
g,1- 360 

O o b e A M H e H H bl A 
MHCTMTYT 
RAB PH bl X 

MccneAOBaHMA 

AYoHa 

EB-91-366 

Yu. P. Filippov, A. I. Alexeyev, N. I. Lebedev, 
I . S. Mamedov, S. V. Romanov 

MONITORING OF CRYOGENIC FLOWS: 

REALIZATION OF THE RADIO FREQUENCY 

METHOD 

Presented at the Cryogenic Engineering Conference, 
June 11-14 , 1991, Huntsville, Alabama, USA . 

1991 



.. 

INTRODUCTION 

"O~er 90% of all measurements are temperature, pressure, 

level and flow rate, measurements" (1]. This also applies to. 

cryogenics, where the correct choice of cryogen parameters 

detern_iines safety and ·efficiency of research, and industrial 

installations. Cryogens are quite often used in -'a tw?-phase 

-~tate or in the,form of.a 2-component or 3-component mixture; 

so, besides the parameters .mentioned, it is necessary ,to 

determine phase ratio characterist.ic~ !local and :average 

vapour content·, concentrations, flow patterns) It should 

also be mentioned that some spec.ific features ·of cryogenic 

systems and cryogens, impose .sign'ificant restrictions on the 

measuring·equipment. 

'Besides low temperature,, the specific features affecting 

the choice of the principle of operation and the design of 
. ' . 

the sensor for cryogenic systems are: 

1. Relatively ,difficult replacement and •siz~ limits. So 

the sensitive element of the sensor must be small in size.and 

sufficiently reliable, which is' achieved owing to a simple 

d~sign witho~t moving parts: 

·2. Possible transitions· from two-phase to single-phase 

flows. In this connection, one· should choose at. least one 

quantity carrying information about both single~phase and 

two-phase· states of a fluid as ·a measured (signal) charac­

teristic of a flow;· 
I -

3. Significant difference between· the . physical 

properties of cryogens·and the properties of ph9ses, which is 

tisua.lly observed in practice .. Helium is a. typical example: 

two-phase HEI (21 and especially HeII - gas flows [3]. 

A helpful tool for diagnostics of both two-phase flows 

and ·single-phase flows ·close to saturation is a resonance" 

radio frequency sensor '[4]. Its signal characteristic 

depends on the dielectric constant of the medium e. In a two­

phase vap.our-liquid medium the dielectric 'constants of the 
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phases e . and e depend on the saturation pressure ·p So, ' j 
measurin~ P (o; .Z: I and e one can obtain informat ;on• on the 
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qualitative ratios of phases in the flow, 
', ➔ ' ' , ' ' ➔ ' 

· rp =rp (rl and average rp=<rp (rl >=A / (A +A ) . 
loc · .· , g g, l 

As 

both 

it 

local 

is· shown 

below, the void fraction"' and the quality .x=G /(G +GI are 
. , • , . g g 1 

·connected to each other through. simple relations. It allows 

determination of mean flow-rate thermodynamici charac-

teristics: enthalpy i=i xt-i (1-xl, entropy s=s xt-s (1-xl, · 
g 1 · g 1 

etc. In a single- phase region the quantities P and e ' 

unambiguously identify the thermodynamic. state of a fluid 

and, l Ike P and T, they allow determination of other thermop-
,_ • t 

hysical characteristics. The analysis shows that RF sensors 

can comply with the above-mentioned specific features of 

cryogenic _measurements. This paper ,deals with cryogenic ap-
- • • I 

plications of, intelligE:nt RF sensors alone and .in combination 

with other devices .. for . determination of qualitative and 

quantit~tive, characteristics of cryogens. 

SENSITIVE ELEMENTS 

.. The ... output · parameter of. an· RF, ·sensor is the resonance 

frequency f, · which is defined, in. a general· case · as [4] 

.I=~·. ( l+J e 1i1 E. 1il.cfr/f E 1i1 cfr ) where •.t;, and E are .the 

resonance. frequency .and .the electric field strength of the 

sensor., "fi-lled" with· vacuum. Thus, the ,quantity f depends 

not only on the mean integral dielectric constant of the flow 

but also on the distribution of phases over the channel cross 

section. ··• So, by exciting oscillations ~ith different con:­

figur~tions of · the electric field Eli), one can both 

determine the mean characteristics and ,study the fine struc-

ture of the flows. Let us consider t~o· examples involving 

measuring resonators with annular or circular _channels. · 

Sensor with~ annular channel. 

channel,', it seems to. be reasonable 

form of a short-circuited coaxial 

~xcitation of oscillations (Fig.1}. 

