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ABSTRACT

In nuclear power plants (NPP) as operating plamtsoime older, the piping system Tees and the dowecare

susceptible to turbulent temperature mixing efféttermal fatigue) that cannot be adequately moaitdy common
thermocouple instrumentation. The work has beeratad at MTA EK where the mixing flow process wéstigated
in order to reduce the temperature fluctuationsttiacrease the thermal fatigue risk and to imptbeeaccuracy and
reliability of thermal fatigue load positions inetlsystem. A model of a part of the downcomer has lieiilt containing
three main loop pipes (cold-legs) and one ECCS hpanch pipe). The whole model is made of plerisglso optical
measurements can be performed from any positicarsick image velocimetry (PIV) and Laser induckifescence
(LIF) measurements in significant crosssectionsddition to FLUENT calulations has been made. Tit@ioed results
showed the influence of important parameters omihéng process, the ratio of flow rate between rthegin pipe and
the branch pipe has big infelunce on the mixingpss, the existence of eblow configuration enhatieemixing flow

process in the system. The compariosn bewteenlRFVand FLUENT results shows a good agreementsh Bé¥ and

LIF techniques can be used as good providers farlolse and to validate CFD results.

1. Introduction

Currently, many nuclear reactors worldwide are imgaror reaching their originally prescribed lifegémof
approximately 40 years. In response, there ari@tiviés to address the main problems that limiis lifetime so that
existing power plants can be safely kept in operator longer (up to 60 years) and new power plaats be designed
with a longer lifetime. One of these major problémghe phenomenon of thermal fatigue, which isrdef as a failure
caused by thermal stress. It is an important pfmemon in nuclear power plant management considasatind safety
assessment. After many thermal fatigue eventshigna¢ recently occurred in various nuclear powentgléhe focus of
thermal striping studies included both fast breedactors (FBR) and light water reactors [1-3].

The service inspections in NPPs reveal that thefati@mue cracks may occur in welds and base matstiaight pipes
and elbows. The severity of the failure is depenhdenthe shape of the component, the fluid mixirgchanism, and
the temperature distribution. These effects havenbattributed to thermal temperature stratificateord turbulent
mixing effects caused by different mass flows inafmi and “branch” pipes merging at the Tees corinast Good
examples of thermal fatigue events in nuclear pguents are the French FBR in 1992 and PWR in 18f8Japanese
PWR in 1999 and in 2003. [1, 3, 4]

The high cycle turbulence effects are not appréglsiadetectable by common thermocouple instrumantahus we
need to find another suitable tool to detect thebuience effects. Because of the lack of thermolssumany
researchers investigated the thermal fatigue phenom and the related factors numerically and/oregrgentally
based on the fluid mixing phenomena in the T-juorcind its effects on the mixing mechanism in cexlystem in
power plant [5-12].High techniques such as PIV mémqhe associated with the thermocouples networleaéso used in
this field [2, 13-16].

In this paper the flow field and the temperaturiedénces near the downcomer cold-leg inlets anthe&tECCS T-
junction have been measured illustrated and queatlly experimental and numerical approaches ortestemodel
(the half of the downcomer is modelled by a rectdagtank) using P1V, PLIF, and CFD. The measurembave been
performed on plexi-glass mock-up in various posgioThe CFD calculation has been done under the samditions.
The T-junction was selected because it is a comeaanponent in the cooling systems of most nucleavepglants
that has a high capability of thermal fatigue. Thenparison has been done between the results ebtainPIV, PLIF,
and CFD. In order to investigate the influence lbbe/ configuration on the mixing process, the flbehavior in two



main pipes were tested but only the results reladetde main pipe with elbow configuration are gred here because
of the limited space.

