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Abstract — The presented work deals with the improvement of the evaporation model of the ATHLET (Analysis
of Thermal and Hydraulics of Leaks and Transients) system code to be applied to a passive containment cooling
system of a nuclear power plant. For the model validation, INTRAVIT (Investigation of Passive Heat Transfer in
a Variably Inclined Tube) test facility setup at the University of Luxembourg was used. The first part of the paper
presents a review of the existing literature on evaporation models that revealed that those models significantly
simplify the physical processes that occur. Next, a modified evaporation model is proposed that offers a realistic
description of various evaporation processes and the start of bubble formation using a nucleation model, and
a surface density calculation model is introduced that is necessary for evaporation simulation. The final part of this
work explored five different system configurations to test the evaporation model: three condenser tube inclinations
(5 deg, 60 deg, and 90 deg), two riser lengths (1 m and 2.5 m), and different thermal loads. They made it possible to
simulate several experiments for stable and unstable natural circulation and to verify the proposed model.

Keywords — Natural circulation, two-phase flow, evaporation model, experimental data, nucleate boiling.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

The ATHLET (Analysis of Thermal and Hydraulics
of Leaks and Transients) system code was developed by
the Society for Plant and Reactor Safety to analyze the
behavior of nuclear power plants in the event of
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tion in any medium, provided the original work is properly cited,
and is not altered, transformed, or built upon in any way. The terms
on which this article has been published allow the posting of the
Accepted Manuscript in a repository by the author(s) or with their
consent.

accidents. ATHLET consists of four modules that enable
the coupling of thermal fluid dynamics (TFD), heat trans-
port via structures (HECU), neutron kinetics, and the
general control simulation module (GCSM). The focus
here is on the TFD module. The local discretization of the
computational network is based on a one-dimensional
finite volume method in which the scalar quantities (pres-
sure, temperatures, etc.) in the center of the cell and the
vectorial quantities (velocities) at the cell edges are cal-
culated. The six-equation model is used here for the
mathematical description of the flow. A coupled expli-
cit/implicit Euler method is used to solve the differential
equation system. This determines the adaptive temporal
discretization.!"]

The standard evaporation model in ATHLET contains
various major simplifications to describe the evaporation
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process. In addition, in the ATHLET system code, a total of
13 setting parameters needs to be specified for the evapora-
tion model. Among other things, these parameters, such as
the number of bubbles/droplets per unit volume or relative
bubble velocity, are difficult to set for the user and may
contaminate the calculation results when chosen inappropri-
ately. The critical simplifications and assumptions in model-
ing the evaporations can be listed as follows:

1. Use of minimum vapor content with subcooled
liquid.

2. Sole consideration of the bubble and mist flow
forms.

3. Calculation of droplet evaporation and bubble
evaporation with the same Nusselt correlation.

4. Application of the thermal bubble growth over
the entire flow range,”! which can only be used for
stagnant liquid phases.

5. No surface density calculation.

The modified evaporation model for ATHLET addresses
the before mentioned simplifications. The main advantages of
the modified evaporation model compared to the standard
model are as follows: (1) division of flow into flow shapes:
bubble flow, plug flow, churn flow, annular flow, and mist
flow; (2) modeling of surface density depending on flow
regimes; (3) use of the bubble nucleation model; and (4)
modeling of heat transfer depending on the flow pattern
(bubble growth/Nusselt correlation model).

Il. LITERATURE REVIEW

Two theories of vapor bubble nucleation are widely
known in the literature: homogeneous and heterogeneous.
Homogeneous nucleation is defined as nucleation in
a volatile phase that is not in contact with the vapor
phase and completely wets all surfaces in contact (ideally
smooth wall: contact angle of 0 deg).l*’ However, hetero-
geneous nucleation can only take place if the contact
angle of the volatile liquid is greater than zero.

Il.A. Homogeneous Nucleation

The classical theory of homogeneous nucleation is
based on the kinetic theory of heat.[*! It is assumed that
the energy is unevenly distributed among the liquid-phase
molecules. With such an energy distribution, there must
be molecules that have a higher-than-average energy
content. This access energy of the molecules is called
the activation energy. Nucleation occurs when the density
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of the activated molecules is high enough to provide
sufficient activation energy for nucleation. A collection
of activated molecules is called an active cluster. As soon
as an active cluster exceeds the critical radius r., this
cluster can no longer collapse and is then referred to as
a vapor nucleus.

