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Executive Summary 
 

International Standard Problem No. 43 (ISP 43) addresses the nuclear industries present 
capabilities of simulating fluid dynamics aspects of a subset of rapid boron dilution 
transients.  Specifically, the exercise focuses on the sequence involving the transport of a 
boron-dilute slug through the actuation of a pump. The slug is formed on the primary side 
of the steam generator as a consequence of in interfacing system leak from the secondary 
unborated coolant. 

Experimental data was collected using the University of Maryland 2x4 Thermalhydraulic 
Loop (UM 2x4 Loop) and the Boron-mixing Visualization Facility.  Two blind test series 
were proposed during the first workshop (October 1998) and refined using participant 
input.  The first series, test series A, deals with the injection of a front, i.e., a single 
interface between borated and dilute fluids.  The second blind series, test series B, is the 
more realistic injection of a slug, i.e., a dilute fluid volume preceded and followed by the 
borated coolant of the primary system. 

Data are collected in the UM 2x4 Loop and refined details are obtained from the 
Visualization Facility, which represents a replica of the Loop�s vessel downcomer. In the 
Loop experimental program, the dilute volume is simulated by cold water and the borated 
primary coolant is simulated by hot water. The Visualization Facility uses dye to mark 
the diluted front or slug.  The measured boundary conditions for both test series include 
the initial temperature of the primary system, the front/slug injection flowrate and 
temperature, and the pressure drop across the core.  Temperature data is collected at 185 
thermocouple positions in the downcomer and 38 positions in the lower plenum.  The 
advancement of the front/slug through the system is monitored at discrete horizontal 
levels that contain the thermocouples.  The performance of codes is measured relative to 
a set of figures of merit.  During the first workshop, the principal figure of merit was 
established to be the average temperature of the 24 channel-centered thermocouples at the 
downcomer outlet. The frequency of data acquisition for code predictions was set to 2 
Hz, which corresponds to the acquisition frequency of the two experimental setups. The 
figures of merits were expanded at the second workshop (February 2000) after 
experimental and computational data was collected.  The revised list of figures of merit 
included the level average temperatures before the downcomer expansion and just above 
the injection cold leg. No turbulence measurements were provided.  Quantitative 
measures of azimuthal distribution were also added to the figures of merit list: standard 
deviations, minima and maxima at the aforementioned levels. Furthermore, since 
discrepancies in flow pattern are noticeable among the tests of series A, the flow patterns 
obtained experimentally and from computations at 4 distinct times during the transients, 
were also extracted.  Data were reduced into a standard format that facilitates 
comparisons. 

Ten organizations from eight countries participated in the exercise.  All used 
computational fluid dynamics (CFD) codes to obtain predictions.  Most participants used 
commercial software (Fluent, CFX) while some used independently developed codes 
(TRIO-U, PLASHY).  The number of nodes used to discretize the simulation volume 
ranged over two orders of magnitude.  The turbulence models ranged from no turbulence 
to renormalization group (RNG) k-epsilon.  The spatial and temporal discretizations also 
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varied substantially.  Overall, code predictions show good agreement with experimental 
data for first order figures of merit.  Contrary to previous observations, flow patterns 
showed high sensitivity to buoyancy effects and the level to which temperature dependent 
properties and buoyancy-related turbulence effects were included in code models affected 
the predictions of higher order figures of merit.  One more important factor needs to be 
considered in this discussion, namely the local refinement in regions where the flow is 
subject to large gradients or where flow patterns are rapidly changing. The importance of 
detail modeling is also evident from the comparisons of ISP 43. Specifically, where 
discrepancies are noted between computations and experimental data, the level 8 and 
level 10 predictions already reflect the disagreement. These levels are immediately 
adjacent to the injection site, where flow gradients are largest and flow pattern features 
actually form. The issue of local node refinement cannot be isolated from general mesh 
convergence and turbulence models, so it must also need to be investigated through 
parametric studies. 

The most general finding of ISP 43 is that there is no reason to preclude the use of CFD 
codes from investigating prototype PWR boron-dilution transients and, more broadly, 
transients that involve single phase mixing. The good agreement between experiments 
and many of the computational predictions shows that computational fluid dynamics 
methods have reached the maturity necessary to obtain realistic predictions for averaged 
values. It is also evident that computational power and the expertise of modelers are at a 
stage at which it has become feasible to carry out some of the complex computations that 
describe the behavior of nuclear systems. 
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1 Motivation and Background 
 

Rapid boron-dilution (RBD) transients have been the subject of extensive investigation 
for more than a decade. Among the 13 groups of reactivity transients classified by the 
IAEA, nine are boron-dilution related.  B-10, a large cross section neutron absorber, is a 
normal means of reactivity control in pressurized water reactors (PWRs) and in ex-
reactor fuel storage locations (e.g., the refueling cavity). Furthermore, emergency safety 
systems are designed to decrease core reactivity under accident conditions by injecting 
borated water from emergency supplies (accumulators, refueling water storage tanks, 
etc.). The boration of water is accomplished by the addition of soluble boric acid 
(H3BO3).  

RBD transients involve the sudden deboration of water at a location that is subject to a 
consequent reactivity excursion. Most studied are refueling cavities and reactor cores. For 
refueling cavities, NEA (August 1988) and INPO (August 1989) have reported precursor 
events. The refueling cavity RBD precursors are only listed for completeness, but are 
beyond the scope of this report.  

UM focuses on RBD transients that can trigger core reactivity excursions. The sequences 
of events that potentially lead to such an excursion are discussed by Gavrilas et al. (1997) 
and summarized in Figure 1-1. The current test program involves the formation of a slug 
through ingress of deborated water into a stagnant section of the primary system, 
specifically accumulation in a steam generator (the sequence on the right-hand side of 
Figure 1-1). Five precursor occurrences that fall along this sequence are listed by 
Jacobsen (1989 and 1992). Another occurrence of deborated water accumulation in the 
primary system was documented in France�s Blayais PWR. (INPO, 1990) 
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Figure 1-1.  RBD transient event initiation and progression 

The resolution of actual consequences of an RBD transient requires two separate steps: 1) 
determining the temporal and spatial concentration of boron at the core entrance, and 2) 
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carrying out coupled thermalhydraulics-neutronics calculations for the core region. The 
first step thus provides the initial and boundary conditions for the second step.  

The UM program, and several others, are seeking to elucidate step 1. Work is progressing 
in three areas: scaling, experimental, and computational. Scaling has been approached by 
both experimental and computational groups. Significant experimental programs have 
been undertaken by BoraBora�France, Vattenfall�Sweden, Pactel�Finland, UPTF�
Germany and UM 2x4 Loop�U.S.A. Computational efforts have paralleled experimental 
work in all these countries and have also been performed by institutions in England and 
Japan. In 1997, the Committee on the Safety of Nuclear Institutions within the 
Organization for Economic Cooperation and Development (OECD/CSNI) approved an 
experimental test program at the UM 2x4 Loop as international standard problem number 
43 (ISP Nr. 43). ISP Nr. 43 verifies the ability of computational fluid dynamics (CFD) 
codes to properly predict the mixing experienced by a deborated (clean) slug from its 
initial stagnant position along its way to the core inlet.  
 

1.1 RBD Test Program Objectives 
The test series devised for ISP Nr. 43 has to simultaneously satisfy both experimental and 
computational experts. While the needs of the two groups can be rather distinct, the tests 
must preserve the principal physical characteristics of RBD transients to have benchmark 
value, and have to provide clean initial/boundary conditions and accurate data to permit 
the proper evaluation of code results. 

From the point of view of verifying code predictions, the experiment has to contain the 
major geometric/operational features that would be encountered in the prototype. As can 
be seen in Figure 1-2, an expansion is designed into the downcomer to test a code�s 
ability to deal with geometric discontinuities introduced by, for example, the presence of 
thermal shields. The modularity designed into the facility is conducive not only to 
reinstrumentation for different test programs but also to flow path selection for different 
test series within a program. 

Code predictions and experimental data are only compared for the downcomer region. 
The lower plenum is included in the simulation boundary because of the physical 
significance of the actual boron concentration at core inlet. To get a reasonable flow 
pattern estimate in the lower plenum, a portion of the core must also be simulated. 
Specifically, one has to include core pressure drops in the model to make it possible for 
the code to simulate potential back-flow cells in the downcomer.  

Four test series will be run in the course of ISP Nr. 43. The first is very simple and 
approaches a special effect type exercise, while the last involves all integral test facility 
features of the UM 2x4 Loop. In test series A, the �clean� water is injected from an 
external tank, which effectively simulates the injection of a front rather than a slug. The 
test has the advantage of eliminating back-end distortions from data interpretation�see 
Figure 1-3. All cold legs, except the one used for front injection (CL A1�see Figure 
2-2), are isolated from the vessel. This limits the path of the fluid from the tank, through 
the cold leg and downcomer, up the core and out through hot leg A (HL A). The front is 
injected using the CL A1 primary coolant pump. In test series B, the slug is injected into 
the bottom of steam generator A from an external tank. The primary system is then 
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isolated, and the slug is set in motion by pump A1. The other cold legs remain isolated. 
The slug follows a closed path through CL A1, the downcomer, the lower plenum, the 
core, and returns to its initial position through HL A. Test series C and D remain to be 
performed. These two series increase test realism by permitting bypass flow to occur. In 
test series C, CL A2 will be allowed to participate. A fraction of the flow that enters 
through CL A1 will continue downwards through the downcomer along the path of test 
series B, while a lesser fraction will return directly to the steam generator (SG) through 
CL A2.  In test series D, all cold legs will participate, and bypass will thus be possible in 
all non-injection cold legs. 

 

Figure 1-2.  The recommended simulation boundary for ISP Nr. 43 
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Figure 1-3.  Illustration of slug/front deformation as it travels through a 1D channel. 

2 Facility and Instrument Documentation 
Data was acquired from the UM 2x4 Loop as well as a specially designed sister 
visualization facility.  Both facilities, their measurement techniques, instrumentation and 
data reduction procedures are described in this section and the next. 

2.1 Facilities 
Two experimental facilities were used for ISP 43: the UM 2x4 Thermalhydraulic Facility, 
and its sister LIF Visulization Facility. 

2.1.1 Loop Facility Description 

The University of Maryland, College Park 2x4 Thermal-Hydraulic Loop Facility is a 
scaled down model of the Three Mile Island Unit 2 Babcock & Wilcox (B&W) 
pressurized water reactor (PWR). The main components of the model reactor coolant 
system (RCS) include a reactor vessel, two hot legs, two once-through steam generators 
(SGs), four cold legs, four reactor coolant pumps (RCPs), and one pressurizer. It is made 
of stainless steel, for a maximum pressure of 2.1 MPa (300 psi), which corresponds to a 
scaling pressure ratio of 1:7. The volumetric ratio between the model and the prototype is 
1:508 and the height ratio is 1:4.  

Important features of the facility are flexibility through its modular design, expandability 
with regard to instrumentation addition and replacement, and the possibility for direct 
flow observation through view ports. Figure 2-1 shows a 3D view of all major 
components except the pressurizer, which is irrelevant to the boron mixing investigation. 
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Figure 2-1.  Photograph and schematic of the UM 2x4 B&W Loop Facility 

A top view of the facility is shown in Figure 2-2 below. As shown, there are two main 
circulating loops and each loop includes one hot leg and two cold legs with one RCP in 
each cold leg. As illustrated in this figure, the facility components are distinguished 
according to the quadrant where they are located in the figure. The quadrants on the right 
hand side are labeled with the letter A and the quadrants on the left hand side are labeled 
with the letter B. In addition, a digit suffix makes the quadrant identification label unique 
with the suffix 1 for the quadrants in the lower part of Figure 2-2 and the suffix 2 for the 
quadrants in the upper part of the figure. Thus, the hot legs and SGs are labeled with A 
and B respectively and the cold legs and RCPs are labeled with A1, A2, B1, and B2 
accordingly. 

 
Figure 2-2.  Identification scheme for the main RCS components 
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The main RCS model components are described in the following text along with 
modifications made for the purpose of the present investigation. Table 2-1 below gives 
the volumetric characteristics of the 2x4 Loop main system components in comparison 
with the prototype. 

Table 2-1: Volumetric characteristics of the 2x4 loop facility 

2x4 loop facility TMI-2 Prototype System 
Components Volume (l) Fraction Volume (l) Fraction 

Volume 
fraction ratio 

(Model to 
Prototype) 

Cold legs 77 0.129 41,000 0.136 1: 1.054 
Downcomer 55 0.092 28,300 0.094 1: 1.022 
Lower plenum 33 0.056 17,600 0.058 1: 1.036 
Core 55 0.093 22,100 0.073 1: 0.785 
Upper plenum 50 0.084 30,900 0.102 1: 1.214 
Upper head 35 0.059 15,600 0.052 1: 0.881 
Hot legs 57 0.096 27,000 0.089 1: 0.927 
SGs 233 0.392 119,600 0.396 1: 1.010 
Whole system 
volume ratio 

595 1 302,100 1 1: 508 

2.1.1.1 Reactor Vessel 

The reactor vessel is made of stainless steel. It is 1.2764 m (50.25 in) in height and has an 
outside diameter of 0.5080 m (20 in). The inside diameter of the reactor vessel is 0.4826 
m (19 in), for a wall thickness of 0.0127 m (0.5 in). The annular region between the 
vessel wall and the core barrel wall comprises the downcomer. 

The core barrel is made of 304 stainless steel with a wall thickness of 0.0048 m (3/16 in). 
The outer diameter of the core barrel in its upper section is 0.4191 m (16.5 in) and the 
core barrel outer diameter in its lower section is 0.3810 m (15 in). Thus, the downcomer 
gap is equal to 0.0508 m (2 in) in its lower portion of the downcomer. In the upper 
portion, the downcomer gap is 0.0318 m (1.25 in). The wider area in the downcomer 
corresponds to the smaller diameter of the core barrel and is designed to increase the 
fractional volume of the downcomer in order to meet the prototypical value. 

All vent valves (eight of them) originally installed in the core barrel above the hot leg 
penetrations were removed and the openings sealed for the purposes of the current 
investigation. 

Welded to the reactor vessel at the same axial elevation are two neck flanges for the hot 
legs and four neck flanges for the cold legs. All flanges are made of stainless steel. Figure 
2-3 below shows a scaled view of the reactor vessel. 
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Figure 2-3.  Vertical cross of reactor vessel section through the cold legs (dimensions in 
millimeters) 

As seen from Figure 2-3, the fluid from the downcomer enters the lower reactor plenum. 
Through the perforated elliptic bottom of core barrel, the fluid can further penetrate into 
the core region from the reactor lower plenum. The reactor core structure itself was not 
simulated. 

The mixing of the slug volume along its path towards the core is studied by distributed 
measurement of the fluid temperature in the downcomer volume. It is clear however that 
the slug temperature field, besides by mixing with the surrounding fluid of distinctive 
temperature, is also affected by heat transfer at the surrounding wall surfaces. Thus, 
direct heat exchange with the facility metal walls can also affect the slug temperature 
field. In turn, the walls are surrounded and exchange heat with the ambient air in the case 
of an external wall, such as the reactor vessel wall, or with fluid of different temperature 
in the case of an internal wall, such as the core barrel wall. In the latter case, heat is 
transported through the core barrel wall between the downcomer fluid flowing 
downwards and the fluid in the core region flowing upwards. Thermal insulation was 
used to minimize heat exchange through the facility walls. 
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The internal vessel wall surface and both surfaces of the core barrel, Figure 2-4, were 
coated with an insulating layer 0.8 mm thick. The cumulative effect of coating the barrel 
and vessel results in a 5 % gap reduction on the upper portion and 3 % on the lower 
portion of the downcomer, which fall within expected tolerances for the vessel. The 
coating material consisted of an epoxy (brand name Novolaq) mixed with evacuated 
ceramic micro-spheres in a volumetric ratio of 2:1. The thermal conductivity of the 
coating at room temperature was measured to be 0.90 W/(mK). This is more than one 
order of magnitude less than the conductivity of 304 stainless steal at room temperature, 
which is equal to 14.9 W/(mK). It was estimated that the coating reduced the effect of the 
wall heat transfer on the temperature of the fluid entering into the lower plenum from the 
downcomer to less than 10 %. 

 
Figure 2-4.  Photograph of the core barrel with the applied insulating coating 

2.1.1.2 Hot Legs 

The hot legs, shown in Figure 2-5 are made of 0.089 m (3.5 in) nominal diameter 304 
stainless steel schedule 40S piping. The corresponding hot leg inside diameter is equal to 
0.090 m (3.55 in). The hot legs have two view ports: one view port in the vertical section 
and one view port in the candy cane section. The design of the view ports is such as to 
minimize any dead water regions or flow disturbance. Both view ports for each hot leg 
are shown in Figure 2-1. One important feature of the system is the geometry of the hot 
leg portion, which is connected to the SG. The shape of this portion is like an inverted U 
and it is called a candy cane. It includes the highest elevation along the flow path 
between the core and the SG as seen from Figure 2-1. 
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Figure 2-5.  Hot leg schematic 

2.1.1.3 Cold Legs 

The cold legs, shown in Figure 2-6, are made of 0.0762 m (3.0 in) nominal diameter 304 
stainless steel schedule 40S piping. The corresponding cold leg inside diameter is equal 
to 0.0779 m (3.068 in). One view port is located in the vertical section of each cold leg 
near the bottom of the SGs as shown in Figure 2-1. 

 
Figure 2-6.  Cold leg and reactor coolant pump schematic 
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The liquid level in the cold leg riser, above that water from the vertical riser starts spilling 
over through the pump propeller into the horizontal section of the cold leg attached to the 
pump discharge is called loop elevation. Because of the lowered loop configuration, the 
loop seal elevation corresponds approximately to the middle height of the SG. Thus, the 
W-shaped volume including the portion of the SG primary volume below the loop seal 
elevation and the two attached cold leg risers is equal to approximately 82 liters, which 
represents 13.78% of the primary volume. This volume is available for slug accumulation 
prior to an RBD transient. 

In the present study, pump A1 is activated to transport the slug towards the downcomer. 
The other three RCPs are always idle. Thus, water entering into the downcomer from 
clod leg A1 can either flow through the downcomer into the reactor core or bypass the 
downcomer and enter into the three cold legs with idle RCPs. When desired, the bypass 
flow through cold leg A2 and cold leg B2 can be individually blocked through the 
insertion of aluminum blanks between the flanges that attach the cold legs to the reactor 
vessel. The bypass flow through cold leg B1 can be blocked via a gate valve that is 
installed at the flange connecting the cold leg to the reactor vessel. Cold leg A1 is always 
open for flow. 

In order to provide well-defined boundary conditions for numerical simulations and 
comparison with the loop data, cold leg A1 is constructed with a flow straightener, which 
consists of a honeycomb structure that occupies the entire flow area of the cold leg. 
Figure 2-7 shows a schematic of the flow straightener. The honeycomb is made of straws 
15 cm long and 6 mm in diameter, and a thin mesh screen at the straw outlet side. The 
screen has 8 threads per cm and an open area of 41%. It is located about 18 cm upstream 
from the cold leg entrance into the downcomer and 5 cm downstream from the 
honeycomb end. The honeycomb was found effective in straightening the flow through 
the elimination of azimuthal velocity component. In addition, the axial velocity profile at 
the honeycomb outlet was found to be relatively flat upon the activation of the RCP using 
laser Doppler anemometry in the loop�s sister boron-mixing optical vessel (B-MOV) 
visualization facility.  

screen

honeycomb structure
 

Figure 2-7.  Flow straightener inserted in injection cold leg. 
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2.1.1.4 Steam Generators 

The components of the two steam generators, Figure 2-8, are made of stainless steel. 
Each contains 28 straight stainless steel tubes located in an outer shell tube. The tubes are 
3.9052 m (12 ft 9-3/4 in) long and have an inside diameter of 0.02997 m (1.18 in) and an 
outside diameter of 0.03175 m (1.25 in). The outer shell of the steam generator is of 
0.3075 m (12 in) schedule 20 stainless steel pipe with an outside diameter of 0.32385 m 
(12.75 in) and a wall thickness of 0.00635 m (0.25 in). The primary coolant enters from 
the top and flows inside the straight tubes whereas the secondary water occupies the 
volume between the primary tubes and the outer shell tube. No secondary cooling was 
used for the current investigation and the steam generators secondary volume was dry. 

 
Figure 2-8.  Steam generator schematic 

2.1.1.5 Reactor Coolant Pumps 

A centrifugal pump is installed at the top of each of the four cold leg risers as can be seen 
from Figure 2-1 and Figure 2-6. Each RCP is individually activated and an emergency 
trip can be used to shut down all active pumps. The steady-state pump speed can be set 
manually at any level of up to 1500 rpm to provide the desired pump volumetric flow rate 
up to about 10.3 l/s. As already mentioned, only RCP A1 was activated in the present 
study in order to transport the slug while the other pumps were kept idle. In addition, 
RCP B1 was used to circulate the primary system volume during the initial heat-up of the 
coolant to the desired temperature. The impellers of the idle three RCPs provide a 
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hydraulic resistance, which is important for realistic simulation of the core bypass flow 
through the corresponding cold legs during an RBD transient. 

2.1.1.6 Power System 

The UM 2x4 Loop facility is equipped with a power system capable of providing up to 
115 kW of heat power. For this purpose, 19 cartridge heaters can be installed in the 
reactor vessel. The heaters are of two different types to allow for operation with an 
uncovered upper portion of the core. There are 9 low-power heaters, each of 3.0 kW 
capacity, designed to operate in both steam and water environment. There are also 10 
high-power heaters, each of 8.8 kW capacity, which can operate properly only immersed 
in water. Both types are resistance heaters operating on delta connected three phase AC at 
480 volts. 

The high-power heaters are 0.0254 m (1 in) in diameter and 1.1430 m (44 in) in length. 
They have Incaloy sheathed cartridges with a heated lower section of 0.3556 m (14 in) 
and an unheated upper section of 0.6096 m (24 in). A nominal pipe thread male fitting at 
the top of each heater allows it to be directly attached to the pressure vessel upper head. 

The low-power heaters are 0.0254 m (1 in) in diameter and 1.2954 (51 in) in length. They 
also have Incaloy sheathed cartridges with a heated lower section of 0.6096 (24 in) and 
an unheated upper section of 0.6604 (26 in). 

Since both the high- and the low-power heaters begin at the lower core barrel plate, the 
heated section of the low-power 3.0 kW heaters extends 0.254 m (10 in) above that of the 
higher power 8.8 kW heaters. The longer length of the low-power heaters requires that 
each one be raised up from a flush attachment to the vessel upper head by using a 0.1524 
m (6 in) piece of stainless steel pipe. 

Each heater has an internal thermocouple (type K) and the temperatures from those 
thermocouples are displayed on the control monitor to verify proper functioning by the 
operator. The heating power is varied using silicon-controlled rectifiers under the control 
of the DAS (HP-3497). An automatic shutdown feature of the DAS cuts off the power 
supply if any of the heater thermocouples exceeds a preset threshold value (usually 400 
oC). 

The UM 2x4 Loop as redesigned for the boron-mixing tests was capable of providing 
61.6 kW of power using 7 high-power cartridge heaters for maximum heat output. The 
other 12 heaters, including all low-power heaters, were removed to allow for 
thermocouple penetration into the downcomer. The heaters were divided into four banks 
for the purpose of power control with each bank being controlled by a silicon-controlled 
rectifier. The heaters in each bank were connected in series to the corresponding silicon 
controlled rectifier, which operates on a 4-20 mA current input signal provided by a 
voltage supplied by the DAS (HP-3497). In order to ensure operator control of the power 
input to the system, a calibration was performed over a range of input powers. 

