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 i g  h  l  i  g  h  t  s

Low quality,  natural  circulation,  and  self-pressurized  nuclear  reactors  are  modeled  analytically.
The  feedbacks  resulting  from  the  interplay  of the acting  phenomena  are  analyzed.
By decreasing  the nuclear  power  the  core  inlet  enthalpy  increases.
The  mass  flow  has  to be regulated  to set  it  within  a certain  range  in  order.
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a  b  s  t  r  a  c  t

The  interwoven  phenomena  involved  in  a  prototypical  self-pressurized  natural  circulation,  low  thermo-
dynamical  quality  nuclear  reactor  such  as  CAREM-25  are  analytically  presented.  These phenomena
present  many  differences  with  traditional  light  water  nuclear  power  plants.  The  dependence  between
mass  flow  and  core  inlet  enthalpy  on  generated  power  is  found.  The  need  of  tuning  the  mass  flow  rate  in
accordance  to the  design  value  is  found  to be important  in order to  keep  the  thermal  margin  and  the heat
transfer  coefficients  in  the steam  generators.  The  influence  of  condensation  in structures  or  walls  in the
upper  dome  on  the  two-phase  boundary  is  also studied.  The  dynamic  consequences  of  all  these  results

are  therefore  discussed.  A numerical  code  is then  used  to verify  the  aforementioned  findings  and  to test
the  validity  of  the modeling  approximations.  From  the  results  it is clear  that  the  way  the  phenomena
interact  causes  the  resulting  dynamics  in  CAREM-25  to be substantially  different  from  that  existing  in
reactors  such  as  PWRs,  BWRs  and  also natural  circulation  BWRs.  It  is thus  clear  that  the  combination  of
different  effects  makes  CAREM-25  behavior  impossible  to be extrapolated  from  existing  knowledge  and
accumulated  experience.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Increases in nuclear power plant unit capacity have been pro-
oted to take advantage of economies of scale while further

nhancing safety and reliability. As a result, more than 400 units
f nuclear power plants are playing an important role in electric

ower generation. Currently, the next generation nuclear reactors
ith ∼1700 MWe  are already available for construction. However,

he future of nuclear power generation looks uncertain because
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029-5493/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.nucengdes.2012.09.005
of increasing competition with other sources of power genera-
tion in the deregulated market in spite of the fact that nuclear
power generation is generally recognized as an attractive option
from the viewpoints of energy security and environment protec-
tion. Furthermore, the factors, such as stagnant growth in the recent
electricity demand, limitation in electricity grid capacity and the
desire to minimize financial risk by limiting the initial investment,
will not be in favor of large plant outputs. Nuclear power plants
that can be easily adopted in any country are required in order to
globalize nuclear power generation for greenhouse effect mitiga-

tion.

CAREM-25 is an Argentine project aimed to achieve the devel-
opment, design and construction of an innovative, simple and
small Nuclear Power Plant (NPP). This nuclear plant has an

dx.doi.org/10.1016/j.nucengdes.2012.09.005
http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
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Nomenclature

A reference cross section in the loop (m2)
CP heat capacity (kJ/kg)
D diameter (m)
F distributed friction coefficient
f force (kg m/s2)
g  gravity acceleration (m/s2)
G mass flux (kg/m2 s)
h enthalpy of the liquid (kJ/kg K)
k localized friction coefficient
K single friction coefficient
L length (m)
ṁ coolant flow in the circuit (kg/s)
P pressure at the steam dome (Pa)
q power flux (W/m2)
Q power (W)
T temperature (K)
v local fluid velocity (m/s)
z refers to position within the loop (m)

Greek letters
ˇ  expansion coefficient (1/K)
� flashing-boiling boundary length (m)
� density (kg/m3)
� thermo-dynamic equilibrium quality

Subscripts
0 reference value
Buoy buoyancy
Cond condensation in the steam dome
Ch chimney section
Cr critical
E exit location
fg liquid vapor phase change
fric friction
I inlet location
L liquid at saturation
Nuc core section
Sat saturation
Sys system, entrance of the cooled section
SG steam generators

i
t
h
o
r
s
C
c
a
i
s
o
i
r
p
p
d
r
d
p

V vapor at saturation

ndirect cycle reactor with some distinctive and characteristic fea-
ures which greatly simplify the design, and also contributes to a
igher safety level. Some of the high-level design characteristics
f the plant are: an integrated primary cooling system, natu-
al circulation as the only mean of cooling the reactor core and
elf-pressurization of the primary system. The pressure value in
AREM-25 is achieved by balancing the vapor production in the
ore plus chimney sections (by means of boiling and flashing effect)
nd the condensation of vapor in contact with cold structures
n the upper steam dome. The CAREM-25 concept was first pre-
ented in March 1984 in Lima, Peru, during the IAEA conference
n small and medium size reactors. CAREM-25 was, chronolog-
cally, one of the first designs of the present new generation of
eactor. The first step of this project is the construction of the
rototype of about 27 MWe  (CAREM-25). The design basis is sup-
orted by the cumulative experience acquired in research reactors

esign, construction and operation, and pressurized heavy water
eactors (PHWR) nuclear power plants operation as well as the
evelopment of advanced design solutions (Gomez, 2000; IAEA, in
ress). CAREM-25 has been recognized as an International Near
nd Design 254 (2013) 218– 227 219

Term Deployment (INTD) reactor by the Generation IV Interna-
tional Forum (GIF).

