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Chapter 1:Introduction

Pressurized Thermal shock (PTS) is an accidemasicethat can occur under
specific conditions inside a Pressurized Water ReaPWR). Pressurized Water
Reactors are used to increase the thermal energy afcoming fluid stream, which is
subsequently converted into electrical output thlowa steam turbine and generator
arrangement.

Most power generation systems that use a PWR engpfmymary and secondary
cooling loop system (see figure 1.1). Pressurtsalant (primarily composed of water)
leaves the main circulation pump and enters inloRNVR. Inside the PWR, heat is
transferred from the fuel rods to the circulatimplant fluid. The coolant is then sent to
a steam generator where it passes through a hehamger and transfers its thermal
energy to the secondary loop. The water contaiméloe secondary loop is maintained at

a much lower pressure than the primary loop, andseguently the water in the

Secondary loop
p—— (low pressure)

Primary loop
(High pressure)

Steam

Steam turbine

Fuel rods ~L| generator
Main

pump Generator

Downcomer

Condenser

HPI
reservoir

Figure 1.1: PWR coolant loops



secondary loop steam generator is boiled into steBEme superheated water vapor is then
sent to a steam turbine, where its thermal and arecal energy are used to produce
electricity via a generator.

In operation, the PWR may encounter an accidentition (such as a coolant
pipe breach) where a significant Primary Coolansd. ¢PCL) can occur. Under such
conditions, a High Pressure Injection (HPI) systejacts water into the PWR coolant
inlet legs (cold legs) so that the PWR doesn’t ounh of coolant (possibly leading to
unregulated temperature excursions and a catastropgitdown of the reactor), as well
as to maintain the pressure of the PWR so the nbatmains a liquid. The fluid
temperature inside the cold legs under normal ¢mmdi is approximately 550 degrees
Fahrenheit at a pressure of 1020 psia, while thnd fhjected into the cold legs from the
HPI system is at room temperature (Reyes, 200thelflow rate through the cold legs
is low, there will not be sufficient turbulent mig of the two fluids and stratification
will occur inside the cold legs. The stratified\l field will spread down the cold legs
and into the vertical downcomer (the annular mddigurrounding the inner core barrel
and the fuel rods) of the pressure vessel. Bugydneen turbulent plumes are produced
from the higher density room-temperature fluid eéngginto downcomer, which contains
lower density hot fluid. These plumes evolve alting vertical wall of the downcomer
and may potentially create a thermal stress withenvessel depending on their rate of
mixing with the hot fluid in the downcomer.

Hydrogen embrittlement is the process by which Iskegses its ductility and
strength from the presence of Hydrogen. In nuchgaplications, embrittlement can

occur from radiation bombardment, which is a conder high strength steels used in the



construction of the downcomer. The thermal stieggslied to the downcomer during
PTS combined with an embrittled downcomer can cdasere of the downcomer to

contain the coolant in the primary loop.

1.1 Goals

The purpose of this study is to obtain test datradterizing potential single and
multiple plume PTS scenarios that could be usedetdy the PTS behavior and help
develop new reactor safety codes. It is the fafuhis study to evaluate differences in
plume behavior between single and multiple plumeesain the downcomer under
simulated PTS events. The particular reactor gégrbeing studied is modeled after the
Palisades Nuclear Plant located in South Havenhigan along Lake Michigan. This
780 MWe facility was designed by Combustion Engiiteg and has supplied electricity
to the public since 1971. This particular reagjeometry is being studied because of its
unique HPI geometry and previous computational rnsodeve under predicted the
temperatures present in the cold legs with thisnggoy (Theofanous and Yan, 1991).
Reyes.et al,(2004) has a scaled experimental facility locate@regon State University
(OSU) which is used to examine downcomer fluid terapures under various events
which activate the HPI safety system in this geoyneThe details of this facility will be
discussed in the next chapter.

Key features of studying this phenomenon include:
1. Create a “dimensionally similar” model to conducaled experiments, to ensure
that the flow characteristics in the model accuyatepresent the relevant

conditions of the full-scale case.



. Resolving the turbulent plumes in the downcometiseof the PWR to observe
important flow field differences, which may effextinditions of PTS.

. Document the differences between the single pluntefaur plume cases in the
downcomer flow field. Determine if the mixing clateristics of the plumes are
different in the presence of other plumes.

. Compare results to recent work obtained in the @ility.



Chapter 2: Literature review

PTS has been studied both numerically and expatattg over the last several
decades. One of the pioneers in this researchheofénous, who has published
numerous papers relating to PTS. He was a comtrtia the development of the first
predictive model for cool-down transients under Rdddditions, the regional mixing
model (RMM). Experimentally, many facilities of maus scales such as CREARE 1/5
(Rothe, Ackerson, 1982), CREARE Y (Dolan, ValenaudB85), IVO 2/5 (Tuomisto,
1987), Purdue % (lyer and Theofanous,1991), HDRe¢fdnous, Angelini, and Yan,
1994), UPTF (Reyes, 2002), and APEX-CE (Regés), 2004) facilities have been used

to study PTS.

2.1 Experimental PTS studies

In the early 1980’s, the CREARE 1/5 length scal@egxnental facility was
constructed to examine overcooling transients enabmplex geometries encountered in
PWR’s. The facility itself was not geometricallgated for any particular plant design,
but was used to explore the mixing process. ThEARE 1/5 experimental facility was
an open loop system, meaning that the fluid remdrad the bottom of the downcomer
was not re-entered back into the system, with agsldowncomer geometry and a single
cold leg entrance. Key features (such as coolantps, a weir wall, loop seal, and the
lower plenum) were omitted in this test facilityhe facility used three different injection
nozzles to simulate the HPI event: a large topagict injector, a small bottom entrance
injector, and a large bottom entrance injector. erf€hwas no circulation induced by

external means, and the facility used thermocouplesed in the downcomer to extract



the temperature in order to infer fluid mixing teThe facility was run at atmospheric
pressure and the buoyancy of the incoming injecti@s induced both thermally and
with a dissolved solute in the water.

The data from the CREARE 1/5 facility was useddoelate the effects of transit
time for the incoming injection to reach the dowmes to cooling rates. The
experiments were conducted with different injectilav rates and cold leg flow rates to
obtain different transit times. For each of theeéhnozzles, the rate of overcooling in the
downcomer decreased as the transit time was decteadsual observations of the flow
in the cold legs were later used to define an egoidb predict stratified or well mixed
conditions in the cold legs based on the Froudebhaunflowrate, and injection flowrate
in each cold leg.

A second facility was constructed for follow-ontteg called the CREARE 1/2
scale Pressurized Fluid Mixing Facility. This fdgiincorporated some of the actual
PWR features that were not present in the previdDREARE 1/5 scale tests, such as
coolant pumps and a loop seal. The downcomer gai® @ planar section with a single
cold leg entering into the downcomer. The facikyamined conditions such as the
effect of hot leg blockage on PTS events. To aconodate the high pressure required to
reproduce the density difference between the HRIthe water in the cold leg thermally,
without the need for a solute, the facility was mault of steel. The CREARE 1/2
facility used thermocouples to record temperatua¢sdifferent points inside the
downcomer. It was found that the mixing in theefghear layers in the cold legs are
negligible compared to plume entrainment mixing tbe top injection case. Also,

coefficients of the plume to wall heat transfer evebtained. It was found that the local



heat transfer coefficient was not important to ¢iverall cool-down of the downcomer
fluid.

In Finland, the Imatran Voima Oy (IVO) 2/5-ScalesT &acility was constructed
to examine thermal mixing of cold high pressureewatith hot primary coolant during
overcooling accidents. The experiment modeled bfathe Loviisa VVER-440 reactor
downcomer with three cold legs. The HPI nozzlesewseven cold leg diameters
upstream of the downcomer, while the nozzles theresavere 1/% the size of the cold
leg diameter and injected from the top of the delyl This facility ran numerous tests
with multiple plumes present in the downcomer. MWhmany design and scaling
parameters are different from US PWR designs, tioégd that the plumes present in the
downcomer interacted to produce plume behavior wes different from single plume
behavior. It was observed visually that two pluneghe downcomer would merge
together to form one larger plume, see figure 2However, they only examined this
using two plumes in the downcomer with one staghaop flow and the other with a

moderate flow rate, which was still small enoughtfe cold leg to be stratified.
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Figure 2.1: IVO multiple plume interaction (Tuomisto, H., P. Mustonen, 1986)
Purdue University built a 1/2-scale transparentlifgdo obtain visualization of

the flow inside the downcomer for a single plunighe facility was constructed out of
transparent acrylic to facilitate the optical regunents of flow visualization, which also
limited the operational temperature of the facil{tyer, Gherson, and Theofanous).
Because of this, the high temperature fluid in tloéd legs was modeled using room
temperature water while the higher density of thjedted fluid was achieved purely by
mixing room temperature water with a solute to wbthe desired density ratio (/ =

0.18 between the two fluids). All the tests werefgrmed at stagnant loop conditions

with the injection line entering from the top oéthold leg.



Purdue’s One-Half-Scale HPI Mixing Test Program wiaseloped to provide
detailed data, which could test the physics emlabdiethe Regional Mixing Model
(RMM) (lyer and Theofanous, 1991); the RMM is a qarational mixing model that
will be discussed later in the chapter. In additio testing the RMM, the Purdue
experiment facility was designed to address scalingstions associated with momentum
flux and injection geometry effects such as coumtarent flow in the injection line
expected at low Froude number injections, and taptement the CREARE one-half-
scale program (lyer and Theofanous, 1991). The trufdcility used transparent acrylic
half-scaled by length similar to the Westinghouserfloop reactor cold legs (see figure
2.2).
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Figure 2.2: Purdue Y2-scale facility (Theofanous antlourbakhsh, 1982)



In the downcomer section of the Purdue facilitye ttower plenum was
geometrically distorted so that the downcomer vaumscaled appropriately (lyer and
Theofanous, 1991). The downcomer volume has acttefin the proper scaling for the
cool down transients inside the downcomer. Trangrvelocity and concentration
probes were used to define stratified layer bouedas well as mixing behavior across
them. Hot film probes were used to record the siglcand turbulent fluctuations, while
homemade conductivity probes were used to measweconcentration; both were
measured at the entrance to the downcomer (loc@dnin figure 2.2).

Two full scale facilities were also built for expaental investigation, the Upper
Plenum Test Facility and the HDR facility [both &ed in Germany]; The Upper Plenum
Test Facility was primarily built to simulate howld fluid injected into the core mixes
with the hot primary fluid. This facility used tmeal effects to simulate the buoyancy
differences between the fluids; although the ficilwas restricted to working
temperature differences that were half of whaeensin a typical US PWR. Nonetheless,
these conditions were similar to the conditionsdusethe CREARE 1/2-scale facility.
The HDR full scale facility performed experimentgeaessures and temperatures that are
typical of US PWR'’s, however geometric details weat similar of US PWR designs.
For instance, the HPI nozzle in the HDR test facivas one-forth the size typical to US
designs and the gap between the inner and outesl drthe downcomer was half of
typical US PWR'’s (Theofanous, Angelini, and Yan94p

The HDR and UPTF facility tests uniquely combinell-fgale pressure/
temperature conditions in a reactor like geometrfhe HDR tests measured the

temperature and stress on the vessel wall and gedvihe thermal response of the
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system. The data from the HDR experiments was tesathe and validate various CFD
codes, such as REMIX, NEWMIX and ABAQUS. Howeverthe HDR experiments
the multiple plumes in the downcomer had littleenaction as compared to the plumes
observed in the IVO facility.

The APEX-CE facility was constructed at Oregon &thniversity (OSU) to
examine PTS under a variety of possible accidesniatos. The facility was designed to
investigate primary loop stagnation, cold leg th&rmstratification and downcomer
cooling and heat transfer in a 1/4 linear scaledlehof the Palisades primary coolant
loop (Reyes, 2004). Both solute and temperatuiecisf were used to reproduce the
density differences between the water circulatimgugh the cold legs and the injected
fluid. The APEX-CE facility at OSU used thermoctag strategically located in the
downcomer to capture the effect of mixing in thegion. Conductivity probes were
located upstream and downstream of the HPI nozzlméasure the concentration of
solute in the cold legs. The APEX-CE facility i€lased loop facility: this means water
that exits the downcomer is circulated back throdlgh downcomer similar to the
Palisades plant.

The APEX-CE facility found that under a PTS injeatievent with four plumes in
the downcomer, two of the plumes merged to formlarger plume similar to what was
observed in the IVO experiments. Also the tempeeabetween the plume and the
background with four plumes in the downcomer wad%greater then a single plume in

the downcomer. The other two plumes couldn’t kected.
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2.2 Analytical and Numerical PTS studies

By examining and comparing the CREARE, Purdue, HBR] Upper Plenum
Test facilities, Theofanous was able to separateesof the different scaling effects in
the systems. He separated the different part 8fiRto mixing regions (MR), see figure

2.3.
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Figure 2.3: Theofanous defined mixing regions for TS event (lyer and Theofanous,1991)

Previous experiments and computations show tha¢rulosv cold leg flow rates
that a significant portion of the fluid mixing takelace in MR1. Mixing Region 1
(MR1) is the region where the injected fluid entet® the cold leg. Mixing Region 2
(MR?2) is the region in the cold leg between thedtipn and the downcomer. MR2 is
where a stably stratified shear flow can occur wnidev cold leg flow conditions.
Theofanous found that under stable stratified doovl, the mixing in MR2 has little
significance compared to the other Mixing Regidvixing Region 3 (MR3) is located at
the entrance to the downcomer, this is where tfexted fluid turns and spills into the
downcomer. Previous to the Purdue Y2 scale expetsmand numerical work of

Theofous, Angelini, and Yan (1994), the mixing inist region was thought to be
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negligible and often neglected in CFD calculatiomowever, they found that when the
plume exits the cold leg and strikes the opposa#,ihat significant mixing does occur
in that region. Mixing Region 4 (MR4) is the regiin the downcomer from two cold
leg diameters below the cold leg to the bottomha&f downcomer. Upstream of the
injection is Mixing Region 5 where the injectediflspills over into the loop seal. The
geometry of the Palisades plant and UMD facilitee® slightly different than the
geometries studied by Theofanous, but the nomemeland mixing region cataloging
will be retained in the discussion of PTS in thésalities. Differences between figure
2.3 and the UMD facility will be discussed in thexh chapter.

