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ABSTRACT

The objective of the present work is to model the transient operation of a natural circulation loop, which
is one-tenth scale in height to a typical Passive Residual Heat Removal system (PRHR) of an Advanced
Pressurized Water Nuclear Reactor and was designed to meet the single and two-phase flow similarity
criteria to it. The loop consists of a core barrel with electrically heated rods, upper and lower plena inter-
connected by hot and cold pipe legs to a seven-tube shell heat exchanger of countercurrent design, and an
expansion tank with a descending tube. A long transient characterized the loop operation, during which a
phenomenon of self-pressurization, without self-regulation of the pressure, was experimentally observed.
This represented a unique situation, named natural circulation under variable pressure (NCVP). The
self-pressurization was originated in the air trapped in the expansion tank and compressed by the loop
water dilatation, as it heated up during each experiment. The mathematical model, initially oriented
to the single-phase flow, included the heat capacity of the structure and employed a cubic polynomial
approximation for the density, in the buoyancy term calculation. The heater was modelled taking into
account the different heat capacities of the heating elements and the heater walls. The heat exchanger was
modelled considering the coolant heating, during the heat exchanging process. The self-pressurization
was modelled as an isentropic compression of a perfect gas. The whole model was computationally im-
plemented via a set of finite difference equations. The corresponding computational algorithm of solution
was of the explicit, marching type, as for the time discretization, in an upwind scheme, regarding the
space discretization. The computational program was implemented in MATLAB. Several experiments
were carried out in the natural circulation loop, having the coolant flow rate and the heating power as
control parameters. The variables used in the comparison between experimental and calculated data
were some relevant loop temperatures and pressures. The results obtained from the computational model
agree qualitatively well with the experimental NCVP data.

1. INTRODUCTION

Natural circulation is the phenomenon of convection taking place in a closed circuit or
loop, provided that there is a heat source in its lower portion and a heat sink in its upper
portion, in the presence of gravity. In order to function, the natural circulation does not
depend on any moving parts or mechanical devices, like pumps, so its associated reliability
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is very high. For such reason, the passive residual heat removal (PRHR) systems of third-
generation, advanced passive nuclear reactors, like the AP600 and AP1000 Westinghouse
pressurized water reactor (PWR) designs, are natural circulation loops.
Even though they are reliable and safe, the natural circulation systems have, both in sin-
gle and two-phase flow, the drawback of frequent instabilities, or oscillations when they
occur in a repetitive manner. The instabilities have to be studied, as they can damage the
systems with excessive vibrations, pressure or temperature variations and other problems.
The occurrence of instabilities in the natural circulation, including geysering, has been
long studied, using both vertical columns [1] and single-channel natural circulation loops
[2]. Although geysering is a two-phase flow oscillation, characterized by a violent vapor
eruption, its most important feature is the long building-up process of heat accumulation
in the heater, which takes place, basically, in single-phase flow [3]. This allows for rea-
sonably good approximations via the utilization of relatively simple modelling.
It is possible to employ a set of finite difference equations in order to model, conveniently,
the transient behavior of single-phase natural circulation in a single-channel loop [4]. In
doing so, good approximation between calculated and experimental data may be achieved
by assuming uniform flow rate throughout the loop, in the momentum equation, as well
as constant coolant temperature, in the heat exchanger, regarding the energy equation,
and the Boussinesq approximation, with the density calculated by a third-degree polyno-
mial. The same loop and assumption above have been used for studying the transient,
oscillatory behavior of the two-phase flow, also with good results [5].
On the other hand, the same assumptions above mentioned have been applied to the
study of both steady-state and transient single-phase flow in a natural circulation system,
but using a lumped parameter method [6]. A reasonable agreement between calculated
and experimental data was obtained, with a maximum deviation of 30%.
PRHR systems, more specifically, have been subject to thermal hydraulic analysis [7].
Such a system, belonging to an integral PWR, was studied, again assuming uniform flow
rate. Even though it was pointed out that, especially for two-phase flow, inaccuracy may
arise from such simplification, the comparison between the results thus obtained and data
got from RETRAN-02 and RELAP/MOD3 showed good agreement, with the conclusion
the simplified model utilized was apt for the PRHR analysis.
Transients in a natural circulation loop, under typical PWR conditions and in the presence
of non-condensable gas (NCG), have also been modelled [8]. Although it was concluded
that the NCG was a source of uncertainty and discrepancies between calculated and ex-
perimental data, these showed, anyway, good agreement.
The role of the expansion tank in a single-phase natural circulation loop has been anal-
ysed [9]. It was observed that such loop component, in that case open to the atmosphere,
played a very important role, as long as it accommodated the swells and shrinkages of the
loop primary fluid during a transient, typically represented by a power increase.
The stability of a self-pressurized natural circulation integral reactor has been modelled
[10]. A proper thermohydraulic model was developed, and the results obtained from it
were compared to those originated in a simpler analytical model, with good agreement. In
the model, the coolant pressure fluctuations were modelled with instantaneous feedback,
in a process of immediate self-regulation of the pressure.
The objective of the present work is to model the transient operation of a natural circu-
lation loop (NCL). The NCL is characterized not only by its construction, according to
a one-tenth scale in height to the AP600 PRHR system, but also by its design, carried
out to meet the single and two-phase flow similarity criteria to that system. For so, this
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Figure 1: NCL main components (out of scale) and instrumentation.