The phenomenology of low quality natural circulation systems
has been analyzed both in a theoretical and in an experimental
way by several authors (Su et al., 2001, 2002; Marcel et al., 2009).
Despite these valuable works, none of such investigations stud-
ied the case of self-pressurized systems as the one presented in
the present article. In addition, different small integrated reac-
tor designs exist, some of which are (partially) cooled by natural
circulation low equilibrium quality flows, which phenomenology
was extensively discussed in different works (Gou et al., 2006;
Kusunoki et al., 2000; Iida et al., 1994; Lee et al., 2000). What makes
CAREM-25 design different, however, is the fact it does not have
any active system in order to control the system pressure. Due
to this, the interwoven phenomena involved in CAREM-25 reactor
promote a behavior which is different than that from other more
traditional light water nuclear power plants (including the afore-
mentioned designs). Such a difference has strong consequences in
the reactor thermal–hydraulics as it has been pointed out in pre-
vious works (IAEA, in press; Delmastro, 2008). In this paper the
thermal–hydraulic behavior of a natural circulation, low thermo-
dynamic quality, self-pressurized, integrated reactor is thoroughly
analyzed in both analytical and numerical ways.

2. The CAREM-25 reactor

CAREM-25 is an indirect cycle reactor with some distinctive fea-
tures that greatly simplify the design and also contributes to a high
safety level. Some of the high-level design characteristics are:

• Integrated primary cooling system (i.e. the primary circuit and the
steam generators are located entirely within the reactor pressure
vessel (RPV)).

• Self-pressurized.
• Natural circulation.
• Safety systems relying on passive features.

Despite these features, as an innovative reactor, the interac-
tions between present phenomena need to be analyzed in depth
in order to guarantee a safe operation in all range. In particular,
this document deals with the basic thermal–hydraulic phenomen-
ology present in the reactor and some parameters which may  be of
importance to the thermal–hydraulic stability.

2.1. Primary circuit and its main characteristics

The CAREM-25 nuclear power plant design is based on a light
water integrated reactor. The whole high-energy primary system,
core, steam generators, primary coolant and steam dome, is con-
tained inside a single pressure vessel.

In CAREM-25 the flow rate in the reactor primary system is
achieved by natural circulation. Fig. 1 shows a diagram of the nat-
ural circulation of the coolant in the primary system. Water enters
the core from the lower plenum. After being heated, the coolant
exits the core and flows up through the chimney to the upper dome.
In the upper part, water leaves the chimney through lateral win-
dows to the external region. It then flows down through modular
steam generators, decreasing its enthalpy. Finally, the coolant exits
the steam generators and flows down through the downcomer to
the lower plenum, closing the circuit. The driving force obtained by

the differences in the density along the circuit is balanced by the
friction and form losses. In this way  the adequate flow rate estab-
lishes in the core in order to have the sufficient thermal margin to
critical phenomena. Coolant natural circulation is produced by the
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Fig. 1. The CAREM-25 reactor – schemati

ocation of the steam generators above the core. Coolant also acts
s neutron moderator.

Self-pressurization of the primary system in the steam dome
s the result of the liquid–vapor equilibrium. The large vapor vol-
me  in the RPV acting as an integral pressurizer, also contributes
o the damping of eventual pressure perturbations. Due to self-
ressurization, bulk temperature at core outlet corresponds to
aturation temperature at primary pressure. In this way, typical
eaters present in conventional PWRs are eliminated.

.2. Primary components

Twelve identical ‘Mini-helical’ vertical steam generators, of the
once-through” type are placed equally distant from each other
long the inner surface of the Reactor Pressure Vessel (RPV). They
re used to transfer heat from the primary to the secondary circuit,
roducing superheated dry steam at 4.7 MPa. The secondary sys-
em circulates upwards within the tubes, while the primary coolant

oves in counter-current flow. Due to the low liquid velocity in
he upper plenum and the large cross sectional area for flow cir-
ulation, carry under is not considered to occur in the simplified
nalysis presented in this work.

In order to achieve a mostly uniform pressure-loss and super-
eating on the secondary side, the length of all tubes is equalized.

Due to safety reasons, the steam generators are designed to
ithstand the primary pressure without pressure in the secondary

ide and the whole live steam system is designed to withstand
rimary pressure up to isolation valves (including the steam out-

et/water inlet headers) in case of SG tube breakage.

