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ANATOL JAWOREKI, ANDRZtrJ KRUPAl

Spherical probe. for liquid flow rate measurement
in two phase flows

Experimental investigations of a spherical probe for determination of liquid flow rate in two phase
flow are presented. The probe is made of a meta] sphere of diameter of a few milimeters connected
electrically to a voltage source. The probe is designed for operation in a flow of droplets suspended in
gas. The method is based on the measurement of electric current taken by the probe resulting from
liquid detached from the probe due to aerodynamic forces. The probe current is proportional to the
liquid deposited on the sphere, which depends on the liquid phase content and liquid phase velocity in
two phase flow.

1. Introduction

The spherical probe [1-2] is designed for the measulement of the liquid vo-
lumetric flow rate in two phase flow of a mixture of gas and liquid droplets.
The principle of operation of this method is based on the removal of the electric
charge from an electrode (a sphere) immersed in the flow, and maintained at a
high electric potential, by the liquid detached from the sphere. The current from
the spherical probe is proportional to the charge rate taken off the probe, The
charge flowing from the sphere is a function of the liquid mass flow rate, i.e., the
liquid content in thę gas-liquid mixture, and the velocity of the liquid phase.

The method is principally destined for the measulements in the flow of high
velocity that allows a permanent detachment of the liquid from the sphere by ae-
rodynamic forces. The advantage of the spherical form of the prob€ to the other
geometrical shapes is that the deposition process and then the results of the me-
asulement are independent of the flow direction.

Two fundamental hydrodynamic problems are met in the consideTation of the
measuring characteristics of the spherical probe,

The first one is the deposition of the airborne dropiets on the sphere and the
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702 A. Jaworek, A. Krupa

rePresentation of the mean volume flow rate of the iiquid phase by the fraction of
tlre droplets deposited. In the case of high Reynolds and Stokes numbers (R" >
1000 and St > 100) the deposition efficiency can be determined with the assump-
tion of the potential flow around the sphere. In such case the aerosol droplets are
dePosited then only due to inertial forces and the deposition efficiency is close
to the va]ue of 1. It is also assumed that the droplets are not charged, i.e. the
aerosol is electrically neutral.

The second problem is the removal of liquid from the sphere due to aerody-
namic forces and also the relation between the current and the deposited liquid.
There is stili a lack of theory on the liquid detachment from an object immersed
in two phase flow and tlrerefore only experimental data can be analyzed,

The purpose of this paper is to present the results of theoretica] and experi-
mental investigations of the aerosol droplet deposition, detachment of the liquid
from a spherical probe immersed in a two-phase flow and the measurementi of
the spherical probe characteristics.

2. Principle of operation

The method for measurement of the liquid mass flow rate in two phase flow
of gas and liquid droplets is based on the removal of the electric charge from the
sPhere maintained at high electric potential. Liquid is deposited on the sphere
mainly due to the inertia] forces, The current from the spherical probe is pro-
Portional to the rate the charge is taken off the sphere. It is proved tlrat the
current is a function of the liquid volumetric flow rate, i.e. the liquid content in
the gas-liquid mixture and the velocity of the flow.

A detailed description of the principie of operation of the probe is presented
in [1-2]. In the following only fundamental equations of the probe characteristics
vrill be presented.

The charge on a sphere at potential U relative to irrfinit3. is

Q :ZlreoDU (1)

where: D is the diameter of the sphere, e6 - tlre permittiritr- of the free space,
The current flowing through the spherical probe. caused b1. the chargó taken

off by detaching droplets of equal sizes. is:

I:,dnł* (2)

w]rere q is the charge of a single droplet. _Ąs;s ,:_;^{ :ire droplet is, at the same
Potential as the spherical probe is. at the:]-o-,t::,,: detachement, the droplet
charge can be determined from:

(3)
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where: d is the diameter of a detached droplet.
Then Eq, (2) becomes

l : znroud# (4)

in which # : n is the rate of the number of droplets detaching from the sphere.
The mass flow rate of a droplet deposited on the spherical probe, provided a

100% deposition efficiency is:

103

*2
na: 

,uNwplD263
(5)

where l/ is the droplets' concentration, ó - diameter of the droplets in the aerosol,
,u - droplets' velocity, assumed to be equa] to the gas phase velocity, p; is the
liquid density.

