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ABSTRACT 

Two-phase flow velocities can be measured by correlating' radiation attenuation, 
radiation emission, or radiation scattering at several positions along the pipe length. This 
report gives a description of a basic two-phase flow velocity measuring system and some 
variations of that system. A mathematical treatment of the basic system and a description of 
a simple experimental confirmation .of the principle are also included. 
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TWO-PHASE FLOW VELOCITY MEASUREMENT WITH 

RADIATION INTENSITY CORRELATION 

l. INTRODUCTION 

The measurement technique described in this report is intended for measuring the 
flow velocities of inhomogeneous steam-water mixtures encountered in nuclear reactor 
simulation and testing. However, the general technique can probably be applied to a wide 
variety of inhomogeneous two-phase flow systems. 

This technique has the potential for measuring velocities either at a localized region 
inside a pipe or averaged over the whole of the pipe. The fluid flow is not disturbed, except 
that the fluid is irradiated. The technique is basically a transit time measurement which 
makes use of the difference in the radiation interaction properties of the two phases. A 
Fourier analysis is used to extract the transit time information from the signal-noise 
mixture. 



. 2. MEASUREMENT PRINCIPLES 

The basic apparatus is sketched ·..in Figure 1. Radiation 1is . .incident from the right. It 
passes through the pipe containing the fluid and· through a grid, whiCh .consists of a series of . 
slots in an opaque material. The radiation that ·passes throl,lgh the slots then enters a 
detector.' The electrical output from the detector .is .fed: into a spectrum analyzer. 

.Rod.i.oti.on 
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·, 
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~· 
. . . 

. . 
. . . 

. .. 

V///V/)7/ //1 
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rr-~'7"'7z-rz~0'7"'7%-r/:....,-0r-"7/:'""7"1~r 

0 

·t .; 
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·Flow: 

,.,.,.... ___ _ 

Incident 
Rod.iotion 
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Fig. l Essential elements of the basic system. 

The radiation must be able to pass through the pipe, and it must have significantly 
different attenuation coefficients in the two fluid phases present in the pipe. Neutron 
radiation might be best for water and air in a steel pipe, for example, although. gamma 
radiation·.might also be acceptable. The fluid must have rather large inhomogeneities, such as 
large bubbles in a liquid or, even better, slug flow. 



Consider a bubble in a liquid, as an example. The bubble is less absorbing than the 
liquid. When the bubble is in front of an opaque part of the grid, it has no effect on the 
output of the radiation detector; but, when the bubble is in front of a slot in the grid, it 

· allows extra radiation to enter the detector. Hence, each time the bubble passes in front of a 
slot, the output of the radiation detector rises; as the bubble moves past a series of evenly 
spaced slots, the detector puts out a series of pulses evenly spaced in time (in addition to the 
normal DC output). The Fourier transform of this pulse train has a fundamental frequency 
proportional to the bubble velocity. That. is, the spectrum analyzer connected to the 
radiation detector shows a peak at a frequency f = v/k, where vis the bubble velocity and k 
is the slot spacing, center to center. If several bubbles with different velocities are in the 
sampled region simultaneously, the spectrum analyzer shows a separate peak for each of the 
several bubble velocities. 
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·3. MATHEMATICALTREATMENT 

A mathematical analy.sis wi.ll he done for the easiest syst~m, in which ti:te fll;lid its~J.f iii 
the radiation source. This syste.m is nearly equivalent tq a system with .an external radiation 
source and an absorbing fluid. The conditions for this equivalence will be discu_sse.d later. 

The analys~s presentep here makes tl:).e following_!lsSu!fiptioQs:: 

(I) At least one of t.he two fluid phases is radioactive, and the two fluid phases are 
not equally r_adjqactiive in terms of radiat_ion qu,a!lta emitteq per time per volume 
o.f fluid. 

(2) Neither ph_ase of the fll.]id absorbs or scatters a signific.ant amount of the 
radiation. 