.3. Operating characteristics

Different flow rates of coolant are produced in the primary sys-
em according to the power generated (and removed through the
G’s). Numerical simulations have showed under different power
ransients a self-correcting response in the flow rate is obtained
Delmastro, 2000).

Due to the self-pressurizing of the RPV (steam dome) the sys-

em keeps the pressure very close to the saturation pressure. At all
perating conditions this has proved to be sufficient to guarantee

 remarkable stability of the RPV pressure response. The control
ystem is capable of keeping the reactor pressure practically at the
 of the flow circulation and general data.

operating set point through different transients, even in case of
power ramps.

The negative reactivity feedback coefficients and the large
water inventory in the primary circuit combined with the self-
pressurization features make this behavior possible with minimum
control rod motion.

3. Phenomenology involved in the CAREM-25 reactor
thermal–hydraulics

The physics involved in the CAREM-25 reactor includes differ-
ent well known phenomena including self-pressurization, flashing,
natural circulation, condensation, density wave instabilities, neu-
tronic coupling, etc. The combination of these, however, creates
numerous feedbacks which influence the reactor dynamics creating
novel situations which are potentially destabilizing and therefore
need to be investigated in depth (IAEA, in press).

In this paper, different aspects of the aforementioned
phenomena which will contribute to the understanding of the
CAREM-25 reactor behavior are described. In this analysis no sub-
cooled boiling is assumed.

3.1. Single-phase natural circulation

In CAREM-25 reactor the steam quality is very low and therefore
the largest contribution driving term in the momentum balance is
due to single-phase buoyancy forces. In particular, in the simplified
analysis developed in this section, the following assumptions are
considered:

• Only single-phase natural circulation is considered.
• The Boussinesq approximation is considered to be valid.
• The heat flux is uniform regarding the axial direction.

The coolant flow in a natural circulation loop is driven by a differ-
ence in the density profile between the upwards and downwards
legs of the circuit. Formally, the so-called buoyancy force can be

defined in terms of the following integral along the circuit:

Fbuoy =
∮

A�(s)g cos �ds (1)
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Fig. 2. Schematic of the considered closed circuit representing CAREM-25.

The integration variable s is a curvilinear coordinate along the
ircuit and � is the angle formed by the versors š and ž, which
orrespond to the flow direction and the gravity, respectively.

In CAREM-25 reactor since the flow velocity and its derivative
re very small at any condition, the inertial component of the pres-
ure drop is negligible. Due to this, the pressure drop component
hich compensates the buoyancy force in the system is due to

riction losses (including pressure losses due to flow path changes
nd secondary flows that are induced). The stationary condition is
herefore reached when buoyancy forces are balanced with friction
orces.

In order to estimate the flow rate it is necessary to estimate
hese two forces in terms of the relevant physical and geometrical

agnitudes. To simplify such a calculation let us assume a closed
oop in which only one phase is present, with a uniformly heated
ection placed at the bottom of the upwards branch and a uniformly
ooled section located at the top of the downwards branch, with all
ther sections isolated (see Fig. 2).

The length of the heated and cooled sections is L1 and L2, respec-
ively while L is the vertical distance existing between these two
ections. A is the reference cross sectional area of the circuit. The
uoyancy force for the steady state condition in this circuit is found
y solving the integral in Eq. (1).

buoy = Ag[− �̄L1 − �lL − �lL2 + �̄L2 + �iL + �iL1] (2)

here �i and �i are the fluid density at the inlet and outlet of the
eated part, respectively and �̄ is the corresponding average. Eq.
2) can be rewritten as

buoy = A��g
(

L + L1 + L2

2

)
(3)

here ��  = �i − �l
The total power QNuc entering the system must be equal to the

oolant enthalpy change in the core �h  times the mass flow rate
˙ , mathematically,

Nuc = ṁ(hNuc,e − hNuc,i) = ṁ�h  = ṁcp�TNuc (4)
here the fluid temperature changes are related with den-
ity changes through the thermal expansion coefficient ˇ: ��  =
lˇ�RNuc . For simplicity the Boussinesq approximation is assumed.
Fig. 3. The relation existing between the mass flow rate and the core power as

predicted by Eq. (8) which is of the form ṁ ∝QNuc
1⁄3. The figure also shows the

enthalpy increase in the core as a function of the core power predicted by Eq. (9).

By replacing and operating it is easy to find the buoyancy
force term.

�� = QNuc
ˇ

ṁcp
⇒ Fbuoy = A

QNuc

ṁ

gˇ�l

Cp

[
L + L1 + L2

2

]
(5)

The friction losses can be estimated as

Ffric = A

⎡
⎢⎣∑

f
L

2D
�v2

︸  ︷︷  ︸
distributed

+
∑ 1

2
k�v2

︸  ︷︷  ︸
concentrated

⎤
⎥⎦ ≡ K

ṁ2

2�lA
(6)

where v is the local velocity and f and k are distributed and con-
centrated friction factors, respectively. To simplify the analysis a
single friction coefficient K is defined which condenses the two
aforementioned effects and relates Ffrict with ṁ2.