2.1.2 Visualization Facility Description 

The visualization facility was constructed as a scaled replica of the UM 2x4 Loop facility 
as a special effect facility. The entire reactor vessel and most of the attached pipes are 
made of transparent plexiglas, as shown in Figure 2-9a. This allows the use of flow 
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visualization techniques, such as Particle Image Velocimetry (PIV) and Laser Induced 
Fluorescence (LIF), to perform high-resolution measurements of the flow field and 
mixing phenomena. These methods offer several advantages over the traditional 
measurement techniques (e.g., thermocouples, conductivity probes), since they are non-
intrusive and can achieve a much higher spatial and temporal resolution. The facility is 
built to replicate the dimensions of the flow path (from the pump to the core inlet) of the 
2x4 loop system (the relevant dimensions are listed in Table 2-2). As shown in Figure 
2-9b, only the components necessary to model the slug flow path are reproduced: the 
pump suction volume (or loop seal volume), the injection cold leg with its reactor coolant 
pump, and the reactor vessel. Additional components include a controlled-resistance 
bypass flow leg, which simulates flow through the adjacent cold leg as required for the 
test C case, and a return flow path for the liquid leaving the reactor vessel (subsequently 
referred to as a return pipe).  

Reactor 
Vessel 

Return 
Tank 
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Tank 
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Injection 
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Pump 

Loop 
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Figure 2-9.  (a) photograph and (b) 3-D drawing of the BMOV  

Table 2-2: Dimensions of the BMOV facility 

Component Dimensions (cm) 

Vessel inner diameter 48.30 

Downcomer gap thickness (above expansion) 3.18 

Downcomer gap thickness (below expansion) 5.08 

Cold leg diameter 7.79 

Downcomer length (above CL centerline) 25.40 

Downcomer length (below CL centerline) 71.12 

Distance of gap expansion from CL centerline 15.24 
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Some modifications to the reactor vessel were also necessary in order to allow for the 
placement of the optical equipment.Figure 2-10 shows a comparison between the vessels 
of the BMOV and integral facilities. It can be observed that in the BMOV the �core� 
region is not part of the flow path; instead, it is simply an air-filled volume open from 
above. Consequently, the flow of liquid entering the bottom of the core barrel has to be 
diverted and, as shown in the cross-sectional view, it leaves through a pipe from the 
bottom of the reactor vessel. The flow then proceeds along the controlled-resistance 
return leg and is collected in the return tank, shown in Figure 2-9b. The controlled-
resistance leg allows adjustment of the pressure drop along the flow path to match the 
resistance of those components that are in the core of the integral facility. Also, in order 
to reproduce the obstruction of the downcomer flow path caused by the hot leg sleeves in 
the integral facility, two cylindrical inserts are placed in the BMOV downcomer gap. 

The reactor coolant pump, which is responsible for the initiation of flow during the 
experiments, consists of a 3-hp centrifugal pump actuated by a controller coupled with a 
pulse width modulated inverter. This provides control capabilities over both the steady-
state and transient pump characteristics, and is necessary to reproduce the boundary 
conditions observed in the integral facility. 

Coolant 
Flow Path 

Coolant 
Flow Path Cold Leg 

Cold Leg Fake 
Hot  Leg 

Hot Leg 

Downcomer 

(a) (b) 

 
Figure 2-10.  Cross-sectional view of the (a) BMOV and (b) integral vessels  

The passage of the slug through the pump impeller volume was shown to have a relevant 
effect on the turbulent mixing of the slug along the discharge pipe (Gavelli, 1997). 
Preliminary experiments on the BMOV facility also indicate that the flow leaves the 
pump with a noticeable azimuthal velocity component. Due to the difficulty in trying to 
quantify this swirling effect, both the 2x4 loop and the BMOV are constructed with a 
honeycomb structure inside the injection cold leg, with the purpose of straightening the 
flow and reducing the pump-induced turbulence. The honeycomb is made of 15 cm long, 
6 mm diameter straws and a thin mesh screen, placed about 17.8 cm before the 
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downcomer entrance, as shown in Figure 2-11. The radial streamwise velocity profile is 
shown in Figure 2-12 at various times during the development of the flow. 

Honeycomb Screen 

Downcomer 

Slug 

17.8 cm 5 cm 15 cm 
 

Figure 2-11.  Honeycomb and screen position within cold leg inlet pipe 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

-40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0

radial position (mm)

streamwise
velocity, U

(m/s)

dimensionless time
(normalized by time
needed to reach full

pump speed)

  t/τpump  > 1

 0.5 > t/τpump > 1

 0.25 > t/τpump > 0.5

0.25 > t/τpump

 
Figure 2-12.  Mean streamwise velocity at the inlet of the simulation boundary for various 
flow rates 

2.2 Instrumentation 

2.2.1 Loop Instrumentation and Data Acquisition 

The phenomenon of fluid mixing is simulated in the test facility through mixing of water 
volumes of different temperatures. The degree of fluid mixing is reflected by the fluid 
temperature, which is measured by thermocouples (TCs) mounted steadily in the vessel 
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downcomer, lower plenum, and cold legs. In addition, differential pressures and 
volumetric flow rates are also measured. 

2.2.1.1 Control System 

The HP-3497 DAS has provisions for a total of six DC output signals to be used for 
automatic system control. The DAS can control three systems: pressurizer heaters, 
makeup water supply and core power heaters. For the current test series, the DAS system 
controls only the core power heaters. The average phased resistance of each core heater 
has been determined. These resistance values are combined with measured phase voltages 
to provide a calibration curve to be used by the DAS control system. A desired power is 
supplied by the control room via the DAS computer. The calibration curve determines the 
necessary DC output voltage to be fed to the SCR control banks of the core heaters. Each 
of the core heaters has an installed K-type thermocouple. If this thermocouple surpasses a 
preset temperature, power will be deactivated. (Gavrilas et al., 1996, p. 103-104) 

2.2.1.2 Power Measurement  

The UMCP facility is capable of providing 115 kW of power using nineteen cartridge 
heaters. Two types of heaters are used to allow for the uncovering of a portion of the core 
without severe consequences. There are nine 3 kW heaters designed to operate in either a 
gas or a liquid. There are ten 8.8 kW heaters that must be immersed in liquid in order to 
operate. Both types are 3 phase, 480 volts AC, delta connected, resistance heaters. Heater 
power is controlled using silicon controlled rectifiers (SCR) under the control of the DAS 
(HP-3497). 

The 8.8 kW heaters are 2.54 cm (1 inch diameter), 114.3 cm (44 inches) long, Incoloy 
sheathed cartridges with a heated length of 35.56 cm (14 inches) below and unheated 
length of 60.96 cm (24 inches). An internal type K thermocouple in each heater is used to 
determine heater temperature so that burnout can be avoided. The heaters must be 
covered by water during operation. A nominal pipe thread (NPT) male fitting at the top of 
the heater allows it to be directly attached to the pressure vessel�s upper head.  

The 3 kW heaters are 2.54 cm (1 inch) diameter, 129.54 (51 inches) long, Incoloy 
sheathed cartridges with a heated length of 60.96 (24 inches) below and unheated length 
of 66.04 (26 inches). An internal type J thermocouple in each heater is used to determine 
heater temperature so that burnout can be avoided. The longer length of these heaters 
requires that the heater be raised up from a flush attachment to the upper head by using a 
15.24 cm (6 inch) piece of stainless steel pipe. Both the high and the low power heaters 
begin at the lower core barrel plate. Therefore, the heated section of the 3 kW heaters 
extends 25.4 cm (10 inches) above that of the higher power heaters. 

The UMCP facility redesigned for the boron-mixing tests is capable of providing 61.6 
kW of power using seven cartridge heaters. Twelve heaters have been removed to allow 
for thermocouple penetration into the downcomer. Each of the seven in the boron-mixing 
tests is an 8.8 kW heater. Using the high-power heaters allows for the greatest power 
input range (0-61.6 kW). 

The heaters have been divided into four banks for the purpose of power control. Each 
bank is controlled by a silicon controlled rectifier (SCR). The heaters in each bank are 
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connected in series to the SCR. There are five banks available, however, only four are 
being used for this series of tests.  

The power is generated by applying 3 phase AC voltage to the heaters. The maximum 
voltage is 480 volts per phase. The voltage necessary to energize the heaters is provided 
by four power controllers. Each controller is an SCR which operates on a 4-20 mA 
current input signal provided by a voltage supplied by the DAS (HP-3497). Based upon 
the input current, the power demand, the SCR supplies part or all of the AC voltage 
cycle. At lower power, the SCR provides a small portion of the sinusoidal cycle and thus 
the RMS voltage is in greater error than at higher power. The improved accuracy at high 
power comes from the fact that, as more of the input AC cycle is used, the output cycle 
better approximates a sine curve.  

To determine the power, the resistance of each leg of the heater is measured. Power is 
then based on the AC voltage applied to each phase of the heater by the SCR. The AC 
voltage is supplied by the SCR and is converted to an equivalent DC voltage with AC-
DC converter chips. The AC-DC converter chips are connected to each phase of the SCR. 
Therefore, a more accurate measure of the AC voltage is available. The function of the 
AC-DC converter chips is to measure the true RMS voltage of each phase. There are two 
SCRs that are connected. Each chip has been calibrated and the signal from it is stored 
during the tests. The average voltage per bank (average voltage of 3 phases) is evaluated 
and used for calculating the heater power. Heater power is calculated by: 

 

Equation 2-1 
where V is the average phase voltage across the heaters and R is the load resistance. The 
load resistance is determined by: 

 

Equation 2-2 

where RL is the load resistance and RM is the average of the three phase measured 
resistances.  

In order to ensure operator control of the power input to the system, a calibration has 
been performed over a range of input powers. The control signal from the DAS to the 
SCRs has been fit over a range of power inputs. (Gavrilas et al., 1996, p.104-106) 

2.2.1.3 Temperature Measurement 

The TCs used in the present study are made by Omega Engineering, Inc. and are of types 
K and T. The thermocouple (TC) characteristics are presented in Table 2-3. 

Previous experiments at UM and elsewhere have shown that the slug mixing occurs 
predominantly in the downcomer. To trace the temperature field there, altogether 286 
TCs are mounted in the downcomer and the lower plenum of the reactor vessel on 11 
horizontal planes labeled Level 1 through Level 11. Level 1 denotes the lowest plane and 
Level 11 denotes the uppermost plane. The vertical location of all levels is measured 
from the axis of the cold leg nozzles and is given with positive numbers for levels below 
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the cold leg nozzle axis and with positive numbers for levels above the reference point as 
shown in Figure 2-13 below. 

Table 2-3: Thermocouple characteristics 

Alloy Combination Error Limits          
(whichever is greater) 

ANSI 
Code 

+ Lead - Lead 
Range (oC) 

Above 0 oC Below 0 oC 
K Chromega©

(Ni-Cr) 
Alomega© 

(Ni-Al) -200 to 1,250 2.2 oC or 
0.75% 

2.2 oC or 
2.0% 

T Copper Constantan
(Cu-Ni) -200 to 350 1.0 oC or 

0.75% 
1.0 oC or 

1.5% 

31.1cm 

11.4cm 

-3.2cm 
0 
3.2cm 

-12.7cm

-23.8cm 

80.86cm 
78.59cm 
74.5cm 

61.6cm

51.4cm 

41.3cm 

 
Figure 2-13.  Thermocouple levels in the reactor downcomer and lower plenum 
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Levels 1, 2, and 3 are located within the lower reactor plenum and each level contains 26 
TCs. This makes 78 TCs for the whole volume of the lower plenum. For each level, the 
TCs are uniformly spaced along three concentric circles. There are 2 TCs on the 
innermost circle of 0.02 m radius, 12 TCs on the middle circle of 0.0825 m radius, and 12 
TCs on the outer circle of 0.165 m radius. The center point of the circles is located on the 
axis of the rector vessel. Level 1 is located 0.8721 m below the cold leg nozzle axis and 
Level 2 is placed 0.8086 m below the reference point. The TCs for Level 3 are 0.745 m 
below the cold leg nozzle axis with the exception of the two TCs on the innermost circle 
that are located 0.7859 m below the reference point. There is no azimuthal angle 
displacement between the TC locations for all three levels and a top view of the TC 
positions is shown in Figure 2-14 below. 

 
Figure 2-14.  Thermocouple positioning in the lower plenum (Levels 1, 2, and 3) 

Levels 4, 5, 6, and 7 are located in the lower portion of the downcomer, which has a 
larger gap flow area. The TCs on Level 4 are located 0.616 m below the cold leg nozzle 
axis. This level is at the downcomer outlet and therefore is heavily instrumented. The 
TCs are located at an azimuthal angle increment of 15o at the middle of the annulus gap. 
At alternating azimuthal TC locations, the central TC is augmented by two more TCs 
located at different radial positions. The additional TCs are used to examine the radial 
variation of the slug temperature in the downcomer. The outer TC is located at a distance 
of 0.006 m from the vessel wall and the inner TC is at the same distance from the barrel 
wall. Thus, there are 12 inner TC, 24 TCs central TCs, and 12 outer TCs, which make 48 
TCs altogether on this level. The TCs arrangement for Level 4 is illustrated in Figure 
2-15. 
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Level 5 is located 0.514 m below the cold leg nozzle axis and contains 12 TCs located at 
the middle of the downcomer gap. The TCs are equally spaced along the downcomer 
perimeter. The arrangement for Level 5 is illustrated in Figure 2-15. 

Level 6 is located 0.413 m below the cold leg nozzle axis and contains 48 TCs arranged 
as on Level 4. Level 7 is positioned 0.311 m below the cold leg nozzle axis and contains 
12 TCs arranged as on Level 5. It is important to notice that Level 6 is located 7 
expansion step heights downstream of the elevation of the expansion step and Level 7 is 
located 5 expansion step heights downstream the expansion step. This corresponds to the 
expected position for flow reattachment at 5 to 7 step heights downstream of the 
backward facing step (Heenan and Morrison, 1998). Figure 2-15 below illustrates the TC 
arrangement for Levels 6 and 7. 

 

 
Figure 2-15.  Thermocouple positions in the downcomer (Levels 4, 5, 6, 7, and 8) 

All other levels are located within the upper part of the reactor downcomer, which has a 
smaller gap flow area. Level 8 is located 0.114 m below the cold leg nozzle axis and has 
48 TCs arranged as on Level 4 as shown in Figure 2-15. 

Level 9 is at the height of the cold and hot leg nozzles and it contains 30 TCs. There are 5 
TCs positioned at the interface of each cold leg nozzle with the downcomer outer wall. 
One TC is at the axis of the cold leg nozzle and the other 4 are positioned at a distance of 
0.032 m from that axis along the cold leg nozzle vertical and horizontal diameter. In 
addition, 6 TCs on Level 9 are positioned in the downcomer between the adjacent leg 
nozzles at the middle of the gap. The last 4 TCs measure the temperature in the upper 
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plenum at the inlet points to both hot leg nozzles. There are 2 TCs located at the inlet to 
each hot leg nozzle. Both TCs are positioned at a distance of 0.032 m from the hot leg 
axis along the vertical hot leg nozzle diameter. The distance between each of these TCs 
and the reactor vessel vertical axis is 0.241 m. The arrangement of Level 9 TCs is 
illustrated in Figure 2-16 below. 
 

 
 

Figure 2-16.  Thermocouple positions in the downcomer nozzle area (Level 9) 

Levels 10 and 11 are located in the portion of the downcomer above the leg nozzles and 
they contain relatively few TCs. Level 10 is located 0.127 m above the leg nozzle axes 
and has 4 TCs. They are positioned at the middle of the downcomer gap at an azimuthal 
angle interval of 90o. Level 11 is located 0.238 m above the cold leg nozzle axes and 
contains 6 TCs, which are also positioned at the middle of the downcomer gap. These 
TCs are positioned at an azimuthal angle interval of 60o. Figure 2-17 below illustrates the 
positions of Level 10 and 11 TCs. Table 2-4 below summarizes the TC instrumentation 
for all levels in the 2x4 loop vessel. 
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Figure 2-17.  Thermocouples in the downcomer above nozzle area (Levels 10 and 11) 

Table 2-4: Thermocouple instrumentation in the 2x4 loop vessel 

Vessel Region Level Elevation (m) TC Number TC Type 
11 -0.2380 6 T Downcomer 

above nozzles 10 -0.1270 4 T 
Nozzle area 9 -0.0320 

0 
0.0320 

6 
18 
6 

K(20)/T(10) 

Above step 8 0.1140 48 T 
7 0.3110 12 K 
6 0.4130 48 K 
5 0.5140 12 K 

Downcomer 
below step 

4 0.6160 48 K 
3 0.7450   

0.7859 
24 
2 

K(3)/T(23) 

2 0.8086 26 K(25)/T (1) 

Lower plenum 

1 0.8721 26 K 

2.2.1.4 Flow Measurement 

Two ultrasonic flowmeters�a TransPort� Model PT868 device and a TransPort� 
Model PT868-R both made by Panametrics, Inc�are used to measure the flow through 
the cold legs. This flowmeter uses the transit time flow measurement technique. In this 
method, two transducers are mounted to the exterior of the pipe at a fixed distance apart. 
Each transducer sends out a series of acoustic pulses that are received by the other 
transducer. The time interval from transmission to reception is measured in both 
directions. If the liquid is stagnant, then the upstream transit time is equal to the 
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downstream transit time. When the liquid is flowing, the downstream transit time is less 
than the upstream transit time. This method requires acoustically conductive single-phase 
fluids, which may contain traces of a second phase. Such fluids include most clean 
liquids and liquids with a small percentage of entrained gas (e.g., air) bubbles. 

The flowmeters are powered by a dedicated wall outlet connection. The instruments can 
provide a standard 4-20 mA output signal or they can provide an outlet signal via an RS-
232 cable to a dedicated laptop computer. Since the UMCP facility DAS can only record 
DC voltages, if the 4-20 mA signal is used, a 500 Ohm precision resistor is installed and 
the voltage drop across this resistor is measured and recorded by the DAS.  

One flowmeter is dedicated to cold leg A1, through which the slug is transported into the 
downcomer. The second flowmeter is used to measure the bypass flow rate through any 
one of the other three cold legs if desirable. 

The flowmeters are appropriate for measuring velocities from 0.03 m/s to 12.2 m/s. For a 
3 inch Schedule 40S pipe used for the cold leg, this velocity range corresponds to a 
volumetric flow range of 0.14 l/s to 58.2 l/s. The observed flow rate stayed within this 
range, once the RCP had run for a few seconds. For clamp-on ultrasonic transducers 
(transducer number 30) mounted with a slide track fixture on the external pipe wall, the 
accuracy is given in Table 2-5 below. As seen from the table, for typical flow conditions 
encountered in the cold leg A1 of the UM 2x4 Loop facility during the RBD mixing 
experiments, the flowmeter accuracy was within 5%. It is important to mention that the 
specifications given require straight runs of 10 diameters upstream and 5 diameters 
downstream from the flowmeter itself. For this reason, the flowmeter transducers were 
mounted in the cold leg risers at a position dividing the straight vertical portion of the 
risers into two sections with a length ratio of 2:1. For cold leg A1 with upward flow in 
the riser, the flowmeter was closer to the pump suction. For the other cold legs, the 
flowmeter was closer to the bottom end of the riser due to the downward direction of the 
bypass flow. 

Table 2-5: TransPort� PT868/PT868-R flowmeter characteristics 

Typical Accuracy for Velocity Range Pipe Diameter 0.03 m/s � 0.3 m/s 0.3 m/s � 12.2 m/s Repeatability 

≤ 150 mm (6 in) ±0.05 m/s 2-5% 
> 150 mm (6 in) ±0.01 m/s 2% ±(0.2−0.5%) 

2.2.1.5 Differential Pressure Measurement 

Differential pressure (DP) across different points in the reactor vessel was measured with 
DP cell transmitters model 823DP-I made by the Foxboro Company. The transmitters 
included two different sensor types: low range and medium range sensors. The 
transmitter is an electronic instrument that measures continuously differential pressure 
and transmits this pressure as a proportional analog signal (in the mA range). The 
transmitter can be used for measuring DPs associated with flow, liquid level, or other 
type of applications. Depending on the jumper position of the transmitter, the range limits 
of the devices are given in Table 2-6 below. 
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Table 2-6: Measurement limits for Foxboro 823DP-I DP cell transmitters 

DP Range Limits Sensor KPa mm H2O (at 20 oC) Repeatability 

Low range 0 � 7.2 762 
Medium range 0 � 36 3,810 ±(0.2−0.5%) 

The maximum inherent error due to the built-in resistor across the output-test terminals of 
the transmitter is ±0.1% of span. Care should be exercised that environmental influences 
on the transmitter and that of the calibrating equipment are minimized. 

To mount the DP cells, six taps at different locations were used with four taps connected 
to the downcomer directly through the vessel wall, one tap connected to cold leg A1 and 
one tap connected to hot leg A. 

The downcomer taps are located at two different elevations. Two upper taps are at the 
plane that contains the leg nozzle axes. Two lower taps are at a horizontal plane located 
0.759 m below the leg nozzle axes, which corresponds to the lower plenum region. The 
cold leg tap is connected to the bottom of the horizontal portion of cold leg A1 close to 
the cold leg nozzle. The distance from the cold leg inlet to the downcomer and the tap 
port is 0.394 m. Thus, the honeycomb structure in the cold leg is located downstream 
from the cold leg tap. The hot leg tap is connected to the bottom of the horizontal portion 
of hot leg A close to the hot leg nozzle. The distance between the tap port and the reactor 
vessel inner wall is 0.346 m. The azimuthal positioning of the upper and lower 
downcomer taps as well as the connection scheme for all DP cells are shown in Figure 
2-18 below. 

 
Figure 2-18.  DP taps positioning and DP cells connection scheme 
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In addition, two ITT differential pressure transducers are employed in the slug injection 
series. These instruments provide water level information for the slug injection tank and 
the high-pressure injection (HPI) tank. A dedicated 30 DCV power supply provides 
excitation voltage to these DP transducers. These instruments are designed to provide a 
standard 4-20 mA output signal. However, a 500 Ohm precision resistor is installed in the 
same manner as with the flow measurement. 

2.2.1.6 Data Acquisition System 

The data acquisition system (DAS) for the UM 2x4 Loop employs two Hewlett Packard 
(HP) data acquisition units, HP-3497 and HP-3852. A personal computer with a Pentium 
133 MHz processor communicates with both units and stores measured data from 
thermocouples, differential-pressure cells and flowmeters. A Hewlett Packard Interface 
Bus measurement coprocessor acts as the interface between the computer and the data 
acquisition units. This is a self-contained unit with a speed of 8 MHz. The user interface 
is done with HP Visual Engineering Environment (HPVee) software. The DAS also has 
provisions for control output signals, e.g., to control the core heating power. 

 
Figure 2-19.  Diagram of DAS 
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The HP-3497 data acquisition unit is slower than the HP-3852 unit. HP-3497 allows for 
six output signals through six dual current controller cards of the type HP-44430A. For 
the present test program, only one output signal for the core heating power was used. The 
HP-3497 unit can be also used to measure direct current voltages from the system sensors 
such as DP cells and pressure transducers. For this purpose, it uses three HP-44422A 
acquisition cards each of 20 direct current channels. 

The HP-3852 data acquisition unit uses an HP-44701A integrating voltmeter, which is 
equipped with six HP-44713A acquisition cards each of 24 direct current channels and 
one HP-44708H acquisition card with 20 input channels for higher voltages and currents. 
Thus, the unit can be used to multiplex through a maximum of 164 channels. The HP-
3852 data acquisition unit has its own processor, which makes the unit faster than HP-
3497, as already mentioned. HP-3852 was used to collect the temperature measurements 
from the TCs of both type K and T. 

To increase the speed of data acquisition, both data acquisition units record the measured 
signals as direct current voltage signals. After each test run, a post-processing program 
converts the measured signals into the corresponding physical quantities. In this mode of 
operation, the HP-3852 unit at full load processes one set of TC readings for 0.404 s, 
which is on the order of the response time for the thermocouples used in the present 
study. The processing time consists of 0.024 s for measurement setup and additional 
0.380 s for measurement and signal transfer. The HP-3852 can be also programmed to 
take temperature measurements directly, which, as already mentioned, is more time 
consuming.. As a whole, the DAS at its maximum capacity load of 172 channels worked 
with a data acquisition frequency of approximately 2 Hz. 

