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ABSTRACT

A natural circulation loop (NCL) is a thermal energy transport system in which circu-

lation solely occurs due to density gradient from a high-temperature source to a low-

temperature sink without using any prime mover. Due to thermal imbalance in NCL,

fluid flow oftenly subjects to instability in the form of oscillatory behaviour and flow

reversal which may lead to catastrophic incidences. The underlying physics of instabil-

ity for supercritical CO2 based NCL is complex. Hence, numerical and experimental

investigations are carried out for supercritical CO2 based NCLs focus on the flow insta-

bility and its mitigation.

Three-dimensional computational fluid dynamics (CFD) simulation for super-

critical CO2 based NCL is carried out to explore the effects of pressure and heat inputs

on instability and determine the possible cause of its occurrence. Investigation shows

that for supercritical CO2, there is a threshold point that decides the nature of flow. A

heat input lower than a threshold value causes repetitive-reversal flow, while at higher

heat input, the flow changes to stable or unidirectional flow. With an increase in heat

input, the system attains stability for a given operating pressure. In addition, a possible

mechanism for continuous flow oscillation and measurement of instability with differ-

ent pressure in unstable loops is also proposed.

The novelty of this investigation emphasizes the design of a modified Tesla type

valve and its integration in the loop to assist the unidirectional flow of loop fluid, and in

turn, reduces the instability. Results show that the use of a single modified Tesla valve

leads to better stabilization for all supercritical pressures and heat inputs. It is also found

that a loop with a single Tesla mitigates the temperature and velocity oscillations with a

marginal reduction (8%) in the heat transfer performance. However, the use of a single

modified Tesla type valve in NCL is not capable of mitigating the instability in the case

of low heat inputs with operating pressures far away from the pseudocritical point.

NCL integrated with two modified Tesla type valves is used to promote the uni-



directional circulatory movement of loop fluid and to decrease the magnitude of insta-

bility. Results are obtained with supercritical CO2 based twin Tesla-NCL and compared

with regular-NCL and single Tesla NCL at different heat inputs and operating pressures.

It is found that an increase in the number of Tesla valves, mitigates the instabilities in

the NCL operated away from pseudo-critical region at lower heat inputs. However, the

use of twin Tesla type valves in NCL drops the heat transfer capability by 15% com-

pared to regular NCL.

To validate the simulation results and check the practical feasibility, an experi-

mental setup of NCL integrated with a modified Tesla valve is designed and developed.

Experiments are carried out to comprehend the instability in supercritical CO2 based

NCL. Experimental results show that the unidirectional fluid flow circulation can be

achieved in the loop with the Tesla valve, which makes it an efficient technique to com-

bat instability.

Key words: Natural circulation loop, Supercritical CO2, Instability, Heat Transfer,

CFD, Tesla type valve.
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CHAPTER 1

Introduction

Many nuclear disasters happened in the past few years, such as the Windscale fire ac-

cident (United Kingdom, 1957), Three Mile Island accident (USA, 1968), Chernobyl

disaster (Ukrainian SSR, 1986) and Fukushima Daiichi nuclear disaster (Japan, 2011)

attracted the attention of many researchers to find an effective solution. All these dis-

asters are due to the malfunctioning of active cooling systems, which compelled the

researcher to hunt for a new reliable and passive cooling technique to keep the system

safe. The absence of moving components drastically reduces the probability of a failure

in the removal of heat from the source and becomes a desirable option to minimize the

such damages. This is the main reason for preferring natural convection over forced

convection in power plants, in which safety is a primary concern. This study is carried

out on natural circulation loop to understand the transient flow behavior and heat trans-

fer capability.

1.1 Natural circulation loop

Convective heat transfer is the study of heat transport phenomena affected by

the flow of fluids. In general, convection heat transfer deals with thermal interac-

tion between a surface and an adjacent moving fluid. Convection also includes the

study of thermal interaction between fluids. The convection heat transfer is classi-

fied into two major categories (i) forced convection and (ii) natural convection. When

convection takes place inside a close circuit/loop, then it is called circulation. In a

forced circulation, fluid motion is generated mechanically through a fan, blower, noz-

zle, pump/compressor etc. It has better effectiveness but requires additional cost for

heat transfer. While in natural circulation, heat is transferred from lower altitude to

higher altitude by the circulation of fluid due to the buoyancy effect caused by temper-
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ature gradient. A natural circulation loop (NCL) is a simple and veracious heat transfer

device that does not require any moving components like pumps and compressors. To

enhance circulation rate and establish a thermal gradient in the NCL system, a heat

source is kept below, and the heat sink is located at a higher elevation. The fluid ab-

sorbs heat from the source, becomes lighter and rises to the sink where it gets cooled,

becomes heavier and moves downward, thus establishing a circulation in the loop. Due

to the absence of moving/rotating parts to generate the motive force for flow, i.e., its

passive nature makes it less prone to failures, reducing the maintenance and operating

costs. In NCLs, flow can continue indefinitely if the loop’s integrity is maintained and

as long as the heat source and heat sink are maintained at distinct temperatures. Due

to its simplicity, passiveness and intrinsic safety, it is employed in many applications

like solar heater (Yamaguchi et al. 2010), geothermal process (Kreitlow et al. 1978),

turbine blades cooling (Greif 1988), electronic components cooling (Chauhan and Kan-

dlikar 2019; Samba et al. 2013), and nuclear reactor cooling systems (Chatoorgoon et al.

2005).

1.2 Mechanism of NCL

To exemplify the basic mechanism of NCL, Fig. 1.1 shows a schematic of rectangular

NCL consisting of a heater as a source, two adiabatic vertical legs and a cold heat

exchanger (CHX) as a sink. The fluid inside the closed-loop is heated at the heater

with constant heat input and is cooled sensibly by rejecting heat to the external fluid

(water) in the CHX. In NCL, due to continuous heating of the fluid at the heater, the

fluid becomes lighter and moves into one of the vertical leg. Accelerated fluid enters

the sink and rejects heat, becomes heavier and fall downwards due to gravity. Due to

continuous heating/cooling at the heater and cooler surface, the whole cycle repeats.

Continuation of this entire process leads to the transfer of thermal energy in the loop.

Under steady conditions, let us consider flow is in a clockwise direction. The hot fluid

vertical riser leg density with the upward flow is ρh and ρc to the cold fluid in the other
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vertical downcomer leg with the downward flow. Now, equations 1.1 and 1.2 can be

used to calculate the hydrostatic pressure and at “a” and “b” located near the heater

section.

Figure 1.1: Schematic of natural circulation loop.

Pa = ρcgH (1.1)

Pb = ρhgH (1.2)

Where, H is the loop height, and g is the acceleration due to gravity. Since, ρc > ρh

it lead to a pressure difference between (Pa > Pb) which causes loop fluid to flow.

At steady-state, the driving pressure difference created by the thermal expansion of

working fluid is balanced by the frictional pressure difference, thus providing a basis
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for estimating the induced flow.

(ρc − ρh) gH =
Rm2

2ρA2
(1.3)

The hydraulic resistance R is given by

R =
N∑
i=1

fiLi
Di

+Ki (1.4)

Where fi, Li,Di and Kiare respectively the friction coefficient, the length, the diameter

and the loss coefficient of the ith section of the loop. Equation 1.3 can be rearranged as

m =

√
2ρA2 (ρc − ρh) gH

R
(1.5)

Hence, the above equation 1.5 helps in calculating the induced driving pressure differ-

ence. It is noted that the flow rate is enhanced by increasing the loop height and the

density difference between the two vertical legs. It also gets improved by increasing the

loop flow area, reducing the hydraulic resistance, and decreasing the opposing frictional

pressure gradient.

1.3 Different configurations of NCLs

A classification of NCLs often helps us to choose the most suitable configuration for

the required application. However, it is laborious and tiring work to have an elaborated

discussion on the different configurations of each of the NCLs. Hence, in the present

section, an effort has been made to mention some of the most significant types of NCLs

and their associated configurations. Fig. 1.2 shows the detailed description of various

configurations of NCLs based on itsvworking fluid, surrounding interaction, shapes,

inventory, number of channels and body force.
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Figure 1.2: Classification of NCL (Vijayan and Nayak 2010).

Depending on the application in various engineering fields, NCL configurations used

for theoretical studies or experimental studies are shown in Fig. 1.3. Based on the loop

shape, NCLs are classified as toroidal, rectangular, square, U-loop, figure-of-eight, etc.

Industrial NCLs are quite complex in geometry and challenging to do theoretical and

computational modeling. While simple-shaped loops have contributed significantly to

improves our understanding of the natural circulation process. The vertical open U-

loop has been studied for instability behaviour (Welander 1967), and the toroidal loop

has been extensively studied because of its simplicity. Stability characteristics of sim-

ple rectangular loops have been studied extensively theoretically (Keller 1966; Chen
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et al. 2013c; Yadav et al. 2014) and experimentally (Vijayan et al. 2007; Misale 2016).

Sharma et al. (2013) investigated the NCL fluid flow and instability phenomena in a

figure-of-eight loop. However, it is a genuinely arduous job to discuss and elaborate on

each classification of NCL with available within the scope of a few pages.

(a) Toroidal NCL (Creveling et al. 1975)
(b) Open type NCL (Bau and Torrance
1981)

(c) Rectangular NCL (Welander 1967)
(d) Semi rectangular NCL (Bernier and Baliga
1992)
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(e) Closed type NCL (Nayak et al. 1995)
(f) Figure of eight loop(Vijayan and Date
1992)

(g) Typical solar heating NCL (Ong 1974)
(h) Rectangular NCL with end heat-exchanger
(Rao et al. 2005)

(i) Multiple path thermosyphon (Chato 1963)

Figure 1.3: Various geometrical configurations of natural circulation loop (Vijayan and
Nayak 2010).
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1.4 Advantages of NCL

a. Elimination of pumps: The elimination of active power supplies and pumps can

significantly simplify the construction, operation and maintenance of the system.