work is divided into 5 sections. After this Introduction, the Experimental Apparatus is
described. Next, the adopted Modelling is presented, with its physical and mathematical
components. Then, the Results and Discussions section presents a comparison between
experimental and calculated data and the corresponding analysis. The Conclusions sum-
marize the work, list the main findings and indicate the future research correlated.

2. EXPERIMENTAL APPARATUS

The loop studied in the present work was the Nuclear Engineering Institute Natural
Circulation Loop, named NCL. The NCL was designed in order to meet the single and
two-phase flow similarity criteria to the PRHR system of an advanced PWR, in a 1:10
scale in height, with 0.94 m between the middle points of the heated section, in the heater,
and the heat exchanger (HX), as well as external diameters of 0.19 m for the heater and
0.28 m for the HX. See Fig. 1 for the NCL main components and instrumentation. The
core barrel heater was composed by 52 cartridge resistance rods, equally spaced in a square
array, electrically heated with up to 30 W each. The heated section length was 0.366 m,
between the heights of 0.136 m and 0.502 m from the lowest point of the heater. Upper
and lower plena linked the heater to the HX, via hot and cold pipe legs, respectively,
internal diameter 0.0234 m. The NCL was thermally insulated with rock wool.
The HX, of the shell and tube type, was composed by 7 tubes, equally spaced in a trian-
gular array, each one 0.6 m long, wall thickness 0.001 m. The design was countercurrent.
Primary water flowed down inside the tubes and the secondary, coolant water flowed up
between the tubes with an average initial temperature of 25 ◦C. The coolant flow rate
was controlled, via a rotameter. The NCL experiments were performed with a step power
increase to a fixed value, as well as a constant coolant flow rate, according to one of the
following values: 3 l/h, 6 l/h, 9 l/h or 12 l/h. Such power and coolant flow rate functioned
as the control parameters for the several NCL experiments carried out.
The expansion tank was located in the upmost part of the NCL, thus pressurizing the
NCL, as long as it was not open to the atmosphere, but closed instead, with a safety valve
(opening pressure 34.335 kPa) mounted on its top. The expansion tank was cylindrically
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shaped, external diameter 0.21 m and height 0.395 m. Before an experiment, when the
NCL was filled with water, the expansion tank was left with air in its top part, occupying
an average value of two thirds of the total expansion tank volume. This was for accom-
modating the primary water dilatation, due to the experimental heating. A descending
tube, length 1.2 m, linked the tank to the loop, in the cold leg, close to the heater.
Monitoring, as well as data processing and control systems were provided to the NCL.
Those included power, flow rate, pressure and temperature data storage, employing a PXI
industrial computer and the LabVIEW software. See [11] for the detailed positioning, in
the NCL, of its 12 type K thermocouples.
In Fig. 1, the hot and cold leg flowmeters were of the Doppler type. The pressure sensor
measured the absolute pressure inside the heater, below the heater upper cover. The glass
tube allowed for the hot leg flow visualization and recording, as well as image capturing,
by means of a high-speed digital camera. It was equipped with zoom lenses, among other
devices, like proper light projectors, an image acquisition program and a dedicated PC.