2.2.2 Visualization Measurement Techniques and Calibration 

Laser Induced Fluorescence (LIF) is a common technique used in experimental fluid 
mechanics to measure the concentration of a scalar species within a fluid, primarily 
applied to study the fundamental behavior of turbulent scalar transport in jets and mixing 
layers. The fundamental principle of quantitative LIF is that the fluorescent intensity 
given off by an illuminated volume of dyed fluid will be proportional to the number of 
dye molecules contained within that volume. When absorbing radiation of proper 
wavelength, some molecular species respond by emitting light through a very rapid 
process of electronic excitation and decay known as fluorescence (which usually takes 
less than 10-9 s). The fluorescence occurs when a molecule in an excited electronic state 
undergoes a nonradiative transition to an intermediate state before making the radiative 
transition to its ground state. This results in an emission spectrum that is shifted with 
respect to the spectrum of absorption, which is a fundamental characteristic of 
fluorescence. With the selection of dyes that exhibit a large separation between their 
absorption and fluorescence spectra and the use of the proper filters, the two radiations 
(incident and emitted) can be separated. Furthermore, for a fixed value of the incident 
radiation, it can be seen that the observed fluorescence intensity will be proportional to 
the number of molecules present within the illuminated region. In the BMOV facility, a 
5-W multiline Argon-ion laser (which has emission peaks of 488 and 514.5 nm) is used 
as the excitation source, and Rhodamine-6G (C28H31N2O3Cl) is the fluorescent dye used 
to simulate the concentration of the boric acid. Rhodamine-6G was selected because its 
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absorption spectrum overlaps the emission of the Argon-ion laser while its emission 
spectrum has a peak at 560 nm, as listed inTable 2-7. Although the physical basis of the 
measurement is relatively simple, the difficulty in obtaining quantitative results is usually 
in ensuring that the illuminating intensity is constant (i.e. there is no significant 
absorption of the incident light as it propagates through the dyed volume). This is 
typically accomplished by controlling both the maximum concentration of the dye and 
the path length over which the illuminating beam has to travel before reaching the 
observation volume. 

Table 2-7: Emission and absorption spectra for aqueous solution of Rhodamine-6G 

Wavelength 
 

Lower Upper Peak 

Emission 540 660 560 

Absorption 460 560 530 

LIF measurements are based on the fact that, under conditions of linearity, the fluorescent 
intensity of a volume of fluid, excited by a laser light, is proportional to the concentration 
of dye in that same volume. Thus, the average dye concentration in a liquid volume can 
be determined by measuring its light emission and comparing it with a proper calibration. 
Before discussing how this proportionality can be ensured, the setup of the optical 
equipment must be described. 

When applied to the Boron dilution event in the downcomer of the PWR, a method 
needed to be developed to illuminate and view the downcomer volume with a high spatial 
resolution, while maintaining adequate temporal resolution and minimizing the 
illumination beam path within the dye. Since the downcomer is largely a thin annular 
volume, it made the most sense to have the illumination source projected radially outward 
from the centerline, and then scanned azimuthally with a sufficient rotation speed to 
satisfy the temporal resolution requirements. 

The placement of the optical components is shown in Figure 2-20. The assembly is 
designed to direct the laser beam through the downcomer gap from inside the core region. 
In passing through the liquid in the gap, the laser excites the dissolved dye, inducing the 
desired fluorescence. The light emitted is then measured by a photomultiplier tube 
(PMT), which is focused on the excited volume composed of the entire beam path which 
resides in the liquid. Thus, the measurements represent the average dye concentration that 
is distributed over the length of the illuminated volume. The measurements constitute 
primarily a radial average, but at the top and bottom regions of the downcomer the beam 
will be angled approximately 25º with respect to the horizontal. This small distortion can 
be corrected through the proper transformations. In order to study the mixing occurring 
throughout the downcomer, the laser beam is swept over the annular volume in a raster-
scan fashion: vertical sweeps are obtained by reflecting the beam off an octagonal 
rotating mirror, while an axial rotation about the z-axis is achieved by mounting the 
entire optical assembly on a motor-driven bearing. The optical carriage assembly rotates 
at 120 rpm and the octagonal mirror at approximately 6000 rpm. As a result, the 
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downcomer is scanned at a frequency of 2 Hz, with about 400 vertical sweeps per 
revolution. 

One-pixel 
Fluoroscope 

Octagonal 
Rotating 
Mirror 

Reflecting 
Mirrors 

Axial 
Rotation 

Vertical 
Sweeps 

Laser 
Beam 

 
Figure 2-20.  Optical instrumentation setup for LIF in BMOV facility 

Figure 2-21 shows the coordinate system which will be utilized for the concentration 
measurements. To measure the fluorescence generated by the different regions of the 
downcomer, the PMT must be constantly aligned with the laser beam path. This is 
obtained through use of the �one-pixel fluoroscope� shown in Figure 2-22. A short-pass 
filter (λ < 600 nm) is placed along the path of the laser, to allow only radiation in the 
absorption spectrum of Rhodamine-6G to reach the downcomer. A long-pass filter (λ > 
560 nm) is placed along the optical path from the downcomer to the PMT; its purpose is 
to block out any light that may be elastically scattered by reflection from downcomer 
walls or suspended particles within the flow, so that only the fluorescence intensity of the 
dye is measured. The alignment of the PMT with the laser beam is maintained by the 45°-
inclined half-silvered mirror, which allows about 50% of the incident radiation to pass 
through, while reflecting the other half, as indicated in Figure 2-22. 

The PMT outputs an electrical current that is proportional to the intensity of the radiation 
reaching its sensor, which is subsequently converted to a voltage and amplified prior to 
sampling. The voltage is recorded by a 12-bit A/D card, which samples the data at a rate 
of 500 kHz. Combined with the raster scanning of the downcomer by the laser beam, the 
digitizing rate allows an angular sampling resolution of 0.24° (vertically) x 0.9° 
(azimuthally), which translates to a spatial resolution of about 0.3 cm x 0.3 cm within the 
optically accessible region. 
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As mentioned earlier, the dye concentration can be measured from the fluorescence 
intensity if the two are directly proportional to each other. This condition, however, is not 
trivially satisfied. Care must be exercised to ensure that the concentration of the dye is 
sufficient to produce measurable intensity, yet dilute enough to prevent nonlinear 
fluorescence effects. One of the most important considerations is the absorption of the 
laser light by the dye molecules as the illumination beam travels through the liquid 
volume. Since the fluorescent emission is directly proportional to the incident light 
intensity, the attenuation of the incident light inside the control volume causes a nonlinear 
response in fluorescence intensity. This effect can be negligible for low dye 
concentrations or small liquid regions, but it becomes more and more significant as either 
one increases. 
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Figure 2-21.  Coordinate system for concentration measurements 
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Figure 2-22.  Schematic of the �One-pixel fluoroscope� 
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To ensure a linear relationship between dye concentration and luminous emission, a set of 
calibration tests are performed. The optical equipment is aligned so that the laser beam 
sweeps a vertical section of the downcomer, passing through the centerline of the 
injection cold leg (no axial rotation of the assembly). The entire volume is filled with a 
well-mixed solution of known concentration, and a set of fluorescence measurements 
along the calibration section are sampled. Seven different concentrations are used, and 
the results are compared in Figure 2-23a. 
 

 
Figure 2-23.  (a) Raw calibration curves for different dye concentrations, and (b) curves 
normalized by 0.40 ppm 

The horizontal axis represents the axial position along the downcomer with respect to the 
cold leg centerline, the top of the downcomer being at the right end of the plot. The 
fluorescence intensity captured by the photodiode varies largely with the position of the 
beam as it crosses the downcomer gap. This is due to several factors: the change in gap 
width of the downcomer at z = -19 cm, a change in the illumination volume due to the 
change in angle of incidence as the downcomer is scanned, and a change of the laser 
beam intensity due to reflection and refraction as it enters the gap at different angles. The 
highest fluorescence is measured when the laser penetrates the injection cold leg, as the 
length of its path in the liquid is much longer than at any other location. A sudden drop in 
the signal is observed between -17 and -19 cm, which results from strong scattering of the 
beam by the seams in the plexiglas between the top and bottom half of the core barrel. 

Figure 2-23b shows the same calibration curves, this time normalized with respect to the 
value C0 = 0.40 ppm. With exception of the ratio C/C0 = 1.65, the normalized curves are 
nearly constant over a large portion of the downcomer. The main deviations are observed 
over the injection cold leg region and towards the lower part of the downcomer. In the 
cold leg, this is due to the long path of the laser in the dye solution, which causes 
excessive attenuation of the beam. In the lower part of the downcomer, the problem is 
likely a result of partial clipping of the laser beam on the rotating mirror corner, causing a 
sharp decrease in intensity in this region. As the signal becomes small, the relative error 
is increased and small changes in the offset values can lead to unreliable measurements. 
Since the time of the calibration shown in Figure 2-23b, the optical alignment procedure 
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had been substantially improved, which subsequently allowed the system to accurately 
measure down to an axial position of z = -63 cm. 

 
Figure 2-24.  Verification of quantitative measure of normalized concentration from several 
regions of the downcomer. With the exception of the cold leg, the deviation is less than 5%. 

Figure 2-24 shows that the LIF-measured concentration ratios correspond to the 
respective actual ones to within a few percents, both in the upper and lower portions of 
the downcomer. The same figure also shows the nonlinear response that is obtained, even 
at lower concentrations, when the laser beam travels inside the cold leg. From these 
measurements it is concluded that, if a maximum concentration not in excess of 0.40 ppm 
is used, the response can be considered linear over the region �55 < z < 20 cm (excluding 
the cold leg inlets), and the values will be within 5% of the concentration (based on full 
scale). As mentioned above, the region of valid data collection was later extended to 
include the lower region of the downcomer from �63 < z < -55 not reflected in Figure 
2-23b. In the data collected for these experiments, the nominal concentration of the dye 
was set to 0.1 ppm. 

An additional laser and photodiode was used to measure the mean concentration inlet 
conditions approximately 10 cm upstream of the cold leg/downcomer junction. For this 
measurement a 50 mW laser beam from a separate Ar+ laser was directed through the 
diameter of the inlet pipe. As for the primary LIF measurements, a half-silvered mirror 
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and long-pass filter was used to eliminate contamination by scattered light and ensure a 
complete observation of the illuminated volume. 

Finally, two differential pressure transducers (Validyne model P55D-4-N-1-30-S-5-A, 
±0.25% full scale, calibrated for a range of 0 to 89 cm of H20) were used to monitor the 
fluid levels within the supply and return tanks. Due to a slight variability of the tank 
cross-section, both transducers were calibrated in situ in terms of volume occupied within 
the tank. The tank was filled in 1 liter increments up to the 200 liter capacity of the tank. 
The resulting uncertainty is approximately ±1 liter over the range used within the 
experiments. 

In addition to the quantitative LIF measurements, the visualization facility was also used 
to make steady-state velocity measurements within select regions of the downcomer. The 
measurements were completed using a two-component Dantec laser Doppler 
anemometer, which was based on their MultiPDA  (57N80) processor system with the 
sizing module turned off. The system was configured to operate in backscatter mode in 
order to eliminate the difficulties of aligning a separate receiver, and low f-number optics 
were used to minimize the probe volume dimensions. This corresponded to a lens with a 
310 mm focal length and a clear aperture of over 50 mm (beam separation was 40 mm), 
giving an effective probe volume with a diameter of approximately 0.1 mm and a length 
of nearly 2 mm. The filter bandwidth used to process the Doppler signals was varied 
during the profiles in order to optimize the instrument resolution when passing through 
areas of significantly different mean velocity. The transmitter was aligned perpendicular 
to the outer vessel wall, which allowed for the measurements of the velocity components 
in the azimuthal (θ) and axial (z) directions. 
A viewing prism was also constructed and attached to the outer wall of the downcomer to 
correct the optical distortions caused by the cylindrical vessel. Without the prism, the 
beams in the horizontal plane would be focused to a different spatial location than the 
beams contained in the radial plane. The prism consisted of a small tank approximately 
60 cm in length and 8 cm wide, which was cut such that the open side would seal tightly 
against the vessel. The tank was then attached to the vessel and filled with water to 
generate an effective planar surface through which to transmit the beams. With the prism 
in place, the distortion in the effective probe volume locations was calculated to be less 
than 1 mm, which is half the value of the long axis of the probe volume. Data points were 
validated using both the signal to noise ratio and the coincidence between the vz and vθ 
channels, thus preventing measurements of seed particles that may have only been 
detected by one set of the laser beams. 

The seed tracer particles were silver-coated, hollow glass spheres approximately 10 µm 
in diameter with a specific gravity of 1.4. Their small size and low specific gravity ensure 
that they will adequately follow the fluctuations of the flow. 

The data measurements were acquired on a grid spaced 2 mm in the radial direction and 
25 mm in the axial direction. Each data point consisted of a range of 2,000 to 10,000 
individual data samples, depending on the local convection velocity (the larger the speed, 
the greater the number of samples). Typical uncertainties in the velocity mean values are 
less than 1%, with the exception of the near wall data, which is contaminated by poor 
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signal quality and spurious reflections from the walls. Uncertainty in the higher order 
moments is estimated to be less than 10%. 

 

3 Testing Procedure 

3.1.1 Loop Testing Procedures 
The experimental program carried out consisted of four test series: A, B, C, and D, 
designed with an increasing degree of complexity. The experimental procedures for all 
test series are described here. 

3.1.1.1 Test Series A 

Test Series A was designed to study the mixing of a single front as it enters the 
downcomer through cold leg A1 from an external source and leaves the system through 
an opening at hot leg A. A single mixing front condition is achieved when the injected 
front volume is large enough. To provide for such a volume, an external tank of 400 l 
capacity was connected to cold leg A1 through a two-inch PVC pipe. The pipe 
connection point to the cold leg was in the cold leg riser close to the bottom knee of the 
leg. The tank was placed above the reactor vessel but the tank water level was below the 
highest point in the reactor system represented by the hot leg candy cane section. For this 
reason, a two-inch check valve was installed in the connecting pipe to prevent backflow 
from the primary system into the slug tank. During the experiment, the tank water was 
sucked into the reactor system by the reactor coolant pump in cold leg A1. An aluminum 
diaphragm was inserted into the cold leg between the tank injection port and SG A in 
order to prevent flow circulation through SG A during the test. The water was taken out 
of the reactor system through a vent valve, which was installed on the top of steam 
generator A. The vent was two inches in diameter and was controlled by means of a two-
inch gate valve. This outlet was connected to an overflow tank through a two-inch hose 
attached to the vent. 

Test Series A flow configuration is characterized by a single inlet path and a single outlet 
path for the downcomer flow. There was a single inlet into the downcomer through cold 
leg A1 and a single outlet from the downcomer through the reactor core then hot leg A. 
To provide for such flow conditions, the four-loop integral facility configuration was 
effectively reduced to a single-loop configuration. For this purpose, cold legs A2 and B2 
were isolated by inserting aluminum diaphragms between the flanges, which connect the 
cold legs to the reactor vessel. Cold leg B1 was isolated by closing a gate valve installed 
at the cold leg flange. Figure 3-2 shows the participating components and flow paths. 

The test A procedure is as follows: 

a. Fill the loop with tap water. Use air vents to remove trapped air from the 
top of the downcomer. 

b. Fill the slug injection tank with tap water. 

c. With the valve to cold leg B1 open and the B1 RCP running (for mixing 
purposes), use the system heaters to heat the system water. 
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d. When the system reaches about 75°C, turn off the heaters and RCP B1, 
and close the valve to cold leg B1. 

e. Wait a few minutes for the system to come to rest.  
f. Open the vent valve for SG A and start RCP A1. Continue until the slug 

tank is nearly empty 

 
 

 
Figure 3-1.  Configuration for Test A (faded components are inactive in this test) 
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Figure 3-2.  Participating components and flow paths in Test Series A 

3.1.1.2 Test Series B 

Test Series B, like the first test series, involved a single reactor loop with a downcomer 
flow configuration (Figure 3-3), which is characterized by a single inlet path and a single 
outlet path for the downcomer flow. However, it brings the experiment close to the reality 
in the sense that the slug is of a limited volume and resides inside the reactor system prior 
to its transportation phase. The flow paths were the same as in Test Series A with the 
difference that a closed circulation loop through SG A was established. For this purpose, 
the vent from SG A was closed and the aluminum diaphragm in cold leg A1 was 
removed. Figure 3-4 below shows the participating components and flow paths in Test 
Series B. 

The test B procedure is as follows: 
a. Fill the loop with tap water. Use air vents to remove trapped air. 
b. Fill the slug injection tank with tap water. 
c. Use the system heaters to heat the system while RCP A1 circulates water 

through HL A and CL A1. 
d. When the system reaches about 75°C, turn off the heaters and RCP A1. 
e. Wait a few minutes for the system to come to rest. 
f. With the HL A vent open, use the slug-line pump to inject the slug at the 

injection point. Using the water level in the slug tank as a guide, continue until 
about 55.3 l have been injected. This is enough to bring the beginning of the 
slug to the pump impeller. 
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g. Close the valve to the slug line. 
h. Close the SG A vent. 
i. Set up the DAS to record data, then turn on RCP A1. Run it for about 200 

seconds, and then turn it off. 

This procedure was also followed for test series C and D. 
 

 
Figure 3-3.  Configuration of participating components for Test B 
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Figure 3-4.  Participating components and flow paths in Test Series B 

Since the flow path in Test Series B was a closed loop, the test runs involved two mixing 
fronts associated with the front and rear end of the slug volume. Respectively, an 
oscillatory temperature pattern in the reactor downcomer was observed. The duration of 
the runs spanned over two to three temperature cycles. 

3.1.1.3 Test Series C 

Test Series C added another step of complexity with respect to the downcomer flow 
pattern in the sense that the downcomer flow configuration involved a single flow inlet 
and multiple flow outlets. In addition to the main downcomer outlet path through the 
core, a second outlet was provided through cold leg A2. For this purpose, the aluminum 
diaphragm in cold leg A2 was removed and a core bypass flow path through the cold leg 
was established. As in Test Series A and B, loop B was isolated by the aluminum 
diaphragm in cold leg B2 and the gate valve in cold leg B1. Figure 3-5 below shows the 
participating components and flow paths for the Test Series C. The test procedure was 
identical to that applied in Test Series B. 

3.1.1.4 Test Series D 

Test Series D was performed with the participation of all facility loops. For this purpose, 
in addition to the system modification in Test Series C, the aluminum blank in cold leg 
B2 was removed and the gate valve in cold leg B1 was opened. Thus, the second main 
loop involving hot leg B and cold legs B1 and B2 was engaged. Cold legs A2, B1, and 
B2 provided bypass flow paths for the downcomer. Like in Test Series C, Test Series D 
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involved a downcomer flow configuration with a single inlet and multiple flow outlets. 
The test procedure was identical to that applied in Test Series B and C. Figure 3-6 below 
shows the participating components and flow paths for the Test Series D. 

 
Figure 3-5.  Flow paths and participating components in Test Series C 

 
Figure 3-6.  Flow paths and participating components in Test Series D 
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3.1.2 Visualization Testing Procedures 

The injected volume transients for the tests are shown in Figure 3-7. For both the front 
and slug mixing cases, the nominal pump behavior was kept the same with a steady state 
flow rate of approximately 8 liters/sec. The start-up transient for the pump consists of a 
gradual ramp over a span of approximately 12.5 seconds, which was selected to match 
the preliminary tests simultaneously performed in the 2x4 loop facility. 

Figure 3-7.  (a) Injected volume as a function of time for 12 separate front injection tests, (b) 
flow rate vs. time obtained from the derivative of the injected volume 

Repeatable inlet concentration boundary conditions are generated using a small drain 
valve at the bottom of the lowered loop upstream of the pump (see  

Figure 3-8). For both the front and the slug, the leading interface is very sharp and 
repeatable. The trailing interface for the slug event was generated by placing a thin (0.1 
mm) polyethylene sheet over the free surface of the fresh water in the supply tank, and 
then filling the tank up with dyed water reserved from the filling of the vessel. In 
addition, a recirculation pipe is placed in the inlet to the recovery tank, which returns the 
outflow to the supply tank. Thus, once the test is initiated and the supply tank is slowly 
drained, the plastic sheet is drawn closer and closer to the exit. Upon reaching the exit, a 
small fixed razor perforates the sheet and allows the dyed water to follow behind the 
fresh water. Although there is a slight amount of variability as to when the knife cuts the 
sheet (which results in a slightly greater variability the volume of the injected slug), the 
procedure produces a consistent slug with a sharp interface. Also note that with the lack 
of a full steam generator and core volume, the total system volume of the BMOV is 
approximately ½ of the 2x4 loop. The main effect of this difference will be a reduced 
system cycle time with respect to the dilution oscillations as shown for the 2x4 loop in 
Figure 3-5. Although the volume along the slug path is matched between the two 
facilities, it was not possible to match the total system volume in a realistic manner.  

 



 

Page 52               NEA/CSNI/R(2000)22 

 

Figure 3-8.  Mean concentration histories measured approximately 10 cm upstream of the 
downcomer. (a) front injection, (b) slug injection 

 

A detailed list of the set-up and testing procedure for both the front (Test A) and the slug 
(Test B) experiments is enumerated below. 

1. Front injection test procedure 
a. Fill system and add dye to known concentration of 0.10 ppm. 
b. Insert recirculation pipe to allow pumping of fluid from the exit line back 

into the inlet tank, and circulate with the main pump to ensure dye 
uniformity and remove trapped air bubbles. 

c. Optimize optical alignment of the photomultiplier tube (downcomer 
measurement) and photodiode (inlet concentration) for uniform signal. 

d. Shut off the main pump, and continue to circulate with small bypass 
pump. (flow path is from downcomer exit to bypass cold leg A2) 

e. Block exit pipe into recovery tank, remove the recirculation pipe, and 
place exit line overflow standpipe over exit pipe. Open the main exit tank 
valve, and allow stand pipe to equilibrate with system level. 

f. Close exit pipe valve. 
g. Drain inlet tank to a level approximately 6� above the lower loop seal . 
h. Slowly fill the inlet tank with clean, fresh water to height of the standpipe 

in the exit tank. 
i. Shut off bypass circulation. Open exit pipe valve. 
j. After tank is filled, slowly bleed the tank with stopcock at bottom of lower 

loop seal until the interface between the dyed and fresh water is centered 
over the valve. (approx. 90 sec.) 

k. Rotate the optical carriage assembly to 120 rpm. (approx. 90 sec.) 
l. Initiate injection test. 
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2. Slug injection test procedure 
a. Fill and add dye to known concentration of 0.10 ppm 
b. Insert recirculation pipe to allow pumping of fluid from the exit line back 

into the inlet tank, and circulate with the main pump to ensure dye 
uniformity and removal trapped air bubbles. 

c. Optimize optical alignment of the photomultiplier tube (downcomer 
measurement) and photodiode (inlet concentration) for uniform signal. 

d. Shut off main pump, and continue to circulate with small bypass pump. 
(flow path is from downcomer exit to bypass cold leg A2) 

e. Close valve on exit pipe into recovery tank. 
f. Drain inlet tank to a level approximately 6� above the lower loop seal. 
g. Slowly fill the inlet tank until the tank contains 80 liters of clean, fresh 

water. 
h. Insert the perforation device in the exit of the inlet tank. 
i.  Place 0.004� polyethylene sheet on the surface of the fresh water and 

drape over the upper edges of the tank. 
j. Fill the inlet tank with dyed water in the exit tank.  
k. Shut off bypass circulation. 
l. After tank is filled, slowly bleed the tank with stopcock at bottom of lower 

loop seal until the interface between the dyed and fresh water is centered 
over the valve. (approx. 90 sec.) 

m. Rotate the optical carriage assembly to 120 rpm. (approx. 90 sec.) 
n. Initiate injection test. 
 

