
Measurement of Mass Flux in Two-Phase 
Flow Using Combinations of Pitot Tubes 
and Gamma Densitometers 

New experimental data indicate that mass flux in cocurrent gas-liquid flows 
may be determined by the use of Pitot tubes in conjunction with a local mixture 
density measurement technique. The data were taken over a wide range of flow 
regimes in a horizontal pipe and included separated patterns such as stratified 
and annular flows. Local mixture densities were obtained by a computer-assisted 
algebraic reconstruction technique that used chordal average densities measured 
by traversing gamma beam attenuation. 

The results extend the applicability of this mass flux measurement technique 
well beyond the relatively homogeneous, high-pressure, steam-water flow situa- 
tions originally studied by Banejee  and Nguyen (1977). 

K-F F-L HAU 
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SCOPE 

The objective was to investigate the performance of Pitot 
tubes for measuring mass flux over a wide range of two-phase 
flow regimes, particularly those in which the phases were well 
separated and moved with substantially different average ve- 
locities. 

Mass flux measurements are of interest in many industrial 
and research applications. For example, it is one of the main 
parameters needed in experiments related to the thermal and 
hydraulic aspects of reactor safety. Other applications include 
oil-gas pipelines, geothermal wells and wet steam distribution 
networks for in-ritu tar  sands extraction. Motivated by the 
demand for such measurements, extensive work has been done 
on devices such as orifice and venturi meters, turbine flowme- 
ters, drag screens and disks, and tracer transit time measure- 
ment techniques. The state of the ar t  has recently been re- 
viewed by Banerjee and Lahey (1980). AU the techniques 
studied appear to have disadvantages that limit their applica- 
bility and none is completely satisfactory. This has led, in part, 
to the present investigation of Pitot tubes for two-phase mass 
flux measurements. 

Pitot tubes a r e  rugged and relatively simple so that they can 
be used in adverse environments, like the LOFT (Loss of Fluid 
Test) reactor under blowdown conditions. On the other hand, 
their response in two-phase flow is not well understood. Work 

by Banejee  and Nguyen (1977), Banejee,  e t  al. (1978) and 
Heidrick e t  al. (1978) indicated that a simple response model 
involving cross-section averaged mixture density could be used 
to calculate mass flux in high-pressure, high-velocity steam- 
water flows. The measurements were made in fbw regimes that 
were relatively homogeneous. Questions remained as to the 
usefulness of the technique in the more separated flows that 
might occur a t  lower pressures, higher void fractions and lower 
velocities. 

To clarify the situation, steady-state experiments were done 
in horizontal air-water flow at  low pressure in order to obtain 
large density and, possibly, large velocity differences between 
the phases. The air and water superficial mass fluxes were 
variedbetween 0. I and 22 kg/m2. s, and between 130 and 1700 
kg/m2 . s, respectively. This resulted in measurements being 
made in annular, slug annular, slug, plug and wavy stratified 
flows. 

To interpret Pitot tube response in two-phase Bows, local 
mixture densities appeared to be needed, and were calculated 
by an algebraic reconstruction technique that used chordal 
averaged values obtained by traversing gamma beam attenua- 
tion. Models for Pitot tube response were developed in terms of 
local mixture mass flux and local mixture density. They were 
then tested by integrating the mass flux across the flow cross- 
section and comparing the results with the input mass flux. 

CONCLUSIONS AND SIGNIFICANCE 

A model for Pitot tube response similar to that for single- 
phase flow was initially tested; i.e., the local mixture mass flux 
was calculated as the square root of twice the product of the 
local mixture density and Pitot impact pressure. The test was 
carried out by obtaining the local mixture mass flux at  many 
locations at  a flow cross-section, integrating over the cross- 
section to obtain the average mass flux, and then comparing 
this to the known input mass flux. 

The cross-section averaged mass fluxes measured by this 
method were in good agreement with the input values for the 
whole range of conditions studied. In addition, the model gave 
equally good results if the average mixture density measured 
along horizontal chords was used, in place of the local mixture 

density, with Pitot tube measurements along the chord. This 
was significant, because it is relatively easy to measure chordal 
average mixture densities using gamma beam attenuation. 

