
Abstract

A natural circulation, closed loop thermosyphon

can transfer heat over relatively large distances

without any moving parts such as pumps and active

controls. Such loops are thus considered suitable for

nuclear reactor cooling applications where safety

and high reliability are of paramount importance. A

theoretical basis from which to predict the flow and

heat transfer performance of such a loop is present-

ed. A literature survey of the background theory is

undertaken and the theoretical equations describing

the single and two-phase flow as well as heat trans-

fer behaviour are given. The major assumptions

made in deriving these equations are that the work-

ing fluid flow is quasi-static and that its single, two-

phase flow and heat transfer behaviour may be cap-

tured by dividing the working fluid in the loop into

a number of one dimensional control volumes and

then applying the equations of change to each of

these control volumes. Theoretical simulations are

conducted for single phase, single and two-phase

and heat pipe operating modes, and a sensitivity

analysis of the various variables is undertaken. It is

seen that the theoretical results capture the single

and two-phase flow operating modes well for a loop

that includes an expansion tank, but not for the heat

pipe operating mode. It is concluded that the theo-

retical model may be used to study transient and

dynamic non-linear effects for single and two-phase

modes of operation. To more accurately predict the

heat transfer rate of the loop however, loop specific

heat transfer coefficients need to be determined

experimentally and incorporated into the theoretical

model.
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1. Introduction
A closed loop thermosyphon is an energy-transfer

device capable of transferring heat from a heat

source to a separate heat sink over a relatively long

distance, without the use of active control instru-

mentation and any mechanically moving parts such

as pumps. These devices are thus particularly suit-

able for cooling applications (as in nuclear reactor

technology, for example) where reliability and safe-

ty are of paramount importance.

The closed loop thermosyphon may be visu-

alised as a long hollow pipe, bent and the ends

joined to form a continuous loop, filled with work-

ing fluid and orientated in a vertical plane. If the

one side of the loop is heated and the other side

cooled, the average density of the fluid in the heat-

ed side is less than in the cooled side. An essential-

ly hydrostatic pressure difference, as a result of the

thermally induced temperature gradient between

the hot and the cold sides, drives the fluid flows

around the loop. The ‘buoyancy’ force, as it is often

termed, driving the fluid is in turn counteracted by

an opposing frictional force that tends to retard the

flow.

The use of such a natural circulation closed loop

thermosyphon is being considered for the cooling of

the reactor cavity of a Pebble Bed Modular Reactor

(PBMR). Loop thermosyphons exhibit complex

transient flow behaviour during start-up, shut-down

and other sudden changes in loop operating condi-

tions. Capturing this complex behaviour analytical-

ly using a theoretically sound platform is required to

supplement the experimental verification of the

loop’s ability to perform its heat transfer duty reli-

ably under all normal operating and postulated

accident conditions.

In this paper, a theoretical basis on which to

analyse and predict the flow and heat transfer per-
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formance of such a closed loop thermosyphon is

presented. In particular, the rather complex tran-

sient and dynamic nature of the flow will be

addressed. A limited literature study, giving a num-

ber of representative references supporting the the-

oretical modelling is undertaken. A number of sim-

ulated operating conditions are given, and finally, a

discussion of the findings is given and conclusions

drawn.

2. Background theory and literature
survey
A relatively large amount of published literature is

available relating to loop thermosyphons. To limit

this section, only previous work undertaken to the-

oretically model the thermal hydraulic behaviour of

the working fluid in the loop will be considered.

Literature relating to purely experimental observa-

tions and demonstrations are considered in Part II

of this paper.

Welander (1966) considered the fluid to be driv-

en by the pressure difference and a buoyancy force,

and is retarded by a frictional force. The assump-

tions made included:

• The Boussinesq approximation

• The tangential friction force on the fluid is pro-

portional to the instantaneous flow rate

• The temperature of the fluid is uniform over

each cross-sectional area

• The heat transfer rate between the pipe and the

fluid is proportional to the difference between a

prescribed wall temperature and the fluid

Applying these assumptions, the essentially one-

dimensional equations of change are obtained for a

single phase fluid. Using analytical as well as

numerical integration, a stability map was con-

structed in which stable and unstable operating

conditions were plotted and the occurrence of tran-

sient and non-linear effects established. The reason

why this article has been singled out is that it is one

of the earliest publications giving the assumptions

on which most of the theoretical work to date has

been based.