2. Facility and Experimental part

The real pressure vessel and the downcomer isdeidad (Fig. 1a). In order to use the symmetry ur amodel the
downcomer is turned into a plane sheet. One hathefdowncomer is modelled by a rectangular tarite@ pipes
connecting to this tank modelling the cold-legsefk&his a smaller pipe joining to one of these pifidéss smaller pipe
is modelling the ECCS inlet mimicing the VVER-44€actors geometry. The whole model is built of piglgiss so it's
optically measurable. The geometry is on Fig. tjb;Table 1 presents the geometrical propertigheimodel and the
real NPP. Table 2 presents the flow conditiongtiermodel and for also the real NPP.

In this work, a 2D-PIV, PLIF technique were usedneasure the flow field and temperature distributidhe
advantage of using PIV and LIF techniques is thatftow does not get disturbed during the measunésnghere are
no effects on the flow characteristics). The experital conditions are presented in Table 2. Thmepézature
difference between two pipes was fixed at°20(40 °C in the main pipe and AT in the branch pipe)The tested
parameters are given in Table 3. PIV measuremetdbeen done in many cross section as shown ir2 e reason
for focusing on the area of the T-junction at tHe(ES and the cold-leg and the “T-junction” at théddeg and the
downcomer is that the mixing process at these iposithave a large effect to the thermal fatiguee Témperature
differences at Tees have been measured, illusteatddjuantified by experimental and numerical appinoon Tee-test
model in various positions (Fig. 2) and configurat using PLIF and CFD. The Computational Fluid &wyicts (CFD)
- codes have been used to simulate the turbuleiat ilehavior, in particular, to find the velociteli and temperature
distribution in the fluid at same areas of expentaéwork. The CFD-approach has been validated bgrechmark
calculation compared to experimental test res@tgde-lines will be developed from the experimertadl numerical
results to provide a validated basis for future @fllrulations of pipe systems in NPP.
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Figurel (a) - typical geometry of VVER — 440 pressure VeEk4, (b, c) — inner dimensions of the geometry

Table 1 Geometry of parts of the Paks NPP and the used Mode

Geometry part Paks NPP M odel
Diameter of the cold-leg 492 mm 100 mm
Size of the “half” downcomer (width x depth) 537&4Imm| 1080x24 mn
Height of the downcomer 7710 mm 1554 mm
D-C hiegth above the inlet 987 mm 249 mm
Inner diameter of the ECCS pipe 111 mm 22 mm
ECCS nozzle position from the inner wall of the DC 3350 mm 670 mm
Length of the cold-legs - 2000 mm




Table 2 Experimental conditions for PIV, LIF meausermeartd CFD calculations

Condition name| Cold-leg flow ECCS pipe Flow rate Cold-leg ECCS
rate (each flow rate (q) ratio temperature [°C] temperature
pipe ) (Q) [m®/h] (FRR%) [°C]

[m%h] (9/Q)*100
A 6.3 2.6 42% 40 25
B 6.3 1.6 25.4% 40 20
C 3.2 1.6 50% 40 20
D 3.2 0.8 25% 40 20

2.1. PIV and PLIF procedures

PIV measurements were done with micro size pastidispersed in the fluid of ionized water. In LIFe@surements
fluorescent dye (Rhodamine B) is dissolved in ®fthid flow. In order to have precise results ¢ Pheasurement the
scaling factor calibration has been applied fordegermination of the absolute velocities, in casklF measurement
the intensity-temperature calibration for each pigeessential. In PIV measurements the diametahefpolyamide
seeding particles was 20n and their density was 1.016 g&mwhich was equal to the water density. Thus tHeoity
of the particles represents the velocity of thelaob Because of the difficulty to fully understatite mixing flow
process and its mechanism through the mere visti@izof the entire flow field small regions arouheé Tee junctions
were selected to more efficiently measure closdlayw-field data. This visualization displays origimf the velocity
and temperature fluctuations in the T-junction afgee typical investigation (interrogation) areaesias 16x16 pixel,
and cross correlation was used for the calculafidre time between the two laser impulses was s&0@200us
depending on the flow conditions. The time averageldcity field results have been obtained by rdoay 500-1000
frame pairs at 2 Hz frequency. The energy of theYW laser was set to 20% of the maximum 50 mJ répetition

rate was the same of the 2M CCD camera. Over tbe-Rlap system we process the results via Flow-mamag
software and Matlab 2012.

