Flow Characterisation of a Two-Phase
Natural Circulation Loop

PT Senda? and RT Dobson®
Received 28 February 2018, in revised form 13 December 2018 and accepted 17 December 2018

Abstract: The focus of this paper is the experimental and
theoretical analysis of the transient behaviour of a two-
phase flow natural circulation heat transfer loop using
water as the working fluid. The loop is a rectangular
vertically orientated 32 mm inside diameter copper pipe of
height 7 m and width 8 m. To theoretically simulate the
loop, the working fluid is discretized into a series of one
dimensional control volumes. When applying the
conservation of mass, momentum and energy, and suitable
property functions to each control volume, a series of time
dependent partial differential equations is generated.
Equations are then solved using an explicit finite difference
method computer program created in Q-Basic64
programming language. A separated two-phase flow model
is applied with frictional multipliers and vapour-liquid void
fraction correlations similar to those originally suggested by
Martinelli. One vertical side of the loop is heated using
electrical heating elements and the other vertical side is
cooled using a series of pipe-in-pipe heat exchangers.
Transparent pipe lengths are inserted in the loop in order to
observe the two-phase flow patterns. The loop is operated in
single to two phase operating mode. A reasonable
correlation between the experimental and theoretical
simulations is found thereby validating the theoretical
model. It is concluded that the theoretical model adequately
represents the actual transient and heat transfer behaviour
of the loop.

Additional keywords: Natural circulation, heat transfer
loop, transient flow, two-phase flow, explicit finite difference
method, flow patterns.

Nomenclature

Roman

a acceleration,[ m/s?]

A Area, [m?]

Ay cross sectional area, [m?]
A, heat transfer area, [m?]
Cs coefficient of friction
diameter, [m]

Force due to gravity, [N]; mass flux, [kg/m?], mass
velocity, [kg/m?s]
height, head, [m]

mass, [kg]

mass flow rate, [kg/s]
number

pressure, [Pa]
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yZ perimeter, [m]
Q heat flow rate, [W]

nr

Q heat transfer rate per unit volume, [W/m?]
Re  Reynolds number Re = pvd/u
S Slip factor; Suppression factor
T temperature, [K, °C]
t time, [s]

u specific internal energy, [J/kg]
v velocity, [m/s]

\

X

volume, [m°]
mass fraction, Myapour/(Mvapour + Miiquid); displacement,
[m]

X Martinelli parameter

z distance, [m]

Zminor MiNOr losses

a times new Roman 10 [unit]

A alphabetical order [unit]
B next symbol [unit]

Greek

void fraction, o =V, /(V, — V)
inclination angle, [rad]

dynamic viscosity, [Ns/m?]

density, [kg/m°]

surface tension [N/m]
Stefan-Boltzmann constant, [W/m2K*]
shear stress, [N/m?]

two-phase frictional multiplier
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Superscripts

t time

At time step
Subscripts

e electrical; equivalent
exp  experimental

f saturated liquid; friction
g gas

| liquid

atm  atmospheric

v vapour

lo liquid only

tot  total

th theoretical
i i" control volume or element

h hydraulic; wetted perimeter
in inlet
out  outlet

minor minor losses
w water, wall
tank tank

Abbreviations

BL  Bottom Left

BR  Bottom Right

E&H Endress and Hauser
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F Friction

G Gravity

H Heater

HBM Hottinger Baldwin Messtechnic
HE  Heat Exchanger
M Mass

MF  Momentum flux
P Pressure

SF  Slip Factor

TL  Top Left

TR  Top Right

1 Introduction

A natural circulation loop is a closed thermosyphon loop that
transfers energy from a heat source to a separate heat sink
over a relatively long distance without the use of any
mechanically moving devices. This process is also called a
passive system as no active components (for example a
pump) are needed. The process is also self-controlling; as the
temperature difference between the heat source and the sink
increases, so too do the flow rate and heat transfer rate.