From classical nucleation theory, several authors have
based their work on this theory. Different approaches for
calculating the nucleation rate and the maximum superheat
can be found in the work of Blander and Katz™! and Cole."
Due to the vanishingly small exponential term of the classical
theory, meaningful nucleation rates can only be calculated for
very high pressures and overheating. The classical theory is
applicable to water only for P < 0.5P..[°! This thesis is also
confirmed by Miller”! He made optical observations of
a flashing flow in an adiabatic convergent-divergent nozzle.
Experiments were examined under different flow conditions.
In this work, no bubble formation was observed in the flow
core. All bubbles formed on the nozzle wall.

I1.B. Heterogeneous Nucleation

In technically relevant systems, the assumption of
ideal smooth walls is not correct. Common machined
surfaces have cavities on the order of 2 to 6 pm and
a density of 10 x 10* to 250 x 10* m 2 Different
cases can be distinguished in the case of heterogeneous
nucleation. On the one hand, whether the wall is heated
or adiabatic, and on the other hand, whether the liquid
phase is stagnant (container boiling) or flowing (flow
boiling). Section II.B describes the mechanism for het-
erogeneous nucleation in steps (a) through (d) (see
Figs. 1a through 1d). A distinction is made between an
adiabatic (Fig. le) and a heated wall (Fig. 11).

Most heterogeneous nucleation theories are based on
heated wall nucleation. Related theories have been derived
for stagnant liquid on a horizontal heated plate (container
boiling).

Reference!® postulates that the derivation of nuclea-
tion on heated walls can also be used for boiling on
adiabatic walls (flashing). The difference is in the defini-
tion of overheating. In flow boiling, the wall superheat
fluctuates between Ty — T and 0 K due to the disruption
of the temperature boundary layer caused by the bubble’s
formation. For superheat in volume or flow boiling,
a mean superheat of AT, 5, = (T — T)/2 is used. In
the case of flashing, there is no temperature boundary
layer because of the adiabatic wall. Therefore, Ref. [9]
proposed an overheating of AT, 4c = Ty — T for nuclea-
tion during flashing.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024
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Fig. 1. (a) to (d) Mechanism of heterogeneous nucleation. Temperature boundary layer for nucleation with (e) adiabatic wall and

(f) heated wall.

1.C. Flow Patterns

After the bubbles have formed and lifted off the pipe
wall, they are moving in the bulk of the core flow.
Various scenarios are possible here, such as

1. T, > T": the bubble continues to grow in the
superheated flow.

2. Ty=T": the vapor mass in the bubble remains con-
stant, the bubble surface can deform due to the flow.

3. T;< T the bubble condenses.

4. A large bubble can break up into several small
bubbles (break up).

(a) (b)

5. Several individual bubbles can collide and form
a larger bubble or vapor area (coalescence).

Depending on the flow conditions and vapor content, the
two-phase flow can exist in different flow forms. Figure 2
shows different flow patterns for vertical pipe flows.

If the vapor content is low, there is a bubbly flow
(Fig. 2a). This generally has a higher phase velocity than
the liquid phase. Depending on the size and relative speed
of the bubbles, they can be spherical or elliptical.

At higher vapor content, the bubbles coalesce into
larger cylindrical plugs (Taylor bubbles) that characterize
plug flow (Fig. 2b). There is a film of liquid between the
pipe wall and the stopper in which small bubbles can be

(d) (e)
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Fig. 2. Flow patterns of a vertical two-phase flow: (a) bubble flow, (b) plug flow, (c¢) foam flow, (d) ring flow, and (e) mist flow.
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trapped. In the liquid phase between two vapor plugs
there are often bubbles.

The churn flow (Fig. 2¢) is a highly chaotic flow in
which larger amounts of vapor bubbles detach from the tail
of the Taylor bubbles and form larger vapor areas that are
unstable. Churn flow is often avoided in technical two-phase
systems since pressure and flow oscillations occur here.

Annular flow (Fig. 2d) consists of a higher velocity
vapor core flow surrounded by an annular film. Due to
shear stresses between the core flow and the film, waves
can form on the film surface from which droplets can be
detached, which then flow into the core flow and accumulate.
The annular flow is desirable at the exit from the heat
exchanger since the heat transfer is high due to the wetting
of the tube wall despite the high vapor content.

Once the wall film has reached a critical thickness, it
becomes unstable and dryout occurs. In the resulting fog
flow (Fig. 2e), the remaining liquid phase is in the form
of small droplets in the core flow.['”)

This classification of flow patterns is important
because it can be used to make statements about the
phase interface.