If there is an annular 

to use a sensor in the 

resonator with inductive· 

When the: first harmonic 

of ·class TEM osCillations is excited in the resonator, the 
' ' 

electric field 'strength between .. the channel wa.lls 'varies 

logarithmically, -and at a sufficiently small value of 6/d' 
· in 

~ .. ...__. _____ ·~--""'"''•"'P.f. ~ 

\ (~t,Uf,h,it:U.t:ihi!t i_~;:1··"'ti~,·.r.~-
~ .,,w ' "'" •• ~ 3 .. \ ) . .• "'"'J~-; tul~J.1nl:;fh · IJfC.Jt,J\tiHi.11;.;;., 

.t. -~SN.JOT~ 



l ; 
i ' 

RF 
connector 

, ,,,.,~. hanriel 
~ · · - for· 
,: .. ' <- 'fluicl 

Fig. L Sensor w'ith chan­

nel of cinnti1ai::· 

cross-:secti~n. 

the field· is close to the: uniform:ione; The· length 1 ·of the . 
sensitive:·element must satisfy· the reson'ance conditions and 

be., re lat i vel y_ ,, large : (1 · «d .: ) to ·reduce nonlinear edqe 
s i'n · 

effects. Uniformity. of, the field allows measurement of· the 
cross-section mean dielectric constant and thus the void 
fraction of · By exciting oscillations' of high~r 

harmonics in the resonator~ one can obfain more compffcated 

configurat'ions of the electric•fiela. Analyzirig·a series of 

resonance .. frequencies•,of-,. the ·:first and• higher "harmonics. <t'; 
'. , • . 0 

flow rp • 

f, • .. :_, .. if,· one,can.'obtain. information on'the:· phase l n 

distribution· structure in ·.the , flow on the 'basis of. the 
relevant algorithms. 

, . Sensor .. wi tq ~ round channel. A .. sensor with a round 

ch~nnel is an open resonator with capacitive excitation of 
' ' . ' .. . 

I 
Meander Fig. 2 • Sensor w_ith channel of 

line round, cross-section. 
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oscillations. A long meander-type- line is applied to the ex­

ternal surface of a dielectric tube ~hat serves as a 

measuring channel [4]. . When a resonance· of· the first-mode 

oscillations (of the dipole type) is ejcited _in the _line~ the 

potential distribution over the tube surface ·is close to the 

harmonic one. If the sensor is sufficiently. long and the 

meander pitch is sufficiently small', there is a highly 

uniform field in the measuring volume. So, as in the 

previous case, the measurement at the first harmonic of TEM 

oscillations allows one to determiriethe mean dielectric·con-

stant of the flow. Yet, there are some difficulties arising 

from the fact that even an ideal uniform field is distorted 

by a nonuniform· dielectric, and the resonance frequency f 

thus depends on ~rienta~ion.of ihe ~hase boundaries with res-

pect to the direc_t ion of E. It is best manifested in 

stratified flows or flows close to stratified ones. 

'fhere . are two 'ways to 'decreas~ the corresponding error. 

1-:·Using a twisted meander; In a sensor ai this design. (see 

Fig.3a) · inuch of the ·error is automatically corrected. Yet, 

the twisted meander sensor can be mainly used to determine 

integral · characteristics. 2- U~ing several pairs of. com­

munication •rods (see Fig.3b). The resulting' value of rp · is 

calculated as a meanrp=rp(rp1,rp2···;,rpn) of the'.values of rpi 
obtained for each. pair. of rods:. A sensitive element with. 

several· pairs of exciting ·and detecting rods allows deveiop-
' . ' : ' ', ·,. 

ment .. of:. a device for investigations of the internal flow pat-

terns'• in a round charineL' Anal;yzing the. first harmonic 

frequencies f , f , ... , f 
01 02 ,· On 

of the resonator for different 

· pairs of rods and similar frequency . sets f ., f ' ... 'f · 11 12 ln 

r ,r .... :r 
ml m2 mn 

of higher harmonics, one can reconstruct the 

two-dimensional pattern of the_phase distribution in the flow 

in some approximation, using mathematical methods of tomo­

graphy. This design of a "dielectric tomographer" resembles 

th~ "flow ·image" capacitive device presented in ref. [6]. 

How·ever, the use· of a resonator :instead of a mul t iplate 

capacitor [5] allows to obtain a higher.accuracy of 

5 
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Fig. 3. Sensors with .a twisted meander and. sev,eral. 
pairs of rods. .. ' . . 

measurement arid more· information,, since. a''re~on~tor toinog:.. 

rapher has two information channels, one . being. different 

pairs.of'rods, the.othe~ being dlfferent harmoni~s •. while.in. 
·- • • •• • • ' ., • • ' , • • ' ' ' ' '.· ' ' • ' ~ • .. • f 

the capacitive device there are only different combinations. 
of p~irs of pl~tes., , . .. . . 

