
объединенный 
ИНСТИТУТ 
ядерных 

исследований 
дубна 

Е8-89-495 

V.V.Danilov. Yu.P.Filippov, 
I.S.Mamedov 

PECULIARITIES OF VOID FRACTION MEASUREMENT 
APPLIED TO PHYSICAL INSTALLATION CHANNELS 
COOLED BY FORCED HELIUM FLOW 

Presented at the Cryogenic Engineering Conference 
and International Cryogenic Materials Conference, 
July 24-28, 1989, Los Angeles, USA 

1989 



INTRODUCTION 

The use of two-phase flows for cooling the physical instal
lations required the development of measuring systems to check 
the void fraction, ф, of such coolants like helium / 1" 4 / and 
hydrogen / 5 /. Sensors of these systems consist mainly of the 
channels with round / 5 / and annular 1 , s cross section, though 
the channels of more complicated shape are also used / 4 / . The 
analysis of the available experimental data liC>D"° shows that 
proper reliability of measurement is not necessarily ensured, 
since the results are not devoid of uncertainties, inaccura
cies and sometimes they are quite unexpected. For example, 
it is not clear how some authors estimate measurement errors 
whose values may be too optimistic. The arguments in favour 
of the chosen geometry of the sensor flow section require 
convincing substantiation, because, for example, measurement 
of фt for tubes using the sensors with channels of annular 
cross section / s / ф , or of more complicated shape 8 is not 
evident in terms of adequacy of ф1 and <£a(see Ref/ 7'). 
It can also be stated that Refs. / 1 , 4' 8 / do not allow for 
unambiguous conclusions as to the influence of the mass velo
city m on the void fraction, in Refs. 1 , s it is significant, 
in Ref. it is quite insignificant in a similar range of 
m variations, and in Refs. ' it is not considered at all. 
In this paper we try to find out the reasons for the above 
discrepancies, starting with the theoretical analysis aimed 
at showing the influence of the channel geometry, mass velo
city and thermodynamic parameters of the flow on the void 
fraction value. 

THEORETICAL 

To estimate the influence of the mass velocity of the flow 
on Ф = A g/(Ag+ Ag) we shall use the principle of the mini
mum entropy gain 9 , according to which the system tries to 
do as little work as possible to accelerate vapour and liquid 
to velocities satisfying the continuity relationship / l 0 / . 
In other words, the value of the void fraction must corres-
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pond to the minimal total energy, which is a sum of the dissi
pation energy W and the flow kinetic energy E. Given below 
is an analysis of two typical cases: an annular-dispersed 
pattern of flow taking place''11' at relatively high mass ve
locities of helium m > 200 kg/m 2s, and a stratified pattern 
observed / 7 , 1 1 / at relatively low m =20-40 kg/m ss. . 

In the case of the annular-dispersed pattern it is suitab
le to express the dissipation energy W = U|?SLrw/A with the 
help of the relative hydraulic resistance ДР for which there 
are quite a lot of experimental data for helium / 7 , 8' 1 2 , 1 3 /: 

m(u ;) 2 , . 
W л = N . — (1 - x) (1 - К) , 11) 
ad aa 2 

where x = m g / m is vapour quality, К = x e n/(x£ + x e n ) - relati
ve share of liquid-into-vapour entrainment, x e n - share of 
liquid-into-vapour entrainment, xj = l - x - x e n - share of 
liquid in two-phase flow, u - average velocities at satura
tion, г - shear stress, L - channel lengh, S - moisted peri
meter, A - area of channel. The friction factor is expres
sed as 
N . , - i -1 [ i + ДР(-Е_1 -1)], (2) 

a d D e (l-x)2(i_K)2 t l P g 

ДР = (ДР - ДР^МДР, -APj Г 1 • ( 3 ) 

whereD e is equivalent diameter, ДР- pressure drop, f - fric
tion coefficient, Фу = ф(\ + p _K(1 - x) /pp x ) , p - density; 
subscripts: i - liquid phase, g - gas phase, tp - two-phase 
flow, w - wall. The derivation of relation (1) assumes that 
r wS/A = (dP/dL) t p and the average velocities of both phases 
were determined as in Ref. . Minimizing the total flow 
energy, (E + W ) a d , we find the relation for ф: 

pi 

Х^-ЮЬ^Г 
1/3 1 

(4) 
Relation (4) can be applied both to tubes and to annular chan
nels. 
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In the case of stratified pattern the quantity N a d in (4) 
can be replaced by 