IIl. MATERIAL AND METHODS

llI.A. Development of a Modified Evaporation Model
HLA.1. Flow Map for the Standard Evaporation Model

In the standard ATHLET model, a distinction is made
between evaporation on heated surfaces and evaporation in
the core flow. In this work, the focus is on the latter. ATHLET
differentiates between two extreme cases when it comes to
evaporation: evaporation with a low vapor content (bubble

flow) and evaporation with a high vapor content (mist flow).
Linear interpolation is used between them (Fig. 3).

When the vapor content is low, the evaporation
model assumes that the flow consists of several spherical
vapor bubbles with the same radius. A distinction is made
between bubbles with and without relative velocity to the
liquid phase.

In case the bubble moves with the same velocity as the
liquid phase (W,.; = 0), the starting point for the description
of the evaporation is the thermal bubble growth model.!*

ILA.2. Flow Map for the Modified Evaporation Model

A flow map has the benefit of dividing the flow into
different flow regimes depending on one or more para-
meters. Knowledge of the flow regime is important since
most models are only applicable to a specific regime.

Many flow maps classify the flow regimes depending
on the velocities for the gas and liquid phases. Since the
flow patterns are geometric parameters, such parameters
(e.g., volume vapor content or surface density) should also
be used as parameters for classification. A direct connection
between the superficial velocities and the gas content could
exist only in the case of a steady flow. For strong transient
flows and flows with reverse flow, the conventional formu-
lation in combination with the six-equation model used here
may not be sufficient. It is proposed to use a flow map that
depends directly on the vapor content.!'"]

The flow map applied here therefore divides the flow
into three areas depending on the volume vapor content:
nucleation bubble flow, plug and churn flow, and annular/
mist flow. There is a narrow interpolation area between
the different areas in order to avoid discontinuities that
lead to numerical instabilities. Figure 4 shows the flow
map used for the modified evaporation model.

&

- <
(:Dn Linear interpolation e
o (@)
< 2

4)
0 1 Steam
content

Fig. 3. Flow map for standard evaporation model.
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Fig. 4. Flow map for modified evaporation model.

ILA.3. Nucleation Model

Three parameters must be modeled to calculate the
formation of vapor through nucleation: 7., n,, and f;.,.

The detachment radius 74 is the bubble radius from
which the bubble has reached the size from which it
detaches from the cavity. Because of better agreement
with the experimental data, the model by Shin and
Jones!'?! was used to calculate the detachment radius,

4 Rcri
Faa = K| 5 (1)
Caprwy

where C,; s the drag coefficient, wp, is the flow velocity in the
boundary layer, and K is the pre-factor that takes into account
the portion of the capillary force that counteracts the drag
force.

Because of the problem described previously that the
model from Shin and Jones!'?! cannot be used at low flow
velocities because of the vanishing wall shear stress, the
model from was considered for this range,

1/2
c

ra =0|——2 | Ja . 2)

g<pf - pst)

Finally, the minimum of both models was taken for the
detachment radius in order to avoid numerical instabil-
ities in the transition from one model to the other.

The experimental data in the work of Basu et al.l'*]
and the complementary correlation in Ref. [14] allow us

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024

to add in the model a numerical expression for determin-
ing the number of nucleation sites N,

el -en( &) o)

The average number of wall nucleation sites 7z,; =4.72 - 10°
and the statistical parameter 1' = 2.5 - 10°° m were
determined by Basu et al.l'*! p = 0.722 rad is another
static parameter and can be considered as the character-
istic angle of the cone of the cavity (p* = log (Ap/py)) and
r." is the dimensionless critical radius of a cavity
(" = r/A). f(p*) is a function of the dimensionless
logarithmic density difference (used as a correction
function),

f(pT) = —0.01064 4 0.48346p™ — 0.22712p™

40.05468p™ . (4)

The detachment frequency f,., is the frequency with
which a bubble with the detachment diameter d,
detaches from a cavity. The work of Riznic and Ishiit
showed good convergence results using the Zuber!'”

model,

1/4
1.18 Gg(Pf B pS,)

. 5
2ddet pff ( )

fdet =
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IIl.A.4. Annular and Mist Flow

The basic idea for calculating surface flux density in
an annular/mist flow is based on the work of Ishii and
Kataoka.l'®! The surface density of the annular flow is
determined separately from the density of the mist flow,
so four different cases can occur:

