 x 10 *m. The
upper and lower velocity limits are 15 m/s and 7.5 m/s,
respectively. After giving the duct’s diameter and length,
system configuration, and fan performance curve, sys-
tem simulation begins. If the error between the simu-
lated value and the designed value is greater than
+5%, an error signal is returned automatically. The cor-
rection procedure will initiate. The feedback simulation
will be repeated until the error is smaller than +5%.

3.1. Damper control

Table 2 shows the total friction and dynamic loss
at each path. It also shows the dynamic loss from
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Fig. 3. Machine position of exhaust duct system.

Fig. 4. Damper position of exhaust duct system.
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Fig. 5. Fan performance curves.

damper and the corresponding simulated damper angle
as the exhaust duct system has been adjusted and bal-
anced. Path no. 1 represents the combination of all ducts,
branches and damper D1 between the fan and machine
M1. Damper D1 stands for the damper used to adjust
the flow rate on path 1. Numbers of the rest paths are
the same as described above. In this case, the total ex-
haust volume flow rate required by the total 11 machines
is 800 CMM. From the fan performance curve, the fan
total pressure is 1645 Pa and the fan volume flow rate
is 800 CMM. Following the correction procedures devel-

oped by this article, the total friction loss and total dy-
namic loss for ducts and branches and the dynamic
loss created by the damper of various paths can be ob-
tained. Noted that the total friction loss and total dy-
namic loss, which is the summation of both friction
losses, for all paths should be 1645 Pa in order to meet
the pressure balance. Then the dynamic friction loss of
damper at each path is converted into the damper angle.
Table 3 shows the errors between the designed flow
rate and simulated flow rate of various machines for
iteration no. In the first iteration, as the dampers are
fully open, the error tends to be greater. Machine M1
has the greatest error, with the error between designed
and simulated values ranging up to 63.6%. The paths
having less friction loss in various paths have greater er-
ror in flow rate. In the second iteration correction the er-
ror between the designed flow rate and simulated flow
rate significantly reduces. For machine M1, the error re-
duces to 8.17%. When simulation is completed, the error
of all machines can be kept within 5%. It takes totally
four iterations to reach the system pressure balance.
To compare the difference between the correction
procedures developed by this article and the 3C method
[8], simulations are demonstrated on two different cor-
rection procedures. Fig. 6 represents two different meth-
ods. The average error of flow rates of various paths is
shown in Fig. 6. Referring to the first simulation results,
it is found that, as both methods have not been cor-
rected, the average error of flow rate of various paths
is 40%. The reason that both simulations generate the
same error is because both simulation methods are
based on the system simulation method brought up by

Table 1

Simulation parameters

Parameters Value Parameters Value
Air density (kg/m®) 1.20 Velocity lower limit (m/s) 7.5
Air viscosity (m?/s) 1.54% 107 Electricity unit cost (NT$/kW-h) 1.96
Duct absolute roughness (m) 3%x107* Yearly operation hours (h/year) 8760
Velocity upper limit (m/s) 15 Fan efficiency (%) 70

