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Performance Test of a Probe-Type Eddy-Current

Flow and Temperature Sensor (I )

In-Sodium Tests of MK-IIL Sensor

Koiciro NAKAMOTO*, Nobumi OHYAMA*,
Motoyoshi IKEMI#, Koji KAWANO¥*,
and Hideo ATSUMO

Abstract

Probe-type eddy-current flow and temperature sensors have been developed

for in-core monitors of prototype fast breeder reactor "MONJU".

The MK-TI sensor (11.0mm 0.D. X 130mm long, magnetic core) has a central

primary coil and two identical coils placed symmetrically about the primary,

and is installed in a stainless-steel guide tube.

It is capable of monitoring sodium flow and temperature at a time by means

of vector differencing and vector summing of secondary coil signals respectively.

Test

(1)

(2)

In-sodium tests were carried out under conditions in the Sodium Instrument
Loop.

Sodium temperature : 300 ~ 550 °cC

Sodium flow veleccity : 0 ~ 3 m/s

Exciting frequency : 20 ~ 1000 HZ
Test results are as follows.
The performane as a flow sensor : The output/flow characteristic was linear
up to 3 m/s, and has high sensitivity as much as 1.34 mV/m/s at 75 Hz,
The tempefature dependency of flow output signal were reduced to 1% (400~
500 °C) with a temperature compensation circuit.

The performance as a temperature sensor : Temperatur detecting sensitivity

* Sodium Technology Section, Sodium Engineering Devision, O-arai Engineering
Center, PNC.
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was 48.5 UV/°C at 75 Hz, and linearity was fairly well in the Temperature
range, 300 ~ 500 °cC.

(3) It was shown that both flow and temperature outputs are useful for detect-—
ing gas bubbles in sodium,

(4) It became clear that the top shape of a guide tube has not an important
effect on the flow output signal, after testing conic, spherical, ellip-

soidal, eylindrical guide tubes and spherical ome with fins.

Some basic problems, such as the potential of detecting subassembly flow
blockage and/or gas bubbles in sodium, were discussed in order to apply this

sensor to in-core instrumentation of LMGBR.

2=l
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Flow Rate, @ (1/min)
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Flow Output Signal, Ey (mV)
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Flow putput Signal, Ep (mV)
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Flow Sensitivity, e (mV/m/s)
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+2

4.5

Temp. Compensation of Flow Signal 5th Test
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Phase Difference per Unit Velocity, 'E(p (deg/m/s)
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(1)

(2)
(3
(4)

77—51

%82 FFTFMEF v > A iBstEEARE®

Flow rate range coverage of 0-150 and 0-600 gpm for a driver fuel
assembly and 0-10 and 0-150 gpm for a test fuel assembly ;
Operation in sodium to 1400 °F ; |

Operation in a fast-neutron floux to 5 x 10" nv ; and

Operation in a gamma flux to 2 X 108 R/hr.

The target requirements are :

(1
(2)
(3
(4)
(5)

Maximum nonrecoverable pressure loss not to exceed 1 psi ;
Accuracy of = 5 Z full range ;

Sensitibity of 1 Z of fﬁll'range :

A time constant (t) of 1/2 sec or less .; and

The ability to withstand repeated thermal shocks of 100 °F per sec

for 3 sec.

Other desirable characteristics to be considered are :

(1)

(2)

(3)

Failure of a sensor should not result in a mandatory shutdown of the
reactor for any reason other fhan loss of signal ;

The sensor should not be integral with the aséembly so that fuel-
handling is not inhibited ; and

The entrained gas sensitivity should be sufficient to detect a gas

injected from a fuel assembly at one standard cu cm/sec.

