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Abstract. In present paper, a mathematical model based on the one dimensional nonlinear mass, 
momentum and energy conservation equations has been developed to study the density wave instability 
(DWI) in horizontal heater and horizontal cooler supercritical water natural circulation loop (HHHC-
SCWNCL). The one dimensional nonlinear mass, momentum and energy conservation equations are 
discretized by using   finite difference method (FDM). The numerical model is validated with the 
benchmark results (NOLSTA model). Numerical simulations are performed to find the threshold stability 
zone (TSZ) and draw the stability map for natural circulation loop. Further, effect of change in diameter 
and riser height on the density wave instability of SCWNCL has been investigated. 

1 Introduction 

Supercritical water reactor (SCWR) is one of the most important technologies among the Generation-IV forum in the 

nuclear reactor. SCWR is the very potential. Their unique features and design after various advantages over the boiling 

water reactor. For example, the thermal efficiency of the SCWR is close to 44-45%, which is much higher than the 

thermal efficiency of 30-32 % of BWR [1-4]. In the SCWRs, the size of the turbine is compact due to high steam 

enthalpy which reduced the capital cost of the load. Due to their exceptional properties such as heat removing capacity, 

better fuel utilization, and minimum capital cost to generate electricity [5]. It is produced clean and economical energy 

compared to the current water reactor. SCWRs will experience drastic change in the density along the core, therefore 

there is lot of chances to occur instability in the SCWRs, which is similar to the BWRs insatiability namely static, 

Ledinegg, dynamic, density wave oscillation and pressure wave oscillation instability etc [6-12]. These instabilities are 

not desirable in the reactor because failure of control and damage to the wall of the reactor. So, one should be required 

to show their skill to predict the instability in the reactor. Accordingly, it is very important to understand the mechanism 

of instability in the reactor and recognize the variables which affect the instability. Before going to next, first we want 

to explain here the flow instability in the reactor. When providing the perturbation in the mass flow rate in the 

SCWNCL , if the mass flow rate come back to the first state or next stable point, where the oscillation of mass flow rate 

is not growing with respect to time, they system is known as stable. if the oscillation of mass flow rate is continuous 

growing with respect to time, such system is known as unstable, whereas the  oscillation of mass flow rate neither 

growing nor shrinking, but it oscillate with constant amplitude with respect to time, such system is known as neutral 

stable[13-22]. 

In this article, the primary work is validated the present model with the benchmark problem and search the existence of 

dynamic wave instability of a SCWNCL. The density wave instability (DWI) can be affected by the various parameters 

of the loop such as diameter and riser heights, therefore, the main works are draw the threshold stability zone (TSZ) of 

the loop for DWI and incorporate the effect of them.  

2 Geometry details of the loop  

Figure 1 shows the schematic diagram of horizontal heater and horizontal cooler (HHHC) SCWNCL, all the parts  

details of the loop are given below in the table 1. 
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Fig.1. Schematic diagram of HHHC SCWNCL

Table 1. Geometry details of the parts of HHHC 

SCWNCL [23-26] 

 

Parts numeric value

Diameter (D) 0.014-0.028 m 

Heated length 1.2 m 

Cooler length 1.2 m 

Riser (Hh) 4.1 m 

Down comer  (HL) 4.1 m 

 

3 Initial and boundary conditions 

The initial and boundary circumstances influence the 

solution of balancing coupled equations. For transient 

conservation equations, the steady state solution is 

utilised as the starting condition. The applied boundary 

conditions at the inlet and exit for the steady state and 

transient study are known as constant pressure and inlet 

specific enthalpy. To maintain a zero pressure drop in 

the loop, the inlet and outlet of the loop are linked in a 

huge tank with constant intake pressure and inlet 

temperature.

4 development of the mathematical 
model 
The present mathematical model is a simple one 

dimension nonlinear coupled balance mass, momentum 

and energy equations, which properties are varying 
along the axial direction. These balance equations are 

solved numerically [27-33]. 
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4.1 Equation of state 

� = �(�, ℎ�)                                   (2) 
 

To avoid loop discontinuity, the connection between 

fraction factor and dimensionless Reynolds number is 

provided below to estimate the friction factor for 

laminar and turbulent flow in the loop. The essential 

Reynolds number is compared to the calculated value 

to determine if the flow is laminar or turbulent, and 

then the friction factor for each node is calculated. 
64

  (f)       for laminar
Re

friction factor �     (3) 

0.25

0.316
  (f)       for turbulant

Re
friction factor �    (4) 

 

4.2 Steady state numerical solution 
methodology 

In the governing balance coupled nonlinear steady state 

equation (1), the temporal terms are first eliminated 

and then space terms are discretizated by using finite 

difference technique. The obtained discretizated 

equations are given below: 
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4.3  Transient numerical solution approach 

For solving the transient governing equations, first 

converted the above equation (1) into a primitive form, 

which is given below as equation (8)  
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Where, U =� �, ,
TW h p , A  is function of U  and D= 

source vector.  