In addition, eliminating the primary circulating pumps reduces capital, operating,

maintenance costs and ensures safety.

b. Better flow distribution: Another advantage is that the flow distribution in the

parallel channel is much more uniform in the natural circulation system. How-

ever, the use of pumps causes mal-distribution of pressure in the headers leading

to the nonuniform flow in the parallel channels. Operating experience with fossil-

fueled natural circulation boilers (NCBs) suggests that the problem is eliminated

or an order of magnitude is less than the pump-assisted circulation systems.

c. Safety aspects: NCL is based on a natural physical law like gravity which is

not expected to fail. As a result, the reliability of such systems is expected to

be enhanced. In contrast, fluid-moving machineries, such as pumps/compressors,

are prone to mechanical and external power supply failure.

d. Flow features: In a pump-driven two-phase circulation system, the flow de-

creases with an increase in power, whereas the flow increases with power in nat-

ural circulations.

e. Simplicity: Simplicity is the primary advantage of a natural circulation loop.

Elimination of the pump makes it simpler and more reliable. To minimize pres-

sure losses and enhance flow rates, designers of NCLs tend to eliminate all un-

necessary pipe bends, elbows, etc. The result is a system with a simple piping

layout that can be factory fabricated with reasonable quality assurance.

1.5 Disadvantages of NCL

a. Low driving head: The primary disadvantage of the natural circulation system

is that the driving head is low. Therefore, to increase the flow rate at fixed power
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would require either an increase in the loop height or a decrease in the loop resis-

tance, either of which might increase plant costs. While for pump assisted flow,

the required driving head can be obtained with a higher capacity pump without

affecting the rest of the loop.

b. Low mass flux: In general, the mass flux in the a natural circulation loop is low.

Since the driving force is very low, the consequent use of larger diameter pipes

results in lower mass flux in NCL systems than pumped circulation systems. At

low mass flux, the Reynolds number is smaller, which lowers the heat transfer

coefficient compared to forced circulation.

c. Instability effects: The non-linear nature and its small driving force of the NCL,

intrinsically make the natural circulation systems more unpredictable than the

forced circulation systems. NCL shows instability in the form of flow oscillation,

chaotic non-linear dynamic behaviour, and a flow reversal. It is undesirable, as

it creates potent vibration on mechanical parts and also abates the system perfor-

mance.

d. Low-pressure low-flow regime: In NCLs, the flow rate is a strong function of

heating power and system pressure. Also, the flow is stagnant during the initial

startup in NCLs and where validated thermal-hydraulic relationships are not read-

ily available. So, NCL designs might need an assessment of the applicability of

the thermal-hydraulic relationships.

1.6 Selection of CO2 as working fluid

Environmental pollution due to energy demand is an appealing aspect for the researcher

to expand their investigation to enhance the efficiency of the system and also to find an

eco-friendly energy resource. The environmentally benign nature of CO2 (GWP =1,

ODP =0) made it one of the most popular secondary fluid in recent years, and its use

in various heating/cooling systems reduces the amount of greenhouse gases in the at-
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mosphere. The admirable thermophysical properties of CO2 as a working fluid offers

a compelling alternative so that it can be used in the process of deposition and prepa-

ration of materials (Kondoh 2004; Blackburn et al. 2001), nuclear reactor applications

(Dostal et al. 2006), chemical extraction (Bondioli et al. 1992), refrigeration (Kumar

and Gopal 2009a; Yamaguchi et al. 2008), and for the heat pump systems (Nekså et al.

1998). Compared to other fluids, CO2 offers very low viscosity and a very high thermal

expansion coefficient, as shown in Table 1.1.

Table 1.1: Comparison of properties for different secondary fluids.

Refrigerant
R12

(CFC)

R22

(HCFC)

R134a

(HFC)

R717

(Natural)

R744

(Natural)

Molecular formula (g/mol) CCl2F2 CHClF2 CH2FCF3 NH3 CO2

ODP 0.82 0.055 0.0 0.0 0.0

GWP 8100 1700 1300 0.0 1

Flammability No No No Yes No

Toxicity No No No Yes No

Molecular weight 120.9 86.5 102.03 17.03 44.01

Normal Boiling Point (◦C) -29.8 -40.8 -26.2 -33.3 -78.4

Critical pressure (bar) 41.1 49.7 40.7 114.27 73.8

Critical temperature (◦C) 112.0 96.0 101.1 133.0 31.2

Sat. pressure at 0 ◦C (bar) 3.09 4.98 2.93 4.29 34.8

Volumetric refrigeration capacity at 0 ◦C (kJ/m3) 2740 4344 2860 4360 22545

Viscosity at 0◦C (mPa.s)
248.7 (L)

10.74 (V)

218.2 (L)

11.50 (V)

271.1 (L)

10.73 (V)

170.1 (L)

9.06 (V)

99.4 (L)

14.79 (V)

Density at 0 ◦C, (kg/m3)
1396.1 (L)

17.87 (V)

1281.5 (L)

21.23 (V)

1294.8 (L)

14.42 (V)

638.6 (L)

3.45 (V)

927.4 (L)

97.65 (V)

Thermal conductivity 0◦C (mW/mK)
75.9 (L)

8.84 (V)

94.8 (L)

9.42 (V)

92.0 (L)

11.51 (V)

559.2 (L)

23.37 (V)

110.4 (L)

19.67 (V)

In addition, it is non-toxic and acts as a flame retardant, thus perfectly safe to use. How-

ever, unlike other working fluids, the operating pressure is very high in CO2 systems.

A comparative study by Kumar and Gopal (2009b) found that it is possible to design a

more compact system with CO2 as the working fluid compared to water.
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There has been considerable interest in utilising fluids at pressures and tempera-

tures above their vapour-liquid critical point in many industrial applications. When gas

is heated beyond a specific temperature where no amount of compression will cause

it to become liquid, known as the critical temperature. A supercritical fluid contains

the properties of both gas and liquid beyond the critical point. Supercritical fluids ex-

hibit significant deviations from ideal thermodynamic behaviour and do not undergo

vaporisation or condensation phase transitions. For water or other fluids, where at high

temperature, a phase change occurs, and the flow becomes abrupt, in that situation

where phase change is to be avoided, supercritical fluid can serve as a feasible alterna-

tive. The critical point of CO2 is Pc= 7.38 MPa and Tc= 31.2 ◦C (shown in Fig. 1.4),

due to its low critical temperature, CO2 exhibit significant deviations from ideal-gas law

behaviour, and their properties can be utilized to increase productivity and efficiency of

many technical processes.

Figure 1.4: Phase diagram (NIST 2013).

CO2 systems are patented way back in 1867 by T. S. C. Lowe in the USA. In 1939, USA

first used CO2 to air-conditioned cinema halls. In the early 20th century, supercritical

CO2 was used in marine refrigeration, cold storage, comfort cooling etc. In recent times
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there is a growing interest in using carbon dioxide in various cooling, heating and power

applications.

Research indicates that supercritical CO2 based NCLs (scCO2-NCLs) are very

compact and its performance will be better than other working fluids (Yadav et al.

2012a; Liu et al. 2016). Yadav et al. (2012b) carried out a numerical study on su-

percritical CO2 and showed that, near the pseudo-critical region, CO2 yields a very high

heat transfer rate, approximately seven times higher than water for the same operat-

ing temperature. Single-phase water loop was compared with supercritical CO2 based

NCL (scCO2-NCL) , and it was reported that the scCO2-NCL yields a higher mass flow

rate and lower fluid temperature level making it the better option until the flow-induced

heat transfer deterioration occurs (Sarkar and Basu 2017). scCO2-NCL creates a sig-

nificantly higher driving head and high Reynolds number even for small differences in

temperature between source and sink, which induces a high circulation rate in the sys-

tem than conventional fluid-like subcritical water (Liu et al. 2016). Experiments were

conducted by (Thippeswamy and Yadav 2020) on the heat transfer effectiveness of sub-

critical and supercritical CO2 based NCL. The performance of CO2 is compared with

water and brine solution and concluded that the maximum heat transfer rates in the case

of subcritical vapour, subcritical liquid, two-phase and supercritical CO2 based natural

circulation loops are 400%, 500%, 900%, and 800% higher than the water/brine-based

system respectively. Dostal et al. (2006) showed that the supercritical CO2 based Bray-

ton cycle could be used for a next-generation nuclear reactor.

1.7 Instability in NCL

Natural circulation loops are prone to several kinds of instabilities. Due to the non-

linearity of the natural convection process, any disturbance in the driving force causes

the disturbance in the flow and leading to oscillatory behaviour even in cases where an

eventual steady-state is expected. To define instability in NCLs, need to determine the

decay ratio (DR).
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Decay ratio is defined as the ratio of the amplitude of the succeeding oscillation (A2) to

the amplitude of the preceding oscillation (A1), the two oscillations being consecutive.

Referring to Fig. 1.5.

Decay ratio is defined as,

DR =
A2

A1

(1.6)
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Figure 1.5: A transient flow behaviour in NCL.

Figure 1.6: Types of instability (Vijayan and Nayak 2005).
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In this way, if DR < 1 the system is stable, DR = 1 it indicates that the system is

neutrally stable and DR > 1 refers to an unstable system (as shown in Fig. 1.6).

Instability is nothing but a system to sustain itself against small perturbations.This

instability in fluid flow creates flow oscillation, chaotic non-linear dynamic behaviour,

and a flow reversal. To quantify the instability, oscillations amplitude as a certain per-

centage of the steady-state value is considered an unstable system. Thus, amplitudes

greater than ±10% of the mean value are often considered an indication of instability.