1. Clean annular flow: liquid film on the wall.

2. Annular/mist flow: film of liquid on the wall and
droplets in the main flow.

3. Pure mist stream: only drops in the main stream.
4. Clean steam flow: without liquid content.

To determine the entrainment factor, the empirical entrain-
ment model!'”! was used here, which depends only on the
Weber number of the core flow W,,.. The surface density of
the annular flow required to determine the Weber number
can be calculated using the following formula:

4 | ¢
Ai = = | —Tricfwav - 6
dy \| 1 — Sa;def ( )

where the first quotient 4/d), describes the surface density
of the tube wall, the root term , /5 fa, increases the sur-

face density because of the reduced core diameter d; due
to the film thickness, the f,,. factor reduces the surface
density as soon as the film begins to dryout and only
partially wets the pipe wall, and f,, is used to account
for the increased surface density due to film waviness.

The critical film thickness at which the wall film
dryout and rivulets form was calculated using the empiri-
cal correlation!'®!

(1 — cos(0))"**

0.2
pg’
15;1/20

The wall film thickness was calculated from the differ-
ence between the hydraulic diameter d;, and the main
flow diameter d,

5:‘2—”(1— 1_“%) . (8)

IILA.5. Transition Between Churn and Annular Flow

(7)

crit —

The transition from churn flow to annular flow is not
a fixed limit, but depends, among other things, on the

@ANS

system pressure and the phase velocities. For this reason,
it makes sense to use a model to determine the transition
area. The model of Mishima and Ishii''"! was suitable for
this. The critical steam content, from which the transition
from the churn to the annular flow begins, is determined
from the minimum of two criteria,

€crit = Min(&c1,€2) . 9)

In churn flow, the flow direction of the film between
a large bubble and the tube wall is opposite to the flow
direction of the bubble. When there is a flow reversal of
the film, the liquid phase is sucked from the core flow
into the film. From this assumption, a first transition
criterion for the superficial velocity is established as

oyt = (“’gl))(s—o.n) . (10)

Pg

The second mechanism states that the transition occurs as
soon as detachment (entrainment) from the wall film
begins. It is assumed that the detached droplets fly
through the phase boundary layer of large bubbles at
high speed, destroying them in the process. Entrainment
begins when the criterion is satisfied,

oA 1/4 -

st

K
1/2
o]

In this work, the flow map was based on the volumetric
vapor content and not on the superficial velocities.
Therefore, the critical vapor velocities described pre-
viously must be converted into critical volumetric vapor
contents. With the definition of the superficial velocity

Ny = (12)

Jd =g (13)
=g
PavAn
together with the average density
Pm :8pv+(1 _8>p1 ) (14)

the critical steam content for fulfilling the second transi-
tion criterion can be calculated as

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024
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—Pr

(15)

Ee1/2 = "
Pse — pf o Apdderi 2

Pressure has a great influence on the critical transient
steam volume content. From this we can conclude that
it makes sense to simulate the transition point and not to
set a fixed critical steam content.

IIL.A.6. Interpolation Areas

Two interpolation areas are shown in the flow map (see
Fig. 4). In these areas, both the surface density and the heat
flux models overlap. The interpolation creates a continuous
transition between the two functions. The width of the
interpolation regions is 1% between nucleation and bubble
flow and 2% between churn flow and annular flow. This
work uses the method of logarithmic interpolation as it
approaches the target value of the function faster,

y=nN" (16)

Figure 5 shows the surface density from the two-group
model, the annular flow,""® and the critical transition vapor
content,!"'! and the course of the total surface density result-
ing from the interpolation is shown for two different mass
flows. The second interpolation limit is at the point where the
transition model predicts the transition to annular flow. The
first interpolation limit is at a vapor content that is 2% lower.

lILA.7. Heat Flux
IIl.A.7.a. Bubble Flow

For the evaporation of the bubble flow, a distinction
is made between turbulent and laminar pipe flow. For
laminar and stagnant pipe flow, the evaporation is
described using a bubble growth model.

In this work, the model of Plesset and Zwick,!
based on the theory of thermally limited bubble
growth, was used. This model showed good results

U9 carried out

with the experiments of Dergarabedian
with stagnant liquid. Thus, the use model of Plesset
and Zwick!®! was also justified for a stagnant liquid
phase, despite the relative velocity between the phases.