3.2 Data Reduction and Processing 
The data reductions for loop and visualization facilities are described in the subsequent 
sections. The goal of the reduction was to obtain thermocouple/concentration readings at 
the locations of thermocouples installed in the loop. Both the loop and visualization 
facilities scanned through the entire region of interest within less than 0.5 s. The 
participants were required to submit temperature computational results at the locations of 
loop thermocouples at time intervals of 0.5 s.  

3.2.1 Loop Data Reduction  

The reduction of loop data is coupled to the data acquisition software. Specifically, 
measured thermocouple voltages are directly processed by HPVee as shown in section 
3.2.1.1. The reduction of flowmeter and DP data involves the conversion of voltages into 
l/s of H2O respectively as described in sections 3.2.1.2 and 3.2.1.3. The chart of  

Figure 3-9 summarizes the entire data processing procedure. To be able to adequately 
compare data from the loop and visualization facility to participant submissions, the 
visualization facility data and those of participants were also manipulated through the 
steps highlighted on the chart.  
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import °C temperature readings 
from HPVee into Excel 

import DP and FM voltage readings from 
HPVee into Excel 

acquire instrumentation voltages into DAS and transfer to 
HP VEE 

sort temperature readings by levels 
and angle of each instrument 

convert voltages into in H2O and l/s, 
respectively 

integrate flow rate in time to give injected 
flow 

linearly interpolate TC readings to 
give approximate readings at same 
vinj values as nominal test 

normalize such that average 
beginning and end temperatures are 
consistent with nominal test 

identify and 
delete erroneous 
TCs 

find the max and min 
temperatures in each test 

arrange data form all 
downcomer-center TCs 
in a Tecplot input format 

use kriging technique to 
render data suitable for 
plotting 

generate Tecplot movies 
of temperatures as a 
function of injected flow 
in the expanded 
downcomer calculate level average temperatures 

using downcomer-center 
thermocouples 

 

Figure 3-9.  Data processing for UM Loop; highlighted boxes show steps applied to 
visualization facility data and participant data to render them all in format conducive for 
comparison 
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3.2.1.1 Data Reduction for Thermocouples 

The UM Loop facility is instrumented with 286 thermocouples, of which 164 can be 
continuously measured and stored using the HP-3852. Two types of thermocouples are 
used: type T and type K. They provide temperatures of the fluid in the primary and the 
secondary systems as well as the heater temperatures. 

The recording of the temperature data takes into account the processing speed of the 
DAS. The voltage produced at the tip of the thermocouples is proportional to the 
temperature at the location of contact between two dissimilar metals. The measured 
voltage (in mV) is passed to the DAS computer and stored by the HPVee program.  

The voltages fed into the HPVee program represent the potential difference between the 
two ends of the thermocouple. To account for the positive temperature of the base of the 
thermocouple, the DAS generates a reference temperature. This reference temperature is 
converted to a voltage and added to the measured voltage, achieving an adjusted voltage 
that corresponds to the true measured temperature. The HPVee program converts the 
voltages into temperatures using Equation 3-1 (NIST), and the constants are given in 
Table 3-1. The output of temperatures is in Excel format. 

T=P0 + P1*V + P2*V2 + P3*V3 + P4*V4 + P5*V5 + P6*V6 + P7*V7 + P8*V8 + P9*V9 

Equation 3-1  

Table 3-1: Thermocouple constants for calculating temperature from voltage 
Constant Type K Type T 

R0 -8.167743593 E-7 5.257929840 E-7 
R1 3.963927586 E-5 3.860071243 E-5 
R2 1.066719241 E-8 4.186486602 E-8 
P0 -5.115307103 E-2 1.238117795 E-1 
P1 2.485028007 E4 2.686117637 E4 
P2 -3.826622822 E5 -8.964942880 E5 
P3 9.966105673 E7 -4.648926088 E7 
P4 -1.082062357 E10 1.244114245 E10 
P5 6.039285524 E11 2.275304922 E12 
P6 -1.910899962 E13 -6.399496867 E14 
P7 3.478234730 E14 5.435757807 E16 
P8 -3.399102821 E15 2.0123615370 E18 
P9 1.382851398 E16 2.830121167 E19 

(taken from Gavrilas et al., 1996, p.53) 

To arrive at comparable data for each trial, thermocouple readings were both interpolated 
and normalized. Using Microsoft Excel, the data for each trial was linearly interpolated in 
flow rate using Equation 3-2. This yielded a temperature reading for each TC in each trial 
that corresponded to the same set of injected flows and the same times. Then, each trial 
within each test was normalized to cover the same range of temperatures using Equation 
3-3. 
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Equation 3-2 

 
 

Equation 3-3 

 

 

3.2.1.2  Data Reduction for Ultrasonic Flow Anemometers  

Flow rate was integrated in time, yielding injected flow. This injected flow, which is a 
function of time, is the most accurate way to define the state of the system. The scaling 
approach developed by Gavrilas and Palazov (1997) shows that test-to-test comparison is 
best carried out using the injected flow time scale. 

3.2.1.3 Data Reduction for Pressure Transducers 

In order to calibrate the ITT DP transducers, one must first vent both sides of the cell to 
ensure that there is no air trapped in either line. Then take measurements at many points 
along the full range of the water level that is to be measured. With this data, fit a linear 
regression model. This model is used within the HPVee program to convert the voltages 
from DP Cells to water level in the tanks. As with the temperature readings, this 
conversion from voltage to water level is conducted after the test is completed. 

3.2.2 Visualization Facility Data Reduction 

3.2.2.1 Data Reduction for Laser Induced Fluorescence (LIF) Data 

During each test, five different ASCII data files were recorded which contain the raw 
data of the experiment. These files are detailed in Table 3-2. The signals from the 
pressure transducers are converted into fluid level measurements from their calibration 
coefficients determined prior to the tests. The signal is further conditioned by averaging 
the data over 0.5 second intervals to remove fluctuations caused by waves on the free 
surface and noise contamination. The pump speed data were examined for consistency, 
but no quantitative results were developed from them. 

The concentration data recorded by the photodiode upstream of the downcomer inlet 
(led.dat) was normalized using: 

 
Equation 3-4 

 
 

where O is the offset voltage and V(0) is the initial voltage when the probe volume is 
occupied by dyed fluid with a maximum concentration. 
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In order to reduce the photomultiplier tube (PMT) data representing the concentration 
within the downcomer, the raw data vector first had to be parsed into temporal sequence 
of arrays representing azimuthal and axial evolution of the flow. In order to facilitate this 
reconstruction, a series of LED�s were placed on the optical carriage such that they would 
be observed at the beginning of each vertical scan. This provided a synchronization pulse 
that could be used to unambiguously identify the starting point of each segment. A 
similar reference light source was placed at a fixed azimuthal location to permit the 
determination of one complete revolution. 

Table 3-2: Data files recorded during each visualization test 

Name Acquisition 
Rate (Hz) Description 

pmt.dat 500,000 Raw data output from photomultiplier tube for concentration 
measurement in downcomer 

led.dat 

 
5,000 Intensity of fluoresced light measured across the diameter of 

the cold leg inlet 10 cm upstream of the downcomer junction 

pumpspd.dat 5,000 Output from the pump controller. Voltage is proportional to 
the impeller speed. 

supplytank.dat 5,000 Voltage signal from differential pressure transducer connected 
to supply tank. 

returntank.dat 

 
5,000 Voltage signal from differential pressure transducer connected 

to the return tank. 

Once the data was ordered into the proper set of arrays, it must be normalized in order to 
provide a quantitative result. Slight aberrations in the optical alignment (i.e. the beam not 
being centered with the axis of rotation, and vibration induced by the drive teeth of the 
optical carriage motor) created a small amount of azimuthal variation in the intensity of 
the illuminating laser beam. As a result, the normalization procedure must also account 
for the azimuthal as well as the axial changes, namely: 

Equation 3-5 

 

where n is the number of azimuthal revolutions completed, z is the azimuthal coordinate, 
and θ is the azimuthal coordinate. 
Once the raw data has been reduced into the quantitative data, the tests can be examined 
individually or used to generate an ensemble average of the temporal evolution of the 
injection event (Figure 3-10). Such averages have been generated to allow comparison to 
the computational results. Initially, 8 separate tests have been used to generate the 
ensemble average, although 12 data sets for test A and 9 data sets for test B are shown in 
the figures. This discrepancy results from additional tests that were processed after the 
comparisons to the code results were completed. The azimuthal starting location for the 
data sampling was not controlled, and as a result, each test has a temporal variability of 
around ±0.25 seconds when comparing with other runs. Each sequence may be advanced 
or delayed by one revolution to compensate for these timing errors when generating the 
ensemble average data. 
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Figure 3-10.  Generation of ensemble average and ensemble standard deviation of the 
instantaneous spatial concentration fields 

When comparing the visualization data to the computational results or the loop data for 
test A, it has been noticed that there are some discrepancies in both the average injection 
rate as well as the initial location of the injection interface (see Figure 3-11). The 
injection rate of the simulation and the loop were conducted at approximately 7 liters/sec, 
while the visualization studies had a flow rate of 8 liters/second. This difference is 
compensated by making comparisons based upon the total injected volume after the 
interface has entered the downcomer, and not on similar injection times. Once the 
correction is completed, the inlet concentration histories will allow for a more reasonable 
comparison between the experiments and the simulations. A tabulated version of the 
exact revolutions data used for each corresponding time step is listed in Table 3-3. The 
injected flowrate for the Test B conditions was closer to the 8 liters/sec used in the 
visualization facility, and so no volume correction was used.  

3.2.2.2 Data Reduction for Laser Doppler Anemometer Data 

In addition to the quantitative fluorescent measurements, the visualization facility was 
also used to map the steady-state velocity field within select regions of the downcomer. 
The experiment was set-up with a viewing prism as described in section 2.2.2, and the 
pump was operated under steady conditions with a flowrate of approximately 8 liters/sec. 
The data was sampled on a grid with a spacing of 2 mm in the radial direction and 25 mm 
in the axial direction, resulting in 253 individual sampling locations. At each grid point, 
approximately 2000 to 10,000 velocity samples were acquired, and the mean and 
standard deviations were calculated using a transit-time corrected weighted average in 
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order to correct for the inherent velocity bias found in turbulent LDA measurements 
(McGlaughlin & Tiederman, 1972; Buchhave et. al, 1979). 

 

 
Figure 3-11.  Comparison of uncorrected loop and visualization transients between (a) 
injected volume, and (b) inlet concentration 
 

 
Figure 3-12.  Inlet concentration history of the visualization and loop, plotted as a function 
of injected volume. Visualization data has been shifted by -3.5 liters to compensate for 
different initial positions of the interface. 
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Table 3-3: Volume injected mapping to determine the nearest corresponding revolution 
from the visualization data 

ISP TIME 
(sec) 

INJECTED 
VOL (liters) 

Nearest 
Visualization 
Revolution 

Corrected 
Revolution 

Number 
11.0 0.03 1 11 

11.5 0.04 1 11 
12.0 0.05 1 11 

12.5 0.05 1 11 

13.0 0.10 2 11 
13.5 0.19 7 11 

14.0 0.41 8 11 
14.5 0.77 8 11 

15.0 1.29 9 12 

15.5 2.02 10 12 
16.0 2.96 10 13 

16.5 4.14 11 14 
17.0 5.57 12 14 

17.5 7.24 13 15 
18.0 9.13 14 16 

18.5 11.23 15 17 

19.0 13.57 16 18 
19.5 16.10 17 19 

20.0 18.82 18 20 
20.5 21.62 19 21 

21.0 24.55 20 22 

21.5 27.63 21 22 
22.0 30.83 22 23 

22.5 33.97 23 24 
23.0 37.31 24 25 

23.5 40.62 25 26 

24.0 43.99 26 27 
24.5 47.45 27 28 

25.0 50.91 28 28 
25.5 54.36 28 29 

26.0 57.89 29 30 
26.5 61.42 30 31 

27.0 65.03 31 32 

27.5 68.59 32 33 
28.0 72.19 33 34 

28.5 75.79 34 35 
29.0 79.39 35 35 

29.5 82.96 35 36 

30.0 86.62 36 37 
30.5 90.22 37 38 

31.0 93.85 38 39 
31.5 97.45 39 40 

32.0 101.08 40 41 
32.5 104.77 41 42 

33.0 108.34 42 43 

33.5 111.96 43 43 
34.0 115.59 43 44 

34.5 119.21 44 45 
35.0 122.86 45 46 

35.5 126.49 46 47 

36.0 130.08 47 48 
36.5 133.70 48 49 

4 Participant Input Models 
The following table lists specification and code parameters deemed important for 
reproducibility and evaluation of code predictions. 

Table 4-1:  Participant code specifications and input parameters 
Parameter Relevance 
CFD code: 
Version: general information 

Type of node FEM FV FD 
Type of mesh 
Total number of cells: 
downcomer radial narrow/wide 
downcomer axial narrow/wide 
downcomer azimuthal narrow wide 
lower plenum vertical levels 
lower plenum rings 

numerical diffusion, flow pattern, 
accuracy 
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Parameter (continued) Relevance (continued) 
Time step 
Temporal discretization (order and method) 
Spatial discretization (order and method)p-v 
coupling 

accuracy, convergence, numerical 
diffusion 

temperature dependent density (how) 
temperature dependent viscosity 
temperature dependent thermal conductivity 
temperature dependent specific heat 

buoyancy effect, mixing, flow pattern 

turbulence model and constants if different 
from standard: 
Wall treatment 

mixing, flow pattern 

Mass conservation: general check 
Outlet locations (fn z) 
Boundary condition at the outlet 
Modeling of core support plate 
Total pressure drop from bottom of the vessel 
to the outlet at steady state 

flow pattern 

In addition to general information for computation reproduction, there are specific input 
options that affect overall convergence, numerical diffusion, mixing, buoyancy effects and 
flow pattern establishment. 

4.1 General code information 
Table 4-2 shows the codes used by the 10 participants; note that CEA has 3 entries 
corresponding to the 3 models run using different turbulence parameters. Four participants 
used Fluent and three used CFX; both are finite volume codes. Trio U and Flotran are also 
finite element codes. Thus 80% of participants chose finite volume codes, which are 
traditionally most prevalent for computational fluid dynamics. Of the remaining two, one of 
the codes employs the finite difference method and the other is a finite element code 

Table 4-2:  Codes, versions and nodalization mode 

Organization CFD code Version Type of node 
AEA Technology CFX-4 4.2 Finite Volume 
Battelle Ingenieurtechnik GmbH Comet version 1.040 Finite Volume 
CEA keps Trio_U V1,1,3 Finite Volume 
CEA nut0 (sequential) Trio_U V1,1,3 Finite Volume 
CEA par (parallel) Trio_U V1,1,3 Finite Volume 
Fortum Engineering Ltd Fluent 5.0 Finite Volume 
Framatome Technologies Inc. ANSYS/FLOTRAN 5.5.3 Finite Element 
GRSmbH, Germany CFX-TASCflow Version2.9 Finite Volume 
Nuclear Research Institute Rez plc FLUENT 5 5.0.2 Finite Volume 
US Nuclear Regulatory 
Commission 

FLUENT V5 5.2 Finite Volume 
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Organization (continued) CFD code 

(continued) 
Version 
(continued) 

Type of node 
(continued) 

NUPEC(Nuclear Power 
Engineering Corporation) 

PLASHY code 
(Parallel Large Scale 
Analysis System for 
HYdrodynamics) 

1 Finite Difference 

Vattenfall Utveckling AB Fluent 5.1.1 Finite Volume 

4.2 Spatial and temporal discretization 
The equation discretization method and step size impact numerical diffusion and accuracy. 
Table 4-3 lists the discretization methods employed by participants. Most participants 
selected higher order discretization methods for both energy and momentum equations. 
Expeditious hybrid schemes such as QUICK and SIMPLE were most common in participant 
models. The majority of participants selected the more efficient and stable implicit temporal 
discretization for this relatively slowly progressing transient; only CEA and NUPEC used 
explicit schemes. The computational steps ranged from 0.01-0.1 s for implicit schemes and 
were occasionally as low as 10-5 for explicit schemes. 

Table 4-3:  Spatial and temporal discretization method 
Organization Type of mesh Spatial discretization 

(order and method)p-v 
coupling 

Temporal discretization 
(order and method) 

Time step 

AEA 
Technology 

Body fitted multi-
block 

QUICK 3rd order 
backward scheme, 
SIMPLEC p-v coupling 

fully implicit 1st order 
backward Euler 

0.05s 

Battelle 
Ingenieurtechnik 
GmbH 

unstructured 1st order upwind, 
simple 

Euler, implicit 0.1 s 

CEA keps Stuctured, X,Y;Z 2 : Quick for 
momentum and energy, 
p-v coupling 

1 : euler explicit dt = 0,000578 s at 
nominal flow 
(23,257s) 

CEA nut0 
(sequential) 

Stuctured, X,Y;Z 2 : Quick for 
momentum and energy, 
p-v coupling 

1 : euler explicit dt = 0,000955 s at 
nominal flow 
(23,644s) 

CEA par 
(parallel) 

Stuctured, X,Y;Z 2 : Quick for 
momentum and energy, 
p-v coupling 

1 : euler explicit dt = 0,000955 s at 
nominal flow 
(23,644s) 

Fortum 
Engineering Ltd 

Unstructured 
hybrid mesh: 
tetrahedral and 
hexahedral cells 

2nd order upwind 
scheme 

2nd order implicit scheme 0.05-0.10 s 

Framatome 
Technologies 
Inc. 

Hexagonal 
(Brick) Elements 

Linear elements, 
Segregated sequential 
algorithm (finite-
element analog of 
SIMPLER) 

Implicit, Second Order 0.05 sec 

GRSmbH, 
Germany 

block-structured 
hexahedral 

2. order mass-weighted 
skew-upwind 
differences 

1. order implicit Euler 0.1 to 0.5 
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Organization 
(continued) 

Type of mesh 
(continued) 

Spatial discretization 
(order and method) p-v 
coupling (continued) 

Temporal discretization 
(order and method) 
(continued) 

Time step 
(continued) 

Nuclear 
Research 
Institute Rez plc 

mixed, 
unstructured 

diffusion - central 
differences, convection 
- 1st order upwind, 
SIMPLE 

1st order implicit 0.025 - 0.1 

US Nuclear 
Regulatory 
Commission 

Hexagonal 2nd order Momentum 
and Energy (Simple) 

2nd order Implicit 0.05s 

NUPEC(Nuclear 
Power 
Engineering 
Corporation) 

3D Cylindrical QUICK for spatial 
discretization, SMAC 
method for p-v 
coupling 

First order Euler explicit variable (from 
7.7*10-5 to 
5.6*10-3 sec for 
Test-A and from 
7.7*10-5 to 
4.0*10-3 sec for 
Test-B) 

Vattenfall 
Utveckling AB 

Unstructured 
(hexas in 
downcomer, 
tetras in lower 
plenum and core.) 

second order upwind, 
SIMPLEC 

2-nd order implicit 0.01 sec 

Table 4-4 shows the meshes selected by participants. This information must be considered 
together with solution method and discretization schemes to assess the extent of numerical 
diffusion. Overall, the simulation volume ranged from 75,976 to 750,000 cells with most 
models containing between a quarter and a half million cells. Note that regions of refined 
meshing should be identified to get a more informed view of mesh adequacy for the 
particular flow pattern. 

Table 4-4:  Mesh description of participants input models 
Organization Total number of 

cells 
downcomer 
radial 
narrow/wide 

downcomer axial 
narrow/wide 

downcomer 
azimuthal 
narrow wide 

lower 
plenum 
vertical 
levels 

lower 
plenum rings 

AEA Technology 454,720  
10/16 42/54 144/144 15 32 

Battelle 
Ingenieurtechnik 
GmbH 

75,976 narrow: 5, 
wide: 9 

narrow: 28, wide: 
50 

72 10 9 

CEA keps 600,000 constant, ,005 
m 

most of the time 
constant, ,0,05 m; 
etired up to ,015 
m when possible 

no azimuthal 
values : X,Y,Z 
coordinates 

levels of 
uniform 
height of 
,005 m 

no rings : 
X,Y,Z 
coordinates 

CEA nut0 
(sequential) 

750,000 constant, ,005 
m 

constant, ,005 m no azimuthal 
values : X,Y,Z 
coordinates 

levels of 
uniform 
height of 
,005 m 

no rings : 
X,Y,Z 
coordinates 

CEA par (parallel) 750,000 constant, ,005 
m 

constant, ,005 m no azimuthal 
values : X,Y,Z 
coordinates 

levels of 
uniform 
height of 
,005 m 

no rings : 
X,Y,Z 
coordinates 

Fortum 
Engineering Ltd 

175,361 7/11 26/28 62 15 38 
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Organization 
(continued) 

Total number of 
cells (continued) 

downcomer 
radial 
narrow/wide 
(continued) 

downcomer 
axial 
narrow/wide 
(continued) 

downcomer 
azimuthal 
narrow wide 
(continued) 

lower 
plenum 
vertical 
levels 
(continued) 

lower plenum 
rings 
(continued) 

Framatome 
Technologies Inc. 

210,456 
elements 

7 elements 
narrow DC, 10 
elements wide 
DC 

Typically 0.50 
in (1.27 cm) 
axial spacing 
with finer 
spacing at 
transitions 

120 elements 
(every 3-
degrees) 

Approx. 18 
vertical 
levels 

Approx. 25 
radial rings 

GRSmbH, 
Germany 

470,000 DC radial  
narrow KV = 6 
/ wide KV = 6 

DC axial 
narrow KV = 
10 / wide KV = 
53 

DC 
azimuthal 
KV = 160 

LP vertical 
KV = 20 

LP radial KV 
= 36 / 
azimuthal 
KV = 160 

Nuclear Research 
Institute Rez plc 

272,261  
10/16 ~ 50/100, 

partially 
unstructured 
(nozzles 
region) 

90/90 15 ~50, partially 
unstructured 

US Nuclear 
Regulatory 
Commission 

434,589 8 to 12   /  13  
(upper region 
grid adaption 
results in range 
of values) 

50 to 100 / 55 180 to 240  / 
180 

19 30 

NUPEC(Nuclear 
Power 
Engineering 
Corporation) 

273,945 10/15 8/36 74 21 64 

Vattenfall 
Utveckling AB 

133,136 9 / 15 31 / 27 120 / 120 15 15 

4.3 Buoyancy effect modeling 
Buoyancy mainly affects flow pattern and thus it can play a significant role in the validity of 
a simulation. Furthermore, if buoyant effects are substantial, the turbulence generated must 
be modeled to get an accurate estimate of mixing. The participant models ranged 
substantially in the inclusion of temperature dependent properties. While most participants 
employed forms of temperature dependent densities and viscosities, fewer considered the 
effect of temperature on conductivity and specific heat to be relevant. 

Table 4-5:  Temperature dependent parameters used in participant models 
Organization temperature 

dependent density 
(how) 

temperature 
dependent viscosity 

temperature 
dependent thermal 
conductivity 

temperature 
dependent specific 
heat 

AEA Technology No but Boussinesq 
buoyancy 
approximation 
included 

Yes No No 

Battelle 
Ingenieurtechnik 
GmbH 

Boussinesc 
approximation, 
BETA = 2.07E-4 1/K 

Mu = 1.002E-2 Pas k = 5.996E-1 
W/mK (const.) 

c = 4.182E+3 
J/kgK (const.) 
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Organization 
(continued) 

temperature 
dependent density 
(how) (continued) 

temperature 
dependent viscosity 
(continued) 

temperature 
dependent thermal 
conductivity 
(continued) 

temperature 
dependent specific 
heat (continued) 

CEA keps yes using Boussinesq 
approximation, 
Reference 
temperature 59 and 
beta function of T 
according to the real 
density at T; 
reference density at 
59 

dynamic viscosity mu 
function of T 

constant, value at 
59 

constant, value at 
59 

CEA nut0 
(sequential) 

yes using Boussinesq 
approximation, 
Reference 
temperature 59 and 
beta function of T 
according to the real 
density at T; 
reference density at 
59 

dynamic viscosity mu 
function of T 

constant, value at 
59 

constant, value at 
59 

CEA par (parallel) yes using Boussinesq 
approximation, 
Reference 
temperature 59 and 
beta fonction of T 
according to the real 
density at T; 
reference density at 
59 

dynamic viscosity mu 
function of T 

constant, value at 
59 

constant, value at 
59 

Fortum Engineering 
Ltd 

Yes Yes No Yes 

Framatome 
Technologies Inc. 

