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Theoretical analysis for an online measurement of the stack gas flow velocity based on the optical scintillation method
with a structure of two parallel optical paths is performed. The causes of optical scintillation in a stack are first introduced.
Then, the principle of flow velocity measurement and its mathematical expression based on cross correlation of the optical
scintillation are presented. The field test results show that the flow velocity measured by the proposed technique in this
article is consistent with the value tested by the Pitot tube. It verifies the effectiveness of this method. Finally, by use of
the structure function of logarithmic light intensity fluctuations, the theoretical explanation of optical scintillation spec-
tral characteristic in low frequency is given. The analysis of the optical scintillation spectrum provides the basis for the
measurement of the stack gas flow velocity and particle concentration simultaneously.
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1. Introduction

With the rapid development of national economy over the
last 30 years, particulate matters and air pollutions produced
by industry have seriously affected the air quality and conse-
quently human health. It has heavily counteracted the achieve-
ments of economy developments. Furthermore, this situation
will continue for a long time. Therefore, the monitoring and
controlling of air pollution and aerosol particles have become
an arduous task for the government and local administration
departments. To fulfill this task, it is needed to continually on-
line monitor the pollution gases and particles. However, many
techniques are still under development and have not fully com-
mercialized yet. For instance, devices with high performance
to online monitor gas flow velocity, particulate-mass concen-
tration and the total pollutions produced by an individual fac-
tory are still not available.

Using optical scintillation of particulates to measure the
stack gas flow velocity has great advantages compared with
other traditional velocity measurement techniques, such as the
Pitot tube, ! hot wire anemometry,[?! laser Doppler velocime-
ter (LDV),B] etc. The Pitot tube is a differential pressure ve-
locimeter and can only perform single point measurement. Its
measuring precision is low and the press-leading tube is easily
blocked. Hot wire anemometry is widely used in turbulence
measurement, > but it is brittle with poor measurement sta-
bility. The LDV is commonly used in multidimensional flow
measurement, %! but the vibration of a stack pipe easily affects
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the measurement accuracy. Adopting a non-intrusive optical
scintillation method can measure flow velocity and particle
concentration at the same time, and it has some advantages,
such as easy machine maintenance, long service life, being
workable in inflammable and other hazardous environments,
and measurement results independent of temperature and pres-
sure. However, although theoretical studies on atmospheric
turbulence and optical scintillation in free space as well as its
characteristics of particle spectroscopy have been done a lot,
up to now the corresponding theory in stacks has not fully de-
veloped yet.

When a light beam is propagating through a turbulent
medium, it will generate optical scintillation. This optical
scintillation phenomenon has found applications ranging from
particulate emission monitoring, rain-parameter determina-

t.[7-91 In the industrial stack

tion, to wind-velocity measuremen
gas, there are several primary causes to generate scintillation:
particles move in or out of the view of sight in random, re-
fractive index fluctuates in the temporal and spatial domain,
and the random fluctuations of particle concentration. Chen
and Shen!'%! have given the relationship between the opti-
cal scintillation caused by particles moving in or out of the
view of sight in random and the particle size and also the
particle concentration. This kind of scintillation can be re-
ceived only when the view of sight is small, the optical path
is short, the particle diameter is large and the concentration is
low. Yuan!''! measured the optical intensity fluctuations in-
duced by the random distribution of particles using laser and
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optical fiber, and obtained the particles emission velocity by
using a cross-correlation method. Commonly, in the industrial
environment, the particle concentration is high, the diameter
of the receiving lens is large, and it is difficult to detect the
scintillation signals. Up to the present, the optical flowmeter

developed by Wang!!?!

is the only commercial production for
measuring the velocity of stack gas flow, which is based on
refractive index fluctuation, i.e., the high frequency part of an
optical scintillation signal. It uses one light transmitter and
two identical receivers with a space of few centimeters. We
have developed one device!'3! with a similar design to Wang’s
device; the field test results indicate that it is difficult to mea-
sure velocity for some cases where the temperature field is dis-
tributed uniformly and the refractive index fluctuates weakly.
The fluctuations of particle concentration field can also cause
optical scintillation. In the low frequency part of optical scin-
tillation spectra, the scintillation standard deviation shows a
good linearity with particle concentration; this linearity has
been used to measure particle concentration. The frequency of
optical scintillation is lower in this situation, but up to now the
relevant theory has not yet been found.

In this article, we introduce a new design to measure the
flow velocity, which uses the optical scintillation signals of
low frequency caused by particle concentration fluctuations,
and adopts a structure of two parallel light paths. The prin-
ciple of optical scintillation to measure the flow velocity is
discussed both theoretically and experimentally. Finally, the
spectral characteristics of optical scintillation signals in the
part of low frequency are explained in theory.