3. MODELLING

3.1. Physical Model

This work presents a modelling of the transient operation of a natural circulation loop.
The transient was represented by a step power increase, with different cooling conditions.
Fig. 2 represents the physical model adopted for the NCL. It was assumed turbulent and
laminar flow regime for the primary and secondary fluids, respectively. The turbulent
flow was modelled in accordance with the Dittus-Boelter correlation, following [12]. As
for the laminar flow, appropriate Nusselt numbers were employed, both for tubes (in the
case of the heat exchange between the coolant and the HX walls) and for a tube array (in
the case of the heat exchange between the coolant and the HX tubes).
The NCL physical model took into account the whole thermal capacity of the structure.
A polynomial of the third degree was used in the primary density calculation. The heater
was modelled considering the different thermal capacities of the heating elements (car-
tridge resistances) and the heater walls. The HX was modelled accounting for the coolant
heating during the heat exchange with the primary fluid.
As above mentioned, the primary fluid, when dilating during each NCL experiment, com-
pressed the expansion tank air. Such air was trapped there because the loop was filled
with water from the bottom, using a centrifugal pump. That process was modelled as the
isentropic compression of a perfect gas (air).
In the loop resistance calculation, it was included a form loss term, as shown in [12], in
addition to the friction term, solely employed by [4]. The friction and the form loss terms
were calculated for the main NCL components, namely the heater, heat exchanger, hot
leg and cold leg. In the friction terms, the relation by Creveling et al. for closed loops,
mentioned by [13], was employed. The form loss terms were calculated according to [12].
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Figure 2: NCL physical model.

3.2. Mathematical Model

3.2.1. Conservation equations and constitutive relation

Initially oriented to the single-phase flow, the mathematical transient modelling employed
in this paper follows, in general, the treatment of [4]. However, new characteristics were
introduced in the model, as a function of the NCL specificities mentioned above. These
are the different thermal capacities of the heater components; the coolant heating inside
the HX; the isentropic air compression inside the expansion tank; and the addition of the
form loss term to the friction term, in the total loop resistance calculation.
The mass, energy and momentum conservation equations are employed, in order to model
the long single-phase transient, which characterizes the NCL operation, until the first
geysering eruption takes place. See [11] for a detailed explanation about the geysering
occurrence in the NCL. In the model, one-dimensional flow through a channel of constant
area is assumed, thus following the treatment of loop flows by [13]:

∂ρ

∂t
+
∂G

∂x
= 0 (1)

∂(ρh− p)
∂t

+
∂(Gh)

∂x
− u∂p

∂x
= q′′′ +

ufG|G|
2Deρ

(2)

∂(ρu)

∂t
+
∂(Gu)

∂x
= −∂p

∂x
− ρgcosθ − fG|G|

2Deρ
(3)

where t is the time, G is the mass flux, x is the flow coordinate, and ρ is the fluid density.
Eq. (1) is the mass conservation equation.
As for the energy conservation equation, its initial form is given by Eq. (2), where h is
the enthalpy, p is the pressure, u is the flow velocity, q′′′ is the volumetric heat-generation
rate, f is the friction factor and De is the equivalent diameter of the cross section.
Regarding the momentum conservation equation, its initial form is given by Eq. (3), where
g is the gravity acceleration. The angle between the vertical and the flow directions is θ.
Now, Eq. (1) is used in order to simplify Eq. (2), in which single-phase flow is assumed.
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Also, the friction and the pressure variations are neglected. In this way, Eq. (4) arises,
where the primary fluid properties are the specific heat Cp and the temperature T . The
linear heat-generation rate is q′ and the loop cross section area is A.