The characteristics of equation (8) depend on the 

eigenvalues of the matrix A . The eigenvalues of A  

are found to be real and distinct, and the equation (8) 

identified as a hyperbolic in nature. Further, the 

equation (8) is modified in a characteristic form which 

is given in equation (9). 
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Where, �  is diagonal element of eigenvalues of 

matrix A . 
The governing equation (9) is discretized by using 

finite difference technique. The discretized equations 

are given below. All the set of equations are consisting 

spatial and temporal terms, the spatial derivative terms 

of first two equations are discretized by backward 

difference and third equation is discretized by forward 

difference technique. All discretized equations are 

combined together and apply Bc’s and solve it till 

convergence is found [30]. 
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4.4  Comparison of present model against 
literature result 

The present numerical mathematical model has been 

compared against the literature result, which is given 

by Sharma [20]. The obtained result by code is 

compared with the NOLSTA code for HHHC loop 

reported by M Sharma [20]. The NOLSTA code 

condition is inlet temperature 350
o
 C, inlet and outlet 

pressure 25.00MPa and maintains zero pressure drops 

in the loop. Water is used as a working fluid in the 

loop. The variation of mass flow rate at different heater 

power are showing similar trend and the present model 

shows qualitatively same result with the NOLSTA 

result.   

 

Fig.2. Comparison of present model with benchmarks 

result 

 

5 Results and discussions 
The unsteady steady instability of SCWNCL has been 

investigated. Also, the effect of geometry (such as 

diameter and riser height) and operating parameters 

like (pressure and frication factor) on unsteady steady 

instability of SCWNCL have been examined. 

5.1 Density wave instability
The density wave instability (DWI) has been 

determined by using the Von Neumann stability 

criterion. The amplitude of mass flow rate has been 

calculated for a particular input such as applied heater 

power, inlet pressure and inlet specific enthalpy with 

respect to time.  The ratio of mass flow rate of new 

time step to the previous time step shows the stability 

of the SCWNCL. The stability criterion is given below:   

1

1
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m
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Where 1im
"

�  is new time step mass flow of the loop 

and im
"

  is previous time step mass flow of the loop.  

If the value of G is equal to the one for all time step, 

this phenomena is known as neutral stable and when 

the value of G increased and go beyond the one and 

continuously increase its value, this phenomena is 

known as unstable, whereas the value of G is less than 

one and continuously decrease its value, this 

phenomena is known as stable system. The DWI 

criterion is further given below:   
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A simulation has been carried out to find the stable, 

unstable and neutral point for three different applied 

heater powers 21, 24.08 and 26 kW, inlet specific 

enthalpy (1500 kJ/kg)  and inlet system pressure (25 

MPa). The geometry parameter has been kept constant 

for all three simulations such as diameter 14 mm and 

riser height 4.1m. From the figure 3, it can be observed 

that the amplitude of mass flow rate is growing against 

the time at heater power 26.0 kW, this system becomes 

unstable, while at heater power 21.0 kW, and its value 

reduced against the time and become the stable system. 

At applied heater power 24.08 kW, the amplitude of 

mass flow rate is neither growing against the time nor 

reduced against the time but amplitude of mass flow 

rate is constant against the time, this system is known 

as neutral stable. Next, all the neutral point has been 

joined together and draw the stability map for loop. 

 

 

               Fig.3. Phenomena of DWI in the loop 

 

5.2 Effect of loop diameter 

The SCWNCL flow instabilities highly depend on the 

loop diameter. In fact, at a larger diameter, the mass 

flow rate was observed as high compared to the smaller 

diameter. It can be  observed that from figure 4, the 

MSB’s of DWI for SCWNCL is increased with an 

increase in the loop diameter. 

 

 
Fig.4. Effect of diameter on the DWI of the loop 

 

5.3 Effect of riser height 
The effect of riser height on DWI of the  SCWNCL is 

depicted  in figures 5 for three different riser height of 

4.1m, 52.1m and 6.1m for keeping other parameters 

constant such as diameter, inlet pressure and friction 

factor. From the figure 9, it can be observed that the 

marginal stability boundary of   DWI of SCWNCL is 

increased with increase in the riser height. The MSB of 

DWI of SCWNCL has been significantly increased 

with increase in the riser height 4.1m to 5.1 m, whereas 

the rate of MSB of DWI at 6.1 m is increased less 

compared to the 5.1m.  