2. Principle

The proposed structure of two parallel optical paths for
stack gas flow velocity measurement is shown in Fig. 1. Each
of the two identical light beams is a divergent spherical wave,
both propagate along the X-axis and the origins are at x = 0.
The diameters of the two transmitting lenses are both Dy, and
the diameters of the two receiving lenses are both D;. The dis-
tance between transmitter and receiver is L, and the distance
between the two receivers is /. The direction of stack gas flow
is along the Y-axis, and the mean velocity is v. The system
with two point optical transmitters and two point photon re-
ceivers is assumed to be in one plane.

D
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Fig. 1. Layout of optical scintillation measurement.

S

Suppose that the extinction coefficient of stack gas flow

is a(r,t), and the received logarithmic light intensity is!!4!

In(t) = In{I) f/OL o (r,1)dz, (1)

where (-) denotes the assemble average, r is the position vec-
tor, and o' (7,¢) is the perturbation part.

For a homogeneous isotropic time stationary turbulence,
the correlation function of the two scintillations each received
by a receiver can be written as

oL L
Cini (1,7) = /0 /0 Re(|r1 — 1], 7dx; ds, @

where 7 is the time delay, and Ry (|7 — 72|, 7) is the correla-
tion function of extinction coefficient. The stack gas moves
along the Y-axis with the geometric relations as shown in
Fig. 1, according to the Taylor freeze turbulence hypothesis,
we have

Ro(|r1 =72, T) = R (x1 —x2,1 —v7,0). 3)

Insert Eq. (3) into Eq. (2), according to the identical equation,
which is established for any even function:

L oL L
/O/Of(xl—xz)dxldx2:2/o (L—x)f(x)dx, &

equation (2) can then be written as

L
Cini(1,7) =2 / (L —x)R(x,] — v7)dx, 3)
0
where

R (x,1 —v7)
- ///:COS(KZU—”)+'<IX><pa(K)dr<1dx2dx3, 6)

with k being the spatial wavenumber, K2 = K'12 + K‘22 + K32,
¢ (K) being the three-dimensional (3D) power spectrum of
extinction coefficient fluctuations.

For a stationary random process, the correlation function
can be expressed as

Ci(r) = 3 Dy(ee) — Di(r)]. a)

where f is a stationary random function.

Suppose that the particle concentration is a conservational
and passive scalar quantity, for sufficiently developed turbu-
lence, the extinction coefficient structure function is

Dy (r)=C3r?3, Iy < r< Ly, 8)

where C?, is the structure constant of the extinction coefficient
and r is the distance between two arbitrary points in the turbu-
lence field, [y and L are the inner-scale and outer-scale of the
turbulence respectively.
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Replace o with the outer-scale Lo of the turbulence in
Eq. (7), and insert Eq. (8) into Eq. (7), then we will easily
obtain

1
Ra(x,l—v1) = SC (L5 =77, ©)

X2+ (1 —vt)?%, while r > Ly, Rg, = 0.
Insert Eq. (9) into Eq. (5), then we will have

where r =

> (F 2/3  2/3
Cu(1.7) = C [ (L =0 ~rPPax. (0)
0

Carrying out the numerical simulations of Eq. (10), the result
is shown in Fig. 2. The time delay at the peak of the cross-
correlation function is 0.5 second, which is just equal to //v.
It illustrates that it is feasible to calculate the velocity by the
optical scintillation cross-correlation function.
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Fig. 2. Numerical computer simulations.

Considering the aperture smoothing effects!!>1%] of the
transmitting lens and the receiving lens, the correlation func-
tion of the optical scintillation can be written as

Cin(1,7)
L o
= 2/ dx/ dx - (L—x)Rg(x,] —v7)
0 0

2 2
()| 23 00)]
,an

where J; is the first-order Bessel function.

X

Many methods have been suggested or demonstrated for
wind measurements by the temporal cross correlation of the
optical scintillation,!!”] such as the peak technique, slope tech-
nique, frequency technique, Briggs technique, and covariance
technique. Among these methods, the peak technique is more
resistant to interference, and easy to implement.[!8 The aver-
age velocity of the optical path can be obtained by the formula:

/

= (12)

3. Practical measurement results

The measurement schematic diagram is shown in Fig. 3.
Two identical LED light sources transmit spherical waves each
with a wavelength of 630 nm and an output power of 1 W. The
receiver is the silicon photoelectric diode. The received signals
are magnified after having passed through the low-pass filters,
and then collected by an acquisition card. Finally the signal
processing device gets the digital signals to be processed. It
should be pointed out here that the beam wave front of the se-
lected LED light source must be close to the ideal spherical
surface in the far field, the closer the better. Zeng et al.!'”]
have analyzed the effects of beam quality on measurements of

scintillation intensity and flow velocity.