We also investigated the adequacy of average mass flux 
predictions using Pitot tube measurements a t  only a few loca- 
tions. For  our 50-mm I.D. horimntal pipe, four measurements 
located along a vertical line through the center of the pipe were 
sufficient. Optimum locations were not sought. since these 
might vary with flow regime, pipe size and upstream condi- 
tions. 

Finally, work was done on the use of the algebraic recon- 
struction technique along with measurements using traversing 
gamma beams to obtain local mixture densities. Though this 
development was not the main purpose of the investigation, it 
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proved successful and may be of use in applications where the 
average phase distribution is needed. 

The main conclusion that can be drawn from this and earlier 
work is that a model for Pitot tube response analogous to that 
for single-phase flow, gives good predictions of cross-section 
averaged mass flux. 

Ideally, a sufficient number of Pitot tube and local mixture 

density measurements must be made to get good coverage over 
the flow cross-section. However, our experiments indicate that 
relatively few Pitot tube measurements may be used together 
with the appropriate chordal average mixture densities to pre- 
dict average mass flux quite well. This is important in applica- 
tions, because equipment for measuring these quantities are 
easy to fabricate and install. 

INTRODUCTION 

Recent advances in two-phase flow measurement techniques 
have been reviewed by Hewitt and Lovegrove (1976), Brockett 
e t  al. (1976), Delhaye (1973), and Banerjee and Lahey (1980). As 
discussed in these reports, mass flux is one of the parameters of 
engineering interest, and also one of the most difficult to mea- 
sure. Limited success has been attained in making such mea- 
surements using combinations of instruments to measure mix- 
ture density (or void fraction) and flow, together with appropri- 
ate response models. For example, multibeam gamma den- 
sitometers and turbine flowmeters or drag disks may be used as 
described by Banerjee and Lahey. Pitot tubes have also been 
considered for measuring flow because of their ruggedness and 
good performance in high-pressure, high-temperature envi- 
ronments (Banerjee et  al., 1978). 

Banejee and Lahey (1980) have reviewed the state of the art 
with regard to mass flux measurements by Pitot tubes in two- 
phase flow. Suffice it to say that the lines between the Pitot tubes 
and pressure transducers should be liquid-filled to obtain good 
frequency response and that the simplest model for local mass 
flux results in: 

It is possible to check how well Eq. 1 works by integrating 
over the flow cross-section to obtain the average mass flux and 
comparing with input values. This is done in later sections. 

Previous experiments by Banerjee et al. (1978) and Heidrick 
et  al. (1978) suggested that Pitot tube-mixture density mea- 
surements could be used to predict mass fluxes in relatively 
homogeneous flows. They corrected for velocity profile effects 
by using a calibration factor obtained in single-phase flow exper- 
iments. However, doubts have remained as to the usefulness of 
the technique in separated flows, e. g., stratified or annular. The 
work reported here was, therefore, to investigate the perform- 
ance of such combined measurements over a wide range of flow 
regimes. The effects of pressure, pipe diameter and upstream 
conditions were not part of this investigation. This was because 
the conditions chosen (low-pressure air-water in 50.8-mm I. D. 
pipe) were considered to be sufficient to give well separated 
flows. If the technique worked in these situations as well as in 
relatively homogeneous flows, it would be reliable over a wide 
range of conditions. 

EXPERIMENTAL APPARATUS 

The overall arrangement of the experimental rig is shown 
schematically in Figure 1. Air and water passed through a 
Y-shaped mixer, and the two-phase mixture then flowed 
through a 4.27 m long, 50.8 mm I.  D. Lucite pipe into a separat- 
ing tank where the air was discharged to atmosphere arid the 
water w a s  r r c i r e r d n t e d .  Thr volumetric flow r a t r  of air and 
water were measured by three turbine flow meters which had 
been calibrated to within an accuracy of -+ 158, 25% and -+ 158, 
respectively (with 98% confidence limits). 
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YDensitometer 

