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Received 25 May 2007; Accepted 25 October 2007

Recommended by Regina Galetti

Coolant mixing is an important mitigative mechanism against reactivity accidents caused by local boron dilution. Experiments on
coolant mixing were carried out at three different test facilities representing three different reactor types. These are the ROCOM
test facility modelling a German KONVOI-type reactor, the Vattenfall test facility being a model of a Westinghouse three-loop
PWR, and the Gidropress test facility modelling a VVER-1000 PWR. The scenario of the start-up of the first main coolant pump
was investigated in all three facilities. The experiments were accompanied by velocity measurements in the downcomer for the
same scenario in the ROCOM and the Vattenfall test facilities. A similar flow structure was found in these measurements in both
cases. A maximum of the velocity is measured at the opposite side in regard to the position of the loop with the starting-up pump
whilst a recirculation area was found just below this inlet nozzle in both facilities. The analysis of the slug mixing experiments
showed also comparable flow behaviour. In accordance with the velocity measurements, the first part of the deboration is also
found on the opposite side. In this region, the maximum deboration is measured in all three cases. These maximum values are in
the same order of magnitude for nearly identical initial slug volumes.

Copyright © 2007 S. Kliem et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

The quantitative assessment of the mixing of coolant with
different properties inside the reactor coolant system during
normal operation or hypothetical accidents is in the focus of
experimental and numerical investigations, for several years
now. These different properties might be different tempera-
tures, different densities, and/or different concentrations of
additives. The most relevant additive to the primary coolant
in pressurized water reactors (PWRs) is boron acid used for
the control of reactivity. In some cases, dependent on the sce-
nario of the transient, both temperature and boron acid con-
centration might be different in a certain part of the coolant;
in some cases, density differences due to temperature gradi-
ents can be neglected with respect to mixing.

Boron dilution generally refers to a transient or accident,
where the boron acid content in at least some parts of the
primary circuit fluid is smaller than the nominal value. A
slug of lower-borated water can be formed in the primary
circuit by various mechanisms. Causes might be injection of
coolant with less boron content from interfacing systems (ex-
ternal boron dilution) or separation of the borated reactor
coolant into highly concentrated and diluted fractions (in-
herent boron dilution). The mixing of these lower borated
slugs with water of higher boron concentration is a very im-

portant mechanism in order to avoid serious reactivity ac-
cidents in local boron dilution transients. This is therefore
one of the most important nuclear safety-related issues of
coolant mixing. Significant advantage in boron dilution tran-
sient analysis can be achieved, if realistic mixing data are used
[1, 2].

The EC-funded project FLOMIX-R (FIKS-CT-2001-
00197) aimed at the experimental and numerical investiga-
tion of the coolant mixing phenomena relevant for safety
analysis, particularly in steam line break and boron dilution
scenarios, as well as of interest for the economical operation
and the structural integrity. A significant part of the work in
this project was the experimental investigation of the mixing
of coolant with different properties on the way from the cold
leg through the downcomer and lower plenum to the core in-
let in a systematic way. The obtained data should help in the
clarification of the mixing mechanisms and should form a
data base for the validation of computational fluid dynamics
(CFD) codes.

The literature reports that a number of test facilities
have been used to study coolant mixing, where each facil-
ity considers the different geometrical aspects of various re-
actor types. In case of [3–5], the facilities were solely de-
signed to study the inadvertent pump start-up, that is, they
examined activation of a circulation pump only in one of
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the loops; the other loops remained passive. Other test fa-
cilities were dedicated to the mixing of ECC water injected
into the cold leg of a PWR [6–8] or directly into the reactor
pressure vessel [9]. Only the ROCOM test facility operated
at Forschungszentrum Dresden-Rossendorf (FZD)(Dresden,
Germany) and the 2 × 4 thermal-hydraulic loop facility
(scaled down model of a Babcock&Wilcox PWR) operated at
the University of Maryland [10, 11] have been used for exper-
imental investigations of both types of the above-mentioned
mixing scenarios.

Experiments on slug mixing have been performed in the
frame of the project at two of the above-mentioned test facil-
ities. These are the Rossendorf test facility ROCOM, mod-
elling a German KONVOI-type reactor, and the Vattenfall
test facility, being a model of the Westinghouse three-loop
PWR in Ringhals. The corresponding accident scenario is
the start-up of the first main coolant pump (MCP) after for-
mation of a slug of lower borated water during the reflux-
condenser mode phase of a small break loss of coolant acci-
dent (LOCA). The matrices for the experiments were elabo-
rated on the basis of the key phenomena, being responsible
for the coolant mixing during pump start-up. Slug mixing
tests have also been performed at the VVER-1000 facility of
EDO Gidropress to meet the specifics of this reactor type. All
three test facilities model the corresponding original reactor
in scale of 1 : 5.