LED LED

boil exhaust
orer stack gas flow

room system

receiver

receiver

signal
.
processing €
device

Fig. 3. Schematic diagram of flow velocity measurement.

photoelectric detector]

Fig. 4. (color online) Photo of an experimental field test.

The measurement is carried out at a chemical factory in
Weifang of the Shandong Province in December 2012. A rect-
angular stack with a length of 2 m and a width of 0.55 m is
used, as shown in Fig. 4. The distance between the transmitter
and the receiver is the length of the stack, and the spacing be-
tween the two receivers is 0.38 m. The aperture diameters of
the transmitter and the receiver are both 30 mm. The velocity
of the stack gas flow is about 7 m/s. The stack gas is produced
from the burning of coal.

The continuous measurement of the stack gas flow ve-
locity is performed by using an optical method and the Pitot
tube synchronously. Figure 5 shows the results obtained by
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the two methods. It is observed that they are in good consis-
tency with each other, and the small difference is due to the
fact that the Pitot tube measures one point velocity, while the
optical method measures the average velocity of the optical

path.
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Fig. 5. (color online) Variations of velocity of the stack gas flow with
time.

Figure 6 shows a set of received optical scintillation sig-
nals in a time period of 5 s. The shapes of the two path signals
are very similar obviously, just with a difference in time de-
lay. The low frequency of optical scintillation caused by stack
gas flow is relative to the random particle concentration fluc-
tuations. The power ratio of the optical scintillation spectra in
part of the low frequency is —8/3 (Fig. 7).

0.2
otk

> L
~
)
T —02f upstream signal
h=1
2, L
5 -
< —04f downstream signal

—0.6 [

0 1 2 3 4 5
Time/s

Fig. 6. (color online) Received time-dependent signals of light intensity
fluctuations.
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Fig. 7. (color online) Low frequency part of the optical scintillation
spectrum.

The cross correlation of the received optical scintillation
signals is shown in Fig. 8. The time delay at the peak of the
cross-correlation is 0.07 s. According to Eq. (12), the velocity
of stack gas flow is 5.43 m/s.
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Fig. 8. Cross-correlation of the optical scintillation.

4. Optical scintillation spectra in part of low fre-
quency

At any time 7, logarithmic light intensity fluctuation is

L
(In1) = /0 o (r)dx. (13)
Let S(r) = S(x,y,z) = (InI)’, while x = L,
S(L7ylyzl)_S(L7y27Z2)
L
= [y - nalay a4
then
[S(L,y1,21) = S(L,y2,22)]%)
—/ dxl/ dxo ([0 (x1,y1,21) — &' (x1,)2,22)])
([ (x2,y1,21) — &' (x2,y2,22)]).- (15)

According to the identical equation, we have

(X/(x17y2722)]

o' (x2,2,22)])

(o (x1,y1,21) —

o' (x2,y1,21) —

—~

- 06/(X2,y2,zz)]2>

(

o' (x1,y1,21)

+ NI= X

— 1= ] —

Yo (x1,y2,22) — @' (x2, 31 ,21)]2>
o (x2,y1,21)]%)

o (x2,y2,22)]), (16)

([0 (x1,y1,21) —

(x1,y2,22) —

/
— (|«
2
for the homogeneous isotropic turbulence,

a/(x27y2,Z2)]2>
o (x2,y1,21))%)

([ (x1,y1,21) —
= ([ (x1,y2,22) —
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= Duly/(n1 -0l 4 01 —32+ @ -2, (1)
and
(o (x1,y1,21) — & (x2,y1,21 )]2>
a/

= ([&/(x1,y2,22) — &' (x2,2,22)]%)
= Dy (Jx1 —x2|), (13)

where D, is the extinction coefficient structure function.
Therefore, Eq. (15) can be written as

Din(p)
L L
= /0 dx]/o dxz{Da(\/(xl —XQ)2—|— (y1 —y2)2+ (Zl —Z2)2
—Dg(|x1 —x2]) }, (19)

where p = \/(y1 —y2)2 + (21 — 22)2.

By properly designing the spacing between two parallel
beam paths (as shown in Fig. 1) to satisfy the Taylor freeze
turbulence hypothesis, it can be obtained that y; —y, =1 —vt
and z; = z2. In order to calculate the optical scintillation spec-
trum, let / = 0, then p = v7. According to Eq. (4), Eq. (19)
turns into

Du(p)=2 [ (L) % [Daly/2 +p) - Du(]dx. 20)

Insert Eq. (8) into Eq. (20), then we will have
L
Dui(p) =2C% [ (L= x [ +p%)1 2 Jax. @)
0

The definite integral in Eq. (21) contains two parts, one is
L[(x? + p?)'/3 — x2/3] (the first term), and the other is x[(x> +
p?)1/3 — x2/3] (the second term on the right-hand side). Ac-
tually, it is easy to obtain that in a range from O to L, the
first term on the right-hand side is a monotonically decreasing
function, and the second term is a monotonically increasing
function (shown by differentiating the formula). When x = L,
the two formulas are equal. So the second term can be ne-
glected, Eq. (21) will be reduced to

L
Dii(p) = 2CEL [ (2497 —Plax. @)
0

When x is large enough, then

2

2
(24 p2)13 =23 3 {1+p—1} =P 0 23

3x? 33

So the upper limit of the integral of Eq. (22) can be replaced
with infinity without bringing in a large error,

Dni(p) = 2L/Ow [Do (/x> +p?) —Dg(x)]dx.  (24)

Owing to!?'!

