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Abstract

Steam injector (SI) is a passive jet pump which operates without rotating power source or machinery and has high heat transfer performance due to the direct-contact condensation of supersonic steam flow onto
subcooled water jet, and it has been expected to be applied to one of passive safety systems for the Next-generation nuclear power plants. The objective of the present study is to develop a model which is able to
predict operating characteristics such as maximum discharged pressure as well as operating range of the Sl. In order to achieve this, flow directional pressure distribution was measured with changing the opening
ratio of back pressure valve attached at downstream of test section. Furthermore, temperature and velocity distributions in mixing nozzle were measured in order to evaluate flow structure as well as thermal
hydraulic characteristics of SI. In addition, interfacial behavior of water jet was observed and quantified by calculating wave velocity with image correlation method. It was confirmed that interfacial behavior
enhances heat transfer between steam flow and water jet. Existing model was applied to estimate discharge pressure at diffuser as well as to investigate operating mechanisms of SI. However that model
overestimated the experimental data such as mixing temperature and discharge pressure. Unsteady two-phase flow structure including shock wave was observed at throat and diffuser, which had not been taken
into account in that model. From these results, some proposal to predict operating characteristics of SI with high accuracy are presented.

Introduction Experimental apparatus and conditions Operating characteristics of Sl
Steam injector (SI) Test section Measurement instruments !
- N . Water s500F Opening ratio 40% = It becomes to negative
Steam « Passive jet pump driven by direct (Maximum discharge pressure £,,) pressure in mixing nozzle
Water Water jet contact condensation of steam flow Special thermocouple Opening ratio 50% when Sl is operative.
onto water jet. aoor = Discharge pressure at
/ = « No need for external power supply. m T Opening rato < 40 % diffus_er incljeases as
—r e ——» « Simple and compact structure. f““’wm gzdie {Unoperative 1 opening ratio decreases.
Mixing nozzle Throat Diffuser « High-efficiency heat exchanger. ! * Maximum pressure exists
2000 gz i Opening ratio 70% 1 just before inoperative
. . N — oint of S. (openin,
Application of Sl for Next-generation nuclear power plants Sean e wl : | S \,/(f)p g
Passive Containment Cooling System Opening ratio 100% = SI becomes inoperative
(PCCS) " . : i | i i with pressure increase in
Simplified Feed-Water 2=16.7mm T Special poitot tube 0 10 20 300 40 500 0 700 mixing nozzle and throat
/ = ulf Heater System lofim z=32.7mm z[mm] when opening ratio is
2=48.7mm —| Pressure distribution against opening ratio over than 40 %.
. i =80.7mm —| fila z=647mm - of back pressure valve
flo z=96.7mm Pressurs snsar Josed 0. T T T T
; -
| . N . Drain 2=132.7mm = O:Operative . P
SI-PCCS |IE ’ s by L . 22155.7mm oy Sopn o6l x:Inoperative |- TTetre e:lst;mlnm:un;
Traversed toward radial direction E 985553394333938% inet water flow rate for
g z=190.7mm t05 int s at 2=16.7 = 0600060000600006 S| operation.
SI-pCls B o0 oc 00 MM ntervals atz=16.7, E 99899999999998 * Minimum inlet water flow
48.7, and 80.7 mm. g 04r 990080800000000 4 rate increases as inlet
Injecton Syatem 3 M e presueneteeses
3 g
(PCIS) 2 0af EERERESXIXIXES q
Experimental conditions B B M
Reactor Safety System “Development of Technologis on Innovative-Simplifed Nucless Pover lantusing [T O] SIS EXperimental conditions
‘development program of the Insiitute of Applied Energy (2002-2003) 2=600mm I
P : nlet water flow rate ! . : : :
Objective of this study Back pressure valve ; S0 ok ol ok om0
M, ,:0.45~0.55 kg/s Inlet steam pressure P, [MPa]
- To Clgrlfy thermal-hydraulic mechanisms of steam injector operation for B Inlet steam pressure Minimum inlet water flow rate against inlet steam pressure
practical use. P,i,:0.10~0.18 MPa
To devel del which predicts operating characteristics and Made of polycarbonate ¢ i i is limi i
© o develop a model which p P 9 = Observation of flow structure. It is suggested that operating range of Sl is limited by maximum
operating range of steam injector. - Supply superheat steam. discharge pressure and minimum inlet water flow rate.