A y-densitometer consisting of 100 m Ci Pu 238, a collimator 
and a collimated sodium iodide scintillation detector with as- 
sociated electronics was located at 3.58 m (approximately 70 
diameters) downstream from the entrance. It was mounted on a 
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dens i lometer  Pump. 300 I/rn ' 
Figure 1. Two-phase flow loop. 
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Figure 2. Traversing y-densitorneter. 
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traversing mechanism such that the void fraction could be 
scanned along vertical chords, as well as along horizontal chords. 
The mechanism consisted of two parts: one part allowed the 
y-densitometer to be moved in the direction perpendicular to 
the y-beam, and the other part allowed the y-densitometer to be 
rotated around the pipe axis. A schematic drawing of this 
traversing mechanism which is self-explanatory is shown in 
Figure 2. 

The electronics associated with y attenuation measurements 
are shown schematically in Figure 3. Power for the detector was 
supplied from a Harshaw high-voltage D.C. power supply. The 
signal from the output of the photomultiplier tube of the detec- 
tor was fed into a single module preamplifier/amplifier/single 
channel analyzer. The single channel analyzer produced an 
output pulse only when the amplifier output pulse fell within a 
specified energy window, and consequently background radia- 
tion and noise could be reduced to a minimum. The signal from 
the output of the analyzer was fed to a frequencyholtage con- 
verter and then to a log-amplifier. The output voltage from the 
log-amplifier was then integrated by an integrator to give time 
mean values. An integration period of 60 seconds was found to 
be sufficient for most applications. The time averaged chordal 
void fraction n 1  was then calculated using the following equa- 
tion. 

(2) 
InI, - 1nIl 
InI, - lnh 

at = 
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Figure 3. Electronic circuit for y-densitometer. 
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Figure 4. Reconstruction model for a two-dimensional void distribution. 

This equation is expected to be accurate only when the gas- 
liquid layers cross the gamma beam. This occurs in most practi- 
cal situations except for stratified flow, for which the gas-liquid 
layers may be parallel to horizontal gamma beams. This aspect 
will be discussed later. 

Pitot Tube Assembly 

A Pitot tube was installed 0.3 meter downstream from the 
location of the y-densitometer. It was mounted on a traversing 
micrometer which was permanently fixed onto a spool piece 
which could be rotated about its axis, Figure 1. This traversing 
mechanism allowed the Pitot tube to be located in any position 
within the 50.8-mm I.D. pipe. 

A Validyne differential pressure transducer with either a 
7-kPa or a 1.4-kPa diaphragm was used to measure the differ- 
ence in pressure between the impact head and the static head for 
the Pitot tube. To assure accuracy the connecting lines between 
the Pitot tube and the transducer were kept liquid filled by using 
a metered water purge. 

The signal from the output of the pressure transducer was fed 
to a demodulator and then to an integrator or through a square 
root operator and then to an integrator. The time mean value of 
the differential pressure, (AP( t ) ) ,  and the time mean value of the 
square root of the differential pressure (m) could, there- 
fore, be obtained. 

INTERPRETATION OF EXPERIMENTAL DATA 

Calculation of Mass Flux 

To calculate the local mass flux in a two-phase mixture from 
Pitot tube measurements, it is necessary to model the Pitot tube 
response in terms of impact pressure to a given mass flux and 
mixture density at the probe tip. The simplest model is to 
assume that the mass flux at any location, Gij, is given by the 
usual single-phase Pitot equation, 

Gij(t)  = 2pi j ( t )APt j ( t )  (3) 
This procedure is open to question since different momentum 

transfer factors may obtain for gas and liquid (Anderson and 
Mantzourauis, 1960). Therefore, Eq. 3 must be regarded only as 
a possible model and its accuracy determined by comparison 
with experimental data. The time averaged local mass flux (Gij) is 
then: 

(Gij) = (V2~i j ( t )A~i j ( t )  ) (4) 

At present, it does not appear to be possible to measure the 
instantaneous local fluid density just in front of the Pitot tube 
without disturbing the flow substantially. It is, therefore, 
further assumed that the instantaneous fluid density can be 
replaced by its time mean value in Eq. 3. 