Grief (1988) gives a descriptive review of a

number of single phase and two-phase ther-

mosyphon loops but Knaai and Zvirin (1990, 1993)

show how the single phase loop theory may be

extended for the case of a two-phase loop by spec-

ifying suitable equations for the friction factor, the

two-phase frictional multiplier, the single and two-

phase heat transfer coefficients and a suitable rela-

tionship for the void and mass fractions. They

solved their differential equations using a relatively

involved combination of analytical and numerical

stages. Dobson (1993), although only for a single

phase laminar fluid, shows how a simple explicit

finite difference discretisation formulation scheme is

able to capture transients and the highly non-linear

behaviour of the loop. Vincent and Kok (1992),

using only ten differential equations, were able to

capture the transient performance of a two-phase

closed loop thermosyphon. They also emphasize

the value of the control volume approach as being

a powerful tool to describe the overall performance

of the thermosyphon with a limited number of vari-

ables.

Yun et al. (2005) applied the theory, as outlined

in the preceding two paragraphs, to an instability

analysis in the natural circulation loops of the China

Advanced Research Reactor (CARR). They used 54

control volumes to represent the loop and a Gear

multi-value method to solve the total set of 72

equations. They compared the calculated results

with experimental data and concluded that the the-

oretical model is capable of simulating the non-lin-

ear dynamics of the CARR loop. Lee and Pan

(2005) modelled an advanced boiling water reactor

natural circulation loop earmarked for construction

in Taiwan. They give a number of stability maps,

undertook a number of parametric studies and

identified periodic as well as chaotic oscillations.

Lee and Kim (1999) investigated the role of an

expansion tank fitted to a two-phase natural circu-

lation loop.

Lee and Rhi (2000) considered methods for

computer simulation of two-phase loop ther-

mosyphons. They compared the computer simula-

tions with 5 different experimental loops’ maximum

heat transfer rates ranging from 60 to 100 000 W. It

was concluded that computer simulation alone

could not give any meaningful results unless they

are accompanied with empirical correlations using

loop-specific experimental test results.

3. Closed loop thermosyphon theory
Three loop operating modes have been considered.

The first is a single phase loop in which the pressure

of the working fluid never exceeds the saturated

vapour pressure associated with its temperature. In

this case, the loop is provided with an expansion

tank into which the excess fluid, as a result of ther-

mal expansion, can flow. This prevents unnecessary

high pressures. The second is a two-phase loop in

which the working fluid is allowed to boil and con-

dense. In this mode, the loop is also provided with

an expansion tank to control the pressure in the

loop. Thirdly, the loop is partially filled with liquid-

phase working fluid but is not provided with an

expansion tank. In this case, the working fluid not

only boils and condenses, but also a significant

amount of splashing and geysering occurs; this will

be called for convenience, the heat pipe operating

mode.

The physical layout of the loop to be theoreti-

cally modelled in this paper is shown in Figure 1,

whilst the important dimensional parameters are

given in Figure 2. This is an experimental loop

(Dobson and Ruppersberg, 2007) that has been
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constructed to represent a small-scale version of a

possible full-size loop that is capable of cooling the

concrete containment structure surrounding a

nuclear reactor (Dobson, 2006). The heater plate

heats the fins attached to the heated portion of the

loop by radiation and convection. The heat is then

transferred by conduction through the fins, to the

inside surface of the pipe and by convection to the

working fluid. In the cooled portion of the loop,

heat is transferred from the working fluid to the

water in the tank. The lower density of the fluid in

the heated portion and the higher density in the

cooled portion results in a pressure difference

between the two legs of the loop. This results in fluid

flows around the loop, upwards in the hot leg and

downwards in the cooled leg.

To theoretically model the heat transferred, the

loop is divided into a number of cylindrical control

volumes. The equations of change are then applied:

continuity, motion and energy; with appropriate state

equations for closure. The most important assump-

tions made being one dimensional control volumes

and quasi-static motion. The quasi-static assump-

tion is motivated by the fact that the average veloc-

ity of the working fluid in the loop is two to three

orders of magnitude less than the speed of sound in

the fluid. This means that the rate at which pressure

waves are propagated through the working fluid are

much faster than the rate at which mass and heat

moves in the loop; hence it is safe to assume a

quasi-static solution for the equation of motion.