The present paper is dedicated to the comparative anal-
ysis of the slug mixing experiments at these three facilities.
Furthermore, velocity measurements carried out by means
of laser Doppler anemometry (LDA) at the ROCOM and the
Vattenfall test facilities are compared.

2. DESCRIPTION OF THE TEST FACILITIES

2.1. The ROCOM test facility

The ROCOM test facility models the primary circuit of a
German KONVOI-type reactor in a linear scale of 1 : 5
[12, 13]. The reactor pressure vessel was manufactured from
acrylic glass and forms the main part of the test facility
(Figure 1). The geometrical similarity between the model
and the original reactor is fully respected within the region
in between the bends in the cold legs, which are the closest
to the reactor inlet and to the core entrance. The geometry of
the inlet nozzles with their diffuser segments and the curva-
ture radius of the inner wall at the junction with the pressure
vessel were modelled in detail. Similarity is also taken into
account for the core support plate with the orifices for the
coolant. The original KONVOI reactor has a perforated sieve
drum (flow skirt below the core barrel), which is also placed
in the lower plenum of the vessel in the ROCOM test facility
(Figure 2).

ROCOM is a four-loop test facility with individually con-
trollable pumps in each loop, which enables the possibility of
performing tests over a wide range of flow conditions, from
natural circulation to nominal flow rates and this includes
the use of ramped flow rate changes to simulate normal or
natural operation conditions (Figure 3).

Figure 1: Vessel of the ROCOM test facility.

Figure 2: Sieve drum in the lower plenum of the ROCOM test fa-
cility.

The facility is operated with water at room temperature
and ambient pressure. Since the coolant mixing is mainly
based on turbulent dispersion, it is possible to use a tracer
substance to model differences of either boron concentration
or coolant temperature. In case of ROCOM, the coolant in
the disturbed loop was labelled by injecting a sodium chlo-
ride solution into the main coolant flow upstream of the af-
fected reactor inlet nozzle. For this purpose, loop 1 of RO-
COM was equipped with a mixing device, which distributes
the tracer solution uniformly across the cross section of the
main circulation pipe. Start and stop of the injection pro-
cess was controlled by pneumatic valves. The concentration
distribution of the tracer within the reactor model is mea-
sured by electrical conductivity sensors, which allow a high
resolution determination of the transient tracer concentra-
tion in space and time (Prasser, 1998). Four such sensors
were installed in the reactor pressure vessel model in the ex-
periments described here with altogether about 1000 single
measurement positions and a measuring frequency of up to
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Figure 3: Schematic of the ROCOM test facility.

200 Hz. The location of the sensors in the model is shown in
Figure 4.

The measured conductivity values are transformed into
a mixing scalar Θx,y,z(t). It is calculated by relating the local
instantaneous conductivity σx,y,z(t) to the amplitude of the
conductivity change in the inlet nozzle of the disturbed loop,

Θx,y,z(t) =
σx,y,z(t)− σ0

σ1 − σ0
, (1)

where Θ represents the contribution of the coolant from the
disturbed loop to the mixture at the given position x, y, z.
The upper reference value σ1 in (1) is the conductivity in the
injected slug. The lower reference value σ0 is the initial con-
ductivity of the water in the test facility before the tracer is
injected.

The transparent material for the pressure vessel allows
the measurement of velocity profiles in the downcomer by
laser Doppler anemometry.

2.2. The Vattenfall test facility

The Vattenfall mixing test facility is a 1 : 5 scale model of a
3-loop Westinghouse PWR [14, 15]. The lower plenum and
the lower 2/3 of the downcomer are made from acrylic glass.
A general view of the facility is shown in Figure 5. Two idle
loops are included in the model. The model is run with a
maximum flow rate of 127 l/s and at temperatures between
20 and 50◦C. Components that can be important for mixing
have been modelled, for example thermal shields, inlet pipe
diffusers, structures in lower plenum (Figure 6), core support
plates, and core. The determination of the relative boron con-
centration is based on salt water tracering and conductivity
measurement too. Conductivity is measured at 181measure-

ment positions close to the inlet to the core. A sampling fre-
quency of 60 Hz has been used.