(3) Th~ grief material is a perfect absorb.er. 

For convenienc~, the tw.o-phase fluid will be referred to as a liql.]id with· gas bubbles, 
although the analysis is appli~aqle to other two-phas~ fluids. 

Let Dxyz (x, y, z, t) be th~ radiation sour.c.e. distribution; that is, the total r<).diation 
intensity irytegrated over the surface of an arbitrary volume of the fluid is 

((s . dA = ~~~o (x, y, z, t) d~dydz }}~ · }}}'xyz 
(I) 

~ . 
where S is the }oynting vector or the particle flux, whichever is appropriate. (Dxyz is the 
divergence of S.) From a point source of radiation at (x, y, z), let 10 (X., y, z) be the fraction 
of the radiation intensity which passes through a slot with its front face centered at the 
coordinate system origin, as indicated in Figure 2. Then the total radiation flux through this 
slot from the source distribution Dxyz is 

I (t) 
0 =./J!r-o (x' 

all 
fluid 

y, z) D (x, y, z, t) dxdydz. 
xyz 

(2) 

Let k be the distance between the centers of neighboring slots. Then the flux through the 
jth slot, with its front centered at (0, 0, kj), is 

I. (t) 
J 

(x, ·y, z) D (x, y, z + jk, t) dxdydz. 
xyz 
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Side View 

z=__!_b 
2' 

Bubble 
Motion 

' 

Fig. 2 Slot geometry and coordinate system. 

The total tlux through a series of N such slots is a simple sum: 

.N 

= ""' I. (t). L...J J· 
j = 1 

Front View 

ANC-A-5103 

(4) 

The v.oltage versus time output of the radiation detector that senses the radiation through all 
the slots simultaneously is A(t) = aiT(t), where a is just a proportionality constant. Note the 
examples of A(t) in Figure 3. 

The quantity of interest is the frequency spectrum of A(t), or its Fourier transform. 
This transform is 

+ex> 

A( ) 1 f A(t) e-iwt dt 
w =Jzrr 

(5) 

-co 

where w is the usual angular frequency, or 2rr times the frequency in cycles per second. 
Then, 
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Fig. 3 Examples of A(t) with a 5-slot grid. 
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If the fluid is flowing with velocity v in the z direction, then 

D .(x, y, z, t) - D Ex, y, z-vt, 0) 
xyz xyz 

6· 

(6) 
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and 

A(w) =fi-f'J;fffr, .(x, y,. z) D (x, y, z + j k-vt, 0) 
-iwt 

xyz_ dxdydz e· dt 

J 

=fi-!Lfffr, 
j 

ff{fr, 
all 

fluid 

N 

dydx- L 
.i = 1 

.jkw 
-1 e v 

(x, y, z) D (x' xyz 

.wz 
-1-

(x, y, z) e v dz 

It will simplify the procedure to write Dxyz as 

y , u , 0) exp ( -iw 2+jk-u ) v · dxdydzdu 

-oo 

.wu t 
(x~ y, u, 0) e

1-v du} 

(8) 

D (x, y, z, t) = D' (x, y, z, t) + D" 
xyz . xyz 

(9) 

where D" is the (constant) source distribution for the liquid with no bubbles. Obviously, 
then, D~yz is nonzero only where there is a bubble. Using Equation (9) in Equation (8), we 
get two terms for A(w). D" contributes an uninteresting zero-frequency (DC) component to 
A(w), which will henceforth be ignored. (This DC component may be useful in determining 
the fluid density, which is a sepa:ate problem.) In the D~y~ ter~, the. range of integration 
over x and y can be reduced to that range in which D~y~ is not zero, which is just the x-y 
area occupied by a bubble. We then have 

a. 
A(w) = vj27f f!U 16 

.wz 
-1-

(x ~ y, z) e v dz 

bubble 
area 

n 

dydx L 
j =-1 

.jkw 
-1 e v 

7 

f D' 

bubble 
area 

xyz 
1-.wu ~ (x, y, u, 0) e v du . 