ρCpA

(
∂T

∂t
+ u

∂T

∂x

)
= q′ (4)

q′ = −UP (T − Tc) (5)

The term q′, defined above for the heater, is zero in the loop tubes. In the HX, it is
defined by Eq. (5), where U is the global heat transfer coefficient, P is the perimeter of
heat exchanging and Tc is the coolant temperature.
The heat transfer between the fluid and the loop structure is modelled via a thermal
balance for the latter, according to Eq. (6). The subscript w refers to the structure
(wall). In this way, Hw is the heat transfer coefficient between the fluid and the structure;
and the wall thickness of the structure is δw.

ρwCpwδw
dTw
dt

= Hw (T − Tw) (6)

ρCpA

(
∂T

∂t
+ u

∂T

∂x

)
= q′ −HwPw(T − Tw) (7)

Considering the heat transfer for the structure, Eq. (4) is rewritten as Eq. (7).

−
∫
ρgcosθdx = −

∫
ρhgcosθdx−

∫
ρcgcosθdx = (ρc − ρh)g(Zmax − Zmin) = ∆Pb (8)

−
∫ fG|G|

2Deρ
dx = −∆Pf (9)

Now, Eq. (1) is used for simplifying Eq. (3), which has each term integrated around the
loop. The first right term drops, as there is no pump in a natural circulation loop. Then,
a notation similar to the employed by [13] is used, so the buoyancy term, which drives
the natural circulation in the loop, is represented, in Eq. (8), by ∆Pb. The subscripts h
and c refer to the hot and cold legs, and the maximum and minimum loop heights are,
respectively, Zmax and Zmin.
The friction term is integrated, according to Eq. (9). The friction pressure drop, overcome
by the buoyancy during the natural circulation, is defined by ∆Pf .
Now, the second left term of Eq. (3) is integrated, according to Eq. (10), where Q is the
primary fluid flow rate.

∫ (
G∂u

∂x

)
dx =

∫
G

(
1

A

∂Q

∂x
+
Q

A

−1

A

∂A

∂x

)
dx = 0 (10)

∫
ρ

(
∂u

∂t

)
dx =

∫
ρ

(
1

A

∂Q

∂t
+
Q

A

−1

A

∂A

∂t

)
dx =

∂Q

∂t

∫ (
ρ

A

)
dx (11)

dQ

dt
=

∆Pb −∆Pf∫ ( ρ
A

)
dx

(12)

Following the treatment of [4], it is assumed a constant flow rate throughout the loop, that
is, ∂Q

∂x
= 0. In the NCL case, such assumption is certainly acceptable, since the difference
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Figure 3: NCL discretization mesh and nodalization.

of flow rates between the hot and the cold leg (using the Boussinesq approximation) is
less than 0.35% of the respective nominal value. Finally, the first left term of Eq. (3)
is integrated in Eq. (11). Again according to [4], it is assumed that ∂Q

∂t
is constant

throughout the loop, regardless of the position x. Using in Eq. (3) the results from Eq.
(8) through (11), one gets Eq. (12). It defines the loop flow rate, from the momentum
conservation equation.
Now, Eq. (7), together with Eq. (5), as well as Eq. (6) and Eq. (12), are ready to be
discretized and then solved as a set of finite difference equations. This will allow for the
attainment of the NCL temperatures and flow rate.
The constitutive relation for the density, in Eq. (13), is a conversion, to SI units, of the
equation presented in English units by [4].

ρ = 0.0000077T 3 − 0.0046T 2 − 0.039T + 1000.45 (13)

The inaccuracy of Eq. (13) is less than 0.01% at low pressures and temperatures less than
149 ◦C, which are the NCL case.