Bubble growth is written as!!

dr 1 12a7 1
= —Ja ——

dr 2 T\t

For turbulent flow, the semi-empirical model of Avdeev,

(17)

[20]
based on the “surface renewal and penetration” approach,
was used. The following Nusselt correlation was obtained:

Nu = 0.23Re%7Pr%3 403 Re > 10*

0.45
Nu = 2.3Re®#5p0S <&> Re < 10* (18)

Pm

300 : . : : :
=== Shen (m = 0.5 kg/s)
Shen (m = 1.0 kg/s)
250 H Ishii (m = 0.1 kg/s) N
Ishii (m = 1.0 kg/s)
== Transition (m = 0.5 kg/s)
= 200 Transition (m = 1.0 kg/s) J
= e = Interpolation (m = 0.5 kg/s)
X Interpolation (m = 1.0 kg/s)
7]
£ 150F e
el
[
Q
s
5 100
n
50
0 I 1 1 1 1 1
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.0

Steam content

Fig. 5. Representation of interpolation range between two-group model and model for annular flow for two different mass flows
(m" = 0.5 kg/s and m" = 1.0 kg/s). Vertical line represents transition from foam to ring flow.
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where

1 P 2.53
A=— (L ) 19
1—8<pm> (19)

[ILA.7.b. Plug and Churn Flow

There are no model theories and experimental data in
the literature for calculating the heat transfer coefficient
in slug and churn flow. Due to the lack of correlations
and the fact that slug and churn flow is highly turbulent,
the Avdeev model®” was also used here for this flow
range [see Eq. (18)].

l.LA.7.c. Annular/Mist Flow

To calculate the heat flow density in the annular/mist
flow, the annular flow is considered separately from the mist
flow.

Here it is assumed that the heat transfer between the
core flow and the film behaves like the heat transfer from
a single-phase pipe flow to the pipe wall. A widely used
model for this,*" which is used for turbulent pipe flows is

&/e(Re — 1000)Pr

Nu = 3
14 12.71/8% <Pr B 1)

(20)

with the drag coefficient

¢=(1.82logRe — 1.64) > . (21)

For the laminar case, the Nusselt number takes on
a constant value as shown in Ref. [22],

Nu=3.657 . (22)

The critical Reynolds number of 2300 was chosen for
the division between turbulent and laminar flow. In the
transition range (Re = 2300 to 3500), an interpolation is
made between the laminar and the turbulent range. To cal-
culate the Reynolds number, the steam velocity and the core
flow diameter are used as a characteristic measure of length.

The heat transfer between the vapor phase and the
mist flow is calculated according to the empirical
model®! in Eq. (23),

Nu = 2 4 0.74Re*Pr** | (23)

This model is based on optical experiments of an evapor-
ating water droplet in a steam atmosphere, and therefore,
was appropriate for this application.

l11.B. Description of the ATHLET Model

For the modeling of the INTRAVIT experimental setup,
the geometric dimensions of the system were transferred to
ATHLET via the input data set. Figure 6 shows the discre-
tization of the TFD and HECU objects. The basin was
divided into two separate TFD objects. The subdivision

Environment

S

o Riser pipe

Heating pipe

ppgaaa At e

Pool Flowmeter
N

Downcomer —all

Heater “

Fig. 6. Discretization of TFD and HECU objects (shown hatched) of INTRAVIT model with extended riser (not drawn to scale).
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was needed because the six-equation model allows for only
one flow direction per phase at the control volume bound-
ary. In the case of a basin consisting of a single TFD object,
the water could not flow from the riser into the lower control
volume of the basin and at the same time flow out of it into
the downcomer. In addition, temperature stratification in the
basin would be prevented. Due to the subdivision of the
basin, different flow directions of the liquid phase can occur
on the respective sides. The two halves of the pool are
connected via cross connections, which allow a mass flow
perpendicular to the direction of flow. The top of the basin is
connected to the ambient boundary condition (air: P = 1 bar)
via a single control volume.

The remaining pipes are simple TFD objects. To
model the thermal inertia of the system, the TFD objects
were linked to the HECU objects via their perimeter. For
this purpose, the wall thickness of the pipe, the insulation
thickness, and the material data of the materials were
considered. The outside of the insulation was assumed
to be adiabatic. The mass flow meter, which is
a comparatively heavy component, was also mapped
with a corresponding HECU object. The filament was
modeled as a separate HECU object with
a homogeneous heat source located between the heater
tube wall HECU object and the heater tube insulation.

The modeling of the temperature distribution in the
pool, together with the idealized representation of an
adiabatic downcomer, means that an accurate calculation
of the heating pipe inlet temperature was not given. Since
this temperature has a strong influence on the stability of
the temperature at the system, it is important that the
heater tube inlet agrees with the experimental data for
later analysis. To eliminate this source of error in the
model, a heat source was implemented in the downcomer.

