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ABSTRACT

Considering the effects of both entrainment and intensification of the exchanges of momentum and heat between
plume and ambient air, we have derived the trajectory equation of buoyant plume under neutral conditions, and the final
rise prediction formula theoretically without any hypotheses on the rise termination. Compared with the field experi-

ments, the final rise formula simulates the observed final rise heights well.
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I. INTRODUCTION

It is a well-known fact that ambient turbulence is important to the plume rise, and different
researchers have different opinions on its mechanism. Using different simplified models, we can
get various formulas of the final plume rise.

Most of the plume rise theoretical models use the sudden—effect mechanism, in which the
ambient turbulence has no effect on the plume rise at its main stage, but affects it suddenly at a
certain point afterwards. This kind of mechanism makes the plume become flat and reach the
terminal height within a very short distance. Briggs’' (1975) break—up model is a typical one of
such kinds of models.

According to the analysis of the plume rise data at home and abroad, ambient turbulence is
considered to affect the plume rise at the beginning stage, and its accumulated function can not
be ignored. Chen (1981) and Li (1982; 1987) further considered that such kind of accumulated
function can be described by enhancing the plume entrainment. They separately computed the
entrainment velocity under the effect of ambient turbulence and deduced the plume rise path
equation and the final rise formula. This sort of model is called joint—effect model.

In fact, ambient turbulence makes not only the exchange of mass between plume and
ambient air, which is called entrainment, but also the exchanges of momentum and heat be-
tween ambient air and plume. Considering the function of the latter one, Du and Li (1993) have
deduced the trajectory equation of the buoyant plume and the final rise formula under neutral
conditions. These theoretical results simulate the observed facts well.

In this paper, with both effects of ambient turbulence included, we deduce the trajectory
equation of the plume and the final rise formula under neutral conditions, and compare the re-
sults with the observed plume rise data.
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II. PLUME RISE EQUATIONS

In this paper, the question of bent—over plume under neutral conditions is considered. Ac-
cording to the continuity equation of fluid dynamics, the whole plume should obey the follow-
ing relationship of mass conservation (Briggs, 1975)

Ed;(URZ)=2RVe : (1)

where U is the mean velocity of ambient air, R is the effective radius of plume, x is the
downwind distance from stack, and V, is entrainment velocity.

If the effect of ambient turbulence on entrainment is ignored, generally, we can get the fol-
lowing formula

vV, =W, ()
where § is an empirical constant, as to the buoyant plume, § =0.6; and W is the buoyant ve-
locity of the plume, W =dz / dt = U(dz / dx), of which z is the plume axis height from the exit

height of stack.
According to Eqgs.(1) and (2), we have

R=R +pz=pz , 3)
which is adopted by the sudden—effect model.

Considering the contribution of ambient turbulence to entrainment, we can get the follow-
ing relationship between plume effective radius R and plume axis height z (Li, 1982)

1+

R=fz , 4
where i is the ambient turbulence intensity. This formula has been verified by the observed data
of Xuzhou Power Plant (TGMDNU, 1981).

According to our deduction in which the contribution of ambient turbulence to the ex-
changes of momention and heat between environment and plume is included, the plume mo-
mentum equation and heat equation can be written as

dF, —2cK,

& T R ©
dM F, 2K,

eff

dx U_RZU

M, , ©)

where F, is the plume buoyant flux, M; is the effective vertical momentum flux of the plume,
K,, and K, are separately the momentum and heat exchange coefficients of the ambient turbu-
lence, and ¢ is an undetermined coefficient. The definitions of F, and M ; are

i 1%
F =n '[gWB—da , N
and
M= U Wdo— $ody) ®

where P is the vertical cross—section of the bent—over plume, 6’ is the potential temperature
difference between plume and ambient air, 6, is the potential temperature of ambient air and ¢
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is the velocity potential of plume.

Considering that only those eddies whose scales are equal to, or even smaller than the ra-
dius can play a leading role in the turbulence exchange between plume and ambient air (Li,
1982) and that the plume rise under neutral conditions is just dealt with in this paper, therefore
we have, according to Du and Li (1993), the exchange coefficients of turbulent momentum and

heat in the form:
1/2

K =K,=K=01C,R'u,,/H ", ©)
where C, is an undetermined coefficient, u., is the surface turbulent frictional coefficient and
H, is the geometric height of stack.