P
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Void Velocity, v g4 (m/s)

vvodd = 1,3424+0.30

1 2

Sodium Flow Velocity, v (m/s)
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#B.2

RGBS ARMAER O 48 ( LAEBES : > EER )

Frequenecy, f(Hz) phase, ¢${deg)

25 260

75 84

125 4.4

225 1.4

32_5 0.2

525 — 0.1

1,625 —0.1
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100

90

80

70

o
o

Flow Nutput Signal, Eq (mV)
Fo wn
< =

o
o

20

10

2nd Test
Probe M4 2

Span Maximum

299 ~ 301°C

| 1 [

50 Hz

100 Hz

200 Hz

300 Hz

500 Hz

2 3
Velocity, # (m/s)

KB. 3 WMEFSOESME(300T, e —742)
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2nd Test

Probe # 2

Span Maximum
50 Hz

398 ~ 402°C
100 Hz
200 Hz
300 Hz

Q
® 500 Hz

0.

| | ! I . 1 ! |

1 2 3
Velocity, » (m/s)

HB. 4 MEESOEHE(400T, 70 —-F4%2)

—144—

Ko



PNC TN941 77—51

100
2nd Test
90 |- Probe Mo 2
Span Maximum
491 ~ 494°C 100 Hz
80 -
50 Hz
%
=0 200 Hz
[
1
-y
g
b so
wm
o]
3
g* 300 Hz
© 50
S
o
40 |-
30 L 500 Hz
20
10 |
0 1 | ! i ! I ]
o 1 2 3 4
Veloeity, » (m/s)
KB. 5 MEESOEBE(S500TC, 75 —74H2)
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Flow Output Signal. Ep (mV)
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30

20

10

- 2nd Test

Probe M 5

Span Maximum

299 ~ 301 °C 50 Hz
100 Hz
()
Q'
(J 200 Hz
©
0
© o 300 Hz
o
© ©
0
fo
()
500 Hz
0 O
O,
()
0
B,
] ] 1 i ) | i
1 2 3
Velocity, v (m/s)
HB. 6 MEFSOCEHEHE(300C, v —7#45)
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100
?nd Test
Prob 5
90 obe
Span Maximum
398 ~ 402°C 188 %g
80
5
70
o 200 Hz
=
E 60
i o’
. Q
-
o
& 50—
rl
wl
]
ga 300 Hz
& 40 ®
= o o
&
—
|2
30
20 . o 5 ‘ 500 Hz
o
O
10 o
()
O ] | I | 1 i ]
0 1 2 3

Velocity, v (m/s)

BB. 7 MEFSOEHEHE (4007, v —745)
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100
2nd Test
90l Probe M 5
Span Maximum
491 ~ 494°C 100 Hz
80 50 Hz
(*)
0 ®
200 Hz
B >
. 60+
= O,
'_; (=Y
g
80
o 50— 300 Hz
5
=¥ © S
&
=
S
5 40+
(=]
—~t
[N
(+)
30
500 Hz
@
20 S
O Q.
O
10 ®
(>
WL 1 1 1 ’ |
0 i 3

Velocity, v {(m/s)

HB. 8 WMERFBOESME (500C, v —F#45 )
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2.0
2nd Test
Ll Probe J 2
1.6
0l b
S
H
=
B
=
&bk @ 100 Hz
2
.g 50 Hz
pr
e
21.0_ 200 Hz
a
¥
8
=
0-8 [~
300 Hz
006 —
500 Hz
0.4 -
0.2+
0 1 | i | 1 L I
200 300 400 500 600

Temperature, T{°C)

FB. 9 MERMRECBE®RAN (Fu -7 42 )
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2.0
2nd Test
Probe 4 5
1.8}
1.64
)
ey
S 1.4
B
o
" )
512 100 Az
el .
St © O 50 Hz
kN
-H :
)]
8
2 1.0
2 200 Hz
=
=
0.8} ,
300 Hz
0.6 p~ .
0.4 ‘
. 500 Hz
0.2
0 ] | ] | ] | t
200 | 300 , 400 500 600

Temperature, T (°C)

MB. 10 HERHBREOCEBEREE (7 s — 45 )
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90

80

70

=N
[=
I

Flow Output Signal, EF (mV)
£ w
=) S
|

30

20

10

R Sensitivity
Test Section (mV/m/s) Temp. Date
® FS ~ 2 1.26 494~499°C| Nov. 27, 1970
Fs - 3 s
.28 : ~50 . 2,1
o} (ellipsoidal) 1 496~500°C| Dec » 1970
3rd Test
Probe /. 1

Span Maximum

Sync. Rectifier

3
Velocity, v (m/s)

BB. 11 MEIABRBLCLLE
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100

50—

40|

30

20

10

Probe | Circuit
o ‘(:) M7 M1
Al & 2| & 2
o 3| # 3| % 3
e || % 4| & 4
A || % s | & s
s || s 6 | % 6
x| @D % 1| % 7
+ so8 | M7