(10) 
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A "small bubble" approximation is required for further simplification of the 
mathematics. It seems obvious from physical considerations that larger·bubbles should give· 
larger signals and better velocity indications. An analysis for small bubbles should give 
reasonable insight into the system's response to larger bubbles also. In view of the 

. convenience and adequacy of considering only small bubbles, we will use a small bubble 
approximation:. the x and y dimensions of the bubble are small compared with the x andy 
dimensions of a slot in the grid, so that I0 (x, y, z) is nearly constant over the entire x-y area 
of the bubble. (There is no restriction on the z dimension of the bubble.) With this 
assumption, 10 and the entire z integral can be treated as a constant in the xy integration, 
and Equation ( 1 0) becomes 

where 

D (z) = 
z !L. 

area 

.Iilli 
];-

e v 

D' (x, y, z, 0) dydx 
xyz 

.jkw (11) 
e-1 v 

(12) 

and x0 and y 0 are the x and y coordinates of the bubble's center. Writing the Fourier 
transforms over z of I0 and Dz as I 0 and Dz, and writing the sum as P, we have 

(13) 

Note· that this is the product of three functions of w/v; the first depends only on the 
geometry of a single slot, the second depends only on the geometry of the bubble, and the 
third depends only on the grid periodicity. The periodicity function P is usually a series of 
sharp peaks, and the other two functions / 0 and Dz generally vary somewhat more slowly 
than P. It is convenient to regard the product / 0 D{ as an envelope or an amplitude 
modulation of the spikes represented by P. 

3.1 The Periodicity Function 

If the slots are uniformly spaced, then 

1 - cos(~) 
P* p = ___ ___;_-:--:'-

! - cos(w~) 

(14) 

.. where N is the number of slots and k is the slot spacing, .center to center. This function 
consists of a series of evenly spaced prlmary peaks of height N2, and a number of smaller 
peaks. The primary peaks become narrower as N increases, with the width being roughly 
inversely proportional to N. Note the examples of this function sketched in Figure 4. 
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The first nonzero-frequency peak of P*P is the fluid velocity indicator. It occurs.at w 
= 21r v/k. Whether this peak is detectable is determined largely by its amplitude, as modified 
by the product I sD:f. Therefore, it is desirable to know the values of the functions 10 and Dz 
at w = 2rrv/k, and how· these depend on· the design parameters of the system. and on the 
bubble size and· position .. 

3.2 The Source Distribution Function fora Spherical Bubble 

For a spherical bubble of radius R, located at z = 0 when t = 0, Dz and D.z are not hard 
to calculate. It is convenient to consider a moving coordinate system centered in the_bubble. 
Obviously, Dz(z) = 0 for z >R. For z <R, 

D (z) 
z 

2 2 1TQ (R - z ) • 

(15) 

Here, Q is the (constant) difference in the radiation source power per-volume of the liquid 
and that of the bubble. That is-, if the:totahadiation·intensity·is·integrated over the surface 
of a volume V of the bulk fluid, and also over a similar volume of bubble, the difference 
between the two integrals is QV. The Fourier transform is straightforwardly found to be 

(16) 

Evaluating this 'function at the frequency of interest, w = 27rV, we have 
. k 

r. . (21TR) 
Ls1n k cos e~R)J (17) 

The R dependence of this function is indicated in Figure 5. This equation indicates that 
certain bubble sizes will produce zero output. That is·, the velocity indicating peak will not 
be present if the bubble radius R satisfies 

(21TR) tank . (18) 

It may be possible to overcome this difficulty by a clever arrangement of different sizes and 
spacings of slots,. but it is expected that this will not be necessary since the bubbles will not 
all'be the same size and there will be some bubbles that do not give zero output. 