The steady state condition is reached when:

A
QNuc

ṁ

g�lˇ

cp

[
L + L1 + L2

2

]
= K

ṁ2

2�lA
⇒ ṁ3

= QNuc
2A2g�l

2ˇ

Kcp

[
L + L1 + L2

2

]
(7)

Finally, it is possible to obtain the desired relation as (IAEA, in
press)

ṁ = 3

√
2A2QNucg�l

2ˇ

Kcp

[
L + L1 + L2

2

]
(8)

From Eq. (8) it is clear the relation between the power and the
mass flow rate is not linear.

By using Eqs. (8) and (4) the enthalpy increase in the core section
can be obtained.

hNuc,e − hNuc,i = �h = QNuc

ṁ
= 3

√
KcpQ 2

Nuc

2A2g�l
2ˇ

[
L + L1 + L2

2

]−1
(9)

In order to clarify the relations given by Eqs. (8) and (9),  Fig. 3 is
constructed by using typical CAREM-25 values at rated conditions.

3.2. The self-pressurization mechanism
In order to have a constant pressure during CAREM-25 normal
operation, some vapor needs to be created inside the RPV. Let us
assume for a while, the vapor generation rate is larger than the con-
densation rate. Under such a condition, the saturation enthalpy of
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he liquid increases, decreasing the vapor generation rate, which in
urn decreases the system pressure. In addition to this effect, the
ondensation rate is also expected to increase due to the increase
n the fluid saturation temperature. Such feedback mechanisms
herefore tend to maintain the pressure constant.

Assuming that no carry under is present, the vapor generated in
he hot leg of the circuit is condensed before entering the cooling
evices.

The heat losses occurring in the reactor pressure vessel (except
he steam dome) are much smaller than the rest of the power terms
nvolved in the system and therefore they can be neglected.

In this way, the energy balance for the entire circuit at steady
tate yields

Nuc = QSG + QCond (10)

here QSG is the power extracted by the cooling devices (i.e. the
team generators) and being QCond the power related with vapor
ondensation. It needs to be emphasized that for most conditions
Nuc � QCond.

The heat balances in the heated and cooled sections yield

Nuc = ṁ(hNuc,e − hNuc,i) (11a)

SG = ṁ(hsat − hSG,e) = ṁ(hsat − hNuc,i) (11b)

By replacing Eqs. (11) into (10) we finally obtain an expression
or the condensation power QCond:

Cond = ṁ(hNuc,e − hsat) (12)

Such a condensation takes place in the upper part of the reactor
nd is a direct consequence of the heat losses and the interaction
f the vapor with cold structures present in the steam dome such
s those from the reactivity control mechanism.

Eq. (9) combined with Eqs. (12) and (8) can be used to find an
xpression for the core inlet enthalpy hNuc,i,

Nuc,i = hsat − (QNuc − QCond) 3

√
Kcp

2A2QNucg�l
2ˇ

[
L + L1 + L2

2

]−1
(13)

From this result it can be observed that in a self-pressurized,
atural circulation such as CAREM-25, the core inlet enthalpy can-
ot be controlled directly but it is a result of the combination of the
roduced and condensed power in the system.

Eq. (9) can be used to calculate the mean enthalpy in the reactor
ore, h̄Nuc , thus

¯
Nuc = hNuc,e + hNuc,i

2
= 1

2
3

√
KcpQNuc

2

2A2g�l
2ˇ

[
L + L1 + L2

2

]−1
+ hNuc,i

(14)

Replacing Eq. (13) into Eq. (14) the mean core enthalpy is
btained in terms of the produced and condensed powers.

¯
Nuc = hsat −

(
QNuc

2
− QCond

)
3

√
Kcp

2A2QNucg�l
2ˇ

[
L + L1 + L2

2

]−1

(15)

For CAREM-25 conditions (QNuc � QCond) Eq. (15) indicates that
hen decreasing the power level while maintaining all other
arameters constant, the mean enthalpy in the core approaches to
he saturation value, which indicates the core is hotter at low power
evels than at nominal condition. This result is quite anti-intuitive
nd reveals a different behavior of CAREM-25 reactor compared to

onventional nuclear pressurized water reactors (PWRs). In such
eactors, a lower power level is associated to a lower value of the
ore enthalpy exit while the core inlet enthalpy is roughly con-
tant. In CAREM-25 reactor the core exit enthalpy is very close to
Fig. 4. Critical heat flux vs. mass flux for two  different thermo-dynamical quali-
ties obtained from the Lookup Tables. The region of interest for CAREM-25 reactor
operating at nominal condition is also showed.

the saturation enthalpy at all conditions and a lower power level is
associated to a higher core inlet enthalpy.