The slug is injected into an empty section of the cold leg
pipe that has been isolated from the rest of the pipe. The slug
is released by quickly opening the two valves that encom-
pass the slug. Flow through the model is then slowly (during
around 40 seconds) increased to the maximum flow rate. The
increased flow rate is achieved by opening a motor gate-valve
upstream of the slug. In order to minimise buoyancy effects,
ethanol is added to the salt water to lower the density of the
salt water to that of tap water. The density difference is lower
than 1 kg/m3after this adjustment.

In addition to the slug mixing experiments, the velocity
profile in the downcomer can be measured by laser Doppler
anemometry like in the case of the ROCOM test facility.

2.3. The Gidropress test facility

The test facility of EDO “Gidropress” [5] is a metal model of
the Russian VVER-1000 reactor in a scale of 1 : 5. One loop
with a loop seal and reactor coolant pump simulator is mod-
elled. The other three loops are made short circuit, and only
the pressure loss of them is simulated. The core model has
151 fuel assembly simulators, which have the same pressure
loss as the regular fuel assembly. Boron concentration change
is modelled by a change in temperature (the deborated water
slug is simulated by colder water). About 100 thermocouples
are placed in the lower part of the downcomer and at the core
inlet to study the mixing of flows.

The schematic of the test facility is presented in Figure 7,
whilst Figure 8 shows the reactor model and Figure 9 the el-
liptical plate located in the lower plenum of the test facility
together with the supporting tubes. All reactor model com-
ponents were made from stainless steel.
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Figure 4: Schematic of the ROCOM model of the vessel with positions and photos of the wire mesh sensors.

Figure 5: General view of the Vattenfall test facility.

3. VELOCITY MEASUREMENTS

3.1. ROCOM

Velocity measurements were conducted for the basic pump
start-up scenario. The coolant was at rest in the whole test
facility in the initial state. The flow rate in loop 1 is increased
to the nominal value (according to the geometrical scale)

Figure 6: Structures in the lower plenum of the Vattenfall test facil-
ity.

within the nominal start-up time of 14 seconds. This value
is held constant until t = 30 seconds after which the pump
is stopped and the flow come to rest for a period of 30 sec-
onds. It should be mentioned, that a reverse flow establishes
in each of the three passive loops during the start-up of the
circulation at a level of about 5% of the nominal value.

The whole process was repeated five times, all occurring
bursts in the LDA system were recorded. The vertical and the
horizontal components of the velocity were measured not
simultaneously at 16 circumferential positions at the outlet
from the downcomer of the test facility. The measurement
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position was always at the midpoint between the outer and
inner downcomer walls.

In a recent paper by Cartland Glover et al. [16], the veloc-
ity measurements of this and a second start-up scenario were
analysed in detail in regard to the development and the dissi-
pation of the transient flow. This included a Fourier analysis
and the derivation of the turbulent kinetic energy from the
measurements.

Here, the main focus is put on the vertical velocity mea-
surements in the downcomer in order to compare the results
with those obtained at the Vattenfall test facility.

In the ROCOM measurements, the number of measured
values (registered bursts) is not constant over time. In the
parts of the transient with low velocity, sometimes no data
were recorded over several seconds. Nevertheless, the ob-
tained data allow drawing conclusions about the flow be-
haviour during the start-up process.

Figure 10 shows the time evolution of the velocity in the
starting-up loop and the LDA measurements for different an-
gle positions at the outlet of the downcomer. The inlet nozzle
of the starting-up loop is located at an angle of 22.5◦.

At t = 0 second, the pump is switched on. The measure-
ments show an increase of the loop velocity starting about 3
seconds later. This delay is a combination of the inertia of the
coolant and the measurement system for the loop flow rate.
After this, the velocity increases more or less linearly until the
final value.

The middle diagram of Figure 10 shows all measurement
values for two angle positions left and right of the loop with
the starting circulation, in the lower diagram the values mea-
sured at two positions at the opposite side of the downcomer
are shown. The velocity increases more or less uniformly at
all four positions within the first 8 seconds (negative values of
the velocity indicate downwards-directed flow, positive up-
wards directed). That means that the fluid is brought into
motion as a whole by the starting-up pump. Large-scale vor-
texes start to develop in the next seconds, as was found by
Cartland Glover et al. [16]. In the consequence, the down-
wards velocity on the opposite side increases further, whilst
the flow direction changes in the region below the inlet noz-
zle of the loop with the starting-up pump. Here, a recircu-
lation area is established. The third phase of the transients
begins, when the flow rate in the loop has reached its final
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Figure 10: Time evolution of the velocity in the starting-up loop
and the LDA measurements for different angle positions at the out-
let of the downcomer in the ROCOM test facility.