3.2.2. Discretization of the equations

The mathematical model presented above was conveniently discretized, so that a set of
finite differences could be solved, instead of the partial differential equations representa-
tive of the primary fluid momentum and energy, which are coupled via the flow rate, and
consequently much harder to solve.
Fig. 3 shows the NCL discretization mesh and nodalization scheme. The encircled point
is the one being calculated, as a function of the others. The algorithm of solution applied
to the finite differences set was explicit, marching, as for the temporal discretization of
time step ∆t, in an upwind scheme, regarding the spatial discretization of node length
∆x. As for the nodalization, the loop was split into 36 nodes. The dimensions of the
nodes are in Table 1. The term 1/(A∆x) was included because it appears very often in
the NCL discretized equations.
Now, the expansion tank equations will be presented, followed by the primary and sec-
ondary fluid temperature equations and the primary flow rate equations.
The air compression in the expansion tank is modelled, in the specific NCL case, by means
of an equation of air volume conservation. This is possible because the NCL expansion
tank is closed, following similarity with the AP600 PRHR. The air compression by the
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Table 1: NCL node dimensions

Node number Length L = ∆x (m) Area A (m2) 1/(A∆x) (m−3)
1;35 0.05 0.00718 2786.33
2-6 0.123 0.00581 1398.46
7 0.12 0.00043 459.8

8-15 0.131 0.00043 17696.18
16-17 0.125 0.00043 18603.77
18;25 0.18 0.0296 187.17
19-24 0.1 0.00542 1846.96
26-28 0.15 0.00043 15503.14

29 0.15 0.135 49.38
30-34 0.142 0.00422 1666.85

36 0.064 0.0056 2786.33

dilating primary water, during an experiment, is modelled as an isentropic compression
of the air, seen as a perfect gas, so the relation p.(V air)

γ = C is employed, where p is the
air pressure in the expansion tank, Vair is its volume, C is a constant, and γ is the specific
heat ratio (Cp/Cv), which is assumed 1.4 (air).
Initially, the NCL average temperature T is obtained, according to Eq. (14). From now
on, the subscript j represents the index of each NCL node, so that the volume of each
node is Vj, and N is the total number of NCL nodes.

T =

∑N
j=1 (Tj.Vj)∑N
j=1 (Vj)

(14)

ρ = 0.0000077T
3 − 0.0046T

2 − 0.039T + 1000.45 (15)

Vncl =
M

ρ
(16)

Vinc = Vncl −
N∑
j=1

(Vj) (17)

Then, using the constitutive relation for the density, Eq. (13), the average NCL density
is calculated, according to Eq. (15). Next, using the fixed primary water mass, M, the
instantaneous value of the total primary volume, Vncl can be calculated, according to Eq.
(16). Also, the increment of primary water volume, Vinc is calculated in Eq. (17).
However, the primary water volume increment in the expansion tank corresponds to an
equal air volume decrement, as long as the tank is closed. Then, the air pressure, p,
is given by Eq. (18), assuming its compression as an isentropic process. The initial air
volume and pressure are, respectively, V0 and the atmospheric pressure patm.

p = patm

(
V0

V0 − Vinc

)1.4

(18)

Tsat = 79.8 + 0.00020445p (19)

Moreover, according to the Principle of Pascal, the pressure increase in the expansion tank
is transmitted to the primary fluid, which affects the local water saturation temperature
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in the nearby heater. The unique situation now described, experimentally observed in
the NCL, represents a phenomenon of self-pressurization without self-regulation of the
pressure, not found in the previous literature so far. It is called natural circulation under
variable pressure (NCVP), according to [11].
The main effect of the NCVP, which is the increase in the local water saturation temper-
ature, is modelled in Eq. (19). It is a linear regression model, in which the the heater exit
saturation temperature, Tsat, is calculated as a function of the increased primary pressure,
p. It is applicable because of the relatively small variations of the involved pressure (less
than 150 kPa, absolute) and temperature (less than 112 ◦C).
The correlation coefficient of the linear regression model above is greater than 99.6%.
The saturation temperature increase, on its turn, interferes directly in the NCL geysering
phenomenon, as long as it is triggered when the heater exit primary water temperature
reaches the local saturation value.
Now, the temperature discretized equations will be presented in a grouped fashion, ac-
cording to the main NCL components. In the notation employed, in accordance with
Fig. 3, T(j,k) stands for the primary fluid temperature T on NCL node j at time k. Such
subscripts have the same meaning for the other variables employed in the present work.
Eq. (20), (21) and (22) are the discretized forms of the heater temperature equations,
applicable to the heating elements, the primary fluid and the the heater walls, respectively.

