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ABSTRACT 

Study of the heat transfer characteristics of a Thermosyphon heat transport device, which can be 
employed for passive heat transfer, is taken up in the present paper. In the present work, a 
thermosyphon heat transport device designed at BARC is being considered for its performance 
evaluation. A CFD model was prepared and parametric studies have been conducted to determine 
the heat transport capacity of the device. Different parameters considered for parametric studies are 
hot fluid temperature, heated length and sleeve length. The frictional pressure drop inside the 
device is calculated empirically also and validated against the CFD results. The paper presents the 
results of the studies carried out with Lead-Bismuth eutectic as the working fluid. 
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INTRODUCTION  

Upcoming generation of nuclear reactor designs focus on the improvement of overall plant 
efficiency with the reactor operation at higher temperatures. Enhanced safety becomes an obvious 
requirement in order to ensure the safe operation of reactor. Safety can be improved with the 
incorporation of more no. of passive systems which can keep the reactor parameters under limit 
during off-normal transients and thus preventing accidents. Passive systems are more reliable as 
they do not need any external aid for the actuation / operation. Thermosyphon Heat Transport 
Device (THTD) being designed and developed at BARC is one of the passive systems which can 
be considered for reactor applications after design optimization in order to remove the heat during 
off-normal conditions. 
 
Future generation reactor systems are high temperature reactors which emphasize on higher plant 
efficiency; however, enhanced safety in these reactors is an obvious desirable feature due to quanta 
of temperatures involved. Enhanced safety can be ensured by incorporation of more passive safety 
systems which can keep the reactor parameters under limit during off-normal transients and thus 
preventing accidents. Thermosyphon Heat Transport Device (THTD) is one of the passive safety 
means which can be employed in reactor systems to remove the heat during off-normal conditions. 
 
Thermosyphon is a system in which the flow is driven by thermally generated density gradients. 
THTD when employed in reactor can remove the heat from the core as long as sink is available. 
The sink for the above purpose can be a pool of water or atmospheric air. THTD being based on 
natural circulation is to be installed in such a way that it should be in contact with heating medium 
(source) at the bottom and cooling medium at top. Thermosyphon device starts transferring the 
heat to the sink as soon as it is dipped in the pool of hot fluid (heat source) due to the natural 
circulation of the working fluid set inside the device. With the objective of design and development 
of a THTD for its application in reactor, an initial and first configuration has been conceptualized 
and a test set-up has been designed for the thermal-hydraulic performance evaluation of the 
proposed configuration. As experimental investigations in the test set-up are yet to commence, this 
paper deals with the analytical studies conducted considering the THTD configuration designed 
and developed at BARC. The study presented here considers lead-bismuth eutectic (LBE). 
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Natural circulation has been an area of extensive research since last few decades. Many researchers 
have performed different kind of studies on natural circulation systems. Creveling et al. [1], Zvirin 
[2], Grief [3], Gorman et al. [4], Widmann et al. [5] and Jiang et al. [6] studied the behavior of 
toroidal natural circulation loops. Chen [7], Vijayan et al. [8], Huang et al. [9], Misale et al. [10], 
Bernier et al. [11] and Ho et al. [12] carried out investigations in rectangular natural circulation 
loops. Instabilities in these systems have been reported by Welander [13], Keller [14], Chen [7] 
and Vijayan et al. [8]. However, study on such kind of device (THTD) is not available in literature. 
From the literature review it can be understood that the performance of THTD, which is also a 
natural circulation system, mainly depends on the geometric parameters and thermal – hydraulic 
parameters associated with the system. Heat pipes also have got similar applications as that of 
THTD. Although THTD can be used only in the systems where heat source is placed below heat 
sink, it has got certain advantage over heat pipes in terms of its design simplicity and ease of 
fabrication.  
 
 
SYSTEM DESCRIPTION 

The thermosyphon test set-up under consideration 
consists of a heater tank and a cooler tank 
interconnected with the help of a THTD. A general 
schematic of the test set-up is shown in Fig. 1. 
THTD is a simple deign which looks like merely a 
tube closed at both ends by end caps, however, 
THTD internals consists of three concentric tubes, 
diverting cup and a plug for interchanging the path 
of hot and cold fluids. Middle tube is provided to 
prevent the heat loss from hot fluid to the cold fluid. 
THTD is dipped up to desired length in the heater 
tank and cooler tank from top and bottom portions 
respectively. Different submergence levels can be 
maintained in heater and cooler tank and thus 
parametric studies can be performed for different 
heater and cooler lengths. Geometric details of the 
THTD are shown in Fig. 2. 