Theofanous and Nourbakhsh established the flowmeegelating to the onset of
PTS analytically in 1982. It was documented thabtl stream of fluid originates from
the HPI nozzle at the point of injection [MR1] irtfee cold leg, continues away from the
point of injection in both the upstream and doweestn directions [MR2 and MR5
respectfully], and decays away as the plumes &l the downcomer section [MR3 and
MR4] (Theofanous and Nourbakhsh, 1982). Becaustefstagnant loop condition, a
hot stream of fluid must flow counter current te thold stream injected by the HPI
system in MR2. The cold stream in this case hgseaial role, since its presence induces
this counter current flow pattern in the cold leghe counter current flow is necessary
for significant mixing under stagnant loop condiso(Theofanous and Nourbakhsh,
1982).

The Regional Mixing Model (RMM), with the computeodes REMIX and
NEWMIX, is a model used for computation experimestamining PTS as well as other

phenomena. The model is run on two different levdtirst the model calculates global
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results from the initial conditions forward in tinassuming that the injection of the cold
stream becomes well mixed as it enters the cold H®en it calculates the global effects
under these assumptions, which can be used tonaidtzbal cool down quantities as they
change in time. The other part of the model ill@and matches the mass and energy
transferred between the hot and cold streams basedixing rates from experimental
data and counter current flow requirements (Themfanand Yan, 1991). The local
computation uses a zonal approach to the calcamby computing quantities of interest
in the different Mixing Regions and passing theuhlssto the next Mixing Region
(Theofanous and Yan, 1991). The local part capttiresdetail of what is happening in
the cold legs and downcomer without running thecudation over the entire global
domain. The local part of the calculation uses dddtained from the global calculation
to account for the changing cold leg parameters lovey times.

The RMM model's integration of local plume mixinghmavior into an overall
system response agrees well with the CREARE ottedifale tests and Purdue’s One-
half-scale tests (lyer and Theofanous, 1991). RMM model can be used to predict
cool down transients and the degree of stratificatvith confidence under stagnated loop
conditions with single plumes in the downcomer (lyand Theofanous, 1991).
Theofanous correlated the thermal stratificatiotada the cold leg from the CREARE
1/5 scale experiments. A mixture Froude numbarmity implies that the density in the

high pressure injection line is uniform:

7
Q. °

HPI

Frop oo = 1+ Equation 2.1
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Where FrpicL is the mixture Froude numbercQis the volumetric flow rate in the cold
leg, and Qp, is the volumetric flow rate of the injected fluidlater an equation for non-

uniform density in the injection line was developed

bCL 2 QCL i
Frae o = . 1+ =t Equation 2.2
HPI

Wherebc, is the fraction of cold leg fluid that mixes withet injected fluid andbyp, is
the fraction of injected fluid that mixes with tflaid in the cold leg. Figure 2.4 shows

the comparison of the RMM to data obtained in tbkl deg for a .44 Froude number
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Figure 2.4: Comparison of RMM and Purdue Y2-scale da [3].
injection at a density difference of 9.7% after &@onds (lyer and Theofanous, 1991).

Interesting to note is how the RMM assumes unifeoncentration and velocity profiles

15



for the different temperature fluids, while the exmental data indicates a smoother
velocity profile. One critical part of this locahalysis is the correct prediction of the
counter current flow in the cold leg. The courdarrent flow dramatically affects the
temperature transients in the system (lyer and fEimeais, 1991).

The work preformed up to this point was key in Bisaing the criteria to predict
the loop flow and HPI flow conditions that yieldetimal stratification in the cold legs.
The CREARE 1/5-scale test produced some measursmaeptume to wall heat transfer
rates in the downcomer. In addition, the rangeaafed facilities, from 1/5 to full scale,
established a database of experimental informataompare to computer codes which
attempt to predict key parameters such as cool dates in the downcomer under PTS
events.

The APEX-CE facility took the correlation from THaaoous, in equation 2.2, a
step farther by matching the stratified and mixitaga of the CREARE 1/5scale facility
developing:

1 3

Qe g, Qu
rH *QCL QHPI

Frop oo = 1+ Equation 2.3

Where | is the density of the hot fluid in the cold legs,is the density of the injected
fluid, and @ is the flow rate of the hot fluid counter curremter the injected fluid.
Equation 2.3 has the same form as equation 2.2rewthe constantbc. and byp; in
equation 2 are substituted. Figure 2.5 shows REARE 1/5 data against both Equation

2.1 and equation 2.3.
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CREARE 1/5 scale data
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Figure 2.5: Comparison of stratified and well-mixedconditions observed in the CREARE 1/5
scale tests.

It can be seen in figure 2.5 how equations 2.1 aBdlivide the stratified cold leg data
and the well mixed data indicating that equatiors &d 2.3 can be used prior to an
injection event to determine if the flow inside tt@d legs will be stratified or not. The
significance of this discovery is that if the cdédy flow is well mixed, then the thermal

stress on the downcomer is minimal.
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2.3 Flow decomposition

The study of PTS involves many different physiclaépomena interacting under
specific conditions to produce thermal stressescpline walls of the pressure vessel.
The general flow patterns involved in PTS can beod®osed into three prototypical
flows: confined jets, stratified shear layers, dnmyancy driven turbulent plumes. At
the HPI nozzle, a confined jet emanates out ohitezle and into the cold leg in MR1.
Under conditions applicable to PTS, the flow in toéd leg is low, so that a stratification
of the cold leg fluid and the injected fluid form&Vhen the injected fluid falls into the
downcomer, a buoyancy driven turbulent plume dep&loEach of these prototypical
flows plays a role in the mixing process and wid bxamined in detail in the next
section.

2.3.1 Stratified flow/shear layers

Stratified flows arise from a non-uniform densfigld under condition of a
moderate Reynolds number that is low enough to gmevurbulent mixing from
effectively homogenizing the species present. Sthatification is hydrostatically stable
when the higher density fluid is beneath the flafdlower density. Due to buoyancy
forces in the flow, a stably stratified pipe flowliviransition to turbulence at a higher
Reynolds number than a uniform density fluid flowhis results from the fact that the
buoyancy force of the fluid resists the formatidrsimall disturbances, which could grow
and cause the flow to become turbulent (Turner3L9For instance, turbulent energy is
required to mix a stably stratified fluid as it doork lifting the higher density fluid
while being dispersed through the field of interesthe turbulent energy required to

disperse the higher density fluid is greater fogdas density differences, therefore the
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larger the density difference, the larger the R&smamumber required for the flow to
become turbulent.

The most classic work concerning stratified layisrthe Miles-Howard theorem,
which states that an inviscid stratified flow wile stable when the local Richardson
number is greater than 0.25 throughout the flowrri€uy 1973). The local Richardson
number at a single point is defined by:

Dr
g*h*(=") 1

Ri= = Equation 2.4

DU ? v Fr

where g is the acceleration of gravity, h is a terggale Dr is the difference in density
between the fluids; is density,DU is the velocity difference of the stratified lageand
Fr is the Froude number.

Benjamin (1963) did extensive work in classifyinffetent types of instabilities
that can occur in unbounded stratified shear lay&iisst, what Benjamin called Class A
instabilities are the same kind as Tollmien-Schiigdh waves found in traditional
uniform-density boundary layers (Turner, 1973). classical uniform density flows,
these waves use the presence of viscosity and Risystress to grow from a region
close to a solid boundary outward into the flowdie Viscosity plays an important role
in this instability, as larger viscosities can cadlse waves to be damped. The second
category of instability, called Class B disturbasagccurs primarily in external flows and
is caused by instability at the interface when wWerelength is much longer than the
height of the layer (Turner, 1973). Class B typdace waves can exist in the flexible
medium when there is no flow over it (Turner, 1973yhe last category of instability is

referred to as Class C, Kelvin-Helmholtz instaldft The Class C instability occurs
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when the velocity of the fluid on ether side of theerface travel at different velocities

(Defina, Lanzoni, and Susin, 1999). This mechaniem been found to be relatively
independent of viscosity and leads to rapid mixbejween the layers. The key to
Benjamin’s work was to determine when the thressga of instabilities would occur. It
was found that for small density differences, Cladastabilities were the first to occur,

but the growth rate of this instability is so sm#iat Class C instabilities usually
overwhelm the flow while the shear continues taease (Turner, 1973). Therefore we
will focus our attention on the formation of ClaSsinstabilities as the primary mixing

agent in the cold legs.

In relation to PTS, if the flow in the cold leg well mixed, then the buoyancy
forces between the fluid in the downcomer and thkl deg are small. However,
stratification tends to delay the transition tdowlence, which requires a higher Reynolds
number to achieve a well mixed condition in theddelgs (Hug and Britter, 1995). If the
incoming fluid is well mixed in the cold leg, theéhere is a smaller density difference
between the fluid in the downcomer to the fluid the cold leg, and the resulting
turbulent plumes in the downcomer that cause P&Srarch weaker. However, the area
of interest for this study lies in the stratifiati conditions where the turbulent plumes
develop and produce large thermal stress’s ondiagncomer.

2.3.2 Turbulent plumes and entrainment

Plumes, sometimes referred to as buoyant jetse &tom the point injection of a
fluid with a different density then the surroundiiigd. Plumes are generally considered
to be non-forced jets where the buoyancy of thiel ftliives the motion and mixing in the

flow. Most of the mixing in the turbulent plumesgpens by a mechanism called
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entrainment, provided that the Reynolds numberargd enough (Townsend, 1970).
Townsend examined entrainment for two typical floestrainment in a boundary layer
and entrainment in a wake. Townsend’s observatamustheories for wakes have been
used to describe entrainment in other shear flouch sas turbulent plumes and jets
(Turner, 1973).

Entrainment is the mechanism by which fluid owsiof a turbulent flow is
brought inside and mixed with the fluid inside bétturbulent flow. The buoyant force
between the two fluids causes motion of one flaidtive to the other in the direction of
the buoyancy force; this motion causes a shedneatnterface between the two fluids.
From the shear at the interface, vortices are fdrbeween the buoyant fluid inside the
plume and the fluid outside of the plume. In abaumded buoyant plume, the vortical
structure on the interface was observed to be enfélhm of rings around the plume
(Shusser and Gharib, 2000). This vortical motiots @s a pump, forcing external fluid
into the plume, which diminishes the net buoyarargé of the fluid. Townsend as well
as Morton, Tayol, and Turner (1956) found that iéie of entrainment of external fluid
into the buoyant plume is proportional to the véalogradient at the interface, the
buoyancy force, the distance from the source, andnatant he labeled the entrainment
constant.

Classical observations of plumes from area soustesv that the plume will
spread at a linear rate with distance downstreamn@r, 1973). By assuming a sharp
interface between the plume and the surroundind ffua non-compressible, unbounded,
Newtonian fluid, it can be found analytically tlithe spread of a single vertical plume in

a uniform, infinite environment is linear (Turnd9Q73). Another assumption is that the
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Boussinesq approximation can be made, so thatdhsitg difference between the fluids
only appears in the buoyancy term. It also assuim&sthe Reynolds number is large
such that the molecular properties such as theam@imomentum diffusivities don't play
a large role in the overall properties of the tlebt plume. Lastly, it assumes that the
buoyancy flux is constant as the plume travelsiecaty. The angle of linear spreading is
also dependant on the concentration difference dmtvthe plume and its environment
(Wicks, 1992). Specifically the density differenisetween the plume and the external
fluid must be small enough that the Boussinesq agppration can be made. By
assuming fluid with a constant buoyancy is reledasenmh a point source (producing a
plume), and the properties of the fluid have onestant value inside the plume and one
outside the plume, a similarity solution can bestarcted. An important feature of the
analytical solution is that when the above assuwngtiare valid, conservation of mass

states that the rate of entrainment is proporticm#the angle of spread of the plume:

6 .
b= Eaz Equation 2.5
where b is the radius of the plume at the distandeom the source and is the

entrainment constant (Turner, 1973). So it carsd®En from equation 2.5, that the half
angle of spreadga) of a plume in a uniform environment is proporabrio the

entrainment constant.

Most literature and modeling of plumes doesn'’t ctatgly explore the extreme
density gradients seen in a PTS event. As suclst assumptions like the Boussinesq
approximation have not been proven to apply to itlenkifferences as large as what is

seen in the PTS events (typically 17-18% densitfeinces in US designs). The only
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valid criteria are primarily found in Meteorologlcapplications where the Reynolds
numbers are often very large. These limitatiorcaigothe attention of the plume data to
be compared directly to other PTS studies. Whiengtative studies may not be
applicable to these PTS events, the physical trarglexpected to remain similar.

The interaction of turbulent plumes in close proxymcan produce a low
frequency oscillation between the plumes, whickumm can alter the flow characteristics
of the plumes. Villermaux and Hopfinger (1994 )vastigated how the merging length
and oscillation frequency of multiple, closely-spdc co-flowing jets changed as a
function of Reynolds number. They placed a plaith & predetermined pattern into an
air stream to produce multiple co-flowing jets andasured the velocity using hot wire
probes. At moderate Reynolds numbers (300 to 5@88)plumes interacted to produce
a low-frequency oscillation in the plume mergingstdnce and a high frequency
oscillation that corresponds to the vortex sheddiregjuency (as predicted by the
Strouhal number). Villermaux and Hopfinger (1983)nd that as the Reynolds number
of the jets increased, the frequency of jet mergimgeased linearly while the mean
plume merging distance decreased linearly. It awB® observed that after plume
merging occurred, the merged jet showed a stromgedse in velocity as compared to

the individual jet prior to merging.

2.4 What's missing

In the presence of multiple plumes, the dynamicthe flow in the downcomer
can be altered from the single plume case. Fdanmeg, a single plume has been found to
spread linearly in the direction of the buoyancycé& while flow fields involving

multiple plumes in certain geometries have beemdoto be significantly different.
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Wicks has found numerically that two plumes in pnoiy to each other will effect the
rate of spreading and the horizontal motion of epkthme in an open channel flow
(Wicks, 1992). This has a direct effect on the ammf fluid entrained into the plumes
and therefore the mixing characteristics in downeom

The RMM is a useful tool for guidance into the syss response to well mixed
conditions. On the other hand, the model wasaihjticompared to the Purdue %2 Scale
HPI mixing test, which uses a single plume to cti@rgze the mixing in the downcomer
section. This raises the question of whether theng dynamics with respect to mixing
are similar for one plume and in the presence dtipt@ plumes. The IVO fluid mixing
tests show that two plumes in the downcomer beldifferently than a single plume.
This is of great importance, considering that tgpilfWR designs employ multiple loops
that generate multiple plumes in the downcomer. soAlfrom turbulent plume
experiments and mathematical investigations coraglély Wicks, it is understood that
the presence of multiple turbulent plumes will ojparthe rate of spreading and the
mixing characteristics of the plumes and is higtipendent upon the initial conditions
of the plume (Wicks, 1992).