Th(j,k+1) = Th(j,k)

(
1− Hh∆t

ρhCphδh

)
+ T (j,k)

(
Hh∆t

ρhCphδh

)
+

q′′∆t

ρhCphδh
(20)

T (j,k+1) = T (j,k)

(
1− Q∆t

A∆x
− HhPh∆t

ρCpA
− HwPw∆t

ρCpA

)
+

T (j-1,k)

(
Q∆t
A∆x

)
+ Th(j,k)

(
HhPh∆t
ρCpA

)
+ Tw(j,k)

(
HwPw∆t
ρCpA

)
(21)

Tw(j,k+1) = Tw(j,k)

(
1− Hw∆t

ρwCpwδw

)
+ T (j,k)

(
Hw∆t

ρwCpwδw

)
(22)

Next, the discretized form of the equation for the primary fluid temperature in the NCL
pipes is shown in Eq. (23). The equation for the pipe walls (structure) is Eq. (22) above.

T (j,k+1) = T (j,k)

(
1− Q∆t

A∆x
− HwPw∆t

ρCpA

)
+

T (j-1,k)

(
Q∆t
A∆x

)
+ Tw(j,k)

(
HwPw∆t
ρCpA

)
(23)

Then, the NCL heat exchanger equations, referring to the primary fluid, coolant and
structure, respectively, are discretized according to the following Eq. (24), (25) and (26).

T (j,k+1) = T (j,k)

(
1− Q∆t

A∆x
− U1P1∆t

ρCpA

)
+

T (j-1,k)

(
Q∆t
A∆x

)
+ Tc(j,k)

(
U1P1∆t
ρCpA

)
(24)

Tc(j,k+1) = Tc(j,k)

(
1− Qc∆t

Ac∆xc
− U2P2∆t

ρcCpcAc
− HwPw∆t

ρcCpcAc

)
+

Tc(j-1,k)

(
Qc∆t
Ac∆xc

)
+ T (j,k)

(
U2P2∆t
ρcCpcAc

)
+ Tw(j,k)

(
HwPw∆t
ρcCpcAc

)
(25)

Tw(j,k+1) = Tw(j,k)

(
1− Hw∆t

ρwCpwδw

)
+ Tc(j,k)

(
Hw∆t

ρwCpwδw

)
(26)
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Now, the flow rate Eq. (12) is discretized. It is first simplified with the division by the
gravity acceleration, g, according to Eq. (27), (28) and (29).

1

g

∫ (
ρ

A

)
dx =

ρ

g

N∑
j=1

(
Lj
Aj

)
= al (27)

1

g
∆Pb =

N∑
j=1

(ρjZj) = H l (28)

1

g
∆Pf =

N∑
j=1

ρf juj
2Lj

2Dejg
=
ρQ2

2g

N∑
j=1

f j.Lj

DejAj
2

(29)

Eq. (27) and (28) introduce, respectively, the loop constant al, which depends only on the
loop geometry, and the hydraulic head Hl, as defined by [4]. Similarly, Eq. (30) defines
the total loop resistance Rl, already with the form loss term Kj added to the friction term.
Finally, Eq. (31) allows for the calculation of the NCL flow rate temporal variation and
Eq. (32) is the discretized form of the loop flow rate equation.

