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ABSTRACT
Applications of stagnation probes to the measurement of mass flow
rate in two-phase flows are discussed.

Descriptions of several

stagnation devices, which have been evaluated at the Idaho National
Engineering Laboratory, are presented along with modeling techniques
and two-phase flow data.
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C

Overpressure ratio
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Empirical coefficient used in Equation (12)
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Pressure coefficients used in reduction of five-point
probe data
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Droplet diameter
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=

Coefficient in axiaiiy syrmietric void fraction model

NQ|J

=

Obedience number 3/4 -^ H

P(t)

=

Pressure at time t

Pi

=

Initial pressure

AP n

=

Pressure differential measured between static tap and
n ^ Pitot tube

SP"

=

Arithmetic mean of differential pressure readings

&?l

=

Stagnation pressure characteristic of total flow

r

=

Radial coordinate or radius ^f' tubing

R

=

Pipe radius

Re(j

.=

Droplet Reynolds number

S

=

Slip ratio

T

=

Tubing length/acoustic velocity = L/C

U

=

Modified velocity defined by Equation (21)

v

=

Velocity

x,y

=

Cartesian coordinates

x"

=

Mean mass flow error

a

=

Pipe average void fraction

o

=

Time residence fraction

P

=

Fluid density P ! = a Pg + (1 - a ) p]

p

=

Cross-sectional average density "p = oT P + (1 - oT) p.

a

=

Time residence fraction of continuous phase

Y

=

Specific heat ratio

v

=

Kinematic viscosity

o

=

Standard deviation

t

=

Dimensionless time = tv/r^

To

=

Dimensionless delay time = Tv/r

Subscripts
c

=

Continuous phase

e

=

Entrained phase

g

-

Gas phase

1

"

Liquid phase

1,2,3,4,5

=

Five-point probe tube reference numbers

1. INTRODUCTION
Mass flow measurements, obtained in pressurized water reactor
loss-of-coolant experiments (LOCEs), provide information for assessing
computer code predictions of postulated loss-of-coolant accidents.
For these iOCEs, instrumentation must measure the mass flow rat"1 of an
inhomogeneous mixture of steam and liquid water under transient flow
conditions.
The stagnation probe, because of its ruggedness, simplicity, and
wide application in single-phase flow, represents an attractive
candidate for use in these experiments. The desirability and
associated difficulties of using a simple stagnation probe have long
been recognized . However, the desired measurement is mass flow
rate which the stagnation probe cannot measure directly. To obtain
mass flow rate, the stagnation probe measurement, which is related to
the momentum flux of the two-phases, is combined with the loca'i
density from an independent measurement. These measurements, which
are essentially point measurements, are repeated at a number of points
covering the entire pipe cross-section; then by performing the proper
surface integral, the effects of the mixture inhomogeneity are taken
into account.
This paper provides the basis for the application of stagnation
probes to the measurement of two-phase flow and informs the reader of
those techniques which have already been successfully applied at the
Idaho National Engineering Laboratory (INEL) by EG&G Idaho, Inc. The

paper is organized into five sections beginning with General Measurement Considerations, Section 2, which describes those practices conmon
to al! stagnation probe applications. The next three sections, 3
through 5, discuss three types of stagnation probes. The first is the
conventional PHot tube, which has been tested in two configurations,
uncooled and cooled, Figures 1 and 2, respectively. The second, a gas
phase stagnation probe used in mist flows, stagnates the gas phase at
the probe tip while the droplets stagnate at the probe total pressure
tap, Figure 3. The third device, a five-point probe, Figure 4,
consists of five separate tubes and quantifies the three dimensionality
of a flow field. The details of modeling, application, and evaluation
are presented for each type of probe. The final section, 6, describes
some current applications at INEL.

ID

T3
01

O
O
O

5

Fig. 2 Water cooled Pitot tube rake
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Fig. 3 Schematic of prototype stagnation probe.

Fig. 4 Five-point stagnation probe.

2. GENERAL MEASUREMENT CONSIDERATIONS
The conventional stagnation probe consists of a lengtn of tubing
which faces into the flow with the fluid stag-^ted at the probe tip.
The stagnation process transforms the kinetic energy of the flow into
pressure measured by a differential pressure transducer referenced to
the loop static pressure. This measured pressure differential for
sinnle-phase flow is equal to the kinetic energy or one-half the
density times the square of the velocity of the flow at that point.
A number of factors influence the use of stagnation probes in
two-phase flow; these include response, static reference tap, stagnation probe tip design, and some application geometry effects.
2.1 Response
To ensure the integrity of the measurement, the pressure sense
lines should be maintained in the water full condition. For pressurized hot water flows, the lines must be properly cooled during
system depressurization. Otherwise, the liquid in the lines wili
flash to steam, thus destroying the differential pressure signal.
During steady state testing where large pressure excursions are not
experienced, the pressure lines may be maintained liquid full by a
constant purge or by periodic backfilling. If the pressure sense
lines are allowed to dry out, a high momentum liquid slug may force
liquid into the tube. The liquid will tend to collect in plugs and
destroy the frequency response of the instrument. In addition, the
liquid full system has a much shorter response time than a gas filled
system. Transmission line response for systems containing only
tubing, without dominating pressure transducer vo'fume portions, may be
estimated by the following formulas for gases and liquids respectively

f ,/8Yt Z\1/2'
(1)

P£J
i
where erfc is the complementary error function.
For identical systems, the response characteristics can be very
different. For instance, a liquid full system at 100°C consisting
of 1 m of 1/8-in. stainless steel tubing with an inside diameter of
1.4 mm has a 99% recovery response time of about 1 ms; for an air
filled system, the response time is about 3.7 s, or a factor of 3700
difference.
2.2 Static Pressure Tap
The total pressure measured at the Pitot tube tip is referenced
to a static pressure tap, usually placed in the pipe wall for convenience. It is generally assumed that infinitely small square-edged
holes installed normal to flow boundaries give the correct static
pressure. In practice small holes are difficult to machine and to
keep burr free; furthermore, exceedingly small holes are slow to
respond to pressure changes. Therefore, a compromise must be reached.
The recommended geometry for a pipe wall tap is shown in Figure 5.
The effect of hole size has been evaluated experimentally with
respect to an arbitrary small diameter reference tap, Figure 6. Such
results are then extrapolated to zero hola size to obtain absolute
errors . In general, pressure tap errors increase with hole size.
In practice at INEL, pressure taps used are in the range of 1.25 to
3.8 irni. For velocities generally of interest in two-phase flow,
v <30 m/s, the error > icgligible with respect to the overall
measurement error. Sons installations may require nonstandard pressure
taps due to geometry, kayle or Benedict are sources of further
information.
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Fig. 5 Recommended s t a t i c pressure, wall tap geometry
(1.5 < l / d < 6 . 0 ) .
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Fig. 6 Typical experimental determination of hole size effect for
1.5 < L/d < 6.0. Taken from, Shaw Reference 3.
2.3

Tip Design

Since the flow direction is not always known or precise alignment
cannot be achieved, use of a total pressure tube that is relatively
unaffected by alignment may be advantageous. The variation of total
pressure indication with angle of attack for several geometries5
appears in Figure 7. For most flows in straight pipes, a simple
square-faced tube which is insensitive to angle of attack up to about
11
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Fig. 7 Variation of total pressure indication with angle of attack
and geometry for Pitot tubes. Taken from Gracey et al, Reference 5.
10 degrees is adequate; for flows in which upstream geometry may
severely distort the flow field, an alternate tip design is required.
For angles up to about 20 degrees, an inverted cone inside the tip
shown in Figure 7 is satisfactory.

For angles greater than 20 degrees

up to about 35 degrees, the Kiel tube, shown in Figure 8, yields
little error".

However, Kiel shields have not yet been evaluated in

two-phase flows.
The tube diameter is also important when a measurement is made
near a wall.

If the Pitot tube is positioned near a wall or other

solid object, the true total pressure will not be reproduced due to
streamline distortion.