·.The· ~alculations and 'the experiments performed by .. the. 
. . . ,,,.. ' .. · 

authors RF sensors used, for void. fraction .. ' ' .. ' 
[6] show that 

measurements of ,cryogen flows allow.in.principle a very;high. 
. .. ' ,, ' ' , " ' ' . ". . ... 

accuracy, the m_ethodical (unavoidabl,e). e,rror related, to the 

field and phase distr_ibution na,nuniformity being s2.~%. Yet, 

the _actual error •• ~an_ b_e. larger mainly becau_se of , inaccurate 

evaluation of rp. by the resonance frequency .f and pres.sure P, 

i.e. becaus~9f calibration errors. Besides, in many.cases 
the measurements ·are aimed at finding _the. qual Hy X and .not! 

rp,: the interrei'ation of these quantities being determined by 
. • 'l ' ' .. ' ' . '• , ' 

the . flow hydrodynamics;. Th_ese two. important problems o·f 

measurement analysisare_dealt with:in the next section. 

INTERPRETATION OF MEASUREMENT 

Calibration. The .. calibration of a radio frequency VF· 

sensor with a uniform energy, _distribution of the electric 
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field consists in determining the dependence of the.resonance 

frequency f on the dielectric constant E of the medium- in the 

sensor. In a wide variation range of E this problem can 

probably pe solved only experimentally or, in some cases, by 

numerical simulation. Yet, in the practically important pres­

sure interval the difference in vapour. and liquid dielectric 

co~stants. of different cryogenic media. is comparatively 

small. For example, at .f=lOO kPa. we have. (E -E ) /E l!I0.04 for 
. 1 & 1 

helium, (e·-E )/E lll0.-18 for hydrogen, (E -E )/E 1!!0.29 for 
. I g 1 1 g I , 

nitrogen (here e and E are the dielectric constants of the 
,' I . g 

1 iquid and_ gaseous cryogens . in the saturation 1 ine) . Our 

~easur·ements showed that the relative variation of the 

resonanc·e frequency (f .-f ) / f in the rp interval from O to 1 
. , I . g I 

is not large either"'. On the other hand; to choose an ap;-

proximat ion, which is v,alid with the prescribed idegree of ac­

curacy . in ·a smal 1 variation interval of the argument E and 

the function f, is quite a solvable problem. It can be done 
. ., ' ' ' 

by fixing the form of the function with several coefficients 

that can be found fr_om the experimental_ data. One can solve 

the 'iuncti6n f(el, for example, as a power series in 6E=i-e : 
. . . ,. ' . . . . . . 1 

- . . · ' 2 · 3 
f(el =fie +Ael =f +a 6e+a .(6el +a (6el +.... . However, there 

· . 1, . 1 1 · 2 3 

seems to be a more-preferable way when the resonator is rep-

laced, by an equivalent· circuit with the concentrated 

parameters, which allows a physically substantiated form of 

the · function f(e) =F (e,K ,K, . . ·.,K) with a set of ex-
phv 1 2 n 

perimentally determinate coefficients K ,K, ... ,K . . The coef-
. 1 2 n 

ficien1:'s K are determined by the measurements of resonance 
i 

frequencies f while one fills the sensor with media of known 
'. i .. 

dielectric constants E Compared with the.· previous approach, 
i 

this one must ensure the prescribed accuracy at a much 

smaller number. of coefficients, which is proved•by the ex­

; periments with heHum and nitrogen. In Fig.4 there is the 

"'As pointed out in ref. [6], the value of (f -f) / f 
· · . '· . 1 Ir 1 

helium . is ll! 0.016, which makes .the requirements to 
measuring equipment more stringent. 

.7 
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4. Equivalent 

circuit and· 

cai'ibratfon 

curve bt' an: 

nul'ar' sensor 

for Helium. 

·l 

~-implest equivalent circuit of an annular sensor and the cor'-

i;~spo~ding cal ibrati~h c11rve f(~). \~ KI le+K I 0
.;. The cc:ief-

.. · , •l · 2 ,, 

ficients K · and K were calculated. after processing a set of 
-: · . , . : l , • , . 2 ·. , · . · · , : . ; . . , · ·:, · ... ,· :-. • , 

· the experimental data obtained while the sensor was .fi I led 
·, ; ·,' . '.·: . . . ' , ' 

with 1 iquid. and gaseous .helium in the saturation 1 ine at 

pressur~s 50 kPa .s: P .s; ';210 kPa. The variation interval of e, 

"directly" measured during the calibrati~n. appears.to be 2/3 

of the ~hole· ~ig~al range of .the measurements. The a~eq~acy 

of the· ca ibration function in the whole range is proved by 
the · exper men ts, ·when. th~ qua~t i ty · rp ·· w~s · dete.rmined ·. by. ~he 

s~turat
1

ed hel-ium and nitrogen filling level ofth~: sensor. 