Thermosyphon loops are used in many technological
applications. Notably solar heaters, air conditioning and
ventilation, nuclear power plants and thermal management of
electrical and electronic devices. In the nuclear industry this
thermosyphonic flow process is considered a passive system
and integrally safe. This makes it suitable for use in reactor
safety cooling, where reliability and safety are of paramount
importance. For instance, they may be used in high
temperature reactors in the reactor cavity cooling system
(RCCS). The objective of a RCCS is to transfer the afterheat
from the reactor cavity to an outside environment or ultimate
heat sink in case of a loss of primary coolant. Thereby
ensuring the thermal integrity of the fuel, core vessel and
critical equipment within the reactor cavity concrete
containment structures [1].

Figure 1 depicts a number of natural circulation loops.
They may be termed as integrated (a), separated (b), closed
(c), closed loop (d) and heat pipe (€). A natural circulation
system may be said to be integrated when the circulation
takes place entirely within a single containment vessel. For
example the hot reactor core coolant flows upward inside the
riser and then downwards on the outside where it is cooled by
the secondary flow through the heat exchanger positioned
between the riser and the reactor vessel [2], as also shown
schematically in figure 1(a). This paper specifically considers
only a closed-looped thermosyphon-type as depicted in figure
2; with the left side of the loop heated using electrical heating
elements (to simulate the reactor afterheat) and the right side
water-cooled using pipe-in-pipe heat exchangers (to simulate
the heat sink).

1.1 Motivation

Because natural loop thermosyphons are a safe and reliable
method of transferring heat and do not need any mechanical
devices to operate, they are suitably used as passive reactor
cooling options in the nuclear industry. Indeed the
International Atomic Energy Agency (IAEA) notes [3] that
passive safety systems are the preferred method and should
be used wherever possible. It is thus important to have a
reliable analytical performance prediction procedure to assist

in the design of such systems. A computer program was
therefore developed in Q-Basic64 to numerically solve the
theoretically derived mathematical simulation model. It was
formulated using the separated two-phase flow to capture the
thermal-hydraulic transient behaviour of the natural
circulation cooling loop.
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Figure 1 Natural circulation loops, integrated (a), separated
(b), closed (c) and looped thermosyphon-type heat
pipe (d) respectively, and a surface tension
capillary structure or wicked heat pipe (e)

1.2 Objectives

The significance of this paper is to present an investigation
into the use of a separated two-phase flow model to capture
the transient and dynamic behaviour of the flow and heat
transfer in a water charged natural circulation loop, similar to
the one shown in figure 2. To date no such approach has been
applied to such a large thermosyphon-type heat pipe loop.
Single phase and two-phase operating conditions are to be
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considered. The transition from single to two-phase flow and
vice versa is also considered.

1.3 Approach

In order to achieve the objectives of this paper as set out in
section 1.2, the approach adopted is given as follows. A brief
literature survey that is presented in section 2 identifies
literature relating to natural circulation and two-phase flow in
natural circulation loops. Section 3 gives a detailed
formulation of the theoretical model developed and used to
simulate and capture the thermal-hydraulic performance of
the loop with the help of Q-Basic64 computer program.
Section 4 describes the experimental set-up and procedures.
Section 5 gives a few typical results, both theoretical and
experimental. A discussion leading to conclusions is given in
section 6, whilst section 7 gives a summarising final
conclusion and recommendations for future work.

Heated side
Cooled side

Figure 2 Closed natural circulation loop

2 Background literature
Thermosyphon technology was formally used by Perkin [4]
in the 1830’s and in what was for more than a century known
as a “Perkins boiler”. Other applications included baking
bread whereby the heat from fire was transferred to a
separated oven using Perkins-type thermosyphons.
Thermosyphons also found application in early motor car
engines that were cooled using natural circulation of water to
transfer the heat from the engine to the air-cooled radiator.
Many geometric configurations of closed loop
thermosyphons have been studied. Some of the shapes
considered have been circular toroidal [5], arbitrary toroidal
[6], conjugate [7], double thermosyphon [8], multi-channel
[9] and rectangular [10, 11]. Vijayan et al. [12] gives a
number of useful references and Greif [13] gives a
comprehensive review of natural circulation loops as of up to
about 1990. Vijayan and Nayak give a review [14] and
comprehensive discussion [15] of what they call flow
instabilities in natural circulation systems. Bhattacharyya
[16] gives a thorough review of recent advances in two-phase
natural circulation loops where general modelling strategies
were reported and compared.

