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a b s t r a c t

The investigation into a full-scale 27 m high, by 6 m wide, thermosyphon loop. The simulation model is
based on a one-dimensional axially-symmetrical control volume approach, where the loop is divided
into a series of discreet control volumes. The three conservation equations, namely, mass, momentum
and energy, were applied to these control volumes and solved with an explicit numerical method. The
flow is assumed to be quasi-static, implying that the mass-flow rate changes over time. However, at any
instant in time the mass-flow rate is constant around the loop. The boussinesq approximation was
invoked, and a reasonable correlation between the experimental and theoretical results was obtained.
Experimental results are presented and the flow regimes of the working fluid inside the loop identified.
The results indicate that a series of such thermosyphon loops can be used as a cavity cooling system and
that the one-dimensional theoretical model can predict the internal temperature and mass-flow rate of
the thermosyphon loop.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Loop thermosyphons are not restricted to a square geometrical
A semi-closed thermosyphon loop is a heat removal system that
does not use any mechanical or moving parts, such as pumps or
active controls [1]. There are many advantages to such a system.
The absence of moving parts results in minimum downtime,
rendering it very safe. Furthermore, flow increases as heat in-
creases, and heat can be transferred over relatively large distances.
Since fluid inside a thermosiphon loop does not need a pump to
circulated it, the system is a passive one. This salient feature makes
it one of the most useful heat transfer methods available [1,2]. As a
result, there have been numerous developments in applications of
this system across various fields. Some applications have been used
for cooling very small electronic devices [3e5]. Others have been
used for industrial devices, such as heating oil baths [6], and others
for solar applications [7,8].

A rectangular thermosyphon loop generally consists of two
sections. Firstly, an evaporator section (heat gain), which is usually
connected to the riser pipe in which the fluid moves upwards. And
secondly, a condenser section (heat removal), which is usually
connected to a down-comer into which the liquid returns (see
Fig. 1).
rt).

by Elsevier Korea LLC. This is an
shape; they can have multiple shapes and bends [9]. Due to the
reliability of thermosyphon cooling systems, Dobson [10] proposes
a closed-loop thermosyphon cooling system for a high-
temperature reactor cavity cooling system (RCCS). Here, a number
of closed loop thermosyphon pipes are spaced around the periph-
ery of the reactor cavity, with the heating section in the hot air
cavity and the condenser section in a heat sink. This proposal by
Dobson was investigated further by Dobson and Rupper [1].

They investigated a small-scale thermosyphon loop. The small-
scale thermosyphon was proven to be an effective solution for a
RCCS. The work done by Dobson and Ruppersberg led to the inves-
tigation of a full-size model of a water thermosyphon loop, which
can be used as a high temperature reactor cavity cooling system.
2. Background theory and literature survey

Extensive theoretical and experimental research has been done
on thermosyphons. Only literature which contributes to the theo-
retical simulation of the working fluid of this semi-open thermo-
syphon loop has been considered.

Bieli�nski [5] thought the fluid to be driven by an upwards body
force, called the buoyancy force. The buoyancy force is proportional
to the density gradient, which is proportional to the temperature
difference at constant pressure. The buoyancy force pushes the
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http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rikusswart123@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2019.07.031&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2019.07.031
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2019.07.031
https://doi.org/10.1016/j.net.2019.07.031


Fig. 1. Image (a) top section of thermosyphon loop, (b) bottom section of thermosy-
phon loop, (c) full-scale rectangular thermosyphon loop [20].

Fig. 2. (a) Bubbly flow, (b) Slug flow, (c) Churn flow, (d) Wispy-annular flow, (e)
Annular flow [20].
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fluid upwards and the gravitational force brings it back down,
causing a natural circulation.

The following assuptions are made:

1. Boussinesq approximation is valid for the working fluid.
2. The expansion does not contribute to instantaneous pressure

fluctuations inside the loop. This means the expantion tank is
not simulated and only contributes to the constant pressure of
the system.