value. Turbulent fluctuations around a nearly constant aver-
age value are observed now at each measurement position.
Fluctuations and average value are nearly identical at the an-
gle positions on the opposite side of the downcomer. More
time is needed to establish stable flow conditions in the re-
gion below the affected inlet nozzle. Here, the flow structure
undergoes a further change. The resulting flow field shows
positive (upwards-directed) values at a position left to the
starting up loop and negative (downwards-directed) values
on the other side. The amplitudes at both positions are con-
siderably lower than those on the opposite side.

180 270 0 90 180

Angle (◦)

L3 L2 L1 L4

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

V
el

oc
it

y
(m

/s
)

Figure 11: Vertical velocity profile including standard deviation at
the outlet of the downcomer of the ROCOM test facility during one-
loop operation under steady-state conditions.

The velocity profile under steady state conditions corre-
sponding to the final state of the pump start-up scenario is
shown in Figure 11. This profile was measured in a special
measurement series. Stationary flow conditions were estab-
lished in the facility and measurements at 32 circumferen-
tial positions were carried out. On basis of the obtained data,
the standard deviation was calculated for each measurement
position. This data is also included in Figure 11. This mea-
sured under stationary conditions profile confirms the ob-
servation from the transient measurements. The maximum
of the downwards-directed velocity is found on the oppo-
site side of the downcomer directly below the inlet nozzle
of loop 3. This maximum is not concentrated on one mea-
surement position but has a width of about 45◦. A stagna-
tion point is found directly below the inlet nozzle of the loop
with the starting-up pump. The maximum of the upwards-
directed velocity is measured below the neighbouring inlet
nozzle (loop 2). It is the centre point of a region with pos-
itive velocity values (upwards-directed flow), which has an
extension of about 60◦. The overall velocity profile has a clear
asymmetry in regard to the position of the starting-up loop.
This asymmetry is caused by the different distances of the
neighbouring inlet nozzles. One should further consider that
the lead-through of two outlet nozzles is located between the
inlet nozzles of loop 1 and 4, which also disturb the flow field
in the downcomer.

The flow behaviour after the switch off of the pump at t =
30 seconds is analysed in detail by Cartland Glover et al. [16]
and will not be discussed here.

3.2. Vattenfall

LDA measurements were also performed for the basic pump
start-up scenario at the Vattenfall test facility. In this exper-
iment, the flow rate increases from zero to the final value
within about 17 seconds. The final value in the loop is
6.85 m/s (Figure 12, upper diagram). This value is 2.48 times
higher than the full scale maximum velocity (1/5 of the ve-
locity in the reference plant); as the test was run with an in-
creased flow rate in order to increase the Reynolds number
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Figure 12: Time evolution of the velocity in the starting-up loop
and the LDA measurements for different angle positions at the out-
let of the downcomer in the Vattenfall test facility.

and thereby to minimize the Reynolds number scaling ef-
fects. The ramp length was adjusted by the same factor
in order to preserve the Strouhal number. Thus, the ramp
length at the original plant is 2.48 times longer. For de-
tails about the scaling considerations the reader is referred
to [17].

In the two passive loops, a reverse flow of about 10%
of the nominal value is established. Vertical and tangential
components of the velocity were measured simultaneously

at six angle positions around the downcomer. These mea-
surements were performed at two axial positions and up to
four positions over the width of the downcomer. The whole
set of measured data is documented in [14]. Each measure-
ment is repeated five times. The whole measurement time
in each case was 90 seconds. The switching off of the pump
was not included into the measurements. As in the case of
the ROCOM measurements, all bursts of the LDA systems
are stored. From the whole set of available data, the transient
data measured at the outlet of the downcomer at four differ-
ent circumferential positions are used here. In each case, the
radial measurement position is in the middle of the down-
comer.

Figure 12 shows the time evolution of the loop veloc-
ity and the LDA data for two positions left and right of the
starting-up loop and for two positions on the opposite side
of the downcomer. The positions were selected in such a way
that a comparison with the ROCOM data is possible. The in-
let nozzle of the starting-up loop in the Vattenfall test facility
is located at an angle of 0◦.