This paper however continues from essentially three
works; by Dobson [17] in which the transient response of a
closed loop thermosyphon was investigated, by Ruppersberg
[18] and by Sittmann [19] in which loops suitable for a
reactor cavity cooling system of a pebble bed modular reactor
was investigated. Ruppersberg’s loop was 1.8 m high, 1.6 m
wide and 25.4 mm diameter, and Sittmann considered a one-
third-height scale model and is shown in figure 3. The loop
is 7 m high and 8 m wide and 32 mm inside diameter.
Electrical heating elements are attached to 50 mm wide and
10 mm thick fins (as shown in the insert in figure 9), and is
water-cooled using pipe-in-pipe heat exchangers. These three
investigations could essentially be regarded as being based on
the homogeneous two-phase flow model as defined in basic
two-phase texts [20], [21] and [22], applied to a rectangular
loop. The homogeneous flow model requires an empirically
determined friction factor. In this paper we consider the
separated two-phase flow model; it requires an additional
empirically determined factor namely the void fraction « to
capture the transient and dynamic performance of the loop.
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Figure 3 Sittmann’s experimental setup (Sittmann, 2010)

The flow in a natural circulation loop as it is heated up as
a function of time exhibits certain transient and periodic
oscillatory flow behaviour. To analyse this, it is important to
predict the pressure difference across a flow meter as a
function of time. Vijayan et al. [23], give an experimentally
determined stability map for a ¢$9.1 diameter pipe, suitable for
flow instabilities prediction. The use of the words instability
and stability-map are generally used by researchers to
characterise this detailed oscillatory behaviour [15].

For the two-phase flow in vertical round tube, Whalley
[20] gives the possible observed flow regimes. He regrouped
them in five types where at low quality the bubbly flow is
observed. The flow then changes to plug flow, churn flow,
annular flow and finally wispy-annular with more heat input
into the system.

3 Theory

Having a clear definition of the loop (as shown in figure 3)
the systems is discretized into a number of control volumes
as schematically depicted in figure 4. For a separated two-
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phase flow model each cylindrical control volume in turn is
divided into a liquid and gas or vapour portion as shown in
figure 5. The equations of change (conservation of mass,
momentum and energy) with suitable properties functions are
applied to each control volume. To do this however the
following assumptions and simplifications needed to be
made.
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Figure 4 Discretisation schematic of the natural circulation
theoretical thermosyphon loop

Figure 5 One-dimensional separated flow conservation of
momentum control volumes for two-phase fluid
flow in a pipe

The mathematical model was developed subject to the
following assumptions:

1. The cylindrically-shaped control volumes are one-

dimensional; that is at any cross-section area along the

axis of the flow m = fOR pv2mdr = pvA, where A =
TR2.

2. Atany instant in time the mass flow rate in the loop is
independent of its position in the loop; this implies
that at any instant in time that ‘;—’:= 0 buti—’f # 0.

This condition is often called quasi-static or quasi-
equilibrium.
3. Atany cross-section both the liquid and vapour phases
are in thermodynamic equilibrium with each other.
The separated two-phase flow model [20, 21] is used to
represent the properties and behaviour of the control volumes
containing both the liquid and steam. Figure 5 shows a one-
dimensional separated flow control volume.
A separated two-phase model requires for a control
volume that:

m=m, + m;,m = m, + m;,m, = p,v,A, and m; =

PIViA; (1)
a mass fraction
x=—r = v @)
my+my my+my

and a density

p=ap,+(1—a)p ©)
where the void fraction « is defined by
Vy Vy Ay (4)

a= Vp+V) = Vy+V) = Apt+A;

The void fraction may also be expressed as

-1

_ wlxpy
a—(1+vl . Pz) (5)

The ratio v, /v, is termed slip factor and needs to be given
as an experimentally correlated expression. One such
correlation (Chisholm, 1983) for the void fraction for a two-
phase water system is given by the Lockart-Martinelli
correlation as

a=(1+0.28x)"1 (6)
where X, the so-called Martinelli parameter, is given as
0.5 0.5 0.875
- v\ (BT (1zx
x=1+(3) () (%) ©

Further, an experimentally determined correlation for a
so-called frictional multiplier ¢ is needed. One such
correlation, the Lockart-Martinelli liquid only two-phase
frictional multiplier is given as

