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ABSTRACT

This paper has investigated the rise of bent-over buoyant plume in neutral condition. By means of
the combined-effect model proposed at earlier time, authors have deduced a formula of final rise limited by
mechanical turbulence and therefore have concluded that the corresponding formula neglecting the accumu-
lated effect of ambient turbulence is only its particular case. By analyzing the function relation of the various
affecting factors with the plume rise in the existing equations, it is proved that the formula derived from
the combined-effect model is the most reasonable and shows more conformity to the observations.

I. INTRODUCTION

The plume rise is an essential subject in the research of air pollution. The rise height
of thermally buoyant plume is usually much greater than the stack height. Therefore, if
the rise height can not be correctly calculated, the design of stack height and calculation
of the ground concentration of pollutants will be meaningless. Now there exist scores of
plume rise formulas, but the calculated results with the same plume source and meteoro-
logical condition may differ more than ten times from each other. Many of these formulas
are purely empirical. Due to difference of experimental conditions, deficiencies in data and
incompleteness of observational means, particularly during early research period, the re-
sults obtained from these experiments can hardly be comparable.

Since the 1970s great advance in theories of plume rise has been achieved (e.g., Briggs,
1975; 1984). At the same time, further research on plume rise, particularly on the final
rise models for a strong thermal plume source, has benefited from increased understanding
of turbulence, wind and temperature fields in the boundary layer and accumulated data
obtained by advanced tools of sounding such as lidar. The research put emphasis on the
rise of bent-over buoyant plume under neutral conditions, which is a subject of great cur-
rent interest. In recent years, some new concepts are introduced and new facts are found
both in theory and analysis of observational data. They mainly include the following as-
pects:

(1) The values calculated from most of the rise formulas are lower than those detected.
In earlier period, the rise height of plume was usually determined by means of photographs,
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When the plume is weak, the actual final rise cannot be measured. Thus the empirical for-
mulas based upon it would tend to predict a lower rise. On the contrary. those observed
by lidar can reach as high as 3—4 km or more (Weil, 1979). .

The unreal higher ground concentration obtained from some dispersion calculations
is related to the fact that the rise formula adopted is too conservative.

(2) The rise height increases with elevation of plume source (Briggs, 1984). If no
account is taken of the effect of the ambient turbulence, the thermal plume under neutral
conditions will rise indefinitely according to the power law of 2/3. Only under the effect
of the ambient turbulence, would the rise just come to a termination. In the boundary
layer, the mechanical turbulence is weakened upward. Therefore, when the buoyant
flux is equal, the higher the plume source, the higher the final rise and the farther it extends.

(3) The rise height decreases with increasing wind velocity, but has a stronger de-
pendence than [J-'. AH oclU-! is the most common form of existing rise formulas. Nev-
ertheless, the wind speed, in addition to having the direct effect of dilution, will strengthen
the mechanical turbulence and accelerate the mixing-up effect. Therefore, when considering
the effect of ambient turbulence, a final rise model should have a stronger relation than
U-'any way (Briggs, 1984; Csanady, 1973).

(4) The accumulated effect of ambient turbulence should not be ignored. The the-
oretical models usually assume that the ambient turbulence has no influence on rise at
its main stage. Chen (1981), for the first time, put forward a model considering the ac-
cumulated effect of ambient turbulence, and Li (1982) further confirmed this idea with his
combined-effect model. Such a model is more reasonable in theory and conforms better
to the observational data both at home and abroad. In addition, it solves the problem
that the final rise is overestimated by some formulas.

The rise of bent-over buoyant plume in neutral conditions is discussed hereafter and
a set of formulas of final rise limited by mechanical turbulence are derived based on the
combined-effect model. 1t is found that the corresponding formula of Briggs is only their
particular case. The relation between rise height and various affecting factors in existing
formulas is also analyzed in this paper. The formula derived from the combined-effect
model proves to be the most reasonable and its results is more consistent with observations.