Fortunately, for most measurements of interest,

the effect on the velocity calculated is small, as shown in Figure 9.
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Fig. 8 Effect of yaw on Kiel tube.
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Fig. 9 Velocity correction for a circular pitot tube near a wall.
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2.4 Rake Geometry
For horizontal or vertical flow where symmetry with respect to
the vertical axis or radial symmetry may be assumed, a single onedimensional rake is sufficient when mass flow is the measurement of
interest. For horizontal flow, the rake is placed along the vertical
diameter. For complicated geometry, such as measurement locations
downstream of piping bends, some consideration should be given to the
use of two-dimensional arrays, such as those used by Banerjee '8.
In this manner, the additional skewedness of the profile due to
upstream effects may be treated.
For bidirectional flows, two Pitot tubes facing in opposite
directions may be used. The tubing facing the flow measures the total
pressure, whereas the rear facing tube reads the static pressure; the
differential pressure measurement is made between the two.
3. CONVENTIONAL PITOT TUBES
Rakes of Pitot tubes have been evaluated at the INEL in steady
Q

state air-water flowi in an uncooled configuration , Figure 1, and
in transient steam-water flows in a water-cooled configuration ,
Figure 2. The considerations, other than cooling, in applying either
device and the data analysis techniques required are the same.
The Pitot tube has been used for the measurement of two-phase
flow by a number of workers applying at least as many Pitot tube
models. A number of these models, for flows which are dominated by
11
12
the liquid phase, are summarized by Delhaye and Schraub . In
this section these models are reviewed, then the model currently in
use at the INEL is presented. The current model includes not only the
Pitot tube model but also a model to obtain the density profile from a
multibeam gamma densitometer. The integrated combination of the
results from a rake of Pitot tubes is used to obtain mass flow rate
and momentum flux. Finally, the results of a comprehensive test
program conducted in steady state air-water and in transient steamwater flows are presented.
14

3.1

Previous Work

In concurrent low nitrogen volume fraction mercury-nitrogen flow,
Neal and Bankoff found that the time averaged dynamic pressure
measured by a 3-mm-diameter impact probe was nearly double the dynamic
pressure for an equal mass velocity mercury flow without nitrogen
bubbles. They stated that the higher pressure resulted from the
liquid acting as a series of slugs separated by bubbles which were not
1
appreciably slowed before impinging on the probe. This action
generates an impulse pressure equal to the liquid density times the
velocity squared, the resulting expression used by Neal and Bankoff is
shown
AP

=

*—*

(1 - a )

(0.97)

2

PiV,2.

(3)

']

Ozakowic and Dix later investigated this result using a 1.5-rnninside diameter impact tube in an air-water mixture flowing upward in
a Plexiglas tube. The rapid variation in total pressure was sensed by
a quartz piezoelectric pressure transducer. Bubbles were prevented
from entering the probe by a slow purging stream of water. The flow
over the probe and the oscilloscope trace indicating the measured
total pressure were simultaneously photographed. The results they
obtained discounts the theory of Neal and 8ankoff for air-water flows.
Dzakowic and Dix also indicated that the time average dynamic pressure
in two-phase flow to be less and 1/2 pv , where v is the true average
liquid velocity. This fact has also been verified by Samoilovich and
Yablokov and is dependent upon the probe geometry, pressure pulse
shape, and frequency of the pulses.
If each bubble strikes the Pitot tube and each phase behaves
according to the usual Pitot tube relationship, or if the bubbles are
much smaller than the Pitot tube diameter and tend to follow the
streamlines around the probe, the governing equation for low void
fraction liquid dominated flows is

15

AP = \ (1 - a) P l V i 2 .

(4)

This result has been used by a number of researchers as reported by
Delhaye 12 .
The other possible extreme is the case where all the bubbles are
"squeezed" out ahead of the probe as shown in Reference 16 and
reported in Reference 17. The resulting equation is
AP = \ (1 - a 2 ) p l V l 2 .
Walnut and Staub

(5)

combined Equations (4) and (5) and derived
AP

=

I (1 - a )

(2 + a ) P I V I 2 .

(6)

Obtaining void fraction from an x-ray densitometer, applying
Equation (6), and integrating over the flow cross section , the
mean liquid phase velocity, for void fractions up to 0.80, agreed
within *\Q% of the true flow velocity.
Delhaye also reports two other forms of the Pitot tube
equation for liquid dominated flow, the first, used by Delhaye, is
AP = |- P-jV-,2.

(7)

The second used by Bosis and Malnes 18 is
AP = 1. (1 - 0.5a) p ^ 2 .

(8)

No further information was available to the authors of this paper concerning the validity of Equations (7) and (8).
Anderson and Mantzouranis^ derived a more general relationship
for flows in which the momentum contribution by the gas-phase is
significant. Their expression relates the impact pressure to the
local flow conditions by the equation
16

where B is a momentum transfer factor. Ir a bubbly flow, 3 - 0 . 5 ; due
to previously mentioned considerations and Y = 1 - a, the continuous
component is liquid and the entrained component is gas.
In a droplet laden flew, the droplet, because of its higher
momentum, will tend to strike the probe. If the probe is maintained
water full, the droplet will convert all of its axial momentum into
pressure. For this case, e is equal to unity, y - a, and the continuous component is gas and the entrained component is liquid. The
present authors have applied Equation (9) to a wide range of twophase flow, using a gantna densitometer to obtain void fraction. The
method, described in detail in the Analytical Models section, reduces
to Equation (7) for liquid dominated low void fraction flows.
For droplet laden flows in which the momentum fluxes of both the
gas and liquid phases are significant, the equation becomes

Since the local slip ratio is generally not known, the assumption of
slip equal to unity 9 reduces Equation (10) to
= [lap

+ (1 - a) P ] ] v 2 .

(11)

Thus, the liquid fraction is weighted by a factor of two higher than
the gas fraction. In steady state air-water experiments conducted ,
the use of 6 equal to unity and the assumption of no local slip for
void fractions greater than 0.7 led to large discrepancies in the mass
flow rate of gas but overall gave slightly better results for the
liquid dominated mass flow rate.
For steady state and transient flows Heidrick et al and
Banerjee approached the problem of obtaining mass velocity

17

directly. Rather than calculating local quantities, they related the
mass velocity to the arithmetic average of a two-dimensional array of
Pitot tube differential pressure readings and the pipe average density
obtained from a gamma densitometer by the expression

where C

is determined from single-phase flow.

Gill et a1 considered the droplet-air mixture to be flowing
as a homogeneous medium whose behavior with respect to the probe is
similar to that of a single-phase fluid. The impact pressure for this
case is given by the usual Pitot relationship
AP

= \ [aP g + (1 - a ) P l ] V 2 .

(13)

The use of the equation was justified on the basis of close agreement
between integrated and input air rates. To use Equation (13), the
authors expressed it in terms of mass velocities as shown
(14)
AP

By measuring aP and G-j (obtained by measuring the droplet collection
rate) a solution for G may be obtained. Equation (14) is nearly
9
hn
identical to the assumption of a local slip ratio of 2 .
3.2 Model
As shown in the previous section, to obtain velocity and mass
flow rate from the differential pressure measured between a Pitot tube
and a static pressure tap, an independent measurement of density is
required. The density in this case is obtained from a three-beam
gairnia densitometer through the use of a suitable model; this density
is then combined with the differential pressure to obtain velocity.
The density and velocity may then be combined to give the mass flow
rates and momentum fluxes of the two fluids.
18

3.2.1 Gamma Densitometer Model. A method of determinirg density
profiles from the separate beams of a three-beam gamma densitometer
has been developed at INEL by Lassahn * Briefly, the method is as
follows: density is assumed to vary only in the vertical direction
over the portion of the pipe traversed by the beams, as shown in
Figure 10. A density distribution of the form
P(Y)

1 - p_
1 + e-4a(Y-b)

-

(15)

is assumed, where a and b are unk own coefficients and p(y) is the
local density. Performing the integral with respect to Y over the

IN6L-A-10 924

Beam C
Beam B
Beam A

Fig. 10 Gamma densitometer beam geometry.
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vertical distance traversed by each gamma beam and equating the
results, respectively, to each of the beam readings yield a system of
equations. The unknown coefficients are then found by the method of
least squares and a numerical iterative technique.
The resulting profile provides information on local density; with
the proper surface integral applied, the area average density over any
region within the pipe is obtained.
The solution technique described does not always converge during
the reduction of blowdown data or converges, but the lit is poor.
Particular difficulties are encountered for homogeneous flows, such as
the subcooled portion of blowdown and the region of all steam flow
which occurs near the end of blowdown.