Proceeding from' the· calibration!function of the' sensor 

filled with a single'-phase fluid' faf(e) ··to the functions 

rp=rp (fl for a two-phase flow, we · a~sume that : e=q:,e + (1-'q:,)e , 
. ' · · · . ' . . . g . , , 1 

which is •a fairly accurate assumption _for '.cryogenic fluids 

(e -e ) /e « 1. With .. this assumption; the calibration func:... 
1 g 1 . · . . . · . , 

t ion q:, (f)' for · an annular sensor takes ,on ' the - form 

rp = • (e - (.K / f -KI I/ le -e l.. Fig. 5 shows the calibration 
1 J. 2 . · 1 g • · . . · .. 

functions for". three. 'cryogeri.s. One can . see that. the func-

tions rp (fl are close to linear ones. '·. More a,ccurate ca·nb:.. 

ration characteristics can be obtained through numerical cal:.. 

culation of· the ·resonators:. ·The methods' and .. software for 

this calculation are well developed. 

Determination of flow-rate . related gual i ty; , In 'the 

general case,because of different' flow patterns,'.'the quantity 
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Nitrogen · 
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Hydrogen 
P:100 kPa 
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P=I00 kPa 

Helium ti 

0.20 Q,,f,Q 0.80 0.80 1.00 
P=40 kPa Fig. 5. Cali brat ion .functions 

. ' 

(1-f ,)/(I, -1,) for some cryogens. 

x bears a sophisticated relationship to q:,, flow mass v7locity 

m, geometric_ characterist~cs of the channe_ls and physical 

properties of the phases:, densities p , p , vis~osities µ , 
., , '· . . · · 1 g . , .. • 1 · 

µ ••• . ,, Yet· one can· find the - regions where X and q:, are 

in horizontai flows, for 
g 

connected by~ simple relationship. 

example, one can .,single. out two regions: the low mass 

velocity re,gion of stratifi,ed flows and the high _mass 

velocity region of homogenized flows. At relati~ely large m 

the channel orientation do~s no~ matter_and the function x(q:,) 

for homogenized flows can apply to vertical channels as ·well. 
' ' ,' ' . 

The boundaries of the regions and.the types of the relations 

~;(«>) in each of them are conside~~d, for example, in 

ref. (71, and for two-phase hel_ium flows in ref. [21. For 

example, for· narrow rectangular or annular· channels with. 

helium x(q:,) functions are determined as follows: 
4./7' 111·.,. x =q,I I (p Ip ) (µ /µ ) · (1-,-rp) +g,) in the case of stratified 

,a 1 g g 1 

flows, and x =q,/ (Ip /p l (1-rp) +q:,) in the case of homogenized 
n .. 1 g . . 

flows. In ref. [61 it. is shown· that the above functions are 
1
in good agreement with the experimental results. Thus, when 

the void fraction rp is known, the quantity x for 

hydrodynamically stabilizedflowscan be-unambiguously deter­

mined by simple formulae, if the flows are definitely 

stratified or homogenized; However, none of these formulae 
. , . -~· 

can be absolutely accurate, which 'increases the error of 

dete;minat'i~~. ~f x as compaied 'with the .. e.rror 6rp. ·•.'As a 

result, 6x· may amount, e.g. for helium;. to ;i5'...1i. 

9 



As it seen from the above stated, 'the RF .sensor siqnal 
. ; • l I ' 

processing requires•' electronic computer means:··· Sui table. for, 

this procedure are specially designed int7lligent·controlle"rs 

with standard interfaces for cc:innecti'on. to data acquisition 

and processing systems. 

INTELLIGENT CONTROLLERS 
-" : ~ ,, •. ; 1 .... • • , , ~ - • :, ! : ,__ , r : · 
. . . A general 'view of a controller as ari independent block 

is gi'1'e~··1n Fi~'.6. • The block-diagram of this device is shown 

in Fig.7 . The device is structurally divided into two· 
., i·:' .. :- ·-.·.·,'., .• : ' :i ,. .· . ,. .'_,. ' " 

modules - a measuring and a processing one. The measuring 
' ~. \. ' °' •' ;•, '•' " ; ; • ' •' ~ ~\ '. '•. :i :;. ,< '•· • . I : I , \ . " t 

module consists of a sweep generator (SG1 an extreme· 

regul~t~r (.Eli1 ; .RF. coinmuta.to~s •. l' commutator of analogue sig;;_ 

ri1ls,' a 'i.o-b1t''')U;lc (fo'.r pressure ~easurementl. To determine 

h~~ ·. r~son~n~e freq°iie~cy, the SG' ~ends·' a s i grial to: thE! sensor. 