Table 2
Total loss and damper angle for all paths (damper control)
Path number The total friction loss and the Dynamic loss Damper angle Path
total dynamic loss except dampers (Pa) of damper (Pa) (°) description
1 801.8 843.2 42 Fan-M1
2 959.4 685.6 24 Fan-M4
3 691.5 891.5 34 Fan-M6
4 817.3 827.7 39 Fan-M8
5 906.8 738.2 38 Fan-M9
6 1027.4 617.6 15 Fan-M11
7 789.3 855.7 40 Fan-M12
8 958.4 686.6 26 Fan-M14
9 830.8 814.2 46 Fan-M15
10 911.2 733.8 38 Fan-M17
11 1003.8 641.2 28 Fan-M18
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Table 3
Damper control simulation results
Number of Machine Designed flow Simulated Error (%) Damper angle
iteration number rate (CMM) flow rate (CMM) (°)
1 Ml 55 90.1 63.6 0
MI12 60 89.4 49.2 0
2 M1 55 59.5 8.17 2
MI12 60 61.9 3.18 40
3 Ml 55 58.6 6.52 45
M12 60 62.1 345 40
4 M1 55 57.3 4.18 2
M2 0 0.0 0.00 90
M3 0 0.0 0.00 90
M4 80 82.1 2.67 24
M5 0 0.0 0.00 90
M6 60 64.5 4.50 34
M7 0 0.0 0.00 90
MS 70 72.5 3.57 39
M9 90 94.2 4.67 38
M10 0 0.0 0.00 90
Ml11 70 71.9 2.71 15
MI12 60 62.2 3.67 40
M13 0 0.0 0.00 90
Ml14 80 62.7 3.33 26
MI15 60 62.3 3.83 46
M16 0 0.0 0.00 90
M17 90 93.1 3.43 38
MI18 75 78.2 4.23 28
40 the average error of flow rate reduces to 9%. If corrected
Egzeiﬁl;:em(’d with the correction sequences of the 3C method, the
| error keeps 30%. By comparing both methods, it is
found that the method suggested by this article takes
only four simulation iterations to achieve system bal-
S 30— ] ance, while the 3C method requires six. The correction
’g procedures established by this article can effectively re-
S F duce the number of iteration and save the time consum-
= _ ing. The cause of the difference is that the correction
“g’ 20— procedures established by the 3C method depend on
c many empirical rules and design experience. The pre-
o sented feed simulation method develops an automatic
g i correction procedure, which is based on the characteris-
< tics of flow distribution in the exhaust duct system. That
10 — is the fan operation point and the dynamic loss created
by the dampers can be quickly obtained after iteration,
B which enables effective correction and reduces the simu-
lation time. Based on the results shown in Table 3, quick
H system balance and adjustment can be conducted. The
00 1 > 3 4 5 5 article uses a Pentium 4 computer. The simulation takes

Simulation Times

Fig. 6. Error of volume flow rate for feedback simulation and 3C
method at each iteration (damper control).

Tsal et al. [7]. It is also due to the fact that in the first
iteration all the dampers are fully open. Referring to
the second simulation results, it is found that, if cor-
rected with the correction procedures of present article,

only 5 min from start to end, as opposed to 1-2 months
spent conducting on-site exhaust balance and adjust-
ment, significantly saving time and money.

3.2. Fan speed control

For the exhaust duct system, damper angle is usually
adjusted to achieve system pressure balance. The
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purpose is to decrease the required flow rate by increas-
ing system resistance. Though this method can achieve
system balance, it increases the operation electrical cost.
In order to achieve the two goals, system balance and
energy saving, the fan speed control is an effective
method. The article is to simulate by controlling the sup-
ply frequency to increase or decrease the fan speed.
When the fan’s speed at full load is 1440 RPM, set the
speed to 1400 RPM, 1350 RPM, 1300 RPM, and
1250 RPM. When the speed is set at 1250 RPM
or below, the fan total pressure and flow rate are no
longer enough to meet the requirements of the system.
The operation condition 1250 RPM is thus set as the
fan’s minimum speed. According to the fan’s perfor-

mance curve, when the flow rate is 800 CMM and speed
1250 RPM, the operation point pressure is 1085 Pa. As
stated above, the dynamic loss of all paths created by
the damper can be obtained and can be converted to
damper angle as shown in Table 4. Those can be used
as the basis for the correction of the second iteration.
Table 5 shows, during fan speed control simulation,
the error between the designed flow rate and the simu-
lated flow rate of various machines at each iteration.
When conducting the third iteration, the error between
the required and simulated flow rate of various ducts
is within 5%. From Tables 3-5, it is found that, through
the fan speed control method, the damper angle of
all paths is smaller than those obtained from damper