II. THE FINAL RISE FORMULA DERIVED FROM THE COMBINED-EFFECT MODEL

Among the existing finai rise models, the Briggs’ “‘break-up” model has given a more
successful approach of limitation. It assumes that when dissipation rate & of internal
turbulent energy within the plume is equal to that of ambient turbulent energy g, the
plume structure itself will break up and transform into a passive p ume and then the plume
rise will come to a termination. This limiting condition can be expressed as

W3
8:172 ’ (1)

where the right side of the equation represents the dissipation rate of internal turbulent
energy within plume, J#/ average vertical speed of plume, Z the calculated height at exit,
and 7 the dimensionless coefficient.

In fact, when JJ/, which maintains the plume structure, becomes rather small, and at
the same time, the plume grows to such an size that the ambient eddies containing more
energy will participate sufficiently in the mixing-up effect, the plume structure itself can
then really break up in short time¢ and terminate plume rise, This physical model can
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reasonably cxplain why the plume, after its rather long buoyant stage, usually comes
to keep level in a short distance. The drawbacks of the general final rise models lie on

the fact that the effect of the ambient turbulence prior to its break-up are totally ignor-
ed. Hence, the formulas derived from these models will have higher calculated values.
In order to overcome the above-mentioned deficiencies, the accumulated effect of the ambient
turbulence should be account for during the whole rising stage. For this purpose, starting
from the combined-effect model, the plume trajectory equation is developed (Li, 1982):

z=( 38 Yo pry ey (2)
2p

where 7 is the plume rise height (m), F the buoyancy flux parameter (m?*/s=%), {J the
average wind speed at plume height (m/s), X the downwind distance from the plume
source (m), § the ambient turbulence intensity and g the coefficient (m~i). When ignoring
the effect of ambient turbulence (i.e., {=0), g is dimensionless. Obviously, the power law
of “2/3” is a particular case of Eq. (2) when i=0.

e in Eq. (1) is given as (Briggs, 1975)

ki

. Ux
€= KH, (3)

where y,, 1s the friction velocity(m/s), ¥ the Karman constant, and F/, the effective source
height (m). The above expression is strictly tenable only to the surface layer. Com-
bining with the work of other researchers, Briggs has found that it is actually applicable
to the higher layer (even up to 1200 m). He, therefore, has considered that Eq. (3) can be
applied approximately to the typical plume height.

According to Egs. (1)—(3), the solution of final rise height limited by the mechanical
turbulence is obtained:

J__ 2 Plaa(E \aw S \
s ={ o0 Grayg | Foga 7 (He+AH) (4)

:A'(i)(UZi )T (FH\ A H)FT,

or

A][:Az(i)(UFui>”‘v“<1 +AP[2‘ )ﬁ

] 2 3y 1
A :{ 2 [_—:f }3+0: . 5
2(1) (77'() (3 +2i)ﬁ2 ( )
Egs. (4) and (5) containing the unknown AF in both sides are much inconvenient to
apply, so they are simplified to the following approximations:

AH—"—’Ag(l)B(I) <U}Z;>3“;MHS? ,
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where AH is the (inal rise height, 7/, the geometric height of plume source, and A, (i),

A, (i). As(i) and B(i). arc the combined coefficients, and are functions of turbulence
intensity. If taking p=1.5, x=04, g§=0.6 (Briggs, 1975), the coefficients have values
as listed in Table 1.

Table 1. The Values of Combined Coeflicients ror Different Turbulence Intensity

i 0 { 0.05 . 0.10 0.15 ‘ 0.20
S O | |
A\(5) 1.18 1.15 1.12 1.10 1,08
A(i) 1.32 1.25 1.19 1.15 1.11
A, (d) 1.20 1.16 1.13 | 1.10 1.07
B(@i) 1.29 : 1.24 1,19 ! 1.15 1.12

Neglecting the effect of ambient turbulence, Briggs obtained the corresponding equations
on the basis of power law of **2/3" (Briggs, 1975; 1984):

AH=1.2<L%>E (H,+AH)%, (7)
g ol E N H s ,
,,3[17-1..,(‘(]“;)(1 Pt ) ) (8)
.AH:1.54<UIZ;>7H_{". (9)

The above equations suggested by Briggs in recent years are applicable mainly to
stronger thermal plume source under neutral and windy conditions. Obviously, they are
particular cases of Eqs. (4)—(6) with =0, respectively.