For the initial set of experiments, we measured chordal aver- 
aged void fractions and did not reconstruct the mixture density 
distribution. In order to proceed, we had to assume that the 
mixture density was uniform along a horizontal chord. The (time 
averaged) local mass flux based on these assumptions could then 
be calculated from the measured time averaged chordal void 
fractions and the time mean value of the square root of the 
differential pressure of the Pitot tube, 

In the later set of experiments, local time averaged void 
fractions were obtained by using an algebraic reconstruction 
technique (ART) to unfold the mixture density distribution from 
horizontal and vertical chordal void fraction measurements. 

The computed time averaged local void fractions cyiJ were then 
used for calculating the local time averaged mass flux instead of 
the chordal void fraction in Eq. 5. The local mass flux was then: 
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Note that there is some ambiguity in the manner in which the 
average impact pressure should be determined. The time aver- 
aged local mass flux could also be determined by equations of the 
form; 

(7) (c,j = d 2 [ ~ 1 ( 1  - ail + PP nil x 

and 

(Gij:) = d22[pi(l - azj) + ~ o a i , l  X (8) 
If the mixture density was truly constant at a given location, 

Eqs. 5 and 6 are obviously the more correct form. However, tht. 
impact pressure AP can be expected to increase and decrease 
with the fluctuating mixture density. If these fluctuations in 
impact pressure were roughly proportional to the fluctuations in 
mixture density, Eqs. 7 and 8 are more correct. 

The true situation lies somewhere in between, because the 
impact pressure may fluctuate to some extent due to fluctuations 
in local velocity. There is no way of accounting for this effect 
accurately at present, since we cannot measure the instantane- 
ous l d  density. Therefore, both Eqs. 5 and 6 and Eqs. 7 and 8 
have been used in our analysis with the expectation that the 
actual situation is in between these. 

The average chordal mass fluxes were calculatd from thc 
measured local mass fluxes, which in turn were obtained either 
from Eqs. 5 and 6 or from Eqs. 7 and 8.  The chordal averages 
were obtained by integration assuming a one-seventh power law 
velocity profile very close to the wall. The average mass flux 
across the pipe was- then calculated by integratingthe average 
chordal mass fluxes. The integrations were done by Simpson's 
rule. 

Ruenstrudh of bcal Mixturn Dansity Distribution 

An algebraic reconstruction technique, first introduced ap- 
arently by Gordon et al. (1970) to reconstruct the form of a 250 I% ribosome, was used to determine the local mixture density for 

void fraction distribution. Gordon et al.'s original algorithm, 
along with improved versions, have been rcviewed by Herman 
et al. (1973). 

More recently, Zakaib et  al. (1978) have applied the algebraic 
reconstruction technique in an investigation of void fraction 
distribution using thermal neutron transmission measurements. 
In the present study, a similar method was, therefore, rrscd to 
reconstruct two-dimensional local void distribution over a 7 x 7 
grid from 14 gamma transmission measurements which gavc 
chordal average mixture densities. The 14 measurements werc 
made over two projections, one set horizontal and the othcr 
vertical. 

We will briefly review the algebraic reconstriiction technique 
as used in our code. Let Wj be the local liquid fraction (i.e.. W ,  = 
1 - a,), and Pi, be the fraction ofarea of thejth square i n  which it 
is intersected by the ith ray, Figure 4. The measured chordal 
liquid fraction Ri (i.e., Ri = 1 - ai )  at ith chord can be expressed 
in terms of Wj and Pi j  as: 

1 "2 

Eq. 9 can also be written in  a matrix form, 

[ P ] m x n ~ W ] " 2  = [N,, . RIm (10) 

where 

and 
in < < 11' 

0 5 W, c 1 for 1 5 j 5 nz 

For the present case. m and n In Eq. 10 equJ1 14 arid 7,  
respectively. 

- 
V 

3 
ul a 

O, 0.6 - 
L 

- 

i 
Yl (14- 

- 
0.2 - 

- 
0 Q2 0.4 C.6 0.8 1 .o 

d actual 
Figure 5. Measured chordal voids vs. actual values-when the y-beam is 

perpendicular to Lucitc layers. 