Table 4
Total loss and damper angle of all paths (fan speed control)
Path number The total friction loss and Dynamic loss of Damper angle Path
the total dynamic loss except dampers (Pa) damper (Pa) (°) description

1 801.8 283.2 14 Fan-M1
2 959.4 125.6 7 Fan-M4
3 753.5 331.5 22 Fan-M6
4 817.3 267.7 13 Fan-M8
5 906.8 178.2 9 Fan-M9
6 1027.4 57.6 5 Fan-M11
7 789.3 295.7 14 Fan-M12
8 958.4 126.6 5 Fan-M14
9 830.8 254.2 14 Fan-M15
10 911.2 173.8 9 Fan-M17
11 1003.8 81.2 8 Fan-M18
Table 5
Fan speed control simulation results
Number of Machine Designed flow Simulated flow Error Damper angle
iteration number rate (CMM) rate (CMM) (%) (°)
1 Ml 55 69.4 26.1 0

MI12 60 74.3 23.9 0
2 M1 55 58.6 6.52 14

Mi2 60 62.1 3.45 14
3 Ml 55 57.2 4.00 14

M2 0 0.0 0.00 90

M3 0 0.0 0.00 90

M4 80 82.8 3.50 7

M5 0 0.0 0.00 90

M6 60 62.9 4.89 22

M7 0 0.0 0.00 90

M8 70 72.2 3.14 13

M9 90 93.1 343 9

M10 0 0.0 0.00 90

M1l 70 73.3 4.76 5

MI12 60 62.1 3.50 14

M13 0 0.0 0.00 90

MI14 80 81.9 2.33 5

M15 60 61.4 2.33 14

Ml6 0 0.0 0.00 90

M17 90 92.3 2.57 9

MI18 75 78.6 4.80 8
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Table 6

Fan speed control operation cost

Speed Horsepower consumed Electricity Yearly operation Operation expense Energy
(RPM) by fan (kW) price (NT$/kW-h) hours (h) (NTS) saved (%)
1440 46.89 1.96 8760 805,082 0

1400 43.09 1.96 8760 739,838 8.1

1350 38.63 1.96 8760 663,261 17.6

1300 34.50 1.96 8760 592,351 26.4

1250 30.67 1.96 8760 526,591 34.7

control method. This is because when the speed of the
fan decreases, the total pressure and flow provided by
the fan decrease as well. It is not necessary to increase
extra damper resistance to achieve balance.

Table 6 shows the fan operation cost under different
speeds. The operation electricity cost £, is calculated
as follows:

E,= Qi Py (8)

Mg Me

where 7y is fan efficiency, 1. motor efficiency, E. electric-
ity unit price and Y system annual operation hours.
When the speed is 1440 RPM, the annual opera-
tion expense is NT$805,082. As fan speed reduces to
1250 RPM, there saves NT$278,491 operation expense,
a saving of 34.7%.

The present paper provides a feedback simulation
method to conduct on-site system balance, which is usu-
ally very complicated and time consuming in practical
project. This method is also powerful when cooling or
heating load distributions that change with time and
use in thermal engineering system is considered. In addi-
tion to the pressure balance, load control for the thermal
system must be rebalanced accordingly. The energy con-
servation strategies for the thermal system can also be
obtained from the present method.

4. Conclusion

This article analyzes the exhaust duct system of
a TFT-LCD factory with the feedback simulation
method. With the help of the feedback simulation meth-
od, the time spent on balance and adjust can be effec-
tively reduced. The proposed method allows the
designer to conduct online simulation of the system over
the computer during the design stage or as-build stage.
The designer can find out at any time the defects of
the design and the best operation strategy, which

improves the design more flexible. Therefore, in the face
of the challenge of lower cost and shorter time, use of
the feedback simulation method in the design of the ex-
haust duct system can substantially improve the design
efficiency, reduce work time and labor, which in turn
raises the designer’s competitiveness.
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