 
Fig.5. Effect of riser height on the DWI of the loop 

6 Conculsions 
To accurately identify the zone of density wave 

instability at supercritical temperature and pressure, a 

one dimensional nonlinear thermal-hydraulic (TH) 

model was developed for a natural circulation loop in 

FORTRAN 90. The TH model first verified with 

NOLSTA code and next various simulations carry out 
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to analyze the DWI of the SCWNCL. The present work 

identified the occurrence of DWI in the loop. The 

nonlinear TH model investigation reveals that smaller 

diameter of the NCLs are less stable than bigger 

diameter of the NCLs with respect to power for 

SCWNCL. Based on the above results, the following 

conclusions have been drawn which is given below:   

" Increasing in diameter of the loop, the stable 

zone of DWI is increased. 

" Increasing in riser height of the loop, the 

stable zone of DWI is increased. 

References 
1. X. Cheng and T. Schulenberg, Heat transfer at 

supercritical pressures - literature review and 

application to an HPLWR, Energietechnik, vol. 

6609, 6609-6053 (2001) 

2. S. J. Bushby, G. Dimmick, R. Du_ey, N. Spinks, 

K. Burrill and P. Chan, Conceptual designs for 
advanced, high-temperature candu reactors, in: 

Proceedings of the first international symposium 

on supercritical water-cooled reactors, design and 

technology, SCR-2000, 6-9 Nov 2000, Tokyo, 

Japan ( 2000) 

3. V. Silin, V. Voznesensky,  and  A. Afrov, The 

light water integral reactor with natural circulation 

of the coolant at supercritical pressure b-500 skdi, 

Nuclear Engineering and Design, 144 (2),327- 336 

(1993) 

4. H. H. Bau and K. Torrance, Transient and steady 

behavior of an open, symmetrically-heated, free 

convection loop, International Journal of Heat and 

Mass Transfer ,24 (4), 597- 609  (1981) 

5. Y. Zvirin, A review of natural circulation loops in 

pressurized water reactors and other systems, 

Nuclear Engineering and Design 67 (2), 203 – 225 

(1982) 

6. R. Greif, Natural Circulation Loops, Journal of 

Heat Transfer , 110 (4b), 1243-1258 (1988) 

7. M. K. S. Sarkar, A. K. Tilak, and D. N. Basu,  A 

state-of-the-art review of recent advances in 

supercritical natural circulation loops for nuclear 

applications”, Ann. Nucl. Energy, 73, 250–263, 

(2014) 

8. S.K. Rai and G. Dutta, A Review of Recent 

Applications of Supercritical Fluid in Natural 

Circulation Loops for Nuclear Reactor. 

International Journal of Applied Engineering 

Research ,23 ,195-204  (2018) 

9. S.K. Rai, P. Kumar, and V. Panwar, A literature 

review of static instability in supercritical fluid 

natural circulation loop, Advances in themal-fluid 

engineering ATFE-2021, 25-26 march,2021, 

Gandhinagar, Gujarat, India (2021) 

10. L.R. Thippeswamy and A. K. Yadav, Heat transfer 

enhancement using CO2 in a natural circulation 

loop”. Sci Rep 10, 1507 (2020)  

11. A. Walter, Stability of Supercritical Fluid Flow in 

a Single-Channel Natural-Convection Loop, 

Nuclear Engineering and Design, 238, 1963–72 

(2005) 

12. A. Walter  and M. Sharabi, Dimensionless 

Parameters in Stability Analysis of Heated 

Channels with Fluids at Supercritical Pressures, 

Nuclear Engineering and Design, 238, 1917–29  

(2008)  

13. B. Zappoli, Near-critical fluid hydrodynamics, C. 

R. Mecanique ,331, 713-726 ( 2003) 

14. I.L. Pioro, H.F. Khartabil, and R.B. Duffey, Heat 

transfer to supercritical fluids flowing in channels 

empirical correlations (survey)”. Nuclear 

Engineering and Design, 230, 69-91 (2004) 

15. Y, Jiyang, Analysis of Ledinegg flow instability in 

natural circulation at supercritical 

pressure." Progress in Nuclear Energy, 53, 775-

779 (2011) 

16. A. Pegallapati, P. Saikiran and R. Maddali, 

Dynamic model of supercritical CO2 based natural 

circulation loops with fixed charge, Applied 

Thermal Engineering, 169, 114-906 (2020) 

17. V. Chatoorgoon, Stability of supercritical fluid 

flow in a single-channel natural-convection loop, 

Int. J. Heat Mass Transfer, 44, 1963-1972 (2001) 