. . 
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3.3 The Slot Geometry ·:Function 

For the .calculation of ls, assume that the grid material is a perfect abs0rber of •the 
radiation. That is, there is no reflection .or scatteri11g of radiation from any -surface, and no 
transmission .through any thickness of the material. The slot and coordinate system are 
'indicated in Figure 2. The point source of radiation is to the right of the slot, at some x>O. 
The ·-slot width w is assumed to be at .least :as large as the width of the sample re.gion. A 
straightforward geometrical derivation yields an approximate expression for Is: 

0 

bwF(x, y) 
2 

47T (x -+ .1) 
·.R1 + .!:_) + 1z] for -b(~ + !) 
~ 2x xb 1 2 

<z <-E.. 
2 

!
0 

(x, y, ,z) = bwF(x, y) 

47T(X + 1)
2 

b b 
for - 2 <z <2 

where 

F (x, y) 

bwF(x, y~ 
. . 2 

47T{X + -1) 

' 0 

.!__y_ 
2 w 

for bG + ;) <z 

(19) 

+ 
(20) 

1 +fw/2 + y)2 
\ X + 1 

This expression is derived by dropping terms smaller than b2 /2L 2 compared with 1. ~his 
approximation introduces an error less than 1% for b<O.l L, a typical case .. The important 
aspect of 10 is its z dependence, which is indicated in Figure 6. Is (~)is obtainable by some 
tedious integration and algebra: 

wbF(x , y ) 
0 0 

. fwb \ 

~ 
w/v -

12 

. wb [xo + .!_
2
]' s1n- -

--~-v~·~L~--~+ 
w/v 

2 sin(~ 
w/v 

(21) 
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Fig. 6 The z dependence of I 
0
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At w = 21T v/k, we have 

wbF(x , y ) 
0 0 

. · (21Tb . [xo 1]• s1n -- -- +-
_ __,._k:..:..,---,.::........=L=----=:22:.. + 

21T /k " (x + L)2 ..n:; 3 
0 ' . 

(
1Tbx 

. 0 
s1n~ 

1T/k [ 
{1Tb r xoJ) · kL cos\k Ll + L + 21Tbxo 

Note that this indicates that the sensitivity is zero for bubbles at 

and at 

X =L --1 (
nk , ) 

0 b ' 
n = 1, 2, 3, . 

X 
0 

L nk 1 2 3 b' n = ' ' ' .. 
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3:4. A Special_ Case: k = 2b. 

A grea_t simplification can be brou~t abou~ by considering the case in whicl:l· the 
plates in t~e grid are as thick as the slots; tl).at is, k = 2b .. _ Then. 

·* l D' 
0 z 

4 wb QF(x , y ) 
0. 0 

5 2 1T X 
0 

This func;tion has zeros at 

(,. L )2 (- irx~)-. 
~ +·x; L 

x = nL, n 
0. 

1, 2, 3, 

(note Figures 7 and 8) and also at R values that satisfy 

TIR _ (1TR)·· b - tan. b . 

3.5 Some Application Notes. 

(26) 

('27). 

Perhaps more insight into these equations can be gained by considering some aspects 
of practical applications. Let us consider the special case k = 2b, afld· apply the system 
described by Equation (25) to a 14-inch outside diameter, 11.2-inch inside diameter pipe. 
Th~ primary objective is to ma_ximize the "sensitivity", or the amplitude of the 
velocity-indicating peak, which is proportioqal to the value of IsDi in Equation (25). 

It is always best to place the grid as close as possible to the pipe; we will assumehere 
that the grid is in contact with the pipe. Then x0 is the distance from the outside surface of· 
the pipe, at the grid, to the point inside the fluid where we wish to measure the velocity. 

First let us consider L, the length of the grid slots. If we want uniform sensitivity over 
th~ entire area of the pipe, then the slot length L should be large. However, increasing L 
tends to decrease the overall sensitivity. Therefore, some compromise is necessary between 
the uniformity of the sensitivity and the average magnitude of the sensitivity. This is 
indicat~d _by the curves in Figure 9, which are just the curve from Figure 7 on the 
appropriate scales. 