20 1
0% =(1+3+5) -0 (®)

In this case it implies that there is a liquid only velocity
defined as v, = =™ and with a liquid only Reynolds

hy+my

p1(Av+Ap)
number given as Rey,, = p; (pl(Ale)) dp/u, =m"dy/u
where d, = 4A/pAz , @ being the wetted perimeter and
m'” =m/A is the mass flux. These definitions allow the
shear stress to be expressed in terms of a liquid-only shear
stress 7;, and a two-phase liquid-only frictional multiplier

2
®2, as T =T1,p7% wheret, = Cpp 2;”7. A Blasius-type
l

liquid-only coefficient of friction (for a smooth tube) is
assumed as Cr, = 0.079Re;,* for turbulent flow and
Crio = 16/Re, for laminar flow, and to ensure non-division,
by zero if Re;, <1, Cr, = 16 for laminar flow. Note that

the Reynolds number of 1181 is considered for the transition
from turbulent to laminar flow, and vice versa to ensure that
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the coefficient of friction Cf;, is a continuous of Re,, , if
deemed appropriate. Maybe one would want to build in some
“extra complexity” into the simulation model by introducing
some sort of hysteresis, assuming for example, that laminar
flow becomes turbulent at Re = 2300 and that turbulent flow
changes to laminar flow at Re = 1800.

3.1 Conservation equations

Having now made the assumptions as laid out above, the
equations of change may now be applied. This section deals
with the equation of change obtained by applying the general
statements of the conservation of mass, momentum and
energy to each control volume of the discretised system, in
order to develop differential equations for theoretical
algorithm computer simulation.

m

(Momentum flux)out m(u + Pv)out
Ty, out l’h'fua : (PAJout
= My, in+ Me =My in- Me l
I .
L1 o
’ /
pe - A Qin / Wt
\ 3 /
mg . /
g Win
. . My, in
My, in = XM = (1-x)m
T (PAx)out
(Momentum
m flux)in m(u + Pv)in
(@) (b) (c)

Figure 6 Conservation of (a) mass, (b) momentum and (c)
energy as applied to a representative control
volume

In order to determine how much mass is transferred to or
from the expansion tank, the conservation of mass is applied
to the control volume as shown in figure 6(a) and given by
equation 9.

Am . .
e Min — Moyt 9)

Equation 9 can also be represented in an explicit form as

miHAt = mf + At(ﬁlin - mout)l? (10)
where

m = pA,Az (11)
and

m = pvA, = pG (12)

Since v = G/A, and A, = wd?/4.

For the control volume (i), the density is determined
knowing the volume of the control volume.
pivAt = mirat /v, (13)

Equation 10 introduces the new mixture mass, therefore
the new phase masses will be given function of the mass

fraction x, and the new volume function of the void fraction
a as follow [12].

m, = xm (14)
m;=(1—-x)m (15)
Vi, =aV (16)
V=0-aV (17)

For a two-phase control volume and in terms of the mass
fraction x and void fraction a, by

m =, +m; = xm + (1 —x)m (18)
V=V, +V,=aV+ (1 —a)V (19)
p=potp=ap+(l—-a) (20)

Applying the conservation of energy, in terms of thermal
energy equation, as formally derived from the more
commonly used total energy equation to the control volume
in figure 6(c), equation 21 is generated.

A%(mu) = (hu)y, — (M) oue + Qin - Qout + (PAV);, —

(PAU)aut - TWAZV [W] (21)
Equation 21 can be written explicitly as
uttat = [(mw)t + At Y Ef | /mi+at (22)

where

2 E-'t — [(mu)in - (mu)out + Qin - Qout + (PAv)in ‘
' _(PAv)out — TwAzv i
(23)
All thermodynamic properties will then be represented
function of the internal energy u{*A* and the density pf+A¢;
fufrst, pt+Aty Figure 7 shows the property function
diagram of the specific internal energy versus pressure.

T T, "’pl

<
- .
e
o @ + @
= P, %
3 f AT
o 2

X
/ /N T
=1 = =7 Tl

Specific internal energy, u (J/kg)

Figure 7 Pressure-specific internal energy diagram showing
a sub-cooled liquid 1, a two-phase vapour plus
liquid 2 and a vapour 3 state point

For the solution algorithm computer program given in
figure 8, the following are used in the selected procedure.