However, some authors recommend the use of ±30% as the cut-off value (Mochizuki

1994).

Flow instability in NCL is highly unacceptable as it can induct potent mechan-

ical vibration in the system components, and eventually, it may lead to catastrophic

incidences due to fatigue development in the components. Further, if oscillations get

augmented, it can affect the heat transfer characteristics, which detriments to the system

efficiency. Instability can also disrupt control systems and pose operational problems

in commercial power plants. Flow instability in NCL is still an investigation aspect of

physical and mathematical problems to comprehend. Hence, analysis of instabilities in

the natural circulation loop is very important for the loop system’s safety.

1.8 Classification of instability

Types of instability in NCLs depends on the methods of excitation. Differences in insta-

bilities also rely on the propagation method, oscillatory mode, the instability threshold’s

nature, and prediction methods. Also, the loop geometry and secondary phenomena af-

fect the observed instabilities. In the present section, some of the most significant types

of instabilities related to NCL are discussed. In general, instabilities can be classified

according to the following bases (Vijayan and Nayak 2005):

• Propagation method

• Nature of the oscillations

• Flow direction
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1.8.1 Propagation method

The type of instability involves the propagation or transport of disturbances. The distur-

bance can be transported by two types of waves: (i) pressure (acoustic waves) and (ii)

void (or density) waves. In single-phase flow, only density wave instability is observed.

While, in two-phase flow, both type of instability is present.

(i) Pressure wave instability is considered to be caused by the resonance of pressure

waves. This type of wave oscillation is found in subcooled boiling, bulk boiling, and

film boiling. High frequencies of characterize pressure oscillations 10-100 Hz are re-

lated to the pressure wave propagation time.

(ii) Density wave instability is the most commonly observed instability in natural cir-

culation loops (NCLs). When fluid absorbs heat at the source, it becomes lighter in

density or higher in void fraction and starts moving along one of the vertical risers,

it increases the driving force, and hence the flow begins. The increased flow reduces

the exit enthalpy and the void fraction, causing a fluid packet of high density (dense or

heavy fluid packet) to emerge from the heat source. As the heavy fluid packet ascends

along the vertical legs riser, the driving force reduces, causing the flow rate to decrease.

This decrease in flow rate again increases the exit enthalpy and void fraction leading to

the process’s repetition. However, this instability is observed when the light and heavy

fluid packets are formed with appropriate spacing (related to time delay) and magnitude,

depends on the operating conditions and the loop geometry. This type of instability is

also known as thermally induced oscillations or time delay oscillations instability. The

fundamental difference between acoustic instability and density instability is character-

ized by low-frequency oscillations (of the order of 1 Hz (Vijayan and Nayak 2005).

1.8.2 Nature of the oscillations

All types of instability ultimately lead to some oscillations. Oscillations are character-

ized as periodic and chaotic based on their periodicity. Based on oscillatory mode, the
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oscillations are classified as a fundamental mode or higher harmonic modes. In NCLs,

flow direction can also change during oscillations. Based on the flow direction, the os-

cillations can be characterized as uni-directional, bidirectional, or switch between the

two (shown in Figs. 1.7(a-c)).
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  ( c ) Chaotic oscillation with flow reversal

Figure 1.7: Nature of oscillation (a) Uni-direction flow (b) Bi-directional flow (c)
Chaotic oscillations with flow reversal.

1.8.3 Flow direction

In NCLs, steady-state flow can take place in the clockwise or anticlockwise direction.

Uni-directional flow is considered more stable than the other. The directional instability

often depends on critical heat input, below that, it shows flow reversal, such transients

also depend on flow initiation from rest and power raising.

Controlling instability without deteriorating the performance of the loop is a challeng-
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ing task for researchers. Various researchers have done extensive studies on the cause of

instabilities and methods to mitigate these instabilities by using multiple tools like intro-

ducing orifice, use of nanofluids, varying loop diameter, changing the heater’s positions

and cooler, and tilting of the loop. Thus, the possibility of implementing a modified

Tesla valve in the loop has been discussed here as it is one of the most promising adap-

tations due to its high effectiveness and reliability.

1.9 Tesla valve

The Tesla valve is a passive type of flow-control valve invented by Nikola (1920) to

facilitate directional flow (shown in Fig. 1.8). The interior of the tube consists of

amplifiers, recesses, projections, baffles and buckets. It is seen from the Tesla valve

Fig. 1.8 that it is a series of 11 flow control segments that regulate the flow. The flow

regulators can be increased or decreased by a number of other such segments as desired.

The design was such that the reverse direction flow experiences more impedance than

the forward direction, effectively creating a fluidic diode. The valve’s efficiency is often

expressed in diodicity (Di), which is the ratio of pressure drop across reverse to forward

direction at a constant flow rate Q.

Di =

∣∣∣∣∣
(

∆pr
∆pf

)
Q

∣∣∣∣∣ (1.7)

Where,∆pr is the reverse flow pressure drop, and ∆pf is the forward flow pressure

drop. Thus, a diodicity greater than unity implies flow in a forward direction.

Figure 1.8: Cross-section of Tesla valve (Nikola 1920).

Due to the Tesla valve’s unique design and passive operation, several researchers con-

ducted comprehensive studies to visualize flow patterns and improve the diodicity. Sys-

tematic design optimization of the Tesla valve is done by (Truong and Nguyen 2003) to
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find its optimum angle and length.

Figure 1.9: Geometry of Tesla valve (Truong and Nguyen 2003).

As shown in Fig. 1.9, a Tesla valve geometry consists of a channel width W, channel

depth D, entry and exit length L1 and L2, angle α, the straight length L, and the radius R

of the inner curve. Based on all six above mentioned parameters, the optimization of a

Tesla valve can be obtained. It is found that the valve diodicity is inversely proportional

to the radius R and the optimum configurations (α,L) depend on the flow rate.

Later several design modifications on the Tesla valve have been done based on its uti-

lization. Keeping diodicity as a significant factor to rank the efficiency of different

modified Tesla valves. Figure 1.10(a) shows some modified Tesla valve designs, with

its pressure difference in Fig. 1.10(b).

It is evident from above Fig. 1.10(a) that the D-valve design has a higher diodicity

compared to the TMW design. The absolute pressure difference between reverse and

forward flow can better compare different designs’ effectivity, as shown in Fig. 1.10(b).

This proves that the D-valve design is a properly performing Tesla-type valve, having

an absolute pressure difference close to the T45C valve, which is very promising, es-

pecially concerning the inlets and outlets’ alignment of NCL. While the GMF valve

results show better potential, but it isn’t easy to incorporate in NCL.
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Figure 1.10: Plot of the single-phase (a) diodicity and (b) Pressure difference against
the Reynolds number (Vries et al. 2017).

1.10 Structure of the thesis

Chapter 1 presents a brief introduction to NCL and its types, the selection of CO2 as

working fluid, Instability in NCL and the description of Tesla valve design.

Chapter 2 presents an extensive review of the relevant literature. It contains the study

on different heat transfer loops of NCLs, instability in NCLs with different loop fluids

including supercritical CO2, mitigation of instability, a summary of the literature, re-

search gap, and objective of the present study.

Chapter 3 deals with the transient analysis of 3-D supercritical CO2 based NCL with

a heater as a heat source and heat exchanger as a heat sink. Parameters that affect flow

behaviour, the existence of threshold heat input and a possible mechanism of instability

with different pressure and heat inputs are investigated.

Chapter 4 presents a CFD simulation of flow instability and heat transfer phenomenon

for a regular natural circulation loop and a new modified single Tesla supercritical CO2

based NCL. In addition, the feasibility of implementing a modified Tesla valve in the

loop has been discussed here.

Chapter 5 emphasizes the development of NCL integrated with twin Tesla type valves

to mitigate instability in supercritical CO2 based NCL. The heat transfer capability of

twin Tesla NCL is compared with regular NCL and single Tesla NCL.
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Chapter 6 deals with the design and fabrication of the experimental setup. Experi-

mental investigations have been carried out to understand the transient behaviour of the

NCL employing supercritical CO2 as a working fluid.

Chapter 7 concludes the dissertation with important findings based on the present

study, significant conclusions, and future work recommendations.
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CHAPTER 2

Literature Review

This chapter presents a detailed literature review on experimental and theoretical stud-

ies related to the instability in the natural circulation loop. The review also emphasizes

different methods to mitigating the instability. Finally, this chapter ends with the re-

search gap and objectives of the present study.

2.1 Natural circulation loop

The phenomenon of natural circulation offers a very efficient option of fluid transport

within a closed system without employing any mechanical drives. Such system is com-

monly known as Natural Circulation Loop (NCL), a term coined by (Japikse 1973). So,

NCLs are loop-type designs with energy conversion and fluid transfer systems from a

distinctive location of the source to sink.

NCLs have many industrial and domestic applications like solar heaters, thermosyphon

reboilers, electronic chip cooling, turbine blade cooling, chemical process industries,

geothermal energy extraction processes, closed-loop pulsating heat pipe, nuclear power

generation and plenty more. Some interesting applications of NCLs also include the

models of thermal springs of Virginia (Torrance 1979), heat dissipation investigation

(Madejski and Mikielewicz 1971), chaos determination (Wang et al. 1992a) and its ap-

plication in refrigeration (Kumar and Gopal 2009a). Nuclear scientists have shifted

their focus towards the natural circulation mode, mainly to enhance the reactor’s pas-

sive safety. Probably one of the most recent and vital applications of NCL is in nuclear

industries. This is used to cool the reactor core due to its passive nature of cooling. The

emergency core cooling mechanism of Dodewaard nuclear reactor of Netherlands (Ha-

gen and Stekelenburg 1997), Economic Simplified Boiling Water Reactor (ESBWR)

(Gamble et al. 2006) designed by General Electric and Advanced Heavy Water Reactor
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(AHWR) (Sinha and Kakodkar 2006) (in Fig. 2.1) of India are fine examples of NCL

in nuclear power applications.