Due to the possible differences in plume behavitwken single and multiple
plumes in some reactor geometries, the UMD experatefacility will conduct an
investigation into single and multiple plume belwavin the Combustion Engineering
reactor geometry. The results will identify if miple plumes interact similar to the IVO
facility or have marginal effect like the HDR fatyl and provide quantitative data as to
the differences between single and multiple pluméke downcomer. This investigation

is critical to identify possible scenarios in whiBAS maybe different then previously
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explored experimentally and compared to the nurakrgimulations under these

conditions.
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Chapter 3:Experimental Setup and Scaling

The APEX-CE test facility at Oregon State Univgrgoroduced an extensive
scaling analysis for the Palisades Nuclear Planthvtetails the critical parameters that
must be matched in order to reproduce the impodhatacteristics of the full-scale flow
field in a scaled model. This analysis, along vatbvious multi-scale experiments, is a
guide into what non-dimensional parameters are nrogortant for sustaining key
features to the problem. The UMD experimental fasility is focused upon creating
similarity for the stratification in the cold legand the mixing phenomenon in the
downcomer of the Palisades plant.

In examining MR1, Theofanous separated the cadeshigh and low Froude
number injections and was able to note that thaidegonumber of the HPI played an
important role in the mixing in that region. Fom Froude number injections, a counter
current flow formed at the HPI nozzle, while foghiFroude number injections there was
no counter current flow. The Froude number of ithjection is important because it
affects the characteristics of the confined jetjolhn turn affects the mixing in MR1
(see figure 3.1).

Also, the flow rate through the entire system isigdo have an effect on the inlet
conditions to the downcomer, specifically in thgioms MR1 and MR2. In some of the
closed loop tests examining hot leg blockage, chadtention was made to matching the
loop flow resistance of the system so that thelifgcivould exhibit similar natural
circulation over the duration of the tests; typigadn the order of half an hour. The
UMD facility is an open loop system, meaning tha¢ fluid exiting the downcomer

doesn’t enter the system and instead is sent teaa tank. Because of the holding
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capacity of the UMD facility and data storage liatibns from high resolution
experiments, a test can be run for approximatelyibutes. Instead of using loop
resistance to regulate the flow rate through thetesy caused by natural circulation, the
UMD facility is driving the equivalent natural culation flow rate in the cold legs
through the use of circulation pumps. This alldarscontrol over the equivalent natural
circulation flow rate in the loop without the caukfcalibration of loop resistance

necessary for setting the flow rate.

OHPI OHPi

Fryp ~ 1 Frap > 1
(@) (b)

Figure 3.1: Observations of injection Froude numbeion mixing and jet characteristics (lyer
and Theofanous, 1991)

Theofanous, et al, successfully correlated stagoaid leg thermal stratification
data using equation 3.1, which is a Froude numbethfe HPI (Theofanous, Angelini,

and Yan, 1994):

1
Qnei g* Do Dr 2

AcL /HPI

FrupircL = Equation 3.1

It was derived from equation 2.4, which is the itiadal representation of the Froude

number, replacing the velocity with a representabulk velocity and using the diameter
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of the cold leg as a length scale. The injectioouBe number in the Palisades plant is
typically less than one (Reyes, 2002).

While maintaining Froude number similarity betweéme model and the
prototype, the Reynolds number similarity can'trbaintained. However, in both the
model and prototype the injection jet falls andduees a stratified countercurrent flow in
the injection line. Maintaining Froude number darty more accurately recreates the
effect of mixing at the point of injection for thigpe of behavior. The Reynolds number

is calculated for a jet from:

V*D

Rey = Equation 3.2

Where V is the bulk velocity of the jet, D is theamheter of the nozzle, andis the
kinematic viscosity of water. The Reynolds numbar the model is approximately
4500, while the maximum Reynolds number for theqispe can be as large as 360,000
depending upon operating conditions. The UMD expental data can not be compared
for all working ranges of the prototype injectioarameters, but as long as the Reynolds
number in the prototype is such that the buoyamzd Feroude number effects cause the
mixing to be dominated by the large scale motian Reynolds number similarity is not
as important as the Froude number similarity.

There are several design differences between tlenegey that Theofanous
studied, the UMD facility, and the Palisades planthe circulation pumps in the
Palisades plant force coolant over a weir wall Ire tcold leg, see figure 3.2.
Theofanous’s geometry excluded a weir wall on th#ed of the pump, while the UMD
facility incorporated this feature into the expegimh The weir wall affects the use of

Theofanous’s findings from MR5, because the UMDIitgchas a different flow in that
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region. The presence of the weir wall aids intdtiag the flow in the cold legs,

however Theofanous’s findings prove to be a gundie the rest of the flow field.

Cold leg

e

Weir wall

A E

Loop seal

.
Downcomer

Figure 3.2: Schematic showing location of the weivall (Reyes, 2002)

The UMD facility was constructed to be an approxengeometrically scaled
replica (in length) the Palisades plant. See taHldor facility dimensions; detailed part
dimensions are located in appendix A. Since tfexiion Froude number was critical to
match between the model and prototype, the closasinal pipe size HPI nozzle was
selected. Geometrically, the cold leg diameteapproximately three times the diameter
of the HPI nozzle; this similarity was maintainddray with the injection angle. In the
Palisades plant, the four nozzles are orientatethattwo are injected on the inside of
the cold leg bends and the other two are injeatech the outside bend, see figure 3.3.
However, due to space requirements in the laboratibre injection nozzles where
oriented between the cold legs (on the inside ef glpe bend) similar to the APEX

facility, see figure 3.4.
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Component Units Palisades  APEX-CE UMD

Reactor vessel ID in 172 25 23
Core Barrel OD in 152.75 20 18
Downcomer gap in 9.625 2.5 2.5
Downcomer length (below cold leg) in 207.7 60.5 47.5
Downcomer volume (below cold leg) ft"3 590.1 6.19 6
Downcomer aspect ratio (Gap/length) 1/21.6 1/24.2 1/19.0
Cold leg ID in 30 3.54 31
Cold leg length ft 19.1 5.81 3.67
Cold leg Volume ft"3 93.8 0.40 0.19
Safety injection nozzle ID in 11.375 1.13 1.05
Maximum HPSI Flow rate gpm 1459.2 5.29 5

Table 3.1: Table of dimensionally important features

HPI Nozzle

Figure 3.3: Palisades plant HPI configuration withtop nozzle in figure on the outside of the cold leg
bend and the lower nozzle on the inside of the clddg bend
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HPI Nozzle

Downcomer

Figure 3.4: UMD facility and APEX HPI configuration with both nozzles on the inside of the
cold leg bends

3.1 Different density fluids

In the APEX testing facility, the temperature betwater in the cold legs was
typically measured at 400 degrees Fahrenheit, whieinjected water from the HPI
system was 70 Fahrenheit (Reyes); this producediative density difference of 17.6%.
In order to simulate this large density differemt¢he low-temperature transparent UMD
facility, Magnesium Sulfate (MgSfpwas mixed into water to simulate the effectshaf t
cold, denser fluid, while pure water at ambientgerature was used to simulate the low-
density, high temperature fluid of the prototyp&y using concentration differences
instead of temperature along with a transparenselesptical measurement and flow

visualization techniques can be employed. The mtdge of using quantitative optical
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visualizations is that the entire flow field canfeeorded with high spatial and temporal
resolution, capturing the mixing process in detaillhe transparent acrylic vessel
constrains the ranges of temperature in the exeetino less then S0Celsius and the
pressure to be approximately atmospheric; the MeigmeSulfate allows the densities in
the prototype to be reproduced in the model withtdmperature and pressure at standard
conditions. Salt solutions have been used preilydassimulate stratification and plume
dynamics in similar experiments, under the asswnptihat a similarity between mass
and heat transfer processes can be justified iprgsence of turbulence. The drawback
of this method is that the flow field inside the daeb is not exactly similar to the
prototype because differences in the molecularpntbe and mass diffusivities are orders
of magnitude apart. The Schmidt number is the ratimomentum diffusivity to mass
diffusivity and is around 700 for MgS@n water, while the Prandtl number is the ratio of
momentum diffusivity to thermal diffusivity and iground 6 for water at standard
conditions. Because these numbers are orders giiitnde apart, simply changing from
a thermally diffusing scalar to a mass diffusinglac will not necessarily produce the
same results because the tracers diffuse at ditfeates. For laminar flow, the time for
diffusion to significantly mix fluids on the lengtales of interest is orders of magnitude
longer then the transient time of the fluid in Hystem (less then 1 minute). Therefore,
the effects of molecular diffusion over these tiseales in laminar flow are insignificant.
However, for turbulent flows, this will have an iagi on the smallest scales of motion,
but very little impact on the inertial scales resal by the optical measurements. Also
since the plumes are turbulent, the transfer ofsnpasely from molecular diffusion is

very small compared to the enhanced mixing frorhulence.
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Another concern about using salt concentratiorhtrarcterize the thermal system
is that in the thermal case heat is transferrewh fitee center of the downcomer and lost to
the outer wall of the downcomer. By using a masdas, the scalar is not lost or gained
through the walls like it is in the thermal cag®y using a simple heat transfer correlation
for a boundary layer over an isothermal flat plae, effect of the heat transfer through
the wall can be estimated. The Reynolds numbethferwas evaluated using:

VL,
u

Re, = Equation 3.3
Where Re is the Reynolds number, V is the velogitthe plume, k is the length from
the cold leg to the bottom of the downcomer, ang the kinematic viscosity of the
plume. The length of the prototype downcomer friv@ cold leg downward is 5.28 m
and the kinematic viscosity of water at’°25 is 1.37x10 m%s. The velocity of the
plume in the UMD experiments was observed to berhls. Reyes (2003) using the
same downcomer geometry estimated the velocith@fplume in the prototype to be 4
times greater then the velocity in the ¥s-scale rhddieing 40 cm/s as the velocity for the
prototype, results in a Reynolds number of 1.54xb0 the prototype. The following

correlation is for the average Nusselt number avdiat plate for Reynolds numbers

between 5x10and 1x16
N_u,_ =0.037* Re® Pr* Equation 3.4

Where Nu,_ is the average Nusselt number, Re is the Reynuldsber, and Pr is the

Prandtl number (Incropera and DeWitt, 1996). UsBiyfor the Prandtl number of water
at Palisades operation conditions yielded an aeehMuggselt number of the entire length

of the downcomer of 19,900. Then using the deéinibf the Nusselt number:
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Equation 3.5

Whereh is the average heat transfer coefficient ovelahgth of the downcomer, and k
is the thermal conductivity of water. Using .580(lW*K) for k, gave a value of 2184
W/(m?*K) for h. Assuming that the temperature of thdlsconstant allows the use of

the following equation for the temperature changéhe plume:

T - T (X) - P*x*h
M~ =eX Equation 3.6
Tt Pme, q

Where T is the temperature of the wall,{K) is the temperature of the plume with
distance along the downcomery Tis the starting temperature of the plume, P is the
surface parameter, x is the distance at whichahwpeérature of the plume is desired,

is the mass per second of water flow over the vaali G is the specific heat at constant
pressure of water. Using 400 for T, 25° C for Ty, 1.52 m for P, 67.7 Kg/s fam, and
5202 J/(Kg*K) for G yields a value of 31°2C for Tn(x) at the bottom of the
downcomer. P was calculated from the observatiah in the UMD facility the plume
spread to an average width of twice the diametethefcold leg. Assuming similar
behavior in the Palisades plant, the parametepofact between the wall and the plume
is 1.52 m, which is twice the diameter of the ctédd in the Palisades plant. The
maximum change in plume temperature over the exinencomer due only to heat
transfer from the wall was estimated to change &yQ, which is insignificant to the
temperature changes from turbulent mixing in theviimomer. Therefore the heat
transfer through the wall is small and a mass tracsufficient to model the mixing in

the downcomer. This is consistant with the resuitsn the HDR test facility where they
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found the heat transfer through the downcomer walhave insignificant effect on
cooling the downcomer fluid (Theofanous, Angelamd Yan, 1994).

Because of the optical measuring techniques usehisnstudy, the salted fluid
needed to be optically clear with an index of refian close to that of pure water. At the
full density difference required for the experimetiie Magnesium Sulfate solution was
still optically transparent with a slight shift index of refraction (see figure 3.5). Figure
3.5 shows the index of refraction of water with Magium Sulfate verses the specific
gravity of the solution; the index of refraction sveneasured using a refractometer with

the sample in a 7Z bath. Magnesium Sulfate is one of the few ghH$s has a solubility

Index of refraction vs. SG of salt solution
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Figure 3.5: Index of refraction verses SG of saltadution
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limit high enough to achieve the required solutgpecific gravity of 1.176. Another

factor in selecting a salt was the time requiredtiie salt to homogenize into a solution.
The time required for Magnesium Sulfate to fullgsblve in water was relatively short,
even at the relatively high densities required lyy €xperiments (typical solution could

be fully mixed in approximately 15 minutes).