A\ E—At/2

mitAt = mf + At (—)

v (24)

i

where
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t+at _ [(Am t=At/Z  mb-mil
m = (At )i T (25)
and
t—At/2
PEet = pt+ at () (26)
i
where
AP t—At/2 Pit_Pit—1
), =5 (21)

Having now determined u{*At using equation 22 with
mf+At as given by equation 24, the remaining thermodynamic
properties may be determined as function of u¢+At and P} ¢,
That is Tt+At f(ut+At Pt+At) and pf+At
f(uf+t pE+at) | for a so-called sub-cooled or superheated
single phase control volume (see figure 7). Using equations
22 and 24, the mass fraction for a two-phase liquid-vapour
control volume is given as

t+At _ t+At __ t+At t+At t+At
Xi (u )/(u uf i (28)
where
t+At t+At t+At _ t+At
ubtAt = f(PLAY)  and  wftAt = F(PEHA), and  the
volume or void fraction & = V;/V, is given by
t+At e+ary 1
t+AE _ Pgi 1-x;
ai+ - <1 + SF —&m }E+At xt+At ) (29)
L i

where SF is the slip factor, the ratio of the vapour to liquid
velocities v, /v;. It is given by an experimentally determined
correlation in terms of the vapour and liquid densities,
dynamic viscosities, mass fraction and surface tension [22].
Another correlation of the void fraction is given in terms of
the Martinelli parameter X [15] as in equations 6 and 7.

Having now the mass and void fractions (x and a ), the
density and the temperature att + At, thermodynamic
properties are now given by

PlHAt a,t+Atpt+At + (1 t+At)p},JEAt (30)
and
TEA = f(PLEY (31)

For a separated flow model, the left hand term of equation
21 becomes

(xmu, + (1 —
= = (mw)}

A A A
o (mu) = Iy (myu, + mpuy) = Iy

Oymuy) = = (mlew, + (1= )u))) (32)

where u = xu, + (1 — x)y,
The convective energy flow terms on the right hand side
of equation 21 becomes
(mu)in - (mu)out = XMy, + - x)mul,in -
xmuv,out - (1 - x)mul,out = m(uin - uout) (33)
And the reversible work term on the right hand side of
equation 21 becomes

(PAV) i, — (PAV)oue = (P(Ayvy + A),,, — (P(4pv, +
Alvl))out

= |(PG/py + (1 -2/p)), - (Px/py+
a-x/p)),,,]

= ml(P/pn)in = (P/Pn) out] (34)

where

pn=(x/py +(1=x)/p)7"
When applying the conservation of momentum to the
control volume depicted in figure 6(b) equation 35 is found

= (mv) = ()i — (1) gue + (PA) iy — (PA) e —
m;gsinf —tA, [N] (35)
For a separated two-phase flow model, after dividing
throughout by the cross sectional area A of the control
volume and making use of the identities of equations 12 and
20, the momentum equation may be expressed in terms of the
mass, mass flow rate, mass fraction and void fraction as given
in equation 36.
A [mm [ x? 1-x)? m? x? 1-x)?
mya (G —(i_a))p,)]i =u [(m + 7(1(_“),)4,,1)“1 -

x? (1-x)? ]
(aAp,, + (I—a)Apl)out
+Pin,i - Pout,i - [(a’pv + (1 - a)pl)g sin 6 AZ]i -
[TIO¢120AZ] (36)
A i

where m = (ap, + (1 — a)p;)AAz

In accordance with the concept of upwind differencing for
the momentum flux term (the first term on the right hand side
ofequation34 in=i—1 if m>=0andin=i+1ifm<
0 and “out” always equals “in”, irrespective of the flow
direction.

The mass flow rate of the fluid in and around the loop, at
any instance in time, is then given by summing all the control
volumes around the loop from 1 to N,,; and noting that the
pressure terms all cancel out.