(a) ESBWR

(b) AHWR

Figure 2.1: Natural circulation loop in nuclear power plants.

From the theoretical aspect, a natural circulation can be achieved by any type of body
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force such as electromagnetic, centrifugal or gravitational forces. However, practical

applications concern only the use of buoyancy created by gravity forces. Buoyancy is

nothing but a density difference in the adjacent part of the fluid in the system, which

can be achieved either by thermal effects or by introducing a lighter phase in the flow

domain. The term NCL is typically attached with a loop with distinct heating and cool-

ing zones, and circulation occurs solely due to density differences created by thermal

energy. The fluid motion concept due to bottom heating and top cooling evoked from

Lord Rayleigh (1916) work. Heat addition to the loop fluid can be done using an elec-

tric heater (Vijayan 2002; Vijayan et al. 2008) by convective heat transfer with a hot

fluid in a heat exchanger (Thippeswamy and Yadav 2020) or a combination of radia-

tion and convection. For CFD simulations, heat addition has many options, such as an

isothermal heater (Yadav et al. 2016), sudden increase or decrease in power (Chen et al.

2013c), internal heat generation and many more.

2.2 Instability in various NCLs

NCLs always offers assured reliable heat transport mechanism and safety with respect to

thermal failure. The elimination of active power supplies and pumps makes it a suitable

option in many typical applications. For example, without bothering about cavitation

and pump malfunctioning, a two-phase NCL can work well. Mechanical drives also

introduce noise and vibration into the system, whereas NCL comes across as a serene

relief. However, due to the strong coupling between momentum and thermal fields, it

is not possible to envisage desirable outcomes in the natural circulation system. The

dynamics of the NCL significantly depend on the operating conditions and geometry.

Hence, any change in these parameters leads NCL to flow oscillations, possible flow

reversals, flow bifurcation and chaotic behaviour, also known as instability. Instability

is undesirable, as it creates potent vibration on mechanical parts and even abates the

system performance. Therefore, NCLs require precise design assessment that focuses

on the interaction of all the transient responses of buoyancy and friction forces, ensur-
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ing a stable zone of operation.

When NCL subjects to disturbance due to thermal imbalance and the forces or equiv-

alent acceleration field acted on the fluid senses the destabilization, the irregularities

grow exponentially with time and amplitude. The inability of NCL to sustain them-

selves against these irregularities created due to small perturbations is known as “insta-

bility”. Mathematically, instability is the existence of multiple solutions so that NCL

is unable to settle down to any one of them permanently instead, it swings from one

solution to the other.

Keller (1966) was the first to analytically study the instability in an NCL. He found that

NCL shows a periodic motion when fluid is heated at the mid-point of the lower arm

and cooled at the mid-point of the upper arm, and it behaves like a self-excited oscillator

when subjected to certain operating conditions. He also predicted that the flow oscilla-

tions are merely an interaction between frictional and buoyancy forces, but inertia was

found to have a negligible effect on such oscillations. Later, Welander (1967) provided

a plausible explanation for the mechanism of instability in NCL. According to him, the

unstable motions are associated with thermal anomalies in the fluid that are advected

materially around the loop, and the anomalies amplify through the correlated variations

in flow rate. His well-celebrated theory is known as ‘warm and cold pockets of fluid’.

He investigated that the fluid behaves like a pendulum with its centre of mass towards

the cold pocket. Keller and Welander both analytically showed that flow instabilities

strongly depend on the nature of temperature distribution. Creveling et al. (1975) were

the first to observe the instability in a water-based toroidal loop with a distributed heat-

ing and cooling of loop experimentally. They observed two different stable operation

regimes, with the region of instability matching the transition from laminar to turbulent

flow. At lower or higher heat input, fluid flow was stable, while at intermediate, the flow

was highly oscillatory. They also developed a theoretical model for stability prediction

and turbulent region and found a good agreement with the test data. Mertol et al. (1982)

carried out a two-dimensional analysis for a toroidal loop by considering both radial
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and axial directions variation employing the finite-difference technique. They defined a

non-monotonic function of Graetz number (Gz), which is the function of the Reynolds

number (Re) and Prandtl number (Pr). Graetz number is defined as

Gz =
DH

L
Re.Pr (2.1)

Initially, the average velocity increases with the increase inGz until it reaches its maxi-

mum value and then decreases because at the higher velocity, the friction increases, and

the temperature difference decreases. As a further improvement, Lavine and Humphrey

(1987) investigation for the 3-D steady-state analysis of toroidal NCL showed that 1-D

and 2-D analyses over-predicted the total buoyancy and average axial velocity. They

also found some real-time phenomena like stream-wise flow reversal, secondary mo-

tion and non-axisymmetric temperature profiles. To suppress chaos in a toroidal NCL,

Bošković and Krstić (2001) suggested an active feedback control mechanism to con-

quer the convection loop’s chaotic instability. Later, Jiang and Shoji (2003) proposed

a non-linear dynamical model to formulate the wall effects in a convection loop. They

suggested that flow is more stable with high thermal conducting materials. Hitt et al.

(2011) did a three-dimensional unsteady numerical simulation on the toroidal loop by

fixing the Prandtl number at 5.83 and varying the Rayleigh number from 103 to 2.6 ×

107. Simulation reveals a complex three-dimensional flow behaviour inside the loop

characterized by localized recirculation zones and helical motion of the bulk circula-

tion. A comparative numerical assessment of the steady and dynamic performance of

rectangular and toroidal loops with identical dimensions was carried out by Basu et al.

(2012). Rectangular loop exhibits higher flow rates with more instability than toroidal

loop which can be attributed to strong buoyancy force. Hence for real-life application,

the toroidal geometry of natural circulation loops does not have much significance.

Therefore, the emphasis has moved towards more practical geometrical structures, i.e.,

rectangular NCL, which can be applied in reality. Hence, the hunt begins with the de-
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velopment of knowledge related to the underlying physics of rectangular NCL.

2.3 Instability in rectangular NCL

Rectangular NCLs encompass a broad range of applications and phenomena. Basic ex-

perimental and theoretical studies and overall performance and systems testing/analyses

in this vital area are being vigorously conducted throughout the world, and many rep-

resentative works and programs are discussed. Holman and Boggs (1960) first inves-

tigated the heat transfer to R-12 near the critical point in a rectangular NCL. The loop

consisted of two vertical branches, two horizontal sections at the bottom and top and

four curved connectors at the corners. The cooling heat exchanger was mounted around

the upper part of the right vertical arm, whereas the lower portion of the left vertical

arm was a heat source. Pressure fluctuation was observed in order 136 to 204 kPa, close

to a critical point. Fluctuations intensified with a decrease in coolant flow or increase

in supplied heat flux and subside with the increase in coolant flow rate. Later, Keller

(1966) and Welander (1967) both did theoretical analysis of rectangular NCL with a

point source of heating and cooling. According to them, the amplitude of these per-

turbed hot/cold pockets is progressively amplified or damped according to the system’s

specific geometrical and physical characteristics. However, their analysis failed to pre-

dict any type of instability, concluded that the instability is due to thermal anomalies.

Zvirin and Greif (1979) did transient theoretical analysis for a similar configuration to

Welander (1967). Integral forms of the momentum and energy equations are derived

and solved to get the flow rate and temperatures as functions of the time. They con-

cluded that the stability characteristics strongly depend on the shape of temperature

distribution. Experimental observation of de-ionized water-based rectangular NCL was

conducted by Hallinan and Viskanta (1986) and found that the friction parameter is a

straight-line function of Re and suggested a correlation for the average heat transfer

coefficient. Zvirin (1982) did theoretical and experimental survey work on water-based

rectangular natural circulation loops. He defined three types of instabilities based on
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his experiments with thermosyphons: (i) instability at the beginning of motion in the

entire loop or legs; (ii) small oscillation amplitude development that can induce flow re-

versals; and (iii) the existence of multiple steady-state solutions for the system. Ramos

et al. (1985) used a one-dimensional model to investigate the stability in rectangular

NCLs with the variable area. Their Poiseuille flow assumption showed that flow was

possible only when the heat source is at a lower elevation than the heat sink. This type

of NCLs always has multiple steady-state solutions. Later, Acosta et al. (1987) experi-

mental study on a water-based tilted square loop with a circular cross-section confirmed

the existence of multiple steady-states. They also showed that it is possible to have two

distinct stable states for certain heat supplies and tilt angles. The stability of rectangu-

lar natural convection flows for a range of loop aspect ratios and radii was analytically

and numerically investigated by Chen (1985a). He defined a single dimensionless pa-

rameter; when this dimensionless parameter is less than a critical value, flow is stable;

above a critical value, oscillatory instability exists. The calculated neutral stability con-

ditions show that the flow is least stable when the aspect ratio of the loop approaches

unity. Chen (1985b) another theoretical study, shows the influence of loop configura-

tion on natural convection loops with isothermal heater and cooler. He combined the

aspect ratio and cross-sectional area of the loop into a single dimensionless parameter,

used as criteria for maximum heat transfer. Later, to know the diametral effect on the

stability, Vijayan et al. (2008) carried out detailed experimentation on three different di-

ameter loops, namely 6 mm, 11 mm and 23.2 mm. The test was conducted over a wide

range of heater power and cooling water flow rate and found with less diameter are

more stable. Vijayan (2002) conducted an extensive experimental study on water-based

NCL instability behaviour and obtained a relation for steady-state Reynolds number as

a function of modified Grashof number and geometric ratio. Experiments performed

by Cammarata et al. (2004) on a loop by varying the gravity field over a range be-

tween 10-2g and 1.8 g, with g = 9.81 m/s2, show the reduction of the gravitational field

plays a stabilizing role in the dynamics of NCLs but enhances the thermal stresses.
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One-dimensional transient stability behaviour of NCL with end heat exchangers was

investigated by Rao et al. (2005). Based on two non-dimensional parameters, namely

heat capacity rate and Grashof number; stable, neutrally stable, and unstable states are

demonstrated. They also analyzed the dynamic performance of an NCL under the step,

ramp, exponential and sinusoidal excitations. It was observed that NCL experiences

initial transients before reaching the steady state. The time required to achieve a steady

state depends on the type of excitation method used. Misale et al. (2011) carried out

experimental study by varying the sink temperature from -20 ◦C to +30 ◦C and heat flux

from 0.1 kW to 2.5 kW. They reported that with increase in the heat sink temperature

the circulation frequency increases smoothly. This might cause discontinuity when the

system abruptly crossed the stability threshold in laminar flow. Later, Devia and Misale

(2012) combined experiment and CFD to visualize the thermo-hydraulic behaviour of

the loop. Comparative study shows that CFD properly estimates the temperature oscil-

lation amplitude, frequency and the pressure difference oscillations, while fails to do

correct calculation for the number of times that the mass flow rate oscillates between

two consecutive flow reversals.