YES - Variable 
density via quadratic 
equation fit 

YES - Variable 
viscosity via 
exponential equation 
fit 

YES - Variable 
conductivity via 
exponential 
equation fit 

NO 

GRSmbH, Germany const. density const. viscosity const. thermal 
conductivity 

const. specific heat 

Nuclear Research 
Institute Rez plc 

no no no no 

US Nuclear 
Regulatory 
Commission 

Table, Code uses 
Interpolation at each 
time step 

Table, Code  uses 
Interpolation at each 
time step 

Table, Code  uses 
Interpolation at 
each time step 

Constant 

NUPEC(Nuclear 
Power Engineering 
Corporation) 

Yes 
(1000.8+2.59*10-
2*T-6.05*10-
3*T2+1.60*10-5*T3) 

Yes (fitted by the 4'th 
order polynominal) 

No, constant value No, constant value 

Vattenfall Utveckling 
AB 

piecewise linear, 4 
points 

piecewise linear, 5 
points 

piecewise linear, 5 
points 

piecewise linear, 5 
points 
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4.4 Turbulence modeling and wall treatment 
The consequences of a rapid boron dilution transient depend not only on the initial slug 
volume but also on the mixing experienced by the slug as it progresses to the core inlet. This 
mixing is turbulence dominated, and thus the turbulence modeling is an essential component 
of input model preparation. If computational methods and mesh refinement are adequate, 
turbulence modeling must be employed to reproduce the physical mixing associated with 
rapid boron-dilution transients. As can be seen in Table 4-6, all but one participant used 
turbulence modeling. One other participant carried out a sensitivity study on the effect of 
turbulence by running a model with a 600,000 cells using k-ε, and than increasing the cells to 
125 % but omitting turbulence. Only two participants deemed the increased computational 
complexity associated with the RNG turbulence model necessary.  

 

Table 4-6:  Turbulence and wall modeling parameters 
Organization Turbulence model and constants if 

different from standard 
Wall treatment 

AEA Technology k-epsilon Smooth, adiabatic with standard 
logarithmic wall functions 

Battelle Ingenieurtechnik GmbH k-eps standard model log - law 
CEA keps standard K-Epsilon standard wall laws, without any mesh 

refinement near the wall 
CEA nut0 (sequential) Turbulent diffusivity = 0 No wall laws 
CEA par (parallel) Turbulent diffusivity = 0 No wall laws 
Fortum Engineering Ltd Standard k-eps model Logarithmic wall functions 
Framatome Technologies Inc. K-epsilon Log law of the wall 
GRSmbH, Germany k-e turbulence model log law 
Nuclear Research Institute Rez plc k - epsilon standard wall function 
US Nuclear Regulatory 
Commission 

RNG k-epsilon non-equilibrium wall functions 

NUPEC (Nuclear Power 
Engineering Corporation) 

No use of any special turbulence 
model 

No slip and adiabatic condition  

Vattenfall Utveckling AB RNG-k-epsilon adiabatic, roughness=0, non-
equilibrium wall function 

 

4.5 Outlet modeling 
The simulation outlet boundary is positioned one-third to half-way up into the core region. 
The reason for it is the flow feedback to the lower plenum and the downcomer can affect the 
flow pattern. The parameters of Table 4-7 describe the outlet boundary of each simulation. In 
addition to the physical position of the outlet and the boundary condition, the modeling of the 
support plate and the pressure loss experienced by the fluid can potentially affect the 
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feedback into the lower plenum and downcomer. Although participants� input model outlets 
range significantly, a comparison of effect is not possible from the ISP 43 data since too 
many parameters are dissimilar. 

Table 4-7: Outlet boundary input parameters 
Organization Outlet locations (fn z) Boundary 

condition at 
the outlet 

Modeling of core 
support plate 

Total pressure drop from 
bottom of the vessel to the 
outlet at steady state 

AEA Technology Ring around inside of 
core barrel, 0.156m 
above centre of cold 
legs 

Neumann 
boundary 
conditions 

Porous medium 
with flow 
resistance 

100 Pa 

Battelle 
Ingenieurtechnik 
GmbH 

z = 0,167 m zero gradient actual simulation 
via nonmatch 

6847 Pa 

CEA keps Z  = -,62865 Uniforme 
pressure 

No modeling : 
continuous 
medium as possible 
using coarse 
meshes 

Computations stopped before 
steady-state is reached; 
buoyancy effects included in 
pressure pressure not stored 
and difficult to understand 

CEA nut0 
(sequential) 

Z  = -,62865 Uniforme 
pressure 

No modeling : 
continuous 
medium as possible 
using coarse 
meshes 

Computations stopped before 
steady-state is reached; 
buoyancy effects included in 
pressure pressure not stored 
and difficult to understand 

CEA par (parallel) Z  = -,62865 Uniforme 
pressure 

No modeling : 
continuous 
medium as possible 
using coarse 
meshes 

Computations stopped before 
steady-state is reached; 
buoyancy effects included in 
pressure pressure not stored 
and difficult to understand 

Fortum Engineering 
Ltd 

Model included short 
parts of the hot leg 
pipes 

Reference 
pressure P=0 
Pa 

Detailed model 
using tetrahedral 
mesh 

8 kPa 

Framatome 
Technologies Inc. 

At extended core outlet 
(Z = -20.25 inches 
above nozzles) 

Constant 
pressure 

5 Rings of 
distributed 
resistance elements 

1.7 inches H2O 

GRSmbH, Germany hot leg A intersection 
with DC wall 

const. 
pressure 

porous media 1500 Pa 

Nuclear Research 
Institute Rez plc 

0.5731 m under leg 
level 

pressure none 268.52 Pa 

US Nuclear 
Regulatory 
Commission 

z = -.448m   (44.8 cm 
below cold legs) 

constant P Porous Media 150 Pa at centerline 

NUPEC(Nuclear 
Power Engineering 
Corporation) 

level where 
downcomer gap 
changes from narrow 
to wide (0.7504m from 
bottom of the vessel) 

free outflow The plate was not 
modeled but the 
equivalent flow 
resistance was 
applied.  

1000(Pa) for Test-A and 
1200(Pa) for Test-B 

Vattenfall 
Utveckling AB 

z=+0.216 static 
pressure = 0 

uniformly 
distributed 
resistance 

180 Pa 
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5 Data and Figures of Merit Comparison 
The initial figure of merit selected at the first ISP 43 workshop was the average temperature 
at level 4, i.e., at the exit of the downcomer. During the second workshop, participants 
selected an additional set of indicators to aid in the overall evaluation of code performance.  

 

Specifically, the level average temperature was supplemented with the standard deviation at 
that level, and the minimum and maximum, which are indicative of the azimuthal mixing of 
the front/slug. Furthermore, the same first order (level average temperature) information was 
to be evaluated just below and above the slug entrance, i.e., at levels 8 and 10. The azimuthal 
distribution figures of merit are also evaluated at these levels. The flow pattern in the 
expanded downcomer is also shown at several representative times for both the tests and 
participant submissions. 

5.1 Test A 
The precision of an azimuthal average and standard deviation obtained by sampling only the 
24 channel-centered thermocouples at a particular level was verified in the visualization 
facility. The Figure 5-1 plots show a comparison of the average and standard deviations 
obtained using the full azimuthal resolution of the LIF technique (360 points) as compared to 
the 8, 12, or 24 points used in the loop level averages. Typically the mean values were close, 
although the level 10 data show some clear differences with the full resolution results. The 
more important level 4 data gives very good agreement, indicating that 24 azimuthally 
spaced points seems to be sufficient to capture the first and second moments of the 
concentration distribution. 

 

 
Figure 5-1.  Comparison of continuous azimuthal sampling to 24 discrete locations sampling for 
levels 4, 8 and 10 during test A 
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It should be pointed out, however, that the sampled points used in this comparison still 
represent radially averaged values, whereas the loop thermocouple data is only acquired at a 
single radial position; the measurement loci difference is illustrated in Figure 5-2.  

 
 

downcomer 

Loop thermocouple 
acquires a point reading 

visualization facility 
acquires a radially-
averaged reading 

 
Figure 5-2.  Measurement loci of the loop and visualization facility 
 

5.1.1 Initial/Boundary Conditions and Ensemble  Data for Test A 

Initial and boundary conditions supplied to participants were taken from the second test of 
series A. The initial primary coolant temperature was specified to be uniform at 74 °C. The 
boundary conditions consisted of the inlet flow rate and front temperature given in Figure 5-3 
and the core pressure drop given in Figure 5-4. 
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Figure 5-3.  Flow and temperature boundary conditions for test A 
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Figure 5-4. Core pressure drop boundary conditions for test A 
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5.1.1.1 Level 4 

The level 4 azimuthally averaged temperature history is the principal figure of merit for ISP 
43. This figure is augmented by indicators of azimuthal mixing: standard deviation, 
minimum, and maximum among thermocouples positioned at the 24 azimuthal locations  

Figure 5-5 plots the azimuthally averaged temperature histories at level 4. Experimental and 
computational data are shown. The solid black line and the black error bars represent the loop 
data for the 16 redundant tests. The nominal test, i.e., the test for which boundary conditions 
where supplied to participants, falls within the standard deviation and is represented by a thin 
black line. The ensemble average and standard deviation of the 8 redundant visualization test 
is represented by the red line and the red error bars. The loop and visualization facility 
temperature histories are within each other�s standard deviation. Participant submissions are 
indicated by the other lines on the plot. While computations appear to be generally in very 
good agreement, a general trend of slight undermixing is noticeable in about half of the 
simulations. 

Figure 5-6 shows the history of the standard deviation among the 24 thermocouples of level 
4. This is a measure of the azimuthal mixing the front has experienced by the time it reaches 
the downcomer outlet. Ensemble loop and visualization facility data are again within each 
other�s standard deviation. Participant predictions are distributed around the experimental 
data with some showing more azimuthal mixing than measured experimentally, and other 
showing less. It is interesting to note that at about 30 seconds all simulations show a more 
uniform azimuthal distribution than the experiments. 
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Figure 5-5.  Level 4 azimuthally averaged temperature histories for Test A 
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Figure 5-6.  History of the standard deviation of the 24 channel-center thermocouples at level 4 
for Test A 

The minima and maxima, Figure 5-7 and Figure 5-8, are further indicators of azimuthal 
mixing. The general agreement between experiments and predictions is very good for 
minima. The minimum histories that fall below the experimental data confirm a trend of 
under mixing in a couple of predictions. The general agreement is not equally good for the 
maxima. Note that the maximum is representative of the primary coolant in the boron 
dilution transient. This means that the experiments show the front to be more segregated that 
do some calculations, since it takes longer for the primary coolant to be mixed into the 
diluted slug in both the loop and the visualization facility. 

5.1.1.2 Level 8 

Level 8 thermocouple readings were added to the list of figures of merit during the second 
workshop. Data from this level indicates flow pattern development as shown in subsequent 
sections and in section 5.2.2.  

Level 8 average temperature histories are shown in Figure 5-9. Loop and visualization 
facility data fall within each others standard deviations, but are more distinct than level 4 
averages. Almost all participant submissions are within the visualization facility standard 
deviations, but lie distinctly below the loop with the exception of the IVO submission. As 
will be discussed in section 5.2.2, the level 8 behavior is a primary indicator of distinctions in 
flow pattern.  
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Figure 5-7.  History of the minimum among the 24 channel-center thermocouples at level 4 for 
Test A 
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Figure 5-8.  History of the maximum among the 24 channel-center thermocouples at level 4 for 
Test A 
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Figure 5-9.  Level 8 average temperatures among the 24 channel-center thermocouples for Test 
A 

 

Figure 5-10 through Figure 5-12 show the standard deviation minima and maxima histories 
at level 8. The figures indicate that the front remains more segregated and the primary fluid is 
slower to get entrained into the front (see especially Figure 5-12) in the loop and IVO data, 
but is more uniformly mixed azimuthally in the visualization facility and the balance of 
participant submissions. 

5.1.1.3 Level 10 

Level 10 is relatively poorly instrumented in the loop. The average temperature and standard 
deviation histories are plotted, however, to complete the quantitative analysis of flow pattern 
features. The average temperature histories of Figure 5-13 show that the front affects level 10 
about 3 seconds later in the loop than in the visualization facility or participant submissions. 
Furthermore, the loop and IVO histories show that throughout the transient, level 10 is 
slower to become mixed. The standard deviation histories depicted in Figure 5-14 also show 
substantial differences between most of the simulations and the loop and visualization facility 
data. Experimental data show that the front penetrates upwards, a relatively high degree of 
segregation between cold and warm fluids persists throughout the transient. Computational 
data, with the exception of IVO, NRI and Battelle, indicate that level 10 becomes uniformly 
mixed within about 30 seconds of the start of the simulation. 
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Figure 5-10. Level 8 standard deviations among the 24 channel-center thermocouples for Test A 
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Figure 5-11. Level 8 minima among the 24 channel-center thermocouples for Test A 
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Figure 5-12. Level 8 maxima among the 24 channel-center thermocouples for Test A 
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Figure 5-13. Level 10 average temperatures among the 24 channel-center thermocouples for 
Test A 
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Figure 5-14. Level 10 standard deviations among the 24 channel-center thermocouples for Test 
A 

5.1.2 Azimuthal Behavior for Test A Levels 4, 8 and 10 

The progression of the front through the system can be tracked by plotting the temporal 
evolution of the front at a particular level. Figure 5-15 shows this information as obtained 
from loop data. 

 

Figure 5-15.  Test A ensemble averages and ensemble standard deviation obtained in the loop 
for Levels 8 (top pair), and 4 (bottom pair). The horizontal axis represents the azimuthal 
position, the vertical axis represents volume injected, and the color indicates concentration (red 
= warm primary or “borated”, dark blue = cold front or “dilute”) 
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Figure 5-16 shows the temporal evolution of the azimuthally resolved ensemble averages at 
three different levels of the downcomer as measured in the visualization facility. These levels 
correspond to three of the specific locations (level 4, 8, and 10) in which detailed 
instrumentation was installed within the integral 2x4 loop facility. The plots show time along 
the vertical axis, and the azimuthal position around the downcomer (positive angles are 
clockwise when viewing the downcomer from above). The red end of the spectrum indicates 
the maximum scalar concentration of the simulated Boron, while the dark blue indicates a 
near zero or �dilute� volume of fluid. 

Level 10 (topmost level, blue line) gives the average concentration evolution in the upper 
downcomer, in a region between the injection inlet and the upper DC boundary. This level 
sees the earliest evolution of the front passage, with the interface passing through level 10 
first at an azimuthal location of 0°, at a time of approximately 7 seconds. This corresponds to 
the radial expansion of the front around the injection point. The relatively weak ensemble 
standard deviation for this level also shows the strong repeatability of the flow evolution in 
this part of the downcomer, along with a relatively sharp interface that is characterized by 
relatively little mixing.  

Level 8 (middle level, green line) shows the concentration evolution within a region just 
above the DC gap expansion. The trace is very similar to the Level 8 evolution, with the 
exception of a little more irregularity in the region opposite the injection leg (-180 degrees), 
where the front interfaces meet at a stagnation plane before they are forced to enter the lower 
plenum. 

Level 4 shows the greatest amount of mixing and variability, concentrated in a recirculation 
zone centered below the injection leg (starting first in the region close to 0 degrees and 
spreading out towards +/- 100 degrees as time increases). The large ensemble standard 
deviation in this region indicates a variability of the large-scale structures along the interface. 
In addition, the fact that the azimuthal profile remains relatively unchanged from 12 to 17 
seconds gives rise to a consistent �flat spot� that can be characteristically observed in the 
level 4 average profiles shown in figure 5-1. A discussion of these features and their cause 
will be discussed in the flow pattern section the report (section 5.2.2). 

5.1.2.1 Level 4 

A quantitative way of examining the flow pattern is by plotting the azimuthal profile at 
several times through out the transients. The times selected for test A are 24, 28, 32 and 36 
seconds. In Figure 5-17, the origin corresponds to the center of the injection cold leg, CL A1, 
and the angle increases counterclockwise when viewed from the top. The data of Figure 5-17 
is the ensemble average of the 16 redundant A tests in the loop; standard deviations marked 
by error bars. The plot shows that the front penetrates downwards under the cold leg and that 
the region opposite the injection site is the last to be mixed. The significant standard 
deviation around the injection site at 24 s shows that the front is spreading to varying degrees 
as it travels through the downcomer. 
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Figure 5-16.  Test A ensemble averages and ensemble standard deviation obtained in the 
visualization facility for Levels 10 (top pair), 8 (middle pair), and 4 (bottom pair). The 
horizontal axis represents the azimuthal position, the vertical axis represents time, and the color 
indicates concentration (red = 100% or �borated�, dark blue = 0% or �dilute�). Note inverted 
time axis relative to Figure 5-15. 

level 4 azimuthal distribution

0

10

20

30

40

50

60

70

80

0 30 60 90 120 150 180 210 240 270 300 330 360

degrees from CLA1 inlet

te
m

pe
ra

tu
re

 (
de

g.
 C

24 s
28 s
32 s
36 s

 
Figure 5-17.  Temporal progression of the azimuthal distribution at level 4 in the loop for Test 
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Figure 5-18 through Figure 5-21 compare the loop and Visualization facility data to 
participant submissions. The visualization data differ from the loop data, and indicate a 
different flow pattern. In the visualization facility, the front reaches level 4 predominantly to 
the left and the right of the injection cold leg, and less mixing is observed under the injection 
site and on the side opposite to CL A1. At 28 seconds, the front is predominantly flowing on 
the side opposite the injection cold leg. Participant submissions at both 24 and 28 s appear 
closer to the visualization facility experiments. At 32 and 36 data, all experimental and 
computational data converge. The flow pattern is discussed in further details in section 5.2.2. 

5.1.2.2 Level 8 

The azimuthal temperature evolution at level 8 in the loop is plotted in 4 s increments in 
Figure 5-22. Since 0 degree corresponds to the injection site, it can be noted that the front 
flows primarily vertically under CL A1. 

Figure 5-23 through Figure 5-26 compare loop data to visualization facility and participant 
submissions. While in the first part of the transient experimental data and computations are in 
good agreement, differences become apparent as the transient progresses. Specifically, at 28 
and 32 s only the loop and IVO data show that the primary coolant on the side opposite the 
injection is relatively unaffected, and that the front entrains primarily fluid under the 
injection site. This observation is consistent with flow pattern examinations, which are 
presented in section 5.2.2. 
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Figure 5-18.  Azimuthal distribution at level 4 at 24 s for Test A 
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Figure 5-19.  Azimuthal distribution at level 4 at 28 s for Test A 
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Figure 5-20.  Azimuthal distribution at level 4 at 32 s for Test A 
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Figure 5-21.  Azimuthal distribution at level 4 at 36 s for Test A 
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Figure 5-22.  Azimuthal distribution at level 8 in the loop at 20, 24, 28 and 32 s for Test A 
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Figure 5-23.  Azimuthal distribution at level 8 at 20 s for Test A 
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Figure 5-24.  Azimuthal distribution at level 8 at 24 s for Test A 
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Figure 5-25.  Azimuthal distribution at level 8 at 28 s for Test A 
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Figure 5-26.  Azimuthal distribution at level 8 at 32 s for Test A 
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5.2 Test B 
As for test A, the visualization facility confirmed the adequacy of thermocouple sampling in 
the loop. The azimuthally averaged data (Figure 5-4) leads one to similar conclusions to 
those provided by the front case. Namely, the high-resolution levels (24 sampling points) 
appear to provide adequate sampling to provide a converged mean and standard deviation 
provided there are not any significant radial variations in the concentration data. 

 
Figure 5-27.  Level average and standard deviation comparisons of concentration vs. time for 
Test B 

5.2.1 Initial and Boundary Conditions and Ensemble Data for Test B 

The initial and boundary conditions for test B were derived from the second test in the series. 
The temperature and flow given to participants is shown in Figure 5-28. 
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Figure 5-28. Flow and temperature boundary conditions for test B 
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Figure 5-29. Core pressure drop boundary condition for test B 

As in test A, the averages of the channel center thermocouples on levels 4 and 8 are the 
principal figures of merit. The data are supplemented with standard deviation, minimum and 
maximum histories to evaluate the azimuthal mixing. Because test series B injects a slug, 
which is a realistic representation of the injected volume in the boron-dilution transient, the 
average readings and mixing parameters at level 3 are also compared. This is the core inlet 
plane, and the quantities examined would provide the boundary and initial conditions for the 
coupled neutronic thermal-hydraulic computations necessary to evaluate the consequences of 
a boron dilution scenario. 

5.2.1.1 Level 4 

Participant submissions are in good agreement with the loop data, as can be observed in 
Figure 5-30. Furthermore, several participant submissions fall within the narrow standard 
deviation of the 6 redundant test B loop runs. Note that the slug injected in the loop is 56 l, 
while that injected in the visualization facility is 80l, which makes the comparison between 
the two sets of experimental data difficult. A further data reduction step that extracts the slug 
center is potentially possible, but it has to be applied individually at each level. This 
reduction step has not been carried out because the loop and visualization facility slugs differ 
in one other aspect. Specifically, the end of the slug is separated through a membrane in the 
visualization facility, which limits all diffusion at that end between the primary and slug 
coolants. Figure 5-30 illustrates this aspect by the steeper ascension of the trailing end of the 
slug, relative to loop, of computational temperature histories. 

Figure 5-31 shows the standard deviations among the 24 channel center thermocouples. 
There are two local maxima in the history corresponding to the front and trailing ends of the 
slug. Participant simulations are again in good overall agreement with loop data. The minima 
of Figure 5-32 and the maxima of Figure 5-33 confirm that the simulations properly capture 
the azimuthal mixing at level 4. 
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5.2.1.2 Level 8 

The level 8 average temperatures measured by the 24 channel center thermocouples are 
depicted in Figure 5-34. The loop standard deviation from the 6 redundant tests is very low 
as a consequence of the good repeatability of this test. As seen in Figure 5-35, most 
participant submission azimuthal mixing predictions are in very good agreement with loop 
data, but some simulations appear to excessively segregate the slug and primary fluids. It 
must also be noted that the standard deviation at level 8 only exhibits one maximum. This is 
indicative of the fact that the flow becomes well mixed azimuthally after the front end of the 
slug passes. Figure 5-36, the minimum temperature history, and Figure 5-37, the maximum 
temperature history, demonstrate that investigating standard deviation alone is insufficient. 
Specifically, the maxima of Figure 5-37 show that code predictions overestimate the extent to 
which warm primary coolant is entrained into the cold slug. This suggests that further 
attention has to be paid to mesh refinement near the injection site where the main flow 
features develop. 
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Figure 5-30. Level 4 average of the 24 channel-center thermocouples for Test B 
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Figure 5-31. Level 4 standard deviations among the 24 channel-center thermocouples for Test B 
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Figure 5-32. Level 4 minima among the 24 channel-center thermocouples for Test B 
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Figure 5-33. Level 4 maxima among the 24 channel-center thermocouples for Test B 
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Figure 5-34. Level 8 averages of the 24 channel-center thermocouples for Test B 
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Figure 5-35. Level 8 standard deviations among the 24 channel-center thermocouples for Test B 
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Figure 5-36. Level 8 minima among the 24 channel-center thermocouples for Test B 
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Figure 5-37. Level 8 maxima among the 24 channel-center thermocouples for Test B 

5.2.1.3 Level 10 

The level 10 figures of merit show that only a few predictions capture the predominantly 
downward flow of the injected slug. As seen in the level average temperature histories of 
Figure 5-38 CEA and IVO are in good agreement with experimental data, but the other 
simulations show substantial cooling at level 10. The finding is supported by the standard 
deviations, minima, and maxima of Figure 5-39 through Figure 5-41, in which most code 
predictions rapidly transfer a large portion of the slug upwards and quickly entrain the warm 
primary coolant. 