2 (M) = 12MF — G — F 37
Equation 37 is also explicitly given by
MEAE = [mtMt 4+ At(h2MF — G — F)t]/Mt+At (38)
where
t 2\t
t — yNeot |t 742 (1-x)
M; = Z [ /A (( p,,)L + ((1—a)Pl)i)] (39)

t+At 2\ t+AL
t+At _ yNeot | t+AL / 42 (1—x)
Mi _Zi=1[ /4 ((apv) +((1—a)pz)i )]

i

(40)
Ntot x? a-x? - *
MF = Z [ <(aApv + (1—“)Apl)l’n (aApu *

(1-x)?2

(1_‘1)Apl)out)]i o

G = ZNtot[(apv + (1 - a)p)gsinb Az]; (42)
and

F = ZNtOt[Tlo ¢lo<§0 (Az + Azminor) /Al (43)

where Az, IS the equivalent length of pipe of the same
diameter and represents the minor losses or the irreversible
work done on the fluid, as a result of there being inlets or
contractions, bends, outlets or expansions etc.

Having now determined the mass flow rate at any instant
in time t 4+ At, the control volume pressure may now be
determined at the so-to-say new-new time t + At, equation
34 is re-arranged as
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_ m_2 x2 (1-x)2 ) _( x2
Pouti = Pini 7 [( T awam anpy

adpy ini

(1-x)2 .

— 1-— 0Az]; —
(PW)M] [(ap, + (1 — @)p)g sin 6 Az,
[TZOQ%OSO(AZ‘*‘AZminor)] _ A ﬂ (ﬁ (1—x)2 )]t—At/Z

A i Atl A2 \apy, (1-a)p/];

(44)

3.2 Property functions

Although property functions are obvious and known, it is
important to highlight them in this section as used in the
computer program given in the computer algorithm flow
chart in figure 8. These properties are classified into three
regions; the subcooled liquid region, the two-phase region
and the superheated region as shown in figure 7. The property
functions with respect to each region are as follow.

Subcooled liquid region, thatisx < 0and a < 0

u=f(T),T=fwP)p=f(P)

Two-phase region, thatis0 < x <land 0 < a <1
uf=f(P)lug=f(P)lTsat=f(P)1 pf=f(P): pg=
fP)

Superheated region, thatis x > 1and a = 1

T=fwP),p=f(uP)
Sundry property functions

o=f(T),u=[f(T)

4 Experimental setup

This section presents the experimental setup of the natural
circulation loop used for this project and as depicted in figure
9.

Four transparent polycarbonate sight glasses are
positioned at strategic points in order to visually identify two-
phase flow patterns. A stainless steel expansion tank was
manufactured and fitted with a glass tube level indicator in
order to measure the variation in tank fill level. The tank is
connected to the natural circulation loop through a valve
attached to the loop return line and is placed at a height of 12
m above the lower horizontal section of the loop.

4.1 Instrumentations

Thermocouples were used to measure the temperatures of
three different sections of the experimental setup, including
the working fluid, the evaporator and the condenser. Twelve
sheathed, K-type thermocouple probes were used to measure
the working fluid temperatures at the inlet and outlet of the
condenser and evaporator sections of the loop, as well as the
inlet and outlet of each heat exchanger (HEs). A further
eleven K-type cladded thermocouples were placed 25 mm
from tip and central to each heating element in a 20 mm deep
$1.8 mm hole within the element to measure the temperature
distribution.

In order to account for variation in the characteristics of
different batches of thermocouple wire, it was decided to take
the twelve sheathed thermocouples from the same roll. The
accuracy was then verified by testing the thermocouples
against a calibrated Isotech platinum resistance thermometer
(PRT) model number 935-14-72 manufactured by ISOTECH

South Africa with serial number 191069 and used with an oil
bath. The PRT was calibrated on the 4th February 2013 by
Rapid Instrumentation cc with certificate number RAP15738.
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Figure 8 Computer algorithm flow chart

The mass flow rate was measured using an orifice plate
and two calibrated differential pressure transducers including
the HBM-PD1(Hottinger Baldwin MesstechniK type PD1)
and the E&H (Endress and Hauser) Deltabar.