N„ t-i- - [ i + AP(-U_l)l[ W L_L—|. (5) 
8 1 D e (l_x)2(l_K)2 f f P g <i Q-x)(l-K)pg 

While deriving relation (5) it was taken into account that 
one can ignore the quantity of interfacial shear stress for 
the round and annular channels . Thus, the proposed tech
nique allows calculation of ф(т) ^<£(x,K, N) for the annular-
dispersed and stratified patterns of two-phase flows. To do 
this, one must determine the relative hydraulic resistances 
5PV friction coefficients t* , f„ and the liqiud-into-vapour 
share K. For details of these procedures see Ref. 

To estimate the applicability limits of the proposed tech
nique, the quantity ф was tentatively calculated, and the re
sults were compared with the experimental data'1-2-6' at rela 
tively high (m ~> 100 kg/m2s) and low (m ~ 10-40 kg/m2s) mass 
velocities. At high m the comparison shows good agreement of 
the results, the discrepancy does not exceed 3%. At low m 
the comparison showes that for x < 0.4 the results are also 
in good agreement, the maximum discrepancy does not exceed 
3-6%.At the same time,for x>0.4 the discrepancy between the 
calculated and experimental values of ф may amount to 8 and 
18% for a tube and an annular channel respectively, e.g. 
at x - 0.8. In view of the above we adopted a higher value 
of ii£, defined as up = m(l - x) /p£ (1 - ф j ), for the calcula
tions at x > 0.4. In this case only the quantities N a d and 
N 8 are changed into N a d and N s .The expressions for N a d 

and N s , are structurally the same as (2) and (5) except for 
the quantities К in their denominator only, which should be 
taken equal to zero. This correction of Оц resulted in re
duction of above-mentioned discrepancy between the calculated 
and experimental values of ф from 8 and 18% to 3 and 6%. 

Now we consider the influence of the mass velocity in both 
on separate components of relation (4) and on the void frac
tion. The functions showing the influence of the mass velo
city on К and N a d (N 8 ) are given in Fig. 1. As seen, the 
liquid-into-vapour entrainment increases with m, the increase 
being quite rapid up to m =. 80 kg/m^ and at m > 100 kg/m2s 
practically all liquid is entrained into vapour. It is also 
seen from Fig. 1 that for tubes the friction effect is rela
tively small within the whole range of m, while for annular 
channels the friction effect is quite considerable at Rl < 

3 



к ЫА{ N{ 

0.8 у <^ 

6 

аб 

0.4 

02 

П 

7 6 

аб 

0.4 

02 

П 

V г 

6 

аб 

0.4 

02 

П 

л ^2_ 

6 

аб 

0.4 

02 

П л st 

6 

) 4 
m, кд 

D 12 
M- 2S-

0 
i 

6 

Fig. 1. Results of calculations of 
К and N at P = 0.12 MPa and 
x = 0.3 (horizontal orientation). 
1 - for rcund tube, 2 - for annu
lar cross section. 

Fig. 2. Void fraction ф versus 
mass velocity m for horizontal an
nular channel at P = 0.12 MPa and 
x =0.3. 1 - к = 1, N =0 (homo
geneous );2-0< K < 1 , N = 0; 
3 - К = N = 0 (eqn (6)); 4 -
K = 0 , N > 0 ; 5 - 0 < K < 1 , 
N > 0. 