Rl =
ρQ2

2g

N∑
j=1

1

Aj
2

(
f jLj

Dej

+K j

)
(30)

dQ

dt
=
H l −Rl

al

(31)

Q(k+1) = Q(k) +
∆t

al

(
H l(k+1) −Rl(k)

)
(32)

3.2.3. NCL computational modelling

The computational program, originated in the equations presented in the previous sec-
tion, was implemented in MATLAB. The algorithm employed, after the initialization of
the variables, calculates the different NCL temperatures for the next time step. Then, the
densities of all NCL nodes are calculated. Next, the buoyancy and the friction terms are
calculated. Finally, the loop flow rate is obtained. After all these steps, the simulation
time is incremented. The program is ended when the simulation time reaches the high
value, of the order of 30000 to 40000 s, typical of the long NCL transient [11].
Because an explicit algorithm is used, its stability condition must be pointed out. The cor-
responding analysis was carried out following [14]. Eq. (33) shows the stability condition,
based on the Courant number, C, no greater than unity.

C =
(
Q

A

)
∆t

∆x
≤ 1 (33)

4. RESULTS AND DISCUSSIONS

All results shown in this section were obtained in NCL experiments, with the heating
power of 1030 W and a coolant flow rate with one of the following values: 3 l/h, 6 l/h, 9 l/h
or 12 l/h. The experiments took a total time between 30000 and 40000 s, being terminated
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only after the two-phase flow was observed in the form of geysering eruptions. In this
way, the experiments with the maximum coolant flow rate, of 12 l/h, were the longest.
For more details about the NCL experiments, the two-phase flow patterns observed and
respective snapshots, see [11].
The variables used in the comparison between experimental and calculated data, via the
MATLAB model implemented, as above mentioned, were some relevant loop temperatures
and pressures, as shown in the next two subsections.

4.1. Temperatures

In the MATLAB model validation against the NCL experimental data, the temperatures
compared were the heater exit temperature (highest primary water temperature), and the
HX exit coolant temperature (highest secondary water temperature).
The heater exit temperature is very important in the NCL case, since it triggers the
geysering occurrence, when it reaches the local water saturation value. On its turn, the
saturation temperature is directly influenced by the specific NCL condition of NCVP. In
this way, the modeled saturation temperature is also presented in the results, as it should
function as an external envelope, maximum value for the heater exit temperature. Finally,
the coolant temperature in the HX exit is important because it permits the evaluation of
the heat exchanging modelling, with a constant coolant inlet temperature of 25 ◦C.
The next graphs show the primary fluid temperatures, at the heater exit, and its modelled
saturation limit, as well as the coolant temperature, at the HX exit, with the coolant flow
rates of 3, 6, 9 and 12 l/h, according to Fig. (4).
By examining these graphs, one observes that, in general, there was reasonable agreement
between the experimental and the calculated temperatures, especially at lower tempera-
tures, in the single-phase flow, to which the present modelling is oriented.
The heater exit experimental and modelled temperatures were closer than the correspond-
ing HX exit values. This may be improved by changing the correlations used for obtaining
the HX internal and external global heat transfer coefficients.
For all cooling rates, the saturation limit temperature, modelled from the NCVP formu-
lation, functioned well, as an envelope (superior) limit for the heater exit temperature.
Moreover, the modelled saturation limit and heater exit curves had a point of intersection
in the presented time window, for all graphs. Such point represents the modelled first
geysering occurrence, when the heater exit temperature reaches the local water satura-
tion value. In the experimental heater exit curve, on the other hand, the first geysering
occurrence is indicated by the first peak, maximum heater exit temperature. The first
geysering experimental times were, approximately: 19000 s, for the cooling rate of 3 l/h
; 20000 s, for 6 l/h; 23000 s, for 9 l/h; 32000 s, for 12 l/h.