If the contribution of ambient turbulence to the exchanges of momentum and heat is ig-
nored, Eq. (6) can be changed into

dM eff Fz 7
dx U ©)
As to passive plume, F,=0, then (6") becomes
M _g (6")
dx ’

M has the following relationship with W and R which are the vertical velocity and the ef-
fective radius of plume:
M, =R'UW. (10)
Thus, according to (6”'), the passive plume should obey the following formula
RE@WX)=R.W,,
where the subscript “0” represents the value at a certain point x,. If we choose the source point
as the reference point x, and notice that the plume radius R and the diffusion coefficient o
(o, oro,) are nearly equal, we can get
_ R,
Wxy~—W,.
g
Generally, 6 ~0.1x, so the above formula can be changed as
2

_ R.
W(x)~100—= W, .
X

Therefore, due to the effect of initial momentum, the axis rise height of the passive plume in
the vertical direction is

? — dx W,
z~ on, W(X)F IOTRo'
According to the typical values, Wy=15m /s, U=5m /s, Ry=3 m then z~90 m. On the basis
of practical experience and observed data, it is impossible that the plume axis can arrive at such
a large height only because of the contribution of the initial momentum. So, the term of turbu-
lence exchange in formula (6) can not be ignored. For the same reason, the term of turbulence
exchange in formula (5) also has important function.
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III. TERMINAL RISE FORMULA

According to Egs. (5), (6) and (9), we can get the following expression

F, 02C, u,,
M =(F,k +Fx)exp(— H7 U x), (11

5

where F,, is the initial momentum flux of plume, F, is the initial buoyancy flux of plume, and
C.=CC,.
From formula (4), together with M ;= R2UW, we have

1,2 2+2idz F, 0.2C, L2
UPB:z dx =(F, + U x)exp( P"RE T x ) (12)
Integrating formula (12) obtains
3+2i 3+2i>[Fm —Ax Fo —Ax —Ax
z =( —({1—-e )+ (1—e —Axe )|, (13)
g /L4 A’

1/2

where 4 =(0.2C, /H_ Yu,,/U).
In general, when x> (5—-10)F,, / (F,/ U), the effect of initial momentum can be ignored,
thus

A Ax

f—Axe ). (14)

3eu (3+2i> F,
z ~ 1,2 2
Uup’4U
When x is very large, the height of plume axis tends to be a finite value, which is usually
called the terminal rise height AH:

[

where C, is a coefficient to be determined. Once it is determined, it can be used to calculate the
terminal rise height. Using the twelve sets of observed data obtained in the plume rise experi-
ments of Xuzhou Power Plant, we can determine that C, is nearly equal to 1.00 (TGMDNU,
1981). Thus, expression (15) can be rewritten as

F e
AH= [70(3 + 2i)< —H, )] (16)
Uu,,

(l1—¢

As to a medium—size power plant, for example, if the calculation parameters in Fig. 3 are used,
the value of AH ati=0is nearly as large as 1.4 times that of AH ati=0.1.

Formula (16) can be verified if the twenty—one sets of observed data obtained in the plume
rise tests of Xuzhou Power Plant are adopted. The stack height H, of this plant is 180m and it
can be roughly determined that i=0.1 and U/ u, ;=12 when the wind data are used. Fig.1
shows the comparison between observed rise heights and calculated values from formula (16).
The correlation coefficient r between observed and calculated values is 0.66, the average value
K of the ratio of these two values is 1.04, and the standard deviation ¢ of the ratio is 0.23.