For these casos, the model

used represents a uniform density distribution.

Flows, which appeared

to be annular in density distribution, also gave rise to problems.

For

these flows, axially symmetric void fraction distributions of the form

« • 1 - (J)"

(16)

are chosen where R is the pipe radius and r is the radial coordinate.
The model assumes a void fraction of unity, or all steam at the pipe
center and a void fraction of zero, or a film of water at the pipe
wall.
center.
curve.

The void fraction varies continuously between the wall and pipe
The coefficient n is unknown and governs the shape of the
The value of n is determined from the beams of the gamma

densitometar.
3.2.2

Pitot Tube Model.

The differential pressure measured by
7
7
to be

itot
the Pitot tubes has been shown by Anderson and Mantzouranis
given by

AP =

I

Beta is a momentum transfer factor; 6 = 0 . 5 if the entrained
component follows the streamlines of the continuous component, around
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the Pitot tubes. If the entrained component is brought to rest by the
Pitot tube and leaves at a right angle to the direction of flow,
B = 1.0.
If the entrained component is a small air bubble, it will tend to
follow the streamlines around the probe. Thus, for locations in which
the continuous component is water: Y = 1 - a, P C = P-,, and B - 0.5.
For locations in which the continuous component is air, the entrained
droplets of water will tend to strike the probe because of their
greater momentum. For this case Y = a, P = P , and $ = 1.0.
Originally, a value of a = 0.7 was used to determine the break
point between air and water as the continuous phases. On the basis of
later measurements by these authors, a local value of void fraction
equal to 0.9 is believed to be more realistic. For values of a < 0.9,
the continuous phase is assumed to be water; for valuer of a > 0.9,
the continuous phase is air.
If the assumption of no local slip, v = v. = v, between the
components is made, Equation (17) can be solved directly for velocity
v =
where Y is determined from the gamma densitometer. For void fractions
less than 0.9, Equation (18) reduces to

V = [2AP/(apg + [l-a3pJ 1/2 .

(19)

For void fractions greater than 0.9, the contribution by the liquid
portion of the flow is weighted differently, and the resulting
equation is

V = [AP/(£ ap + [1 - a]Pl)] i/Z.

21

(20)

For flows in which the momentum fluxes of gas and liquid are of
comparable order of magnitude, information about local slip must also
be available.
3.2.3 Mass Flow and Momentum Flux Model. Once the velocity
profile along the vertical diameter is known, the total mass and
momentum flow rates can be readily calculated. To perform this
calculation, the velocity profile is assumed to behave like a fully
turbulent profile near the pipe wall. The integrals are

i
m = //P(YJJ(Y) (1 - £ ) 7 dX dY

(21)

2
M = J//P(Y)U

2

(Y)(l - J ) 7 dX dY

(22)

1

U(Y) = v(Y)/(l - £ ) 7

(23)

where
r

=

R - Y for Y < R

r

=

Y - R for Y > R

r

=

[x 2 + (Y - R) 2 ] 2 .

1

3.3 Data
The Pitot tube-ganma densitometer combination has been evaluated
in steady state air-water and transient steam-water flows. In both
cases, the basic comparison used to evaluate accuracy has been mass
flow rate measured before mixing for the air-water data and total mass
expelled from the test facility for the transient steam-water data.
3.3.1 Air-Water Data. The general test procedure was to set up a
predetermined flow condition, then to take data during a 16-s sample
22

period consisting of 3680 actual samples. The average of these
samples 1s then computed to obtain the time averaged value. The test
conditions were determined by the overall capabilities of the loop.
Superficial water velocities from 0.3 to 6.1 m/s and superficial air
velocities from 0.36 to 12.8 m/s were used. It was not possible to
obtain the maximum air flow rate for the highest water flow rates;
nevertheless, the full range of flow regime from dispersed bubble
through slug to annular mist and stratified flow was covered.
Calculated density profiles are shown in Figure 11 for four
different flow regimes in a horizontal pipe. Case 1 is a well mixed
dispersed bubble flow; Case 2 is a well defined slug flow with bubbles
entrained in the slugs of water; Case 3 is a stratified flow with a
wavy interface; Case 4 is a stratified mist flow.
I

l

I

1 - Dispersed bubble
2 - Bubbly slug
3 - Wavy stratified
4 - Stratified mist

450
600
Density (kg/m3)

750

Fig. 11 Calculated density profiles.
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Figure 12 details the measured momentum flux profiles for the
four cas^s described above with a one-seventh power law profile and an
all-water point shown for reference. All of the profiles are forced
to go through the point (1, 1). The all-water profiles differ from
the expected fully turbulent behavior due to the way in which the
water enters the air-water mixer. The location of the test section,
50 diameters downstream of the mixer, is not far enough away for the
profile to become fully developed.
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Fig. 12 Momentum flux profiles.
Figures 13 through 15 contain velocity profile information with a
one-seventh power profile shown for reference. The all water and
dispersed bubble cases behave approximately as fully turbulent flow
(Figure 13). The slug flow (Figure 14) is similar with the expected
increase in velocity near the top of the pipe caused by lower average
density.
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Fig. 13 Velocity profiles - single-phase and dispersed.
Figure 15 contains velocity profiles for the wavy stratified and
stratified mist flows. The normalised velocities at the top of the
pipe for the mist flow are less than for the stratified case because
of higher densities due to entrained water dropletsFigure 16 is a plot of the momentum flux measured by the Pitot
tube, gamma densitometer system against the momentum flux calculated
from the known mass flow rates and the average void fraction:

M =

(24)

where

I J/adA.
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Fig. 14 Velocity profile - bubbly slug flow.
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Fig. 15 Velocity profiles.
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Fig. 16 Momentum flux measured by Pitot tubes and ganrna densitometer.
The scatter in the low end, M < 1500 kg/m-s , is due to
measurement uncertainty. The measured values, which tend to be higher
than the value calculated using Equation (24), are probably due to
fluctuations in the flow, such as slugging. The manner in which
fluctuations tend to increase the mean momentum flux is discussed by
Andeen and Griffith 22
Figure 17 displays the mass flow rate of gas for a two-component
flow mixture measured by the Pitot tube-gamma densitometer system
plotted against the reference value measured before mixing. The solid
line is the 45-degree line, or the line of perfect agreement. In
general, the measured value is less than the known reference value,
probably, due to the assumption that the local slip is unity. The
data seem to indicate that the local slip for high air flow rates is
approximately 2. The agreement is, generally, quite good. The high
values at the low end are probably due to measurement error. Figure 18
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shows the measured total mass flow rate plotted against the reference,
the system is liquid dominated, and the agreement is quite good.
3.3.2

Transient Steam-Water Data.

A blowdown is the rapid

depressurization of a pressurized hot water system through an orifice
simulating a break in the piping.

The transient flow characteristics

of a typical blowdown can be observed in Figures 19 through 27.
Figure 19 details the differential pressure measurement for the center
Pitot tube of a water cooled Pitot tube rake.

Examination of this

figure shows an initial period of near homogeneity lasting for about
10 s; then a period of slugging or large amplitude waves lasting for
the next 20 s; and, finally, a period of all steam beginning at about
30 s into blowdov/n.

The static pressure trace appears in Figure 20,

with subcooled blowdown lasting approximately 200 ms.