Table 3 Testing parameters in PIV, LIF measurements and €#€ulations

Parameter name PaksNPP | Model

Cold-leg flow rate 300 kg/s| 0,5 — 3 kg/s (per lopps
ECCS flow rate 28 kgls 0,01 — 1 kg/s
Cold-leg temperature ~ 267°C 40 C

ECCS temperature 55°C 20C
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Figure 2 PIV and PLIF Measurement cross-sections



For the different cross-sections different meas@mnarrangements are necessary. Fig. 3 shows tilne akthe tools
(camera and the laser) to perform the measureraé®4, S8 and S12cross-sections respectively.
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Figure 3 PIV and LIF visualization system arrangements

3. Results and discussion
3.1. PIV and PLIF procedures

The flow visualization test in the T-junction usiRgV technique was carried out with parameterstedldo flow rate
ratio (FRR) between two pipes (branch and main pipén Table 2). As it was mentioned earlier idii§icult to fully
understand the mixing mechanism of the fluid thiotlge mere visualization of the entire flow fietHerefore a small
region around the T-junction was selected to measlase-up flow-field data (PIV, PLIF and CFD haseb made on
the same region). This visualization displays osgdf the velocity fluctuations in the T-junctiorea.

Fig. 4(a, b, c) shows the mean flow pattern (meglooity vector map) in the T-junction which is cheterized by the
jet behavior exiting from the branch pipe. The usedking conditions are A, C, and D (Table 2). Tékewas bent in
the direction of the main flow of the main pipeféet of high upstream flow velocity of the main @)pWith increasing
the flow rate of the main pipe the bend of theijetease i.e. jet penetration decrease. The jedtpion depends also
on the flow rate of the branch pipe itself [2, 1Bt in general the expected forms of the jet ddpem the flow rate
ratio between both pipe&FRR = (g/Q)* 100 %). This could be classified into four patterns; il jet (low flow rate
ratio, not presented here), (2) re-attached j@tdéBecting jet (flow rate ratio as it given infla 1, is presented here),
and (4) impinging jet obtained by the increasirgnflin the branch pipe, thus depending on the maomnefvelocity
ratio of the entering flows from branch and maipepithe turbulent mixing patterns can be classiied defined
clearly. The existing elbow after the T-junctiorrgbch pipe) and before the downcomer entrance r{@tjpn at the
downcomer) enhances the mixing process [2, 13, 16].

Three parameters are used to investigate the gteuof the jet and mechanisms: mean velocity thstion in x and in
z-direction plus velocity fluctuation. The meanaaty distribution contains information about theeeage structure of
the jet, while, the velocity fluctuations displayetarea with the highest variation (not present@)hbut it could be
understood from velocity vector map in Fig.4(a¢h,For each condition 1000 frames were used tluateathe mixing
flow mechanism and mean velocity. This is the reasby we did not see any kind of vortices on thieiéy vector
map (we present average). The influence of the flae of the branch pipe on the mixing processhmninderstood
from the comparison between the results obtaingd eondition (C) and that with condition (D) (Fig(b) and Fig.
4(c)) shows that the jet thickness and penetratiorease as the jet flow rate increases. The bgmafithe jet by main
flow coming from the main pipe decreases with tiezéase in the jet flow rate.

Fig. 5 and Fig.6 show the comparison between theritg profiles in x-direction and in z-directioxteacted from PIV
and CFD results at certain cross-sections. The adsgn shows good agreements.
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Figure 4 PIV velocity distributions [m/s] obtained under Wig conditions A, C, and D respectively
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Figure 6 profiles of the velocity-components in z directi@iV and CFD)

Fig. 7(a, b, c) shows the mean velocity vector wiagained by PIV measurements at cross-section &if-junction
at the downcomer entrance under three differenkiwgrconditions (A, B, and C respectively). Frong.Fr(a) and Fig.
7(b) we can deduce the influence of branch pipe flate on the velocity distribution at the downconméet. The flow
rate was changed for each case (see Table 2.).