3.2 Description of Set-up

In order to achieve the goals set forth, a quastate model of the reactor was
constructed to study the buoyant turbulent plunmegkbped under primary coolant loss
conditions. The entire experimental set-up coedisif several systems: the downcomer
and piping, optics, line-scan camera, and datadegg The downcomer and piping
system was responsible for flowing and containimg fluid streams while allowing for
optical mixing visualization in select regions adetsystem. The purpose of the interior
optics was to visualize the concentration of dyside the downcomer, while the line-
scan camera captured the dye concentration justéogfie fluid enters the downcomer.
The data logging system was responsible for rengrdind storing of the pertinent data.
3.2.1 Laser Induced Fluoresce (LIF)

The concentration measurements used in this stughe wbtained by use of a
technique called Laser Induced Fluoresce (LIF).F blas been used extensively to
measure the concentration of tracers dissolved iiquad, primarily used to study
transport and mixing phenomena. When excited lyatimn of a proper wavelength,
some molecules respond by transitioning into a drigilectronic energy state and then
returning to their ground state via emission ofh@tpn of light (Walker, 1985). This

process can happen very rapidly; typically on tmeep of 10° seconds. When the
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molecule is in an excited state, electron collisi@mause the molecule to lose a small
amount of its excited energy. This is significaatause the amount of energy emitted by
the molecule in the form of light is less than #reergy initially absorbed. Because of
this small energy loss, the wavelength of light edi is longer than the wavelength of
light absorbed. The emission of this longer wawglk light is known as fluorescence.
By choosing dyes that exhibit a large separatidwéen the wavelength of light used to
excite the molecule and the wavelength of light teadj quantitative concentration
measurements can be preformed with the apprompieal filters.

LIF has the advantage of providing a high degrespatial and time resolved
concentration measurements as compared to moréidnal measurements using
thermocouples and conductivity probes, with the eadédvantage of being a non-
intrusive measurement technique. Using the moéeqouiloperties described above, LIF
can be used to obtain a quantitative measure o&vkeaged concentration. As a laser
beam passes through a region of dye, the inteafitye laser light diminishes because of
absorption. The intensity of laser light at aamste x into the dyed region is:

I (x) =1, exp- [ gC(g9)dg] Equation 3.7

o

Where b is the incoming intensity of the laser light; is the molar absorption
coefficient of the dyed solution at the wavelengththe incident laser light, C) is the
concentration of dye at length At the low dye concentration used in these axpants
(.1 ppm), the molar absorption coefficient can bsuaned reasonably uniform over the
laser beam path (lgarashi et al., 1995). The geedye concentration over the region of

dyed fluid can be defined as:
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C_x =§ C(g)dg Equation 3.8

0

Substituting definition 3.8 into equation 3.7 yigld

I (x) = 1,exp[ elc_xx] » 1o (L- QC_XX) Equation 3.9

where the exponential term is approximated byst Grder series expansion in X, which
requires thatelC_X <<1.

The amount of fluorescent light emitted by andecit laser beam per unit volume

is given by:

F(x) =je ,C(X)I (x) » je ,C(X)|,(1- gCxx) Equation 3.10

where is the quantum yield of the fluorescence. Somtheflight emitted by the dye
can potentially be reabsorbed by the dye. Howedwerthe dye used in the current work
the absorption coefficient in the region of emissi® much smaller then, so it can be
neglected. Therefore by utilizing these properbédlF, the average concentration of
fluorescent dye over the length of the laser beambe obtained.

A 10W Argon lon laser (Spectra Physics model Sitabil700) and Rhodamine
6G fluorescent dye were chosen because the pethle afyes absorption band is located
around 500 nm which is suitable for using an iog@r laser which primarily emits
wavelengths of 488 and 514 nm. Rhodamine 6G dighs from around 535 nm up to
620 nm with the peak emission around 555 nm. Tdimotlne use of filters, the light
emitted from the dye can be separated from themivog laser light.

3.2.2 LIF optical assemblies
The purpose of each LIF optical assembly is to skarflow field to obtain scalar

concentration measurements using the LIF techniguegions of interest. The UMD
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experiment employed two separate LIF optical assiemb One assembly was used for
obtaining the concentration measurements in thendomer and the other to obtain
concentration measurements in the cold leg atribrargce to the downcomer.
3.2.2.1 LIF optical assembly for the downcomer

The optical assembly for scanning the downcomer ewstructed to direct the
laser beam through the downcomer gap from insigedilwncomer. The laser beam
excites the fluorescent dye in the gap, and agoui the light emitted from dye would
be collected, filtered, and focused onto a recegiviber for conversion into a comparable
voltage by a Photo Multiplier Tube (PMT). By comipg the PMT output voltage to a
calibrated voltage, the average concentration dwverfluid volume illuminated by the
laser can be measured. In order to obtain theerdration over the entire downcomer,
the laser beam is swept vertically in the z digct@nd azimuthally in the direction as
indicated by the coordinate system in figure 3T&e origin of the z-axis is located in the
center of the cold legs, while the origin for trenauthal direction () is located on a hot
leg. Vertical sweeping of the laser beam is acdisingd by reflecting the laser beam off
an octagonal rotating mirror, while the azimuthehrming is achieved by mounting the
entire optically assembly on a motor-driven bearifidie entire optical assembly rotates
at approximately 60 rpm and the octagonal mirréates at 4000 rpm. This results in the
entire downcomer being scanned at a frequencyHd, with approximately 533 vertical
sweeps per revolution. Figure 3.7 shows a detatdwmatic of the optical assembly
inside the downcomer. A collimated laser beamlignad along the center axis of the
downcomer, from the top, and enters an opticalraBBereferred to as the fluorscope.

The fluorscope utilizes a series of optical filidesises, and mirrors in order to allow the
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laser beam to pass through the scope while cailgctiiltering, and focusing light

emitted by the dye, see figure 3.8. Once the ldigint has passed through the
fluoroscope, it is reflected by a one-inch flat mironto a rotating mirror. The rotating
mirror is a thin, 8-sided, reflector attached toedectric motor spinning at 4000 rpm. As
the rotating mirror spins, the reflected laser beameeps out a path, which is then
reflected into the downcomer by two long thin fhairrors. The two mirrors are aligned

so that the beam from the rotating mirror sweepsaovertical slice of the downcomer
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with some overlap in the middle where the beam cdwes mirrors. The amount of
overlap was determined by placing a 20 stripedréiscent target on the outside of the
downcomer. By knowing the number of stripes on thget and comparing to the
number of stripes in the images, the region that exaerlapped could be determined and
removed from of the downcomer images. The data fitte lower mirror was used in the
overlap region because it provided higher resatuitimaging in that region.

When the laser beam strikes the dye in the downcgage, some of the laser is
absorbed, and the dye emits light proportionah® dverage concentration contained in
the volume illuminated by the laser. The fluorsed@as several focusing optics designed
to efficiently collect the light emitted by the @tescent dye that is directed back along
the path of the laser beam. The fluoroscope pdggescollected from the downcomer
through a 540 nm high pass optical filter to alline emission of light by the Rhodamine
6G to pass while blocking background and lasertlighhe light is then focused onto a

fiber optic and sent to the Photo Multiplier TulBMT) where the intensity of the light is
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Figure 3.8: Details of 1-pixel fluorscope
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converted into an output voltage; the output vategdirectly proportional to the amount
of light received. A Hamamatsu 1477-06 PMT wasdeld for its low noise, high
sensitivity, and quick response time.

For the entire flow field to be visualized, therqalete optical assembly contained
inside the vessel must rotate azimuthally during #xperiment. To handle this
challenge, the entire optical assembly was mouated Rollex bearing held in place by
an extruded aluminum structure. All optics wegdly mounted to a second extruded
aluminum frame which rested inside the vessel supddy the bearing. A 4-wire slip
ring was installed to facilitate the power requists of the electronics rotating with the
assembly. A Winsmith Maximizer 913 gear reduced an Dayton variable speed
electronic motor was used to spin the optical agberthrough a belt drive system.
While in operation, the rotating mirror would sweépe laser beam through the
downcomer section in the Z direction while the wvehadptical assembly rotated
azimuthally in the direction. This produces concentration measurésniat are two-
dimensional and averaged over the radial direatfche downcomer.

3.2.3 Downcomer and piping

The downcomer section was built using opticalgngparent Plexiglas.
This allowed for non-intrusive flow visualizatiom@ measurement techniques such as
Laser Induced Fluorescence to be utilized. A selienof the system is shown in figure
3.9, and a detailed drawing of each componentvisrgin appendix A. As seen in figure
3.9, clean water from the supply tanks is drawnmowo the cold legs by the circulation
pumps on each side and then split into two cold.leghe higher density salted water is

injected into the cold legs through the HPI nozzl&ke two fluid streams interact in the
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cold legs and are swept into the downcomer sectiban out the bottom of the
downcomer to the return tanks. As mentioned inki&ginning of chapter 3, the UMD
facility was scaled to match the geometry of thedon State APEX-CE reactor with
some minor experimental design changes to accomndta optical instrumentation
and testing procedures. Figure 3.10 shows a cofiam diagram through the UMD

downcomer and what the flow path would look likeotlhgh an unmodified downcomer.
In the prototype, coolant enters the downcomer ftbencold legs, travels through the

downcomer, flows up through the center of the Vesger the fuel rods, and then exits

Supply
tanks

Circulation pump

Figure 3.9: Scale drawing of UMD optical test facity, showing the supply/receiving
tanks, cold leg circulation pumps, cold legs, HPlozzles and acrylic test vessel
Downcomer.
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through the hot legs that protrude out of the Vegsapproximately the same height as
the cold legs. Since the buoyant plumes are @fréist in the downcomer, the path of
coolant flow was redirected to accommodate thegolemnt of the optical assembly in the
center of the vessel. In the UMD facility, thevilgpath exits the bottom of the vessel
instead of through the center and out the hot légs.minimize any adverse effects this
might have in the downcomer region, the fluid a thottom of the downcomer was
directed upward through a perforated plate simdathe prototype and then directed out
the bottom of the vessel. To keep the flow withive downcomer similar to the
prototype, two artificial hot leg obstructions warenstructed to simulate the pipes that
travel from the core through the downcomer andtothe steam generators. To simulate
the natural circulation in the full-scale loop, tWone on each side) Dayton variable
speed 3hp centrifugal pumps were used. These pomp@wsted at various speeds to
provide a specified flow rate in the cold legs. the actual facility each cold leg is
supplied by its own pump, where as in the UMD ekpent the outlet of the circulation
pump was sent to a tee junction, which suppliedl fta two cold legs. This allowed the
use of only two circulation pumps to drive the flawthe UMD facility.

To simulate the High Pressure Injection (HPI) systetwo Cole-Parmer
Masterflex constant displacement pumps were uskte Masterflex pumps provide a
constant flow rate, which is independent of thespuee on each side of the pumps when
used within the specified operational characte&sstif the pump. Two pump heads were
mounted on each Masterflex pump so that four ipeabtozzles could be simulated using
two pumps. The HPI injection nozzles were conséaiin one of two different methods:

one nozzle was made from transparent acrylic tmedbr visualization and monitoring
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Figure 3.10: Coolant flow through the redirected UMD downcomer and flow through an unmodified
downcomer

of the injection conditions (as shown in figure 3,1while the other three nozzles were
constructed from opaque Poly-Vinyl Chloride (PV®or the transparent HPI nozzle, the
flange and pipe inside the injection nozzle wasstmeted to accept different injection
diameters to allow different Reynolds numbers & thcoming injected fluid. The

injection leg was encased in a box of transpasamylic that would be filled with water.
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This allowed the mixing inside the pipe to be se#aie minimizing the image distortion
caused by the curvature of the transparent pipeddfetences in the index of refraction
between the surrounding air and the acrylic. Thieerothree injection legs were
constructed out of three inch PVC pipe to give $hene injection characteristics as the
acrylic leg without to need for transparency.

To contain sufficient water for the system, fouriffet and 2 exit) 100-gallon
water tanks were used. Three-inch bulkhead fitwwgre used in the bottom of the tanks
to allow entry and exit of the fluids. Three-inbhll valves were placed throughout the
piping network to control the flow of water througfne system, allowing for alternate

flow paths if the test required it.

Figure 3.11: Transparent acrylic HPI nozzle
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3.2.4 Line scan camera

To obtain the inlet concentration profile into th@wncomer, a Dalsa 2048 pixel
digital line scan camera measured the florescem dyncentration using the LIF
technique in the cold leg just upstream of the dawmer. The camera was mounted onto
a stationary tripod pointed at the cold leg, witlpation of the lon-Argon laser beam
traveling through the measurement volume to extigedye molecules, see figure 3.12.
A high pass filter was used to block out the ligitensity from the laser beam and to
capture the fluorescent light emitted from the dyA&n acrylic viewing window was
placed at the end of the cold leg (at the entrancthe downcomer) to allow optical
measurements from the line scan camera in thisomegi The pipe entering the
downcomer was cut from a solid acrylic square vaithircular hole drilled through the
center, this configuration minimizes optical distmm caused by changes in index of

refraction along curved surfaces.
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Figure 3.12: Line scan camera set-up

3.2.5 Data loggers

To simultaneously record the data from the mutipistruments used in the data
acquisition system, two synchronized analog-totdig{(A/D) converter boards were
used. This was done to accommodate the bandwedfhirements of the high-speed
PMT data acquisition and the low speed acquisifrom the other instruments. The
signal from the Photo-Multiplier Tube must be sagapht a high frequency to obtain the

data necessary to recreate high resolution two4tsmeal images of the flow field as it
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evolves in time. The higher the scan rate, theenpmints that are captured to describe
the concentration in the downcomer. The PMT ig alampled by both the high speed
and low speed A/D boards. It was found that tlvems a significant non-constant delay
between the start of the data acquisition for damérd. To synchronize the two data
streams, the PMT was sampled by both data loggnagds and cross-correlated during
post processing. In order to minimize the delaywken the start of the acquisition
computers, the computer used for low-speed dataisitqgn was configured to output a
trigger signal when it received a manual input frahe experimentalist to start
acquisition. The computer used for high-speed datguisition would start recording
data when the trigger signal was received.

One computer was dedicated to sampling the PMTasigina high sampling rate
while the other was sampling the slower changingpuufrom the pressure transducers
and pumps. The first analog to digital convertarswva Computerboads model CIO-
DAS16/M1 board, which was used exclusively for shngpthe PMT at 250,000 Hz; the
second analog to digital converter was model PODMBE-1 built by National
Instruments, which sampled the slower quantities nomtiple channels. Labview
software was used to control the converters anpgubaihe data to a binary file. Since the
plumes in the downcomer are highly dependent onirtle¢ pipe conditions, pressure
transducers were placed on each of the supply t@nkseasure the hydrostatic pressure
as it varied during the experiment; the hydrostptEssure measurements can be used to
monitor the amount of fluid in the tank and hencevpgle the flow rate of supply water
out of the supply tank. The flow rate of the s@lkegh-density HPI injection water was

controlled and recorded directly by the Labviewgseam. The constant displacement
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pumps used for injecting the salted water simubtask/ provide a voltage signal that is
comparable to the flow rate; this signal was reedrlly the slow A/D board to monitor
the flow rate and assure that it matched the spé€diow rate.