Given a heating plate temperature-time profile,

heat is transferred from the heating plate to the fins

according to:

(1)

and where L is the length of the control volume.

The temperature of the fin is given by:

(2)
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Figure 2: Basic dimensions of the

loop closed loop thermosyphon

Figure 1 (left): Schematic

representation of a closed loop

thermosyphon to be used in a reactor

cavity cooling system 



The internal energy of the fluid in the heat pipe

for each control volume in the heated section of the

loop is given by:

(3)

The temperature and mass fraction are then

determined, depending on whether the fluid is boil-

ing (or condensing) by:

The internal energy of the fluid in the heat pipe

for each control volume of the cooled section of the

loop is given by:

(4)

In the cooled portion of the loop the tempera-

ture, mass fraction of fluid and properties are deter-

mined using the same identities as applicable for

boiling except that now condensation takes place

and the heat transfer rate will depend on the rate at

which heat is transferred to the heat sink cooling

water – i.e.:

The mass flow rate of the fluid circulating in the

heat pipe is determined by conducting a momen-

tum balance around the loop and is given by

(Dobson, 2006):

(5)

In equation (5) φk is the angle between the flow

direction and the horizontal and *** is the two-

phase liquid only frictional multiplier (Whalley,

1990). The first term on the right hand is the buoy-

ancy term tending to force the fluid around the

loop, while the last term is the friction term tending

to retard the flow. Lk is the length of the k’th of Nk

control volume and Lf,equiv,k is the equivalent length

of pipe taking the minor losses associated with the

k’th control volume into account (for example,

entrance, exit, contraction, expansion and bend

losses).

Suitable closure relationships, equations and/or

correlations are required for the working fluid prop-

erties, for example, the density ρ, viscosity µ, ther-

mal conductivity k, specific heat c, and the coeffi-

cient of friction Cf, heat transfer coefficients h, and

void fraction α. Many existing closure correlations

are available but as explained by Lee and Rhi

(2000), it is doubtful whether they are accurate

enough unless they are experimentally verified

using the same physical loop that is being theoreti-

cally modelled. Indeed they suggest that a simple

lumped method, that does not necessarily distin-

guish between the different flow patterns that are

commonly used to describe two-phase flow

regimes, can be used.

The above theory applies to the single and sin-

gle and two-phase operating modes. To theoretical-

ly simulate the heat pipe mode of operation is more

problematic due to the considerably more complex

behaviour of the working fluid in the loop. The

simultaneous occurrence of special two-phase phe-

nomenon such as geysering, splashing and counter

current flow, as yet, defies a rigid mathematical and

theoretical basis. To overcome this problem the

entire loop is considered as a single control volume.

With these approximating assumptions the heat

transfer rate from the average fin at temperature, Tf,

to the working fluid at temperature, Thp, in the loop

must equal the heat transfer rate from the cooled

portion of the loop to the cooling water:

(6)

On rearranging equation (6) the working fluid

temperature is given by

(7)

where the thermal resistances have already been

defined in equations (2) and (4).

4. Theoretical simulation
The system of differential equations defining the

behaviour of the loop as given in the previous sec-
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tion is conveniently solved using a fully explicit

numerical formulation. Table 1 gives the basic

dimensions and parameters for a typical loop,

termed the base-case.

Table 1: Base-case loop dimensions and

parameters (see Figure 2 and nomenclature)

d = 22.4 mm, Lh = 1.7 m, Lw = 1.6 m

Lf = 72.3 mm, tf = 3 mm

Leh = 100 mm, Le = 1.5 m, Lch = 100 mm, 

Lcw =1.5 m

Pt = 100 kPa, Lt = 2.00 m

εp = 0.3, εf = 0.3

heo = 5 W/m2K, hei = 1 200 W/m2K,

hco = 1 200 W/m2K, hci = 1 200 W/m2K

working fluid = water

hhp,e,i = 3 000 W/m2K, hhp,c,i = 2 200 W/m2K

The following closure equations were used. For

a single phase control volume:

For two-phase flow, the coefficient of friction of a

two-phase control volume is assumed as the single

phase coefficient of friction multiplied by the so-

called two-phase flow frictional multiplier:

The two-phase frictional multiplier may be

given, assuming turbulent flow for both the phases,

in terms of the so called Martinelli parameter

(Carey, 1992) as:

For two-phase flow the void fraction may be

given by the Lockhart-Martinelli correlation (Carey,

1992):

, the density by 

and the two-phase properties 

may be approximated as

and

Any suitable correlations may be used for the

single phase vapour and liquid properties.