The mass flow and the enthalpy in the downcomer
were determined by means of a GCSM signal. The heat to
be supplied, which is required to reach the target tem-
perature, was calculated using a heat balance and fed in
via the heat source. This ensured that the temperature at
the heating tube inlet corresponded to the temperature
profile specified by the user. The Martinelli-Nelson
model was used to calculate the frictional pressure losses
in the two-phase flow. The pressure losses, which were
induced by the fittings, must be specified by the user
using a pressure loss coefficient .

Depending on the system configuration (different
angles of inclination), the pressure loss changes so the
pressure loss coefficients must be adjusted for each config-
uration. The heating power supplied must also be adapted to
the experiments since, in contrast to the experiments, the
model is an idealized adiabatic insulation.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024

The pressure loss coefficient and the heating capacity
were adjusted in such a way that at a relative heating
capacity of 100%, the mass flow and the riser inlet
temperature agreed with the data from the experiments.
The settings for the power supplied and the drag coeffi-
cients remained the same for each individual system
configuration. Between the different simulations, only
the pool temperature and the profile of the downcomer
temperature were adjusted.

Backflow in the system code ATHLET can be simu-
lated. The location of the mass flow meter (located in the
downcomer) was not numerically predicted here. That
does not mean that there may be a backflow in the riser
tube. However, experimentally this cannot be unraveled.

All the submodels forming the nucleation mode do
consider the gravity effect, and hence, the inclination is
considered, which applies also to the conservation equa-
tions in ATHLET.

However, the calculated detachment radiuses of the
bubbles are small compared to the pipe diameter, so the
impact of the inclination of the pipe to bubble generation
is not significant.

A total of four different system geometries were
created in ATHLET: three with different inclination
angles of the heating pipe (0 deg, 60 deg, and 90 deg)
for measurement campaign 1 and one with the 2.5-m riser
pipe from measurement campaign 2. For measurement
campaign 2, simulations were carried out with three dif-
ferent chokes.

IV. RESULTS

IV.A. Simulation of Stable Natural Circulation

The results of the ATHLET simulations for the
stable natural circulation are shown in Fig. 7 together
with the experimental results for the inclination
angles: 5 deg, 60 deg, and 90 deg. The upper row
shows the mass flow in the downcomer, and the lower
row shows the riser inlet temperature. As described
previously, the pressure loss coefficients in the down-
comer and the power supplied were adjusted in such
a way that the results of the simulation matched those
of the experiment as best as possible at the high
heating power.

From Fig. 7 it can be seen that with the selected
pressure loss coefficients, the simulation is in good agree-
ment with the experiment even with the heating capaci-
ties of 60% and 80%. With heat outputs of 20% and 40%,
the mass flow is underestimated and the riser pipe inlet
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Fig. 7. Comparison of simulation results with the experimental data for the single-phase natural circulation with the inclination angles
5 deg, 60 deg, and 90 deg. Upper row shows mass flow in the downpipe, and lower row shows temperature in the riser pipe inlet.

temperature is overestimated. A reduction in the pressure
loss coefficient would achieve the desired effect (higher
mass flow and lower riser outlet temperature). However,
such a change would worsen the simulation results at
higher heating powers. Entering a flow rate—dependent
pressure loss coefficient could help, but this is not
intended in ATHLET. Instability occurs at powers greater
than 80% where the error caused by low powers is not
taken into account.

The simulation underestimates the transient range from
the point at which the power increases until equilibrium is
reached. Thus, the simulation reaches an equilibrium point
much sooner. The transient range could be extended by add-
ing thermal mass. This is not necessary here, since only the
oscillations toward the end of the respective power levels are
considered in the subsequent analysis of the instabilities.

Another difference between the simulation and experi-
ment can be seen right at the beginning. Especially in the
simulation with an inclination angle of 5 deg, a strong over-
shoot can be observed both in the mass flow and in the
temperature curve.

This overshoot is due to the initial condition. During
the test, the system was already in motion at the begin-
ning, whereas the system was at rest during the

@ANS

simulation since the initial temperatures were the same
everywhere. Only when the heating pipe heats up and
inclines does the circulation slowly start to move, since at
this point in time there is only a temperature difference
within the heating pipe that can drive the system. The
water in the heating pipe heats up more because the flow
is initially slow. Once the warm water is in the riser, the
circulation accelerates, leading to the overshoot. This
effect is smaller, the greater the angle of inclination,
since the greater the angle of inclination, the greater the
driving force.