3.2.6 Data processing

The goals of the data processing were to evalddterent parameters in the
experiment and reconstruct quantitative spatialceatration maps produced by the
turbulent plumes. The data recorded by the datgelesgwas manipulated by Matlab
programs under the 7.2 SUSE Linux environment en @omputational Processing Lab
to formulate the quantities of interest. To precése massive about of data recorded
from a single test (approximately 1 gigabyte fasirzgle 300 second test), the data files
had to be processed in smaller pieces which coelldamdled by the available amount of
computer memory.

First, the processing computer had to synchrotheetwo data files; the slow-
sampled circulation pump speed, the HPI pump flate,rand the hydrostatic pressures
from the inlet tanks along with the high-speed dampof the PMT. Since the
computers have some delay between the time thainfimted data acquisition, each file
was searched and cross correlated by comparing ttoesecutive points in the slower
data file with the same three points in time in thster data file. The data files were
correlated by looking for the largest cross-cotreta coefficient between the points in
the files. When the largest correlation was fouhdyas taken to be the beginning of
each data file. To smooth the signal and remoweesof the high frequency noise from
the PMT, a 9 point median filter technique was eyetl. After filtering, the computer

searched the data to find specific geometric markgaced inside the downcomer to
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indicate when the optical assembly had completed eevolution. On the interior of the
downcomer vessel a small 1” x 1” patch of dyedlthas taped to the inside on one of
the fake hot legs. By placing the patch over dntne fake hot legs, the patch acted as a
marker indicating when the assembly rotated throagh complete revolution. The
revolution detection was done offline after the pbete set of data was collected. By
placing the patch over an area where there is moveys present, it created a unique
marker which could be found in each rotation.

The code then split the data into discrete revohgj numbering them from one to
the last revolution recorded by that test. Prireach test, the optical assembly was
aligned, and a calibration revolution was perfornasthg a 0.1 ppm dye concentration.
The concentration level corresponds to the 100%emtnation level in the tests and was
used during post processing to properly normakleetést data. The LIF measurements
are affected by geometry, measurement length atihessowncomer gap, incident angle
of light on the acrylic, and length from fluorest@mission to the fluorscope. Because
these effects are a function of position in the doomer, each data point in the
downcomer requires it's own calibration as a fumttof position; a calibration sweep
containing all the measurement points of the erdioesncomer was necessary. By
comparing the concentration test data to a caédrabncentration at the same geometric
location in the downcomer, the geometric effectst tbhange the LIF measurements
could be cancelled out of the measurements. HEmquai7 was used to extract a

normalized concentration value for each point:

C_v

C:o Vo- VW

Equation 3.7
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WhereC/C is the normalized concentrationis the voltage recorded during a testjs
the background voltage taken from the first revolutin the test before the dyed fluid
entered the downcomer, anglig the voltage recorded from the downcomer filgth
dye during the calibration. Equation 3.7 was aaplio each point in the downcomer
individually and not as a global average. Befdre test data was normalized, it was
linearly interpolated to a size equal to the frestolution, so that it could be normalized
using the same number of points at the same latdtio every revolution. In the Z
direction, the number of points describing eachiwarslice was not consistent owing to
slight variations in the speed of the rotating orrr The largest observed variation in the
number of points in the Z direction was 0.4%. Tomalize the raw data, the vertical
slices were interpolated onto the same grid. Theber of points in the azimuthal
direction varied by a maximum of 2% between th&ahcalibration revolution and the
subsequent test data revolutions. The 2% variadaan indication that the revolution
speed of the entire assembly was not constant, Vewitewas assumed that this variation
was caused by the control feedback loop of the motong to keep the assembly
rotating at a near constant speed. The variaiiorspeed happened over a longer time
than the time to measure one revolution of the dmnrer. So the speed for each
revolution was assumed constant for that revolusiod the test data was interpolated to
match the size of the calibration revolution.

The measurement points along the vertical diractbthe downcomer are not
evenly spaced due to the geometry of the opticsdrably, so a relationship between the
pixel and its spatial location was developed toawbtthe spatial position of each

measurement. This was obtained separately byngazi54 cm wide markers spaced
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2.54 cm apart on the outside of the far wall of ttmevncomer spanning the entire Z
direction. This functional relationship is necegda correlate the position of each pixel
to a spatial location. Minor realignment of theticp seemed to have no effect on the
vertical spacing of the points. Key features witklhe geometry (such as the fake hot

legs and cold legs) always appeared at the saragdadn the data files within .25 cm.

3.3 Experimental test conditions

The experimental test matrix shown in table 3.2% wanstructed to produce
stratification in the cold legs at varying Froudembers spanning the range of interest
concerning PTS under natural circulation conditiombe HPI flow rate of 1.5 GPM with
one and four plumes were chosen in order to provalitions that could be compared
with the work accomplished at OSU. The cold legvfrate in the cold legs was changed
in order to vary the cold-leg Froude number, wifie initial density difference between
the fluid streams was constant. The upper bounithtefest for the Froude number is
when there is no stratified flow in the cold ledslly mixed condition), which would
produce significantly less thermal stress along wadls of the downcomer than the

stratified cold leg conditions.
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Case

SP1

SP2

SP3

SP4

SP5

SP6

MP1

MP2

MP3

MP4

MP5

Table 3.2: Test matrix with operational conditionsfor each test.

HPI Flow Rate

(GPM)

15

15

15

15

15

15

15

15

15

15

15

# Plumes

Cold leg
circulation

flow Rate

(GPM per leg)

0

2.42

3.75

6.77

10.78

14.7

2.1

3.1

10.2
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Salt Sg

1.176

1.176

1.176

1.176

1.176

1.176

1.176

1.176

1.176

1.176

1.176

Fr:= U(@D( p/p)-.5

(equation 2.4)

0.161

0.080

0.077

0.038

0.186

0.245

0.161

0.099

0.022

0.054

0.177



3.4 Experimental uncertainty

There are several possible sources of uncertaimtguntered in the experiments.
First, the techniqgue employed for flow visualizatigives a 2 dimensional representation
of a 3 dimensional phenomenon. The concentratiothe downcomer was inherently
averaged over the (approximate) radial directiorthgyexperimental technique, so some
of the detailed structure of the plumes and theefibw field are lost. In examining the
visualization of the plumes, careful attention must given in extracting flow
characteristics from these 2 dimensional images: ifstance, fluid motions out of the
viewing plane can not be seen, only their resuttschanging the average radial
concentration can be detected.

By using a non-intrusive optical measurement nubthtbe optical quality and
optical properties of the observation mediums tmasfect on the measurement, resulting
in a non-uniform voltage output for a given unifortoncentration. Fortunately, by
filling the vessel with 100% dye concentration ffy) before the actual test and using
that as a calibration reference, optical propersiesh as optical quality and geometry
remain the same between the calibration and the t€his is an advantage as the effects
of these phenomena on the measurements cancelhomigh the normalization.
However, errors can occur in the measurements becafl vibrations in the optical
assembly which alter the path of the beam and spaednce in the motors responsible
for sweeping the laser beam through the downcornfierestimate this error, each of the
calibration sweeps with the downcomer full of 106&tmcentration fluid were compared.
A total of 102 revolutions were compared by taking RMS of the PMT voltage at each

location in space. The results showed that the Riba no noticeable dependence on
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the direction, but showed significant dependence an ldtation in the Z direction.
Since the RMS was only dependant on the Z directgach of the 102 revolutions was
averaged over the azimuthal scan direction to gairensemble of more than 50,000
vertical sweeps for estimation of the error. FegBrl3 shows the RMS of the ensemble
of vertical sweeps, since the concentration of wge constant, this is a representation of
the absolute error due to the optical and motigemblies. For some of the cases which
have a low concentration in the downcomer (aboWb)lGhis error is significant and

reduces the measurement a more qualitative repeggenof the concentration.
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Figure 3.13: Absolute percent error for optics andmotor control assemblies

During the tests, the plumes are present in thendomer whereas in the
calibration they are not. As seen previously igufe 3.5, the plume has a slightly

different index of refraction than the water usadhe calibration (approximately 2%).
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By having a difference in index of refraction, tpath that the laser beam travels is
slightly different then the path in the calibratiomhis alteration in path changes the path
length in equation 3.6, thus inducing an error hle measurement of concentration.
Figure 3.14 shows a situation where the incomisgrdeam hits an interface between
the salted water and the unsalted water in the domer and the trajectory of the laser
beam is altered resulting in a longer path length.is the angle of the incoming laser
beam from the interior optics with respect to thdius of the downcomer,; is the angle
between the incoming laser beam and the surfaceal@f the interface, and, is the
angle between the refracted laser beam and theahaymthe interface. Using this
geometry, Figure 3.15 is a plot of the percentedéhce in path length vs; with the
different color curves representing different incogilaser beam angles;. A change in
path length is directly proportional to the diffece in laser intensity received from the
measurement, so a 3% increase in path length egtata 3% larger value for the
concentration in the downcomer according to equali®. The curves in figure 3.15
were constructed by taking the percent differemce@ath length between a laser beam
which passed through pure water versus a laser lvd@aoh passed through the salted
fluid at 100% salt concentration used in the experits. The error estimate used an
interface placed at the interior wall of the dowmaw, which should yield the largest
possible deviation from the calibration. The maxmincoming angle for the laser is 15
degrees, which corresponds to the largest err@rs86 from this phenomenon. The plots
in figure 3.15 also assume that there is only onerfiace between the two fluids, if a
second interface is allowed in the calculationttst the laser beam goes from water to

salted water back to water), the error can reatlaamum possible value of 23%. These
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Figure 3.14 : Laser beam path change from index a€&fraction effects
errors are only possible when the incoming angléheflaser beam () is large, which

occurs in the bottom portion of the downcomer. miaimize this error, the fluorescent

dye was placed into the injected salted fluid iadtef the background water to minimize

the path length.
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Since the background water makesmost of the fluid in the




downcomer, if the path length of the beam is attdrem changes in index of refraction

then the increase in intensity is minimal sincerttagority of the fluid has no dye present.
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Figure 3.15: Percent difference in path length vs ;

There are a few possible systematic errors in @kperiments. For every
calibration sweep and test case, the total voluimium in the entire system and the
injection tanks must be known so that the approgpdout of dye could be added. For
the calibration sweep, dye was added to the ialeitd filled with pure water to reach a
concentration of .1 ppm, while for the test casgswas added to the injection tanks with
salted water to reach a concentration of .13 ppmthe salted water solution, .13ppm

dye concentration gave the same voltage on the B&pure water with .1 ppm of dye.
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This was determined using a small calibration chemnivhich illuminated a laser beam
through a small volume of dyed liquid. First, puwater with .1 ppm dye concentration
was placed in the calibration chamber, the outpltege on the PMT was recorded. The
water was replaced with salted water with a spegfavity of 1.176 (the value used in
the experiments). Dye was slowly added and mixréalthe chamber until the voltage of
the pure water with .1 ppm dye was achieved. Toearacy of measuring the amount of
dye required for the experiment was estimated t@%e with 2% corresponding to the
distance between graduations for the volume ofudedl in the experiments. A 2% bias
in dye added to the inlet tanks would correspondt@% change in the measured
concentration in the downcomer. This error appieemixing the dye for the calibration
sweep and mixing a separate batch of dye for theahtest.

By examining all of these sources of error, theiogptand motive assemblies
seem to be the largest contributor to the ovesgitesn error. To calculate the overall
system error, the square root of the sum of thargguof each error source was taken to
yield the error curve in figure 3.16. The shapéheferror curve is similar to the shape of
the curve for the optical and motive assemblieBgare 3.13. This is no surprise since
those assemblies seem to produce the largest soliszeor. A systematic error of 2%
for mixing the exact quantity of dye, a 1.5% eriarindex of refraction changes in path
length, and the curve in figure 3.13 where useprtaluce the curve in figure 3.16. 1.5%
was used as a conservative estimation for the marigheviations in path length as seen
in the downcomer, from figure 3.15. Since this wWassmallest error reported, it had the
smallest effect on the overall system error. I ¢t seen from figure 3.16 that the

middle of the downcomer yielded the largest pereerdr. The sharp spike around 8.3
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cold leg diameters is where the laser beam tramsitbetween mirrors. Note that this

error is an absolute error, which is in refererc&@0% concentration.
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Figure 3.16: Total absolute experimental error verss Z
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Chapter 4. Results and Discussion

4.1 Inlet conditions (HPI and cold legs)

The line-scan camera data was used to extracintee concentration profile
history in one of the cold legs, just upstreamhef towncomer section. From the camera
data, it was determined which Froude number cases wiill stratified and which ones
exhibited significant mixing in the cold legs. TReoude number for the stratified cases
were calculated using equation 2.4, where D*U watsr@ated by extracting the height
occupied by each stream. A cut-off threshold c¢f560 intensity between the maximum
and minimum concentrations in the pipe was consitiéhe boundary between the two
layers. Using the height of each layer from theedican camera, the diameter of the
circular pipe, and the known flow rates, a bulkoe#ly of each layer was computed and
used in equation 2.4. This approach doesn’'t workttie well-mixed conditions inside
the cold leg because there are no longer two dfftefluid streams. For those cases, a

traditional Froude number was used for the welledixases, as given by equation 4.1:

U .
Fr = Equation 4.1

*D

ﬂ

Where U is the Bulk velocity of the well-mixed ftlig is the acceleration of gravity, and
D is the diameter of the cold leg. Figures 4rbtigh 4.6 show the percent concentration
at the entrance to the downcomer versus distammee the center of the pipe obtained
from the line scan camera. The plots are in oofencreasing Fr for the single and
multiple plume cases. Due to step-up and calidmmaterrors, accurate cold leg

concentration data was not acquired for all cases.
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MP3, Fr=.022, 3.1 GPM co-flow

?I:I T T T T T T T T T
=7 sec
=15 sec
U =35 sec
=55 sec
50 ¢ t=75 sec
=
R=
=
t 40rF
(k]
[}
=
[m)
[
£ 0
(k]
[
o
o
201
10+
—n™
R L I __J | ] ]