< 40 kg/m s. Figure 2 shows the influence of values К and N, 
dependent on mass velocity m, on the void fraction ф. For 
example, at К = 1 and N = 0, when all liquid is entrained 
into vapour and friction can be ignored, the homogeneous mo
del must be valid for the function ф(х) at high m. At K=N=0 
and и -» 0, i.e. when both effects can be ignored, ф is de
fined by the relation 

1 -x P„ 2 / 3 

^ = [l + i_X-(ijL) (6) 

obtained earlier / 1 4 / . Line 1 in Fig. 2 shows the limiting 
cases and curve 2 shows the intermediate states. Approxi
mately the same influence of the mass velocity on ф can be 
typical for tubes as well. If there is no liquid-into-vapour 
entrainment (K = 0), the friction effect leads to a decrease 
in the value of ф obtained by formula (6), as shown by cur
ve A. For example, the reduction of the mass velocity in the 
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range ДО < m < 100 kg/m2s is characterized by a slight effect 
of friction on ф. However, at m < ДО kg/m2s this influence 
becomes considerable. At low mass velocities, m = 20 kg/m2s, 
the corresponding values of ф for annular channel are close 
to those calculated by the relation (here ц is dynamic 
viscosity) 

* . [ i + ! z i ( ^ ) * / V ! > l , 7 f 1 . (7) 
x ч д

е 
Combined influence of liquid-into-vapour entrainment and fric 
tion on ф is shown by curve 5. Similar dependence can be ty
pical for narrow annular channels. 

Thus, the theoretical analysis shows that the range of ф 
variations for annular channels can be wider than for tubes 
when the mass velocity of the two-phase helium flow decreases 
from 100-200 to 20 kg/m2s, other conditions being the same. 

PERCULIARITTES OF VOID FRACTION MEASUREMENT 

The above analysis shows that correct measurement of the 
void fraction require such a design of the sensor that one 
could measure ф in the channel of a specific shape. The flow 
must come to the sensitive zone of the sensor from the hydro-
dynamic stabilization section only that is necessary for es
tablishing velocity profiles of both phases typical for the 
given channel. This fact arises from the definition/16/ of 
ф = </>(u_,U£). Besides, to performe a detailed analysis of 
the experimental dependence of ф on the two-phase flow struc
ture in a specific channel, one must ensure a quaranteed ac
curacy. These requirements were not regularly met by the au
thors whose data are available to us up to date and some 
void fraction transducers are not supplied with hydrodynamic 
stabilization sections. This lead us to the development of 
our own transducers with round and annular channels. 

Since the physical properties of the liquid and vapour 
phases of helium at T = 3 -r 5 К have differ but to a little 
extent it seems reasonable to measure ф using the dependence 
of the dielectric susceptibility f ,p of the two-phase flow 
on ф. Placing a flow in the electric field E, one can deter
mine the values of ф through the changes in the capacitance 
CCfjp) . The direct measurement of the capacitance is rather 
complicated''1'', so we used a more convenient radio frequency 
method applied by other authors as well . This method assu-
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mes that capacitor C(ftp ) is connected to a special oscillating 
circuit whose resonant frequency corresponds to a certain 
value of ф(е t p ) . 

Now let us consider the main errors in measurements of ф 
by RF transducers and their relation with geometric dimensi
ons, dielectric properties of the two-phase flow, etc. Using 
a common expression for the resonant frequency of the oscil
lator f t p at a given value of с t p : 2nt t p = (L^C^) ~ , we 
obtain the following relation for the signal characteristic 
H of the sensor: 

H ^ \ut /йф\ /f t p = aAf/2, a =|dC x /d0| / C 2 (<̂ ), (8) 

where L^,Cj; - effective inductance and capacitance of trans
ducer, A< - difference in dielectric susceptibility of liquid 
and vapour phases. When obtaining relation (8), the value of 
f = fо -ф&с for the homogeneous flow case was used*. The 
geometric factor a significantly depends on the specific con
figuration of the channel and is always less than a unit. 
This is due to the fact that only a portion of the electric 
field E is generated within the measuring volume of the sensor. 