IV.B. Simulation of Unstable Natural Circulation

Based on the simulations of stable natural circulation,
only the pool temperature and the course of the downcomer
temperature were adjusted for the simulation of the unstable
natural circulation. The rest of the settings remained
unchanged. A total of nine operating points in the unstable
range were simulated, five of them from measurement
campaign 1 and four from measurement campaign 2. The
simulation results with the standard model and those with
the modified evaporation model were compared with the
experimental data for the selected operating points.
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An overview of the simulation results for all simulated
operating points is listed in Table 1. The table shows selected
parameters to describe the instabilities of the simulations
and the experiment as well as their relative errors. The
frequency of the maximum mass flow peaks, the average
maximum mass flow peak, and the arithmetic mean over the
mass flow are displayed as parameters. To calculate the
arithmetic mean, the quotient of the integrated mass flow
and the integration interval were formed. The tests from
measurement campaign 2 without an aperture and with the
7-mm aperture at P,,; = 80% are not shown, since only one
or two oscillations occurred with the instabilities, and there-
fore, no meaningful parameters could be determined.

Figure 8 shows the results of the second measurement
campaign (rising pipe: 2.5 m, P,,; = 100%). The temperature
distribution in the riser pipe is shown in the contour diagrams.
For the comparability of the experiments with the simula-
tions, the diagrams for the simulations only contain the tem-
perature data at the positions where a sensor is also present in
the experiment. These positions are marked with black lines
on the ordinate. The mass flow curves are shown in Fig. 8d.
The unstable behavior in the experiment develops only from
t= 8700 s. In the experiment, first three and then two separate
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mass flow peaks form per period. Also, the simulation with
the modified model shows a separated peak structure with
amore intense peak followed by a weaker one. Two peaks can
also be seen in the standard model, but these are not as
pronounced. The contour diagrams show that the temperature
level during the warmup phase is higher in the simulations
than in the experiment, which explains the early occurrence of
the instabilities. Another striking feature is the prediction of
the water that returns from the basin.

Figure 9 shows the results for geysering instability at
maximum heating power and an aperture of 7 mm. The
mass flow signals do not show any major differences between
the two models. Compared to the experiment, the mass flow
peak is overestimated in the simulation, and the simulations
do not show any backflow in the downcomer. The increase in
the mass flow, i.e., evaporation, also runs faster in the simula-
tions. Comparing the contour plots, shortly after the mass
flow peak in the modified model, like the experiment, the
backflow at the condensation hit falls deeper into the riser
than in the standard model. Since there is a backflow through-
out the circuit during the experiment, the cold fluid stagnates
in the riser pipe at times. Another difference can be seen
during the outburst, where the standard model underestimates
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Fig. 8. Contour plots comparing simulation results of (a) modified evaporation model and (b) standard evaporation model with
(c) experimental results and (d) mass flow rate for experiment with extended riser without choke at P,.; = 100%.
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Fig. 9. Contour plots comparing simulation results of (a) modified evaporation model and (b) standard evaporation model with
(c) experimental results and (d) mass flow rate for experiment with extended riser and 7-mm choke at P,.; = 100%.

the outburst duration and the fluid temperature (marker A).
Furthermore, in the standard model, larger temperature fluc-
tuations over time can be seen at the riser pipe inlet (mar-
ker B).

The characteristics summarized in Table I show
better values for the modified evaporation model in
this simulation. Especially, the integral mass flow
shows very good results with the modified evaporation
model.

From the results presented in Table I, no clear tenden-
cies toward preference of the standard model or the mod-
ified evaporation model can be determined for the test cases
simulated here. The standard model is advantageous for
predicting the maximum mass flow peak. The modified
evaporation model, on the other hand, predicts the fre-
quency of the instabilities better, especially for geysering.

However, an undoubted advantage of geyser forecasting
is applied in cases using a modified model; for example, for
engineering calculations of natural circulation circuits where
it is necessary to avoid pulsations and geysering or to predict
them, to maintain the strength characteristics of pipes, col-
lectors, and their connections.
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Figure 10 shows the pressure curves for the tests from
measurement campaign 2 without an aperture (Fig. 10a), with
a 9-mm aperture (Fig. 10b), and with a 7-mm aperture
(Fig. 10c) from the simulations of both evaporation models
and the experimental results. Since the pressure sensors are
read with £'= 1000 Hz in the experiment, the frequency with
which the data were written out during the simulations was set
to 1000 Hz to detect the short-term pressure peaks to allow
comparison of the data. A logarithmic ordinate was used here
for a better representation of the entire pressure range.