Numerous and invariable complicated correlations

are available for the single and the two-phase heat

transfer coefficients. Rather than complicate the

theoretical model further by making use of these

correlations (which are not necessarily applicable

for this geometry and operating conditions), con-

stant heat transfer coefficients have been used of

values as reflected in Table 1.

The mass flow rate, working fluid temperatures

and heat transfer rates for a given plate temperature

of a theoretical simulation, using the initial condi-

tions and values reflected in Table 1, are shown in

Figures 3 to 5. The given plate temperature Tp as a

function of time is seen in Figure 3 to increase from

20 to 400°C in 1000 s remaining steady for 2000 s

and then decrease in a further 2000 s back to 20°C.

In response to the plate temperature, the mass

flow rate of the working fluid in the closed loop

thermosyphon is seen in Figure 3 to increase to 18

g/s, drop down to 14 g/s in about 100 s and then

increase again steadily to about 32 g/s as the plate

reached its maximum temperature. The mass flow

rate then remains steady and before decreasing as

the plate temperature decreases. The temperatures

of the fin Tf and the working fluid Thp respond to the

plate temperate as shown in Figure 4. The temper-

ature of the fin at the top of the loop is its hottest, at

about 125°C, and some at the bottom of the loop

about 20°C less. The temperature of the working

fluid follows the fin temperature but at some 30°C

less.  The heat input in the evaporator section

and removed in the condenser       is shown in Fig-

ure 4. Both curves are similar but as expected the

heat removed lags the heat input by about 200 s.

In the simulation shown in Figures 3 to 5, boil-

ing did not occur. To further investigate the behav-

iour of the loop, a sensitivity analysis was conduct-

ed by determining the response of the theoretical

prediction while changing only one variable at a

time; the results of this analysis are given in Table 2.

It is seen that varying the static pressure had an

insignificant effect on the heat transfer performance

of the loop. Heating only the lower half and cooling

only the top half (No. 3) increased the mass flow

rate, but reduced the heat transfer rate. Exposing

the entire evaporator fin surface to the heating plate

but exposing only the lower portion of the con-

denser to the cooling water (No. 4) resulted in a

potentially unstable situation. This is seen in the

mass flow rate response curve shown in Figure 6. A

small boiling excursion occurred at about 800 s but
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soon thereafter, as the heating plate temperature

increases towards it maximum of 400°C, large fluc-

tuations in mass flow rate occur until a point is

reached when the void fraction in the loop is very

close to unity and relatively stable fluctuations of

about 1 to 3 g/s are simulated. These oscillations

(during which liquid moves into, and back from, the

expansion tank) continue until just after the temper-

ature of the heating plate starts to fall. As the heat-

ing plate temperatures fall a number of large flow

rate excursions occur, and the flow rate drops off to

zero.

It is thus seen that the single phase operating

mode as reflected in Figure 3 (case 1) differs signif-

icantly from the two-phase operating mode shown

in Figure 6 (case 4). The difference is especially dra-

matic when boiling starts as reflected by the first

series of oscillations. It is equally dramatic when the
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Figure 3: Loop mass flow rate and heating plate

temperature as a function of time for base case

Figure 4: Fin temperatures and loop top and

bottom temperatures as a function of time for

base case

Figure 5: Heated and cooled heat transfer rate

as a function of time for the base case

Figure 6: Mass flow rate as a function of time

response curve for No. 4 in Table 2

Figure 7: Fin temperatures and loop top and

bottom temperatures as a function of time for

No. 4 in Table 2

Figure 8: Heated and cooled heat transfer rates

as a function of time for No. 4 in Table 2



heating plate temperature starts to decrease as

reflected by the second series of disturbances in

Figure 6. Figures 7 and 8 are also for case 4 and

give the plate and working fluid temperatures and

evaporator and condenser heat transfer rates. The

oscillatory behaviour when boiling starts is also

seen to occur in these figures. Figures 7 and 8 can

be regarded as typical of the two-phase operating

mode whereas figures are similar but for the single

phase operating mode.