The LDA data at all four angle positions until t = 7 sec-
onds indicate the same flow behaviour as in the ROCOM
case. The water column is accelerated as a whole by the
starting-up pump. After this initial phase, the velocity in-
creases further at the two positions on the opposite side of
the downcomer. A plateau value is reached shortly after that
time, from which the loop flow rate remains unchanged.
The measured velocity fluctuates around the constant aver-
age value at the plateau in the same manner as in the RO-
COM measurements. The differences of the plateau levels are
considerably higher than in the ROCOM measurements.

At the two positions left and right from the starting-up
loop (angle positions 30◦ and 330◦), the same qualitative be-
haviour as in the ROCOM case is observed. Starting from t
= 7 seconds, the flow reverses and after a transition period of
nearly 10 seconds a new quasistationary state is established.
Right from the affected inlet nozzle, the averaged velocity is
directed upwards, left from this nozzle downwards, the abso-
lute values of the downwards-directed data are slightly lower.
It is important to note that the change of the flow pattern
occurs in the same way as in ROCOM.

Again, similar to the ROCOM measurements, fluctua-
tions are to be seen in the Vattenfall data also at these po-
sitions.

Figure 13 shows the steady-state velocity profile for the
quasistationary flow field with one working pump. As in the
ROCOM measurements, there is a recirculation area below
the inlet nozzle of the loop with the working pump. Although
the number of measurement positions is limited, one could
argue for the existence of a symmetry in relation to the mea-
surement position, where the maximum upwards-directed
value was found (−30◦). Contrary to the ROCOM test fa-
cility, the inlet nozzles and the lead-through for the outlet
nozzles are equally (symmetrically) distributed over the cir-
cumference of the downcomer. The only asymmetry intro-
duced into the flow field comes from the bend in the loop
with the working pump just before the entry into the ves-
sel. The influence of this bend on the mixing has been dis-
cussed extensively in connection with the flow simulations
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Figure 13: Vertical velocity profile at the outlet of the down-
comer of the Vattenfall test facility during one-loop operation under
steady-state conditions.
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for the Vattenfall test facility [15]. It seems that this bend
creates a significant tangential component of the velocity al-
ready in the loop, which results in a shift of the symmetry
position of the vertical velocity field.

4. SLUG MIXING EXPERIMENTS

Slug mixing experiments from the three test facilities are
compared in this section. All facilities are equipped with
measurement devices in the core inlet plane. Information
about the mixing in the downcomer is only available from
the experiments at the ROCOM test facility.

Thus, in the first part of this section, the mixing in the
downcomer is discussed on the basis of the ROCOM data. In
the second part, the time-dependent results obtained at the
core inlet in all three test facilities are discussed.

4.1. Downcomer

Besides the sensor in the core inlet plane, the ROCOM test
facility is equipped with sensors in the downcomer. These
sensors can provide more insight into the flow distribution
and the physical mechanisms responsible for the obtained
flow pattern at the core inlet. The sensors measure the tracer
concentration in one radial plane. Two of such sensors were
implemented into the upper and the lower part of the down-
comer, respectively (see Figure 4). They represent 4 × 64
measuring positions, that is, the azimuthal distribution of
the tracer concentration is measured at 64 angular positions
with a pitch of 5.625◦. Over the radius, there are 4 measuring
positions with a radial pitch of 13 mm.

During the transport, the slug mixes with the ambient
coolant in the vessel and the perturbation reduces, as can be
concluded from the decreasing maximum values reached at
the two downcomer sensor positions (Figure 14).

Figure 15 shows the time evolution of the mixing scalar
at the two sensors in the downcomer. Both sensors are shown
in an unwrapped view, the position of the loop with the
starting-up pump is marked by the red arrow. From the vi-
sualization, it is clear to see that the deborated coolant passes
around the core barrel instead of flowing directly down-
stream. The slug hits the core barrel after the entry into the
vessel and splits into two streaks. At the upper sensor, the
tracer arrives still below the affected inlet nozzle. With grow-
ing time, the tracer spreads in the azimuthal direction. The
two streaks flow downwards at the opposite side of the down-
comer. Subsequently, at the lower sensor two maxima of the
tracer at azimuthal positions on the back side of the down-
comer are observed. It is important to note that the time
scale in this figure is identical with this of the velocity mea-
surements discussed above. At t = 11 seconds, the first tracer
reaches the measuring plane of the lower sensor. At this time,
the flow field is in the final phase of the transition process to
the quasistationary state. The main structure is already devel-
oped, so that the tracer distribution can be evaluated in com-
parison to the stationary velocity field (Figure 11). The two
maxima of the tracer concentration are located in the region,
where the maximum of the vertical velocity was measured.
The region in between these two zones (below the inlet noz-
zle of the loop with the starting-up pump) is free of tracer for
the next five seconds. Tracer is measured here starting from
t = 16 seconds. This tracer is transported into the measur-
ing plane from below, as can be concluded from the velocity
measurements. In this region, those measurements revealed
a recirculation area.