The analysis of the two vector maps (Fig. 7(a) &igd 7(b)) reveals that the ratio between the tloevfrates has
significant influence on the velocity distributiae. on the mixing process; in other words the fiate of branch pipe
has significant influence on the flow charactecistivhen the other parameters are kept constanthighest velocity is
recorded on left side as it appears in both Fig) @0d Fig. 7(b), this assymmetrical distributisrairesult of the elbow
configuration in the main pipe (Fig. 1(a)). In gede¢he mean velocity is high in the T-connectiarthe lower arc of
the main pipe (fluid shedding area) and in the bouthder the arc. This is also related to the elbomfiguration in the
pipe.

The comparison between Fig. 7(b) and Fig. 7(c) shihw influence of the main pipe flow rate. Thealmte ratio for
condition B (Fig. 7(b)) wa$RR= (0/Q)*100% = 25.4% while for condition C (Fig. 7(c)) it wdRR = 50%. The
comparison reveals that the increase in the flde ratio is enhancing the mixing process. This €axtid be read from
the distribution of the velocity on Fig. 7(b) aniyF7(c). The velocity distributions are more horangous in Fig.7(c)
than in Fig. 7(a) and Fig. 7(b). From these resuliscan say that there is an optimBRR which can lead to get high
mixing rate i.e. optimum velocity distribution. ther words the design is intended with respethéomixing process.
FRR (as in its definition) depends on the flow rateboth pipes (main and branch pipe) and the flow i function
of the velocity and the diameter.

Fig. 8 and Fig. 9 show the velocity profiles of ¥tained by PIV measurement results and calculasedy CFD. The
agreements are clear between these results; theeese of deviation in some points could be actéptaecause the
flow is complex the error could come from both teigiues (P1V and CFD). This deviation needs furingestigation.
As mentioned in the publications the discrepanciesld be due to the integrated effects of many derflow
phenomena such as wake-wake, wake-vane, and vamgldy layer interactions occurring simultaneouslgomplex
flow environment [18]. Both the repetition of thalibration process and the measurements (averamédshe used)
were necessary in this work to get results withhkagcuracy.
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Figure 7 PIV velocity distributions [m/s] obtained at S4 jims under working conditions A, B, and C respeely
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Figure 8 profiles of the velocity-components in z directiom the left side of the inlet of the downcomertet inain
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Figure 9 profiles of the velocity-components in z direction the right side of the inlet of the downcomethat main
pipe (PIV and CFD)

Fig. 10(a, b, c) show the results obtained by Pikasurements at S8 under the conditions A, B, anes@ectively.
The influence of the flow rate of both pipes amulwfirate ratio on the velocity distribution could bederstood by

comparing the velocity victor maps in Fig. 10 (ach The comparison between the PIV and CFD restibw a good
agreement as shown in Fig.11.
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3.2. PLIF Temperature Measurementsand CFD calculations

The temperature differences at Tees have been meelsising PLIF, illustrated and quantified by exmental
approaches on Tee-test models in various positiadsconfigurations and CFD calculations were maukeuthe same
conditions. The presented results here are theageeof a few hundred measurements (frames) for aachking
condition and CFD outputs. Thus the expected eamsliminated. The PLIF measurements and the &Hulations
have been done under four working conditions ireotd investigate the influence of the FRR andfliwe rate of both
branch and main pipe on the mixing flow process Tmperature distribution is used as an indidatothe quality of
the mixing process. The measurements and calcotatiave been made based on inlet velocities (fla@s) and
temperatures as given in Table 2.