The void

fraction calculated from the garnna densitometer beam readings for the
center Pitot tube position appears in Figure 21. The velocity
calculated from the differential pressure and local void fraction for
the center location is shown in Figure 22. All three sets of data
exhibit similar variations with respect to time.
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The calculated values of the pipe average momentum flux, the mass
flow rates of the gas and liquid phases, and the total mass flow rate
appear in Figures 23 through 26, respectively. The results of integrating the mass flow rate with respect to time are shown in Figure 27.
The time integrated mass flow is used as a means of evaluating measurement accuracy. This method of evaluation is heavily weighted toward
the high mass flow rate portion of the biowdown; alternatively,
consecutive blowdowns of increasing duration might be conducted and
the mass required to refill the system after each partial blowdown
measured. The results of integrating the mass flow rate over the
duration of the test for the three partial and two complete blowdowns
appear in Table I. In a partial blowdown, the main pressure vessel is
valved out of the system and only the piping is blown down; in a
complete blowdown, the entire system is vented to the atnosphere.
TABLE I
TIME INTEGRATED MASS FLOW MEASUREMENT ERROR FOR PITOT TUBE RAKE
Blowdown Configuration

Error (%)

Complete

-7.0

Partial

-5.0

Partial

-4.5

Partial

-4.5

Complete

-7.0

The mean value of mass flow error defined by
n

7 = N IE
i1
i=1

(25)
"initial

for the five blowdowns is equal to 0.944 and the standard deviation
defined by
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(26)

is equal to 0.005. The two-sigma value is therefore 0.01.
The maximum cooling water temperature at the probe outlet was
304.3 K for a constant cooling water inlet temperature of 284.4 K and
a flow rate of 0.075 1/s. Before blowdown was initiated, the temperature rise across the device was 15.75 K. Cooling of the Pitot tube
rtUe removes some energy from the flow and certainly distorts the
downstream flow field. The distortion is inevitable and the total
energy removed from the flow is less than one-half percent of the
total flow energy.
4, GAS PHASE STAGNATION PROBE
In most flow regimes the local slip, or ratio of local phase
velocities, is very near unity. For these flows the cross-sectional
average slip is primarily a result of the interaction of the velocity
and density profiles. For the flow of an aerosol, however, significant differences may exist in the local velocities. Due to large
density differences between droplets and gas and the process of
entrainment and deposition with a slow liquid film on a stationary
surface, the continuous gas phase and the entrained liquid phase are
not likely to move at the same velocity. The measurement of the
separate phase velocities is, therefore, important with respect to the
accurate determination of gas and liquid mass flow rates for droplet
flows.
The gas phase stagnation probe was developed to deal with these
situations. The aspect of this probe which makes it unique is the
pressure tap arrangement which allows simultaneous measurement of the
stagnation pressure of the gas phase, measured at the front tap, and
the measurement of the stagnation pressure characteristic of the total
flow of both droplets and gas at the rear tap, as was shown in
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Figure 3. In this section, prooe design considerations along with a
review of previous work are summarized. The model that characterizes
the probe is then discussed along with the description of a local
liquid mass flow rate measurement technique which is required to
obtain slip ratio from the probe measurement. Finally, representative
air-water data are presented. The interested reader should consult
Fincke and Deason" for further details on the application of this
measurement technique.
4.1

Probe Design

As a minimum, measurements of both gas phase stagnation pressure
and the stagnation pressure resulting from stagnation of both phases
with the same probe are required. Guidelines governing the successful
design of a probe can be developed on the basis of a review of the
dynamics of the measurement. Such a design would include the
following features:
(1) The captured liquid should be disposed of so that it
will not flood the probe.
(2) The external dynarnic interactions should be minimized by
suitably designing the support shank and probe inlet.
(3) The internal dynamic interactions should be minimized by
placing the gas pressure tap as close to the inlet as
possible.
(4) The inside diameter of the probe should be large enough
that the maximum drop diameter will not cause flooding.
(5) The pressure taps and associated lines should be of
sufficient cross-sectional area such that when purged
with gas, choking does not occur. Also, pressure drops
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should not be of the same magnitude as the measured
variable, yet flow rates should be sufficient to keep
lines full of one phase or the other.
A probe which possesses these features is shown schematically in
Figure 3 and a photograph of the first prototype of this probe is
found in Figure 28.
The probe that satisfactorily meets the above requirements is
necessarily large. Because of this, some error is associated with
detailed profile measurements when the variation in measured parameters is large. This effect manifests itself as a position correction
shown schematically in Figure 29. Further information may be found in
Benedict . Recoimiended practice for two-phase flow will not be mada
here; in general, the effect has been ignored in most two-phase work.
4.2 Previous Work
Probes which sample portions of a flowing fluid have been used in
studies of entrainment in horizontal annular flow as reported by Dukler
and Wicks and for vertical flows as reported by Gill et a"! ' .
These authors found that the rate of flow of the entrained phase was
fairly constant over the tube cross section. Anderson and
Mantzouranis made similar measurements on the axis of a vertical
flow tube. They attempted no systematic investigation and assumed the
mass flow rate was constant across the tube for the purpose of
calculation.
Anderson and Mantzouranis also made measurements of the impact
pressure at the axis and related it to local flow conditions by the
equation
AP = 1/2 ap g v g 2 + 6(1 - «) P ^ 2 .
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Fig. 28 Gas phase stagnation probe.
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Fig. 29 Displacement of stagnation streamline because of finite size
of Pitot tube in gradient.
In a droplet laden flow, the droplet, because of its higher momentum
will tend to strike the probe. If the probe is maintained water full,
the droplet will transfer all of its axial momentum to the probe.
As discussed in Section 3.1 Gill et al applied the usual
Pitot relationship
(28)
To use Equation (28), Gill expressed the equation in terms of mass
velocities

AP =

1/2

(29)

Equation (29) is nearly equal to the assumption of local slip equal 2.
Dussourd and Shapiro considered the problem of measuring the
stagnation pressure and velocity in a particle laden gas stream. The
stagnation probe and analytical theory they developed allow information about the gas phase in a two-phase aerosol to be obtained.
Dussourd and Shapiro also show that droplet size may be obtained by
making pressure gradient measurements in the probe itself near the
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mouth. They also indicate that droplet velocity and droplet flow
entering the probe may be obtained by a modification of the technique;
however, no details are given in Reference 26.
The analysis of Dussourd and Shapiro assumed no interaction
between particles. Their experimental results were limited to low
mass flow rates of liquid because of flooding problems in the probe.
Their maximum liquid to gas mass flow rate ratio was 0.20.
Details of a total head probe based on the design of Dusscurd and
Shapiro are given by Todd and Fallon 27 . The probe is intended to
measure total pressure in wet steam flow and to segregate that part of
total pressure due to the steam from that part which is due to the
water. The probe consists of a central bore which differs from a
simple Pitot tube in that it has an orifice at its downstream end.
When placed in the flow, the water content backs up in this bore and
leaks away at a sufficient rate to prevent overfilling or running
dry. The total pressure of the steam, plus water, can thus be
measured. Surrounding the bare is a concentric annulus with an
annular pressure tap near the forward end. The stagnation pressure of
the steam is measured at this point. Although this probe has the
desired features, it is almost identical to the original designed by
Dussourd and Shapiro and will probably suffer from the same flooding
problem. No data on steam or total stagnation pressure or details of
a modeling technique are presented in Reference 27.
Burick et al redesigned the stagnation probe of Dussourd and
Shapiro and obtained local values of gas and liquid mass flux in
gas/liquid spray fields that are characterized by high local liquid/gas
mass flux ratios of up to 20 and droplet densities of up to 3.5 x
10 / m . The probe was employed to character!za two-phase flow
fields that were generated by rocket motor injectors.