3. The liquid and gas phases are in thermal equilibrium at any
point in the system on the cross-section.

4. A one-dimensional model is applied for heat transfer and fluid
flow in both single and two-phase regions.

5. The system is assumed to be in quasi-static equilibrium.

Bieli�nski [5] further assumed that a one-dimensional model
could be applied to the system because the diameter of the pipe,
divided by the length of the riser, is smaller than 1, ðD=LÞ≪ 1. He
also assumed that the Boussinesq approximation was valid for the
working fluid. Density is then assumed to vary as r ¼
r0½1�bðT �T0Þ� in the gravity term, where b ¼ 1

v

�
vv
vT

�
p
, and v is a

specific volume and the subscript 0 is the reference steady state.
Lee and Kim [11] did an analytical investigation into the role of

an expansion tank in a semi-closed two-phased natural circulation
loop. In their research they found that the frictional pressure drop
and inertia inside the expansion tank line became very large with a
longer line, and do not react significantly to instantaneous pressure
fluctuations inside the loop. They also found that an expansion tank
line with a bigger diameter decreases the stability of the flow. The
reason for this decrease is that viscous damping decreases as the
diameter increases. Therefore, an expansion tank line that is long
enough, with a diameter that is small enough, will ensure that the
time-average pressure inside the thermosyphon loop stays con-
stant and will not affect the flow inside the loop.
2.1. Flow regimes

The flow regimes of the working fluid, which were observed
through the sight glass, are shown in Fig. 2. The flow regimes are
seen from the top left sight glass (see Fig. 3). The different flow
patterns, shown from left to right, indicate the quality of the flow as
the flow increases. These images also indicate the complexity of the
flow regime, which causes problems for obtaining the void fraction,
a, of the fluid [12,13].

2.2. Instabilities

Compound relaxation instabilities involve bumping, geysering
and chugging. Bumping occurs when the flow is in a region where
the surface temperature fluctuates between natural convection and
boiling e usually occurring when alkaline metals are boiled at low
pressuree and then disappears at higher heat fluxes and pressures.
Geysering occurs when the heat flux (at the bottom of long vertical
channels) in a system with low pressure and where hydrostatic
head changes and sudden vapour generation occurs, is very high.
This leads to sudden vapour bursts from the channel: The liquid fills
up again, the system returns to a sub-cooled, non-boiling state and
the cycle starts again. Chugging is the same as geysering and can go
from small changes in flow rate to large bursts of fluid [14].

3. Loop theory

The physical layout of the thermosyphon loop, which was
theoretically modeled and experimentally tested, is shown in Fig. 3
below.

3.1. Experimental setup

The working fluid is water and the structure material of the loop
is stainless steel. Twenty-six resistance heating elements of
700 W at 220 V each were clamped onto the evaporator pipe (left-
hand side), for a total of 18.2 kW input power. The elements were
divided into four banks of six elements and one bank of two ele-
ments. Each bank was controlled as a unit by a pot on the distri-
bution box. There are twenty-seven tube-in-tube heat exchangers
placed on both the top horizontal and right-hand side vertical pipe
of the thermosyphon loop. Heat is transferred from the working
fluid to the cooling water, which is cooled by means of a cooling
tower. The lower density in the heated portion (evaporator section)
and higher density in the cooling section of the loop causes a
density gradient. The density gradient causes the fluid inside the
loop to circulate, flowing upwards into the evaporator section by
means of the buoyancy force and flowing downwards in the cooling
section by means of gravity.

3.2. Sensor

The flow rate measurements across the orifice plate were done
using an Endress-Hauser Deltabar S PMD75 differential pressure
transducer with a 4e20 mA output signal. This transducer is
capable of reading in both directions. The pressure of the system
was measured with an Endress-Hauser Cerabar S PMC71 pressure



Fig. 3. Illustration of the 27 � 6 m natural circulation loop with the cooling system
[20].