 

MODEL DESCRIPTION 

3-dimensional geometrical model was prepared using a commercial computational fluid dynamics 
(CFD) package for THTD whereas heater and cooler tanks were modeled by imposing adequate 
temperature boundary conditions. The THTD is primarily divided into three sections as shown in 
Fig. 1. The section 1 i.e. length below plug, includes the heating length of the device which is 
placed inside the heater tank and the adiabatic length. It is assumed that no heat transfer to the 
ambient is taking place from the adiabatic length. Section 2 is the plug which facilitates the path 
change of hot and cold fluid streams. Section 3 i.e. the length above plug includes the cooler 
section of the THTD including sleeve. A 60o sector geometric model of THTD was generated and 
tetrahedral meshing is employed for the fluid flow path whereas solid is meshed using hexagonal 
cooper scheme. The plug is provided with refined meshing. Mesh generated at the various sections 
of device is shown in Fig.3.Semi-Implicit Method for Pressure Linked Equations (SIMPLE) 
algorithm was employed for solving Navier-Stokes equation with second order upwind scheme for 
momentum and energy. As natural circulation phenomenon is dependent on buoyancy generated, 
Boussinesq approximation is applied. Relaxation factors are taken as default values. Convergence 
criteria for continuity, x–velocity, y-velocity and energy are set as 10-6. 
 

 
Fig. 1: Schematic of the facility 
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Grid independence test is undertaken to establish the optimum mesh size. Simulations are carried 
out with 100 mm heater length and 300 mm cooler length. Mass flow rate generated inside the 
THTD is chosen as monitoring parameter while the temperature boundary condition imposed on 
heating section is set as 350OC. The number of cells is varied from 9 x 105 to 16 x 105. The result 
of grid independence is shown in Fig.4 where it can be observed that beyond 14 x105 cells, the 
variation in mass flow rate is negligible. Thus, 14 x 105 cells are fixed as the optimum number of 
cells for simulations. 
 

 
 

 
a. Section 1 

 

 
 

 b. Section 2 
 

 
 

c. Section 3 

Fig. 2: Geometric details of THTD Fig. 3: Meshing at different sections
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METHODOLOGY 
 
The methodology for conducting studies involves the performance evaluation of THTD by varying 
heating length i.e. the length dipped inside heater tank and by varying sleeve length which is 
dipped inside cooler tank. Moreover, the temperature boundary condition in the heating section is 
also varied while the temperature boundary condition maintained at cooling section is set as 170oC 
for all the cases studied. In this way, the parametric studies are conducted using CFD package in 
order to obtain temperature profile and mass flow rate generated for given boundary conditions at 
heating and cooling sections. Moreover, pressure drop is also calculated with the help of standard 
correlations and CFD results are validated. The pressure drop across the various sections of device 
are estimated with the equation 

 

∆P
L

D
K   (1) 

The values of K for various sections are as follows [15] 
 
For concentric annulus with laminar flow 
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For section with sudden contraction in area, 

K 0.45 1 Φ    (3) 

For section with sudden expansion in area,  
 

K      (4) 

 
For section with turn in flow direction,  

K = 4       (5)  
 

RESULTS  

Number of cases with different process parameters was analyzed using commercial CFD package. 
Typical flow and temperature profiles obtained for one such case is presented here. Flow pattern 
generated inside the THTD device is shown in Fig. 5. It depicts the proper development of natural 
circulation flow at different locations in the THTD. At the heating section (bottom) LBE picks up 
the heat and the hot LBE rises through the annular space between middle tube and outer tube. Hot 
fluid enters the cooling section through path interchanging plug (section 2). After losing the carried 
heat in the cooling section, the temperature of LBE reduces and cooled molten LBE returns back to 
the heating section through the interchanging plug and inner tube. Figure 6 shows the temperature 
profile generated in heating and cooling sections of the THTD. The expected phenomenon is well 
captured in the analysis. In this manner, flow and temperature profile generated inside the THTD 
for different conditions are estimated which are used for evaluating heat transport capability of the 
THTD. Parametric studies were carried out by varying heating length and the length of sleeve 
placed above (interchanging plug) in order to study their effect on heat transport capability. These 
studies were conducted for different temperature boundary conditions in heating section. 