18. V. Chatoorgoon, A. Voodi, and P. Upadhye, The 

Stability Boundary for Supercritical Flow in 

Natural-Convection Loops: Part II: CO2 and H2, 

Nuclear Engineering and Design, 235(24), 2581–

93, (2005) 

19. P. K. Vijayan, M. Sharma, D. S. Pilkhwal, D. Saha, 

and R. K. Sinha, A comparative study of single-

phase, two-phase, and supercritical natural 

circulation in a rectangular loop, J. Eng. Gas 

Turbines Power, 132, 102913–6 (2010) 

20. P.K. Vijayan, M. Sharma, D.S. Pilkhwal, Steady 

state and stability characteristics of a supercritical 

natural circulation loop (SPNCL) with CO2, 

BARC/2013/E/003,(2013) 

21. M. Sharma, P. K. Vijayan, D. S. Pilkhwal, D. Saha, 

and R. K. Sinha, “Linear and nonlinear stability 

analysis of a supercritical natural circulation loop,” 

J. Eng. Gas Turbines Power, 132,102904 (2010) 

22. S.K.Rai, Review of recent applications of micro 

channel in MEMS devices, International Journal of 

Applied Engineering Research ,13.9, 64-69, 

(2018). 

23. H. K. Gupta,, S. K. Rai, and T. Sheorey, Boiling 

flow heat transfer in microchannel: Experimental 

and numerical investigation”, In Proceedings of 

the 23rd National Heat and Mass Transfer 

Conference and 1st International ISHMT-ASTFE 

Heat and Mass Transfer Conference IHMTC-

2015 , 1-8, Trivendram, India,  (2015) 

24. D. Singh, S.k.Rai and S. Shukla, Numerical 

analysis of two phase flow boiling heat transfer 

through microchannel, IJERT, 6, 1-6 (2017) 

E3S Web of Conferences 321, 04004 (2021)
ICCHMT 2021

https://doi.org/10.1051/e3sconf/202132104004

 

5



25. S.K, Rai, P. Kumar  and V. Panwar, 

Computational analysis of static flow instabilities 

in supercritical natural circulation loop, KIIT 

Thermo 2020 – International Conference on 

Thermofluids,23-25 Jan, 2020, Bhuneshwar, India 

(2020) 

26. S.K. Rai, G. Dutta and T. Sheorey, “Stability 

Analysis of Supercritical Water Natural 

Circulation Loop with Vertical Heater and 

Cooler”,  Proceedings of the 24th National and 

2nd International ISHMT-ASTFE Heat and Mass 

Transfer Conference (IHMTC-2017), December 

27-30, 2017, BITS Pilani, Hyderabad, India (2017) 

27. S.K. Rai, P. Kumar, and V. Panwar, Numerical 

analysis of influence of geometry and operating 

parameters on Ledinegg and dynamic instability 

on supercritical water natural circulation loop, 

 Nuclear Engineering and Design, 369,110830 

(2020) 

28. S. K Rai, P. Kumar, V. Panwar, Mathematical and 

numerical investigation of Ledinegg flow 

excursion and dynamic instability of natural 

circulation loop at supercritical condition, Annals 

of Nuclear Energy, 155, 108129  (2021) 

29. S.K. Rai, P. Kumar and V. Panwar, Numerical 

investigation of steady state characteristics and 

stability of supercritical water natural circulation 

loop of a heater and cooler arrangements, Nuclear 

Engineering and Technology, 53, 3597-3611(2021) 

30. G. Dutta, C. Zhang, and J. Jiang, Numerical 

analysis of flow induced density wave oscillations 

in CANDU supercritical water reactor, Nucl. Eng. 

Des., 286, 150–162 (2015) 

31. R. Upadhyay,  S. K. Rai and G. Dutta, Numerical 

analysis of density wave instability and heat 

transfer deterioration in a supercritical water 

reactor, Journal of Mechanical Science and 

Technology, 32 (3) , 1063-1070 (2018) 

32. G. Dutta, and J. B. Doshi, A characteristics-based 

implicit finite-difference scheme for the analysis 

of instability in water cooled reactors,  Nuclear 

Engineering and Technology, 40.6 ,477-488 

(2008) 

33. S. K. Rai, R. Upadhayay, G. Dutta and T. Sheorey, 

“Analysis on Ledinegg Instability in Supercritical 

Water Natural Circulation Loop", 10
th

  nternational 

Conference on Computational Heat, Mass and 

Momentum Transfer, 21-24 may,2017 Seoul, 

Republic of Korea, (2017) 

E3S Web of Conferences 321, 04004 (2021)
ICCHMT 2021

https://doi.org/10.1051/e3sconf/202132104004

 

6