Figures 9 and 10 reflect the response of the mass

flow rate, fin and working fluid temperature and

heat transfer rates for the heat pipe operating mode

to the given heating plate temperature profile given

in figure 3. In these figure it is seen that although

reasonable average values are determined no oscil-

latory behaviour is reflected. This is because the

theoretical model uses a single control volume to

simulate the working fluid and hence the dynamic

behaviour of the working fluid as flows around the

loop cannot be captured.
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Figure 10: Working fluid and Fin temperatures

and heat transfer rate as a function of time for

heat pipe operating mode (case 9 in Table 2)

Figure 9: Working fluid mass flow rate and

heating plate temperature as a function of time

for heat pipe operating mode (case 9 in Table 2)

Table 2: Sensitivity analysis



5. Discussion and conclusions
It is seen in the figures showing the simulation

results that the theory is able to capture the transient

and dynamic as well as a number of non-linear

effects for the single and single and two-phase oper-

ating modes. For the heat pipe operating mode

however, by virtue of the fact that all the working

fluid in the loop is considered as only one control

volume, the loop mass flow rate, the temperature

and heat transfer rate response curves follow the

heating plate temperature curve closely as well as

without any suddenly-occurring oscillations. It is

thus suggested that the relatively simple theoretical

simulation model for the heat pipe operating mode

is somewhat limited and thus needs to be improved

before it can adequately capture start-up and oper-

ating transients.

In order not to unnecessarily complicate the the-

oretical model the values of the inside heat transfer

coefficients were assumed to be constants of value

as indicated in Table 1. (Also, it is unlikely that any

existing heat transfer rate correlations are appropri-

ate for this specific geometry and operating mode.)

The assumed constant inside heat transfer coeffi-

cient of 1200 W/m2K and the heat transfer rate of

3950 W are both probably too high as it is likely

that the heat transfer coefficient will decrease as the

void fraction tends to unity as then the flow consists

essentially of only the gaseous phase with its char-

acteristically lower heat transfer coefficient. This

aspect will need to be addressed in the theoretical

model of the loop so as to more accurately predict

its heat transfer characteristics.

The constant values for the inside heating and

cooling heat transfer coefficients for the heat pipe

operating mode as reflected in Table 1 are repre-

sentative of average experimental values for closed

two-phase thermosyphons, i.e. for straight pipe

rather than loop shaped thermosyphons. Although

these values are fairly reasonable averages, they are

not necessarily accurate for the different working

fluid flow patterns that occur, neither are they nec-

essarily accurate for a closed loop thermosyphon. It

is thus suggested that more applicable experimen-

tally determined heat transfer coefficients be deter-

mined taking the anticipated geometry as well as

scaling factors into account.

Nomenclature
A Area, m2

Cf coefficient of friction

cp specific heat at constant pressure, J/kgK

cv specific heat at constant volume, J/kgK

c specific heat, J/kgK

d diameter, m

F view factor

g gravitation constant, m/s2

h heat transfer coefficient, W/m2°C

i enthalpy, J/kg

k thermal conductivity, W/m°C

L length, length of control volume, m

m mass transfer rate, kg/s

m mass, kg

N total number of control volumes

P pressure, Pa

Q heat transfer rate, W

r radius, m

R thermal resistance , °C

Re Reynolds number

T temperature, °C

t time, s or thickness, m

u internal energy, J

X Martenelli parameter

x mass fraction

α void fraction

θ inclination to vertical

φ2 two-phase frictional multiplier

ρ density, kg/m3

σ Stefan-Boltsman constant

ε emissivity

µ viscosity, kg/ms

Subscripts

b bottom

c convection, condensation

cw cooling water

e environment, evaporator

equiv equivalent

f friction, fin, or fluid

h height

hp heat pipe

i inside

k working fluid control volume number

l liquid

o outside, only

p (heating) plate

r radiation

t turbulent, top, tank

v vapour

w width

x cross-section
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