When determining C^, allowance for the real distribution 
of the field E in the sensor generally leads to the nonlinear 
characteristic Н(ф) (8). It requires a rather complicated 
meter gauging which on its own part contributes to the mea
surement error. It the case of two-phase helium, however, 
the quantity Де is small (Af => 4- 10 ~ 2 at T =. 4 K) which allows 
one to determine <i using a simple linear relation 

ф „ f'P-fE , i-lsli*.; A f = f -f t . t - a % - , (9) 
Afs \t s s g i в г 

where Afs is the signal range of the transducer.The maximum 
error of this linear approximation i s (8<£)i- = 3H/8 at 
at!* « 1. i . e . i t does not exceed a certain fraction of a per 
cent for helium. So, in order to determine ф (9) one should 
experimentally measure only two easily fixed values of fg and 
f£, which greatly simplifies the gauging. In this case the 
gauging error is reduced to the frequency measurement accura-

* Tn Ref. 4 the capacitance of the sensor is determined trough the volu
me-related quality, but it is valid for a particular case only. 
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Table. Parameters of the designed transducers 

Sensor 
type 

No. <- «... d. »'lr 
MHz MHz 

aoip 
intr 

5Ф 
inst 

54 
total 

annular 
1 50 100 0.65 14.7 213.6 3.3 0.7 2.2 0.5 1.5 

2 80 100 1.0 11.0 212.00 3.63 0.7 5.0 0.5 1.5 

round 
3 60 140 - 7.93 394.4 1.6 0.25 1 ̂ -2 1.0 2.0 

4 90 140 - 7.68 205.51 0.8 0.3 1 r2 1.0 2.0 

cy determined by the instrumental error (S<M l n S t. According 
to (8) and (9), this error is (5«J)lnst /Ф -- 2<S<£)inst /H-f g, 
i.e. a better accuracy of linear approximation makes the re
quirements to the frequency measurement more severe. 

Another important factor affecting the measurement error 
is the temperature dependence of Л<(Т). Using the relations 
(8), (9), one can show that near T = 4 К the corresponding 
temperature error is (5<£)т < 5T/T. 

One more contribution to the error of ф measurements is 
due to the uncertainty of the flow pattern and, consequently, 
to the inaccuracy of relation for f (ф) . The corresponding 
error, the limiting intrinsic error1, (S<£) i n t r , is associated 
with the possibility of the liquid or vapour being in the re
gion of maximum (or minimum) values of the sensor field E. 
The difference in the resonant frequencies (St) i n t r of the 
sensor resulted from such phase redistribution at fixed ф 
determines the error: 1(S<̂>) i n t r | = (5f) i n t r /2ДГ . For examp
le, in the case of annular channels this error will be / 2 /: 
|(5<i)intr | = «1/4^ » at d/r l n« 1, where d-gap width, г i n -
internal radius (the relation is valid when E(r) «1/r). 

The above requirements were taken into account in the 
transducers designed by usj their parameters are listed in 
the Table. Described below are some details of the design 
and its main features. Annular channel sensors Nos 1, 2 are 
themselves the signal capacitors/2/. By connecting these capa
citors to an inductive element, i.e. to short-circui
ted coaxial lines, one obtains a measuring resonator. 
On both sides of the sensor there are flow-stabilizing sec
tions. The absence of such sections is a natural disadvantage 
of practically all known devices of similar type /1'3-*^' 

Another principle / 1 7 / is used in round channel void frac
tion sensors Nos 3, 4. For its realization a meander-type 
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, electrode 
to sweep generator m 

meander line 

to freauency meter1 

stabilizing section 
Г" glass tube 

Fig. 3. Void fraction transducer with round cross section. 

"long line" (see Fig. 3) of a wire (No. 3) or a band (No. A) 
is put on the surface of the glass tube. With a. standing, wave 
in this line, the distribution of field potential on the tube 
surface is close (for the first harmonic) to a sinusoid. It en
sures high field homogeneity in the measurement volume at a 
sufficiently long meander and relatively large number of con
ductors in the line. The limiting intrinsic error (S<£) i n t r 

(according to Ref. ) does not exceed 1-2 per cent in this 
case. The flow-stabilizing sections are in front and behind 
the meander line part. Noteworthy are relatively high values 
of the signal range Af g (9) of these transducers (see the 
Table); they exceed the corresponding parameter of the resona
tor-type meters approximately by one order of magnitude (e.g. 
see Ref. ). 