3rd Test

495 ~ 504°C, 75 Hz

Nov.27~Dec. 1, 1970
: FS-2

Test Section

00900089

3
Velocity, ¥ (m/s)

BB12 WMHEFHOY o — 74 LUEKKL M@=
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3rd Test, ( Temp.), |ProbeCircuit

I ! | I I i
+1—
(494) #5141
| {496) (496} (494) ('%_?_5) :
0‘]0;‘—/__‘“— ‘-‘"\0
{493)

(499) (497) (496)

(4951

i [#62 /42 7
496) (496) (496 (496 (496)
o e

Sy

(498) (500) (498) (497) (497) (496)

~CorC

+1 -
‘ #4343
(497)
_—d"%
=55

(497) (498) (496) (497)
= (O

e ==c
(496) (500) (497 (498) (4973 (497)

-~
(<]
[
L
[-]
E -1 i
j
+ — ——
=
= (499) (500) {498) (499)
: og =2 — o e U990
a {503) (504) (500) (500) (499) (499)

-1 h—

Hr

(499) (498) (438) (499) (499)
(}%WW gy —0
(501) (504) (499) (500) (500) {499)
_1 — —
+1— —
o9 |
(499) (500 (499)  ———O<—0 (8D
0. = C 5 e —
(498) (502) (501) (500} {499) (499)
_1 — —
+1 ]

-—468/116 7
7 (497}
(197) (497} (496) (497)

1] —:ﬁ-—

M—}_.G
©496) (503) (498) (498) (497 (497
_1 — 1
1 ] L | 1 I !
0 1 2 3 ‘

_ Velocity , v(m/s)
BIB. 14 mﬁﬁmmyﬂ&tx%uvz
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Probe A& 1
300°C
f=75Hz

10

Ep (7%= 002 gec, fc= §H2)

ey

FM-2

332m/s 247m/ s . 164m/s 079m,/ s

3
@ W & 1§ & Er

Probe 4 1
300c
f=125Hz

bk
(=]

0o

48 (r=035sec, fc=045Hz)

o

-3

o

Phase Difference, 49 (deg)

L4}

PM Flowmeter FM-2 Output, (mV)

[

372m,/ s 309m, s 250m/ s 177m/ s 134m/ s 0.56m/ s

D:(l 1 F 3 4 ) 5
b)) WHEI 24 NMSEOMMEE 49
BIB.15 WMEEBLET — 20—4F)
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Temperature Output Signal, ET(mV)

10
2nd Test
Probe fa 2
Span Maximum
9 ® 50 Hz
A 100 Hz
[ 200 Hz
e 300 Hz
8 | A 500 Hz
7L
6 L
5 -
41
3 -
2 |
1k
0 | | ] | I | i
200 300 400 500
Temperature, T (°C)
KB.18 BEFECESEH (7w —742)
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Temperature Output Signal, Eq (V)

10

2nd Test

Probe . #4 5

Span Maximum
@ 50 Hz

A 100 Hz
m 200 Hz
@ 300 Hz
A 500 Hz

200

300

400

500
Temperature, T (°C)

KMB.19 BEGSOEME(T e —745)
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2
£ .
Probe S Al AR AL Al
=
o
0]
7]
0
<t
<
&
l | — — p—
N r i
. B _
2 | .
EN)
o
3 _
g — RT .
it
o - — 75 Hz ]
& ‘
§. i —-— 225 Hz
& --=-525 Hz 1
o
8
b
Em‘ | —
o _ ]
2 - _
| i
L _____*_J =
1620 ] | ]
10 20 30 40
 {mm)

BB.21 RBEFo B 2

—161—




PNC TN941 77—51

L
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L ¢ 111

Standard Depth of Penetration, ¢ (cm)

10-!

1072
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x10?