Both Eqgs. (6) and (9) are approximate expressions. When wind speed is not too
small or when AF<2H,, the deviation from each other is not large. They are safer
than the original equations and are convenient to apply and more appropriate to be a
practical formula.

IIT. THE REACTION MECHANISM OF THE PRINCIPAL FACTORS AND THEIR QUANTITATIVE
RELATION TO THE RISE HEIGHT

If the minor factors are ignored, the factors determining the final rise of bent-over
buoyant plume under neutral conditions should include F,UU, H, andi. Most formulas,
however, contain only two independent variables & and [J. Just a few scientists con-
sider the additional effect of H, and only Chen (1981) and Li (1982) further consider the
effect of ambient turbulence. Moreover, though most of the formulas have been express-
ed in the power form of the independent variables, the power values are quite different
from each other. This is the basic reason why the existing formulas can hardly be com-
parable with each other, In view of this problem, analyzing comprehensively the reaction
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mechanism of each factor, the observed fact and calculated results of formulas with var-
ious types, we decide the independent variables that must be accounted for and their reason-
able quantitative relation to the rise height.

I. Buoyancy Flux Parameter F

The plume rise formulas are usually expressed in the form of AH ccF™, but their
adoped values for s are quite different, being 1/4, 1/3, 1/2, 3/5, 2/3 and 1 etc., respectively
(Briggs, 1969; Moses, 1972). Among these values, 1/2 is most often adopted in empiri-
cal regressive formulas,

In Holland formula (U.S. Weather Bureau, 1953), m=1. As is well known, the calculated
results are a few times smaller than the actual cases when F is small, and moderate when F is
rather great, which means that the value s should be obvicusly smaller than 1. On the
other hand,the power law of “2/3" apparently means Z oc F %, but the termination distance
X also increases with [F. Considering the superimposed effects of both explicit and
implicit factors, this law actually indicates that the value s should be apparently greater than
1/3, ie, 13<m<l.

The range of value s, can be further reduced by taking advantage of the plume rise
data of 16 fossil fuel-fired power plants (Briggs, 1969). Based upon the data, we obtain
AHUcF°*,

Including the extensively varying range of value F, the above data provide better
representation. However, the relation AH oclU~! in the above equation is incorrect
(most observations were carried out under moderate wind speeds, so the relation would
not bring about a very great effect). Moreover, the effects of factors such as H, etc. are
not incorporated into the equation. Therefore, the actual value s should be in the range
of 0.58+ A. Considering 1/3 <m<{l, it is appropriate to let m=1/2—2/3, being the in-
termediate among the existing equations.

Table 2. The Value m in the Combined-Effect Model

i ] 0.05 ‘ 0.10 ‘ 0.15 a 0.20

m 0.667 0.606 ’ 0.556 . 0.513 ’ 0.476

Both Eqgs. (6) and (9) are theoretical. The value s in Eq. (9) is 2/3, while Eq. (6)
indicates that value g is related to the ambient turbulence intensity, as shown in Table 2.
The data in Table 2 conforms the above analysis and shows that when the ambient
turbulence intensity grows stronger, the dependence of rise height on the thermal flux
of plume source, ', becomes weaker. This conclusion accords with the analysis of reac-
tion mechanism, and further supports the reasonableness of the combined-effect model.