1]
5 04 03 02 -01 0 0.1 02 03 04 05

Figure 4.1: % Concentration verses distance from ilet center for MP3, Fr=.022 at times t=7,
15, 35, 55, and 75 seconds

SP4, Fr=0358, 6.8 GPM co-flow
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Figure 4.2: % Concentration verses distance from ilet center for SP4, Fr=.038 at times t=7,
15, 35, 55, and 75 seconds
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MP4, Fr=.054, 6.0 GPM co-flow
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Figure 4.3: % Concentration verses distance from ilet center for MP4, Fr=.054 at times t=7,
15, 35, 55, and 75 seconds

SP2, Fr=.080, 2.4 GPM co-flow
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Figure 4.4: % Concentration verses distance from ilet center for SP2, Fr=.080 at times t=7,
15, 35, 55, and 75 seconds
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MP2, Fr=099, 2.1 GPM co-flow
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Figure 4.5: % Concentration verses distance from ilet center for MP2, Fr=.099 at times t=7,
15, 35, 55, and 75 seconds

SPE, Fr=24,14.7 GPM co-flow
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Figure 4.6: % Concentration verses distance from ilet center for SP6, Fr=.24 at times t=7,
15, 35, 55, and 75 seconds
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Interesting to note is the shape and position efdtnatification. In all the cases
with Fr < 0.18, the cold legs remained significardratified, while the other cases were
observed visually (and through the camera datd)et@xperiencing turbulent mixing.
This can be seen from the relatively uniform comaion across most of the cold leg in
figures 4.6, while figures 4.1 through 4.5 show lgac and rapid decrease in
concentration at a specific height in the cold le§so note the fluorescent intensity as
the Froude number is increased. For the lowerd&@owmbers, the fluorescent intensity
is large, and as the Froude number is increasedndximum concentration of dye seen
at the inlet to the downcomer is decreased. Tdiani indication of increased mixing
across the interface of the two fluids as the Feomdmber is increased, which is most
likely occurring from increased shearing at thenpaf injection. It is important to
understand from this data that the value of theukeonumber in the cold legs directly
affects the concentration of fluid before it entéhe downcomer, which changes the
buoyancy of the plumes.

For all cases, the fluorescence intensity app@abetincreasing with time. This
increase is due to the filling of the cold legshwihe injected fluid and the gradually
changing conditions in the downcomer. As seerh@nfigures above, the concentration
profiles are generally increasing in intensity a&w®et increases. This increase in
concentration primarily occurs from the cold letigny and reaching a quasi steady state
condition. When the injection is started, sometle# injected fluid mixes with the
surrounding fluid in the cold leg, and the restha fluid settles on the bottom of the cold
leg. As more fluid is injected, the cold leg begito fill with injected fluid and the

injected fluid flows in both directions (upstreamdadownstream) of the injection orifice.
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The injected fluid travels upstream until it corigathe weir wall in the cold leg. The
injected fluid in the cold leg then continues th fhe leg and reaches a steady state
height. This cold leg filling transient time seetoshe on the order of 30 seconds, as can
be seen from the fact that the concentration @®fih the cold legs remain similar for

most cases from 35 to 75 seconds (see figure®414].

4.2 Downcomer

As the injected fluid enters the downcomer sectibfprms a plume and mixes
with the surrounding fluid, causing the averagesttgrin the downcomer to slowly rise
in time. Figure 4.7 shows the increase in conegiom with time for a low Froude
number case (all other cases showed similar treafisg¢ plot in figure 4.7 is generated
from the average concentration values taken fromertical averaging region for each
revolution. The averaging region was located gor@aximately the opposite side of the
downcomer from where the plume enters the downcomdote that the increase in
concentration is approximately 5% increase overs8fonds, but is a concern when
comparing data spanning over long times wherettaisd may play a role. Note that in
figure 4.4, that the concentration in the cold feg SP2 is 20%. At 120 seconds the
background concentration is half of the incomingnaantration. This means the net
buoyancy force between the plume and the surrognfliind at 120 seconds has been

reduced to half of its initial value.
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Background dye concentration for Fr=.079
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Figure 4.7: Downcomer background concentration oveduration of test. Test conditions
correspond to case SP2.

4.2.1 Turbulent plumes from a single leg

There are many interesting phenomena encounteredei visualization of the
single leg turbulent plumes (see figure 4.8). Tigare is a filled contour plot of the
percent concentration of scalar dye in the downeoateeach azimuthal and axial
position. It can be seen that the single plumersnthe downcomer from the cold leg
with diminishing concentration as the plume progessdownward and spreads.

The effect of large scale structures on each sidbeoplume can be seen by the
wavy interface between the plume and the surrognfiiind. The following sequence of
images in figures 4.9 through 4.17 show that theglsi plume falls into the downcomer

with the centerline of the plume predominantly @dhe vertical direction. The plume
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image of percent concentration in the Downcomer
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Figure 4.8: Filled contour plot of the normalized oncentration of SP1 at t=10 sec

remains approximately vertical with some very snmadlvement back and forth, likely
due to the vortical structures on the sides ofpghume. All of the single plume cases
exhibit the same characteristic of falling predoamithy along the vertical direction. The
only significant difference between the cases éshigher cold leg flow rates caused the
intensity of the incoming plume to decrease becaishe increased mixing in MR1.
The different intensities of the plumes had effeots the mixing behavior in the
downcomer.

Figures 4.15 through 4.17 document the process bhichwthe background
intensity in the downcomer started to rise. AtG=seconds, the downcomer is almost

entirely filled with un-salted water, with a contextion around 0. But as time
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progressed, the heavy salted fluid begins to sattiend the bottom of the downcomer.
Around 35 seconds after plume entry, a pocketgbitly salted fluid is seen growing and
filling the downcomer from the bottom upward as enbighly concentrated salted fluid
continues to spill into the downcomer from the ctdd, indicating incomplete mixing

with the pre-existing fluid.

Another important observation in the single plurases is the presence of a small
recirculation within the downcomer. A t=25 and 5=@igures 4.15 and 4.16), there is a
small mushroom-shaped cloud of salted fluid thatvg} rises from the lower plenum,
with the peak of the cloud approximately 180 degr&dem the cold leg (local fluid
motion is qualitatively indicated by the red arrgw3 he concave downward mushroom

shaped cloud indicates an upward velocity arousgtak of the cloud.
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image of percent concentration in the Downcomer
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Figure 4.8: Filled contour plot of concentration inthe downcomer for SP1 at 11 seconds
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Figure 4.9: Filled contour plot of concentration inthe downcomer for SP1 at 12 seconds

71



image of percent concentration in the Downcomer
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Figure 4.10: Filled contour plot of concentration h the downcomer for SP1 at 13 seconds
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Figure 4.11: Filled contour plot of concentration h the downcomer for SP1 at 14 seconds
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image of percent concentration in the Downcomer
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Figure 4.12: Filled contour plot of concentration h the downcomer for SP1 at 15 seconds
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Figure 4.13: Filled contour plot of concentration h the downcomer for SP1 at 16 seconds
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image of percent concentration in the Downcomer
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Figure 4.14: Filled contour plot of concentration h the downcomer for SP1 at 25 seconds

Figure 4.15: Filled contour plot of concentration h the downcomer for SP1 at 35 seconds
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Figure 4.16: Filled contour plot of concentration h the downcomer for SP1 at 50 seconds

4.2.2 Plume Width

For the single plume cases, the width of the pluroesld be extracted by
comparing the maximum intensity of the dye inside plume to the maximum intensity
outside of the plume at each z location. The plunterface itself was arbitrarily
determined to be the location where the conceotratalls to 30% of the maximum
inside the plume relative to the maximum outsidepglume. Figure 4.18 shows a plot of
the plume width vs. the length below the cold ley (Each of the times was averaged
over 10 seconds for an ensemble average and thetmeais represented in the legend.

It can clearly be seen that the plumes are inangasi width as time progresses.
In the beginning, the cold leg is still filling wvitinjected fluid; notice how the width of

the plume at 15 seconds is smaller near the cglthien at later times. After the cold leg
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has filled, around 30 seconds, the plumes from &®reds onward remain similar for
small values of z and continue to widen as timegpss’s for larger values of z. This
widening in time is due to the increase in densftyhe background fluid as the injected
fluid continues to fall into the downcomer. Thisange in density linearly affects the
buoyancy of the plumes, causing them to becomebesgant as time progresses. The
lower buoyancy force of the incoming fluid from theld leg causes the salted fluid to
fall downward with a decreased velocity. Sinceitf)ection flow rate is constant during
the test, the plume must increase in width asetscity decreases for the flow rate to

remain the same.

Figure 4.17: Plume width variation over duration oftest case SP1.
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4.2.3 Turbulent plumes from four legs
Interest in how the presence of surrounding plunagiect the mixing

characteristics prompted a series of four-pluméstes the downcomer section. The
numbering nomenclature for the multiple plumesha tlowncomer is shown in Figure
4.19. Figure 4.20 shows one instance where themgs are interacting and changing
what would be seen in the single plume cases. siiigle plume fell primarily in the
vertical direction, while the collective behavidrtbhe multiple plumes drastically alters
the flow path of the individual plumes. It can $&en visually from the images that the
multiple plumes in the downcomer produce a recatioh similar to the single plumes,
but the recirculation in the multiple plume cases la much stronger effect on the
dynamics of the plumes themselves. Figures 4.&ugh 4.29 depict a time sequence of

the MP1 case. Figures 4.21 and 4.22 show howeibé&ginning of the experiment, the

Figure 4.19: Numbering of plumes
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Figure 4.20: Filled contour image of downcomer corentration for MP1 at 31 seconds

/\
a

Figure 4.21: Filled contour image of downcomer corentration for MP1 at 13 seconds
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Figure 4.22: Filled contour image of downcomer corentration for MP1 at 15 seconds

Figure 4.23: Filled contour image of downcomer corentration for MP1 at 18 seconds
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Figure 4.24: Filled contour image of downcomer corentration for MP1 at 20 seconds

Figure 4.25: Filled contour image of downcomer corentration for MP1 at 22 seconds
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Figure 4.26: Filled contour image of downcomer corentration for MP1 at 25 seconds

Figure 4.27: Filled contour image of downcomer corentration for MP1 at 30 seconds
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Figure 4.28: Filled contour image of downcomer corentration for MP1 at 33 seconds

Figure 4.29: Filled contour image afowncomer concentration for MP1 at 37 seconds
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Figure 4.30: MP4 at 14 seconds showing interactiobut no strong recirculation

multiple plumes behave similarly to the single ptunases, falling mostly in the vertical
direction. In figure 4.23, at approximately 18 @eds after the plume entered the
downcomer, plume 3 begins to move closer to plumé&l#s is an indication that there is
a local motion of the fluid in the downcomer asitoated by the red arrows; the red
arrows in figures 4.23 through 4.29 are all in divection of presumed fluid motion. The
global circulation in the downcomer indicated qtaively by the red arrows was
determined from observing the animations of thé tinhe sequence, where it is more
immediately evident. At 18 seconds, plumes thmee faur are observed to be moving
away from each other, indicating a possible upwellof fluid between them. At 20
seconds into the test, plumes three and four hawesitioned from moving primarily in
the vertical to the horizontal direction. At 2Zends into the test, plume number three is

no longer discernable due to the surrounding backgt fluid now moving across the
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entrance of the plume. Also notice the wavy plwstracture located in the red circle of
figure 4.25, this disturbance is an indication bé tvortices formed on the interface
between the plumes and the surrounding fluid. &ts2conds (figure 4.26) a counter-
clockwise circulation of background fluid can beemseas indicated again by the red
arrows. At 30 seconds into the test, a secondilation, rotating in the opposite
direction of the first, can be seen. Both of thhewations are having a significant impact
not only on the direction of the falling plumestlalso on their width, intensity, and how
they are mixing with the surrounding fluid. Notihew at 30 seconds (figure 4.27) that
plumes three and four are much wider than plumesamd two; this is a result of the
recirculation forming in the downcomer which casisthe background fluid in the
downcomer to have an average upward velocitpliames three and four, while having
an average downward velocity for plumes one amd at this instant in time. This
changes the relative plume velocity and shear catgsequently altering the local mixing
around each plume. In figures 4.28 and 4.29, c¢eldtion patterns have been
established. The plumes continue to switch whiamps pair together for the remainder
of the test. Overall, plumes two and three stathiwithe region of strong downward
motion, while plumes one and four experience a ngereeral upwelling of fluid. Figure
4.30 shows for comparison case MP4, where thesigisficant plume interaction, but no
strong circulation establishes. Notice how thansa in figure 4.30 fall primarily in the
vertical direction, but still interact to slightjter the path of the plumes.

Figure 4.31 shows a schematic map of which plumege for all multiple plume
cases. In the figure, when the colored lines & to each other then the plumes have

qualitatively been observed to merge into a sitayiger plume. When the lines are at the
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Figure 4.31: Schematic of which plumes merge verséme for all multiple plume cases

same vertical position as when they started, therptume has not merged with another
plume. First, notice how as the co-flow is inceshdrom case MP1 to MP5, the
frequency of switching between different mergingipés increases. For MP1 the
plumes are slow to change states, keeping mergidteé same plumes longer than the
higher co-flow cases. As the co-flow in the colyd increases, the frequency of
switching becomes higher (the plumes switch back farth between different merged
states). Second, notice that the plumes ceasadmct for MP4 after 77 seconds and
MP5 after 55 seconds. The plumes continue to nitilk thie surrounding fluid, but they
fall straight down in the downcomer similar to #iegle plume cases. Figure 4.32 shows
the plume merge map verses the downcomer flow girdime, which is the total flow
rate through the cold leg divided by the downconmume. The plumes in cases MP4

and MP5 ceased interaction after a downcomer flowugh time of approximately 1.5,
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while the plumes in the lower co-flow cases corguhto interact throughout the duration
of the test, which corresponds from 0.75 to 2.3wflthrough time scales.. The
concentration in the cold legs for cases MP5 andl MBre well mixed prior to entering

the downcomer while the other cases were signifigatratified.