Both the HBM PD1, serial No 12068, with a 0.01 bar full
scale reading working up to an allowable nominal operating
pressure of 50 bars and the E&H Deltabar M IP66/1P67 were
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used to measure the pressure difference across the orifice
plate. They were calibrated using a van Essen, BETZ type
5000 water micro-manometer having a measuring range of -
10 to 5000 Pa (gauge pressure) and an accuracy of +0.2 Pa.
The temperature and mass flow rate reading instruments
were connected to a 34970A Agilent data logger with serial
number MY44045582. Data were logged every 1.445 s,
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Figure 9 Experimental thermosyphon loop

4.2 Operating procedures

Before starting with the experiment, water level in the
expansion tank, the room temperature and ambient pressure
were measured and recorded. Leaks and electrical
connections were also checked to prevent accidents.

The mass flow rate of the working fluid was measured by
the pressure difference across the orifice plate while the
cooling water mass flow rate through the heat exchangers
(HEs) was measured manually. This mass flow rate is
controlled through the use of a constant header tank as well
as ball valves at the outlet of each condenser section and thus
has a constant value for the duration of the experiment for
each HE.

To allow heat transmission with thermal equilibrium, the
same heat input procedure was used for all the experiments.
During start-up, each heating element (H) was set to 30% of
maximum power input. The working fluid temperature was
monitored and the power input maintained until thermal
equilibrium was reached. At that stage, the power input was
increased to 50% for a certain duration until thermal
equilibrium was reached, then the heat was increased to 70%
of the full power and finally to 100%. The power supply was
then switched off and the system was allowed to cool down
to its initial conditions.

5 Results

In this section the results obtained from the experimental
setup are compared with the theoretical results generated by
the mathematical model.

5.1 Mass flow rate

Figures 10 and 11 show a comparison between the
theoretically and experimentally determined mass flow rates
of the working fluid for single to two-phase operating mode
using the two different pressure sensors.
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Figure 10 Experimental mass flow rate, using the HBM

pressure sensor, and the theoretically predicted
mass flow rate as a function of time.
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Figure 11 Experimental mass flow rate, using the E&H
pressure sensor, and the theoretically predicted
mass flow rate as a function of time.

The experimental mass flow rates, depicted in grey in
both figures, show a steady increase in the single phase region
and an oscillatory behaviour in the two phase region. The
power is input progressively into the system as shown in
table 1 starting with 30 % of available full power. The
experimental results show that each increase of input power
causes an increase in the single phase mass flow rate and
temperatures as it can be seen in figures 10, 11 and 13. After
14596 s, 70 % of heat is input into the system taking the
temperature profiles (Tt and Ttgr) of the top section of the
loop to about 107.57 °C coinciding with a sudden oscillatory
behaviour of the mass flow rate as boiling starts. As more heat
is input and once boiling is fully saturated, the mass flow rate
oscillates with bigger amplitudes therefore affecting the heat
transfer between the heating elements and the working fluid.
The theoretical results show that mass flow rate in the single
phase region also increases with time from start-up as heat is
being input into the system. A slight drop in the mass flow
rate is observed which is caused by the presence of bubbles
in the working fluid as a result of more friction after 70 % of
full power is input. For less than 100 s the mass flow rate
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oscillates and stabilises when thermal equilibrium is reached
again. Both mass flow rates (experimental and theoretical) in
figures 10 and 11 show that when boiling start (after 70 % of
full power is input) their profiles show more oscillatory
behaviours and continue as such even after 100 % of power
is used. The oscillations for the experimental mass flow rate
have bigger amplitude than the theoretical results. This is due
to the fact that instruments are more sensitive and thermal
instabilities are more pronounced during the experiment.
After 18000 s the power is switched off, boiling continues for
about 600 s as shown in all three mass flow rate profiles, then
start to cool down until the experiment or simulation is
stopped. The theoretical mass flow rate closely follows the
experimental profile in the single phase mode and shows a
more stable profile with some oscillatory behaviour at times
in the two-phase region, but nevertheless it follows a similar
trend as the averaged values experimentally determined
profile trend.
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5.2 Pressure difference

Figure 12 shows the theoretical versus the experimental
working fluid pressure difference AP = pghqni Where the
change in fluid density due to the rise or drop in temperature
of the heating elements cause the oscillatory behaviour of the
pressure difference in the loop. Both trends show that the
single phase is less affected by thermal instabilities than the

two-phase operating mode. This is shown in the pressures
behaviours as depicted in figure 12.
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Figure 12 Experimental vs theoretical pressure difference, as
a function of time