With the advancement in computational techniques and higher-order analytical mod-

els, predicting the stability behaviour and dynamic response becomes more precise.

To construct a neutral stability map in NCL, both linear and non-linear methods have

been implemented. In linear analysis, algebraic governing equations are perturbed to

find the root of the equation. The roots of the equation suggest the nature of NCL i.e.,

the system whether it is stable, unstable or neutrally stable. For non-linear analysis, a

numerical method is implemented to observe the transient nature of NCL after being

perturbed from a steady-state. The amplitude of growth or decay in the oscillation de-

cides the nature of the system. Linear stability analysis is a less time consuming and

effective method to predict neutrally stable points, unlike non-linear methods. How-

ever, non-linear methods are needed to ascertain the nature of the instability, develop-

ment of oscillations and envisage the evolution of transients during the startup period.
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Several codes have been developed for both linear and non-linear methods. For lin-

ear stability analysis, NUFREQ (Peng et al. 1986) and DENSITY-PARA (Xiao et al.,

1993) are examples of codes developed. Chatoorgoon (1986) has developed a simple

code SPORTS for two-phase flow. RAMONA (Rohatgi et al. 1993) code is designed to

predict the large amplitudes oscillations. The above two codes are of a non-linear type.

Vijayan and Date (1992) include linear stability analysis and non-linear finite difference

analysis to investigate natural circulation stability in a figure-of-eight loop. The uncon-

ditionally stable, conditionally stable, and unconditionally unstable regimes have been

determined by non-linear finite difference analysis with different initial conditions. On

the other hand, the linear stability analysis shows only instant flow reversal instability.

Later, Nayak et al. (1995) did mathematical modelling to find the loop’s stability be-

haviour using the linear theory. By examining the amplitude of flow and temperature

oscillations with time for a given set of operating conditions, stable, unstable and neu-

trally stable points were identified. Mousavian et al. (2004) did one-dimensional linear

and non-linear stability analysis using the perturbation method for single-phase NCL

to obtain the stability map by employing the Nyquist criteria. Luzzi et al. (2017) used

two different numerical models: an Object-Oriented (O-O) one-dimensional model and

a three-dimensional CFD model to analyze NCL. The object-Oriented model acts as

a fast tool for the assessment of velocity and the temperature fields in the loop along

the axial coordinate. While the CFD model is characterized by a high computational

burden but highlights the interesting 3-D spatial effects.

Various authors attempted to apply commercial software, e.g., RELAP5, CATHARE2,

ATHLET, FLUENT, etc. Misale et al. (1999) did simulations with CATHARE and RE-

LAP codes to know the performance of rectangular NCL. At low power, the CATHARE

code shows an excellent capability to predict the steady-state quantities after the initial

transient. The RELAP code can show oscillating quantities but not at the same power

levels as in the experiments. Vijayan et al. (1995) used the computer code ATHLET to

predict the unstable oscillatory behaviour of NCL with repetitive flow reversals. ATH-
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LET code needs fine nodalization to predict the instability. While the coarse grid failed

to envisage instability when the experiment exhibits unstable oscillations.

Instabilities are always associated with the thermodynamic irreversibility of the system.

An irreversibility process reduces the performance of a thermodynamic system which

is intended to produce cooling or heating. The entropy produced by the system has a

primary influence on the system’s thermodynamic irreversibility. So, entropy gener-

ation analysis is an excellent method to improve the thermodynamic performance of

a system. Sekulicá (1986) performed calculations for entropy generation to know the

optimized size of a counter-flow heat exchanger and observed that the entropy gen-

eration rate decreases with an increase in heat-exchanger size. Later, Goudarzi and

Talebi (2015) have performed an analysis to know the effect of various parameters such

as loop dimensions and heater power on the single-phase natural circulation stability

and entropy generation in the loop that is how stability and entropy generation are re-

lated. They observed that increase in length to diameter ratio, entropy generation rate

and instability increases, which concludes that the entropy generation rate in the loop

is directly proportional to the loop’s instability. Inampudi et al. (2018) did 3-D com-

putational steady-state simulations for entropy generation analysis in water-based NCL

with isothermal source and sink conditions. They observed that with the increase in loop

height, the entropy generation rate increases due to increased heat transfer and fluid fric-

tion. A 3D CFD simulation has been carried out with different loop configurations by

Kudariyawar et al. (2016) in water-based NCL. Horizontal heater and horizontal cooler

loop observed uni-directional/bi-directional pulsation depending on heater power. En-

ergy and exergy analysis by Sahu and Sarkar (2019) on NCL with different water-based

hybrid nanofluids reveals that effectiveness and entropy generation decrease with in-

creased loop diameter and height.
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2.4 Instability in supercritical CO2 based NCL

Several previous studies have been recorded on subcritical water-based systems for

NCL; however, it remains difficult to comprehend how supercritical fluids cause in-

stabilities in NCL. For supercritical CO2 (scCO2), the underlying physics for instability

is complex and not well characterized. There is a pseudocritical point for each iso-

bar in the supercritical region, characterized by substantial changes in thermo-physical

properties, which is mainly due to maximum value of specific heat is obtained at a

particular pressure. This pseudocritical region is advantageous for the operation of an

NCL. On the other hand, density variations are also dominant, making NCL suscepti-

ble to dynamic instability. These possible density variations lead to dramatic changes

in the driving force, i.e., buoyancy force hindering the loop’s smooth operation. The

supercritical fluid’s viscosity is also relatively low, and fluid flows are significantly in-

fluenced whenever the operating forces are marginally altered. Flow instability at a

supercritical state is highly unacceptable (due to the high Reynolds number) as it can

induct potent mechanical vibration in the system components, and eventually, it may

lead to catastrophic incidences due to fatigue development in the components. Further,

if oscillations get augmented, it can affect the heat transfer characteristics, which detri-

ments to the system efficiency. Hence, it is essential to comprehend the characteristics

of supercritical CO2 based NCL (scCO2-NCL) stability before integrating it into any

practical applications.

Several numerical studies were performed by Chatoorgoon et al. (2005) to assess the

non-dimensional parameters crucial for the flow stability in supercritical CO2. Assess-

ments suggested that the inlet temperatures, heated lengths and vertical loop heights

significantly affect stability. Later, linear stability for supercritical CO2 loops was per-

formed by Jain and Corradini (2006), and critical mass-flux pulsations of CO2 were dis-

covered, which were caused by the dramatic property changes in the near-pseudocritical

region. Jain et al. (2008) used FORTRAN90 to simulate and understand flow instabili-

ties in scCO2 -NCL. Simulations predicted that the stability threshold of a scCO2-NCL
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is not confined to the near-peak region of the (steady-state) flow-power curve. Chen

et al. (2010) observed that near critical and pseudocritical regions, scCO2 based NCLs

experience strong pulsations in the mass flow rate, leading to instability due to dra-

matic changes in the thermophysical properties. To understand behaviour when fluid

crosses the critical point, Zhang et al. (2010) kept the simulation temperature range

from 298.15 K to 323.15 K. Results show periodic reversal flow phenomena and high

mass flow rate for the small temperature difference between sink and source. Later,

Cao and Zhang (2012) studied parametric influences of the sink temperature and the

temperature difference on scCO2-NCL instability. Change in the heat sink temperature

shows a significant effect on heat transfer and flow behaviour. Both the flow rate and

heat transfer performance are initially found to increase with the temperature differ-

ence, reach a peak, and then decreases gradually. Chen et al. (2013c) carried out an

experimental study with transcritical/supercritical CO2 to know the effects of operat-

ing parameters like charging mass, heating power and coolant temperature on stability.

At high-pressure, transcritical CO2 shows three different types of instabilities. Exper-

iments conducted by Sharma et al. (2013) observed instability near the pseudocritical

temperature range of operation. Chen et al. (2013b) did experiments over a wide range

of pressures from around 6.0 to 15.0 MPa in the near-critical region. It is found that

NCL flow changes from unstable sub-critical two-phase flow to stable liquid flow and

then become stable supercritical circulation with the increase of initial system pressure.