Figure 4.32: Schematic of which plumes merge versdswncomer flow through time for all
multiple plume cases

Figure 4.33 shows the percent occurrence of all pbssible plume merging
configurations for each of the multiple plume casd%or the figure notation, the “+”
between the plumes indicates that they have mewgeaite the “,” indicates that separate
simultaneous plume merging has taken place. Fameple the notation “1+2” means
plumes 1 and 2 have merged while plumes 3 and érfiawhile “1+2,3+4” indicates

that plumes 1 and 2 have merged while plumes 3drale also merged resulting in two
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large plumes at the bottom of the downcomer. Forimg of two plumes, figure 4.33
shows no significant preference of one merging igométion over another. However,
for merging of 3 or 4 plumes the percent occurrewas much higher for case MP1

through MP3 than for MP4 and MP5.

Figure 4.33: Percent occurrence of plume merging vees configuration of merged
plumes for all multiple plume cases. For axis labe| “+” indicates merged plumes,
while a “,” indicates separate, simultaneous plumes

As the plumes mix in the downcomer, the concermmatf the entire downcomer
increases with time. This causes the density réiffee or buoyancy force between the
plume and the surrounding fluid to decrease in tirAggures 4.34 through 4.38 show the
background concentration of the downcomer with 4t ahanges with time along with
the maximum concentration measured in the cold. legkin vertical slices about 20
pixels wide between each of the plumes was takenrapresentation of the background
fluid. Because the hot legs are present betwespltimes at -.5 to .5 cold leg diameters,

the concentration at those heights was only sanfpletthe two vertical slices that didn’t
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pass through the hot legs. Each curve in figur84 through 4.38 is an average of the

concentration data from 2 seconds before and tifteindicated time.

Figure 4.34: MP1 Background concentratio verses Z at various times
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Figure 4.35: MP2 background concentration verses 4t various times

Figure 4.36: MP3 background concentration verses At various times
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Figure 4.37: MP4 Background concentration verses At various times

Figure 4.38: MP5 Background concentration verses At various times
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Cases MP4 and MP5 both showed that both the HPkarftbw streams inside
the cold leg were well mixed. Because they werdl weixed, the maximum

concentration that can be achieved for those twwe<#s:

QHPI

Well Mixed concentration in cold leg=—————— Equation 4.2
QHPI + QCL

where Qp, is the flow rate from the HPI nozzle and;,Qs the flow rate from the
simulated natural circulation in a cold leg. Usitige flow rates from table 3.2, the
Maximum concentration for MP4 is 20% and for MP3.8%. In figures 4.36 and 4.37
notice how the downcomer concentration for cased Bl MP5 asymptotes toward the
values from equation 4.2. By comparing figuresl48.37, and 4.38, the plumes stop
interacting and merging when the background comagah is with in 2% (MP5) and 9%
(MP4) of the incoming plume concentration in thé&ldegs.

A quasi-steady recirculation pattern was cleabigerved in the two lowest co-
flow, multi-plume cases (MP1 and MP2). For thegémst two co-flow cases (MP4 and
MP5), plume interaction was present for a shortetiimto the test, but a quasi-steady
recirculation was not present and the plumes fatharily vertically similar to the single
plumes, see figure 4.28. The MP3 case showedasipilme dynamics to cases MP1
and MP2, but the recirculation was not stationarthe downcomer.

Examining the data from the line-scan camera faesaMP2 and MP4, the
density of the fluids in the cold legs at the inletthe downcomer were similar, see
figures 4.3 and 4.5. However, for MP2 a recirdolaestablished in the downcomer and
for MP4 no recirculation was observed. The keyedénce between these two situations
was the mixing at the entrance to the downcomekigii Region 3). Figure 4.41 shows

plume number 3 for tests MP4 and MP2 at 4 secoiiti® plume in MP4 is much wider
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then the MP2 plume. Knowing that the spreadingeanfthe plumes is directly related
to the entrainment of fluid into the plume (Wick€992), it can be noted that the MP4
plume is experiencing greater mixing at the enteatacthe downcomer then the MP2
plume. This caused the plumes in the downcomebetoveaker for MP4 and MP5
compared to the lower co-flow cases, MP1 througl BM~he result is the downcomer
plumes in the higher co-flow cases could not eshb& recirculation pattern in the

downcomer.

Figure 4.39: Plume visualizations for MP2 and MP4

4.3 Comparison to other results

In figure 4.40, the cold leg observations from @REARE 1/5 scale experiments are
plotted with the UMD data obtained from the curreperiments. The UMD
experiments agree well with the previously publésigata. The data points that are
above a Froude number of .19 were clearly in a melled condition; this was observed

in the camera data as well as visually. For insam the Froude number 0.25 case
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(SP6), the dye was distributed across the wholmelier of the pipe and therefore was
very weak in intensity across the whole cold |18de camera data at Froude numbers of
177 (MP5) and .186 (SP5), appeared well-mixed wiitfht increase in concentration at
the bottom of the cold leg similar to a stratifie@hdition. The Froude number .186 case
showed that the dye was relatively weak, but atter co-flow was stopped, a clear
stratification appeared. This indicates that the toncentration was from significant
mixing across the pipe. Figure 4.41, shows theceotration profiles for this case.
Notice how before the cessation of co-flow the @miation profile is much more

uniform than the profile after the co-flow is stagb

Figure 4.40: Comparison of UMD data to theoreticapredictions of stratified vs. well-
mixed in the cold legs and CREARE 1/5 observations.
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Figure 4.41: Cold leg concentration profile at downomer inlet immediately
after recirculation pump shut-down. Note that the fow is clearly stratified,
whereas prior to shut-down, the flow was well-mixed

4.3.1 Plume characteristics and mixing

Many interesting characteristics can be observedhe visualization of the
plumes in the downcomer. As a negatively buoydmtnp falls into the downcomer, it
causes a shear between the negatively buoyant glumetion and the initially nearly
stagnant fluid surrounding the plume. This sheget produces vortical motion along
the interface between the plume and its surroundingl, and is responsible for
entraining surrounding fluid into the negativelyogant plume (Morton, Taylor, and
Turner, 1956). The wavy interface along the oetie of the plumes is an indication of
vortices which are responsible for entrainment othisides of the plumes. The vortices
in the single plume cases interfere and interawiiai to how they would act in a mixing

layer, rolling up and forming into larger vorticstructures farther down the path of the
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plume. Similar behavior for thermal plumes wasorggd by Turner, 1957, also by
Shusser and Gharib, 2000. At some instancesc#imse observed as a swirling motion
along the edges of the plume, which tends to causementary disruption in the quasi-
steady and predictable motion of a single plumiéendowncomer.

To understand how the plumes mix with the surraumpdluid, entrainment rates
for the plumes are extracted from the visualizataingrowth rates observed in the
downcomer. From open channel plume theory, theiembent rate of a plume is directly
proportional to the plume’s angle of spread (Turd&73), see section 2.3.2 for more
details. To extract the plume angle of spreadeguence of plume images from a
nominally similar time were averaged together risglin a single image that represents
the plumes. From this single averaged image, eskiwld of 30% between the highest
concentration inside the plume and the highesteatnation of the background fluid was
taken to define the interface between the plume tardsurrounding fluid. Since the
plume decays with distance into the downcomer,tliheshold was calculated for each
azmuthal slice of the downcomer, making it a fumctdf Z. Figures 4.42 and 4.43 show
the width of the plumes for the various single ptuoases along with the linear curve fit
to extract the entrainment rate. Figure 4.44 shdwes sensitivity of the calculated
entrainment rate to the selection of the arbitrdmeshold, and table 4.1 shows the
entrainment rates. Because of large unsteady plomogons in the bottom of the
downcomer, the plumes for SP5 and SP6 were onlyeplaip to 6 cold leg diameters.
The flow in the downcomer from .5 to 2 cold leg d&ters is a complicated 3
dimensional flow (Theofanous, 1991), since theanitnent theory is not applicable in

this region, the plume width curves were fittednfr@.5 to 10 cold leg diameters. The
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width of the plumes showed a change in slope aréurmld legs diameters, so the widths
were linearly fitted from 2.5 to 6 cold leg diammst@nd another fit from 6 to 10 cold leg
was preformed.

From figures 4.42, 4.43, and table 4.1, it carséen that the plumes get wider as
the cold leg flow rate is increased from cases ®F3P6. Although the plume in SP1 is
the narrowest, it has the largest entrainmentfrate 2.5 to 6 cold leg diameters in the
downcomer. The plumes in SP5 and SP6 start out ardl as they traverse in the Z
direction, they thin to give a negative entrainmexte. Without external manipulation,
the entrainment of miscible fluids cannot be negati The observed thinning of the
plumes is possible if the plume is acceleratingleviraversing the downcomer. Because
the injected fluid in the cold legs is well-mixatie entire cold leg is filled with higher
density fluid then the downcomer. When the welkaadi fluid enters the downcomer, the
initial plume is much wider then the initial plunmscase SP1 through SP4. Because the
plume is much wider the initial velocity is also amlower and not in equilibrium with
the buoyancy dynamics. Because of this the plufoesSP5 and SP6 accelerate and

contract as they fall in the downcomer.
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Figure 4.42: Plume width verses Z for single plumeases averaged from 10 to 20 seconds

Virtual origin Virtual origin
Entrainment rate | from 2.5t0 6 Entrainment rate | from 6 to 10
for25t0 6 CLD | CLD for 6 to 10 CLD CLD
SP1 0.0829 -4.79 0.0369 -17.12
SP2 0.0588 -10.31 0.0196 -43.74
SP3 0.0687 -11.58 -0.0265 58.42
SP4 0.0628 -13.72 0.0677 -11.54
SP5 0.0396 -33.79 -0.2764 11.05
SP6 -0.0422 41.02 0.1001 -8.03

Table 4.1: Entrainment rate and virtual origin for single plume cases averaged from 10 to 20 seconds

Figure 4.43: Plume width verses Z for single plumeases averaged from 20 to 30 seconds
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Figure 4.44: Entrainment rate verses Concentratiorthresh hold for SP1

The entrainment rate for an open area plume has foe@d experimentally to be
between .10 and .12, (Turner, 1973). Many numkriaulations are using the
entrainment rates gathered experimentally from ogrea plumes to simulate the PTS
plumes in the downcomer (Theofanous, 1991). Howdue the confined plumes in the
UMD downcomer, all of the entrainment rates wenenfib to be less then those reported
experimentally for open area plumes. This can havsignificant impact on the
concentration of plume at the bottom of the downegmas a reduced entrainment rate,
results in a higher plume concentration. Alsbits plumes showed a change in slope
around 6 cold leg diameters. For most cases, ritraiement rate was decreased in the
bottom portion of the downcomer in comparison @ tipper part of the downcomer.

Plume interactions in the downcomer made extrgotintrainment rates for the

multiple plume tests unfeasible. However, it igdent from the visualization inside the
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downcomer that the plumes are interfering to caus¢ circulation within the
downcomer. This circulation usually establishe® tplumes that pair together and
become dominate plumes that drive a net circulatiothin the downcomer. The
dominant plumes tend to be in the region wherewvecity of the fluid inside the
downcomer is downward while the remaining two plsnae in the area of upward
velocity, as indicated by the paths of the plunsee (figure 4.27). The figure shows the
middle two plumes in the downward part of the admtion and the outside plumes are
in the upward path of the recirculation inside dog/ncomer.

To help quantify the mixing in the downcomer sectifor the multiple plume
conditions, Probability Density Functions (PDF’s) the plume concentration were
constructed. For analysis, the downcomer sectias split into four regions, Q1 through
Q4, which spanned from the bottom of the cold leg$é cold leg diameters below the
center of the cold legs in the downcomer sectiae (Bgure 4.45). Each region’s
horizontal center was located at the cold leg imlghin the region, and were numbered
consecutively starting left to right. For the denglume cases, Q1 was the only region
examined, since the other regions contained no gdurRor the PDF plots, the data is
averaged for a time period extending two secondisrédhe time reported through two

seconds after to obtain an ensemble average.
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Figure 4.45: Division of downcomer into sampling rgions for the construction of
concentration PDFs.

Figure 4.46 depicts three possible plume mixingnages and how the
appropriate PDF’s would appear. If a plume enteesdowncomer and has little or no
mixing with the surrounding fluid, the PDF wouldveatwo peaks, one peak indicating
the concentration of the background fluid while ttkeer peak will be located around the
concentration of the plume. However if the incogmiplume mixes rapidly with the
surrounding fluid, the PDF should be uni-model wiie peak located between the initial
concentration of the incoming fluid and the initc@ncentration of the background fluid.
If the plume only partially mixes with the surroung fluid, the PDF should appear bi-

model with many different concentrations present.
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Figure 4.46: Artificial PDF’s depicting ppssible mixing scenario’s in the downcomer

First, the single plume cases will be consideregrés 4.47 through 4.52 show
all single plume cases at 15 seconds. Notice fbowhe low and moderate co-flow rates,
(figures 4.47 through 4.49) the plots appear toehavsmall mode shape around 8%
concentration, which is easier to see for the matdeco-flow conditions. This is an
indication that there is some increased mixinghim ¢old leg and the downcomer for the
moderate co-flow cases vs. the no co-flow conditié higher co-flow rates, the mixing
inside the pipe was increased significantly betbeeplume enters the downcomer. This
is evident from the more uni-model shape of the BRRd the uniform concentration of
dye across the pipe from the line scan camera dita. each single plume case, the
PDF’s at later times showed similar characteristiicthe corresponding cases shown at
15 seconds. The only difference observed waslthragds concentration increased as the
cold legs completely filled and then the concerdratncreased much slower in time as

the background fluid concentration in the downcogradually increased.
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Figure 4.47: PDF of SP1 from .5 to 6 cold leg diarters below the center of the
cold leg in Q1 at 15 seconds

Figure 4.48: PDF of SP2 from .5 to 6 cold leg dianters below the center of the
cold leg in Q1 at 15 seconds
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Figure 4.49: PDF of SP3 from .5 to 6 cold leg dianters below the center of the cold leg in Q1
at 15 seconds

Figure 4.50: PDF of SP4 from .5 to 6 cold leg diarters below the center of the cold leg in Q1
at 15 seconds
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Figure 4.51: PDF of SP5 from .5 to 6 cold leg dianters below the center of the cold leg in Q1
at 15 seconds

Figure 4.52: PDF of SP6 from .5 to 6 cold leg dianters below the center of the cold leg in Q1
at 15 seconds
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Figures 4.53 through 4.57 show PDF’s of the mudtiplume case MP1 at different
instances in time. Initially, at t=10 seconds 8&,5ll of the plumes look similar and
have very similar concentrations. As time progeesshe concentration of the plumes
grows stronger and some plumes have higher cormatemts than others indicating that as
the flow in the cold legs reaches equilibrium, domcentration entering the downcomer
is increasing. For instance at 25 seconds (figusé), the PDF’s show that plume 3 has
an larger concentration and concentration distigouthan plumes 1, 2, and 4, suggesting
that plumes 1, 2, and 4 are mixing more rapidijhwite surrounding fluid then plume 3.
At 50 seconds (figure 4.57) and beyond, the plotsved plumes 2 and 3 having a larger

concentration than plumes 1 and 4.