5.3 Temperature

Figure 13 presents the working fluid temperatures; (a)
experimentally measured and (b) theoretically determined as
functions of time, with K-type thermocouples installed in the
four corners of the loop as shown in figure 9. Both results
show that at each change in heat input as presented in table 1,
there is an increase in working fluid temperature. After about
10000s and 70 % of full power is input into the system, the
temperatures at the top of the loop (Tt. and Ttgr) reach the
peak that coincides with a sudden drop in mass flow rate, as
boiling starts. When boiling is fully saturated, both
experimental and theoretical temperature profiles in the top
of the loop follow a similar trend around the saturation line.
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Figure 13 Working fluid temperatures as function of time: (a)
Experimental, (b) Theoretical

The temperature profiles of TBL and TBR however show
that boiling did not occur due to heat removed as the fluid
passes the condenser section. TBR shows a more chaotic
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oscillatory behaviour of amplitudes up to 40 °C due to mixing
of warn and less dense fluid from the condenser section and
cool and more dense water from the expansion tank
generating positive and negative differences in pressure.
After 18000 s, the power is switched off and both profiles
show that all temperatures decrease with time until the
experiment and simulation are stopped.

6 Discussions

Information collected through the literature review shows
that the basic approach in theoretically simulating the single
and two-phase flow of a natural circulation loop using the
separated two-phase flow model is to discretize the loop into
a series of parallel one-dimensional axially symmetrical
control volumes where the two-phase flow is treated with the
liquid and gas phases considered separately. After the loop is
discretized, conservation equations of mass, momentum and
energy are applied and corresponding correlations used.

The experimental setup was conducted on an existing
loop designed by Sittmann [19]. The loop was
recommissioned, instrumented and prepared for the
experiments. More than a dozen of test-runs were conducted
on the loop, lasting up to 4 hours each, with data logging
occurring every 1.445 seconds and electrical power input into
the system in steps of 30, 50, 70 and 100 per cent of full
power.

A numerical model was developed and created in Q-
Basic64 to simulate the loop thermosyphon and predict the
working fluid mass flow rate, temperatures and pressure
difference behaviours during the single and two-phase
operating modes.

An important objective of the experimental work was to
assist in determining the accuracy of the theoretical model.
Figures 10, 11 and 12 show the theoretical results
superimposed on the experimental results of the mass flow
rate and pressure difference, and figure 13 shows a
comparison of the working fluid temperatures between the
two results. From the four figures it can be seen that
theoretical results correspond reasonably well with the
experimental results. However the experimental mass flow
rates show more oscillatory behaviour in the two-phase
region, caused by instabilities occurring during boiling and
the sensitivity of the pressure sensors than the theoretical
model. The theoretical results corresponds well with the
average values for the mass flow rate read with the HBM
pressure sensor and is slightly offset from the average line for
the E&H pressure sensor. The experimental pressure
difference profile however corresponds more accurately in
both the single and two-phase mode with the theoretically
predicted values.

Regarding the temperature profiles, TBL of the
experimental results shows a more oscillatory behaviour than
the theoretical because of its location, where low dense warm
water from the condenser mixes with higher density cool
water from the tank. It therefore generates more thermal
instabilities at that location in the loop as depicted in the
profile behaviour of TBL of figure 13(a). The other
temperatures profiles (for both theoretical and experimental
results) correspond relatively well.

7 Conclusion and recommendations

In conclusion, the theoretical investigations using the
separated two-phase model as presented in section 5 provides
relatively accurately calculated thermo-fluid parameters of
the natural circulation loop with respect to the experimentally
predicted values. This is shown in the behaviours of the mass
flow rate, pressure and temperature profiles given in figures
10, 11, 12 and 13. Theoretical profiles follow similar trends
as the experimental, thereby validating the use of the
separated two-phase flow model for modelling natural
circulation loops. Although there are some discrepancies in
the two-phase region for the mass flow rate that requires
improvements in capturing thermal instabilities. The use of
the separated two-phase model for modelling natural
circulation loops makes a strong argument for design
purposes.

The numerical model using the separated two-phase flow
can be confidently recommended for use in future two-phase
flow studies. However an add-on program for thermal
instabilities analysis should be developed in order to capture
more accurately chaotic transient behaviours.
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