5.2.1.4 Level 3 

CFD codes will be used to estimate the amount of unborated fluid that reaches the core 
entrance in rapid boron dilution investigations. Both the spatial and temporal distributions of 
boron in the coolant are boundary and initial conditions needed for coupled neutronics 
thermal-hydraulics computations. These parameters are represented by the same figures of 
merit as investigated at levels 4 and 10. The average temperature histories at the core inlet, 
actually below the core support plate, are depicted in Figure 5-42. Figure 5-43 through Figure 
5-45 show the standard deviation, minimum and maximum histories at the same level. The 
level average simulation predictions are in excellent agreement with experimental loop data. 
However, some simulations show the primary coolant to remain more segregated spatially 
from the slug than the experiment. A few appear to somewhat overmix the two fluids. It is 
also interesting to note that the two maxima in Figure 5-43 show that the standard deviations 
are noticeable for both the front and end of the slug. Computations accurately capture this 
feature of the transient. 
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Figure 5-38. Level 10 averages of the 24 channel-center thermocouples for Test B 
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Figure 5-39. Level 10 standard deviations among the 24 channel-center thermocouples for Test 
B 
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Figure 5-40. Level 10 minima of the 24 channel-center thermocouples for Test B 
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Figure 5-41. Level 10 maxima of the 24 channel-center thermocouples for Test B 
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Figure 5-42. Level 3 averages of the 24 channel-center thermocouples for Test B 
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Figure 5-43. Level 3 standard deviations among the 24 channel-center thermocouples for Test B 
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Figure 5-44. Level 3 minima of the 24 channel-center thermocouples for Test B 
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Figure 5-45. Level 3 maxima of the 24 channel-center thermocouples for Test B 
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5.2.2 Azimuthal Behavior for Test B Levels 4, 8 and 10 

The pattern similarity between loop and visualization facility data, detailed in section 6.2, 
allows the discussion of azimuthal behavior to be made by illustrating visualization facility 
data. The ensemble averaged mean and standard deviation of the slug concentration is shown 
in figure 5-3. The plots show time along the vertical axis, and the azimuthal position around 
the downcomer (positive angles are clockwise when viewing the downcomer from above). 
The red end of the spectrum indicates the maximum scalar concentration of the simulated 
Boron, while the dark blue indicates a near zero or �dilute� volume of fluid. 

The azimuthally resolved slug level averages shown below give a similar shape to the front 
evolution shown in the section 5.1.2. The main difference is that a trailing interface can now 
be observed to pass through a given level at a later time, restoring the concentration to near 
its original value. Qualitatively, the evolution of the trailing interface typically looks quite 
similar to the leading interface, but perhaps shows a slightly greater standard deviation value, 
which is consistent with the greater variability that was observed in the timing of the trailing 
interface. The total amount of mixed volume within the downcomer, however, will be greater 
than the front case, owing to the fact that there is a greater interfacial area available for 
mixing (i.e., both the leading and trailing interface). 

6 Flow Pattern 
The movies of temperatures in the expanded downcomer generated from loop, visualization 
facility and participant submissions show that there is variability in flow pattern. The 
variability is also noticeable in the results presented in section 5. An observation of the 
general flow pattern is beneficial and instructive to: 

• understanding the general behavior of the mixing one expects to encounter in such 
complex geometries,  

• comparing similarities and differences between the various experiments and 
simulations,  

• facilitating future discussions of the flow features to which the simulations may be 
particularly sensitive. 

In order to present a general discussion of the observed features, a representative temporal 
sequence of images generated by the 2x4 loop, the visualization LIF studies, and participant 
submissions are shown in the following sections. 

6.1 Test A 
The azimuthal temperatures plotted at levels 4 and 8 indicate that a further investigation into 
flow pattern is desirable. The following sections present this investigation for both 
experimental facilities and participant submissions. 

6.1.1 Loop flow pattern 

Two-dimensional downcomer temperature field visualizations were produced from the 
downcomer TC measurements and presented as colored rectangular maps. The map area 
represents the unfolded downcomer in its entire axial height, which includes TC levels 4 
through 11. Only data from the TCs located at the downcomer gap midpoint were used for 
visualization. The openings of all cold leg nozzles are indicated as white circles as are the hot 
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leg penetrations. The red color corresponds to the maximum normalized temperature of one, 
indicating unmixed system coolant, and black corresponds to the lowest normalized 
temperature of zero, indicating unmixed front fluid. The azimuthal unfolding of the 
downcomer is performed in a way as if the cold leg is located in front of the figure so that the 
front enters the downcomer along the direction from the viewer�s eyes towards the map. 

 
Figure 6-1.  Test B ensemble averages for Levels 10 (top pair), 8 (middle pair), and 4 (bottom 
pair). The horizontal axis represents the azimuthal position, the vertical axis represents time, 
and the color indicates concentration (red = 100% or �borated�, dark blue = 0% or �dilute�). 

Figure 6-2 a. shows 4 snapshots, arranged horizontally and ranging from left to right, of the 
flow pattern in the loop downcomer at 24, 28, 32 and 36 seconds for the nominal A test, i.e., 
the test for which initial and boundary conditions were provided to participants. After its 
practically uniform radial spreading upon the barrel wall, the front fluid follows predominant 
flow paths for subsequent advancement and occupation of the downcomer volume. Initially, 
a predominant favorable path is established going from the injection point diagonally down- 
and leftwards. This is explained by the presence of the hot leg A that forms a local flow 
blockage to the right from the injection point beneath hot leg B, being the predominant 
entrance position, and beneath hot leg A as the front encompasses and streams downwards 
with its advancement into the downcomer. 

The ensemble averages of the 16 redundant A tests at the same time points are shown on 
Figure 6-2 b. Figure 6-2 c. shows the standard deviations among the 16 redundant tests at the 
same time points. Since the standard deviations appear substantial at 28 and 32 s, individual 
snapshots of each test are also plotted. 
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Figure 6-2.  Flow patterns at 24, 28, 32 and 36 seconds as obtained from: a. the nominal test A, 
and b. ensemble of the 16 redundant tests; c. standard deviation in the ensemble of the 16 
redundant tests 

Individual snapshots shown in Figure 6-3 through Figure 6-6 for 24 s through 36s, are placed 
as shown in Table 6-1. A close investigation of the snapshots at 28, 32 and 36 s shows that 
the tests fall into two categories. The first category comprises tests 93 60 01, 93 60 02, 93 60 
03, 93 60 05, 93 60 06, 93 60 08, 93 60 09, 93 60 13, and 93 60 16, which exhibit the same 
behavior of the nominal test A. However, 93 60 07, 93 60 10, 93 60 14, 93 60 17, 93 60 18, 
93 60 19, and 93 60 20 differ from the first group. Specifically, a weaker flow tongue finds 
its way from the injection point diagonally right- and downward. This forms a Λ-shaped 
structure with a stronger left branch. The area between the two flow tongues, located beneath 
the cold leg nozzle, represents a slow moving recirculation zone, which persists throughout 
the time period depicted in the snapshots. 

Table 6-1. Matrix of tests depicted in Figure 6-3 through Figure 6-6 

93 60 01 93 60 02 93 60 03 93 60 05 
93 60 06 93 60 07 93 60 08 93 60 09 
93 60 10 93 60 13 93 60 14 93 60 16 
93 60 17 93 60 18 93 60 19 93 60 20 
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Figure 6-3. Snapshots of the 16 redundant tests of series A at 24 s (42 liters) 
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Figure 6-4. Snapshots of the 16 redundant tests of series A at 28 s (72 liters) 
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Figure 6-5. Snapshots of the 16 redundant tests of series A at 32 s (100 liters) 
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1  
Figure 6-6. Snapshots of the 16 redundant tests of series A at 36 s (128 liters) 



 

Page 103               NEA/CSNI/R(2000)22 

 

Although the non-linearity of the flow caused by the multidimensional domain and the 
turbulent flow regime does not preclude variations in flow pattern (see also visualization 
facility data discussion), the distinction between the two groups identified above is 
attributable to slight differences in buoyancy effect among the tests. The differences are due 
to the temperature differences of the primary coolant and front caused by fluctuations in 
initial heat up as well as changes in city water temperature. To quantify buoyancy 
differences, the Froude (Fr) number was calculated from: 

density)bulk -density(jet *densitybulk *gravity*lengthareadowncomer 
rateflow Fr =  

where: flowrate�is as measured during the test in kg/s,     Equation 6 
downcomer area�is the horizontal cross section at level 8 in m2, 
length�is the vertical distance between the center of the injection cold leg and level 
8 in m, 
gravity�is in m/s2, 
bulk density�is the azimuthally averaged density at level 8 in kg/m3, and 
jet density�is the inlet density measured by the thermocouples in CL A1 in kg/m3. 

Level 8 was selected to represent the bulk temperature because differences are already 
apparent at this point. The density was obtained from all channel center thermocouples to 
eliminate any arbitrariness in the calculation of the Fr number. The Fr number histories of the 
redundant tests of series A are plotted in Figure 6-7. The plots clearly show two families of 
curves. In the first, the Fr number levels off at about 50 l and remains flat under a value of 6. 
These tests exhibit a predominant single branch of downwards flow. In the second family, Fr 
numbers continue to ascend past 50 l and reach values of 9 to 11. These tests all exhibit the 
stagnation region under the injection cold leg.  The only test that does not distinctly fall 
within one of these families is 93 60 09; that test reaches a Fr of 7 at 100 l injected and 
appears typical of the first family. 
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Figure 6-7.  Froude number histories for the redundant tests of series A 
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6.1.2 Visualization facility flow pattern 

A sequence of quantitative images from the visualization facility is shown in Figure 6-3. 
Each of these images corresponds to a reduced data field that is approximately 400x500 
elements (horizontal x vertical), which has not been smoothed or filtered in any way after the 
normalization. Within each of these figures, the horizontal axis corresponds to the azimuthal 
position (0 being the position of the injection cold leg, positive increasing angles correspond 
to clockwise direction when vessel is viewed from above) and the vertical axis is the axial 
location (z = 0 being the inlet level). The high-resolution of the images clearly depict the 
scale and shape of the radially-averaged turbulent mixing interface between the dyed and 
dilute streams, as well as the geometrical features within the downcomer itself. 

As the leading edge of the front is injected into the downcomer (Figure 6-3a), the interface at 
first expands radially outward from around the cold leg inlet. A circular recirculation zone or 
vortex ring is centered about the axis of the injection leg. Occasionally these rings can be 
seen owing to the mixing layer that forms in the mid-plane of the downcomer, causing waves 
and striations of non-uniform concentration to appear around the cold leg injection point. 

The cylindrical symmetry about the inlet leg is soon broken by the curvature of the 
downcomer, the upper boundary, and the gap expansion. The front then expands azimuthally 
around the downcomer (Figure 6-3b), until it nears the region 180 degrees opposite the inlet 
leg, where a stagnation plane is formed (Figure 6-3c). Note that the strong asymmetry 
observed in the 2x4 loop measurements is not as prevalent in the visualization studies. 
Although there appears to be a slightly advanced development in the plume extending 
towards Hot Leg B (θ = 110°), it appears to be only a minor deviation from the azimuthally 
symmetric pattern. There are several possible reasons that could contribute to this difference 
in flow pattern between the 2x4 loop and the visualization facility: 

1. The visualization measurement represents a radial average, while the 2x4 loop data 
are from single points in the center of the downcomer.  

2. The 2x4 loop injected front is negatively buoyant due to the temperature difference 
between the mixed and unmixed fluid, while the visualization front is neutrally 
buoyant. 

3. The hot legs in the visualization facility are slightly misplaced (shifted azimuthally by 
10°) in comparison to the corresponding locations on the 2x4 loop. 

While the differences are likely due to a combination of these three factors, the first two are 
the most significant. 

After the plumes start to reach the stagnation plane opposite the injection leg, the flow is then 
directed downward toward the lower plenum. Wakes from the hot-leg plenum are clearly 
visible, as is the entrainment that occurs past the other stagnant cold leg volumes Figure 6-
3c). 

One interesting feature of the flow is the recirculating region that occurs immediately below 
the injection leg. This region maintains a volume of relatively unmixed high concentration 
fluid in lower downcomer until the dilute fluid reaches the lower plenum opposite the 
injection leg (Figure 6-3d). After entering the lower plenum, some of the fluid enters the 
core, while the balance is eventually brought into the recirculation region from below (Figure 
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6-3e, 6-3f). During the time that the front is propagating in the lower plenum, the 
concentration distribution within the downcomer is relatively unchanged, which results in the 
characteristic �flat spot� observed in the level average concentration profiles (Figure 5-1, at a 
time of 13 to 17 seconds). 

 
Figure 6-8.  Temporal sequence of a single front injection test (061499_run3). Vinj is the 
injected volume corresponding to the equivalent loop tests as listed in Table 3-3. 

Even though great pains were taken to ensure repeatable testing conditions, there were 
several notable variations in the flow pattern observed for the same nominal test. These 
differences occurred at the interface between the recirculation region within the lower 
downcomer beneath the injection leg and the streaming front as it was moving azimuthally 
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around the downcomer. Representative images illustrating these differences from several 
different cases acquired at the same injected volume are shown in Figure 6-4. 

 
Figure 6-9.  Variation in mixing pattern observed within nominally identical initial conditions 

 The images of Figure 6-9 are sampled from four different tests at the same injection time. The 
other half of the cases exhibited �tongues� of dilute fluid that would drop down into the 
middle of the recirculation region (Figure 6-9b), or to the left (Figure 6-9c) or right (Figure 
6-9d) of the cold leg plane. These plumes likely originate from some type of instability that 
occurs along the stagnation point between the recirculation zone and the fluid streaming 
downward from the upper downcomer. Further evidence of this will be presented throughout 
the discussion. 

In addition to the radial-averaged concentration field, the azimuthal and axial velocity field 
was measured in two separate radial planes within the downcomer using a two-component 
LDV system. In order to obtain the data with sufficient grid resolution within the time 
constraints of the project, the velocity fields were sampled under steady state conditions (the 
pump was operated at the nominal flow rate of 8 liters/sec and with sufficient settling time to 
ensure steady conditions within the entire flow volume). 

The two-component system was used in backscatter mode to simplify alignment, with the 
transceiver positioned orthogonal to the outer barrel wall. This enabled the measurement of 
the azimuthal and axial velocity components. Owing to the use of backscatter collection, the 
probe volume consisted of an ellipsoidal region that was approximately 2 mm long and 0.08 
mm in diameter. For this reason, data within a couple mm of the wall is less reliable than the 
flow in general, and should be treated with caution. 15 micron, silver-coated, hollow glass 
beads (specific gravity of 1.4) were used as tracer particles for the study. The measurements 
were sampled on a grid with a spacing of 2 mm in the radial direction and 25 mm in the axial 
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direction. The measurement region extended over a region of approximately 250 mm above 
and below the gap expansion in the downcomer. With the exception of the near-wall points 
and regions of nearly stagnant flow, 10,000 individual samples were acquired for each grid 
point, which were then used to calculate the mean, standard deviation and Reynolds Stress 
for each point. 

The first samples were obtained in a radial plane located 30 degrees clockwise (viewed from 
above) from the injection leg (Figure 6-10). The most readily visible feature in this plane is 
the strong jet that is impacting on the inner core barrel and streaming radially away from the 
inlet. At the level of the inlet (z = 0), the azimuthal velocity on the inner barrel shows 
average magnitudes that are close to 2 m/s (the average pipe inlet velocity is 1.75 m/s). Near 
the outer barrel wall, the velocity is reversed, with peak velocities on the order of 0.5 m/s. 

In the axial direction, the inner jet shows regions of growing upward velocity above the plane 
of the inlet, and downward velocity components below. As with the azimuthal velocity, the 
axial velocity also shows reversed directions for the outer wall region. These features are 
consistent with a trapped recirculating vortex ring that is caused by the strong flow separation 
at the sharp edge of the inlet leg. The recirculation in this region forms a strong shear layer, 
whose large-scale structures are highly strained by the radial expansion of the rings as they 
propagate away from the cold leg inlet, and will also result in one of the strongest mixing 
regions that the interface will likely pass through. The free shear layer formed between the 
wall jet and the vortex ring can occasionally be visualized in the LIF images as rings of 
intermediate concentration propagating outward from the inlet (Figure 6-11). Apart from the 
vortex rings that appear as a natural feature of turbulent shear layers, the strain field between 
successive vortex rings is known to amplify the formation of streamwise vortex structures. 
When this natural instability is combined with the added mean shear of the radial expansion, 
one would expect to see strong streamwise features forming as well. Evidence of these radial 
streak features is clearly visible in LIF images (Figure 6-11). 

 
Figure 6-10.   Steady-state downcomer radial and axial velocities contours at q = 30° 
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Figure 6-11.  Vortex rings and radial non-uniformities caused by the separated jet and resulting 
mixing layer at the injection leg downcomer junction 

In the lower downcomer, the azimuthal velocity is only several cm/sec, while the axial 
velocity shows some downward motion on the order of 10 to 30 cm/sec. This area 
corresponds to the middle of the recirculation region in the lower DC beneath the inlet leg. 
There is also a slight upward motion beneath the gap expansion, which results from the 
separation past the sharp lip. 

The standard deviation of the mean velocities and the Reynolds stress give their greatest 
values in the region between the wall jet and the recirculation ring around the inlet region. 
The vzvθ Reynolds stress indicate that the coherent structures of the turbulent mixing layer are 
largely responsible for the transport of momentum across the gap with. 

At 150 degrees around from the inlet, the flow is still clearly streaming azimuthally around in 
the upper DC, and a little bit weaker in the lower DC (Figure 6-12). The wake generated by 
the hot leg blind (located azimuthally at approximately 110 degrees) is clearly visible around 
z = -50 mm. The axial flow at this plane is predominantly a downward streaming motion, 
with similar magnitudes in both the upper and lower DC. The turbulent fluctuations in this 
plane are dominated by the near wake flow of the hot leg, which shows the typical signatures 
that one would expect from such a flow. 
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Figure 6-12.  Steady-state downcomer radial and axial velocities contours at q = 150° 

 

6.1.3 Participant submission flow pattern 

Table 6-2 is the matrix of participant submission snapshots in Figure 6-13 through Figure 
6-16. It is noticeable in Figure 6-13 that most code predictions establish the stagnation region 
early in the transient. Only IVO�s prediction shows a predominant flow downwards. Battelle, 
GRS, NUPEC and Vattenfall exhibit clear stagnation regions at this early point. The 
stagnation region persists throughout the period captured by the snapshots of Figure 6-14 
through Figure 6-16 in all submissions, with the exception of IVO, which preserves the 
predominantly leftward tongue flow. The differences are consistent with the extent to which 
participants selected to model buoyancy effects, i.e., with IVO�s extensive inclusion of 
buoyancy dependent properties relative to those of other participants. Specifically, IVO�s 
simulation captures the features of the low Froude number flow, while the other submissions 
fall within the high Fr family. 

 

Table 6-2. Matrix of code submission snapshots depicted in Figure 6-13 through Figure 6-16 

AEAT Battelle 
GRS IVO 
NRC NRI 
Nupec Vattenfall 
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Figure 6-13. Snapshots of the 8 participant submissions for test A at 24 s (42 liters) 
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Figure 6-14. Snapshots of the 8 participant submissions for test A at 28 s (72 liters) 
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Figure 6-15. Snapshots of the 8 participant submissions for test A at 32 s (100 liters) 
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Figure 6-16. Snapshots of the 8 participant submissions for test A at 36 s (128 liters) 
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6.2 Test B 
The tests of series B have a very short period of time at the beginning of the transient when 
buoyancy density differences are significant. This is because a slug is injected, and thus after 
the front of the slug passes, the density difference actually reverses as the tail end flows 
through the downcomer. The Fr number for the 6 redundant tests of series B is shown in 
Figure 6-17. It is important to note that the visualization facility slug is 40 % larger than that 
injected in loop experiments and used in simulations, so a direct quantitative comparison 
cannot be made. Qualitatively, however, the next sections show that the flow pattern is 
largely consistent among experiments and simulations in this test series. 
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Figure 6-17.  Fr number histories of the 6 redundant tests of series B 

6.2.1 Loop downcomer flow pattern for test B 

Because buoyancy plays a minor role in this test series, the results are highly reproducible. A 
single point, at 48 liters injected, can be used to compare experimental and computational 
results. As can be seen in Figure 6-18, the nominal test B, i.e., that for which boundary and 
initial conditions were supplied to participants, is very similar to the average of the ensemble 
of the 6 redundant tests. Note also that the standard deviation of the ensemble tests is very 
small, confirming great reproducibility. 
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Figure 6-18. Flow patterns at 48 liters injected as obtained from: a. the nominal test B, and b. 
ensemble of the 6 redundant tests; c. standard deviation in the ensemble of the 6 redundant tests 

The patterns of the 6 tests depicted in Figure 6-19 show that all B tests exhibit the stagnation 
region underneath the injection cold leg. As expected, in these tests where the Fr number is 
high throughout, the flow entering the downcomer spreads azimuthally and than flows 
downwards forming the Λ structure. 

 
Figure 6-19. Snapshots of the 6 redundant tests of series B at 48 liters 
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6.2.2 Visualization facility downcomer flow pattern for test B 

In the neutrally buoyant case of the visualization facility, the transient mixing process for the 
slug case is initially identical to that of the front. As the trailing interface is injected, 
however, the dilute "boron-free" water is flushed from the system in the same way it was 
filled. The timing is such that the low-speed recirculation region immediately below the 
injection leg is the last region to be flushed clear of the diluted slug. Note also that the slug 
has a volume of 80 liters, which is approximately the same as that of the downcomer and the 
lower plenum. As mentioned earlier, the water is recirculated for the slug test so that the fluid 
entering on the �tail� side of the slug has been slightly diluted by that portion of the slug, 
which already exited the lower plenum. 

6.2.3 Participant submissions downcomer flow pattern for test B 

Table 6-3 shows the matrix of snapshots depicted in Figure 6-21. AEAT, NRC, NRI, NUPEC 
and Vattenfall show downcomer flow pattern consistent with those observed in the loop and 
visualization facility. IVO�s flow exhibits only a slight stagnation region, while all of CEA�s 
simulations show a predominant downward flow. 

 

Table 6-3. Matrix of code submission snapshots depicted in Figure 6-21 

AEAT CEA keps CEA nut0 

CEA nut0par IVO NRC 

NRI Nupec Vattenfall 

 

6.3 Flow Pattern Observed Under Injection Cold Leg 
One of the interesting features observed in the visualization of the flow pattern is the 
structure of the impinging jet, and its intersection with the slow-moving recirculation zone in 
the lower downcomer. Accurate representation of this feature, and its rate of mixing, will 
likely have an impact on the structure of the rest of the flow field. Although some 
information has already been provided with the steady-state velocity fields presented in 
section 6-1, additional qualitative visualizations have been performed to supplement this 
data. 

Data was acquired in this case using a high-resolution (1008x1016 pixels) 8-bit CCD camera 
to image a fixed radial plane centered on the cold leg inlet, sampled at a rate of 10 frames per 
second. The field of view of the camera was selected to image the downcomer gap from just 
below the cold leg, to a region approximately 15 cm below the gap expansion. No corrections 
were made for the optical distortion caused by viewing the plane through the cylindrical wall 
of the downcomer. Although the images were normalized to provide a semi-quantitative 
representation of the data, the noise of the camera at these particularly low light levels was 
sufficient to render the data suitable mainly for qualitative visualization. The sequence of 
images showing a front injection event (test A) is depicted in Figure 6-12. 
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Figure 6-20.  Temporal sequence of a single slug injection test (061499_run3). Vinj is the injected 
volume corresponding to the equivalent loop tests as listed in Table 3-3. 