A better combination of high average sensitivity and uniformity across the pipe can be 
attained by the use of a pair of grid-detector assemblies, one on each side of the pipe. 
Compare,Jor example, the L = 21 curve in Figure 10 ~ith the L = 42 curve in Figure 9. 
Note that these two configurations use the same volume arid mass of grid material, although 
the dual-grid system uses twice as many detectors. 

14 



.ReI otlve. 
Sign.o I 

o.mplitude. 

0.10 

0.0::5~ 

Fig. 7 Relative signal amplitude versus x
0 

for fixed L, with k=2b. 

15 



.Relofive 
Signal 

Amplitude 

1.0 

0.8 

0.6 

0.4 

0.2 

0 ~~4---~------~2--------~3--------~4--------5~------~6~--~ 

.ANC-A-5109 

Fig. 8 Relative signal amplitude versus L for fixed x
0

, with k=2b. 

.L 

Xo 

An alternative to looking at the whole pipe might be to look at a narrow region along 
a diameter of the pipe. If annular flow is assumed, a narrow beam with sensitivity 
proportional to the distance from the pipe center gives the same result as a whole-pipe 
system with uniform sensitivity. A single grid with slot length L equal to the pipe radius 
gives a sensitivity curve which deviates by about 12% from a straight line, when the 
contributions from both halves of the pipe diameter are summed. The linearity cannot be 
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Fig.· 9 Sensitivity versus x
0

for different L values, for.a single-grid, pipe-averaging system. 

improved by ·using a dual-grid system. A dual-grid ~ystem with the two detectors connected 
in opposition can give a sensitivity curve which is within 3% of a straight line, but is positive 
on one side of the pipe and negative on the other side. This means that any bubble ·or cluster 
of bubbles centered in the pipe would give no signal. 

In some applications, one might wish to maximize the sensitivity at a particular point 
in the pipe without regard to the sensitivity at other points. The graph in Figure 8 indicates 
that the maximum sensitivity at a point is obtained by making L = 0.673 x0 . Thus, if we 
wish to maximize the sensitivity at the center of a 14-inch diameter pipe, we should use L = 

0.673 x 7 = 4. 71 inches. The sensitivity curve for this configuration is sketched in Figure 11. 
Note that, although the sensitivity is much higher at other parts of the pipe than it is at the 
center, there is no value of L that will give a larger sensitivity at the center. One can greatly 
decrease the sensitivity for small x

0
, without much sacrifice in the sensitivity at the pipe 

center, by using L = 1.81 x 7 = 12.66 (note Figure 11 ). This corresponds to the broad, 
secondary extremum in the curve of Figure 8. This configuration has the advantage that the 
signal from the pipe center is not so badly swamped by the relatively large signals from 
regions with small x

0
. 
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Fig. 10 Sensitivity versus x
0 

for different L values, for a dual-grid, pipe-averaging system. 

These examples show that the best value for Lis strongly dependent on the particular 
application, and that typical values for L range from about one to several pipe diameters. 

The slot thickness b and the number of slots N should be considered together. For 
small bubbles, Equations (14) and (25) indicate that the sensitivity depends on the product 
Nb2 for small bubbles or Nb4 for large bubbles. Therefore, both Nand b should be as large 
as possible. If there are space limitations, the product Nb will be constrained to some 
maximum value. In this case, it is better to make N small and b large. Of course, N must not 
be too small, or the peaks in the spectrum are not sharp (note Figure 4), and it is hard to 
locate the center frequency with any precision. It will be noted in Section 5 that increasing 
N degrades the signal-to-noise ratio. 
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, with sensitivity maximized at the pipe center, for a single-grid system. 

There is another limit on Nb: if the product 2Nb is greater than the average distance 
that a density fluctuation travels before diffusing away, increasing Nb serves only to increase 
the noise in the system. However, this is not expected to occur in most applications. 