Finally, the total error can be estimated as follows. 
In the course of measurements the real values of temperature 
can be checked with an accuracy of ST <2*10 K, which yields 
temperature error (8</>)T < 0.5% for all sensors. The error of 
linear approximation for annular sensors is also (8<£)lin = 0.5%, 
and is about three times smaller for round sensors. Frequency 
f t p was measured by a CAMAC system. The instrumental error was 
Winst / f g c 5-Ю" 5, which leads tc the error (8ф) i n g t /Ф * 
- 0.5*1%. Thus, the total experimental error of void fraction 
measurements {8ф) t o t = (5</>) ц п + (б<̂ ) inst +(S<£)f for all 
transducers did not exceed 2%,which is approximately equal to 
their limiting intrinsic error (8ф) i n t I (except for meter 
No. 2). On the contrary, it is this value of (8Ф) i n a that 
brings the greatest contribution to the total error in the case 
of large-gap-annular sensors, e.g. for the meter 'i-' the value 
of (8ф) , , , according to the estimations/2/ is about 16%. 
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RESULTS AND DISCUSSIONS 

The transducers with round and annular channels were hori
zontally installed in the test bench circuit / 1 1 /, a fragment 
of which is shown in Fig. 4. A 300 W refrigerator was used to 
maintain helium circulation. The experimental results were 
obtained at the following parameters of two-phase helium flows: 
x = 0+ 1, m = 20 + 110 kg/m 2s, P= 0.13 +0.18 MPa. It should be 
stressed that in each series of experiments the dependence 
<i(x) 

m= const w a s registered at a strictly fixed pressure, 
which requires much time nevertheless it eliminates distor
tions of the results due to variability of the thermodynamic 
properties of the flow. Since generalization of the results in 
the whole range of the investigated parameters is not the sub
ject of this paper, we only dwell upon some typical parameters. 

The experimental data for both transducers at P = (137+ 
± 1) kPa are given in Fig. 5, As is seen, at mass velocities 
about 100 kg/m ss the experimental points for both round and 
annular channels lie near homogeneous dependence, and further 
increase in ra does not practically affect the position of po
ints. It agrees with the results of Refs/ 1 , 2 /. This fact 
prompts an idea of using the void fraction transducer as an 
instrument whose readings are proportional to the mass flow 
rate. For example, if the cryogenic system contains a cont
rollable source of energy gain AQ leading to a change in the 
vapour quality by Дх, then the mass flow rate should be de
termined by the ratio of G =AQ/Axh, where h is latent heat 
of vaporization. Reduction of the flow mass velocity to the 
values at which the flow patterns change over to stratified 
ones ' 7 leads to a corresponding reduction of ф for both 
transducers. Yet, for the round channel this reduction is 

Fig. h. Cryostat for transducer No.U with visual section 
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Fig. 5. Void fraction ф versus quality x at P 
1-fii • experimental data at different m, kg/m^s: 
3 - 71, 4 - 21. 5-5-7 - calculation results: 5 
6 - by relation (6), 7 - by relation (7). 

-: 0.137 MPa. 
1 - 110, 2 it*. 

by homogeneous mode1, 

smaller than for the annular one. This is well seen 
in Fig. 5, where the relevant data for the tube 
are in satisfactory agreement with the calculations by 
expression (6), while the experimental points for the annular 
channel are in good agreement with the calculation based on 
(7). Figure 5 shows that the curves calculated by relations 
(6) and (7) notably differ from each other. It confirms 
the above-mentioned restrictions of the use of annular chan
nel sensors (or with channels of more complicated shape) for 
obtaining correct information on processes taking place in 
the tubes. 