 

Revolution 14, Vinj = 5 l 

Revolution 38, Vinj = 89 l 

Revolution 44, Vinj = 115 l Revolution 50, Vinj = 137 l 

Revolution 32, Vinj = 65 l 

Revolution 20, Vinj = 20 l 
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Figure 6-21. Snapshots of the 9 participant submissions of test B at 48 liters 



 

Page 119               NEA/CSNI/R(2000)22 

 

 
Figure 6-12.  Sequence of images depicting the temporal evolution of the concentration field 
in the radial plane aligned with the downcomer. Numbers indicate approximate distances in 
centimeters. Black color indicated zero concentration (dilute), while white indicated 100% 
concentration (borated). The image sequence starts when the front first exits the cold leg and 
subsequent images are separated by 1 second. 

As the front first enters, the impinging jet can be clearly seen on the outer core barrel wall. 
Fairly strong radial gradients initially exist during the first several seconds before the mixing 
layer has had a chance to transport and mix the incoming dilute fluid with the borated fluid 
trapped in the recirculating water moving towards the cold leg inlet. The ring structures 
themselves are clearly visible as dark lumps spaced periodically along the downcomer. 
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As the impinging jet moves toward the gap widening, it is seen to separate from the outer 
barrel wall and reattach on the inner pressure vessel wall. From this point, the jet tip appears 
to slowly roll up into a larger structure, which maintains its position just below the gap 
widening. The mixing zone within this area appears to surge up and down several times 
throughout the duration of the injection event, and other structures appear, grow, and decay 
as if they were moving perpendicular to the illuminated plane. This would be consistent with 
the �nominal� cases observed where small mixing features are observed to propagate along 
the interface between the dilute plume and borated recirculation region that exists in the 
lower downcomer. The interesting aspect of this feature is that it�s behavior is in stark 
contrast to that of the prototypical backwards-facing step flow, where the fluid exiting the 
narrower gap separates at the corner, and then reattaches to the same wall some 5 to 8 step 
heights downstream. The important thing to remember, however, is that this geometry is only 
superficially similar to a prototypical backwards-facing step within this local region, and is in 
reality a composition of several complex features which all are strongly coupled with one 
another to form the overall flow pattern. 

7 Conclusions 
It is important to note that ISP 43 is only the second standard international computational 
exercise to employ CFD codes for nuclear industry applications. The rapid boron dilution 
scenario targeted by ISP 43 also involves the largest simulation volume of a standard 
exercise using CFD codes. Thus the conclusions are twofold: first regarding the applicability 
of CFD codes to problems specific to the nuclear industry, and second regarding the 
performance of codes in simulating the integral facility behavior of a rapid boron dilution 
transient. 

The test series for rapid boron dilution run in the UM 2x4 Loop were designed to a large 
extent to provide adequate insight into codes� ability to capture phenomena important in this 
transient. Thus, the two closed test series included in this report are the injection of a front 
and the single inlet/single outlet injection of a slug. Both scenarios are sufficiently simple to 
permit the examination of phenomena important to this transient, but sufficiently complex to 
draw conclusions regarding the performance of codes in simulating the realistic transient. 
The front injection, test series A, was not initially drafted to provide insight into the actual 
boron dilution scenario. However, the 16 redundant tests of this series showed that buoyancy 
has an impact on the transient and that the judicious inclusion of temperature dependent 
properties is essential. This conclusion is very important in the context of the real boron 
dilution transient, for which temperature differences between the slug and the primary 
coolant into which it is injected can be substantial. An examination of downcomer Fr number 
must be made before running plant simulations, even at the very high Re numbers expected 
in the prototype pump startup.  

 The second test series, B, involved the injection of a slug. Six redundant tests were 
documented. This is a realistic scenario for the downcomer volume, which was the focus of 
this ISP. Like in the prototype, the slug has a steep front and a more shallow tail. Because of 
the B&W lowered loop configuration of the UM 2x4 Loop, the slug size is substantially 
larger than that expected to accumulate in U-tube steam generators. Thus, the temporal and 
spatial distribution of boron scaled up from the UM 2x4 Loop experiments would not be 
prototypical of most PWRs. Even with a smaller slug, mixing cannot be directly extrapolated 
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to the prototype. Specifically, while it is expected that most of the prototype slug mixing will 
occur in the downcomer, both the flow pattern and the entrainment of primary coolant into 
the slug are affected by plant-specific features. This makes the use of computational tools 
essential in assessing plant-specific boron dilution scenarios, and was an essential motivation 
for this exercise. 

The acquisition of data from several redundant tests for both the loop and visualization 
facility, is also a unique feature of ISP 43. The data was processed and reduced to yield 
ensemble averages and standard deviations that confirm repeatability and provide a true 
experimental error band for the comparison of experimental and computational results. The 
experimental error bands proved to be narrow for the figures of merit of the exercise. The 
figures of merit being level average behavior and azimuthal mixing are primarily first order, 
since they target basic conservation of mass, momentum and energy. Not surprisingly, codes 
performed well overall with respect to the average mixing at the first level below the 
injection site (level 8) and at the downcomer outlet (level 4) for both tests A and B.  

Discrepancies were however evident in the more qualitative but essential comparison of 
experimental and computational downcomer flow patterns. The evaluation of test A flow 
patterns was challenging because the loop tests fell into two families: one that exhibited a 
stagnation region under the injection site as did the visualization facility data and most of the 
simulations, and one in which flow was predominant along a single tongue extending 
downward in the direction of hot leg B. During the second workshop, participants suspected 
the differences to be either due to buoyancy effects or the modeling of the simulation domain 
outlet, i.e., the flow pressure drop beyond the downcomer. Further investigation of the Fr 
number showed that slight variations (less than 5 °C) in the initial heat up of the primary 
volume coupled with natural fluctuations of city water temperature, which thus changed the 
initial front temperature, impact the effect of buoyancy in the different tests. Thus, the extent 
to which participants accounted for temperature depended properties and whether or not they 
included the effect of buoyancy on the generation and dissipation of turbulent kinetic energy 
does affect the predicted flow pattern. 

It is important to note that, even in the absence of buoyancy effects, a complex highly non-
linear flow such as that in the downcomer of an integral test facility will exhibit some 
variation. This is evident in the neutrally buoyant visualization facility tests, in which several 
of the flow patterns show a tongue of fluid penetrating into the stagnation region that forms 
under the injection cold leg. 

Because the test B experiments are subject to strong buoyancy effects only while the front of 
the slug enters the downcomer, a stagnation region consistently develops under the injection 
site in all experiments and most code predictions. It is important to note that temperature 
differences between the slug and primary coolant are largest while the pump is ramping up 
and in the very first seconds of steady state injection, thus while inertial forces are lowest. 
The B test code predictions are overall in very good agreement with experimental data. This 
good agreement extends beyond the downcomer to the plane below the core support plate. At 
this level, both experiments and code predictions show the presence of still dilute coolant for 
this large slug. Note that the consequences of any reactivity insertion caused by the 
penetration of dilute fluid into the core must be assessed through coupled thermalhydraulic-
neutronic computations, which are beyond the scope of ISP 43.  
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The goal of ISP 43 was to examine CFD codes� ability to properly predict mixing of fluids in 
a complex geometry under transient conditions. Broadly, there are two factors that affect 
code-predicted mixing: mesh resolution and turbulence modeling. This makes it difficult to 
evaluate the individual impact of these factors without rigorous parametric studies. Given 
modern solution algorithms, an adequately resolved mesh can reduce numerical diffusion to 
negligible levels in transients where mixing is turbulence dominated. The discretizations and 
mesh refinements selected by some participants clearly show that mesh convergence had 
been achieved. The under-mixing in several participant submissions evidences this. In the 
case of a resolved mesh the selection of an appropriate turbulence model is essential to the 
proper prediction of mixing. One more important factor needs to be considered in this 
discussion, namely the local refinement in regions where the flow is subject to large 
gradients or where flow patterns are rapidly changing. The importance of detail modeling is 
also evident from the comparisons of ISP 43. Specifically, where discrepancies are noted 
between computations and experimental data, the level 8 and level 10 predictions already 
reflect the disagreement. These levels are immediately adjacent to the injection site, where 
flow gradients are largest and flow pattern features actually form. The issue of local node 
refinement cannot be isolated from general mesh convergence and turbulence models, so it 
must also be investigated through parametric studies. 

Based on the findings of ISP 43, there is no reason to preclude the use of CFD codes to from 
investigating prototype PWR boron-dilution transients and, more broadly, transients that 
involve single phase mixing. Parametric studies that lead to input/model improvements are 
desirable for buoyancy effects. The good agreement between experiments and many of the 
computational predictions shows that computational fluid dynamics methods have reached 
the maturity necessary to obtain realistic predictions. It is also evident that computational 
power and the expertise of modelers have reached a stage at which it has become feasible to 
carry out some of the complex computations that describe the behavior of nuclear systems. 
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9 Appendix A—Instrumentation Specifications 

9.1 DAS Specifications 
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9.2 Thermocouple Data  
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9.3 Differential Pressure Data 
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9.4 Flowmeter Data 
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10 Appendix B—Participant Model Information and Documentation 

10.1 Presentation of the contribution of CEA/DRN/DTP/SMTH to ISP43 
Bernard MENANT  

Commissariat à l�Energie Atomique Grenoble 
DRN/DTP/SMTH 

LAboratoire de Thermohydraulique Avancée 
17 avenue des Martyrs 

F 38054 GRENOBLE cedex 9 
This work is supported by CEA/IPSN/DES/SECCA. 

10.1.1 Introduction 

The TRIO** thermal hydraulic programs developed in CEA are of general purpose.  

The first contributions of CEA Grenoble to heterogeneous dilution problems were based on 
TRIO_VF computations. More recently TRIO_U, which is the CEA/DRN thermal-hydraulic 
reference software, became available for these applications. 

The applications of TRIO-VF were limited to the reactor vessel. This limitation is a 
consequence of the structured volume approach in I,J,K numerotation. 

In TRIO_U, the numerotation by element, compatible with unstructured mesh approaches 
was chosen. In consequence, more complex geometries can be modeled using either 
structured finite volumes (VDF), or unstructured finite volumes (VEF). In 1998, a 
computation of the transit of a cold plug through a complete 3 loop REP was successfully 
attempted as a demonstration of the feasibility of such approaches using VDF 3D transient 
modeling.  

One interesting step in this approach is to validate our modeling for the reactor vessel. For 
this reason we have chosen to work on case A or B of ISP 43. Case A is relative to the 
response to an inlet temperature step during pump start-up transient. Case B, relative to the 
transit of a cold plug, is closer to the practical case of the transit of a clear water plug. For 
this reason, we focused our efforts on case B. 

10.1.2 Summary description of the modeling 

10.1.2.1 Generalities 

The first attempt to use VEF tetrahedral meshes has shown that the computational time for a 
sufficient description of ISP43 case B transient will be too important. For this reason we have 
decided to use VDF. Furthermore, this approach is supported by the previous work using 
TRIO_VF and TRIO_U. 

Due to the flow transient, the complexity of the geometry, and the importance of differential 
gravity effects, classical turbulence models are not well qualified for ISP 43 applications.  

Nevertheless, two approaches of instabilities and turbulence effects were attempted. The first 
one is a classical K-Epsilon model, and the second one is a model using 0 turbulent 
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diffusivities in which the explicitly modeled instabilities are supposed to account for these 
effects. 

The aim of our contribution is to evaluate the validity of these approaches, and to support 
more general reflections about heterogeneous dilution.  

Heat transfer to and through the solid boundaries is difficult to calculate, especially because 
it is impossible to appreciate precisely the effects of the thermal coating used, in the case of 
ISP43, on the walls. For these reasons, and in agreement with the reduced thermal losses 
stated in the experience, the heat transfer through and inside the walls was neglected. 

10.1.2.2 Mesh 

Correct application of K_Epsilon modeling requires adapted mesh refinement near the walls. 
As such refinement was not compatible with reasonable meshes, we have chosen to work on 
nearly uniform meshes: in the case of νt =0 computation, the mesh is constituted of about 750 
000 cubes of .005 m of side; in the case of K-Epsilon modeling, the mesh is constituted of 
about 600 000 parallelepipedic meshes ( most of the meshes are identical to the meshes for νt 
=0   case, but some meshes located in the downcomer have been stretched in the axial 
direction up to an aspect ratio of 3 :1) 

The choice of these meshes is not supported by any convergence study. Comparisons with 
experiments would show the validity of these approaches. 

The K_Epsilon computation was run on one processor of an HP J2240 work station; The νt 
=0 computation was run on another processor of this work station, and also on 36 processors 
of a CRAY T3E (parallel processing). 

Meshes are fully described in files which constitute the geometry inputs of TRIO_U. These 
big files may be transmitted on DAT if requested. 

Half of he computed area and its partition for the parallel computation are illustrated on the 
figure next page.  

10.1.2.3 Special models 

Turbulence: classical K-Epsilon and wall laws if any. 

No heat transfer at the walls assumed. 

10.1.2.4 Solution procedure 

The spatial discretisation scheme is of the QUICK-FRAM type for momentum balances and 
QUICK-SHARP for energy balances. 

The time discretisation is of the EXPLICIT-EULER type. 

The resolution of the pressure system is of the preconditioned alternate gradient type. The 
criteria for convergence was chosen in order to get excellent mass-balances (for the two 
sequential computations the maximum value of velocity divergence over one computational 
mesh remains lower than 1.E-11 m3s-1 and the maximum difference between inlet and outlet 
flow remains lower than 1.E-9 m3s-1; for the parallel computation these maximal values are 



 

Page 147               NEA/CSNI/R(2000)22 

 

respectively 1.E-7 m3s-1 and 1.E-5 m3s-1). In both cases the inlet flow is exactly the flow 
specified in the tables available on the net. 
 
• Full input deck listings are given in attachment for the three computations. 

 
Figure 10-1.  Illustration of the modeled fluid region
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10.1.3 Presentation of the results 

10.1.3.1 Data acquisition 

All along the transients 3 types of data were acquired: 

! Time evolution of temperatures and of the 3 velocity components for each computational 
time step, for the 185 TC locations specified to acquire, were stored for the 3 computations 
(note that the time step due mainly to Courant stability condition is about one millisecond 
after the pump start-up). Illustrations of acquired temperature evolutions are given on the 2 
following figures. 
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! Snapshots of complete temperature fields were acquired for the two sequential 
computations every .04 physical seconds. This is useful for fine visual analysis of the flow 
behavior we computed. For this analysis we use 3D detailed visualizations (see next figure 
below) and animations of these visualizations (see the 3 mpeg movie joined). For instance 
this may help to understand the global effects of turbulent modeling (see next page). 
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Visual comparison between K-Eps and Nut0 modelings. 
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! Dumps of all the variables necessary to restart the computation were performed every 
.125 physical seconds for sequential computations and every .5 seconds for parallel 
computation. 
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10.1.3.2 Data transmitted to UMD 

The temperature time evolutions we acquired were integrated over .5 seconds and stored 
every .5 seconds at the middle time of the integration area in order to get results comparable 
to other results of this ISP. The integrated results were introduced in the templates prepared 
by UMD which are joined for the 3 computations. The effect of averaging is illustrated on 
the next figure. 
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10.1.4 Further work. 

 

Our slow computations have been interrupted. 

The physical time reached for sequential computations is about 23 seconds, and it is about 60 
seconds for the parallel computation. 

We hope this is sufficient for interesting analysis and comparisons with experimental results 
and other computational results. 

More analysis, and the redaction of a final report on this task are planned afterwards 
according to the discussions of these comparisons during the next workshop. 
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10.2 Description of the Computation Model made in Fortum Engineering Ltd 
(referred to as IVO throughout the report) 

Timo Toppila 

Fortum Engineering Ltd  
Timo.Toppila@fortum.com 

10.2.1 Introduction 

This paper describes a computational fluid dynamics (CFD) model of the 2x4 Thermal-
hydraulics loop facility of the University of Maryland made in Fortum Engineering Ltd 
for the ISP-43. The boundary conditions used in the simulation of the test cases A and B 
are also shortly described. 
 

10.2.2 Computation model 

10.2.2.1 Mesh 

The computation mesh was developed according to next principles: 

 

Detailed geometry description: all that may affect to the flow field is modeled. 

Although the flow field and mixing  in the downcomer is the main goal, the model should 
include the core volume and part of the hot legs to correctly take into account inertia 
effects. That will also be useful if the same model is used for calculations including open 
loops and bypass flow. 

Minimum number of computational cells that together with second order discretization 
schemes gives reasonable accurate results. 

Near wall mesh that gives 30 < y+ < 300 for the first cell: no accurate wall flow modeling 
but logarithmic wall functions together with an appropriate turbulence model. 

The computation mesh was made using the commercial preprocessing tool Geomesh. The 
total number of hexahedral and tetrahedral cells is 175 361. The computation mesh is 
illustrated in Figure 10-2 through Figure 10-6. 
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Figure 10-2.  Computation mesh, cross 
section through the hot legs 

 

Figure 10-3.  Computation mesh, outer wall 
of the reactor vessel 

 

Figure 10-4.  Computation mesh, core 
barrel 

 

Figure 10-5.  Downcomer, horizontal cross-
section, lower part of the downcomer 
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Figure 10-6.  Bottom plate, tetrahedral wall grid 

 

10.2.2.2 Numerical models 

The Reynolds averaged Navier-Stokes equations together with the heat transfer equation 
and Standard k-ε turbulence model equations were solved using commercial CFD code 
Fluent 5.0. The most important numerical settings were: 

 

• Solver: so called segregated solver with SIMPLE pressure-velocity coupling 

• Discretizations: Control-volume based discretization. Standard discretization 
scheme for pressure equation, 2nd order upwind scheme for spatial 
discretization and 2nd order implicit scheme for time discretization. 

• Time step size 0.05 sec for the first seconds of the transient, then 0.1 sec. 
 

The transient took about 3 weeks of CPU time to compute using Silicon Graphics Octane 
workstation (250 MHz CPU, 1GB memory). 
 

10.2.2.3 Boundary conditions and material properties 
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The flow velocity components and temperature at the inlet were given as a function of 
time using piecewise linear functions. The boundary conditions were based on the 
measurements during the transient. The temperature and velocity boundary conditions at 
inlet are presented in Figure 10-7 and Figure 10-8. 

Test A inlet boundary conditions
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Figure 10-7.  Inlet boundary conditions for Test A 

Test B inlet boundary conditions
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Figure 10-8.  Inlet boundary conditions for Test B 

The reference pressure at the outlet was set to P=0.0 Pa.  

All walls were set adiabatic and the standard logarithmic wall functions were used. 

The numerical calculation was started when the flow rate starts to rise from zero. That 
means that there is an 8.5 second time-difference between experiment and calculation in 
test A and 10.0 seconds difference in test B. 
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The viscosity, density and specific heat were set as a function of temperature using 
piecewise linear function. A temperature dependent density is presented in Figure 10-9. A 
constant value was used for the thermal conductivity. 
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Figure 10-9.  Water density  
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10.3 ISP 43 Final Report: GRS Participant Discussion  

M. Scheuerer 

Gesellschaft für Anlagen- und Reaktorsicherheit GmbH, 

Forschungsgelände , 

D-85748 Garching 
 

10.3.1 Description of the CFD-method 

GRS has performed calculations for test case A with the CFD-software developed by 
AEA-Technology CFX-TASCflow. CFX-TASCflow solves the three-dimensional 
Reynolds-averaged conservation equations for mass, momentum and energy (Navier-
Stokes-equations). The turbulent momentum and energy transfer terms which appear in 
the mean flow equations are  calculated with the k- ε  turbulence model (Launder and 
Spalding, 1974). The numerical solution method is a conservative, element-based finite-
volume method with co-located variable storage. The numerical grids are non-orthogonal, 
hexahedral and block-structured.  

CFX-TASCflow offers a choice of various discretization schemes for the convective 
fluxes appearing in the model transport equations. These are the Upwind Differencing 
Scheme (UDS), the Mass-Weighted Skew-Upwind Differencing (MWS) and the Linear-
Profile Skew-Upwind Differencing (LPS) methods developed by Raithby (1976). The 
approximation of the convective fluxes can be improved by using the Physical Advection 
Correction (PAC) scheme. The former two methods have first order truncation errors. 
The LPS-method combined with PAC is second order accurate. In the present work the 
latter scheme is used. Diffusive fluxes are approximated using trilinear form-functions. 
Time derivatives are discretized with a first-order backward Euler-method.  

Picard iteration is used to resolve the nonlinearities in the governing equations. For each 
iteration the pressure and velocity fields are solved as a coupled block system. An 
algebraic multi-grid method, based on incomplete Gauss-elimination (Raw, 1996) is used 
for the solution of the difference equations.  

In the calculations described in this paper, which should be regarded as a first test of the 
three-dimensional prediction procedure, several simplifying assumptions have been 
made. These are: 

• The fluid properties are constant. 

• Buoyancy (gravity) effects are neglected. 

• The outlet static pressure does not vary with time. 
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The above assumptions have been made to achieve good accuracy and good robustness. 
They are no limitations of the underlying calculation procedure. 

10.3.2 Boundary and Initial Conditions 

The geometry of the numerical model of the pressure-vessel, the cold legs, the hot leg 
outlet and the downcomer is shown in Figure 10-10. The internal diameter of the test 
vessel is 48,3 cm. The internal diameter of the main cooling line is 7,6 cm. Centred inside 
the pressure vessel is the core, approximated by a porous region. Figure 10-11 shows the 
numerical grid with the cold legs, the downcomer with an increase of its diameter in the 
lower part, the downcomer walls, the bottom and the core of the RPV. It consists of 
467040 flux elements. 

The static pressure loss of 6 inches H2O across the core was obtained by a porosity factor 
of 0.7. The unborated, cold water is injected at the cross sectional area located at the first 
flange of cold leg A1. The primary system is initially well mixed at a temperature To = 
74° C. The injected water has an initial temperature of Tmax = 72° C. After 
approximately 5 s its minimum temperature of Tmin = 12° C is reached. The maximum 
mass flow rate reaches m = 7.2 kg/s after 27 s problem. The inlet velocities, calculated 
from the specified mass flow rates, are assumed to be constant across the inlet faces. 
Turbulence intensities at the inlet are set to 7 % and the turbulence length scales to 0.005 
m. The static pressure at the outlet cross section, at hot leg A, is set to a constant value. 
There are no heat losses at the outer walls.  

Initially the relative pressure and velocity fields are set equal to zero. The properties of 
the fluid are set at a reference temperature of 287K, the density is ρ fluid = 999.2 kg/m3, 
the dynamic viscosity has a value of µ fluid = 0.001 Pa s, the heat capacity at constant 
pressure is Cfluid = 4207 J/kg K and the conductivity is λ fluid = 0.02 W/m K. 

10.3.3 Results and Discussion 

In the following discussion the nomenclature for the locations of temperatures adhere to the 
thermocouple locations prescribed for the ISP43 experiment. Figure 10-12 gives an 
overview on the location of measurement levels from the bottom to the top of the 
downcomer and lower plenum. Figure 10-13 and  

Figure 10-14 show the azimuthal distribution of the thermocouples in cross sections of 
level 8 and level 7. On each level thermocouple one is located at the 3 o�clock position 
corresponding to the centerline of cold leg A1, numbering proceeds from there in 
counter-clockwise direction.  

The three-dimensional effects of the asymmetric ECC-injection are shown in Figure 
10-15 through Figure 10-17 of the temperature distributions in the downcomer at 
transient times of 20, 40, and 62 s. Initially the system is filled with stagnant water at a 
temperature of 74° C (347 K). Figure 10-15 shows the temperature distribution at time = 
20 s. The cold water flows downward and in circumferential direction. Higher 
temperatures appear at the cross section where the downcomer radius increases. These 
are caused by local recirculation due to the geometry discontinuity. After 40 s, in Figure 
10-16, the cold water has reached the lower plenum of the reactor where strong 
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recirculation zones evolve. The flow in the core is strongly three-dimensional and has a 
complex structure. At the end of the transient, at time = 62 s, shown in Figure 10-17, the 
core is almost completely cooled down. The mixing of hot and cold water is very good.  