40

4.3 Model
As derived by Anderson and Mantzouranis , the stagnation
pressure obtained when the two-phase flow field is stagnated is
ap = l/2o P v 2 + B(l - a) P ] V 1

(30)

Beta is the momentum transfer factor; S = 0,5, if the entrained
component follows the streamlines of the continuous component around
the Pi tot tubes. If the entrained component is brought to rest at the
face of the Pitot tube, 6 - 1.0. For most droplet flows, at least in
the range of obedience numbers for the present testing, the droplets
will tend to strike the probe and stagnate at its face; thus 6 is
taken to be equal to unity.
On the basis of development by Dussourd and Shapiro , a probe
was designed which stagnates only the gas phase in a particle laden
flow. A complex three-dimensional gas-flow field exists in front of
the probe. A droplet, because of its greater inertia, tends to
continue in a straight line with little change in velocity. Upon
crossing the gas streamlines, Figure 30, the droplet is subject to a

Probe

Aerosol

Gas
streamlines
INEL-A-11 230

Fig. 30 Gas streamlines and droplet trajectories near probe mouth.
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drag force. Both a retarding force and a radially outward force are
imposed on the droplet. The droplet not only decelerates, but also
migrates away from the axis, with the trajectory lying between a
straight line and the gas streamlines.
The significance of this effect is
(1) Because of the divergence of the trajectories, the
capture or collection efficiency of the probe is less
than unity.
(2) Any momentum change of the droplets must cause the gas
pressure measured by the probe to be different from what
it would have been if the g^s were decelerated without
aerodynamic forces having been exerted on it by the
droplets.
The effect of the momentum exchange between the droplets and the
gas has been modeled by Oussourd and Shapiro for the full range of
droplet size. They, however, did not consider highly loaded streams
since they assumed no interaction between droplets. They also assumed
that the gas-flow pattern is unaffected by the droplets. The expression arrived at by Dussourd and Shapiro and the expression which will
be used here is
AP

meas =

1/2a

V g * + C V g * SJ

<31>

where C, the overpressure ratio, is defined by

y,
Here, a factor of 0.5 included in the denominator by Dussourd and
Shapiro has been dropped. The analytical dependence they obtained for
overpressure ratio as a function of NQu and Re^ has been replotted
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in Figure 31 for convenience. The experimental data which also appear
in Figure 31 will be discussed in the data section.
Equation (31) can be rewritten as
P

CV

g£

meas

(33)

and

(1 1

I

(34)
i
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Fig. 31 Calculated and experimental overpressure ratio.
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If C were obtained from calibration in a known flow field, a system of
two equations, Equations (30) and (33)> in three unknowns, a, V ,
and V, would result. A separate independent measurement of void
fraction, for example, is required to close the system. The void
fraction, a, could be obtained from measurements made by a photon
attenuation technique; however, since the void fraction of the core
lies between 0.99 and 1.0 and is obscured by a liquid film on the pipe
wall, the measurement is very difficult to make. The local mass flow
rate of liquid is a convenient and reasonably easy measurement to
make, at least in air-water flows. The addition of the third
quantity, m-j, closes the system of equations.
4.4

Local Liquid Mass Flow Rate

Dussourd and Shapiro make an extensive investigation of the
efficiency of capture of particles by a sampling probe. They related
their results to an obedience number, N . = 3p D/4 p,d, and a droplet
Reynolds number, Re d = o Vjd/v„, where v^ is the velocity of the droplet in the freestream. They show that, for N . = 0.1 to 0.01 and
for Re^ = 100 to 1000, the capture efficiency is well over 99%. In
the present work the obedience numbers were calculated to be in the
same range, although the droplet Reynolds numbers are slightly higher
(to about 2000).
The high collection efficiencies of thin walled probes has been
illustrated by a number of authors: Wicks and Dukler , Gill et al ,
and Tatterson . These investigators showed that for almost any
extraction rate from 10% of the isokinetic point to several times the
isokinetic point, the changes in liquid extraction rate are less than
1%. The local liquid mass flow rate was obtained from the sampling
probe, shown in Figure 32, by collecting droplets for a measured time
period, then measuring the amount of liquid collected.
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Fig. 32 Sampling probe.
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4.5

Calibration

For a flow field in which the input mass flow rates of gas and
liquid are known, no mass is exchanged between phases, or the mass
exchange is determined by a system heat balance, the probe may be
calibrated for each set of gas and liquid flow rates. This calibration is accomplished by either traversing the probe and integrating
the profile to obtain mass flow rate, or by making a single centerline
measurement and relating the centerline velocity to the pipe average
velocity by the appropriate profile factor. Care should be exercised
in the second instance because as shown by Gill et a l ^ with the
presence of droplets, a wavy annular film, and momentum exchange
between the two, the profile will change shape from that of a fully
developed turbulent profile. In general, Gill et al found that the
profile tended to become parabolic for vertical upflow. Once the
traverse is accomplished and the entrained liquid flow rate obtained
from the entrainment probe, the value of the overpressure ratio, C,
may be calculated.
Phase velocities and void fraction may now be obtained by
simultaneous solution of the set of Equatio-s (15), (16), and (17) for
v , and v 1 .
= 1/2a

&Pt

= l/2a P v
^

4.6

•

Vg*
2

+ C v

gF

+ (I - a) p l V l 2 .

(1 - a) P ^ A p .

(36)
(37)

Data

Pressure measurement was accomplished with Vj'iidyne DP15TL
differential pressure transducers. The static reference was taken to
be the atmosphere, since the stagnation probe is located at the exit
plane of the test fixture. The gas stagnation pressure tap and
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associated pressure line were kept free of liquid by a continuous
nitrogen purge. The total flow stagnation pressure tap and associated
pressure v/ere kept free of air bubbles by a continuous water purge.
Both the gas and water purges were adjusted by needle valves with
micrometer drives. Purge rates were not measured but v/ere set by
opening the needle valve until the desired pressure reading above that
of the no purge case was reached. These values were arrived at by
trial and error and by observation of the clear plastic probe and
pressure lines. Care was taken so that choking at the gas phase
pressure tap did not occur.
The inability to collect both stagnation pressure and droplet
mass flow rate data at the same time necessitated subjecting all
instruments to identical flow conditions. Because the atmospheric
pressure was relatively constant from run to run and the air supply
temperature was regulated to within il°C by a heat exchanger,
setting up the same mass flow rates to obtain identical conditions was
sufficient. The mass flow rate was adjusted by observing inlet
pressure and temperature along with volumetric flow from the reference
turbine in real time on the data acquisition system display, then by
adjusting the main flow control valve until an identical value of mass
flow rate was attained. The maximum variance in mass flow from run to
run was 5%.
The mode of operation was to set up a constant mass flow rate of
air and then to vary the water flow rate over the full range, taking a
data point at each setting. Data were collected over a 4-s interval
at 20 samples per second. Data collected were inlet pressure, temperature, volumetric air and water flow, test section temperature, and
static pressure. When entrainment data were being taken, stagnation
pressures were not recorded. The raw data were stored on flexible
storage discs and later converted to engineering units. Average values
for each variable at each test point were computed from the converted
data.
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Reduction of the stagnation probe data to standard conditions
calls for corrections of the error introduced by use of the scavenging
vent, error introduced by location of the pressure taps, and the offset
due to purging. Calibration of the stagnation probe against a conventional Pitot tube for all air showed that the total pressure tap read
within 2% of the Pitot pressure; with the front gas tap, the reading
was somewhat lower. The gas stagnation pressure tap was calibrated
against the total pressure measurement to adjust for the low reading.
The cancellation of the offset due to purging was accomplished by
taking a data point with the purges on but with no flow in the test
fixture. This point establishes the offset, which is then simply
subtracted from the pressure reading.
Rather than traverse the probe across the pipe, the constant
relating the average to centerline velocity was used in reducing the
data. This constant was found by measuring the centerline velocity at
each all-air flow, then calculating the average velocity from the
measured mass flow rate. Although Gill et al found that the
velocity profile was significantly distorted in a very long test
section due to the presence of a water film and droplets, no correction
was made for this effect. Because of the mixer-atomizer geometry and
the short run upstream of the probe, the profile was assumed to be
determined by the mixer geometry and, therefore, to be relatively
constant. A second source of deviation is due to the decrease in flow
area available with the introduction of water. This effect, due to
changing void fraction, has not been taken into account. Analysis,
using a relationship developed by Ishu, Chawala, and Zuber^ between
slip and void fraction for annular flow and the known input flow rates
of gas and liquid, shows that this effect can be .0 larger than 3%.
Since the purpose of this study is to show the feasibility of the use
of such a probe, no attempt has been made to account for this effect.
As shown by Dussourd and Shapiro , the overpressure ratio can
be correlated as a function of droplet Reynolds number, Re^, and
obedience number, N L. The obedience number is a function of drop
size only. In the data presented here, no attempt was made to measure
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drop size; the drop size was instead estimated from a correlation
given by Mugele for modified pressure nozzle atomizers. The
correlation 1s
-0.35