For the operating point (Fig. 10a), both the simulations
and the experiment show two consecutive peaks with
decreasing amplitude. Both times the peaks are underesti-
mated in the simulations, with the simulation using the mod-
ified model coming closer to the experiment. The constant
pressure curve between the two peaks is also shown better
here. However, both simulations do not show the small con-
densation shocks that occur in the experiment.

For the 9-mm aperture, only very small pressure peaks
can be seen in the simulation with the standard evaporation
model, whereas the pressure peaks with the modified eva-
poration model are around 1 bar. In the experiment, the
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Fig. 10. Pressure curves during instabilities at P,,; = 100% for experiments from second measurement campaign. Exp. is
experimental data, Std. is standard evaporation model, and Mod. is modified evaporation model.

pressure peaks are between 0.5 bar and 0.7 bar. However, it
should be noted that during one period in the experiment,
two separate peaks occur and so the discharge of the vapor is
divided between them, which leads to smaller condensation
hammers in the experiment. In case (c), where geysering
occurs, the condensation hammers are again very small with
the standard evaporation model. The modified evaporation
model also shows higher pressure values of up to 0.8 bar
here. In the experiment, the maximum measurable pressure
of 2.5 bar is exceeded in this case. In summary, it can be said
that, compared to the standard evaporation model, the simu-
lations with the modified evaporation model were better able
to predict the condensation hammers.

V. CONCLUSION

This paper discussed natural circulation modeling using
the ATHLET system code. To this effect, a special
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INTRAVIT test facility was built at the University of
Luxembourg to carry out tests at various thermal loads and
various angles of the condenser tube from 5 to 90 deg. An
analysis of the existing evaporation model in ATHLET
showed that it is only a very simplified representation of the
physical processes that occur. In the paper, along with an
analysis of the literature on existing evaporation models,
a modified evaporation model was proposed that offers
a realistic description of various evaporation processes. It
describes the onset of bubble formation using a nucleation
model. In addition, a model for calculating the surface density
was introduced, which is necessary for simulating
evaporation.

In total, five different test configurations were created
in ATHLET with the help of which several experiments that
were simulated for stable and unstable natural circulation.

It was shown that the simulation results were in good
agreement with the experimental data for stable natural cir-
culation. For unstable natural circulation, the calculations of
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the standard evaporation model and the modified evaporation
model were compared. Based on the simulated test cases, it
was not possible to determine a trend in favor of one of the
two evaporation models. In terms of frequency determina-
tion, the modified evaporation model performed better, while
the standard evaporation model was better at predicting the
maximum mass flow rate of the instabilities. The simulation
of the pressure peaks of the resulting condensation hammers
was better calculated with the modified evaporation model.

Simulations with the one-dimensional system code
ATHLET showed deviations for an accurate simulation of
the instabilities with both the standard evaporation model and
the modified evaporation model. To more accurately repre-
sent the nature of the transient three-dimensional flow struc-
tures, three-dimensional computational fluid dynamics codes
could be used in the future. To validate these simulations,
INTRAVIT, together with a possible integration of grid sen-
sors, represents a suitable test facility.

Nomenclature

A; = surface density (1/m)

a = thermal diffusivity (m%/s)
C,; = drag coefficient
d = diameter (mm)
f = frequency (Hz)
g = gravity acceleration (m/s%)
J = nucleation rate (1/m)
Ja = Jakob number
m" = mass flow (kg/s)
Nu = Nusselt number
n = volume-specific number (1/m)
P = pressure (Pa)
Pr = Prandtl number
Re = Reynolds number
r = radius (mm)
T = temperature (K)
t = time (s)
W = velocity (m/s)
Subscripts and Superscripts

av = average

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024

BL = boundary layer
b = bubble
¢, crit = critical
det = detachment
f = fluid
fls = flashing
geys = geysering
h = hydraulic
NS = nucleation sites
rel = relative
st = steam
sup = superheated
w = wall
Greek
a = heat transfer coefficient (W/m?K)
S = inclination angle (deg)

¢ = pressure loss coefficient

o7}

= thickness (mm)

A = thermal conductivity (W/m-K)
0 = contact angle (deg)

u = dynamic viscosity (Pa-s)

¢ = volume vapor content

v = cinematic viscosity (m?/s)

p = density (kg/m’)

Q

= surface tension (Nm)
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