Fig. 4. Discretization scheme of the thermosyphon loop [20].
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transducer with a 4e20 mA output signal. Working fuid tempera-
tures were measured with four 1.6 mm T-type thermocouple
probes at the inlet and outlet of both the evaporator and condenser
sections. The condenser cooling fluid temperatures were measured
at the inlet and outlet of each heat exchanger with 1.6 mm T-type
thermocouple probes. Temperatures for the heating elements were
measured with J-type thermocouples.

3.3. Theoretical model

The theoretical model was divided into discrete cylindrical
control volumes, shown in Fig. 4. The three conservation equations
e continuity, momentum and energy e were then applied to these
control volumes. The most important assumptions are the
following. Firstly, a one-dimensional model is used. Secondly,
quasi-static motion is assumed. The average velocity of theworking
fluid is two to three times smaller in magnitude than the speed of
sound in water. Therefore, the rate at which pressure waves prop-
agate through the working fluid is much faster than the rate at
which mass and heat move in the loop. It is thus safe to assume
quasi-static solution for the momentum equation [1].
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The left-hand evaporator side of the loop was divided into four
separated control volume sections. These consist of the working
fluid; the pipe wall; the heating elements, and the cladding and
insulation. The top and right-hand side condenser section was
divided into four rows of control volumes. These consist of the
working fluid; the pipe wall; the cooling fluid inside the condenser,
and the wall of the condenser. The bottom horizontal pipe is open
to the surroundings and is divided into control volumes for the
working fluid and the pipe wall. Each section was divided into a
number of control volumes labelled from N1 to N4. The size of the
control volumes was determined by dividing the length of the
section by the number of control volumes chosen. The numbering
of the control volumes starts at the bottom right hand corner and is
labelled as the letter ‘i’, as shown in Fig. 4.

The conservation equations are written explicitly as:
Continuity
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Table 1
Experimental loop overall dimensions.

Lvertical ¼ 26:925 m, Lhorizontal ¼ 5:972 m, Lexpantion ¼ 27:56 m
di ¼ 0:0478 m, do ¼ 0:051 m, do;e ¼ 0:06 m, dins ¼ 0:165 m,
dcladd ¼ 0:165 m, di;cw ¼ 0:081 m, do;cw ¼ 0:0:085 m
Patm ¼ 101 kPa
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The signof the gravity term inequation (3) (second term from left)
is accounted for by multiplying g by sin q, where q is the angle the
control volume makes with the horizontal axis. The top and bottom
control volumes are q ¼ 0, the left-hand side control volumes are
q¼ �p=2 and the right-hand side control volumes q ¼ p= 2.

4. Simulation theory

The three conservation equations were explicitly numerically
formulated and solved. Table 1 gives the overall dimensions of the
thermosyphon loop experimental setup.

The following friction factors were used for the single phase
control volumes [15]:

Cf ;k ¼1 if ReD � 1; (4)

Cf ;k ¼16=ReD if 1<ReD � 1181 (5)

Cf ;k ¼ 0:079 Re�0:25
D if ReD >1181 (6)

where ReD ¼ 4 _m
p di ml

.
The coefficient of friction for the two-phase control volume is

assumed to be the single phase coefficient of friction multiplied by
a two-phase flow frictional multiplier:

Cf ;k ¼ Cf ;lof
2
lo (7)

The two-phase frictional multiplier may be calculated using the
Friedel correlation [13] as:

f2
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For two-phase separated flow, the void fraction may be given by
the Lockhart-Martinelli correlation [12], which is written in terms
of the Martinelli parameter, which assumes turbulent flow for both
the phases as:

a ¼
�
1þ 0:28X0:71
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The density can be written as r ¼ arv þ ð1 � aÞrl, the internal

energy as m ¼
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þ 1�x
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, specific heat as c ¼ xcvð1� xÞcl and the

thermal conductivity as k ¼ akv þ ð1 � aÞkl.
The heat transfer coefficient was determined with hi ¼ NuD k

Di
,

where, for the single-phase control volume, the Nusselt number
was determined using the equation for heat transfer in a cylindrical
pipe given by Mills [15] as:

NuD ¼ 3:66; if ReD <3000 and (11)

NuD ¼ ðf =8Þ �Re0:8D � 1000
	
Pr

1þ 12:7 ðf =8Þ0:5
0
@Pr

2
3 � 1

1
A
; ReD � 3000 (12)

where Pr ¼ cpm
k and ReD are the same as equation (3).