The algebraic reconstruction technique (Gordon et al., 1970) 
is basically used for solving a set of linear equations which are 
highly underdetermined, as shown in Eg. 10. It is an iterative 
method. Let WqJ denote the estimatcd value of W, after 4 
iterative steps, WJq+' can be calculated from an qua t ion .  

W?+I = W? + P,, x ( H ,  - RY) (11 )  

where 

Thr  initial guess for W, is sct to b(b thc. avc*ragc. liquid fraction 
across the pipe LV, i e.,  

- wp= w = 1 - a  

Herman c.t al. (1973) found c~rnpirically that thc itrrative 
algorithm had converged to the solution when a criterion bascd 
on the change of vanance was less than one percent, i e . 

(12) I V ~ + I  - r7"l < vq/ioo 

where 

EXPERIMENTAL RESULTS AND MSCUSSION 

Pmliminoq Tests 

behavior of the system and the accuracy of the experimental 
tech niqu (. . 

.A serit:s of tests was done i n  a single-phasc. flow to test the 

The calculatcul inass ffuxc-s f'roin the Pitot t i i l x .  m~'asirrcmc.i~ts 
agreed (within ~ 6 % )  with the i i l p l t  i n u s  f lux  rnr~asiirrd by 
calibrated turbine flow meters. For the single-phase runs, the 
void fraction was, of course, always zero and thc pressure fluctri- 
ations at thr Pitot tubs were cpitr small: s o .  E<p. 8 to 11 gave- 
essentially the  samc results. 
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Fqwe 6. Measured cross-section avemped mid fmctio~ vs. actual mluer. 

These experiments indicated that all components of the sys- 
tem to be U S L ~  for the two-phase flow experiments, except for 
the brain attenuation system, werc working well. Separate 
experiments were done to check the gamma-system. 

CaUbmtion of y- 

As mentioned previously, Eq. 2 is not always accurate for 
calculation of chordal averaged void fractions; therefore, calibra- 
tion curves were obtained with Lucite mock-ups, which simu- 
lated annular and stratified flows. The range of void fractions 
selected for study were from 0.50 to 0.87 for annular flow and 
from 0.50 to 0.85 for stratified flow. 

For the cases where the 7-beam was perpendicular to the 
Lucite layer, the measured void fractions agreed very well with 
actual values for Q > 0.8, but were generally lower than actual 
values for Q < 0.8 as shown in Figure 5. The differences (in 
absdute value) increased to a maximum (-0.08) at Q = 0.6 and 
decreased as Q < 0.6. 

For the cases where the 7-beam was parallel to the Lucite 
layer. the measured Q calculated from Eq. 2 was diKerent from 
actual values. This is to be expected since Eq. 2 does not really 
apply in this case. For example, it has been suggested by Patrick 
and Swanson (1W) that when the liquid and gas exist in layers 
parallel to the beam, the void fraction should be calculated by an 
equation of the form, 

These remarks apply only, to the chordal averaged void frac- 
tion which is d i m p o r t a c e  in interpreting the Pitot tube read- 
ings. The crms-section averaged void fractions (based on Eq. 2) 
and the actual values are compared in Figure 6. The measured 
cross-section averaged void fractions agreed well (within 2 15%) 
with their actual values over the experimental range (0.5 < Q < 
0.9). 

For simplicity, Eq. 2 was used for calculating the chordal void 
fraction throughout tests. However, corrected values based on 
calibration curves were also used in some cases to determine 
differences. It appeared that the differences between the results 
from the approximate equation and the calibration curve were 
genrrally rather small as discussed later. 

v.rHication of tL. Alg.kok Tutmiqcw 

To test the applicability and the accuracy of the ART for 
reconstructing the local void distribution from 14 horizontal and 

vertical chordal void measurements, live sets d tests were per- 
formed with digital models to simulate various hypothetical local 
void distributions over 7 x 7 gnds. Horizontal and vertical 
chordal void fractions were evaluated from the hypothetical 
I t d  void distributions and fed into the ART computer program 
to reconstruct the local void distributions. Good agreement was 
obtained between the hypothetical Iwal void distributions and 
the computed void distributions as shown in Figure 7(a, b). 