The main pipe has a mixing elbow configuration raftee branch pipe which is commonly used in pipygtems for
power plants and process industries. The elboweésl o bias the velocity distribution and also dvéran effect on the
secondary flow, which decays unsteadily, i.e. enbahe mixing phenomenon that already started ketwiee fluids
caming from the two pipes (the T-junction), thug tiuid will be homogenized thermally before thewsmomer
entrance. This elbow configuration has effect anittteraction between the jet and the main flownavés after the T-
junction between branch and main pipes becauskeofi¢flected fluid from the corner of the elbow.eTdignificant
effect of elbow appears clearly in the velocity @aathperature distribution and profiles measuredradtbow [2, 13,
16].

Fig.12 and Fig.13 show the PLIF and CFD resultpeesvely obtained under working conditions A, BdaC (Table
2) (note the CFD results are mirrored). The congparibetween PLIF and CFD shows high correlatioe$pect to the
temperature distribution in the tested area. Froenrésults of both PLIF and CFD techniques the dsgkemperature
appears around the jet. In the bottom we can senttidle (mixed) temperature value recorded, assaltr of the jet
penetration. The mixing area in the images is ttea avhich has middle temperature values accordinthe scale
associated with each image in Fig. 12 and Fig.-k3aAesult of the temperature difference betweerbthnch pipe the
main pipe the average structure of the jet coulchbiiced easily. By decreasing the flow rate of Hmanch pipe
(condition B in Table 2.) the flow from the mairppibent the jet which in turn dercreased the jeepation. Again
comparison between PLIF and CFD results shows d ggoeement.

Comparison between Fig. 12(a), Fig. 12(b), Figal23nd Fig. 13(b) gave highlights about the infeeenf the flow
rate of the branch pipe on temperature distribusiot the mixing flow process.

Fig. 12 (c) shows the results obtained with workingdition C (Table 2.). In this figure the jet &aps with less bent
because the flow from main pipe is decreased. Fifh), Fig.12(c), Fig. 13(b) and Fig. 13(c) give thighlights of the
influence of the flow of the main pipe on the temgtere distribution and mixing phenomenon in trstdd area.



The analysis of the results in Fig.12 (a,b,c) aigdlB(a,b,c) reveals that the momentum ratio betvtee main velocity
and the branch velocity of the mixing tee is thestaseful parameter for classifying the fluid miximechanism,
which includes both the velocity and pipe diametearacteristics of the main and branch pipes. titia, the effects
of flow rate (velocity when diameter is kept comgjaon the fluid mixing mechanism shown and exmdithe behavior
of turbulent jets.
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4. Conclusion

A water experiment using a VVER-440 downcomer whigimodelled by a rectangular tank, simple T-pipection
with downstream elbow in the main pipe was cargatto investigate thermal striping phenomena.d-temperature
and velocity distributions in the pipe and in doemer were measured using PIV, LIF system and CHEuledions
were performed. The results showed that the flotepain the downcomer — cold-leg T-junction waaratterized by
the branch pipe jet which acts as a turbulent jethie connecting main pipe. Various types of jeisld appear,
depending on the flow rate ratio when the pipe'sngetries were kept constant. The flow rate ratietsvben between
the main and the branch pipe were selected to shalynixing flow process before the entrance ofdbencomer in
order to minimize the thermal fatigue risk. Diffateoperating hydrodynamical and gemetrical condgian the T-
junction areas were introduced. The infelunce efélbow configuration in the main pipe has sigaificinfelunce on
the mixing phenomenon (on velocity and temperatliséribution). By optomising the flow rate ratio tfe piping
system the temperature fluctuation in the mixirgydan decrease significantly thus reduce the thdatigue risk. The
PIV and LIF measurement technology proved to bebld for the investigation of the turbulent mixipllenomenon in
the complicated piping system geometry. ComparcfdplV, LIF measuerments and CFD calculation reassitiowed a
good quantintive and qualtiative agreement thug timild be good providers for CFD validation.
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