As was implied in an assumption in Section 3.3, the slot width w should be about as 
large as the width of the measurement region: 
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4. AN ABSORBING FLUID WITH AN EXTERNAL RADIATION SOURCE 

The requirements for this treatment to apply to an absorbing, nonradioactive fluid 
with an external radiation source are two: 

(I) The radiation source must supply a beam broad enough to illuminate the entire 
grid, and isotropic enough to fill the entire angular acceptance region of the grid. 

(2) The change in the beam intensity due to radiation absorption by an 
inhomogeneity must be not more than a few percent. That is, we must have 

-<o - o )R 1 2 
(28) 

e 

to a good approximation, where 8 1 and 82 are the radiation attenuation 
coefficients of the two fluid phases and R is the size of the inhomogeneity. 

Violation of this second requirement would not produce any large changes in the 
theory presented; it would cause some minor changes in the shapes of the spectra discussed. 
Violation of the first requirement could cause major changes in the fundamental properties 
of the spectra. 
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5. NOISE 

The primary ·limitation of this general technique is that the· velocity-indicating peak · .~ · 
can be o·bscured by noise in the spectrum. This noise comes primarily from two sources: 
statistical fluctuations in the radiation source intensity, ·and uncorrelated random 
fluctuations in the fluid density. The noise .due to the electronics is insignifican~ in this type 
of device. The magnitude of the noise due to the uncorrelated density fluctuations is 
difficult to estimate, and of comse is very dependent on the two-phase fluid flow regime. It 
will not be dealt -with here, other than to comment that this noise is expected to be small 
compared with the noise due to source intensity fluctuations. The noise in the spectrum due 
to source intensity fluctuations depends strongly on the techniques used in taking the 
Fourier transform. However, the noise in A(t) is not hard to estimate, and we can use a 
crude rule of thumb that if the amplitude of the signal in A(t) (as in Figure 3) is as large as 
the noise level, then we can probably extract the velocity information. 

The noise in A(t) due to statistical fluctuations in the source intensity is[ 1 l 

a =a- £ v2T 
(29) 

where a ·is the rms noise level in A(t), n is the average number per second of radiation 
quanta or particles detected by the system, and r is the time constant of the electronics 
associated with the radiation detectors. 

For a system in which the fluid itself is the radiation source, we can make a crude 
estimate of n by 

n = Qo x[effective source volume per grid slot] x N x 
x[solid angle subtended by a grid slot] 

2 2 
QoNX~ 

4TIL
2 

(30) 

where X is the dimension of the radioactive fluid in the x direction and Q
0 

is the average 
radiation source intensity of the fluid. Similarly, the change in A(t) caused by a small 
bubble's passing is roughly 

oA = aon 4 3 
"' aQ 3 1rR (31) 



Then, the signal-to-noise ratio is roughly 

oA"' R
3 ~ ~ 

a 3L v~ 
(32) 

using Q0 ~ Q for a gas bubble in a radioactive liquid. 

For a system with an external radiation source, we can write a rough approximation 
for the fractional change in A(t) caused·by the passing of the bubble of radius R: 

oA 
A "' 

3 
41rl-IR 

3Nwb 

(33) 

where 11 is the linear attenuation coefficient for the radiation in the liquid. An expression 
for n can be written after some details of the source geometry are known; and then an 
expression for SA/a, similar to Equation (32), can be written for this case of the external 
radiation source. 

By these general procedures, the expressions for SA/a can be used to estimate the 
signal-to-noise ratio for any given bubble size, and this information gives some idea about 
how well the particular system under consideration might work. 
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6. VARIATIONS 

One variation of the basic system has already been discussed: the use of radiation from 
the ·fluid itself rather than radiation from an ·external source. Another possibility is the use 
of radiation ·from . the reactor, in reactor applications in which conditions are suitafile. ·A 
third possibility is the use of the radiation scattering by the inhomogeneities, rather"than 
using.transmitted ra.diation. 