Gnielinski's correlation (equation (12)) was developed for forced
flow conditions. In order to account for the secondary flow effects,
present in natural circulation, a Rayleigh number (see equation
(20)) correction factor as proposed by Yang et al. [16] was intro-
duced, such that:

NuD ¼ NuD R�0:011
a : (13)

The two-phase flow control volumes heat transfer coefficient is
divided into 3 regions. These are the vertical evaporative, the hor-
izontal condenser and the vertical condenser. For the vertical
evaporative section, Chen's [17] correlation is used. This accom-
modates nucleate-pool-boiling-like conditions hmic and the tran-
sition pure film evaporation condition, hmac. A simplified version of
the equation may be written as follows:

hi ¼ hmic þ hmac (14)

The horizontal condenser section was observed to be stratified
flow. Chato [12] gives a modified Nusselt analysis equation for a
horizontal plate, as derived for a horizontal pipe, as follows:

Nu ¼ 0:728 a�3=4

"
g rl ðrl � rvÞ D3 h
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According to Carey [12] the heat transfer through the liquid is
negligible. Thus only the heat transfer through the condensed film
is considered.

The top part of the vertical condenser section is observed to be
fully annular-flow. Traviss et al. [18] proposes the following
annular-flow convective condensation heat transfer coefficient:

h ¼ 0:15 Prl Re
0:9
l

FT

"
1
Xtt

þ 2:85

X0:476
tt

#
(17)

where FT is a function of the Reynold number.
The heat transfer of the following components was taken as
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conduction through a cylindrical shell: The pipe wall, condenser
wall, insulation and cladding. The thermal resistances of these parts
were calculated using the formula given by Mills [15] as:

R ¼ log r2
r1

k � L�p�2 (18)

The heat transfer through the different components of the
structure of the loop and to the ambient was calculated using the
formula given by Mills [15] as:

_Qloss ¼
T2 � T1

R
(19)

The condensers which were non-operational were still filled
with water, which caused a natural circulation inside the con-
densers. The Raleigh number, Ra, is used to determine if the sta-
tionary cooling fluid is transferring heat by means of conduction or
convection. Circulation occurs when Ra>0. However, it is still seen
as pure conductionwhen Raccw <1 000. For any value above 1000 a
convection coefficient needs to be determined for the heat transfer
[15]. The following formulawas given byMills [15] to determine the
Raleigh number:

Ra ¼ gbðT2 � T1ÞðLÞ3
v2

Pr (20)

Cengel and Ghajar [19] give the Nusselt number Nuccw for a
vertical annulus as:

Nuccw ¼ 0:046�Ra0:333 (21)

and Mills [15] give the Nusselt number for a horizontal annulus as:

Nu ¼ 0:069�Ra0:333�Pr0:074 (22)
Fig. 5. Sequence of steps followed by the mathematical model to predict the flow of
the working fluid [20].
5. Theoretical program

The numerical simulation programwas done in accordancewith
the upwind differencing method: “in” ¼ i� 1, when themass flow
rate is positive (clockwise), and “in” ¼ iþ 1, when themass flow is
negative (counter-clockwise). The “out” will always be equal to
"out" ¼ i (see explicit formulas, equations (1)e(3)).