The computer program was also checked out by performinga 
series of experiments with Lucite mockups of various shapes to 

Actual Void Comuted Value 

a 
Actual Void Computed Value 

b 
Figure 7. Test of ART computer program with hypothetical mid *octior 

data. 
a. Annular How. 

b. Stratifwd flow. 
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Figure 8. Local void fraction and normalized mass flux distributions for 
annular flow. 

simulate different water distributions. Horizontal and vertical 
chordal void fractions were measured by a traversing gamma- 
densitometer. The void distributions of the Lucite mocknps 
computed from the measured horizontal and vertical chordal 
void fractions by the ART computer program also agreed quite 
well with the actual void distributions. 

As expected, the void fractions near the wall region were 
generally lower than those further from the wall for annrilar, 
slug, and plug flows, and tended to all water at the very bottom. 
For the wavy stratified flow, the void fraction was one in the 
upper half of the pipe and tended to zero in the bottom half of the 
pipe. 

In general, the local inass fluxes seemed to be quite uniform 
over almost the whole region of each horizontal chord except for 
some regions near the wall in annular flow, Figure 8, where the 
void fraction was lower, and a higher mass flux was, therefore, 
obtained as aconsequence of a higher \ d u e  of the product of the 
fluid density and the flow velocity. Certainly, the mass flux 
should decrease sharply in the region very near the wall and 
reach zero at the wall, but it is not possible to measure this due to 
finite probe size. 

Figure 9 shows that in all cases the chordal mass fluxes in the 
bottom half of the pipe are much higher than those in tile upper 
half of the pipe, especially in the cases of wavy stratified, annular 
and slug flows. For the plug flow, the chordal mass fluxes are 
more uniform compared to the other three flow regimes. 

Cross-Section Averaged Mass Flux 

The cross-section averaged mass flux was calculated from the 
distribution of local mass fluxes by integration as described 
previously. 

Comparisons of the measured cross-section averaged mass 
fluxes and the input mass fluxes are shown in Figure 10. Differ- 
ent symbolsfor the experimental data points shown in this figure 
represent different flow patterns. For the high water flow range, 
it seems that the calculated mass fluxes from Eq. 5 (the empty 
symbols) are generally 0 to 10% lower than the input mass 
fluxes. On the other hand, Eq. 7 (the dark symbols) seems to 
overestimate the mass flux (by up to 13%). As discussed previ- 
ously, neither Eq, 5 nor 7 is correct in the case of fluctuating 
densities-the real situation lies somewhere in between. There- 
fore, these results are consistent with what is expected. 
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Figure 9. Distributions of normalized chordal moss fluxes (y is the distance 
from the center of the pipe in the vertical plane). 
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Figure 10. Comporison of measured moss fluxes and input moss fluxes- 
measured moss fluxes were calculoted from Eqs. 5 and 6. 

For the low water flow range (< 800 kgim2. s), the calculated 
mass fluxes from Eqs. 5 and 7 agree quite well among them- 
selves. The difference in the results for the high- and low-water 
flow ranges is much likely due to the different relative mag- 
nitude of the pressure fluctuations occurring in the high- and 
low-water flow ranges. In any case, either equation appears to 
be reasonably accurate, within 2 10%~ for the high mass fluxes 
and 2 20% for the low mass fluxes, in predicting mass flux over 
the whole range of experiments. 

It is important to remember that both Eqs. 5 and 7 were based 
on the assumption that the fluid density was homogeneous 
across the chord. Obviously, it is unlikely to be true in the actual 
case. However, the deviation of the calculated mass fluxes aris- 
ing from this effect was found to be quite small, when local 
mixture densities (or void fractions) were used. 