2. Plume Source Height H

The most of the rise height equations do not include the height factor HH; is a
serious weakness. Particularly in case of a relatively high and strong thermal plume

source, neglecting of H , will lead to rather great deviation.
The ambient turbulence plays a critical role in the termination of rise. The weaker the

turbulence, the higher the final rise. Under the neutral condition the turbulence decreases
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upward and hence rise height also depends on the elevation of plume source itself. There-
fore, the rise equation should include the height factor H .

In China, the principle of the “Emission Standard” and the design of stack height is to
control the ground concentration of pollutants. The calculated stack height depends on
not only AF{, but also the discharged pollutant amount (for example, the sulphur §”
contained in coal) and permitted maximum ground concentration C,. A large number of
tests have shown that the formulas without [, will have serious drawbacks in practice.
When the effluent amount is small (for example, S” below 19} or the permitted C,, is
comparatively large (0.35—0.4 mg/m®), the stack to be built, according to the equations,
would be very low, even with a negative height. Otherwise, the stack would be very high,
too conservative to be feasible under the current technological-economic conditions in China.
On the contrary, the formulas involving H; will be applied suitably in a much wider
scope and able to avoid the occurrence of the above-mentioned extreme situations.

As to the dependence of rise height on H ¢, Briggs (1969) suggested:

AH ocH", n=—§~.

This is a result oblained by pure empirical selection of a final rise distance based on the
power law of “2/3”. If the other conditions keep unchanged, doubling [ will have A
increased by about 609. It seems to be too strong a dependence.

The theoretical value n, in both Briggs® “break-up’” model and the combined-effect model,
is 1/3. Thus drawbacks caused by neglecting the effect of H ¢ will be overcome on the one
hand, and the relation between AH and H ¢ not so strong as suggested by Briggs (1969)
on the other.

3. Average Wind Speed U

Almost all the formulas are expressed in the form of Affocl/~# where value p can
bc 3/4, 1, 1.4, 2, 3, etc. (Briggs, 1969; Moses, 1972), but mostly p=1.

The relation AHocU-! can be classically derived from the power law of *2/3”,
which takes into account only the diluting effect of wind speed, but ncglects its influence on
the termination distance and height of the final rise. According to that law, only AH in
the same distance is inversely proportional to [/, which has been validated by observed
data at home and abroad (Briggs, 1969; Group of editors, 1985). All theoretical models con-
sidering the effect of {J on the final rise can develop a relation much stronger than U ~!.

Value p the equations of Csanady (1973) and Bosanquet (1957) is equal or approx-
imate to 3. Such a strong relation has never been validated and should not be explained
entirely by the fact that final rise has never been observed. If take y.oclU, the Briggs’
“break-up” equation gives p=2, which is closer to the observed events than in p=3.
The value p in the combined-effect model is listed in Table 3.

Table 3. The Valuc p in the Combined-Effect Model

i ‘ 0 ' 0.05 ’ 0.10 ‘ 0.15 ’ 0.20

b i 2 ] 1,82 , 1.67 ‘ 1.54 ! 1.43
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It can be found that due to the effect of ambient turbulence, the dependence of final
rise on wind speed grows weaker. Compared with the power law of “2/3”, the plume trail
described by the combined-effect model is deflected downward, i.e., the height at the same
distance is lower. This makes the effect of wind speed on final rise weakened relatively.

Though the above-mentioned value p is quite different from each other, the fundamental
conclusion is the same: The dependence of final rise on wind speed should obviously
be stronger than that shown by a diluting model (AH <cU™").

Some observed results are shown in Fig.1. In this figure, values of p in two data
sels obtained at Xuzhou Power Plant are 1.46 and 1.30, respectively, while that obtained
by lidar (Weil, 1970) is 1.98. At present, because of few precisely determined final rise data
sets, no accurate experimental value of p can be achieved.