The properties used for water could be divided into three re-
gions, sub-cooled and superheated. For the subcooled region,
where x � 0 and a ¼ 0, x is defined as:

x ¼ u� uf
ug � uf

; where (23)

u ¼ f ðTÞ; T ¼ f ðu; PÞ; r ¼ f ðu; PÞ
For the subcooled region, where 0< x<1 and 0<a<1, the

properties are:

uf ¼ f ðPÞ; ug ¼ f ðPÞ; Tsat ¼ f ðPÞ; rf ¼ f ðPÞ; rg ¼ f ðPÞ
The property functions for the superheated region, where x � 1

and a � 1, are:

T ¼ f ðu; PÞ; r ¼ f ðu; PÞ
Fig. 5 above shows the sequence of steps thatwas followed by the

numerical simulationmodel. Themain steps include the input of the
initial condition values; determining the specific internal energy,
and calculating themass-flow rate. The upwind differencing scheme
predicts themass of the control volumes by using the gradient of the
current mass and the mass at the previous time steps.
6. Experimental and theoretical results

A bench experiment was conducted to calibrate the theoretical
simulationmodel. The convection coefficient of the surrounding air
on the outside wall and the conduction coefficient of the heating
elements of the loopwere determined using the bench experiment.

The calibrated numerical model was used to determine the
global error. The numerical model was compared to an experi-
mental set which was only operated in the single phase region. The
following formula was used to determine the global error:

abs
�
Texperimental � Tnumerical

�
Texperimental

�100 ¼ global error: (24)

The same method was used to determine the global error for the
mass-flow rate. This method yields errors smaller than 2%, which is
an acceptable value given that the experimental setup of the
thermosyphon loop was not placed in a controlled environment.
Different types of errors can be identified. These include systematic
errors (that happened during calibration); random errors (that may
occur due to measurement conditions or lack of precision), as well
as absolute or relative errors.

An error analysis was not done on the two-phase flow region of



Fig. 6. Experimental mass flow rate measurements over time and flow regimes as
observed through vertical sight glass [20].
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the system because of the chaotic nature of the flow. Visual com-
parisonwas used to determine if the fluid could be simulated in the
separated flow region. The calibrated theoretical simulation pro-
gram was then used to simulate a series of experiments. These
series of experiments were conducted where the top right vertical
condenser was activated (see Fig. 3). This set of experiments gave
similar results, therefore only one of the experiments were chosen
for simulation. Fig. 6 shows the experimental mass-flow rate with
the corresponding flow regimes which were observed through the
top left sight glass.

The working fluid was in the single flow region for the first
7400 s of the experiment (see Fig. 6). The maximum single-phase
mass-flow rate is 0.1 kg/s. The working fluid enters the two-
phase flow region at 7400 s, at point A. At this point, small bub-
bles start to form inside the working fluid. The heat transfer in the
evaporator section of the loop at this stage of the experiment is due
to nucleate boiling. In Fig. 6, at point A bubble flow can be seen,
which is the first two-phase flow regime. At point B, the bubble
flow developed for the next 400 s; the bubble size increased, and
larger and more noticeable bubbles occurred. The flow then turned
into slug flow at point C, and to churn flow at point D. Then, the
flow was a combination of wispy-annular and annular flow, until it
became a fully annular flow, at point E. Once this occurred, the
power was turned off. After the heating elements had been
switched off, the mass-flow rate dropped to zero after 500 s. When
the flow rate was zero, at point F, the working fluid was in ther-
modynamic equilibrium, and the density gradient was zero. The
residual heat from the structure of the loop continued heating the
working fluid, until a large enough density gradient was present to
overcome the static friction of the system. This allowed theworking
fluid to start circulating again, shown at point G (Fig. 6). When the
working fluid started circulating again, the heat was transferred by
convection around the loop, decreasing the density gradient and
returning the mass-flow rate of the working fluid back to zero [20].

The fluctuations in the pressure of the experimental sets were
caused by geysering. This occurs when pressure fluctuations in the
system cause sudden increases in vapour generation at the bottom
of the vertical heating section (see Fig. 6). This sudden increase in
vapour is the cause of vapour bursting explosively in the top part of
the heating section. As sub-cooled liquid returns, the section is
returned to a non-boiling state and the cycle is repeated. The return
of the liquid after the vapour explosion is perceived as annular-flow
through the sight glass, as shown at point C (Fig. 6). Geysering has a
great effect on the differential pressure, as well as the pressure of
the entire system. Geysering causes an acceleration and decelera-
tion of the mass-flow rate and has an oscillating effect on the
working fluid, which causes reversed flow (see Figs. 6 and 7). These
fluctuations can also be caused by chugging, which is similar to
geysering and which can have either minor or major effects on the
flow of the working fluid.