Local void distributions were obtained from the measured 
horizontal and vertical void fractions by using the ART al- 
gorithm; hence, the local mass fluxes could be calculated from 
Eqs. 6 and 8. It was found that the differences between the 
cross-section averaged mass fluxes, which were calculated from 
Eqs. 5 and 7 (i. e . ,  based 011 an assumption that the fluid density 
is homogeneoiis across horizontal chords) and from Eqs. 6 and 8 
(i.e.,  based on the computed local fluid densities) respectively 
were quite small (tip to 5%). This is to be expected since the void 
distribution is quite uniform along horizontal chords except very 
rlear thr  wall and in annular flow. The cross-section averaged 
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Figure 1 1. Mass fluxes predicted from three and four local measurements 

(3 - three local measurements, 0 A four local measurements). 

mass flux calculated from the local void fractions should have a 
somewhat lower value because of this affect, as they indeed do. 

In addition, comparisons of the mass fluxes between those 
calculated from the measured chordaliii based on Eq. 2 and 
those calculated from the corrected values of the chordal ai  
accounting for the inaccuracies in Eq. 2 also show that there 
were only small differences between the two (less than 3%) over 
the whole range of flow patterns, except for wavy stratified 
flows. In this case, the values calculated from the corrected 
values of the chordal void fraction had a larger value (up to 16%) 
than those calculated from the uncorrected chordal void frac- 
tions. This is due to the lower values of the corrected chordal 
void fraction (i.e., larger mixture density). 

However, it was found that the deviation of calculated cross- 
section averaged mass fluxes arisingfrom the local void distribu- 
tion effect and the uncertainties in Eq. 2 for void fraction calcda- 
tions, is small over the whole range of flow patterns. This result 
is significant as it indicates that the cross-section averaged mass 
flux may be obtained quite accurately from the local Pitot tube 
measurements and the measured chordal fluid densities. This is 
not a general conclusion, but applies only for the conditions 
studied in our experiments, i. e.,  horizontal flows far from bends 
such that the main void distribution is in the vertical direction. If 
there is a bend near the measurement location, the void distri- 
bution may be nonsymmetric and local values would be neces- 
sary. 

Effect of Reducing the Number of Local Measurements 

For practical purposes, it is of interest to find locations for a 
small number of Pitot tubes and y-beam measurements that 
would still result in good accuracy for cross-section averaged 
mass flux over a range of flow regimes. 

From the distributions of the local mass fluxes (those based on 
the chordal mixture densities), it seems that a local measure- 
ment near the central region of a horizontal chord is good 
enough to predict the (horizontal) chordal mass flux in most flow 
regimes due to the uniformity of the local mass fluxes along the 
chord. It was found that the cross-section averaged mass flux 
could he obtained from only three Pitot tubes and chordal 
y-densitometer measurements. The Pitot tubes were positioned 
in a vertical line, one at the center of the pipe, one at 0.286 
diameter above the center and one at 0.286 diameter below the 
center. These positions lead to each Pitot tube covering roughly 
the same amount of flow area in horizontal segments. The aver- 
age mass flux was calculated by an equation of the form 

where Cl is obtained from single-phase calibration mea- 
surements. This is similar to the original procedure used by 
Banerjee et  al. (1978). The value of C, was calculated from the 
single-phase (all water) measurements to be 0.85. 

Figure 11 shows the comparison of the calculated mass fluxes 
from Eq. 14 and the input mass fluxes. It can be seen that the 
agreement between the two is quite good for the cases when the 
cross-section averaged void fraction is less than 0.8. But for the 
cases a > 0.8, the calculated mass fluxes were generally lower 
than the input mass fluxes. This can be explained by the fact that 
the flow was horizontally stratified and the Pitot tube in the 
bottom half of the pipe was above much of the liquid flow region 
for these cases. Therefore, positioning three Pitot tubes in a 
vertical line such that they cover roughly the same area in 
horizontal segments is not sufficient for separate flows with a > 
0.8. 

Taking this into consideration, afourth measurement near the 
bottom wall (at 0.429 diameter below the center of the pipe), in 
addition to the three measurements, appears to be needed. The 
simple procedure is to area weight the bottom two mea- 
surements and an equation for the cross-section averaged mass 
flux of the form: 

where 

C1 = 0.85 is the original single phase calibration constant and 
Cz is a constant giving the fraction flow of area covered by the 
Pitot tube at 7 ,  compared to the total area covered by 6 and 7 in 
horizontal segments. For the case studied here, Cz - 0.15. As 
can be seen from Figure 10, mass fluxes calculated from Eq. 15 
agree quite well with the input mass fluxes even for a > 0.8. 
Therefore, it would probably be desirable to obtain the cross- 
section averaged mass fluxes from four local measurements 
rather than three to ensure that all flow regimes are covered. 