1000,
F P=1.98
500
E 200 N
= f \
N NOE
50
sy ' AT ITRE BT A RS VI Y PR |
2 5 10 15 20 5 10 1520
U(m/s)
Fig. 1. Somec observed results of value p.
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Fig. 2. Comparison between the calculated examples of Egs. (6) and (9).
L represents the combined-effect model, and B the Briggs’ model.
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From the above analysis, the height factor introduced by Briggs’ “break-up” model has
made progress in theory. However, only when the accumulated effect of ambient turbulence is
considered, would the values of 4 and p be more reasonable, and closer to the analysis of
their reaction mechanism and observed results. Fig. 2 is a comparison between the calculat-
ed examples of Egs. (6) and (9). The calculating prameters adopted are F =400 m*/s®, H;
=180 m, U=5 m/s, i=0.10 and U/ /u,=12.

Obviously, because the accumulated effect of the ambient turbulence is accounted for.
the calculated value of Eq. (6) is lower than that ol Eq. (9), the curve slope is gentle and no
extremely high values appear (that [/ is small and the buoyant bent-over condition is not
satisfied is out of discussion). Eq. (9) is a particular case of Eq. (6) when =0,

IV. COMPARING WITH THE OBSERVED RESULTS

In applying Egs. (6) and (9), the method to determine g, and i should be given.
Under the conditions of neutral stratification and homogeneous underlying surface, there is no
apparent difference between the wind profile defined by the logarithmic law and that observed
at tower layer. Briggs has confirmed that this, just the same as Eq. (3), can be applied
approximately to higher level and gives the ratio of U/ to y, at various heights under the
conditions of various roughness Z, and typical underlying surfaces.

When 4, is given, it is not difficult to detcrmine the turbulence intensity in principie.
At the major stage of buoyant rising, the atmospheric turbulence of low frequency, mainly
the horizontal component with a size remarkably larger than the characteristic one of plume,
has a rather little effect on the entrainment process. Thus for a neutral stratification and
homogeneous underlying surface, the following conventional approximate expression can be
adopted:

. u:::
i=c - (10)

The constant ¢ has been measured and given by Monin and Yaglom (1971) and other resear-
chers.

The plume rise data at 16 coal-fired power stations (Briggs, 1969) can be used to check
Egs. (6) and (9) in the degrec of comformity to the actual case. The stack heights of these
plants range between 6! and 180m, the plume rise during the experimental peorid, mostly
between 150 and 300 m, and the surface roughness between 0.3 and 1.0m. Based upon these
conditions and the above-mentioned method to determine y, and i, we provide slightly
conservative estimates by letting {//u.=14, §=0.1 and substituting them into Eqs. (6) and
9).

Comparisons of the calculations with the observations are shown in Fig.3 and Table
4. 1In the absence of original data, those shown in the figure are just the sets of values
under the mode of wind speeds in each experiment. The entire available data are of 20
groups, where 3 groups of the non-normal are ommitted, so the data selected are of 17 groups.
Table 4 shows the calculated results of plume rise equations suggested by the national standard
GB 3840-83 to suit urban and rural areas. 7

Both Fig. 3 and Table 4 indicate that the combined-eflect model is the superior. The
data calculated by Eq. (6) being 109 lower is entirely due to the fact that parameters chosen
are slightly conservative, while in the same case, those obtained from Eq. (9) are 709, higher.
We should point out that the calculated values by the National Emission Standard equations
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Fig. 3. Comparisons between calculated results of Egs. (6) and (9) with observations.

Table 4. Comparisonn between Calculated Plume Rise with Observations

|
Data Uscd Equation i K O { r
: \
L 0.952 0.449 0.72
. B 2.00 1.23 0.66
Entire _
NESu 1.18 0.401 0.81
NESr 1.29 0.439 0.81
! L 0.872 0.272 0.90
| B L
74 0.683 0.88
Chosen — - _
I NESu 1.16 0.355 1 0.92
} NESr 1.27 0.389 ‘ 0.92

L: Combined-effect model; B: Break-up model;

NESu and NESr: National Emission Standard equations for urban and rural arcas;
K: averaged ratio of calculated plume rise to observations;

ok standard deviation of ratio; r: corrclation coefficient.

being only 15—309, higher and o, and r being also good enough, are related to the
fact that in the information chosen by Table 4, the stack heights are relatively low, mostly
lower than 130 m. The stacks, however, in the coal-fired power plants of medium size or
more newly built in China are generally higher than 180 m. The dependence of plume rise on
the stack height in National Emission Standard equations is very strong. 1If the stack height
takes 180 m, the calculated values in Table 4 would increase further by 259 on the criginal
higher basis. Therefore, the plume rise calculations for tall stacks may not be very safe.

