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ABSTRACT
The rising height of the exhaust gas from a stack is called “effective stack height
(ESH).” The ESH from a single nozzle is well documented, but the ESH from gathered
nozzles is not clear. We describe the flow characteristics of the exhaust gases from the
gathered nozzles of three flues by CFD analysis and wind tunnel testing. The tests
were performed with the shape of the nozzle, the number of the active flues, and the
atmospheric speed as the parameters.

1. Introduction
Generally, power plants have multiple thermal generating systems with each power
generating system having one stack providing the draft of the exhaust gas. As a result,
there are often many high stacks standing in a small area. In Japan, the stacks are
often surrounded by a support tower, otherwise connected to each other, and the tops
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of these adjoined stacks are often brought together to enhance the draft of the exhaust
gases. The rising height of the exhaust gas which is affected by the exhaust speed and
the temperature from the stack is called “effective stack height (ESH).” The ESH from a
single nozzle is well documented (Pasquill & Smith 1983, Ninomiya 2004, etc.), but the
ESH from these gathered nozzles are not clear. We carried out computational fluid
dynamics (CFD) analysis and wind tunnel tests to determine the characteristics of the
rising exhaust gases from the three flues.
2. Effective Stack Height (ESH)
The exhaust gases from a stack need to go up high to spread widely. The gas
speed and the gas lift influence the rise height. The gas speed from the stack is defined
by the sectional area of the nozzle, and the gas lift is defined by the gas density and
the temperature. The stack body is usually insulated to retain the gas temperature.
From the point of view of air pollution, the exhaust gas is estimated by the diffused gas
density at the ground level, which once exhausted spreads and falls to the ground. In
Japan, the ESH is required as one of the parameters of the environmental assessment.
The ESH is defined bellow using Bosanquet’s equation,
H e = H o + 0.65 ( H m + H t )

(1)

where, He: ESH(m), Ho: real stack height(m), Hm: rise height by the gas speed, and Ht:
rise height by the gas lift and temperature.
Generally, these formulas are based on a single nozzle.

3. Experimental
3-1. Prototype Stack
The schematic of the prototype stack is shown in Fig. 1 and the specifications are
given in Table 1. The structure is a 3D rigid structure of three flues with co-stays at two
levels. Each flue is 6.1-metre in diameter and 80-metre in height, and they are located
on a regular triangle with 12.5 m side length. The tops of the flues are brought together
to promote draft of the exhaust gas, but are not connected. The design temperatures of
the exhaust gases are approximately 90 o C , the gas volumes are 1,930,000 m3/h/flue,
and the exhaust speed from each flue is over 30 m/s.
3-2. Experimental method
To clarify the rising characteristics of the exhaust gas, CFD analysis and wind tunnel
tests were carried out. The reason for applying CFD is as follows:
1) It is easy to make minute adjustments for the nozzle shape.
2) It is easy to make a comparative study for the nozzle shape under the constant test
condition.
3-2-1. CFD analysis

To study the high performance nozzle, CFD analysis was carried out. Figures 2, 3 and
4 show the outline of the analysis. The generic software (Scryu/Tetra) was used for
analyzing. all flues are operated in an active state. From the actual design, the gap size
between the nozzles has a lower limit considering the construction. The gap is required
to be filled from the fluid dynamics point of view. Therefore, the gap-covered models
were also considered. Moreover, the straight nozzle was set up at downstream of the
gathered nozzle and the length was adjusted to examine the rectification effect.
Table 1 Specification of the prototype stack
Type
Structure
Diameter
Height
Distance
Location
Design gas
volume
Design gas
temperature
Design gas
exhaust speed
Code

Three co-stayed steel flue stacks
(concentrated nozzle)
3D rigid frame with three-columns and
two-layers
D = φ6.1m (O.D)
H = 80m
L = 12.5m (center to center)
Seaside
1,930,000m3normal/h/flue
o

90 C
30.5 m/s
Air Pollution Control Act in Japan
Building Standard Law in Japan

Figure 1 Outline of the stack
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Figure 2 Model space of CFD analysis
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Figure 3 Model case studies
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Figure 4 Analysis case

3-2-2. Wind tunnel test
To validate the results of the CFD analysis, a wind tunnel test was carried out. Table 2
and Fig.5 provide the details of the wind tunnel.
Table 3 shows the test cases. And Fig. 6 shows the observing system. The model stack
scale was set to 1/100. Froude Number of the exhaust gas and air flow were set
similarly. The reference wind speed for the ESH is set at 6 m/s by the Air Pollution
Control act of Japan. Therefore, the exhaust gas/ air flow speed ratio was set to 5.08
(30.5/6), 2.54 (30.5/12) and 1.69 (30.5/18).
The operating conditions of the flues were taken as 1, 2 or 3 flues active. And the
relations between the flue layout and the wind direction were taken into account.
Moreover, the straight nozzle was set up at downstream of the gathered nozzle and the
length was adjusted so as to examine the influence of this length. The test cases for the
nozzles were selected from the results of the CFD analysis showing the highest
performance.
Hot air flew in the model stacks instead of exhaust gas. The exhaust speed of the hot
air was adjusted by a fan inside the heater installed under the wind tunnel. The air flow
from the fan is turbulent, so four wire mesh layers were located inside the heater. The
turbulence intensity of the hot air was approximately 1% because of the wire mesh.
The air flow inside the wind tunnel was uniform flow, and the temperature of the
slipstream in the tunnel was measured. The temperature of the exhaust gas was
measured by thermocouples located transverse to the slipstream of the model stack.
The pitch was determined through preliminary experiments. Moreover, visualization by
a laser was attempted.