Based on the experimental observation of the thermal and hydrodynamic characteris-

tics of scCO2-NCL, the CO2 loop stability map is drawn by Chen et al. (2013a). Yadav

et al. (2014) did transient numerical simulation studies for subcritical/supercritical CO2

based NCL with operating pressure in the range of 50–100 bar and operating tempera-

ture in the range of 323 K to 363 K. Simulation shows that the time to reach steady-state

decrease as operating pressure increases for stable flow. Archana et al. (2015a) devel-

oped a one-dimensional transient code to analyze the flow transients, initiation, power

step-up and power step effect on scCO2-NCL, but instability is not observed in vertical
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heater vertical cooler configuration. Yadav et al. (2017) did experimental work with

scCO2 based on both sides heat-exchanger loop and showed that within the range of 50

to 90 bar and 323 to 353 K, the NCL is found to be stable. Sadhu et al. (2018) experi-

mented with an air-cooled scCO2-NCL to analyze the thermal anomalies with different

heater power levels. It is found that due to the low critical temperature of scCO2, NCL

shows interesting transient behaviour, i.e., moving from single phase to two-phase and

vice versa. Deng et al. (2019) carried out a numerical and experimental study on the

flow transition characteristics of supercritical CO2 based NCL, and it is noticed that the

flow in supercritical NCL is susceptible to heat flux changes.

2.5 Mitigation techniques for instability

Several researchers have tried to curb instability in NCL by using various techniques.

Several theoretical and experimental investigations have been reported to suppress un-

stable oscillations in a rectangular loop. Zvirin et al. (1981) suggested the introduction

of an orifice at the inlet of the heater section to stabilize the flow. However, this tech-

nique leads to a significant reduction in the mass flow rate and affecting the heat transfer

rate. Wang et al. (1992b) showed a simple control strategy to suppress the chaotic mo-

tion or induce chaos in a toroidal thermal convection loop. The control method consists

of sensing the variation of fluid temperatures from desired values at different locations

of the loop and then altering the wall heating to counteract or enhance such deviations.

Misale and Frogheri (2001) performed a series of experimental tests to stabilize un-

stable flow using orifices of different diameters located in the vertical legs. Muscato

and Xibilia (2003) used a non-linear lumped parameter model, derived using a trun-

cated Fourier series expansion to model and control instability in NCL by a feedback

controller system. All types of feedback controllers were found capable of stabilizing

the system. Derivative action reduced the settling time slightly but did not exhibit any

significant impact. Control based on temperature difference was found to be superior

due to higher bandwidth and lower noise of temperature sensor compared to flow sen-
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sor. Later, Fichera and Pagano (2003) also used the same Fourier series expansion for

suppressing unstable dynamics in NCL. The flow velocity and temperature difference

across the heating section were used as the feedback variable, but a slight mismatch be-

tween experimental and simulated results was found. One-dimensional computational

fluid-dynamic models developed by Pilkhwal et al. (2007) for the arbitrary configura-

tions of heat sources and sinks to analyze the unstable behaviour of NCL reveal that

the vertical heater with vertical cooler (VHVC) configuration is always stable. Bodkha

et al. (2010) did experiments by using different spool pieces in the loop to suppress the

instability and found very encouraging results. Nayak et al. (2011) did an experimental

investigation to stabilize the flow behaviour of loop fluid using Al2O3 nanofluid. With

nanofluid, flow stability was observed with the penalty on the heat transfer capability

of NCL due to the high viscosity of nanofluid. Later, a similar type of experiment was

performed by Misale et al. (2012) to know the thermo-hydraulic performance of a mini

NCL using distilled water and nanofluid (distilled water with nanoparticles of Al2O3

of different concentrations (0.5% and 3.0% by volume)). It was found that for both

fluids, the mini-loop was always stable. The effect of loop diameter on stability was in-

vestigated by Chen and Zhang (2011) and found a higher degree of stability in a larger

diameter, due to the developed flow field and the higher heat transfer rate in supercritical

CO2. Later, Chen et al. (2013d) did two-dimensional analysis with scCO2-NCL, it was

found that when the inclination angle is greater than 60◦, the effect of inclination on the

state of flow is not significant which occurred due to the different distribution of gravity

components along the NCL plane. Chen et al. (2014) performed an analysis focused

on the influence of the orientation of the heater and cooler on scCO2-NCL. Instability,

flow rate and heat transfer rate found to be maximum for the horizontal heater and cooler

orientation among all the other configurations. However, when both, heater and cooler

were kept vertical, VHVC system was highly stable but with the least flow rate. Ruiz

et al. (2015) used a semi-analytical linear method and a non-linear numerical method

to investigate the dynamic stability behaviour of different loop configurations with in-

34



ternal heat generation. The result illustrates that the VHVC configuration shows better

stability behaviour. Later, the study of the heat exchange effect on single-phase natural

circulation’s dynamic behaviour with internal heat generation was studied by Pini et al.

(2016). It was found that the internal heat generation combined with the heat exchange

effect can induce a stabilization or a destabilization of the system dynamics depending

on its action on the loop symmetry. 3-D computational simulations were carried out by

Krishnani and Basu (2017) to know the influence of inclination angle on the stability

behaviour of NCL. With an increase in inclination, unstable oscillations decreased dras-

tically due to a reduction in gravitational acceleration in the tilted flow direction. This

method leads to a reduction in the heat transfer rate, which is undesirable. Yadav et al.

(2014, 2016, 2017) did numerical and experimental studies on the transient behaviour

of carbon dioxide-based natural circulation loops operating in subcritical/supercritical

conditions. They also proposed a solution to instability through tilting the loop, but

it leads to a reduction in the heat transfer rate. Liu et al. (2017) investigated that for

scCO2-NCL, system instability increases with an increase in system pressure and the

local resistance coefficient in the cold section, and a decrease in the local resistance

coefficient in the hot section could enhance the system stability. Goudarzi and Talebi

(2018) found that in the horizontal heater and horizontal cooler (HHHC) orientation

loop, shortening the cooler extends the unstable region and decreasing the heater length

constricts the unstable area. Zhu et al. (2019) carried out CFD simulations studied the

methodology to reduce the flow oscillation of natural circulation in non-inertial sys-

tems. Simulations showed that the flow oscillation increased with angular acceleration

and the area enclosed by the loop but decreased with the angle between the loop normal

vector and the angular acceleration. Pegallapati et al. (2020) developed a mathematical

model for scCO2-NCL which shows that wall thermal capacitance suppresses oscilla-

tions during loop transients and increases the time required to reach a steady state.
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2.6 Tesla valve applications

As discussed above, various researchers have done extensive studies on the cause of

instabilities and methods to mitigate these instabilities by using multiple tools like in-

troducing orifice, using nanofluids, varying loop diameter, changing the positions of the

heater and cooler, and tilting of the loop. However, each of these methods has inherent

limitations and hence, controlling instability without reducing the performance of the

loop is still a challenging task. Thus, the possibility of implementing a modified Tesla

valve in the loop has been discussed here as it is one of the most promising adaptations

due to its high effectiveness and reliability.

As discussed above in section 1.9, the Tesla valve was invented by Nikola (1920).

Due to the Tesla valve’s unique design and passive operation, several researchers con-

ducted comprehensive studies to visualize flow patterns and improve the diodicity. To

explore the steady-state flow pattern for different Tesla valves, Truong and Nguyen

(2003) have used a numerical approach and derived formulae for optimum geometric

parameters. Later, a two-dimensional CFD optimization study with six independent,

non-dimensional geometric design variables was carried out, and results showed a 25%

higher diodicity for Reynolds number in the range 0 < Re ≤ 2000 compared to com-

monly used Tesla valve (Gamboa et al. 2005). Forster et al. (1995) carried out both

CFD and experimental studies to prove the Tesla valve’s effectiveness in a micro-pump.

Zhang et al. (2007) concluded that a Tesla valve with a higher aspect ratio gave a better

diodicity for constant hydraulic diameter. A study done by Nobakht et al. (2013) re-

vealed that in the Tesla valve, major pressure losses happen at the inlet irrespective of

the flow direction. Hence, to increase the diodicity, the flow losses in the forward di-

rection have to be reduced. Computational analysis on three-dimensional multi-staged

Tesla valves of Thompson et al. (2014) reveals that the multi-staged Tesla valve has

higher diodicity than a single Tesla valve. Vries et al. (2017) performed a computa-

tional and experimental study on water-based pulsating heat pipe (PHP) with a Tesla

valve to increase diodicity and promote unidirectional flow.
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However, till date, no literature reflects on the use of a Tesla valve in scCO2-NCL.

Therefore, it is essential to understand supercritical CO2 flow stability and methods to

curb instability.

2.7 Research gap

A thorough survey of the available literature presents a broad overview of research

related to NCLs, instabilities and the use of CO2 as a loop fluid. With the intensive

literature review, the following observations are made:

i. The absence of any rotating machinery in NCL often supersedes the drawbacks

of low driving head and stability-related apprehensions. However, controlling

instability without deteriorating the performance of the loop is a challenging task

for researchers. It is observed that the work carried out to control the instability

of NCL is scarce.

ii. The benign environmental nature and admirable thermophysical properties of

CO2 offer a compelling alternative secondary working fluid in NCLs. However,

a dedicated analysis for supercritical CO2 based NCL and its instability analysis

appears missing from the reported studies.

iii. Effect of operating conditions (like pressure, heat flux, geometrical modifications

etc.) on supercritical CO2 based NCL needs more physical explanation.

iv. Understanding the flow behaviour by creating an asymmetrical flow resistance in

NCL has not received due attention from a geometrical complexity perspective.

v. Till date, no literature reflects on the use of a Tesla valve in supercritical CO2

based NCL. Therefore, it is essential to understand supercritical CO2 flow be-

haviour in Tesla-based NCLs.
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2.8 Thesis objectives

After going through the intensive literature survey with a careful analytic mind, some

research gaps are found. These research gaps need more practical applications, simu-

lations for visualization and a comprehensive physical explanation. Hence, the present

work focuses on analyzing natural circulation systems with an emphasis on physical

variables and design aspects. Many vital areas have been marked from the survey of

available literature, then the following objectives for the thesis are summarized:

1. Three-dimensional CFD transient simulation of supercritical CO2 based NCLs

with a heater as a source and heat exchanger as a sink to know the parameters

that affect the flow behaviour, threshold heat input to decides the nature of flow

and a possible instability mechanism for NCL.