3.3. Limitations in the coolant mass flow rate

In a self-pressurized, natural circulation reactor such as CAREM-
25, the uncertainties related to the prediction of the resulting
coolant mass flow rate need to be carefully studied. In particular,
two extreme cases might occur (IAEA, in press):

(a) The total friction in the system might be overestimated.
(b) The total friction in the system might be underestimated.

In case (a) if K is overestimated it might happen that friction in
reality is much smaller than estimated. This could have undesired
consequences from the thermal margin point of view and deserves
a special attention.

It is well known that two of the most crucial parameters influ-
encing the critical heat flux (CHF) are the local quality � and the
mass flux G flowing through the channel.

The CAREM reactor operates in a particular region of the critical
heat flux, qcr vs. G curve which is characterized by the fact when
increasing the mass flux G, the critical power is decreased. In order
to clarify this behavior, the following figure, for relevant CAREM
conditions, is constructed by using the Lookup Tables 1986 (LUT)
(Groeneveld et al., 1986). Although such a trend is not fully under-
stood, the most accepted explanation is as follows. At low mass
flux the bubble dynamics is driven by buoyancy and the bubbles
tend to go faster than the liquid. Near the wall, where there is a sig-
nificant liquid velocity gradient, the bubbles flow faster than the
liquid, which results in bubble rotation which in turn gives a lat-
eral force to the bubbles away from the wall (which enhances the
CHF). At higher velocities, where buoyancy becomes less impor-
tant, the bubble velocity lags that of the liquid. In the near wall
region, where the velocity gradient is largest, the velocity gradient
again results in a bubble rotation but this time the bubbles rota-
tional velocity is opposite to the case where buoyancy dominates.
As a result the bubbles want to move toward the wall, which will
result in bubble clouding effect, which lowers the CHF (Groeneveld,
2012).
Fig. 4 also shows that when increasing the local quality � the
critical heat flux qcr decreases.

In CAREM reactor the mean thermodynamic quality in the reac-
tor core can be used to characterize the occurrence of critical heat
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ux. Eqs. (8) and (15) can be used to find the mass flux G, and the
ean quality in the core �̄ respectively, resulting:

 = 3

√
2QNucg�l

2ˇ

AKcp

[
L + L1 + L2

2

]
(16)

¯  = −QNuc + 2QCond

2hfg

3

√
Kcp[2L + L1 + L2]−1

4A2QNucg�l
2ˇ

≈ −Q 2/3
Nuc

2hfg

3

√
Kcp[2L + L1 + L2]−1

4A2g�l
2ˇ

(17)

From Eqs. (16) and (17) it is clear that if the real friction in the
ystem is lower than the estimated value (represented by the fac-
or K), both, the mass flux and the mean quality increases (i.e. the

ean quality becomes less negative), causing the thermal margin
o reduce. For this reason it is of great importance to fix a maximum

ass flow rate in CAREM reactor.
In case (b) on the contrary, if the friction is largely underesti-

ated, the resulting mass flow rate will be smaller than expected.
his might imply the steam generators need to be able to cool down
he flow beyond the designed values (see Eq. (11b)). It may  there-
ore occur that the steam generators are not able to evacuate the
rescribed power.

From this simple analysis it is clear that for a given power the
ass flow rate must remain in a certain range in order to avoid any

ndesired consequence in the system. In order to eliminate devi-
tions of the obtained mass flow rate regarding the design value,
pecial pressure drop devices located at the core inlet location will
e adjusted during commissioning of the reactor.

.4. Density wave instabilities

The highly complex phenomena occurring in nuclear reactors
ooled by two-phase flows have motivated extensive research
rograms in the past with a strong emphasis in stability stud-

es. As a result of these, important knowledge has been generated
hich helped to understand the main instability mechanisms.

or instance, it is known that the most important instabilities
n currently operating Boiling Water Reactors (BWRs) are purely
hermal–hydraulic and coupled neutronic–thermal–hydraulic
nstabilities (Bouré et al., 1973; Lahey and Moody, 1979). These
nstability types are basically induced by the ‘density-wave’ char-
cter of the two-phase flow in the coolant channels.

It is usual to divide the density wave oscillations (DWOs) into
wo main instability types: Type-I instabilities induced by the
ravitational pressure drop term, and Type-II instabilities due to
rictional pressure losses.

The Type-I instability mechanism usually becomes dominant in
atural circulation reactors operating at low quality flows, e.g. dur-

ng BWRs start-up and in novel reactors such as CAREM-25. Under
hese conditions, the mass percentage of steam, i.e. the flow quality,
t the core exit becomes very small. For small flow qualities (and
articularly at low pressures) the volumetric amount of steam (the
oid fraction) increases very rapidly as a function of the flow qual-
ty. A small decrease in the core inlet flow then leads to a large
ncrease of the volume of steam produced at the core exit. In a nat-
ral circulation reactor, this causes a low-density wave traveling
hrough the chimney. This enhances the driving head, and the inlet
ow therefore increases. Then the opposite process occurs, and the

oid fraction in the chimney decreases. Consequently, the driving
ead becomes smaller, and the flow rate therefore decreases. This
ompletes one cycle of a Type-I oscillation. The main time constant
overning this type of DWO  is the transit time of the voids through
Fig. 5. Schematic of a CAREM-25 reactor and the occurrence of flashing.

the chimney section (∼5 to 15 s) (Fukuda and Kobori, 1979; Marcel,
2007; Marcel et al., 2008 Nov).