Dq(y/x*+p?) = Dq(x)

= 2//::0[1 —cos(kan +x38)]

X Fo (%2, K3,x)d K d K3, (25)

where p? = n%+ {2, Fy (%2, k3,x) is the two-dimensional (2D)
spectrum of extinction coefficient fluctuations, suppose that
@y (K1, K, k3) is a 3D spectrum, then there will be a relation-
ship between Fy (k2, k3,x) and Py (K, K2, K3),

/(;MFO‘(K27 K3,x)dx = 7Py (0, K2, K3). (26)
Insert Egs. (25) and (26) into Eq. (24), then we will have
Di(p) = 4L [[ 11— costion + g lardrs
X /OOOF(X(KZ, K3,x)dx

- z//j [1 - cos(kan + 13 )]27L

x(Da(O, K‘z,K3)dK2dK‘3. 27
Because of
~+oo
Dui(p) =2 [[ (1= cos(rem +x0)]
X Fing (K2, %3,0) dka d K3, (28)

where Fjn (3, k3,0) is the 2D spectrum of logarithmic light
intensity fluctuations, a comparison of Eq. (27) with Eq. (28)

yields
FinI(K2> K330) = 27[L¢(X (07 K2, K3)' (29)
Let k = \/ K7 + K3,
Fini(x,0) = 2L Py (K). (30)

If the structure function is

D(r)=C*", (0<p<2), (31)

then the corresponding one-dimensional (1D) spectrum?°! is

W(Kk) = % sin %CZK*O’“), (32)

and the corresponding 3D spectrum is
r 2
®(K) = % sin %cz K (P+3) 33)
where I'(+) is the Gamma function.

It has been supposed that the extinction coefficient struc-
ture function is

Dy (r) :Cérz/S, ly < r < Ly. (34)
According to Eq. (33), the corresponding three-dimensional
spectrum is

8/3)sin(m/3)

r
dba(x):( o C2x 13 =0.033¢%x 113, (35)
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Insert Eq. (35) into Eq. (30), then we will have
Fns(x,0) = 0.21LC2 k173, (36)

There is a relationship between the structure function and the
two-dimensional spectrum as follows:

D(p) = 4n /:[1 — Jo(kp)]F (k,0)kdx. (37)
Insert Eq. (36) into Eq. (37), then we will obtain
Dis(p) =2.91C3Lp>"3. (38)
Because p = v7, so
Dins(7) =2.91LC23 ¢33, (39)

According to Eq. (32), the power ratio of the spectrum, whose
time structure function is satisfied by Eq. (39), is —8/3,

W (o) = 0.348LC2 P83, (40)

So, the theoretical inference is consistent with the actual mea-
surement result.

5. Conclusion

The reasons for optical scintillation caused by a light
beam passing through a stack gas flow are very complex. Par-
ticles moving in or out of the view of sight at random will
induce optical intensity fluctuations, but it is hard to receive
the scintillation signals in the industrial environment. Turbu-
lence causes the optical scintillation, and the frequency of this
kind of scintillation commonly reaches hundreds or thousands
of Hz. The scintillation signals of this frequency range can be
used to measure the velocity of stack gas flow. This method
has limitations: when the temperature field is distributed uni-
formly and the refractive index fluctuates weakly, it is diffi-
cult to measure velocity. Particle concentration fluctuations
at random will also induce optical scintillation. In the low
frequency part of the optical scintillation spectra, the scintilla-
tion standard deviation shows good linearity with particle con-
centration, and almost all the particle concentration measuring
methods using optical scintillation are based on this empirical

relationship, but up to now the relevant theory has not yet been
found.

Adopting the proposed architecture of separate parallel
double light paths, the stack gas flow velocity can be mea-
sured by a peak technique. The measuring results accord well
with those obtained by the Pitot tube. According to the ran-
dom fluctuations of the particle concentration field, we obtain
a power ratio of —8/3 in part of the low frequency, and give the
expression of the cross-correlation function. However, the in-
dustrial environment is very complex, and many reasons will
cause optical scintillation besides what we have mentioned.
To measure velocity and particle concentration, then thereby
to realize the objective of real-time monitoring the total emis-
sions, further work needs to be done and the relevant results
will be published in the near future.
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