In China, only at Xuzhou Power Plant a large number of measurements of plume rise
have been systematically carried out. A photograph of an average plume trajectory is taken
once a minute, samping with a 20 min. Using 33 groups of data under neutral conditions,
we have checked Egs. (6) and (9) in which 4, and i chosen are the same as Table 4. The
checking-up results are listed in Table 5.



No. 2 RISE MODEL OF TURBULENT-LIMITED BUOYANT PLUME 211

Table 5. Comparison between Calculated Plume Rise with Observations at Xuzhou

Equations K Ok r
- _ e .

L 1.05 \ 0.227 0.77

B 2.23 0.563 0,71

NESu 1.61 0.409 0.76

NESr 1.76 0.448 0.786

Xuzhou Power Plant has a stack 180 m high. There is a hill around 100 m high to the
north about 1 km away from the plant, and the terrain rises gradually farther away. During
the experimental period, the hill is in upstream of the prevailing wind; and the turbulence
is stronger than that over the plain. According to the combined-cflect model, the rise height
should be lower than that over the plain. The value K in Table 5 is obviously higher than
that in Table 4. This accords with theorctical inference. Because Xuzhou Power Plant
is located on the verge of hilly region and has a tall stack, the value K in the National
Emission Standard equations tents to be apparently larger. That equation is stipulated to
be applied in plains.

V. CONCLUSIONS

(1) The affecting [actors included in most existing plume rise formulas are incomplete
and their functional relations are incorrect.

(2) Under the conditions of neutral stratification and homogeneous underlying surface,
the major factors to determine the bent-over buoyant plume rise are the buoyant flux of
plume source, average wind speed, plume source height and the ambient turbulence parameter,

(3) Briggs has introduced an important factor, the plume source height, into the rise
formulas. This is an important progress in theory. However, because the accumulated
effect of ambient turbulence is not considered, the model provides higher estimates.

(4) The final rise formula derived from the combined-effect model has the factors
included completely. Morcover, the weighted importance attached by various factors and
their quantitative relations with the rise height, get all it to be more reasonable. On
considering the accumulated effect of ambient turbulence, and overcoming deficiencies of
overpredicting the plume rise by some final rise theoretical formulas, it accords with the
actual facts more closely. Based upon the various types of surface and boundary layer con-
ditions, we can also determine the calculating parameters to obtain a practical equation
suitable to various typical conditions. Such equation can not be obtained by means of con-
ventional plume rise formulas.

(5) Viewing the strong thermal plume sources in medium and small cities and large
city suburban areas or rural villages located in plain and getting calculating parameters slightly
conservative, we obtain a practical equation derived from the combined-effect model:

AH = (25~32)(-§;>0'555 H$, (11)
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where the coefficients in parenthesis should be determined by the method suggested in Scction
IV according to the values of H and Z, etc.

The buoyant plume rise is very important to the correct calculation of ground concentra-
tion and is rather complicated, however. To consider the accumulated effect of ambient
turbulence is the important progress in theory. Further analysis of the reaction mechanism
demands the atmospheric turbulence and the plume trajectory information observed synchro-
nistically at the plume height. This theory, however, is just put forward by Chinese inves-
tigators in the 1980s. The lack of synchronistic observations of atmospheric turbulence in
the past experiments greatly limits further research. We hope the subjcct will have new de-
velopment on the basis of well-designed experiments i the future,
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