In stationary conditions, the mass of the liquid detached from the spherical
probe equals to the mass of deposited droplets

From this equation, the number of droplets detaching from the sphere in a
unit of time is:

rNluD263rL:

Taking into account in Eq. (a) the result (7) one obtains:

*2

ĘNup163 
n2 : '^nptd3.

t:!,ou,l/,uló3 (3)'
Because ,

y,: 
- tvua3 n2" (9),24

is the volumetric flow rate of the liquid phase in the test channel of diameter D",
the current flowing from the spherical probe is;

l:1,2eo(](*Y#

4d3

(6)

(7)

(8)

(10)

Equation (10) is the characteristics of the spherical probe. Current 1 is a me-
asure of the volume (or mass) flow rate of the liquid phase.

IVIain shortcomings of this model is that the deposited droplets are not mono-
disperse and the 100% deposition efficiency occuls only for high Stokes numbers.
AIso, the droplets detaching from the spherical probe are not regular spheres.
These problems are discussed in the following sections. However, despite of this
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3. Droplet deposition on the sphere

One of the most important problem of the measulement with the spherical
probe is the efficiency of the deposition of droplets on the sphere. The deposition
efficiency is principally governed by the kinetic energ"y of the droplet, i.e. by its
mass and velocity, and also by the viscosity of the gas. The droplets vrill flow
around the mllector if their velocity oI mass are too low. There is, therefore,
a limiting lalue of the Stokes number below which the deposition efficiency de-
creases, and the correction factor has to be used, The equations of motion of a
droplet around the collector have to be solved to determine this limiting value.

In the following, the procedure presented in papers [}a] will be adopted for
the determination of the deposition efficiency. The Stokes, inertial and gravitatio-
na] forces acting upon the droplet were taken into consideration in the equations
of motion- It is also assumed that the flovr field near the sphere is resulting from
the Navier-Stokes equations in the free space. ręardless of the pipe walis and
the flow field in the vicinity of the collector is not disturbed by the droplets. The
electrical forces: both Coulomb and image on the droplet will be set to zero.

The trajectory of a droplet of mass m in the riciniry* of the spherical probe,
in the system of coordinates placed in the c€nter of the sphere, is given by the
following vector differential equation:

the characteristics of the spherical probe follow quite well the proportionality as
predicted by Eq. (10), because ofthe statistical nature ofthe deposition/detaching
PIoceSSeS. That justifies the assumption that the droplets diameters d and ó can
be approximated by mean values of their actual sizes.

dd C4Re6;ma,E:- u 'r*mdg
in which rl is the droplet velocity and Ą Ls the Stoks drag force on the droplet:

F, :3rqoó{fr - rr-] C. (12)

where ó is the diameter of the aermol droplet. u - the gas velocity, Tg - }a*-
viscosity, r - the distance between the droplet and the spherical probe Óentres,
C" is_ the Cunningham slip correction fartor _m_ ""d 

Ca - the non-Stokesian drag
coefficient, which for the Reynolds number ba§ed on the droplet Rea < 2. 105 i;
given by the Brauer and SuĆker relafion i?§-:

Ca:24 Re;1 + 3.73R€-l'2
łsg.ro-3ąe}/2

+ 0,49. (13)
1t3.to-6Re|a/2

To generalize the problem, the ręctr of tbe position of the droplet is norma-
lized by the spherical probe radius R- Le_ F : r,|-R. time can be converted into

(1 1)
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"nerrsionless from by i : tuof R, while the vector of the local gas velocity u,
and droplet velocity u) are normalized by the gas velocity ug in the undisturbed
region.

The Stokes number is introduced to characterize the deposition process, in
the dimensionless form:

(14)

105

o* _ C"62 pyug
"" - l8ngD

where p4 is the droplet density,
The equation of motion of the droplet in dimensionless form reads

dzr' 7 CaReal_
dP ,sź 24 \*

d"i,, R,

d+§ą (15)

In Fig. 1 the results of numerical simulation of the collection of droplets on

Fig. 1. The results of numerical simulation of the coliection efficiency of the dloplets on the spherical
col]ector.

the spherical probe for different va]ues of the Stokes and Reynolds numbers are
presented, For Reynolds number, Re { 130, the flow field around the collector
was determined by solving the Navier-Stokes equations using the finite element
rnethod. For higher values of Re the solutions were unstable and the potential
flow was assumed. There is a lack of experimental data confi,rming or denying this
tlreory. A few experimental points taken from the literature [9-10] suffer from the
lack of specification of the experimental conditions.