·If the grid slots are far apart, it might be necessary to use a separate radiation source 
and a separate detector for each slot, with the detector outputs added before entering the 
spectrum analyzer. Note Figure 12b. The use of separate sources will allow shorter grids 
(small L). This arrangement is· sensitive to a region extending across the full width of the 
pipe. If the several source-detector pairs are rotated by different amounts about an axis 
parallel to the pipe axis, the region of sensitivity will be reduced to·.a ·small region near the 
axis of rotation, as in Figure 12c. 

In some .cases, it is necessary for the grid slots to be longer than the pipe diameter, 
making a rather cumbersome apparatus. A different type of grid, sketched in Figure 13 (not 
.to -scale), would. allow a more comp.act system. Here a·moving bubble causes the shadow of 
the front grid to move across the rear grid, giving an alternating intensity into the detector. 
This system has not yet been analyzed in detail, but it is expected that the region of 
sensitivity .is quite localized, as indicated in the figure, especially with a wrap-around 
connguration. 

. It might be .possible to improve the signal-to-noise .ratio by using a time-delay 
cross-correlation of the several beam intensities, rather than Fourier analyzing their sum. 
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7. EXPERIMENTAL DEMONSTRATION 

This experiment was done rather quickly, with available materials. A IS-curie gamma 
source was used to supply the radiation. The fluid was water with air bubbles, in a 9.5-mm 
inside diameter Tygon tube. The bubbles almost filled the tube so that the flow pattern was 
nearfy slug flow. A standard scintillation crystal and photomultiplier combination was used 
as.a detector, and the spectrum analyzer was a General Radio model 1900-A. The aperture 
in the shielding limited the radiation beam to an area 16 mm in diameter, and the grid had 
to be contained in this area. Because of this size limitation, it was not possible to have a 
large number of large slots, as would have been desirable. However, some success was 
obtained with only two slots, and very limited success with three small slots. The 
experimental arrangement is·shown in Figures 14 and 15. 

·' 
Some spectra obtained with this arrangement are shown in Figure 16. These are strip 

chart recordings of log power versus frequency, with the vertical scale representing a 40 dB 
range. The top two spectra were obtained with a two-slot grid; one spectrum is offset by 20 
dB from the other. The zero frequency peak and the 60 Hz noise peaks are marked. The 
shoulder at about 10 Hz is due to the bubble frequency; that is, about 10 bubbles per 
second pass through the system. This peak will be present with any number of slots from 
one on up, as long as one bubble at a time passes through the gamma beam. The peak at 
about 39 Hz in the top pair of spectra is the desired velocity indication. Since the slot 
spacing was about 1 em, the bubble velocity was about 39 em/sec. This is in good agreement 
with velocity estimates made with a simple time and distance measurement method. The 
bottom spectrum shows a weak indication of a peak near about 46 Hz, but obviously the 
peak is too weak to locate accurately. Sharper peaks would be expected with more slots, but 
in this case the three slots are so narrow that the signal is weak. It is expected that a 
properly designed system would give much better results than this makeshift arrangement. 
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Fig. 14 Photograph of the experimental apparatus . 
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Fig. 15 Sketch of the experimental apparatus. 
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8. CONCLUSIONS 

This method of measuring the velocity of two-phase fluid flow actually measures the 
velocities of inhomogeneities, such as steam bubbles in water or water drops in steam. If 
different parts of the region being measured have fluids flowing at different velocities, there 
is a separate indication of each velocity component in the output. This system has some 
potential for mapping the velocity distribution across the pipe, and it does not interfere 
with the fluid flow. 

The main difficulties with this method are that it may require rather large, 
cumbersome apparatus in some applications, and it may require quite intense radiation 
sources. This method is not very sensitive to very small bubbles or to certain sizes of larger 
bubbles. This last is not a severe limitation, since there will usually be a considerable 
distribution of bubble sizes if there are any bubbles at all. 

The basic principles have been confirmed with a simple experiment, and the 
difficulties do not seem insurmountable. This technique can probably measure velocities in 
extreme two-phase flow conditions where turbines are not very accurate. Further 
development seems appropriate. 
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