• 5.0

1

9, M

-0.20

4"

•

(38)

The estimated value of X^2* ^ e surface-volume mean diameter, varied
between 100 and 600 microns. Overpressure ratio data are plotted in
Figure 31 along with the theoretical values of Dussourd and Shapiro.
All measured values of overpressure ratio are much larger than the
theoretical values. This increase in the overpressure ratio is
thought to be due to interactions between droplets at high mass flux
ratios, although no physical explanation is postulated. The droplet
Reynolds numbers were calculated to be between 100 and 2000 with no
discernable dependence on Reynolds number. Examination of Figure 31
shows two basic groups cf data. All but the lowest mass flow rate of
air data were grouped around the upper line, with the lower air rate
data being distinctly different. Since the Reynolds number does not
appear to be the cause, and because the data move toward the ideal no
droplet interaction case, this change is thought to be due to greater
particle separation. Examination of the corresponding entrainment
data shows a much lower entrainment rate for these data points.
Burick et al , found similar data trends for similar high
liquid/gns mass flux ratios.
The sensitivity of the calculated variables, v , a, and S to
changes in the overpressure ratio are shown in Figures 33 and 34. The
actual calculated value and the value obtained from the correlation
are indicated.
Figures 35 and 36 contain slip and entrainment data for a typical
data set. The overpressure ratio was calculated for each point from
the known mass flow rate of gas and from measured local liquid mass
flow rate.
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Fig. 33 Sensitivity of calculated parameters to overpressure ratio
V
sq = 80 rn/rs> Vsl= °" 2 2 m^'
Some generalization can be made about the data; however, these
data, like most two-phase data, are very geometry dependent. For
these flow cases, the atomizer-mixer design determines the flow field
characteristics. For low entrainment rates the slip ratio is high.
As the input liquid mass flow rate incrc-ases, the flow becomes finely
dispersed and entrainment approaches 100% for all but the lowest gas
flow rates; the slip ratio reaches a minimum for these cases. As the
liquid flow is further increased, the liquid percentage entrained
decreases. Visual observation showed that the flow was beginning to
stratify. The local slip ratio also tends to increase slowly.
The measurement of gas mass flow rate is of considerable
importance in a number of experiments, notably phase separation
experiments dealing with annulus and core flow. For the mist flow
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Fig. 34 Sensitivity of calculated parameters to overpressure ratio
VSg = 80 m/s, V S T = 0.054 m/s.
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Fig. 35 Slip ratio Vsg = 80 m/s.
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Fig. 36 Entrainment rate V s g = £3 m/s.
region, the mass flow rates of gas and liquid are often comparable;
thus, to accurately characterize the flow, accurate measurements of
each phase must be obtained.
Figure 37 is the measured mass flow rate of gas plotted with
respect to the reference value, the line is the 45-degree line or the
line of perfect agreement. The model applied assumes no local slip.
The equations are listed for convenience.
AP t

= [ l / 2 a P + ( 1 - a )P 7 ] v

A

]

P

(39)

(40)

In general, the measured values are too low and considerable scatter
exists in the data.
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Fig. 37 Measured gas mass flow rate, slip = 1.0.
Figure 38 contains the same information without any correction
for the overpressure ratic. The model is mathematically expressed by

= 1/2ap

APt

gV

= l / 2 c p g V g 2 + (1 - a)

m]
A"

(41)

(42)

(43)

The scatter in the ciata is reduced, but the measurement tends to be
too high.
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Fig. 38 Measured gas mass flow rate, C = 0.0.
Figure 39 contains the same information with the gas stagnation
pressjre corrected for interaction with the liquid phase by
C = exp [2.2224 + 1.0702 logg (Nob)]

(44)

for high entrainment rates, and by
C = exp [1.1392 + 1.1713 loge (NQb)]

(45)

for the lower entrainment rates. In general, the scatter is reduced
even further and the accuracy is improved.
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Fig. 39 Measured gas mass flow rate.
5. FIVE-POINT PROBE
Complex piping and associated devices, such as pumps, mixers, and
bends, cause dramatic distortions of two-phase flow fields. Stagnation probes have been employed to map momentum and mass flux profiles
\n two-phase flows. However, these devices give little information
concerning velocity vectors. Hot wire and hot film anemometers have
been used to detsrmine local velocity vectors, but such devices are
fragile and difficult to use in two-phase flows. A five-point probe
consists of a cluster of four Pitot tubes around a central fifth tube
(Figure 4). The outer tubes are beveled at 45 degrees to increase
their sensitivity to off-axial flows. Five-point probes are
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inherently simple and sturdy. The five-point probe produces five
separate differential pressure measurements which can be combined to
resolve the three-dimensional velocity vector at the probe tip. The
probes must be individually calibrated due to the difficulty of
producing identical probe tip geometries. Calibration is accomplished
by mounting the probe in a known flow field and then varying the probe
orientation (pitch and yaw) through ^+30° relative to the flow
direction.
Previous applications of five-point probes to single-phase flows
have included mapping of single-phase velocity fields near walls and
objects in wind tunnels, combustors, and wiers. Probes have been
constructed in various geometries including spherical and hemispherop «

pp

ical ' , prism and tubular . The probe design described in
this report has been shown to exhibit greater directional sensitivity
than other devices relying on the same principle .
In this section modeling for the five-point probe data is
discussed, the requirements for calibration and experimental use
defined, and single-phase calibration data presented. The adjustments
necessary for use in two-phase flows are described and limitations of
the measurement in two-phase flows explained.
5.1 Model
Pi en 3 3 proved that for a spherical probe geometry, three
dynamic pressure measurements in any plane are sufficient to determine
the fluid flow velocity component in that plane. For nonspherical
probe geometries, the principle holds, however, that the mathematical
difficulty both of obtaining theoretical calibration curves and of
producing identical probes makes it necessary to provide experimental
calibrations. The probe geometry, evaluated by the authors, is shov/n
in Figure 40. During calibration or use, measurements of differential
pressure between each tube and a wall pressure tap located near the
probe are made. These differential pressures are used to calculate
three separate coefficients as defined by Treast^r and Yocum 34.
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Fig. 40 Five-point probe geometry.
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»

where AP. are the differential pressures from the corresponding
probe tube to a static pressure wall tap.
AP

tota1

= AP

1

for

Pltch

=

-yaw

=

0 which is the stagnation pressure.