3.5. The flashing phenomenon

In CAREM-25, besides some vapor created in the core (the vapor
quality at the exit of such a section is practically zero), an important
amount of vapor is created by the so-called flashing phenomenon
occurring in the chimney.

The natural circulation CAREM-25 reactor can be represented as
a loop, (see Fig. 5), with a cold section (the downcomer), a heated
section (the core), an adiabatic section (the chimney) and a heat
exchanger. As shown before, density differences between the cold
and hot legs cause the water to flow without using pumps. Natural
circulation is thus enhanced in this type of reactor by using a tall
chimney.

As the heated coolant flows upwards, the hydrostatic pressure
will decrease. Hence, the saturation temperature will also decrease.
If the saturation enthalpy becomes equal to the (constant) fluid
enthalpy in the chimney, vapor creation by flashing occurs – i.e.
boiling out of the heated reactor core (see Fig. 5). This ex-core boil-
ing is enhanced as the reactor pressure decreases because at lower
pressure the saturation enthalpy is more dependent of the axial
position. In the particular case of the CAREM-25 reactor the flashing
phenomenon is crucial for the stability analysis in both, the reactor
start-up, i.e. at low pressure, and at nominal conditions. This is due
to the fact the most unstable mode is due to low quality density
waves traveling through the reactor chimney in which the vapor
creation in this section is of great importance.

Let us add the flashing mechanism to the closed loop model
described previously.

The fluid entering the cooling section (representing the steam
generators) is assumed to be saturated. In addition, the coolant
leaves such a section (i.e. it enters the heated section) with an
enthalpy hNuc,i. The enthalpy of the fluid leaving the reactor core
is hNuc,e.

Pressure in the system will vary along the vertical direction due
to the hydrostatic pressure decrease and friction losses (the acceler-

ation and inertial contributions are small and thus not considered).
Let us call PSys the pressure at the highest part of the circuit which
coincides with the pressure at the entrance of the cooled section.
Neglecting the friction contribution in the chimney section (which
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exit thermo-dynamic quality is zero, i.e. the coolant is saturated
there.

Table 1
CAREM-25 reference values at nominal conditions with �e = 0.

Symbol [unit] Chimney inlet Chimney outlet

Position Z (m) 0 4.6
Hydrostatic pressure P [MPa] 12.25 12.22
24 C.P. Marcel et al. / Nuclear Engine

epresents less than 5% of the total pressure drop), the pressure as
 function of the axial location is given by

(z) = PSys + �lgz (18)

here z is the distance from the top of the heated section. As can
e noted the density is assumed constant along the hot leg above
he heated section. This axial pressure variation causes a variation
f the saturation enthalpy along z. This can be expressed as

Sat(z) = hSat(P(z)) = hSat(PSys + �gz) (19)

Taking a first order approximation in the enthalpy variation

sat(z) = hSat(PSys) + ∂hSat

∂P

∣∣∣∣
P=PSys

�lgz (20)

The onset of flashing will take place at the value of z = � in the
ot leg that satisfies the following equality

Sat(�) = hNuc,e (21)

ith � being the flashing boundary measured from the chim-
ey top. The condition that the fluid is at saturation point at the
ntrance of the cooled section has certain implications. Since no
arry under of bubbles is present, all vapor needs to be condensed
efore entering the cooled section. Such phenomenon occurs in
AREM-25 reactor in the upper dome zone. In other words, the
xcess of enthalpy over the saturation value (at the chimney exit)
s evacuated through condensation in the steam dome walls or
ther structures of the vapor originated by flashing (and boiling,
f present). It is assumed that the mass of condensed fluid in the
ome flows back into the liquid region at saturation enthalpy. The
uid which remains liquid during flashing is also assumed to be at
aturation condition at local pressure.

The energy balance for the entire circuit at steady state, as pre-
ented before is thus modified accordingly.

Nuc = QSG + QCond (22)

The heat balances in the heated and cooled sections are now

Nuc = ṁ(hNuc,e − hNuc,i) (23a)

SG = ṁ(hSat(PSys) − hSG,e) = ṁ(hSat(PSys) − hNuc,i) (23b)

By replacing Eqs. (23) into (22) we obtain an expression for the
ondensation power Qcond in the case the flashing effect is consid-
red.