Among the experimental data obtained by other authors at 
small m we point out the indirectly obtained results'*' 
for vertical tubes at m = 6 -r 12 kg/m^s, P=100 kPa, x = Оч-О. 15 
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and x = 0,8 vl. These data are in good agreement with the cal
culations by (6), which does not contradict the theoretical 
conclusions made to the effect that under these conditions 
the channel orientation may not influence the form of the re
lation / 1 6 / ф (x) m . The data for a vertical transducer with 
a relatively large annular gap* at P = 120 kPa, x = 0 +1 and 
m = 8 kg/mas lie mainly between the dependences calculated 
by (6) and (7). However, it is difficult to analyse this fact, 
since the absence of the hydrodynamic stabilization sections 
and a relatively high possible error (5<£) i n t r do not ensure 
the revealing of the true reasons for it. 

Finally, besides the main function of the helium void frac
tion transducer, i.e. mesurement of <£, and the above-mentio
ned additicnal one - measurement of the mass flow rate of 
two-phase flow, we note some more possible applications. Used 
in the single-phase region, the meters can measure the flow 
density which is unambiguously related to the signal range 
ДГ . Since the dielectric susceptibility of the medium de
pends on P and T, the void fraction sensor can also be gauged 
as a thermometer at the proper pressure control. For example, 
the experiments showed that the sensitivity of the annular 
channel transducer No.2 in the subcooled liquid region is 
300 kHz/K at P = 130 kPa, which ensures the measurement accu
racy of (l-2)-10—2 K. Evidently, other applications of the 
void fraction transducers are also possible, which makes 
them attractive for the application in cryogenics, though it 
requires additional investigations. 

CONCLUSIONS 

The value of the void fraction & significantly depends on 
the channel geometry, mass velocity and thermodynamic proper
ties of the flow. Other conditions being equal, the variation 
of <t> for annular channel is larger than for tubes in those 
cases when the two-phase flow pattern changes from the strati
fied to homogenized one. 

The designed transducers with round and annular channels 
are simple, reliable, and allow for a comparatively high 
accuracy of measurements. When used with helium, they have 
practically linear operati.ig characteristic, and their gaug
ing is very simple. Besides measuring <A, the transducers 

* The data '•"'are not shown in Fig. 5 to avoid encumbering. 
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can be used in the single-phase region to check the mean in
tegral temperature and density of the flow. If the two-phase 
flow pattern is homogenized and the energy applied is control
led, the meters can be used to measure the mass flow rate. 
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Данилов В.В., Филиппов Ю.П., Мамедов И.С. Е8-89-495 
Особенности измерения паросодержания гелия 
в охлаждающих каналах физических установок 

Показано, что для обеспечения высокой точности измере
ния целесообразно использовать высокочастотный метод, ког
да контроль паросодержания осуществляется по сдвигу резо
нансной частоты контура, в который включена сигнальная 
емкость датчика. Приведена информация о датчиках с канала
ми круглого и кольцевого сечений. Для обоих датчиков при
ведены теоретические соотношения и экспериментальные харак
теристики для сигнальных диапазонов и погрешностей измере
ния. Дано сопоставление результатов теоретических расче
тов с полученными экспериментальными данными для гелия. 
Отмечены особенности процессов в каналах различных сечений. 

Работа выполнена в Общеинститутском научно-методическом 
отделении ОИЯИ. 

Препринт Объединенного института ядерных исследовании. Дубна 1989 

Danilov V.V., Filippov Yu.P., Mamedov I.S. E8-89-495 
Peculiarities of Void Fraction Measurement 
Applied to Physical Installation Channels 

The methods of optimizing the transducers designed for 
measurements of the'void fraction of two-phase flows in the 
channels of round and annular cross section are presented. 
On the basis of the analysis performed concrete solution 
of relatively high technical characteristics are proposed. 
Rated and actual characteristics of signal ranges and 
measurement errors are given for both sensors. Influence 
of the mass velocity on the void fraction of adiabatic 
two-phase flows is theoretically analysed. Effects of 
friction and of liquid-into-vapour entrainment are shown. 
Calculation results are compared with the obtained experi
mental data for helium. Special attention is given to the 
specific features of the processes in channels with dif
ferent cross section. 

The investigation has been performed at the Scientifi-
cal-Methodical Division, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1989 
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