Magnetic Susceptibility, X

|

[

%10

| I 1
200 300 400 500 600

B. 24 #MgkoNPEREOREKERY
({BL, 2rEEERTA)
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80 Vet & ISR HH ORI B 5 BB SR RORRAR

C.1 HMEEFBOBES
zm:4»m§bnaﬁ%%%n%n&.sth.%@géaokmb@aﬁﬁﬁ%&EF

L+5e.
Erp=8,-8,
=Aysin{(wt+¢,)—A, sin(et+¢,) (C. 1)
L. |
Al & E
© . IRAREM (=2rr)
t: B

¢ BIRELICHT HAEE

BE1 EWfizR= 12

"FE2 . THE2ZKR=4»
LERbTTLERTE B, (C. 1)KEZHELT(C. 2)R%2B5,

EF=V/UM—A,V+2A+M(1—NWJ¢)sm(wt+9) {0.2)
aL. '

A¢ . 2RaArESHOMEE (=6, — ¢, )

0 WMHEEEOMBEMC T T HAEE

6 - .A.2 ] in¢2 __Al Sin¢1
= tan
A,cos ¢, —A, cosé,

LZ5T, M514KRLALIS, HEL{L:L LICEEZSLHFHELET S5, 0O
EBEF NI L EEZBLT.

EFzA»vﬂi%i)2+(4¢)z sin(wt+0) (C. 3)

=E sin(owt 4 8)

Al WEE¥eDr XoEMH
M=A—%§_
M=A+%ﬁ
dA—_ A, —A,
E: EpofkiEHA
REOCHEMER (0. )R EEHMETBLTCHEAT 20T, EFOXKEI L LTRIEBHEED
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AELZNTR o
fIEELILBREE JAZETNETNES5.14, @51 7TKRTISCHREY KHEBHIT L0 T
KR EEET 5o |
dA=a,+ay : (C. 4)
4¢=4p8,+87
chz ( C. 3)RKMRAFTNE

B=+/ (@, +av)? + ( B+ fv)% A% | (C. 5)

vRTHRESCEDE, 2RAANVEBHOARAFED @y, By 23H-THER
B/ T RTAT - v (C.6)

RCHEL. (C. 4 VRBBANSHABECRESESREI B Lo LIEHEE ©lEIE
EREDSELDOT, ChAKETHRBIE. (C. 5)RCEWTRPES a kB, ¥ =
K+ BURERBDe chti2KIA A EEMOFTHEBREOERTSH B0 cOLE (C. 6)
Ko b 0L b EREESE bR Do |
Rt 2RIAVEBMONS brEEL bFAn 5% (TRERERL LS L TEE
Lakb D) B EBBEE. (C. 5)RBBWE (0. 6 )RTHAFEBL, . fr¥ricThi
B
E=a, + av (C. 7)

xR, AT ASTB ARG HEEHECZ 50 L2LES 110~ P ABETRLE
I, REAREAECADL 2RI ANESORESE ( A ) ERDS L. EANKCERD
H(d¢)OBEHRKEL RDOT, AHTFT—ETEHRZ IPAZEINEBSVvARNIIL % Do
ERHBICONT, <2 b A EE A5 5 ZORUBKREDO L (RRE) 2B C. 1 LR To
th, MERHBHEEOREKRGEEK WL, f=75HzAETE (C. 6 RoFFROF O
EOHRE 1 HEBENIBHELAINWO T, "2 brELxh5—23F59 LE5 1 8 KR
FTL5Ca%VENT 50 Lo LEIRAEE2 B 2T 5, B2HFO S (REK 2V
THARSBEH) L A (BER2O» TEHEMMER) OROMBERKE( Z I P rEL R
HI-ETRBABKEL & Do o

(C. 6)RICH T/ @ +B2AT [ ( 5.1 )ROKERMEEe (f. T) CH4T 50 Lk
BLaLs5Ce, 8, ATNIThARBELLLXETAOT, HENRESBEA TS - T

e( /W T)23EF—BCBESCLBZRETCDHEHC L2bh bo

TC, MEBRMEEEr OHIE (C. 2)YRCEL LN TW S8,
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d¢ < 1,
&y =ﬁ0 =0, ( C. 8)
o ¢1‘]‘ ¢2
= 2
*EEL, (C. 4 )X2HAn5%2,
6=tan_1atan¢——A-ﬂ (C. 9)

a+A-ftang

EAD. WEED O 0 K v IR L % o

S P RBRT BREFSSEr O HKHESL, M5 1 2KRTL5KFFTAHLTP—-3T
DR f~300HzT¥rICABDT, (C. 9)RTF=0te ¥ f=325H: KT B«
B AkkDBL, 0~-30°%%20HE5.1207— % (TP-3TOMH)—%T 5. &

=0 %%%BHEHRE

AP : (C.10)

24

tan3=

ZHEREHLROLN, RECSEMEI LY e L2 5BAEME f~T5~125Hz2 %5, &
EEEMHEN Y b 25 BEMIVEWELZVHES 1 2 088E42EMTTWS,.