From the obtained results it can be concluded that for low vaiues of the Rey-
nolds number (Re < 100) the Stokes number should be higher than 1000. For the
Reynolds number Re > 1000 and St > 100 at ieast 95% of the aerosol droplets
are deposited on the spherical probe.
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However, it should be noticed that under specified conditions both these di-
mensionless numbers cannot varv separately and remain in the relation:

(16)

that in fact is independent of the gas velocity and gas viscosity. The actual value
of the Reynolds number for a given Stokes number is determined only by the
droplet to gas density ratio and the cross section of the droplet normalized to
the collector. That leads to the conclusion that the collection efficiency changes
according to the thick solid line in Fig. 1.

Fig. 2. Experimental stand for investigations of the characteristics of the spherical probe

4. Experimental stand

Experimental stand for the investigation of the characteristics of the spheri-
cal probe is presented in Fig. 2. It is made of a duct of circu]ar cross-section of
interna] diameter of 72 mm. The droplets are generated by means of a pneumatic
atomizer and conveyed by air forced by a fan mounted at the inlet of the duct. A
honeycomb straightener is installed at the inlet of tlre duct to remoye vortices in
the flow. The atomizer is placed at a distance of about 300 mm upstream of the
spherical probe.

The probe is made as a stainless steel sphere of Ciameter of 11 mm and placed
in the axis of the pipe, The sphere rr-a_. mouil:gi o:. a circuiar bar of 1 mm dia-
meter, which was covered with an isoialio: r:re ::aie of a metaplex. A special
mounting of the probe situated outsiie iL. p:pt ."a_. dcigned to minimize the
leakage current.

St Ipal6f
ń: §ń\D)
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A drainage vessel was placed few centimeters downstream from the spherical
probe, in order to determine the volume of the liquid separated at the channel
walls. The separated liquid was pumped to a graduated cylinder during the me-
asurements.

The air velocity in the duct, averaged over the cross section of the duct, was
determined from the volumetric flovr rate of air forced by the fan and the air
supplying the atomizer. The mean velocity of the gas in the duct was estimated
to be about 13 m/s, for the volumetric flow rate of 185 -3/h. The local value of
air velocity was determined from the traces of greater droplets flowing near the
collector. The traces remaining on the recorded pictures within the time interval
of 1/10000 s, i.e. the time the electronic shutter was opened, are shown in Fig. 3.
The air velocity determined from these measuTements was estimated to be 26.8
m/s, with a standard deviation of about 1.356.

The Process of the liquid detachment from the sphere was recorded by means

Fig. 3. An examPle of the traces of the aerosol droplets in the vicinity of the spherical probe.

of a CCD cameTa coupled to a video tape recorder, A special transparent-glass
mounted in the pipe wall was used for these observations. Continuous light and
light Pulses of 3 ps duration, generated by a stroboscopic lamp were used for il-
lumination of the sphere and detached liquid. The electronic shutter of the CCD
camela was set either to 1/10000 s or 1/500 s to record the liquid detachment
by continuous light illumination. The shutter 1/50 s was also used, but in this
case the frequency of light pulses generated by the stroboscopic lamp was set
to 106 Hz (maximum available for the type of the lamp used), that al]owed us
to record two consecutive positions of the jet or droplets within one frame, and
obtain more information on the jet development.

L07
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The recorded pictures were next reviewed frame-by-frame with the aid of a
frame grabber. From the recorded pictures the mechanisms of the jet development
were reconstructed and also the size of the droplets could be determined,

5. Experiments

The observations of the jet detaching from the sphericai probe have been
carried out by means of an image processing system. The size of the droplet
detached from the spherical probe was measured by the frame grabber system,
directly from the image recordings, taken by the stroboscopic illumination of the
3płs time duration. A typical histogram of the droplet size distribution at the
distance of about 20 mm downstream from the sphere is shown in Fig. 4a, for the
volumetric flow rate of the gas of 1B5 m3/s (mean gas velocity 13 m/s), and in Fig.
4b for 100 m3/s (mean gas velocity of 7 m/s). About 1000 droplets were -"u.,rr"d
to determine the histograms. It was established that the droplets detached from
the spherical probe are of diameters in the range from 0.4 to t.2 mm. only the
droplets of the diameter greater than 0.2 mm can be classified with the optical
method used, because smaller droplets are difficult to be distinguished.