Cond = ṁ(hNuc,e − hSat(PSys)) (24)

We can now use Eqs. (20), (21) and (24) to evaluate the point at
hich flashing starts:

 = QCond

ṁ

1

�lg ∂hSat/∂P
∣∣
P=PSys

(25)

Although Eq. (8) neglects the two-phase contribution in the
uoyancy force, it can be used for describing the mass flow rate
ith reasonable accuracy, as it is shown in a further section. By
sing such a relation, Eq. (25) is transformed into

 = QCond

(∂hSat/∂P)
∣∣
P=PSys

3

√
Kcp

2A2QNucg4�l
5ˇ[L + ((L1 + L2)/2)]

(26)

As it can be observed, the flashing boundary position � (mea-
ured from the top of the chimney) has a proportional relation
ith the condensation power QCond and the inverse of the cubic
oot of the core power QNuc (IAEA, in press). The reason for this
s due to the fact by increasing QCond the system has to generate

ore vapor in order to satisfy both constrains: keeping the pres-
ure constant and avoiding carry under of bubbles in the steam
Fig. 6. Location of the flashing boundary measured from the chimney top at different
reactor power levels, according to Eq. (26).

generators. The mechanism for this is the following: when QCond
is increased the pressure tends to decrease since the condensation
rate in the steam dome increases resulting in a smaller amount of
vapor in the system. Such pressure reduction decreases the vapor-
ization enthalpy in the system and therefore the flashing boundary
tends to move downwards. Since more vapor is present in the sys-
tem, the pressure increases until the pressure is reestablished to its
original value. In other words, the reduction in the amount of vapor
in the steam dome has to be compensated by an increase of vapor in
the chimney, which starts to boil at lower locations. In the order to
emphasize such a result, the following figure is constructed (Fig. 6).

Eq. (26) has important implications: It is well known that the
location of the boiling–flashing boundary has a strong effect in the
void transport gain and delay which is the basis of density wave
instabilities mechanism. The importance of the boiling-flashing
boundary location is therefore obvious (note that when vapor is
only produced in the chimney we refer to the flashing boundary,
however in general we  use the term boiling–flashing boundary).
From the aforementioned equation, it can be seen that a possible
way of varying the stability performance of the system (for a large
range of core powers) is by changing the condensation power in
the steam dome. In other words, the condensation power seems to
be a very efficient means for varying the phase lag of the density
waves traveling through the system and therefore can be used for
stabilizing purposes.

To give an idea of the importance of this effect in the CAREM-
25 case, a simple calculation is presented with which the amount
of power involved in the flashing phenomena is estimated. Let us
assume the reactor is working at nominal conditions and the core
Liquid density � [kg/m3] 651.0 651.5
Saturation temperature TSat [◦C] 326.26 326.07
Liquid enthalpy h [kJ/kg] 1501.5 1500.3
Mass flow rate ṁ 410 410
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Fig. 7. The relation between the mass flow rate and the core power obeys a relation

cycle. The dashed area from Fig. 8 is proportional to the buoyancy
force driving the coolant.
C.P. Marcel et al. / Nuclear Engine

By using data from Table 1, the amount of power converted into
apor by means of the flashing phenomenon QCond can be estimated
s,

Cond = ṁ(hSat,Ch,i − hSat,Ch,e) = 0.5 MW (27)

Thus, since the coolant is saturated at the core exit i.e. the chim-
ey inlet, the flashing phenomenon provides vapor in the steam
ome carrying a power equal to 0.5 MW.  As mentioned before, such
mount of vapor is separated in the free region located above the
himney and condensed in the dome and in the surface of the con-
rol mechanisms. Due to the large area for the void separation and
he low coolant velocities, it is expected no or small carry under of
ubbles will take place.

Vapor production in the chimney directly affects the gravita-
ional pressure drop over this section. Hence, it can be expected
hat the Type-I feedback mechanism is amplified by the occurrence
f void flashing, especially in natural circulation reactors with a tall
himney section such as CAREM-25.

.6. The natural variables of the system

From the derived relations from previous sections it can be
oted all the relevant parameters identifying the status of the reac-
or (e.g. the mass flow rate, the core inlet enthalpy, the core mean
uality, the location of the boiling–flashing boundary, see Eqs. (8),
13), (17) and (26)), can be expressed by using geometrical parame-
ers and three system variables. For convenience the selected three
ariables, so-called natural variables, are:

The system pressure, PSys (defined at the steam dome) which basi-
cally influences the fluid properties and the saturation enthalpy
variation with the pressure.
The nuclear core power, QNuc.
The power which is condensed in the steam dome, QCond.

. The CAREM-25 behavior at steady state nominal
onditions

The following results are obtained by means of the HUARPE
ode, which is a lowly diffusive numerical code specially developed
o investigate CAREM-25 thermal–hydraulics aspects (see Zanocco
t al., 2004a,b, for further details). It needs to be pointed out that
n this work; the core inlet friction is adjusted in the code until the
rescribed mass flow rate is obtained at rated conditions.