Also
Ap. + AP- + A P. + AP C
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From calibration data, a plot of CP compared with CPitch
is constructed and curves of constant pitch and yaw drawn. Also, the
calibration data are used to construct a plot of CP t t ^ versus
pitch angle on which curves of constant yaw are drawn. When the probe
is inserted in an unknown flow, experimental values of CPpl-tc(i and
CP . are determined. These experimental values are used with the
calibration curve, to determine the experimental pitch and yaw angles,
o and $. These angles are then applied to the calibration plot of
^Ptotal vs e' t0 determine tne experimental value of CP tota -|.
This quantity can be combined with Bernoulli's equation to determine
the velocity: for this purpose, Bernoulli's equation is expressed in
the form
(50)
where
average velocity
average density
From Equation (4t>)
AP

total

= AP

1 " CP total

Combining Equations (50) and (51):

1/2

where everything under the square root is experimentally measured
except for CP t o t a ] which comes from the calibration plot. Therefore,
velocity V and its direction e and <t> from the output of a five-point
probe and a density measurement at the probe are able to be calculated.
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g
The authors have shown that Pitot tubes may be used to deduce
velocity in two-phase flows. The above analysis leading to Equation
(52) holds for two-phase flow if P is defined as the local time
average density, the local slip ratio is assumed to be unity, and the
flow regime is not a mist or droplet flow. For the case of a droplet
flow, P" should be defined as
p" = a O g + 2 (1 - a ) p r
5.2

(53)

Experimental Considerations

Careful attention to experimental technique is necessary to assure
useful data when using stagnation probes. Two-phase flows introduce
further difficulties both in acquiring and interpreting data. The
problems encountered in applying stagnation probes to measurements in
two-phase flows are discussed by the authors in Reference 9. The
major requirement is that the pressure sensing lines be kept water
full. To ensure this, a constant water purge to each pressure line is
provided. The purge is adjusted with a fine metering valve on each
pressure sensing line so that a slow steady drip occurs at each stagnation probe. The slight overpressure introduced by this procedure
can normally be zeroed out at the pressure transducer signal conditioning electronics. Otherwise, the overpressure can be treated as a
constant offset and subtracted from the pressure data.
An accurate density measurement must be made at the probe
location. For two-phase flows, the density is usually determined by
one of the photon attenuation techniques. In the applications
described in this section, a low energy (Cd
) single-beam gamma
densitometer was used. The low energy gamma radiation is more
strongly absorbed by the water and, therefore, provides greater sensitivity than high energy gammas at higher void fractions. For
calibration, the mixer should be located 100 pipe diameters upstream
from the probe and the upstream section be free of bends and obstructions. This assures that velocity profiles are fully established with
the velocity parallel to the pipe at the probe location.
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5.3

Calibration

A calibration fixture must allow the probe to be positioned at
various angles relative to a known flow. The angular range should be
approximately j\30 degrees in both the pitch (vertical) and yaw
(horizontal) planes. An 0-ring sealed ball and socket holder with
setting circles in the two orthogonal planes (Figures 41 and 42) has
been constructed. The probe is mounted in the calibration fixture and
positioned at the center of the flow field. The inner surface of the
fixture is curved (Figure 4) to match the inner wall of the test
section. The inner surface reduces fluid disturbances in the vicinity
of the probe.
The following procedure is used to calibrate a five-point probe.
(1) A steady state water flow is established
(2) The probe wi-' pitch = yaw = 0 degrees is aligned
(3) The various differential pressures and flow loop information (static pressure, flow rate, and density) are
recorded
(4) Yaw is set at j40, _+20 and +30 degrees and Step 3 is
repeated
(5) Pitch is set +10, +20 and +30 degrees and Ste,, 4 is
repeated
{6

>

CP

pitch' CPyaw>

CP

total

are
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calculated

Ii
n

H

Fig. 41 Five-point probe mounted in calibration fixture.
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(7) CP y a w is plotted against C P p i t c h and C P t o t a 1 against
pitch angle for various yaw angles
(8) The first seven steps for a sufficient number of two-phase
points to obtain a correction factor for two-phase data are
repeated.
The probe must be carefully handled after it is calibrated.
Small changes in the probe tip geometry can have large effects on the
response of the probe. The holes in the probe tip shculd be clean and
free of all burrs and obstructions to avoid local distortions of the
flow field.
5.4

Single-Phase Calibration Data

Prior to use, the five-point probe must be calibrated in a known
flow field - typically a single-phase flow. Certain corrections are
necessary before such a calibration can be used in two-phase flows.
Calibration of the five-point probe in a water flow of 3.5 m/s
and various pitch and yaw angles between +30 degrees are presented in
Figure 43 as CP itch compared with CP y a w . C P t o t a l is plotted
versus pitch angle in Figure 44. The asymmetric form of these
calibration curves is due to slight asymmetries in the shape of the
probe. Such unavoidable asymmetries are the principal reason for
developing experimental rather than theoretical calibration curves.
5.5 Air-Water Data
The results of a two-phase (air-water) calibration for the
quadrant pitch = 0° to + 30° and yaw = 0° to + 30° is shown in
?i':i;c*. 4e., ?*r '/asvir.n, the izrr^s.zrjvLinc 2.71 wdtar c?.1 irjticn
{rt;-nai are ais^ p.otteo. Tnere is an offset oetween the two sets of
data which increases with increasing probe angle. These differences
are probably due to pseudo-cavitation at the probe tip which also
becomes more pronounced at the more extreme probe positions. The
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Fig. 43 Water flow calibration data.
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result of pseudo-cavitation is to trap an air bubble in the recirculation zone on the downstream side of the probe. Thus, the downstream probe ports sense a different environment than tho upstream,
unlike the case in single-phase flow.
In Figure 46, CP
is plotted against CP D1 - tch for a variety
of flow regimes and Pitch = yaw = 0°. The root-mean-square (rms)
variation in this data due to two-phase effects is 0.3. Thus, there
is only a small two-phase effect for small flow angles relative to the
probe. Figure 47 is a similar plot for pitch = yaw = 20°. The
scatter is greater at the more extreme angles.
Figure 48 shows the effect of void fraction variations on
CP

p1tch for

pitch = 2 0 and yaw =

°

°°»10 °»2 0 ° ' 3 0 ° #

For

all yaw angles up to 20 degrees, the experimentally determined
correction for void fraction between 0 and 0.5 is approximately linear
and can be represented by C P p i t c h = CP -tch - 0.097a.
Figure 49 shows superimposed data for various air-water flows in
the sluggy and sluggy-stratified regimes (air flow of 7-10*2 m /s
and water flows from 4.7-10 to 2.1-10"2 m^/s). Considerable
scatter is present in the data, and little correlation is possible
with the all water calibration data. Some improvement in the data for
slug flows probably could be accomplished by analyzing the data from
water slugs separately from that for air slugs rather than taking
average values over both. However, the gamma densitometer which
provided the only means of distinguishing between regions of differing
void fraction has too long a time constant to accurately determine the
instantaneous flow condition at the probe. The problem encountered in
slug flows is illustrated in Figures 50 and 51, where the density and
Tube 4 stagnation pressure records for a typical data point are
shown. The data show a quasi-steadiness with density maximums
occurring in frothy water slugs and minimums in droplet laden air
slugs. The stagnation pressure record mirrors this fluctuation.
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Fig. 48 Void fraction effects.
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Fig. 49 Two-phase data for slug flows.
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Fig. 50 Slug flow.

Fig. 51 Slug flow.

The reader should remember that these data and corrections are
valid only for the particular probe calibrated.
6. CURRENT APPLICATIONS AT THE INEL
At this time the use of stagnation probes is planned for use in
three INEL test facilities. The Loss-of-Fluid Test (LOFT) facility
will install rakes of Pitot tubes on either side of the emergency core
coolant (ECC) injection points, and the Semiscale facility plans to
include a stagnation probe in a spool piece along with a drag screen
and densitometer. A five-point probe and conventional Pitot tube is
also planned for use in a large scale steady state two-phase test
facility to be built at the INEL.
In the LOFT nuclear facility, Pitot tubes will be inserted on
either side of the ECC injection poirts, Figure 52. Integral with the
bidirectional rake are a series of thermocouples. The rake is meant
to define axial flow direction and distribution of the ECC water. The
sensitivity of the measurement to cross flow is compounded by space
restrictions. The small pipe penetration available required that the
Pitot tube tips be placed very close to the rake body; this distorts
the local flow field and increases the measurement error as a function
of angle of attack. Since the flow field is expected to be highly
distorted in the vicinity of the ECC injection points and only the
axial component of velocity is of interest, Kiel shields were used.
The Semiscale facility has recently completed proof of principle
testing on an uncooled Pitot tube rake. The rake has two 1/16-in.
tubes located on the centerline and at one-fourth the pipe diameter,
Figure 53. The device provided information during the subcooled
portion of blowdown; the peak momentum flux for this location was
approximately 650 000 kg/m«s . The pressure sense lines were
approximately 0.305 m long, the transducer was a 8LH with a range of
0 to 350 000 kPa. Cooled versions of this rake are being considered
at four locations in the Semiscale facility. The rake is expected to
provide information during the high momentum flux portion of blowdown,
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After the momentum flux decreases, the primary measurement will be
made with a drag screen located in the same spool piece. As with most
three-decade measurements, two instruments are required to provide
satisfactory resolution of the entire range.
In the large scale steady state two-phase calibration facility,
the five-point probe will be used to obtain information about the
three-dimensionality of the flow field while the Pitot tube will be
used to map the momentum flux and velocity profiles in the test
section. Both devices are intended to provide information characterizing the test facility as well as to calibrate other instrumentation.
7. RFERENCES
1.