The limited volume of the slug reveals the flow structure
only for a certain time span of the pump start-up process. For
the substantiation of the findings made above, an additional
experiment was conducted with long-term tracer injection
under stationary one-loop operation. Figure 16 shows the
time evolution of the tracer in this special experiment. The
shape of the tracer concentration at both sensors is similar to
that of the first experiment. Nevertheless, some differences
can be observed. The tracer distribution on the stream lines
of the velocity field at the upper sensor is better to be seen in
this experiment. The recirculation area revealed at the lower
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comer sensors in the ROCOM experiment (start-up of the main
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sensor has a greater extension than in the start-up experi-
ment. This can be also explained by the velocity measure-
ments. The slug moved through the measuring plane at the
opposite side from about t = 11 seconds to t = 15 seconds.
The maximum of the velocity in the corresponding parts of
the downcomer was not yet reached and the reconfiguration
of the flow field below the inlet nozzle with the starting-
up loop was not yet finished. The stationary conditions in
the additional experiment fully correspond to the conditions
during the stationary velocity measurements. In this state,
the differences between the velocity values on both sides of
the downcomer are maximal. Further, the position of the free
tracer sector corresponds fully to the upwards-directed part
of the velocity profile. By tracer injection over such a long
time interval, it is confirmed that the tracer directly below
the inlet nozzle is transported into the measuring plane ex-
clusively from below.

4.2. Core inlet

For the comparison of the time-dependent tracer distri-
bution in the core inlet plane experiments have been se-
lected from the three test facilities with close boundary con-
ditions. Table 1 summarizes key parameters of the facili-
ties and the selected experiments. It can be seen that the
initial slug volume is nearly identical between the experi-
ments. Figure 17 shows the flow rate in the loop with the
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Figure 16: Time evolution of the mixing scalar at the two down-
comer sensors in a stationary ROCOM experiment (one-loop oper-
ation).

starting-up pump at the different test facilities. The final rate
is comparable in the different experiments, but the ramp
of reaching this level differs in the single experiments. The
flow paths in the facilities are also different. Due to these
differences, the time of reaching the core inlet plane dif-
fers between the experiments. Figure 18 shows the time evo-
lution of the average and the maximum mixing scalar in
the three experiments. The data from the Vattenfall and
the Gidropress experiments were transformed into the mix-
ing scalar defined by (1). In this way, the results of the ex-
periments can be better compared. As can be seen from
Figure 18, the three slugs reach the core inlet at different
times. A dimensionless time was introduced with the goal
to bring the data into one time scale, which allows dis-
cussing the mixing processes independently on the abso-
lute time. This dimensionless time is determined for each
experiment individually. It is based on the time, which is
needed to transport the perturbation through the measuring
plan at the core inlet. Figure 19 shows the evolution of the
mixing scalar in the experiments now in the dimensionless
time.

The scaling applied here is comparable to a scaling with
the preservation of the Strouhal number (Sr). The Strouhal
number is the dimensionless number which characterises the
nonstationarity of a flow. It describes the relation between
the forces due to local acceleration (change of velocity at a
given position) and the forces due to convective acceleration
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Table 1: Key parameters of the test facilities and the start-up experiments.

ROCOM Vattenfall Gidropress

Reference
reactor

German KONVOI PWR (four loops) Westinghouse PWR (three loops) VVER-1000 PWR (four loops)

Scale 1 : 5 1 : 5 1 : 5

Cold leg
cross
section [m2]

0.01767 0.01767 0.02956

Downcomer
cross
section [m2]

0.1854 0.1136 0.1290

Downcomer
width [m]

0.063 0.050 0.053

Reverse flow 3∗5% 2∗10% 3∗0%

Final loop
flow rate
[m3/h]

185 173 175

Cold leg
Reynolds
number at
final flow
rate [−]

4.35∗105 5.62∗105 7.75∗105

Ramp
length [s]

14 40 7

Downcomer
flow rate
[m3/h]

157.3 188.4 175.0

Slug volume
[l]

64 64 74
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Figure 17: Flow rate in the starting-up loop in the experiments at
the three test facilities.