Ff6~ the sensor 'the frequency signal' goes. to the ext'reme 

regulator,. which controls. the, 'sweep gener~tor 'and m·aintains 

the resonance frequency f. •, From the seco~d out~ut' o:f t'he' SG' 

the signal is applied to a frequency meter consisting of'two 

co~nters · (f an
1

d '.f I • To achieve a higher count 'accuracy, 
re t · • · 1 

: • • -~-

the frequenc:y variation period is chosen. to be a· m,.dtiple ~f 
'. 

Fig. 6. General view of intelligent controller$ and void 
fraction sensors. · 
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MIASU.RING. MODULE PROCESSING MODL!LE 

DISPLAY 

Q 

F.ig. ,7 .. ,The block-:-diagram of the independent .controller. 

the E.R gating 'period.. The processing module is based on a 

16-bit single-chip· discharge· microprocessor K1801BM2; which 
' 'J , . ,, , . ; . • . - ' . ' 

has a fixed instruction set.· compatible, with that of the 

sfngle-board computer .z;5j..:11: .. The processing' module b~a:rd. is 

a. functionally 'complete micr_ocomputer with a processor, 16K 

.ROH, 2K RAH, a· 'serial inter'fac:e control.ler, an alphanumeric 

display controller, a function keyboard controller, a ·con­

troller for connection to the measuring module, a start 

r~gister~ 

,We shall; explain the operation,of the device considering 

the .front panel ·shown.i'n Fig.8. ·The controller has two modes 

- adjustment, and ·.measurement. ··In . the.· adjustment. mode. the 

reference. parameters of the resonators connected .. to, the 

a~~~~:~ II l216l3J411121 IMIHlzl II FLO~o~~~~}~ER 

COIITR SENSORS 11£1.SUR/ AIITTJST . KEYPAD . . I " 2'2 I 
,B.TAT GJD bjf5j~ G_7 □. IT]_ BEJ mm . 
,I RUN I . ~. :,~ 1Xhf2![5jf5j □ITJG□I ESC I POWER. 

l•ESrrJ GJITJ t5J ~~~; [coRRJ GJ[,JEJGJEJ 11 • Ji 

F,ig. a. Front panel .of the independent .controller. 
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module are fed in. These are f .and f , the frequencies of 
. 1 ' 2 ' 

the resonators filled with liquid and gaseous fluids in the 

saturation 1 ine at the -pressure P , and the coefficient r 
' . 1 ' ' 

depending on the resonator des,ign. . The functions ~ (.t, and 

f (.t,, calcuiated by the calibration results, and the value 
2 ' ' ' 

of the additional coefficien1; r are given as, data sheet 

characteristics of the resonator. The input of the current· 

pressure Pin the system is also provided (if an analogue in­

put i:s not used) . The fol lowing measuremen~ parameters• are 

also set in the adjustment mode: single/continuous, t - time 

of single measurement, ·n,-·number of single measurements in a 
series. The paramet'ers N and t. allow averaging· of the 

measured characteristic over,the time interval tor statis­

tical analysis. of a sample of N .measurements. In. the 

measurement mode the characteristic to.be measured is chosen: 

f - resonance frequency; If', - void fraction; X and X - the 
- · h, s 

quality of a homogenized or a stratified flow; T - tem-

perature; p - density; , P - pressure. The buttons of the 

field "contr" have the following functions. Pressing the 

"stat" 'button one scrolls.,the reference quantities _and mo.de 

parameters ~f the , devi~e. The- "run" button starts 

measurements (it is, only used for single measurements), and 

the "reset II button switches on the' default reference quan-

tities and modes of operation. The software · is written in 

the Assembler 

single-phase 

language. To 

and two-phase 

calculate 

regions, 

prope.rt ies in 

interpolation 

the 

by 

specially organized tables of thermodynamic properties stored 

in .ROH, is used. At present there are programs for 

calculation ·of Helium, Nitrogen, Hydrogen flow parameters. 

The fluid is selected by a switch on the rear panel. There 

are also input and output RF connectors, analogue input con­

nectors for·pressure sensor signals. The device can be con-

.trolled either manually or through the, RS-232 interface. 

Four sensors can be connected to the device. 