G. F. Popper, Lecture Notes on In-Core Instrumentation for the
Measurement of Hydrodynamic Parameters in Water-Cooled Reactors,
ANL-6452 (November 1961).

2.

R. P. Benedict, Fundamentals of Teyirature, Pressure, and flow
Measurement, New York: John Wiley and Sons, 1977.

3.

R. Shaw, "The Influence of Hole Dimensions on Static Pressure
Measurements," Journal of Fluid Mechanics 7, Pt. 4 (April 1960)
p 550.

4.

R. E. Rayle, "Influence of Orifice Geometry on Static Pressure
Measurements," Winter Annual Meeting of American Society of
Mechanical Engineers ASME Paper 59-A-234, December 19"59.

5.

W. Gracey, W. Letko, W. R. Russell, Wind-Tunnel Investigation of
a Number of Total-Pressure Tubes at High Angles of Attack, NACA
TN 2331 (April 1951).

6.

Alan Pope and John J. Harper, Low-Speed Wind Tunnel Testing.
New York: John Wiley and Sons, 1966.

7.

T. R. Heidrick et al, "Cross-Section Averaged Density and Mass
Flux Measurements in Two-Phase Flow Through Pipes, Measurements
in Polyphase Flows," Winter Annual Meeting of The American
Society of Mechanical Engineers, San Francisco, CaliforniaT
(December 1978).

8.

Sanjoy Banerjee and D. M. Nguyen, "Mass Velocity Measurements in
Steam-Water Flow by Pitot Tubes," American Institute of Chemical
Engineers, Journal, 23, 3 (May 1977).
77

9.

J. R. Fincke and V. A. Deason, "Fluid Dynamic Measurements in
Air-Water Mixtures Using a Pitot Tube and Garrnia Densitometer,"
Proceedings of Twenty-Fourth Internationa] Instrumentation
Symposium: Albuquerque, New Mexico, May 19757

10. J. R. Fincke, V. A. Deason, M. W. Dacus, "Pitot Tube and Drag
Body Measurements in Transient Steam-Water Flows," Proceedings of
Twenty-Fifth International Instrumentation Symposium": Anaheim?
California, May 1979.
11. J. M. Dehaye et ai, Metrology of Two-Phase Flow: Different
Methods, CEA-R-4457 (September 1979).
12. F. A. Schraub, "Isokinetic Probe and Other Two-Phase Sampling
Devices: A Survey," Eleventh National ASME/AIChE Heat Transfer
Conference, Minneapolis^ Minnesota, August 1969.
13. L. 6. Neal and S. G. Bankoff, "Local Parameters in Concurrent
Mercury-Nitrogen Flow: Parts I and II," American Institute of
Chemical Engineers, Journal, 11, 4 (1965).
14. E. 8. Dzakowic and R. C. Dix, "A Rapid Response Impact Tube in
Two-Phase Flow," American Institute of Chemical Engineers,
Journal, 15, 3 (1969T
15. G. S. Samoilovich and L. D. Yablokov, "Measurement of
Periodically Fluctuating Flows in Turbo-Machines by Ordinary
Pitot Tubes," Thermal Engineering, 17, 9 (1970).
16. N. Adorni et al, Experimental Data on Two-Phase Adiabatic Flow:
Liquid Film Thickness. Phase arid Velocity Distribution, Pressure
Drops in Vertical Gas-Liquid Flow, CISE Milan, Report No. R35
(1961).
17. G. E. Walmet and F. W. Staub, "Pressure Temperature and Void
Fraction Measurement in Nonequilibrium Two-Phase Flow," Eleventh
National ASME/AIChE Heat Transfer Conference, August 1969.
18. J. Bosio and D. Malnes, "Water Velocity Measurements in Air-Water
Mixture," Euromech Colloquiurn No. 7, Grenoble, France, 1968.
19. G. H. Anderson and B. G. Mantzouranis, "Two-Phase (Gas/Liquid)
Flow Phenomena II, Liquid Entrainment," Chemical Engineering
Science, 12, 9 (1960).
20. L. E. Gill et al, "Sampling Probe Studies of the Gas Core in
Annular Two-Phase Flow," Chemical Engineering Science, 18, 8
(1963) pp 525-535.
21. G. D. Lassahn, LOFT Three-Beam Densitometer Interpretation,
TREE-NUREG-1111 (October 1977).

78

22. G. B. Andeen and P. Griffith, "Momentum Flux in Two-Phase Flow,"
Journal of Heat Transfer, Transactions of American Scciety of
Mechanical Engineers (May 1968J.
?3. J. R. Fincke and V. A. Deason, Measurement of Phase Velocities in
Mist Flows Using Stagnation Probes, NUREG/CR-0680, TREE-135O
(May 1978).
24. M. Wicks and A. E. Oukler* :'Entrainment and Pressure Drop in
Concurrent Gas-Liquid Flow: I. Air-Water in Horizontal Flow,"
American Institute of Chemical Engineers, 6, 3 (September 1960).
25. L. E. Fill, G. F. Hewitt, J. W. Hitchon, Sampling Probe Studies
of the Gas Core in Annular Two-Phase Flow, Part I, "The Effect of
Length on Phase and Velocity Distribution," AhRE-R3954 (1962).
26. J. L. Dussourd and A. H. Shapiro, "A Deceleration Probe for
Measuring Stagnation Pressure and Velocity of a Particle-Laden
Gas Stream," Jet Propulsion, 28, 24 (January 1958).
27. K. W. Todd and J. B. Fallon, "Erosion Control in the Wet Steam
Turbine," Symposium on Wet Steam, Institute of Mechanical
Engineers, London, England, April 1966.
28. R. J. Burick, C. H. Scheuerman, A. Y. Falk, "Determination of
Local Values of Gas and Liquid Mass Flux in Highly Loaded
Two-Phase Flow," Symposium on Flow, Its Measurement and Control
in Science and Industry, Pittsburgh, Pennsylvania, May 1971.
29. D. F. Tatterson, J. C. Dallman, T. J. Hanratty, "Drop Sizes in
Annular Gas-Liquid Flow," American Institute of Chemical
Engineers, 23, 1 (January 1977).
30. M. Ishii, T. C. Chawla, N. Zuber, "Constitutive Equation for
Vapor Drift Velocity in Two-Phase Annular Flow," American
Institute of Chemical Engineers, 22, 2 (March 1976T
31. R. A. Mugele, "Maximum Stable Droplets in Dispersoids," American
Institute of Chemical Engineers, 6, 1 (March 1960).
32. P. C. Pien, Five-Hole Spherical Pitot Tube, David Taylor Model
Basin Report 1229 (May 1958)J
33. M. A. Wright, "The Evaluation of a Simplified Form of Presentation for Five-Hole Spherical and Hemispherical Pitometer
Calibration Data," Journal of Physics E; Scientific Instruments
1970, 3 (G. B.).
34. A. L. Treaster and A. M. Yocum, "The Calibration and Application
of Five-Hole Probes," 1978 ISA Meeting, Albuquerque ISBN
87764-403-5M, p 255.

79