4.2. Pressures

In the present model evaluation, by a comparison to the NCL experimental data, the ab-
solute pressures compared - experimental and calculated - refer to the location just below
the heater upper cover. Such NCL pressure sensor positioning was chosen for confirming
that geysering, and not the natural circulation oscillation, was the instability type occur-
ring in the loop, in the beginning of two-phase flow, as seen in [11].
Moreover, the pressure measurement described above served as the experimental confir-
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(a) Coolant flow rate 3 l/h (b) Coolant flow rate 6 l/h

(c) Coolant flow rate 9 l/h (d) Coolant flow rate 12 l/h

Figure 4: Comparison between experimental and modelled NCL
temperatures.
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mation of the proposed NCVP explanation for the NCL behavior. According to it, an
abrupt pressure increase should be observed in the NCL primary pressure, during the pri-
mary water heating characteristic of an experiment, because of the proximity between the
expansion tank - where the pressure increase was originated, by an isentropic compression
of its residual air - and the heater, to where the pressure was transmitted, in accordance
with the Principle of Pascal.
Fig. (5) shows the experimental and calculated NCL absolute pressure values below the
heater upper cover, with coolant flow rates of 3, 6, 9 and 12 l/h.
The pressure graphs show that the experimental NCL pressures, below the heater upper
cover, confirm the NCVP explanation proposed for the NCL, as long as an exponential
pressure increase is observed before the maximum pressure is achieved. On its turn, this
happens simultaneously with the first geysering occurrence, as detailed in [11].
The calculated pressures agree qualitatively with the experimental data. The modelled
curves show an increasing behavior before the maximum pressure point, like the experi-
mental curves. However, the rate of pressure increase differs between the curves, what is
attributed to the beginning of vapor formation in the NCL, well before the first geysering.
The reason here is that the modelled curve is totally based on the calculation of the NCL
total primary fluid volume, which was carried out assuming single-phase only. The bub-
ble formation in the loop, even from its very beginning, much time before the geysering
occurrence, totally distorts such volume calculation, in an exponential fashion.

5. CONCLUSIONS

In the present work, a model, initially oriented to the single-phase flow, was elaborated
in order to study the transient behavior of a natural circulation loop, and the results thus
obtained agreed qualitatively well with the experimental data.
The loop, named NCL, was built following similarity criteria to the AP600 PRHR sys-
tem, in a 1:10 scale in height. A long transient characterized its operation, which occurred
mostly in single-phase flow. A condition of self-pressurization without self-regulation of
the pressure, not seen in the previous literature so far, was experimentally observed, and
named NCVP, natural circulation under variable pressure.
A classical model was used as a starting point for the study. However, several improve-
ments were added in the present modelling. These improvements included the considera-
tion of the different thermal capacities of the heating elements and the heater walls; the
coolant heating during the heat exchanging process, in the heat exchanger; the addition
of the form pressure loss to the friction term, in the momentum conservation equation;
and the NCL self-pressurization, which originates the NCVP, modelled as an isentropic
compression of a perfect gas, that is, the air in the expansion tank, with transmission to
the primary fluid in the heater via the Principle of Pascal.
A set of finite difference equations was implemented in a MATLAB program, in order to
produce the results of the modelling. Such results were compared to the corresponding
NCL experimental data, for evaluating the model. In the case of the temperatures, a bet-
ter agreement was obtained for the lower values, during the single-phase flow, to which the
present model was oriented. In the case of the pressures, it was more difficult to obtain
agreement between calculated and experimental data. Such difficulty arose because the
NVCP pressure calculation was entirely based on the variation of the loop single-phase
primary volume. So, the presence of bubbles in the primary fluid, much time before the
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(a) Coolant flow rate 3 l/h (b) Coolant flow rate 6 l/h

(c) Coolant flow rate 9 l/h (d) Coolant flow rate 12 l/h

Figure 5: Comparison between experimental and modelled NCL pressure
below the heater upper cover.
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first geysering, distorted the volume calculation, in an exponential fashion, because of the
isentropic compression process, thus distorting the pressure calculation, too.
In this way, both temperature and pressure results got from the present model, oriented
to single-phase flow, indicated the necessity of including, in the transient NCL analysis,
the two-phase flow modelling, currently planned as a future research work.
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