Another version of the intel 1 igent control1er is made to· 

the. CAMAC standard' (Fig.6). Its structure,. is similar to that 

of the independent controller considered. Control, data 

12 

C 1 ' _ . ' ! ,~ • • < ., ! ; : ', T ,• ',_ • ,' .: , ~ • •• • .,, •~•. ,, ... )' ': ,• : t • 
input' and output''are carried· out ·through 'the CAMAC '_bu"s.' 'On' 

the front. panel there: are ari err~r 
0

indica't6; and a 1~e•~'~t btit-
' ,,'. I , "' ,•:, ~•. • ' .' •". ,,,,· ,• •• • ·._,-, .••• ; • • :•'-: ! ,,, : , :.<·.;;', f)'."•'•~~;_',•~•· 

ton. A block controlled·both· through" the front panel and 

thr;ou.'gh. the' bus is also'' devel;;p~d: i Two ''r'e~onators \:1re con­
nected to this controller. This 'block. caittilater:'·fe~;r 

characteristics than .. the independent. one because further 
' ~ \ " ' ,' ~ · ' I." • f • 1 

/ .i, ,, ; .-) ' · •. ; : ',' ! . ; ' ' . C ~ < • ,1 •', ., • r.; ~( I I 

analysis of the 'data can be performed by the computer con-
, t • '• • T • • • •• ' • : ••] ''; ,,:1,••, 

trolling.the crate. 
( ' ·: ~. 

POSSIBLE APPLICATIONS ANI:i'SENSOR 'coN.NECTIONS. I· 

Measurement.,of vapour-I fguid ,expander efficiency :and JT­

valve setting: The-possibility. of unambiguously determining 

the flow·quality naturally prompts one to use the RF sensors 

at• ~he fin.al• cooling -stages : of cryogenic'-'iristal lat ions';· We 

use the·sensor and··theintelligent controller,··for example, 

to determine .rapidly (the measur_ement_ time was from 20, to 200 

~s) the cooling capacity of a 300 W refrigerator at 4.5 K,as 

.shown i~ Fig.9. TJ:ire'e .. methods were ~mplciyed 'to 'meastire the 

capacity in the liquefying·n{ode at ··the flow rc1te (13.:20) -io.:.: 3 

kg/s: by means'of a ie;ef'mete~, by' mel3ns ~f.,a.void 1 t=r'a~tion 

sensor, ~nd by :j:, & Tyalu'es In 'fr,;nt 'of '.the ·J.7iv~iJl The 
' ' ' ' , ,' ', - ' 

results obta.ined clre :.in' good agree'uie~f with ea::::h ~th~r: The 

dis'crepancy is '.within 2-9%, which is due to the orifice plat'e 

and'.the,RF sensor calibration'errors and to'i/ossiblepclrtial 

bloc ,of heat exchangers, two · 
turbines and liquid Nitrogen· 

'bath . . . 

orifice 
plate 

P&T )I~.· ~ V I 
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Fig. g; Applications of ~~i~ 

fractiori sen~or~in 

•refrigerator. 
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entrainment of liquid helium. in. the reverse flow. Besides 

the · the .. void fraction .. sensor is used to determine 

the_rmodynamic efficiency of a vapour-liquid turbine wher·e it 

seems to be indispensable (the turbine was manufactured at 

the SKIF factory, Moscow). 

Our experience indicates that HF sensors are· valuable 

measuring devices for automatic regulation systems in . ' 

cryogenic installations,. producing a relatively fast effect 

on a regulator after a possible disturbance. 

Flow rate measurement.. When. the single-phase flow 

rate is determined by the pressure difference b.P in_ a nar­

r,owing device G=~ (p b.i:, 0 
'

5 or by the number of , turbine 

revolutions n G=,pn, the HF sensor can sel'.ve as mean density 

meter.. So one of the necessary parameters 

· intelligent device is the mean density p. 

determined by the 

The two-phase flow rate can also be determined by. the 

pressure' differen.ce .at the orifice plate [8] or by thf:: number 

of turbine revolutions n ['7]. In .this case, . however, the 

flow rate G is involved in sophisticated relations.G = G(b.P, 

x, thermophysical properties) or G=G In, -x ,thermophysical 

properties) and the HF sensor is to _be used for. est ima·t ion of 

x. The correlc:ltion and tagging methods _or their combination 

seem to be more preferable for determination of the ,tw~-phase 

flow rate. (see Fig. 10). When we used these methods with HF 

sensors, the tags were heat pulses applied .to th~ flow by a 

heater placed at a distance from the sensor and in front of 

it. The device is based·on _the intelligent controlle_r with 

an additional data processing algorit.hm. , For. the correlation 

· measurements of the flow rate two HF sensors are installed 

one after another in the flow ( they can be. assemb 1 ed as a 

single structural unit). Their frequency signals are 

processed by one intel 1 igent block, _which computes the_ mutual 

correlation function H (~) = _LTJ ~ (t)f (t~~)dt. 
12 T 2 . 1 · 

The 
O· 

flow rate is calculated as G=f3pSL/~. , ' where f3. · is the 
C 
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Tagging · method · 

measuring 
device 

s> 

• · · - tag ffilte. r ~---· •<- . -._ RF .. 