Flow structure in mixing nozzle Effect of interfacial behavior on heat transfer characteristics
wof | t67mm ‘ "] o ‘ T T o’ T o o Calculation model of heat transfer coefficient
1200 Steam  Water ~ Steam
S s} ] 10000 7 251 2=80.7 mm ] Downstream Q =CaMAT|
e £ so0 £ . (2=48.7-80.7 mm) ATy =Tixa=Tik
§ eop 1 2 w0l Z 2o 1 W e ] =67mm-- AT = (ATq —ATy) /In(ATy /AT 1)
g =3 =3 —_
£ Lol ] 2 g 2=48.7 mm = ! AT =Tox~Tix
2 40 . L > 400t > sk ] 2 ) ) Yy =a87mm
=807 mm =48 200- Dittus-Boelter equation N Heat transfer coefficient  Nusselt number
200 1 _ L 4
167 mm 10 Q h-D
. . . . . . . . . i =e: Upstream g0 7mm h=—S= Nu=—
-10 5 0 5 10 -10 -5 0 5 10 -4 -2 0 2 4 (2=16.7-48.7 mm) ) "’ AAT K
Radial direction r [mm] Radial direction r Tmm1 Radial direction r Tmm1 4 AT TrT
Temperature distribution in mixing nozzle Velocity distribution in mixing nozzle Velocity distribution in water jet
. . . . e « Water jet is assumed as cylinder shape.
« Large temperature gaps exist between « Large velocity gaps exist between water jet and steam flow. 10 10 10f 10 « HTC is calculated with ratio of heat
water jet and steam flow. - = Velocity distribution in water jet increases toward downstream. DittsBoelt . Re[] quantity water jet gained and LMTD
= Temperature increases as it goes « Outside of water jet seems to be accelerated. T T YR . between steam flow and water jet.
downstream in water jet. Nu=0.023Re"*Pr®* {0* <Re<10)
» Significant heat and momentum transfer due to direct-contact-condensation. Turbulent forced convection heat transfer correlation equation h : Heat transfer coefficient [W/Km?],
. - Nu : Nusselt number
Observation of mixing nozzle ) Loxc® 100" D : Water Jet dlameter [m]
10.0 mm : Searching areas ' ' ' ' ' ' ' ' § ! ! ! j j j j j j j k: Thermal conductivity of water
—> 608 1 oo h - . [Wikm]
70.0 mm 1 T - o za07mm| T o| 25807 mm| 08 . = 1 . T | A : Water jet surface area [m?]
| E o] £ /‘//Z;MW _ _ Q : Heat quantity [W]
{ 2 4oL e —— S =T . —= , X 06F B . 1 | C, : Specific heat of water [J/kgK]
S S 2=48.7 mm’ ol
8 e a5 =ag7om| 8 £ = £ M, : Water flow rate [kg/s]
80.7 mm S s Y ] S s S04 B y 4| T: Temperature [C]
1 1 & 20 15 20 = b = p: Density [kg/m?]
T R I = = 02k P i | hy:Latent heat of condensation [J/kg]
| 1 ) 10+ q 10+ q : Re : Reynolds number
! P! L L L L L L L L L L L L L . . . . . Pr : Prandtl number
90.0mm ; * 040 045 050 055 0.60 008 010 012 014 016 018 020 %% 10 20 30 40 50 &0 000 005 010 015 020 025 030
Y t=0s 333x10°s- 0s  333x105s-:- M [kg/s] Pg [MPa] Wave velocity [ms] s [MM]
Original images i Processed images Effect of M,0n wave velocity Effect of A, on wave velocity Effect of wave velocity on HTC Effect of interfacial fluctuation on HTC
« Interfacial wave which propagates toward - Wave velocity increases as it goes downstream. = Nusselt number at downstream exceeds Dittus-Boelter equation .