The designated figure of merit for the comparison of experimental and numerical results 
is the average fluid temperature at the center of level 4 in the downcomer for the transient 
period from 0 to 62 s. In Figure 10-18 the experimental results are shown with its 
corresponding maximum and minimum values. The averaged calculated temperatures are 
within the experimental data range following mostly the lower limit of the transient. The 
time history of the local temperatures at the center of the downcomer on level 4 at the 3, 
6, 9 and 12 o�clock position are shown in Figure 10-19 through Figure 10-22. The graphs 
with the individual temperatures show the three-dimensionality of the flow. Because of 
the complex flow the temperature plots at the four positions are not quite symmetrical. 
During the experiment the fastest cool-down occurs at the 3 o�clock position (Figure 
10-22) while calculated temperatures drop fastest at the 9 o�clock position, opposite to 
the inlet location, see Figure 10-21.  

The time history of the average fluid temperatures located at the center of the downcomer 
at level 7 and 9 is plotted in Figure 10-23 and Figure 10-24 together with the averaged 
experimental value and its maximum and minimum value. Level 7 is located below the 
step change in diameter of the downcomer and level 9 corresponds to the center of 
injection plane. On both levels the calculated temperature gradients are within the 
experimental range. The temperature drop corresponds to the temperature gradient of the 
injected plug. The temperature distribution at the entrance plane (level 9) in Figure 10-24 
shows that initial temperatures for the calculations are chosen close to minimum values 
of the experiment. Therefore, numerical results remain at the lower temperature limit 
compared to the experimental data at all other locations. 

The calculations were performed on a DEC Alpha Server 8200 with 1GB RAM. The 
simulation requires 512 MB storage and an average calculation time of 1.85 x 10-2 CPU 
s /(real time s x grid point). An average time step size of 0.25 s is used, requiring ca. 5 
iterations for convergence. The convergence criterion is set at 0.001 for the normalized 
maximum residuals of the mass, momentum and energy equations. 

10.3.4 Conclusions and Outlook 

The rapid boron dilution transient test case A were calculated using the CFX-TASCflow 
software. The presented results show good agreement with the experimental data. 
However, the calculations should be further validated. The calculations should be 
repeated using higher order difference schemes and the different solutions should be 
compared in order to quantify the numerical errors. Then the spatial grids and time steps 
need to be adjusted to minimize the solution error. Finally, model uncertainties should be 
investigated, e.g. turbulence model, neglect of buoyancy effects, porous media 
assumptions. These additional investigations will help to understand and interpret the 
results better. 
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Figure 10-10.  Geometry of the numerical model of the reactor vessel 
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Figure 10-11.  Numerical grid 
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Figure 10-12.  Thermocouple level location



 

Page 165               NEA/CSNI/R(2000)22 

 

 

 

 

Figure 10-13.  Azimuthal thermocouple location on level 8 



 

Page 166               NEA/CSNI/R(2000)22 

 

 

 

Figure 10-14.  Azimuthal thermocouple location on level 7 
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Figure 10-15.  Temperature distribution, time = 20s 
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Figure 10-16.  Temperature distribution, time = 40s 



 

Page 169               NEA/CSNI/R(2000)22 

 

 

Figure 10-17.  Temperature distribution, time = 62s 
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Figure 10-18.  Average fluid temperature at level 4 
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Figure 10-19.  Local fluid temperature at 3 o�clock position on level 4 
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Figure 10-20.  Local fluid temperature at 6 o�clock position on level 4 
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Figure 10-21.  Local fluid temperature at 9 o�clock position on level 4 
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Figure 10-22.  Local fluid temperature at 12 o�clock position on level 4 
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Figure 10-23.  Average fluid temperature at level 7 
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Figure 10-24.  Average fluid temperature at level 9 
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10.4 NRI Simulation of the ISP-43 Experiments 
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10.4.1 Introduction 

Numerical simulations of the ISP-43 experiments in the NRI were performed within an 
effort to evaluate the possible application of up-to-date multi-dimensional thermal 
hydraulic codes to analysis of problems of boron dilution in the VVER NPPs. The 
commercial CFD computer code FLUENT 5 was selected as the first tested code. In the 
following chapters, a short description of NRI approach to the pretest simulations is 
given. 

10.4.2 Computational Model 

Since it became very early clear that modeling of the whole experimental facility would 
be very expensive as to the hardware and CPU time requirements (and, in fact, not 
necessary), the modeled geometry was limited to the recommended simulation boundary. 
Owing to limited computational resources at the time of calculations (512 Mb of 
operational memory, only one license for the selected solver FLUENT 5) it was decided 
for the pretest calculations to simplify the geometry and physical phenomena taken into 
consideration in the following way: 

• The three flaps near the downcomer outlet are not modeled. 
• The spherical bottom of the vessel is modeled as a cylindrical one. 
• The perforated bottom of the core barrel and the lower plate are not modeled. 
• The heating rods are not modeled. 
• Buoyancy effects are not taken into account 
• Physical characteristics of water are taken as independent of temperature. 

A scheme of the geometry and the number of computational cells in the individual parts 
of the computational region is shown in Figure 10-25 and Table 10-1. In the nozzle 
region, a very complicated flow should be expected, so quite small tetrahedral elements 
are used there in order to reduce the numerical diffusion. In the rest of the downcomer, 
brick elements are used to decrease the total number of computational cells. Brick 
elements are used also in the lower plenum and in the outlet part of the model 

Time dependent boundary conditions were modeled as piecewise-linear functions of 
time. Uniform velocity inlet and pressure outlet boundary conditions options of the 
FLUENT 5 code were used. Since the pressure difference between the lower plenum and 
hot leg was supplied to the participants, the following procedure was used in order to 
obtain a corresponding pressure difference in the geometrical model: A steady state 
calculation for the final stage of the Test A was performed with outflow (zero streamwise 
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gradients of all quantities except of pressure) boundary condition and a reference pressure 
set in the lower plenum. Then the resulting pressure difference between the lower plenum 
and outlet of 268.52 Pa was determined and compared with the measured pressure 
difference of 1514.5 Pa. The supplied time courses of the experimental pressure 
difference for both tests were then multiplied by the ratio 268.52/1514.5 = 0.1773. 

As for the model of turbulence and the numerical methods, it was decided to use the well-
known k � ε model of turbulence with standard wall functions, and first-order accurate 
implicit segregated solver, first order upwind differencing, and SIMPLE algorithm for the 
pressure�velocity coupling. All calculations were performed in single precision on 
HP9000 K260 with 4 processors and 512 MB of RAM. 

During the calculations of both tests, there was a backflow through a part of the outlet 
plane that should be eliminated in the post-test calculations. 

topdc

nozzles

downcomer

outlet

bottom

0 m

0.0700 m

0.5731 m

0.6730 m

0.8673 m

- 0.2510 m

- 0.0700 m

 
Figure 10-25.  Scheme of the solution domain (not to scale) 
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Table 10-1: Types and numbers of cells in solution domain 

 
Region Number of cells Type of control volumes 
Topdc 13 500 Hexahedral 

Nozzles 137 929 Hexahedral in pipes, tetrahedral 
Downcomer 81 000 Hexahedral 

Bottom 33 960 Hexahedral 
Outlet 5 872 Hexahedral 

 
Total number of computational cells: 272 261. 

10.4.3 Principal result 

During the first workshop, level 4 average temperature was selected as the primary figure 
of merit. This quantity for both tests is shown in  

Figure 10-26. Large changes of the temperature between the 20 and 30 s of the 
experiment do not correspond to the experiments and their reason must be found in the 
stage of post-test calculations. 
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Figure 10-26.  Level 4 average temperatures for Test A (blue) and Test B (pink) 
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Benchmark Aanalysis of Rapid Boron Dilution Transient by Level 4 

A quantitative way of examining the flow pattern is by plotting the azimuthal profile at 
several times through out the transients. The times selected for test A are 24, 28, 32 and 
36 seconds. In Figure 5-17, the origin corresponds to the center of the injection cold leg, 
CL A1, and the angle increases counterclockwise when viewed from the top. The data of 
Figure 5-17 is the ensemble average of the 16 redundant A tests in the loop; standard 
deviations marked by error bars. The plot shows that the front penetrates downwards 
under the cold leg and that the region opposite the injection site is the last to be mixed. 
The significant standard deviation around the injection site at 24 s shows that the front is 
spreading to varying degrees as it travels through the downcomer. 
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10.5.1 Introduction 

NUPEC has developed a general-purpose three-dimensional thermal-hydraulic code, 
PLASHY, to solve large scale complicated fluid flow problems(1). PLASHY, which 
stands for Parallel Large Scale Analysis System for HYdrodynamics, consists of two 
independent modules, PLASHY-CRT and PLASHY-BFC. Both modules solve a set of 
single-phase fluid thermal-hydraulic equations with or without turbulence transport 
equations, heat conduction equation, and mass transfer equation in Cartesian/Cylindrical 
coordinate system and Boundary Fitted Coordinate system, respectively. They can run on 
a parallel computer, IBM SP2, by employing the zone decoupling method. 

NUPEC continues the effort to assess the PLASHY code, and thus the benchmark 
analysis of RBD transient was carried out. Because of the measured data for the ISP43 
were closed, several sensitivity studies were required to select the computational grid 
system, inlet/outlet boundary conditions, turbulent model and other modeling options. 
After the sensitivity studies, about 300,000 cells in total, QUICK scheme for the 
momentum equations, the first order upwind scheme for the energy equation, etc. were 
selected. The turbulent model was neglected in the calculations because the occurrences 
of laminar to turbulent transition were expected in the transient. PLASHY has the k-e 
turbulent model, however the model of the PLASHY code did not work well for the 
turbulent transition. 

According to the procedure mentioned above, three-dimensional downcomer mixing 
behaviors were calculated on the parallel computer SP2 by using the 12 of 76 CPU units. 
To reduce the computing time, PLASHY-CRT was employed instead of PLASHY-BFC. 
The curved wall of the lower plenum, the cold leg, and so on were modeled precisely by 
a porous body method in the cylindrical coordinate system.  

10.5.2 Outline of PLASHY-CRT 

PLASHY-CRT is a three dimensional single-phase flow analysis code. It is one of the 
base modules of IMPACT(1), and used as the independent flow analysis code or as a 
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cooperate module of a boiling transition analysis code, a fluid-structure interaction 
analysis code and a severe accident analysis code. It employs a domain decoupling 
method for parallel computation. The parallel processing efficiency is over 60% and the 
speed-up ratio is about 40 in the 64-CPU calculations with over 1,000,000 cells in total. 
Outline of PLASHY-CRT is as follows:  

 
(a) Coordinate 3D Cartesian/Cylindrical 
(b) Fluid  Single-phase incompressible 
(c) Basic equations Mass and momentum conservation and 
  Energy conservation equation 
(d) Auxiliary equations Heat conduction equation and mass transfer equation 
(e) Turbulence model k-e two-equation model or Large eddy simulation (LES) 
(f) Numerical method Finite differential method 
(g) Solution scheme SMAC method 
(h) Difference scheme in time Euler Explicit or RRK(2) or Adams-Bashforth method 
(i) Difference scheme in space 1st-order upwind or QUICK or 3rd-order upwind or 
   2nd-order central or 4th-order central difference scheme 
(j) Matrix solver ICCG method 
(k) porous body  Available 
(l) Parallelization Domain decoupling method 
 

10.5.3 Survey Studies 

Because of the blind benchmark, survey study was necessary for selecting inlet/outlet 
boundary conditions, convection term differencing scheme, turbulence model, and 
computational grid. The brief explanations are as follows. 

10.5.3.1 Inlet/outlet condition 

The values of the inlet velocity and temperature at the point A1 of the cold leg, shown in 
Figure 10-27, were obtained form the digitized flow rate data in the MS Excel file 
provided and set as time-dependent table-type data. The radial and azimuthal 
distributions were neglected, and thus flat and uniform distributions were assumed. 
Elevation of the outlet boundary was selected at the middle part of the core to reduce the 
computational grid numbers. The free outflow boundary condition was adopted. 

10.5.3.2 Resistance plate 

Two multi-hole plates are installed on the bottom of the core (see Figure 10-27). These 
might cause a significant pressure loss. These were modeled as a local resistance thin 
plate in the calculations. Total pressure drop from bottom of the vessel to the outlet at 
steady state was set at 1000(Pa) for Test-A and 1200(Pa) for Test-B. The value of the 
resistance was estimated form the parameter survey study. Effects of flaps were also 
considered.  
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10.5.3.3 Downcomer-to-core heat transfer 

In the early stages, when cold water came into the downcomer region, water in the core 
was still hot. Therefore, heat transfer from the hot water in the core region to the cold 
water in the downcomer was expected. To evaluate effects of the heat transfer, survey 
calculations with the coarser mesh (about 30,000) were carried out. However, very small 
effects were found for the temperature changes in the downcomer region, and therefore it 
was neglected 

10.5.3.4 Turbulence model 

The value of the averaged Reynolds number at the downcomer region was expected to 
change from 0 to over 10,000 during the transient. The standard k-e model was employed 
at first with the coarser mesh (about 30,000), however the result was rather poor. 
Therefore, we tried to use no turbulent model on the assumption that the numerical 
diffusion generated from the differencing scheme applied to the convection term of the 
momentum equation could provide an �equivalent� turbulent mixing (diffusion). 
Although there was no physical basis for this assumption, turbulence was often accounted 
for well in this way. (e.g. Kawamura and Kuwabara 1984)  

10.5.3.5 Convection term differencing scheme 

The method of differentiating the convection term of the momentum equation is a very 
important issue because the amount of the numerical diffusion depends on the 
differencing scheme. The calculated results by using the first upwind, the second upwind 
Computational grid 

In order to evaluate effects of mesh size, calculation with finer grid (about 300,000), was 
performed. Although the small differences between the two were observed, the 
calculation results were qualitatively the same. From these results, the fine grid system 
was employed for the final calculation.  

10.5.4 Benchmark analysis 

10.5.4.1 Model configuration 

The cold leg, reactor vessel and part of the hot leg were modeled in the cylindrical 
coordinate system. Figure 10-29 shows the computational grid. The total number of cells 
of the fine grid was 273,945. The curved walls of the cold/hot leg and the lower plenum 
were precisely modeled by using the porous body approximation, as shown in Figure 
10-30.  

10.5.4.2 Material property 

For accurate calculation, water density and viscosity were considered as variables of 
temperature. The explicit forms of them are as follows: 

 
Density = 1000.8 + 2.591x10-2 T - 6.046x10-3 T2 + 1.595x10-5 T3  [kg/m3], 
Viscosity = 1.787x10-3 - 5.4851x10-5 T + 9.598x10-7 T2 - 8.696x10-9 T3 + 3.059x10-11 T4 

 [Pa.s], 
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where T[°C.] denotes water temperature. Specific heat and thermal conductivity were 
simply set as, 
 
Specific heat = 4174.0 [J/kg],  
Thermal conductivity = 0.6114  [W/m.K],  

 (QUICK) and the third upwind scheme with the coarser mesh (about 30,000) were  

compared and shown in  the following Figure 10-28. 

First, the result of the third upwind scheme was different from those of the other two 
schemes and seemed strange. This was perhaps due to numerical instability that the 
scheme had. Second, the first upwind was stable but had too large a numerical scheme to 
get the real flow field. Consequently, we selected the QUICK scheme.  

10.5.4.3 Test A results 

At about 13 seconds, the inlet flow rate increased and reached approximately 7 liters/min 
(the corresponding velocity is approximately 1.535 m/s) at about 30 seconds. On the 
other hand, the temperature, approximately 73 °C., decreased steeply at about 15 seconds 
and reached the lowest value, approximately 12 °C., about 20 seconds.  
The calculated transient behavior in the vessel is shown in Figure 10-31. At 20 seconds, 
the cold water reached the downcomer region and impinged to the shroud wall. Some of 
the cold water flowed downward and rest took a roundabout way to the opposite side. At 
32 seconds, the inlet flow rate became the maximum value, 7 liters/min, and the cold 
water filled the downcomer region. However, some part of the region, under the clod leg, 
was still warm because of upward flow from the lower plenum.  

Figure 10-32 and  

Figure 10-33 show the temperature change at several TCs locations. The temperatures of 
almost every point decreased steeply at around 20 seconds. This means the front of the 
cold water reached these TCs at that time. The difference between the coarse (about 
30,000) and the fine results (about 300,000) is small.  

10.5.4.4 Test B results 

Test B was almost the same transient test as Test A, except the cold water came from the 
Steam Generator (SG) instead of the external tank. Therefore, the same grid system was 
employed. The cold water was swept from the bottom of the SG by hot water. As a result, 
the temperature decreased and then increased again. Figure 10-34 and Figure 10-35 show 
the transient behavior of Test B. Although the flow pattern change is almost the same as 
Test A, the temperature in the vessel is quite different because of the above reason.  

10.5.5 Reference 

 (1) Ujita, H. et al., "Development of severe accident analysis code 'SAMPSON' for 
IMPACT project", J. Nucl. Sci. Technol., Vol. 36, No. 11, pp.1076- (1999). 

(3) A. Wambecq, "Rational Runge-Kutta method for solving systems of ordinary 
differential equations", Computing, 20, pp.333-342 (1978). 
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Figure 10-27.  Schematic of PWR test reactor vessel
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Figure 10-28.  Survey of convection term differencing methods 
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Figure 10-29.  Computational grid for benchmark analysis 
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Figure 10-30.  Geometrical model of the test vessel by porous body approximation
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Figure 10-31.  Series of velocity vectors and temperature contour in the vessel  (Test A)
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Figure 10-32.  Temperature change during the transient, levels 3 and 6 (Test-A)
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Figure 10-33.  Temperature change during the transient, level 10 (Test-A)
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Figure 10-34.  Series of velocity vectors and temperature contour in the vessel, 15-30 
seconds (Test B)
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Figure 10-35.  Series of velocity vectors and temperature contours in the vessel, 40-60 
seconds (Test B) 
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10.6 Vattenfall Utveckling AB 
This appendix is a short summary of the report: Andreasson P. & Hemström B. 
�Simulation of rapid boron-dilution transient (OECD/CSNI ISP Nr. 43)�. Report nr. US 
00:10.  

When using CFD for complex processes computational resources are limited. A 
computational effort of around one cpu-month for one case using one processor was 
decided to be endurable for these simulations. One has to find the optimal balance 
between spatial and temporal resolution, model and numerical complexity and extent of 
the computational domain.  

The following discussion gives motivations for some of our model choices.  

10.6.1 Computational domain 

The computational domain includes the entrance pipe downstream from where the 
measured inlet profiles are given. The outlet boundary is positioned 0.44 m above the 
core entrance. This placing of the outlet is believed to be sufficiently far downstream not 
to significantly affect the flow in the downcomer.  

10.6.2 Grid 

A total of about 133 000 cells (70% hexahedrals, all in the downcomer, and 30% 
tetrahedrals) was considered to be optimal. The cold leg (inlet) and the downcomer are 
prioritised regions in the measurements. The spatial resolution is therefore finest in these 
parts. However, a finer resolution in all parts of the reactor vessel would have been 
desirable. Small flow structures in the downcomer (near the entrance and the annular void 
widening) will have a poor resolution with the grid used. Also finer details of the flow in 
the lower plenum are likely to be lost. Fully grid independent solutions are therefore not 
to be expected.  

10.6.3 Time-step 

Ideally the CFL (Courant-Friedrichs-Lewy) number should be small in all regions, in the 
order of or less than one if possible. Since velocity is highest and the grid finest near the 
entrance of the cold leg into the reactor vessel, this is the critical region. The time-step 
corresponding to a CFL number of 1.0 is around 0.001 sec. However, such a fine 
temporal resolution was not possible to use with the chosen grid and computational 
effort. Instead a time-step of 0.01 sec was used.  

To investigate the influence of the choice of time-step a simulation with a time-step of 
0.02 sec was conducted for the first 40 sec of case A. In Figure 10-36 the simulations 
with the two different time-steps are compared for a level of z = 0.616 m and tangential 
angles 0º, 120º, and 180 º (monitor points k-4-1-C, k-4-9-C, and k-4-13-C respectively). 

As seen in Figure 10-36 there is a difference between the results for the two different 
time-steps, although the overall trends are similar. There are differences in details in all 
parts of the reactor vessel, quantitatively as in Figure 10-36, or less. Another important 
observation was that for ∆t = 0.02 sec the temporal spectrum of the temperature variation 
(and thereby also the dominant frequency) is exactly the same as for ∆t = 0.01 sec. It is 
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not surprising that instabilities display different features for different time-steps. A small 
difference in the perturbation (such as imposed by a different time-step) grows to display 
large differences in the variation from the mean temperature. However, the fact that the 
statistical quantities of the variation are equal implies that the mechanism causing these 
variations is time-step independent. It cannot be excluded, however, that there are other 
features (other than the variation around the mean value) which display a time-step 
dependence. The somewhat delayed temperature drop at time 30 - 31 s at monitor point 
k-4-1-C seems to imply this. 

10.6.4 Numerical schemes 

Second order schemes are used. The mixing of a temperature slug is very sensitive to the 
diffusional strength of the calculation. It is therefore important to avoid excessive 
numerical diffusion. 

10.6.5 Turbulence models 

It is hardly motivated to use higher order turbulence models. It is better to spend 
computational efforts on spatial and temporal resolution. What is �industrial standard� 
(i.e. a two-equation turbulence model (here the RNG k-ε model) and Reynolds extended 
analogy for heat) is therefore used. 

For wall boundaries the momentum transfer and near-wall turbulent quantities were 
modelled by so called wall functions. For momentum, k and ε the nonequilibrium wall 
function by Kim & Choudhury (1995) was used. For equilibrium conditions at high 
Reynolds number conditions in the wall-adjacent cells this wall function conforms to the 
standard �logarithmic law� for hydrodynamically smooth conditions. However, low-
Reynolds number flow conditions and nonequilibrium conditions (production of k does 
not equal destruction ε) can be anticipated in many regions. The model by Kim & 
Choudhury (1995) attempts to compensate for these conditions by relating the 
momentum transfer to k (uses k1/2 as velocity scale instead of friction velocity as in the 
standard log-law) and solve for conservation of k also in the wall-adjacent cells. The 
production of k and ε are prescribed (varies with k and wall distance).  

10.6.6 Core inlet plates and core 

The holes in the core entrance plates are not modelled individually. The pressure drops 
are modelled using a uniformly distributed resistance. This approximation is believed not 
to significantly effect the flow field in the downcomer.  

The resistance in the core region is modelled using a distributed resistance. 

10.6.6.1 Buoyancy influence  

Buoyant influence was, at the time of model set-up, believed to be negligible. It has, 
however, later been shown that this is not the case. A simulation for Case A with 
buoyancy forces modelled has later been performed. Figure 10-37 shows the temperature 
field at level 4 after 24 seconds for this simulation. At this time only part of level 4 are 
affected by the cold water plug. Figure 10-38 shows the temperature field at t=24 seconds 
when the buoyancy force is not modelled, i.e. as in the transmitted simulation. The 
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temperature fields differ, although the coldest temperatures are found at approximately 
120 degrees from the inlet for both cases. As can be seen in Figure 10-39, which shows 
temperatures as a function of azimuthal angle at the same level and time, this is also the 
case for the concentration measurements in the visualisation loop at University of 
Maryland. 

10.6.6.2 Heat transfer to the walls 

Heat transfer to walls is believed to be negligible.  
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Figure 10-36.  Comparison of predictions with two different time-steps (thicker curves are 
for Dt = 0.01 s, finer curves are for Dt = 0.02 s) 

 

 
Figure 10-37.  Case A. Buoyancy forces modeled. Contour plot at level 4, seen from above, 
at t=24 sec. The inlet is at 11:15. 
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Figure 10-38.  Case A. Buoyancy forces not modeled (transmitted simulation). Contour plot 
at level 4, seen from above, at t=24 sec. The inlet is at 11:15. 
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Figure 10-39.  Case A: Calculated and measured temperatures at level 4 at t=24 sec as a 
function of angle  
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