; . '~t ~; > . . ; T 

-· ·· ·Correldtioh ,, method' > .. 
-, ~ 

sensor 

r , I ~ . s . . . _.· Correlator-! . - ... _ 

. R;,(T)~ :J e,(t).,;t~T)~t• im:,~.'~ 
. 0 . . ·: ·y·, .. ',c '.,,. <1:; ;, ;· 

', ' .. '··'2 

Fig. 10. Determination of'the:two~phase;fio~rate~. 

_correction coefficient, Sis the channel cross section, I, is 

the distance _between ,,.the- sensors\· i' · . is the. time .for which 
• . C . 

H has the ·maximum'value. • .A flowmete'r of. _this type'on the 
1 2 · · · ' .. ' 

basis of the independent controller described iii the previous 

section is also being developed now. For any pair (in the_' 

se\ 'of- 4 sen~cirs) tl~~~~--- is a possibi.lity of ~alcu1;{i~~ ~he 
mutual correlatiori 'f~nctfon arid the ma~s flow r~te.. The 

,, ... t 1 :: •- -~ , : , r~ , 
preliminary. experiments showed that the accuracy of the two-

phase helium flow rate measurement by the tagging:and::cor­

relat on methods is noticeably higher as compared with the 
<•) • t • t C •, 

calor metric. measurement [6] or measurement with a flowmeter 

tiased'ori'an or'ifice plate ~nd a void ti-action sense;~'' . 
t \ '• ~ ' ' I ,I,:· 

·Determ.inat ion · of' concentrations ·of., binary; and ~triple 

mixtures. The dielectric- constant ·:ot> a· binary. mixture 'e :· 
. • · · . . . . bin 

depends. ·on·- the:coricentration 'of · components l; and:on .their' 
' ' ,. I dielectric constants e and e : e =e , (~, e '-~ e )·\ ' In 

.. _ _ .,. _ . •, _ • 1 ,._, , .. ; . 2_ , _bi n,, . bi '1_ , _l ', 2 ., , , , , 
their . turn, the dielectric· constants , are state functions 

e =e (P, .21 r e '=e IP, .21 • Thus r ' m~asur ing the• pressur'.e . P, thei 
1 1 , . 2 2 _. , , .-. , . ,. . , . , .·•. ·. _ 

temperature T and the dielectric ·constant of· the· flow wi tp. 'RF 

sensors, one can find the dielectric constant. of. a binary 
~ ' " ' C • • • • • • • ' ), • , 

mixture and, consequently, its concentration. In.cryogenics, 
. : · · .. . · •. ,3 .. 4' ; , ' . . . · . ,. ' ' • 

for ,example, a He+ He solution is _used to obtain .very low 1 •> ' 

temperatures. Miniature HF sensors can be a suitable, tool 
""•' ,•l- • ' ,. ., --· 

for determining concentrations of components: To avoid.heat ,, .• • ·,' i 

input through HF cables a capacitive, i.e. completely' 
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contactless,.connection can be used between the resonator and 

the measuring equipment. 

To: analyze a triple mixture, one needs one more 

parameter, · for example, the medium density p . ·• The den-
. .· .. .t.r1p ~ ,·· 

sity of a cryogenic mixture flow can be measured with a den-

sity meter operating on the basis of the high-temperc!ture 

superconductor levitation effect. It is small in size, which 

is important ,for placing it inside a pipeline, and highly ac,­

curate (6ps0.06%). Concentrations of components C ,· C , C • 
· 1 2 3 

are found by solving the set of three equations 

Ie = e 
' t.rip'_ t.rip 

" - p ' · l• t.rip-, t..ri·p 

c +c. +c =1 
1 2 · 3 

IC , C , C , e . IP, 2' , e IP, 2' , e IP, 2' I 
1 2 3· 1 2 . 3 

1'=1 ·'=2 ,l;3 ,pi (P, 2} ,p2 (P, 2} ,p3 IP, 2}) 

Though at first glance this way of analysis seems to be sop­

histi~ated sometimes it. can be· much s·impler and che~per than 

traditional chromatography. 