The simulation program was then used to simulate the mass-
flow rate and working fluid temperature of the experiment, as
shown in Fig. 7

The theoretical program simulated the single-phase region very
accurately. The theoretical program had an overshoot at 1800 s but
corrected itself to follow the experimental mass-flow rate perfectly
from then on. The theoretical mass-flow rate entered the separated
flow region at the same time as the experimental program, at
7400 s. This indicates that the single-phase heat transfer coefficient
was accurate, and that the constant pressure head of the simulation
model was the same as the experimental pressure. The theoretical
mass flow rate followed the experimental mass-flow rate almost
perfectly from the time the power was turned off, at 9400 s, until
10 500 s.

The spikes in mass-flow rate in the single phase region is caused
by the transition from the laminar heat transfer equation to the
turbulent heat transfer equation (see Fig. 7). The leap is due to the
laminar heat transfer equation which is valid for a Reynolds num-
ber of 0e3000, and the turbulent equation is valid from 3000 to 106

(see equations (11) and (13)). The heat transfer coefficient makes a
big leap, which causes the simulation program to overshoot.
Different heat transfer equations were used and gave the same leap
between equations. The solution to this problem is to change the
transition between laminar and turbulent to a Reynolds number of
2000. When this is applied the single phase region becomes
smooth. It was chosen to keep the theoretical program according to
the book theory, which indicates that the heat transfer equation is
only valid for a Reynolds number between 3000 and 106, even
though it is still accurate when working outside that range.

The theoretical mass-flow rate had two last increases in the
mass-flow rate before it returned to almost zero. The experimental
mass-flow rate only increased one last time before returning to
zero. This is indicative of imprecision in the structural properties of
the loop, as well as the friction coefficients. The theoretical mass-
flow rate did not return to zero fully because, as a result of the
residual heat, the structure was still causing a density gradient. The
experimental working fluid temperature had a smaller temperature
difference than the theoretical working fluid temperature.

In Fig. 8, the theoretical working fluid temperatures BE (Bottom
Element, see Fig. 3) and BC (Bottom Cooling, see Fig. 3) are lower
than that of the experimental working fluid temperatures. The
working fluid temperatures TC (Top cooling, see Fig. 3) and TE (Top
Element, see Fig. 3) are higher than that of the experimental
working fluid temperatures. This indicates that the heat loss
simulated by the programwas higher than that of the experimental
heat loss. This is because the thermosiphon loop was situated
outside, against the side of a building, where the surrounding
conditions change on a daily basis. The difference in temperature
can also be the result of initial conditions of the structure, which
could be lower or higher than that of the experiment. The theo-
retical temperatures had the same gradient as the experimental



Fig. 7. Comparison of experimental mass flow rate and theoretical mass flow rate over
time [20].

Fig. 8. Experimental temperature measurements and theoretical temperatures over
time [20].

Fig. 9. Heat input (electrical) and heat removed (thermal) over time [20].

R. Swart, R.T. Dobson / Nuclear Engineering and Technology 52 (2020) 271e278 277
temperatures in the single-phase region from 0 s to 700 s. This
indicates that the heat transfer coefficient in the single-phase re-
gion was accurate.