.1. The coolant flow vs. power curve

In order to assess the behavior of the natural circulation in
AREM-25 reactor, the HUARPE code is used to calculate the coolant
ass flow rate obtained for different nuclear core power levels
hen operating the reactor at nominal pressure and at a con-
ensation power value equal to 0.5 MW.  The resulting relation is
resented in Fig. 7. For completeness, the relation between these
wo parameters predicted by Eq. (8) is also included.

As it can be observed in the figure, the mass flow rate as esti-
ated with the numerical code shows a good agreement with

he relation given by Eq. (8).  It can be noted, however, the result
rom the HUARPE code predicts a higher mass flow rate than the
xplicit relation at low nuclear core power levels. This difference is
xplained by the fact that the condensation power (which is kept

onstant in this analysis) in this case is relatively high regarding to
he core power. A relatively high condensation power causes the
ashing boundary position to move downwards which enhances
he two-phase contribution in the momentum balance (see Eq.
given by Eq. (8) which is of the form ṁ ∝QNuc
1⁄3.

(26)), which is not considered in the simplified model from which
Eq. (8) is derived.

4.2. The coolant density profile along the reactor

In this section the coolant density profile along the reactor cir-
culation coolant path is shown, see Fig. 8.

It needs to be mentioned that different correlations are used
in order to estimate the heat transfer in the SGs according to the
corresponding mechanism in the SGs secondary side: single-phase
(overheated steam), nucleation or single-phase (subcooled) mech-
anism.

From the figure it can be seen the density decreases linearly in
the reactor core and remains at a small value in the chimney (IAEA,
in press). As the coolant enters the steam generators it is cooled
showing a density increase which is more or less linear. The density
remains at a large value until it enters the core section, closing the
Fig. 8. The coolant density profile along the CAREM-25 primary circuit.
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Fig. 9. Evolution of the enthalpy increase in the core section. The relation between
�h  and the core power obeys a relation given by Eq. (9) which is of the form �h
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.3. The core enthalpy increase

In this section, HUARPE code is used to investigate the evolu-
ion of the core inlet enthalpy and also the enthalpy increase in
he core when the system core power is varied. As in previous
ases, the reactor is operated at nominal pressure and at a conden-
ation power level equal to 0.5 MW.  The result of this numerical
xperiment is shown in Fig. 9.

As can be seen from the figure, the core inlet enthalpy increases
hen decreasing the core power. In addition, the enthalpy increase

n the core reduces when the power level decreases. This is
xplained by the fact the core outlet enthalpy is at any condition
ery close to the saturation value which implies the enthalpy at the
ore inlet has to increase when the power level decreases in order
o satisfy Eq. (13).

This result is directly related with the self-pressurization mech-
nism which fixes the value of the core outlet enthalpy since vapor
eeds to be produced in order to maintain the system pressure.
his behavior is different from other nuclear reactors for which the

nthalpy at the core inlet is roughly fixed and the core exit enthalpy
ollows the power variations (Rohde et al., 2010).

ig. 10. The boiling–flashing boundary location estimated at different reactor power
evels.
nd Design 254 (2013) 218– 227

4.4. The boiling boundary location

As mentioned before, a very important parameter for stability
analysis regarding density wave oscillations is the location of the
boiling–flashing boundary in the system. Due to this, the follow-
ing figure corresponding to CAREM-25 reactor operated at nominal
pressure is constructed at a condensation power level equal to
0.5 MW and at different core power levels (Fig. 10).

From the figure it is seen that the boiling-flashing boundary loca-
tion moves downwards as core power levels decrease. In particular,
when there is no vapor production by means of boiling, the result
is in agreement with the relation given by Eq. (26).

5. Conclusions

From the results shown in this work it is clear that the
thermal–hydraulics governing self-pressurized, natural circulation
reactors such as CAREM-25 is different from PWRs and also natural
circulation BWRs. It is thus clear that the combination of different
effects makes CAREM-25 behavior impossible to be extrapolated
from existing knowledge and accumulated experience. Therefore
an exhaustive analysis regarding the thermal–hydraulic per-
formance (including stability analysis) needs to be performed.
Summarizing, the following statements can be drawn from the
CAREM-25 steady state results:

• Single-phase natural circulation is the most important driving
mechanism in the reactor, which states the mass flow rate is
proportional to the cubic root of the generated power.

• When operating CAREM-25 with a prescribed condensation
power and pressure levels, the boiling-flashing boundary location
occurs lower in the chimney for lower core power level.

• Unlike most nuclear reactors, in CAREM-25 the core inlet
enthalpy increases when decreasing the core power.

• Unlike NC-BWRs, the self-pressurization phenomenon does not
allow to directly control the coolant enthalpy at the CAREM-25
core inlet.

• The condensation power has a great impact in the boiling-flashing
boundary location and thus it may  influence the stability of
CAREM-25. For this reason this variable is an optimal candidate
for optimizing the stability performance of the reactor.

• Since the mass flow rate needs to be as close as possible to the
designed value, a strategy like BWR  assembly inlet orificing is to
be used in CAREM-25 reactor.
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