2. CFD simulation of a modified Tesla valve integrated with NCL at different op-

erating conditions (heat inputs and pressures) of supercritical CO2 to mitigate

instability.

3. CFD simulation of twin Tesla type valve integrated with NCL to further decrease

the instability, and to compare the results with single Tesla NCL for supercritical

CO2.

4. Design and development of experimental facility with and without Tesla valve

NCLs to carry out experiments and validate numerical results.
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CHAPTER 3

Supercritical CO2 Flow Instability in Natural Circulation
Loop

A three-dimensional computational fluid dynamics (CFD) simulation on a supercritical

CO2 based natural circulation loop (scCO2-NCL) is carried out to explore the effects of

various parameters (i.e., pressure and heat inputs) on instability, and to find out the pos-

sible cause of its occurrence. A geometrically square loop with a heater as heat source,

and a heat exchanger as a heat sink is considered for the study. Horizontal heater and

horizontal cooler configuration are chosen to analyze the most efficient and unstable

loop. Obtained results from the study are found to be helpful in identifying the critical

design and operating parameters that strongly affect the performance of supercritical

CO2 based NCL in terms of instability.

3.1 Physical Model of NCL

In this investigation, a supercritical CO2 based NCL (as shown in Fig. 3.1) is

explored to understand the impact of heat input and operating pressures on the flow

instability. All the geometrical and material specifications of the model are given in

Table 3.1. The dimensions of the loop are chosen in such a way that the aspect ratio

of the loop becomes unity and Lt/D < 300 to make the system highly unstable (Chen

1985a; Vijayan et al. 2008). These design choices enable us to capture a wide range

of instability in NCL. Figure 3.1 shows a rectangular NCL schematic consisting of

a heater, a left leg, a cold heat exchanger (CHX), and a right leg. The loop fluid is

heated from bottom at heater with constant heat input, and is cooled sensibly at top by

rejecting heat to the external fluid (water) in the cold heat-exchanger (CHX). At the

heat-exchanger, water is used as a coolant at a fixed rate of 0.038 kg/s to ensure the

turbulent flow.
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Figure 3.1: Schematic of NCL analyzed in the present study.

Table 3.1: Geometrical specification of loop used in present study.

Parameters Values

CHX

Inner tube diameter 16 mm

outer tube diameter 22 mm

Length of heat-exchanger (L) 400 mm

Height of loop (H0) 500 mm

Length of heater (L) 400 mm

Width of the loop (Lw) 500 mm

Diameter of loop (d) 10 mm

Curvature radius of the bend (R) 50 mm

Total length of loop (Lt) 1914 mm

Material of loop Stainless steel
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Grid independence study

The geometry modelled for CFD simulation involves primary side fluid (scCO2) re-

gion, pipe thickness and secondary side cold heat-exchanger fluid (water) region. For

a grid independence study, a sensitivity analysis has been carried out to reach the so-

lution’s independence from the adopted grid. Mesh was started with a coarse mesh

and gradually refined until an independent mesh result was obtained. The meshing of

a three-dimensional geometry is done using the design modeler of the ANSYS 19.0

software. Figure 3.2 shows the meshing of a cross-section at CHX for both water and

the CO2 side. For the CO2 side, a minimum grid size of 0.25 mm is taken in a radial

direction near the wall, increasing to a maximum grid size of 1 mm away from the wall.

A uniform grid size of 1 mm is considered for water side due to its marginal property

variation. Coarse meshing is adopted in the axial direction (1 mm grid size in horizontal

pipes including bends and 2 mm for vertical pipes). Mesh generation yielded a total of

400,704 nodes. Y+ and Y* values have been checked to ensure the optimal choice of

fineness of the grid. Their values are checked for the heat input of 1500 W and found

to be 38.39 and 38.1 for Y+ and Y* respectively, which ensure that the grid is suitable

for assuming a standard wall function near the wall. To deal with the turbulence models

near-wall region is to use the wall functions. Wall functions are equations empirically

derived and used to satisfy the physics in the near-wall region. The first cell center

needs to be placed in the log-law region to ensure the accuracy of the results. Wall

functions are used to bridge the inner region between the wall and the turbulence fully

developed region. When using the wall functions approach, there is no need to resolve

the boundary layer causing a significant reduction of the mesh size and the computa-

tional domain. First grid cell needs to be 30 < y+ < 300 (if this is too low, the model is

invalid, if this is too high, the wall is not properly resolved, Sarkar and Basu (2017)).

To ensure the optimal choice of fineness of the grid, a minimum value of 38.39 for Y+
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value has been used with standard wall function near the wall.

Figure 3.2: Mesh generated at cross section of a heat exchanger.

Grid independence test (as shown in Fig. 3.3) is carried out to ensure the reliability of

obtained results.
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Figure 3.3: Grid independence study at 90 bar and heat exchanger inlet temperature of
305 K for 1500 W heat input.

The grid-independent study results are performed using the grid convergence index
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(GCI) method proposed by (Roache 1986). This method is based on the application of

Richardson’s extrapolation, in which as the grid is refined (grid cells become smaller

and the number of cells in the flow domain increase), the spatial and temporal (in

unsteady numerical simulations) discretization errors approach to zero asymptotically.

The error estimated of NCL with GCI method (Roache 1986, 1994) is 1.6 % with the

mesh generated using 400,704 nodes.

With the mesh consisting of 400,704 nodes, time step independence study was

then performed. The flow initiation transient in the model configuration was computed

with time steps of 0.5 s, 1 s and 2 s at an operating pressure of 100 bar and a heat input

of 1000 W. The result is shown in Fig. 3.4.
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Figure 3.4: Time independent study.

It can be seen that there is barely any difference between 0.5 s and 1 s result. For com-

putational purposes, the time step of 1 s is finally chosen.

3.2 Mathematical formulations

The fundamental conservation equations (mass, momentum and energy) solved for the

simulation are given below. The commercial software ANSYS (FLUENT) V-19.0 is
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employed to solve these equations with the associated boundary specifications. The

mass conservation equation can be given as:

∂ρ

∂t
+∇. (ρV) = 0 (3.1)

Momentum Conservation:

∂ (ρV)

∂t
+∇. (ρVV) = −∇p+∇.

(
τ
)

+ ρg (3.2)

Where the stress tensor (τ ) can be defined as

τ = µ

[(
∇V +∇VT

)
− 2

3
∇.VI

]
(3.3)

Second term in stress tensor is the effect of volume dilation, and I is the unit tensor.

Energy (E) equation is given as

∂ (ρE)

∂t
+∇. [V (ρE + p)] = ∇.

(
λeff∇T + τ .V

)
(3.4)

Where E can be written as

E =

T∫
Teff

CpdT +
V2

2
(3.5)

Turbulence Model

Turbulence models for supercritical fluids are in a developing stage. In previous studies

(Chen et al. (2010); Yadav et al. (2012a); Chen et al. (2014)) have used the Renormal-

ization Group (RNG) k-ε model for scCO2-NCL and achieved accurate results.

Governing equations for the RNG k-ε model include two equations.
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Turbulent kinetic energy equation

∂

∂t
ρk+

∂

∂x

(
ρuk − µT

σκ

∂κ

∂x

)
+
∂

∂y

(
ρvκ− µT

σκ

∂κ

∂y

)
+
∂

∂z

(
ρwκ− µT

σκ

∂κ

∂z

)
= G−ρε

(3.6)

Where

G = µT

(
2

[(
∂u
∂x

)2
+
(
∂v
∂y

)2
+
(
∂w
∂z

)2]
+
(
∂u
∂y

+ ∂v
∂x

)2
+
(
∂u
∂z

+ ∂w
∂x

)2
+
(
∂v
∂z

+ ∂w
∂y

)2 )
(3.7)

Turbulent kinetic energy dissipation equation

∂
∂t
ρε+ ∂

∂x

(
ρuε− µT

σε
∂
∂x
ε
)

+ ∂
∂y

(
ρvε− µT

σε
∂
∂y
ε
)

+ ∂
∂z

(
ρwε− µT

σε
∂
∂z
ε
)

=

c1
ε
κ
G− c2ρ ε

2

κ
−R

(3.8)

where

R =
cµη

3ρ
(

1− η/η0
)
ε2

κ (1 + βη3)
(3.9)

η =
Sκ

ε
and S =

1√
2

(
∂u

∂y
+
∂u

∂z
+
∂v

∂x
+
∂v

∂z
+
∂w

∂x
+
∂w

∂y

)
(3.10)

where the values of constants are as follows :

η0 = 4.8, β = 0.012, cµ = 0.0845, σε = σκ = 0.7178, c1 = 1.42andc2 = 1.68 (3.11)

µT = cµρ
κ2

ε
(3.12)

The following terms are defined to describe the fluid flow and heat transfer phenomena.

Mass flow rate at any cross section is defined as,

•
m =

A∫
0

ρrVr.dA
′ (3.13)
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The local flow velocity can be given as:

ux =

∫ A
0
ur
∣∣ρrV .dA∣∣

A∫
0

∣∣ρrV̄ .dA∣∣ (3.14)

The local temperature is given as:

Tx =

∫ A
0
Tr
∣∣ρrV .dA∣∣∫ A

0

∣∣ρrV̄ .dA∣∣ (3.15)

Modified Grashof number (Vijayan et al. 1995) are defines as follows:

Grm =
gβd3ρ2QH0

Aµ3Cp
(3.16)

Reynolds number is calculated using below expression:

Re =
ρVD

µ
(3.17)

The dimensionless quantity, modified Grashof number (Grm) introduced in equation

3.16, serves as an indication of driving buoyancy force, whereas Reynolds number (Re)

in equation 3.17 is representative of flow inertia, which in turn, is proportional to loop

friction. Hence, these two parameters are expected to suitably depict the phenomenon

and hence characterize the system performance. Both being direct functions of impor-

tant geometric parameters such as loop diameter and height, variation in system geom-

etry will always get reflected in their values and hence, corresponding system response

can satisfactorily be represented by them.