Formula (16) can also be verified when the plume rise data of sixteen foreign power plants
(Briggs, 1969) is used. According to the source parameters and meteorological conditions, i is
selected as a value of 0.1 and U/ u. is chosen as a value of 14 (Li and Zhu, 1987). Fig.2 shows
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Fig. 1. Comparison between the observed values (A\H,) Fig. 2. Comparison of the observed values from the
of plume rise tests in Xuzhou Power Plant and foreign plume rise tests with the calculated val-
the calculated values (A H,) of formula (16). ues of formula (16).

the comparison between the observed values and calculated ones of plume rise. Because there
are no detailed original data, Fig. 2 only gives the comparison under the mode wind in each test.
The correlation coefficient r of observed values and calculated ones from the twenty sets of ma-
terials is 0.80; I—(_, the average ratio of these two values, is 1.00 and the standard deviation o of
the ratio is 0.33. After three sets of abnormal data have been rejected, the seventeen selected sets
of materials yield r=0.91, K=0.96 and 6=0.27.

Through the preceding comparison between calculated and observed values from so many
plume rise tests whose source parameters and meteorological parameters are all different, we
can see that the basic laws shown in formula (16) even which includes C, determined by ob-
served data, are correct, and consistent with the observed facts, on the whole.

IV. EFFECT OF AMBIENT TURBULENCE

In order to discuss the problem easily, we rewrite expression (14) as
23+26|i - (3 +22‘521i\ F,

v’ Ju,4)

where 4, and J, are indicating factors of ambient turbulence functions. 4, is the indicating

factor of ambient turbulence contribution to entrainment, the effect of this term is ignored when

0,=0; 8, is the indicating factor of the contribution of ambient turbulence to the exchanges of

momentum and heat between plume and ambient air. When J,=1, the exchanges of momentum
and heat are considered in formula (14’), while they are ignored when ,=0. .

To begin with, let us talk about the plume rise trajectory equation when é,= 8,=0, in other

words, the effects of ambient turbulence on plume rise are totally ignored. Thus, formula (14') is

simplified as
3 3F, \ 1—e ™ —5 Axe " 3\(F,\ 2
z =|——5 |lim 2 = (—2 oy >
U’ oo (5,4) 28" \u

é 8, Ax

) (14)

~(1—e 7" =5, Axe”
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ie.

z= (L)WF“’” X (17)
28° U '
Here notice that small terms of higher order of [6,4x]’ are ignored.
This is the famous “two—thirds law” (Briggs, 1975). Obviously, it is an special case of for-
mula (14") when 6, =6,=0.
For the same reason, when 6, =1 and §,=0, (14’) can be simplified as

1 1

z:(3+221)3+2'<£(;—>3+21xﬁ' as)
28 U

This is the “sub—two—thirds law” presented by Li (1982).

From formulas (17) and (18), when the effect of enchancing entrainment by ambient turbu-
lence is considered, the plume trajectory has a systematical deviation from that of the
“ two—thirds law” which totally ignores the ambient turbulence functions. And the speed of
plume rise has reduced to some extent. However, because of ignoring the effect of exchanges of
heat and momentum by ambient turbulence, the plume height still rises without any limits with
increasing of the downwind distance x.

If we only take account of the contribution of ambient turbulence to the exchanges of mo-
mentum and heat while ignoring the effect of enhancing entrainment by ambient turbulence,
that is, 5, =0 and J, = 1; therefore, we have (Du and Li, 1993)

173

3 )1/3( Fo ) —Ax —Ax 1/3

z= (—— (1—e —Axe ) 7, (19)
ﬁZ A2U3

where A=[02/H i/z Ju.o/ U]. From this formula, we can get the following conclusions: (1)

When x or the ambient turbulent intensity (u.,/ U) is very small, the trajectory equation (19)
of plume rise is simplified into * two—thirds law”. (2) When x is very big, the plume axis height
z tends to be a limited height z_,,, which is usually called the terminal rise height, and

z . =[3F,/ (A2 /)’ZU 3)]”3. Thus it can be seen that including the contribution of ambient

turbulence to the exchanges of momentum and heat means drawing the break—up mechanism of
plume structure, which makes the plume height no longer rise unlimitedly within a large
downwind distance. Therefore, the long—unresolved problem of the rise cut—off scheme in the
plume rise research can be solved preliminarily. It also shows that the plume trajectory near
sources obeys the “two—thirds law” when the effect of enhancing entrainment by ambient turbu-
lence is ignored. This result has certain deviation from the actual facts (Chen, 1981; Li and Zhu,
1987).