It was observed first that a short jet is usually formed in the lower part of
the sphere, which subsequently shifts downstream and is accelerated upwards,
disintegrating next into droplets. Three types of the liquid detachments from the
sphere can be distinguished from the observations:

o vast droplets, usually greater than 1 mm in diameter, detaching directly
from the sphere (Fig. 5).

o Elongated jets stretching out from the sphere and disintegrating into dro-
plets due to aerodynamic forces (Fig. 6).

o Blowings originating at the sphere surface and next disintegrating into small
droplets, of diameter usually smalier than 100pm (Fig. 7).

For lower gas velocities (7 m/s) it was possible to record two phases of the
droplet formation with the aid of double flash. The pTocess of droplet formation
is illustrated in Fig. 8. The time interval between two flashes is 9.43 ms. From
the double flash recordings the initial velocity of the detaching droplets can be
estimated to 0,5 m/s. For higher velocities (13 m/s)with the available time interval
between two consecutive flashes only a single droplet could be recorded in a frame,

The mean diameter of the detached droplet was estimated to be 0.86 mm,
median diameter of 0.B mm and a modal diameter of 0.6 mm for the mean gas
velocity of 13 m/s. For the mean gas velocit1,, of 7 rnf s, mean diameter of the
droplet was estimated to be 1.56 mm, median diameter - 1.4 mm and modal
diameter about 1 rnm.
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Fig. 4. A histogram of the size distribution of the droplets detached from the spherical probe, for 13.5
n/s (a) and 7 m/s (b).
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Fig. 5. Liquid detachment from the
sphere in the form of vast droplets.
Illumination: double flash, 3 ps dura-
tion. 9.43 ms time interval between the
flashes.

i;:. :- Liquid detachment from the
1 i_t:a :r_ lhe form of elongated jets. Il-
_:=;:alion: single flash, 3 ps duration.
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The current from the spherical probe,
as a function of volume flow rate, is pre-
sented in Fig. 5. Two parameters were
changed in the course of the measuTe-
ments: the flow rate of the liquid sprayed
and the gas velocity. The volumetric
flow rate of the aerosol near the spheri-
cal probe was estimated from the diffe-
rence of the flow rate of liquid sprayed
and that separated at the duct walls.

The slope of the characteristics of
the spherical probe can be estimated
from Eq. (10), when substituting the
modal diameter of the droplets deta-
ched from the sphere.

Difference between theoretical pre-
dictions and the measurements can be
mainly caused by the value of the dia-
meter of the detached droplet, which is
assumed to be too high compatred to
a probable actual value. Smaller dro-
plets were not recorded by the method
used, but they take off relatively gre-
ater charge. The assumption of the free
space around the spherical probe is also
a simplification, causing an eTlor in the
estimation of the droplet deposition. Ad-
ditionally, the duct walls are grounded
as they are wet and the effective field
on the sphere, and the resulting charge
on the detaching droplets are substan-
tially higher than in the free space.

Fig. 7. Liquid detachment from the
sphere in the form of blowing. Illu-
mination: single flash, 3 ps dura-
tion.

6. Conclusions

The characteristics of the spherical probe for determination of the liquid flow
rate in two phase flows were investigated and compared with theoretical predic-
tions. The experiments were carried out in a duct and not in a free space. The
conclusion is, that in two phase flovls in a duct the general proportionality of the
current from the spherical probe to the volumetric flow rate is still conformed, as
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Fig. 8. The current from the spherica} probe as a function of volumetric flow rate.

predicted by the theory. However, the actual curTent is higher than that resulting
from the theory, because of the difficulties in determination of the diameter of
the detached droplets.

Experimental results confirmed the practical usefulness of the measuring me-
thod and also the distributions of the probe characteristics.

Received in revised version 18 March 1999
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Sonda kulowa do pomiaru natężenia przepływu fazy ciekłej w
przepływie dwufazowym

streszczenie

.Przedstawio_no wyniki_badair doświadczalnych sondy kulowej do pomiaru natężenia ptzepływl Iazy
ciekłej w przepływie dwufazowym: gaz f krople cieczy. Sondaw}koninajest w poitaci kuL ńeiatowe; Ó
Średnicy kilkunastu mm podłączonej do zasi]acza napięciowego. Pomiar polega ni wyznaczeniu natężeiia
Prądu unoszorrego z sondy przez ciecz odrywaną z powierzchni przez siły ierodynamiczne. Prąd sondy jest
proporcjonalny do objętości cieczy osadzonej na niej, która zależy od zawartości fazy ciekłej i prędkóści
czynnika dwufazowego.