Figure 4.53: PDF of MP1 from .5 to 6 cold leg diamters below the center of the cold leg at
10 seconds
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Figure 4.54: PDF of MP1 from .5 to 6 cold leg diamters below the center of the cold leg at
15 seconds

Figure 4.55: PDF of MP1 from .5 to 6 cold leg diamters below the center of the cold leg at
25 seconds
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Figure 4.56: PDF of MP1 from .5 to 6 cold leg diamiers below the center of the cold leg at
40 seconds

Figure 4.57: PDF of MP1 from .5 to 6 cold leg diamiers below the center of the cold leg at
50 seconds
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By examining the PDF'’s, it can be seen that fordingle plume case SP1 (figure
4.47) the distribution of the concentrations presemelatively uniform from roughly 1%
through 12% then diminishing in probability betwe&2% and 20%; there is a high
probability of near zero concentration, which reyargs the area outside of the plume. In
contrast, the four plume PDF at 15 seconds (figusd) shows that the probability of
seeing concentrations above 10% for the same Froud®er is quite small, which
indicates that the presence of the other plumedstemchange the mixing characteristics
in the downcomer. Since the two tests were ruheasame conditions with no co-flow,
the mixing in the cold legs should be identical tbe single plume vs. four plume
conditions. Therefore, the changes seen in the P&E due entirely to the presences of
the multiple plumes. This is further noticed atywearly times in the test. Figure 4.58
shows PDF’s for SP1 and MP1 at seven secondshattest, while figure 4.59 shows the
same cases at 15 seconds. Notice how the PDF'sextonds look almost identical. Also
note how rapidly the plume interaction in the dowomer has an effect on the
concentration of the plumes. At 7 seconds, the’®df SP1 and MP1 showed similar
effects while the plumes look very different at 4&conds into the test. Notice the
pronounced mode shape to the PDF in figure 4.58MiBid, which is not seen at 7

seconds into MP1 and is not near as pronouncdtiSP1l test as it is in MP1.
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Figure 4.58: PDF of MP1 and SP1 from .5 to 6 colety diameters below the center of the
cold leg at 7 seconds

Figure 4.59: PDF of MP1 and SP1 from .5 to 6 colety diameters below the center of the
cold leg at 15 seconds
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The shape of the PDF’s for the four plume case looke uni-modal as compared
to the single plume case, indicating that the preseof the other plumes enhances
mixing in the downcomer as compared to the singlienp cases. It is expected that as
the rate of mixing is increased inside the downaotie PDF’'s would become narrower
in the range of concentrations present and showomaopnced peak around the average
concentration in the downcomer (see figure 4.46y. & completely mixed downcomer
only one concentration would be present. Whileformixing the PDF’s would show a
peak around the concentration of the backgroundd fland a peak around the
concentration of the incoming injected fluid, siamilto a bi-modal distribution. The
PDF'’s for the no co-flow, single plume case shovdence from their shape that there is
some significant amounts of mixing taking placejlesthe multiple plume cases show a
much more mixed condition as compared to the shapeeir single plume counterparts.

As the circulation in the downcomer develops fa thultiple plume cases, the
plumes seem to pair together to form two domin&ienps. The effect of this pairing can
be seen in the PDF’s for the multiple plumes. Fg4.60 is a PDF for case MP1 and
SP1 at 45 seconds. Notice how in the MP1 case,plnanes 2 and 3 have a higher
overall concentration then plumes 1 and 4. At 46oads the circulation is well
established with plumes 2 and 3 in the downward ingpypart of the circulation and
plumes 1 and 4 in the upward moving part. Figu6d 4hows a filled contour plot with
the red arrows indicating the direction of flowrof figure 4.61 it can be seen that the
circulation is affecting the plumes differently @egling on where they are in the
circulation. Plumes 2 and 3 have a higher ovexatlcentration which suggests that they

are not mixing as rapidly with the surrounding dlltas compared to plumes 1 and 4.
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Since the entrainment of fluid into the plumes ifuaction of the velocity difference

between the plume and the surrounding fluid, adngiverall concentration indicates that
the velocity gradient is less. This indicates tinat direction of the circulation present is
downward for plumes 2 and 3 while the velocity mvard for plumes 1 and 4 resulting
in a lower velocity gradient for plumes 2 and 3,ilelplumes 1 and 4 have a larger

velocity gradient.

Figure 4.60: PDF of concentration for MP1 and SP1ta45 seconds.
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Figure 4.61: Filled contour plot of concentration br MP1 at 45 seconds.

The decay in concentration of the plumes is diyemblupled to the entrainment of
outside fluid into the plume. How the presencéhef multiple plumes in the downcomer
affects the entrainment rate is important to undeding if this situation is a possible
safety concern. Examination of how the plume catreéion changes as it falls in the
downcomer gives insight into the magnitude of tidradnment rate. As seen in the
previous PDF plots for multiple plume cases, plurtieg are next to each other in the
downcomer pair together and the flow visualizaiimicates that the concentration of the
plumes are changed from the single plume casedngalation in the downcomer. The
plots in figures 4.62 through 4.67 show the maximzoncentration of the plume vs. Z
for MP3 and SP3 at different times. The plots igufes 4.62 through 4.66 were
constructed by averaging the five largest concéntravalues inside the plume at each

height z, and then averaging them over a time sp&nseconds to form an ensemble of
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images. This process yields a measure of the mawinmtensity of the plume as a
function of height.

In figure 4.62 it can be seen that at early tinbegore the multiple plume
circulation is established that the maximum conegiain of the plumes looks very
similar to each other. At 10 seconds, figure 4B8ws the plumes as plumes 2 and 3 are
becoming the dominate plume pair. At 15 secondgsirg 4.64) the single plume case
has a slightly higher concentration then any ofrthétiple plumes. This is because the
circulation in the downcomer from the multiple plesntends to enhance mixing as the
plumes enter the downcomer. Figure 4.65 shows plowes 2 and 3 are at a higher
concentration in the downcomer than plumes 1 anch@feover notice how the single
plume case (SP3) is at a lower concentration abotitem of the downcomer then plumes
2 and 3 from case MP3. Even though the single elwstarts out at an higher
concentration then the multiple plumes, the corre¢ion of the single plume decays
faster than the multiple plumes. This is an intlcathat the multiple plumes have a
lower entrainment rate then the single plume casegure 4.66 shows the plumes at 30
seconds. Again notice how the single plume comagah is decaying faster then the
multiple plumes and how the single plume concelatnain the bottom of the downcomer
is significantly smaller than for all the plumesaase MP3. At 30 seconds there is a
transition from plumes 2 and 3 being the dominadtenes to plumes 1 and 4 being the
dominate pair. Figure 4.67 shows the plumes aet®nds in the test and plumes 1 and
4 are higher in concentration in the bottom ofdbgncomer then plumes 2 and 3. The
concentration of the multiple plumes continuesadigher then the concentration of the

single plume in the bottom of the downcomer wher8 s a concern.
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Figure 4.62: Plot of maximum concentration vs Z folSP3 and MP3 at 7 seconds

Figure 4.63: Plot of maximum concentration vs Z foISP3 and MP3 at 10 seconds
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Figure 4.64: Plot of maximum concentration vs Z foISP3 and MP3 at 15 seconds

Figure 4.65: Plot of maximum concentration vs Z foISP3 and MP3 at 20 seconds
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Figure 4.66: Plot of maximum concentration vs Z foISP3 and MP3 at 30 seconds

Figure 4.67: Plot of maximum concentration vs Z foISP3 and MP3 at 40 seconds
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This agrees well with Townsend’s entrainment thédstails on theory located in
literature section), which suggests that entrairtnmate of outside fluid into a plume is
proportional to the velocity gradient between thene and the surrounding fluid. It can
be seen in figure 4.65 at 20 seconds where plumasdZ23 are paired together and the
decay in concentration of the plumes is less thahdf plumes 1 and 4. Plumes 1 and 4
are experiencing a larger velocity gradient betwisenplume and the surrounding fluid,
which implies a larger entrainment rate and fad&ray in concentration.

In the single plume cases, the velocity of the bamkind fluid is small, while
because of buoyancy forces the plume has a downvedodity. For the multiple plume
cases, the velocity of the background fluid is oogler small. After the circulation has
established itself in the downcomer, the backgrdiuid has a downward velocity in the
vicinity of plumes 2 and 3 and an upward velocityusd plumes 1 and 4. For plumes 2
and 3, the velocity gradient between the plume tedbackground is less than for the
single plume case. According to Townsend’s entnaint theory, if the velocity gradient
is reduced, the entrainment and mixing of the tlwd$ will be less. However, the
recirculation in the downcomer significantly incsea the mixing in Mixing Region 3
(the first 2 cold leg diameters in the downcomesglulting in weaker initial plumes for
the multiple plume case then for the single plunases. Therefore, the higher
concentration of plumes 2 and 3 due to the cirmrats a concern because of the
decreased mixing for those plumes. With decreasedng there will be a larger
temperature gradient between the plumes and theoiahe downcomer then in the
single plume case. The thermal stress on the dowecwall is directly proportional to

the temperature gradient between the fluid andidvencomer wall.
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Chapter 5: Conclusion

The occurrence of Pressurized Thermal Shock indiwencomer section of a
Pressurized Water Reactor is a safety concern wratps and designers of these
facilities. The UMD facility was a % linear scateodel of the Palisades nuclear facility,
with some slight changes to accomplish experimantadstigation. The tests preformed
in the UMD facility show that there are significadifferences in the plume behavior
between single plume and multiple plume cases, lwhiere not completely considered
in previous studies. Multiple plumes in the dowmer produce a large recirculation
region in the downcomer, which alters the entramim& fluid into the plumes and
changes the mixing characteristics inside the dowrge. As the recirculation begins to
form, some plumes experience higher entrainmemssrttan others in the downcomer.
This can be seen by plumes with lower entrainmatetsrhaving a higher concentration in
the downcomer. As time progresses, the reciraratirows and establishes itself.
Because of the geometry of the downcomer, plumaad23 are paired together, while
plumes 1 and 4 are paired. The presence of théegstconstrains the circulation to be
symmetric around plumes 2 and 3 or 1 and 4 aftercirculation is established. It's
observed that the pairs of plumes randomly switkkand forth between dominate and
recessive pairing. However in the UMD experimeptames 2 and 3 tended to spend

more time being dominate then plumes 1 and 4.

It is postulated that the higher and lower entrant rates of the multiple plumes
as compared to the single plume are from the maifahe background fluid in relation
to the velocity of the plumes. By using Townsenefgrainment theory, it can be seen

that as the difference in velocity between the emknd fluid and the plume increases,
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the entrainment rate will also increase, which eéases the mixing of the plume with its
surroundings. The converse is also true, thathasvelocity of the background fluid

approaches the velocity of the plume, the entramnmate goes down, resulting in a
plume that remains relatively un-mixed as comparedhe single plume cases. The
circulation in the downcomer affects the velocifytlee background fluid. When plumes
2 and 3 are the dominate pairing, the velocity gratdbetween plumes 2 or 3 and the
background fluid is less then the velocity gradibetween plumes 1 or 4 and the
background fluid. This causes plumes 2 and 3 neane relatively unmixed causing a
high concentration of unmixed fluid in the bottortiee downcomer below cold legs 2
and 3. The higher concentration could potentigilye rise to a larger thermal stress
along the bottom of the downcomer, as comparedsesxwhere only a single plume is
present; this area of the downcomer is where hyr@mnbrittlement of the vessel wall is
a concern. The circulation is not as strong witly@ne plume in the downcomer, and
most quantitative experiments have only examine® Rith a single incoming plume.

Because of the motion of the background fluid vir plumes, the multiple plume case
may produce a higher stress on the walls of thendomer then previously studied in
single plume experiments. The plots of concertnaus. distance below the cold legs for
the four plume cases shows that plumes 2 and 3/decy slowly as they fall farther into

the downcomer, while plumes 1 and 4 decay fastBownsend’s entrainment theory
suggests that the lower entrainment rate for plubnasd 3 will cause their concentration

to be larger then the single plume case.

The uncertainty of the measurements in this looaticthe downcomer makes the

experiment more qualitative rather then quantigtiin the bottom of the downcomer the
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angle of the incoming laser beam was 10 to 15 e@sgvéhich made the measurement
more sensitive to changes in index of refractiotwben the two fluids. As calculated
previously in the experimental error section, ttas give rise to errors around 6% in this
region of the downcomer making direct measuremeiffisult. However, the flow field
visualization and detailed concentration measurésnarother regions of the downcomer
suggest that the four plume circulation in the dosmer can produce larger thermal

stress’s then the single plume cases previoustiresiu

5.1 Future work

The plume visualizations indicate that mixing educed for plumes 2 and 3
because of the circulation inside the downcomero gain farther insight into this
phenomenon, obtaining detailed measurements ofeloeity field could prove valuable
and may give more insight into the entrainmentsatiethe plumes.

Second, because of the possibility of large errothe bottom of the downcomer,
the measurements in that region are more quaktat@ther then quantitative. This
presents difficulties in comparing the single plugeses to their four plume counter
parts. The optical measurements made by the UMilitfawere focused on capturing
the entire downcomer and compromises were madeeiad¢curacy in the bottom of the
downcomer to facilitate the measurement of therefitow field. With the knowledge of
the recirculation in the downcomer, future opti&atilities could shift there focus on
accurately capturing 3-D concentration fields ia bottom of the downcomer to see how

the concentration of the multiple plume cases caosypwith the single plume cases.
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Appendix A: Part Drawings for UMD Facility
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Appendix B: Addition plume visualizations
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