C.2 RBREEEOEHS
RERES EroBRE b MERGS OBE L Akkic

Er=8,+8, (C.11)
=A2$in(wt+¢2 )+A! Sin(wt+¢1 )
BhRkBLbNRD,
Er=+/( Aj+4A; )*—2A,4,(1—cos 44 ) sin(wt+8') (0. 12)
{—H-LII
P l_ tan_}A,sinsﬁ,—I—Agsiniﬁz
A,cos¢; +A,cosd,
TZT dA/AL APBRTIRENRTIAIWZ L eERT AL,
' (C. 13)

Ep~2Asin(wt48")
4 tang+ (44 ) 44

6'~ tan—

1+ ¢ tan §
LY. BEGESHNErBMEY CKE LA o BERS LM tanFas (42 ). 49
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CE~NTHhE DRE AL &1
f=~¢ v (C. 14)
L EBo —F tan g (%) e dPUEMNTEBCED L & ( f~225~325Hz )i

{(C. 15)
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M&ED  WERNREER bR E

REINARERXNBERES (MK-T) @R D. 1 CRIEBTH 1 Vv 2 PFHBI Lk, K
FOPAR, AMECEHLARBRZEDLLCE Y, [ R YEEREHCET 28Rtk b5
BHZBMEINDIBERETL T oo 22 REMEBFCEREROZWHR (L L AT ERIKE
STORMIEHAER, BRESLEERAR, F7# B, + ) v 2o ENSHR, 7 bV v 2 BAIEHEAER
T—n VIS FRABREE )IEHEEEBELTH 5.

D.1 HB2EERK )
19753813 HIKCERANGAREEBL CHOoRMOF MY v s PEEBERR 2T %
bhko 7e—78K (R1IEFH) LEFERTRKOWT500COF Y o 2B THIE
RO bhiko —5E300CL400CTOAADbNRKe SN bIE T HAKRERLEF
ALy 772y )V HOSAMKBIFERC TN TIHINDSIFETCH- B, A4 THTRL
LA — MBS DB DO THML ko
KA FEHTHIEELRBRL %o

D.2 H3EHEER

Ty ) HONMHRBRREEBEN ThHH- 2, B20RBCELLAHBOBE 1%
ANAOT, HHOT500CTHEERE L %o

cofiic, RRBICI 5=, REMRASTOoMEE, ZEM, ex7 )=, #4 FHRH, K&
EEOREMEFE BN bhko FRBR - bHARKIREREEZHEBI L AT -7 H1 %
FLLTERT A LKL o

D.3 H4EHAR
BENRHESORATEEHRERCRECELRATHERFAbh ko

D.4 #5ERR

e =7 M1 o TRERGEHNEROKEHBKE2300, 400, 500 CTRET hio
EAEIERBR TR L Ao RERMASERBRE ERL ko 222K 4 AESE EEE
L, RECHEETHT 22 HB L ke SR TEGBRERBEHTHESK LA S
PIT 7 VHHHRERSOBHBRZ Rl L Ao

(BE) 300, 400, 5000C &I 2 HEH, BEXDRAFENY 52 —2 L LTAE
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D.5 HBsERR

MECFe—-741RAT, 5 0RRLAROHEERBLEHL, BRAREKTE, &
ﬁﬁ.@EOEEWﬁﬁ%QEEﬁ&ﬁ%LﬁO%ﬁﬁﬁﬁﬁﬁbfﬁmgwmbank&%
BOo7e~7H1EH1T00BM500COr ) v o SRS KA, EEICEHEL
HEL K- Tnio

HeMARTEML AR FRERBROSRIT JRBEI NG,
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C
500 ] -
Sodum 400 H_/ :
Temp. 300~ h
“ 200 -
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