Fig. 9 shows the heat input to the system (electrical heat input)
and the heat removed (thermal) by the system. The heating ele-
ments were increased in increments until the system started
boiling at 7000 s. The graph shows the increase in heat-transfer rate
of the working fluid when the system is in a two-phase flow
compared to the single-phase region. In the single-phase region it
shows that the system removes heat at a constant rate, 0e7000 s,
whereas in the two-phase flow region the heat removal is chaotic.
7. Conclusion

The experimental results indicate that the thermosyphon loop is
capable of transporting 18 200 W of heat with ease. This was
illustrated by the condenser cooling water, which was controlled to
flow close to the smallest flow rate that would get the system to
start boiling. If the flow rate was greater than 0.05 l/s, the system
would not boil. It was also found that, in all the experiments, the
single-phase flow rate of the working fluid reached an approximate
maximum flow rate of 0.1 kg/s, regardless of the condenser position
and the transition to the maximum heat input. Thus the maximum
mass-flow rate was reached with the heat input set to maximum
from the start, and then gradually increased. The flow regimes of the
experiments were observed through the top vertical heating section
sight glass at different points in time. The flow patterns were
established and it could be observed that geysering and chugging
were the main causes of pressure fluctuations in the system. Gey-
sering also made the separated two-phase mass-flow rate region
difficult to simulate. Furthermore, theworking fluidwas observed to
reach full annular-flow before the power was turned off [20].

When the working fluid entered the separated two-phase flow
region, vapour and liquid were present inside the system. Due to
the increase in vapour-flow rate, the agitation of the liquid vapour
mixture caused the heat transfer of the system to increase rapidly
compared to the increase in the single-phase region. The separated
two-phase region of the system provides the thermosyphon loop
with an additional “safety feature”. Accordingly, when a situation
occurs, where the heat input to the working fluid is greater than
expected, and the working fluid enters the separated flow region,
the heat transfer coefficient is increased. This causes the thermo-
syphon loop to remove heat at a greater rate and return the
working fluid back to the single-phase region, as shown in Fig. 9.
Because the separated two-phase flow region of the thermosyphon
loop is very difficult to simulate, it is proposed that a thermosyphon
loop that stays in the single-phase region be designed, and that the
two-phase flow region should serve as a fail-safe for times where
too much heat is added to the system.

In conclusion, the simple one-dimensional theoretical model
can predict the internal temperatures and mass-flow rate of the
thermosyphon loop quite accurately, provided that a suitable cor-
relation for the coefficient of friction is used. The loop also indicates
that it can remove 18 200 W of heat with ease, making a series of
such loops good candidates for a high-temperature reactor cavity
cooling system [20].
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Nomenclature

A Area, m2
Ax cross-sectional area, m2

Az heat transfer area, m2
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c specific heat, J/kg C�

Cf fanning friction factor
D inner pipe diameter, m
g gravitational acceleration, m/s2

L length of element, m
l Litres
h convection coefficient, W/m2 K
hfg enthalpy of vapourisation, J/kg
h

0
fg enthalpy of vapourisation plus subcooling correction, J/

kg
k thermal conduction coefficient, W/mK
m mass, kg
_m mass flow rate, kg/s
Nu Nusselt number, Nu ¼ h d=k
P pressure, Pa
§ perimeter, m
Pr Prandtl number, Pr ¼ m cp=k
Q energy, J
Q_ heat flow rate, W
R thermal resistance, K/W
Ra Rayleigh number, Ra ¼ Gr Pr
Re Reynolds number, Re ¼ r v d=m
T temperature, C�

u specific internal energy, J/kg
t time, s/thickness, m
v velocity, m/s; specific volume, m3/kg
x quality of fluid
X Martinelli parameter

Greek symbols
a void fraction
m dynamic viscosity, kg/m s
v kinematic viscosity, m2/s
t shear stress, Pa
r density, kg/m3

f frictional multiplier

Subscripts
c convection/condenser/cooling
clad cladding
ccw condenser cooling water
dc downcomer
e element
exp experimental
eq equivalent
f friction
ft flash tube
i inner
in variable into control volume
ins insulation
l liquid
lo liquid only
mac macroscopic
mic microscopic
th theoretical
tt turbulent-turbulent
out variable out of control volume
x x-axis
z z-axis
Superscripts
t time
Dt change in time (time step)
_ (over dot) quantity per unit time
Abbreviations
BC bottom cooling
BE bottom element
HTR high temperature reactor
RCCS reactor cavity cooling system
TC top cooling
TE top element
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