CONCLUSION 

To mon'itor cryogen flows, it is convenient to use a 

radio· frequency method,· which· involves a signal capacitor 
' ., J ' 

_connected .to an oscillator circuft whose. resonance frequency 

depends on the dielectric constants ·of cryogens. This method 

has the. following advantages: 

- high accuracy due to a specific design and lo~-:temperature 

calibration; 

- allowance for specific features of hydrodynamics in round 
· .. 

and annular sensitive elements; 

~d~ptab'il ity _to any dielectric medi.a. 

Using intelligent radio frequ~ncy' sensors, one can 

determine different parameter~ of'cryogens: in the two-phase 

region they a:re' the void fraction l{J, the :quality x, and ~­

a:nd :~dependent mean-volume and mean-flow-rat'e thermodynamic 

character'istics - 'enthalpy, density, ent~opy, etc.; in the 
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si11gle::_phase ;i::egipp -they are· the ·mean-vo·lume· ther~odynamic 

quantities- :..:temperature; 'density, :enthalpy, ·etc;;' and in, 

two/three-component mixtures · :they are concentrations of 

components.: ... Combining these sensors with ori{ice . plates, 

turbines, pulsed heat sourc~s. or. using them in pa'irs, one· 

can measure flow rates of both two-phase and single-phase 
media. 

It is reasonable to use intelligent .RF sensors for.diag­

nostics of cryostabil izat ion systems in, superconducting 

devices, for fast determination of the liquefaction capacity 

aria, •vapour-liquid expander efficiency, in· cryogenic 
. . 

propellant filling systems, in automatic regulation systems 

of cryogenic installations, for science research. 
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~HnttnnoB ID.rt. H p;p, 
MoHHTOPHHr IloTOKOB KpHoareHTOB: 
peantt3aQHH BhlcoKoqacToTHoro Mero.n;a 

EB-91-366 

B pa6oTe npep;cTaBneHbl p;aTqHKH, KOHTponnepbI tt MeTo,D;HKH, 
IlPHMeHHeMbie npH H3MepeHHH TaKHX xapaKTepttCTHK p;Byx<iJa3HblX . 
H op;Ho~a3HbIX IlOTOKOB KpttoareHTOB, KaK cpep;HHH TeMnepaTypa 
T, cpep;HHH nnoTHOCTb P, HCTHHHoe o6'heMHOe napocop;ep)KaHHe 
t,, pacxop;Hoe Maccorioe napocop;ep~aHHe x, pacxop; G . .[(nH p;o­

cTtt)KeHHH BblCOKOH ToqHOCTH HCUOnh3OBaH BblCOKoqacTOTHb!H Me­
TOp;. IlpH C03p;aHHH qyBCTBHTen·hHblX 3neMeHTOB p;aTqHKOB yqTe­
Hbl rHp;pO,D;HHaMttqecKHe oco6eHHOCTH TeqeHHH B KaHanax Kpyrno 
.ro H KonhQeBoro nonepeqHbIX ceqeHHH. OnttcaHhI HHTenneKTyanh 
Hb1e I<oHTponnepw ABYX ·MOAH~mi:aQHH: Mop;ynb KAMAK H aBTOHOM:.. . \, 

Hb!H npu6op c HHTep~ettCOM RS-232. PaCCMOTpeHo IlPHMeHeHHe 
Bq p;aTqHKOB p;.riH 6hICTporo onpep;eneHHH _3~~eK:HBHOCTH napo­
)Kttp;KocTHbIX p;eTaHp;epoB, ynpaBneHHH p;poccenbHblMH ycTpOHCT:--' 
BaMH 0)KH)KHTeneH H T,p;. 

Pa6oTa BblilOJ1HeHa B -Jia6opaTopHH -CBepXBblCOKHX 3HeprHH 

'. ornrn. 1 
IlpenpHHT 06'heAHHeHHoro HHCTH-ryTa RAepHbI~ HCCJieAO~aHHH. lly_6Ha 1991 

Filippov Yu.P. et al. 
Monitoring ,of Cryogenic 1 F!ow~: 
Realization of the_ Ra_dio Frequency Method 

ES-91-366 

The report presents the sensors, instruments, and me­
thodology to control such characteristics of single-phase 
and.two-phase flows as average temperature.T, mean densi­
ty p, void fraction cp, quality x; flow rate G .. Radio fre­
quency method is iused to .·achiev~ a high accuracy. The 
hydrodyn_amics features specific to channels· of round and 
annular.cross-sections· are taken into account while wor­
king out each type of,· the sensor. Int~lligent .cori.troll~rs 
of. two modificat_ions: a CAMAC module and an independent 
device equipped .with the RS-232 interface are described •. 
Application to fast.determination of vapour-liquid expan­
der efficiency, helium liquefaction capacity, etc. is de­
monstrated. 

Th~ investigation has been performed at the Particle 

Physics Laboratory, JINR. 
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