(change of velocity due to change of position). The Strouhal
number is defined as

Sr = L

w·τ , (2)

where L is the characteristic length, w the characteristic ve-
locity, and τ the characteristic time.

The height of the mixing scalars does not change in both
types of scaling described above.
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Figure 18: Time course of the average and the maximum mixing
scalar in the different experiments.

The time curves of the average mixing scalar are nearly
identical after the scaling.

Figures 20, 21, 22, and 23 show the snapshots of the core
inlet distribution of the mixing scalar in all three experi-
ments. The positions of the active and the passive cold legs
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Figure 19: Average and maximum mixing scalar in the different
experiments independent of dimensionless time.

are also shown. Although the time scales were brought in ac-
cordance, the perturbation reaches the measuring plane at
the same time only in the ROCOM and the Vattenfall exper-
iments; it is slightly delayed in the Gidropress experiment.
This delay is connected with the fast increase of the flow rate
in the Gidropress experiment, what makes the scaling dif-
ficult. A true Strouhal scaling, what is not applicable in this
case, would eliminate this difference. This was shown for RO-
COM experiments with different ramps and flow rates, for
example, in [18].

In the ROCOM experiment, first tracer appears at two
positions on the opposite side of the core inlet plane in regard
to the position of the loop with the starting-up pump. These
positions are identical with the two maxima in the measuring
plane of the lower downcomer sensor. (Already this compar-
ison underlines that the main processes responsible for the
mixing take place in the downcomer.)

At the same time, the first tracer appears also in the core
inlet plane of the Vattenfall test facility at two positions lo-
cated in the opposite half of the core inlet. The positions
are nearly symmetrical in relation to the inlet nozzle of the
loop with the starting-up pump. The amount of tracer is
slightly higher at the position on the left side of this loop.
The equal distribution of the three inlet nozzles facilitates the
formation of a symmetrical flow field as was already stated
in the analysis of the velocity profile (Figure 13). The re-
maining asymmetry is the result of the bend in the loop; see
Figure 13.

In the ROCOM case, the symmetry line is shifted from
the position of the active inlet nozzle to the right side. This
shifting is a result of the velocity profile at the outlet of the
downcomer (Figure 11) with its maximum around the angle
position of 180◦.

In the Gidropress experiment, the first part of the deb-
oration is registered at two positions (one nearby the in-
let nozzle with the starting-up pump, one on the opposite

side) in the outer part of the core inlet plane. It is fol-
lowed by a part of different shape in the central part of
the measuring plane just below the inlet nozzle. It can be
concluded that the initial slug is splitted into three streaks.
Two of them move around the core barrel like in the other
two facilities and one goes directly below the nozzle down-
wards.

The next snapshots (from t = 0.200 to t = 0.300)
show that in all three cases, the shape of the perturba-
tion changes only slightly. The mixing scalar increases at
the positions established once. The global maxima are mea-
sured in this phase in all three cases. In the regions be-
tween the initial maxima, the perturbation reaches only
lower values. The third phase of the slug moving through
the core inlet plane is dominated by a unification of the
perturbation zones. It starts in the Gidropress experiment.
In the ROCOM experiment this process is accompanied
by a shift of the perturbation from the opposite side to
the side below the active inlet nozzle (t = 0.300 to t =
0.600). This fully corresponds to the observations in the
downcomer. From the Vattenfall snapshots, it can be con-
cluded that the region below the inlet nozzle with the
starting-up pump is only covered by a small amount of
the perturbation. A moving like in the ROCOM experi-
ment cannot be observed. The highest degree of mixing
takes place in the Gidropress experiment in this phase, where
nearly no structures in the distribution of the perturba-
tion can be observed in the snapshots starting from t =
0.400.

As far as in this last phase, only the tails of the slugs are
involved, the perturbation does not reach such high values as
in the early phase of the transient.

It was found in the experiments at all three test facili-
ties that the time behaviour of the resulting mixing scalar
at identical positions in the pressure vessel differs in each
single realization of an experiment with identical boundary
conditions. Fluctuations of the flow field in the reactor pres-
sure vessel are the reason for these deviations between single
realizations of one experiment. These fluctuations are due
to the turbulent nature of the flow, and therefore they ap-
pear by chance to a certain degree. Thus, the experiments
are repeated five or more times. The results of these sin-
gle realizations were averaged. This was done to damp the
statistical fluctuations as mentioned above. It is possible to
use the data of the single realizations to carry out an un-
certainty analysis of the obtained results. This was done for
the ROCOM experiment according to the following proce-
dure.