Finally, let us think about such kind of situation, in which the effects of both enhancing the
entrainment and intensifying the exchanges of momentum and heat by ambient turbulence are
considered, in other words, 6, =4,= 1. From formula (14’), when x is very small, the plume tra-

jectory equation can be simplified into
1

| —_
\3i F 3+ 2 2
= (%)3*'2 <U_g) x3+2i. (18)
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This result is the same as what we have got when §,=1 and ,=0. But it should be pointed out
that this formula can only be used within a small downwind distance when §,= §,=1. If it is
used in a large distance, the result will have a considerable deviation from what is calculated by
formula (14’). With increasing of x, the plume axis height z tends to be a definite height z,,,

| 1
N\ TE 5 F I+ 2
Zmal = (3;22’)3+2 (AZ;)JJ ) ’ (20)

where A=[0.2/(H J)'/z](u .o/ U). If each variable gets its typical value: H, =200 m,
u.,/U=0.1,i=0.1, F[;,=400m /s ,and U=5m /s, we have z,,, = 149.4 m, when 4,=0, §,=1
and z,,,,=111.5m, when §;=1, §,=1.

Through the analysis of formula (20), it can be concluded that the effect of enhancing
entrainment by ambient turbulence influences the plume rise from the beginning to the end. At
the beginning of plume rise, such kind of function makes the plume trajectory have a
systematical deviation from what is calculated by the classical “two—thirds law”, in other words,
it causes the slope to become smaller and makes the rise speed become slower; while during the
later period of plume rise, its accumulation makes the terminal rise height decrease. However,
the influence on the plume rise caused by the exchanges of heat and momentum due to ambient
turbulence is obviously different at each stage of the plume rise. At the beginning of plume rise,
such kind of effect has nearly no influence on the plume rise, which can be got from the trajecto-
ry equation of a short distance, while with increasing plume height, it makes the plume momen-
tum and heat be transported to the ambient air continuously, which finally causes the rise—driv-
ing factors to be exhausted.

In order to have a more direct view of the influence of ambient turbulence on plume rise,
the preceding analysis has been synthesized in Fig. 3. The calculation parameters used in this
figure are: F=400m /s, H,=200m /s, U=5m /s, U/ u.,=14and i=0.1.

z( % 100m)

0..3 i I

. L )
1 i 620 306 4050 5o~ X\ 100m)
Fig. 3. Effect of ambient turbulence on plume trajectory and terminal rise height. 1: 6,=0, §,=0;2: 6,=1,6,=0; 3:

5,=0,8,=1;4:5,=1,5,=1.
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V. CONCLUSIONS AND COMMENTS

In this paper, considering the effects of ambient turbulence on plume rise through en-
hancing the entrainment and intensifying the exchanges of momentum and heat between plume
and ambient air, we have deduced the trajectory equation of buoyant plume under neutral con-
ditions. Because of having included the function of the latter factor, the terminal rise formula
can be derived directly from the trajectory equation without any hypotheses on the rise termina-
tion, which can solve the problem of terminal rise theoretically. Through the calculation of ac-
tual examples, it shows that the terminal rise formula deduced in this paper is considerably con-
sistent with the observed data in the plume rise tests at home and abroad.

The analysis of influential factors on the plume rise by ambient turbulence shows that the
two mechanisms of enhancing entrainment and intensifying the exchanges of momentum and
heat are all important to the plume rise, of which, the former has distinctive effect on the plume
rise from the beginning to the end while the latter one has a phased character, that is, it only has
clear influence in the long distance.

It should be pointed out, in the paper, that the terminal mechanism has been brought in at
the very beginning of plume rise and the terminal phase has been considered as a continuous
one, through which the problem of choosing the terminal scheme can be avoided, and that such
kind of treatment is more close to the actual facts. However, this method has the problem of
how to determine the parameters. The terminal height in this paper is the one at which the
plume has totally become flat, while the observed rise height is very strongly dependent on the
measuring methods and the defination of the terminal rise. According to this model, using long-
er plume trajectory to determine C, will be better, but it needs higher quality data observed of
plume trajectory. Therefore, the more accurate value of C. can be obtained through more ob-
served data in future.
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