" L 3 2 Heat transfer in mixing nozzle
downstream is observed. - Wave velocity is significantly affected by P,. even though it approaches to the equation at upstream. is significantly enhanced by
= Wave velocity is calculated by image correlation « Interfacial behavior seems to be correlated with « HTC in mixing nozzle reaches to 0.2~0.8 MW/m?K. interfacial behavior.
method in order to quantity the interfacial behavior. momentum transfer. « HTC increases as wave velocity and interfacial fluctuation increase.
Estimation of discharge pressure using existing model Conclusion
Hypothesis of model Existing model This study
« Steam flow into mixing nozzle as critical flow. 1 Wb water water
« Steam flow completely condenses into water in mixing nozzle. 1 < steam \ steam steam \ / steam
« Interfacial behavior of water jet is not taken into account. g \ /
] Sl °
Control surfaces Index M : Flow rate [kg/s] “ 3 §
0 1 b w:water | P : Pressure [Pa] £ R o C“E ::":x:x ol = Complete Unsteady interfacial
' ' ' sisteam | A Cross-sectional area [m?] a0l a M:;, 55 kg,s ‘exzmmm £ condensation of behavior.
; | | T : Temperature [K] E steam flow.
: : G : Mass flux [kg/sm'] Y% o R on o om 0@ o2 o % % T ®
h : Specific enghalpy [I/kg] P, MPg] 7, (experiment) [C°] = 1
H H u : Flow velocity [m/s] . o N o
j ! ! C, - Specific heat [J/kgK] Relation between mixing temperature Comparison of calculated 7, and measured 7, S Single-phase flow. Two-phase unsteady
Inlet of mixing nozzle Throat Diffuser - Density [kg/m?] 7, and inlet condition X . flow with shock wave.
¢ Pressure loss coefficient - Opening ratio of back pressure valve _
. . . . 100 % 70 % 60 % 2
oall A lnﬂy%‘ A T0%, & 50%; ] o
Mass conservation 7=155.7 mm
Muo +Mgo =M1 =M ]
. s - Flow structure in SI
Momentum conservation TR U LLLE T 98
H S ] « Interfacial behavior enhances heat transfer between
PuoAuo + PsoAso +Guo Awolo +Gso Asoliso = FLAr + Por (Ao + Aso — Ay) +Gi Ay + Fy s aoLs R steam flow and water jet.
Energy conservation : ] « Steam flow does not condense completely in mixing
2 2 nozzle and it becomes unsteady two-phase flow in
= = =190.7 "
Muohwo +Msohso =Mz (y +Ui /2) = Mug (g + Ui /2) L " " " " 1 = mm throat and diffuser.
Friction loss Mixing temperature Po (experiment) [MPa] Physics model for operating characteristics of SI
. Observation of throat and diffuser « Interfacial behavior in mixing nozzle and unsteady
F = u’/2) Ty =(Myhy +Mshs)/(M;C Comparison of calculated 7, and measured 7, . oo
1= Enlpu A 1= (M +Mshs)(MCrn) o o two-phase flow behavior which includes shock wave
. . . . houl ken ini nt.
1-D (Throat and Diffuser) = Qualitative tendency of calculated 7, gives close agreement with measured 7. . Is _ouhq ?]T ELE ;0 at:é:ou It del which
e nrinei « Existing model overestimates the discharge pressure 7, in all of inlet condition RIS g ilf7 (SHICE) T CISVEIT A (Elel Tiald
Bermnouli's principle « Steam flow does not condense completely in mixing nopzzle and therefore two bhase flow CEETEER TENES e i (il Sy i Ceky
Py + Pl /2= P+ puif 12— (61 + o )(polf 12) including shock wave appears at throat and diffuser, which is not considered in existing model. TG CEEIETTE CEEEESES a8 el 28 Craeing
' range of SI with high accuracy.

HP : http://www.kz.tsukuba.ac.jp/~abe/ ( Yutaka ABE, Prof., University of Tsukuba) ek
Email : sshil esys.tsukuba.ac.jp ( SHIBAYAMA, University of Tsukuba) e i