In the first step, the minimum error amount FSmin ,Θ for
each local value of the mixing scalar at each time point is
calculated according to (3), using the averaged values and the
n single realizations:

FSmin ,Θ(x, y, z, t)

=
n∑

k=1

(
θROCOM,k(x, y, z, t)− θROCOM(x, y, z, t)

)2
.

(3)
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Figure 20: Time sequences of the mixing scalar in the core inlet plane of all three test facilities.
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Figure 21: Time sequences of the mixing scalar in the core inlet plane of all three test facilities.

The standard deviation is calculated according to

sΘ(x, y, z, t) =
√

FSmin ,Θ(x, y, z, t)
n− 1

. (4)

In the last step, the confidence intervals can be calculated us-
ing

uz,Θ(x, y, z, t) = ±tP·
sΘ(x, y, z, t)√

n
. (5)

This confidence interval characterizes the interval around the
average value in which the measured value can be found

with a given probability of the statistical confidence. Hereby,
tP is the value of the Student’s t-factor, which varies with
the selected statistical confidence. Using (3) to (5), the time
curves for the confidence intervals for 95.4% (2σ) were cal-
culated, whereby σ is the square root of the variance of the
distribution. Figure 24 shows the time curve of the maxi-
mum mixing scalar together with the 95.4%-confidence in-
terval. The confidence interval varies in time. This is due
to the variation of the fluctuations during the investigated
process.

The confidence interval for the Vattenfall experiments
was assessed in a similar manner. A value of 6.5% (in absolute
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Figure 22: Time sequences of the mixing scalar in the core inlet plane of all three test facilities.
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Figure 23: Time sequences of the mixing scalar in the core inlet plane of all three test facilities.

units) was determined for a typical measurement position
during the start-up process of the first pump. The time
curve of the maximum mixing scalar of the Vattenfall exper-
iment together with the constant 95.4%-confidence interval
is added to Figure 24. Both confidence intervals are nearly
identical, as can be concluded from Figure 24.

5. CONCLUSIONS

The velocity measurements in the downcomer of the RO-
COM and the Vattenfall test facilities revealed a complicated
structure of the flow field during the start-up of the first main

coolant pump. It was shown that the development of the flow
field goes through three different phases in a similar man-
ner in both test facilities. The findings of the velocity mea-
surements are supported by the mixing data available for the
downcomer from the ROCOM experiment. A maximum of
the velocity is measured at the opposite side in regard to the
position of the loop with the starting-up pump whilst a recir-
culation area was found just below this inlet nozzle in both
facilities.

The initial perturbation undergoes a further attenuation
during moving through the lower plenum as could be shown
for the ROCOM experiment. The shape of the perturbation
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Figure 24: Time evolution of the maximum mixing scalar in the
core inlet plane together with the 95.4% confidence interval for the
ROCOM and the Vattenfall experiments

does not change anymore. It corresponds mainly to the
measured velocity profile in both cases and the downcomer
mixing data in the ROCOM case. An important result of
the experiments at all three test facilities is that the first
part of the perturbation reaches the core inlet plane on
the opposite side in regard to the position of the inlet
nozzle of the loop with the starting-up pump. For com-
parable initial slug volumes, the maximum deboration is
nearly identical in the Vattenfall and the ROCOM tests. The
slightly higher value of the ROCOM experiments is still
covered by the confidence interval. The Gidropress experi-
ment shows a lower maximum value. This is probably con-
nected with the lower plenum structures, which are much
more complicated than in the other two reactor types. It
is expected that the experiments carried out currently in
the frame of an EC-TACIS project at the Gidropress test
facility will provide more information on the mixing pro-
cesses and on the influence of different boundary condi-
tions.
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Weiss, and H.-M. Prasser, “Hydrodynamic phenomena in the
downcomer during flow rate transients in the primary circuit
of a PWR,” Nuclear Engineering and Design, vol. 237, no. 7, pp.
732–748, 2007.

[17] U. Rohde, S. Kliem, B. Hemström, T. Toppila, and Y. Bezrukov,
“The European project FLOMIX-R: description of the slug
mixing and buoyancy related experiments at the different
test facilities,” (Final report on WP 2), Report FZR430,
Rossendorf, Dresden, Germany, 2005.



S. Kliem et al. 17
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