Future Work 

The results obtained in this investigation are encouraging 
and, combined with previous related work, put the use of Pitot 
tubes for mass flux measurements in two-phase flow on quite a 
firm basis. There are some areas in which further experiments 
would be desirable: 

Measurements in very large horizontal pipes under sepa- 
rated flow conditions. These experiments would increase 
confidence in the use of Pitot tubes in separated flows. Some 
experiments are being done in pipes of 0.3556-m nominal 
diameter at present. 

Checks on whether local mass fluxes are being measured 
correctly. The results discussed in this paper are for cross- 
section averaged mass fluxes derived by integratinglocal values. 
No direct test of the local measurements was done. Therefore, 
the model proposed is at best supported by indirect evidence. A 
technique based on hot film anemometry could possibly be 
developed and compared with Pitot tube measurements of time 
averaged local mass flux. Even though hot film anemometry may 
not be accurate or practical in high pressure and temperature 
systems, still good agreement between the two techniques 
would enhance confidence in both. 

The effect of multidimensional flow on Pitot tube mea- 
surements. Experiments could be done by repeating those in 
this paper with Pitot tubes positioned at various angles to the 
pipe axis. Such experiments are of interest, because Pitot tubes 
have been suggested for use in two-phase flows that have swirl 
and large-scale eddy structnre. In these situations, the mean 
velocity vector may not point directly at the Pitot tube. 
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0 Measurements in transients under separated flow condi- 
tions. Some measurements of this type are being done using a six 
Pitot tube “rake” in a large pipe. 
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NOTATION 

C1, Cp = constants, defined by Eqs. 14 and 15, respectively 
Gz, G,, G6, G7 = local mass flux at 0.286 diameter above the 

center of the pipe, at the center, at 0.286 and 0.429 
diameter below the center, respectively 

Gk = local mass flux, defined by Eq. 15 
Gi, = local mass flux at location i j  
G = cross-section averaged mass flux 
I, = measured gamma intensity 
12, I, = intensities measured for the cases of the tube full of 

liquid and gas, respectively 
P i j  = fraction of area of thej th  square in which it is inter- 

sected by the ith ray 
Apij( t )  = instantaneous differential pressure of the impact 

head at position i j  
Ri = chordal liquid fraction at ith chord 
V = velocity 
V q  = variance, defined by Eq. 12 
W, = local liquid fraction at position j 
W = cross-section averaged liquid fraction 
aij, aj = local void fraction at position i j  and j ,  respectively 

Z y i  = chordal void fraction at ith chord 
P = density 
pij(t) = the instantaneous local fluid density at position 
( )  = time mean value 

Subscript 
g = gas phase 
1 = liquid phase 
m = mixture 
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Efficiency of Mixing from Data on Fast 
Reactions in Multi-Jet Reactors and Stirred 
Tanks J. M. OTTINO 

Department of Chemical Engineering and Materials Science 
University of Minnesota 
Minneapolis, MN 55455 

Some fluid mechanical information concerning mixing generation in complex 
flow fields can be obtained from conversion data of fast chemical reactions. 
Computation of such information and averages required in the procedure a re  
presented here. Complex turbulent flow fields present deterministic-like behavior 
when analyzed in average sense with regard to mixing generation. 

SCOPE 
Mixing with chemical reaction is a process that involves fluid 

mechanics, diffusion, and kinetics. In  general, these three 
mechanisms govern reaction in any reacting mixture. Any rea- 

sonable mixing description should give an emphasis to all of 
these processes in proportion to the importance of their effects. 

The independent variable of mixing of reacting fluids with- 
out changes in physical properties is the flow field. Chemical 

selectivity, a re  dependent variables governed by fluid mechan- 
ical effects. It is then, in principle, possible to obtain fluid 
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