 

Fig. 4: Variation of mass flow rate with no. of cells
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a. Bottom section     b. Top section    c. Interchanging plug 

 

  a. Bottom section    b. Top section

Fig. 5: Flow profile  Fig. 6: Temperature profile 
 
Effect of Heating Section Length 
 
Three different cases were considered to analyze the effect of heating length on the heat transport 
capability of the THTD. In these cases three lengths for heating section (100 mm, 200 mm and 300 
mm) were considered. In each of the cases different source temperatures were considered ranging 
from 150 oC to 350 oC in the steps of 50 oC. The cooling length is fixed as 300 mm in all cases. 
The sleeve length is fixed as 277 mm. Results obtained for these cases are shown in Fig. 7. For all 
cases, it was found that heat transport capability of THTD gets improved as the temperature at the 
source is increased. This is obvious as it increases the temperature gradient between the heating 
and cooling sections causing the enhancement in mass flow rate generated. Also, it is found that 
with increasing length of heating section, the heat transport through the THTD improves. This is 
again attributed to the increase in the mass flow rate. 
 
Effect of Sleeve Length 
 
The sleeve provided for path interchanging (section 2) is primarily required for directing the rising 
hot fluid in the cooling section properly. In the absence of sleeve, development of stable natural 
circulation flow inside device is not certain as the hot stream gets cooled down even before 
entering cooler section and THTD performance will get deteriorated. As presence of sleeve above 
the path interchanging plug helps in improving the performance of THTD, a parametric study was 
conducted to study the effect of sleeve length on the heat transport capability. During this study 
heating section length was kept fixed as 100 mm whereas sleeve length was varied from a 
minimum of 50 mm to a maximum of 277 mm in the steps as shown in Fig. 8. Figure 8 also entails 
the results of study conducted at two different values of temperature boundary conditions viz. 300 
oC and 350 oC in the heating section. Results given in Fig. 8 depict the improvement in heat 
transport capability of THTD with increase in the sleeve length. From Fig. 8, it is clear that higher 
the sleeve length more is the gain in heat transport. For the present configuration considered, the 
longest sleeve which can be employed is of 277 mm and power removed is found maximum for 
this sleeve length. 
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Fig. 7: Effect of heating section length  Fig. 8: Effect of sleeve length 
 
Pressure Drop 
 
In order to validate the CFD predictions, a 
small exercise of calculating pressure drop 
data across various sections was undertaken. 
Besides, CFD results, pressure drops were 
calculated with the help of existing 
correlation as discussed earlier.  Results for 
pressure drop values obtained using both, 
CFD and equation (1), are plotted in Fig. 9. 
Values obtained using both approach matches 
well and the maximum variation between two 
approaches is around ~14%. The variation is 
mainly due to the assumptions in local loss 
coefficient taken during empirical calculation. 
 

CONCLUSIONS 

A device for passive heat transport has been 
considered for its performance evaluation. Device geometry, in its preliminary design phase, was 
modeled and analyzed using commercial CFD package. The analytical studies were undertaken for 
predicting mass flow rates generated and temperature profiles for different boundary conditions. 
Parametric studies with respect to the heating section length and sleeve length were also 
performed. In both the cases, it was observed that as the respective length increases, the power 
removal by the device also gets enhanced. The increase in heat removal capacity is because of the 
increase in mass flow rate. Pressure drop estimated using eq.(1) at different sections was compared 
with the results obtained from CFD. The predictions are within ~14% of the CFD value.   
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Fig. 9: Pressure drop in different sections
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NOMENCLATURE 

 
β  Thermal expansion coefficient (1/oC) 
cp  Specific heat (J/kg.K) 
d   Inner diameter (m) 
Do   Outer diameter (m) 
Dh   Hydraulic diameter (m) 
∆P   Pressure drop (Pa) 
f   Friction factor 
L   Length (m) 
K  Local loss coefficient 
µ  Dynamic viscosity (Pa.s) 
Φ  Area ratio (smaller area/ larger area) 
ρ  Density (kg/m3) 
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