Table 2 Outline of the wind tunnel
(T.E.Solution)

Tunnel
Size
Test wind speed
Wind distribution
Wind deviation
Flow characteristics

3D Model
Eiffel type
(open return, suction)
W8.0 x H2.5 x L23.2m
0.3 - 12m/s
±1.0%
Less than 0.5%
Uniform Flow

Figure 5 Wind tunnel
Table 3 Test case
Straight part of the nozzle
Wind direction
Gas operation
gas/ air flow speed ratio
Clearance between the nozzle
Comparison

Parameter
0/ 1000/ 2000mm
0 ﾟ/ 180 ﾟ
1/ 2/ 3 flues active
1.69/ 2.54/ 5.08
Gap/ covered
Circular single flue

notes
real conversion

Froude Number
Equivalent gas volume and speed
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Wind
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Figure 6 Observing system

4. Result 1 –CFD analysis–
The performance of the nozzles was compared using the exhaust gas bundle or
diffusion at 95 m downstream. Figures 7 and 8 show the rising characteristics of the
exhaust gas. The figures also display the gas from a single circular flue with equivalent
gas volume and exhaust speed (case 1). The figures indicate that the rising

characteristics vary with wind direction. The figures also show that gas height of cases
3, 4 and 9 are higher than that of case 1 regardless of the wind direction. On the other
hand, concerning cases 12 and 13, the rising heights are superior to the single flue.
However, Fig. 9 indicates that the exhaust gases of cases 12 and 13 disperse widely.
From this figure, the effect of the gathered nozzles of cases 12 and 13 seems to be
small. Figure 10 shows the comparison on the length of the straight part downstream of
the gathered nozzle. The gas height becomes higher with the increase in the length of
the straight part when the wind direction was 0-degree. On the other hand, the shorter
the straight part, the wider the exhaust gas disperses when the wind direction is 180degree.

Figure 7 Comparison of gas height

Figure 8 Sum of the gas density

Case 1

Case 4

Case 12

Case 13

Figure 9 Gas diffusion 95m downstream from the nozzle (wind direction:180 ﾟ)

Figure 10 Relationship beteen length of the straight part and the gas height

5. Result 2 –wind tunnel test–
5-1. Performance comparison of the nozzle shape
Figure 11 shows the contour graph of hot air when three flues were active with the
exhaust gas/ air flow speed ratio (G/A ratio) of 2.54. The test was done with the speed
ratio between the exhaust gas and the air flow as the parameter.
Figures 12 and 13 show the ratio of the rise height with three flues active (Z) to that of
the single flue (Zo). The figure indicates that the gas height with the nozzle of 1000 mm
straight part is higher than that of the single flue, while the nozzle with the 2000 mm
straight part the gas height is lower.
5-2. Influence of the number of active flues

The gas diffusions were observed when one and two flues were active. Here, the gas
speed were adjusted to coincide in the gas speed of three flues active. Figure 14 shows
the results. When one flue is active, the rise characteristic is approximate half of that of
the straight flue. When two flues are active, the rising characteristics vary by the G/A
ratio. The gas rises higher than the single flue when the G/A ratio is 1.69. And the gas
rises lower than the case for all flues active except when the G/A ratio is 5.08.

Circular single flue

Straight part: 0mm
Wind direction: 0 ﾟ

Straight part: 0mm
direction: 180 ﾟ

Straight part: 1000mm
Wind direction: 0 ﾟ

Straight part: 1000mm
Wind direction: 180 ﾟ

Straight part: 2000mm
Wind direction: 0 ﾟ

Straight part: 2000mm
Wind direction: 180 ﾟ

Figure 11 Hot air from the nozzle (three flues active, G/A ratio: 2.54, gap covered)

Figure 12 Rising ratio for three flues to
that of the circular single flue
(wind direction: 0 ﾟ)

Figure13 Rising ratio for three flues to
that of the circular single flue
(wind direction: 180 ﾟ)

G/A ratio: 5.08

G/A ratio: 5.08

G/A ratio:2.54
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Figure 14 One or two flues active case (wind direction:180 ﾟ, straight part:1000mm)

5-3. Laser visualization
Visualizing the gas was attempted with a laser beam. Here, the olive oil was used for
visualization. Figure 15 shows the results. The figure indicates the outflow was
generated when a gap existed between the nozzles.

uncovered

covered

Figure 15 Laser visualization

6. CONCLUSION
The following conclusions are obtained from the computational fluid dynamics
analysis and wind tunnel tests of the exhaust gases from the three flues:
1) After a few experiments with the form of the nozzles, the height of the gas from the
nozzles which have straight parts with 1000mm below the gathered parts are higher
than those without the straight parts or with 2000mm.
2) If there are narrow clearances between the nozzles, the outflow from the clearance
was observed by laser visualization.
3) When one flue is active, the rising height is approximately 50% lower than that of the
straight flue.
4) When two flues are active, the rise characteristics vary by the exhaust gas/ air flow
speed (G/A) ratio. The gas rises higher than that of the single flue when the G/A ratio is
1.69. And the gas rises lower than the case when all flues are active except when the
G/A ratio is 5.08.
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