When there is no change in the system diameter and height, Grm = Grm(β). Now β is

a function of average loop fluid temperature, which in turn depends on loop flow rate

and hence on Re. Higher value of Re implies a higher mass flow rate leading to lower

temperature level of fluid, lower value of β and thus smaller Grm. So, for systems where
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Grm solely depends on β, profile of Grm and Re exhibits opposite trends.

Nusselt number is defined as:

Nu =
h̄d

λ
(3.18)

The effective thermal conductivity is calculated using λ = αCpµ expression.

h̄ is the area weighted average wall function heat transfer coefficient. It is given as

h̄ =

∫ A
0
hLdA∫ A

0
dA

(3.19)

All the properties are calculated at the bulk mean temperature (Tm) of loop fluid, de-

fined as:

Tm =

n∑
i=1

Ti

n
(3.20)

Where n is the number of cross-sections considered in the loop.

3.3 Simulation detail

In the present study, a supercritical CO2 based NCL with heater (at the bottom) and heat

exchanger as a sink (at the top), as shown in Fig. 3.1 is investigated to comprehend heat

input influence and operating pressure on the flow field. At the sink (heat exchanger),

the water inlet temperature is kept at 305 K while heat input is varied from 250 W–2500

W at heater. These heat input values are typically used in a parabolic/dish type solar

collectors and even in a nuclear reactor, etc. (Swapnalee et al. 2012; Sharma et al.

2013; Archana et al. 2015a). Geometry has been prepared, and transient simulations

have been performed using ANSYS Fluent version 19.0.

To resolve the coupling between velocity and pressure, the pressure- implicit with the

splitting of operators (PISO) algorithm is used (Yadav et al. 2012a). The momentum

and energy parameters are iterated by a second-order upwind scheme, which calculates

the value for a control volume by means of upstream values and gradients. Turbulence

parameters (k, ε, etc.) are iterated with the second-order upwind scheme. To discretize
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the pressure term, PRESTO (Pressure staggering option) is used (Chen et al. 2010). A

general Renormalization Group RNG k− ε model is selected to account for turbulence.

The axial conduction and viscous dissipation of the flow are considered. Convergence

is obtained when residuals of the all-governing equations were less than 10-3 except

energy equation which was less than 10-6. All the standard properties of CO2 are ob-

tained from the NIST REFPROP software (NIST 2013). All thermophysical properties

of fluid for every 2 K temperature difference are entered into the FLUENT database,

and piecewise-linear interpolation is considered to obtain property at any given tem-

perature using following equation (3.20) and the R-square of the fit for each property

generally exceeds 0.999.

Any property at temperature T (T2 ≥ T ≥ T1) is given by

m(T ) =
m(T2)−m(T1)

T2 − T1
(T − T1) +m(T1) (3.21)

Where, m(T1 and m(T2 are the known properties at two given temperatures T1 and

T2 respectively. Loop fluid, i.e., CO2, is kept in the supercritical region with differ-

ent operating pressure 80, 90 and 100 bar. To obtain the simulation results, following

assumptions/boundary conditions are considered in the analysis:

i. Loop fluid is supercritical CO2 (pressure varies from 80 bar to 100 bar).

ii. No-slip condition near the walls.

iii. Left leg and right leg wall are assumed to be adiabatic.

iv. The wall thickness is kept 3 mm.

v. CHX inlet water temperature is supplied at 305 K.

vi. Heat inputs at heater are varied from 250 W to 2500 W.

vii. Coolant used in the heat-exchanger is water
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3.4 Validation

For the validation of the obtained CFD results, two methods have been used (i)Re−Grm

numerical correlation given by Chen and Zhang (2011) and experimental correlation of

Swapnalee et al. (2012) (shown in Fig. 3.5(a)) and (ii) Yadav et al. (2012b) and Filo-

nenko (1954) correlations for friction factor (shown in Fig. 3.5(b)). High Reynolds

number is not rare for supercritical flow conditions (Zhang et al. 2010). A good agree-

ment was found between the generated results and existing correlations, as shown in

Fig. 3.5. The maximum discrepancies are found to be less than 13% with experimental

correlation and 2% with numerical correlation.

Correlation suggested by Chen and Zhang (2011),

Re = 1.129(Grmd/Lt)
0.3924 (3.22)

Correlation suggested by Swapnalee et al. (2012),

Re = 1.907(Grmd/Lt)
0.364 (3.23)

Correlation for friction factor by Yadav et al. (2012b),

f = (0.7907lnRe− 1.868)
−2

(2700 ≤ Re ≤ 180000) (3.24)

Correlation for friction factor by Filonenko (1954),

f = (0.7907lnRe− 1.64)
−2

(3.25)
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Figure 3.5: Validation of the obtained result with correlations (a) lnRe and
ln(Grmd/Lt) (b) friction factor with Reynolds number.

3.5 Results and discussion

Results are obtained at the middle of the right leg by considering the area-weighted

average across the loop’s cross-section. Initially, the entire loop is kept at a uniform
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temperature of 305 K to ensure no flow condition to study its transient behaviour. Oper-

ating pressure of the loop is kept constant for each set of simulation carried out for the

heat inputs varied from 250 W–2500 W. The transient flow behaviour of scCO2 in NCL

is recorded from an initial time t = 0 s until repetitive unstable behaviour or steady-state

is achieved. Results are also obtained for different operating pressure of 80, 90 and 100

bar in the supercritical region.

3.5.1 Effect of heat input

The effect of heat input on the operation of NCL can be observed in Fig. 3.6 by fixing

the operating pressure value. Increase in power enhances the density differential across

the heater, yielding substantial buoyancy force and hence a continuous increase in mass

flow rate. For operating pressure of 80 bar, it can be observed that at lower heat inputs

of 250 W and 500 W, uni-directional oscillations exist whereas, for heat inputs higher

than 500 W, the loop achieves a stable steady-state. Similarly, at 90 bar and 100 bar, for

lower heat inputs of 250 W, 500 W and 1000 W, the loop experiences bi-directional os-

cillations where flow continuously changes direction from clockwise to anti-clockwise

and vice-versa.
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Figure 3.6: Variations of mass flow rate for different operating pressures of 80, 90 and
100 bar for supercritical CO2 based natural circulation loop for different heat inputs (a)
250 W (b) 500 W (c) 1000 W (d) 1500 W (e) 2000 W and (f) 2500 W.

However, for higher heat inputs i.e., 1500 W, 2000 W and 2500 W, the flow pattern

changes from oscillation to stable single-direction flow. CO2 in the loop flows in one

direction barring the initial transients and gradually reaches a stable state. Overall,

higher heat input to NCL is required to stabilize flow at higher operating pressures con-

sidered in the study (80 to 100 bar). It can be noted that the positive value of flow rate

implies anti-clockwise circulation in the NCL or upward flow at the right leg. It not

easy to predict the flow direction previously in a symmetrical NCL without applying

any asymmetrical flow resistance in the path. However, the direction of flow would be

influenced by the Grashof or Rayleigh number.

These findings are attributed to the transition theory of supercritical NCL heating
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flux effect, which indicates that there subsist transition regions for supercritical NCL

configurations (Chen et al. 2010; Chen and Zhang 2011). However, this kind of flow

transition or stability threshold conditions of supercritical NCL depends on many pa-

rameters such as the geometry (diameter, aspect ratio, and others), heat flux, inclination

and operating procedures (Vijayan et al. 1995; Chatoorgoon et al. 2005).

One of the possible reason for this switching of direction is the interplay between

buoyancy and friction. Higher power provides a greater temperature differential across

the heater for a given sink temperature, resulting in a larger density difference between

the vertical arms. As a result of the increased buoyancy, the loop flow rate increases.

However, this is followed by an increase in frictional resistances,subsequently deciding

the final flow rate is a balance between these two forces. Enhanced buoyancy always

introduces, larger disturbances in the flow stream in the form of temperature and veloc-

ity, which leads to the system’s inclination for unstable fluctuations. It is interesting to

found that, even a stable system undergoes a flow reversal, before producing a steady

flow in an particular direction. Due to the symmetric nature of the NCL geometry,

warmer and lighter fluid is equally likely to reach either of the vertical arms. A substan-

tial temperature difference is then available between the heater and cooler through the

energy interaction during the initial no-flow period. That leads to a considerably large

flow through the loop, which subsequently causes a rapid reduction in the temperature

differential and hence a reversal in the flow direction. However, for the low heat input

power frictional resistances are able to suppress the oscillations, eventually leading to

steady flow. Earlier studies indicate that, in a water-based NCL, higher heat input leads

to more instability (Vijayan et al. 2007). It is interesting to note that for scCO2 the op-

posite phenomenon is found.

To get more insight, let us consider two cases at an operating pressure of 90 bar

(i) periodical repetitive flow reversal at 500 W heat input and (ii) stable one-direction

flow case at 2000 W heat input. Transient variation of mass flow rate versus time and its

corresponding density variation at the centre of right and left leg of the loop is studied
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over time duration from 600 s to 700 s in Fig. 3.7. This helps in understanding a strong

correlation between mass flow rate and density in scCO2-NCL.

Comparing flow rate and density variation plots in Fig. 3.7, the maximum difference

between the right and left leg density corresponds to the highest flow in the loop. This

is because the flow in NCL is due to the pressure gradient caused by the density differ-

ence between its arms. This density difference leads to the buoyancy or driving force.

In the case of 500 W (Fig. 3.7(c)), a region with higher density continuously switches

between the left and right leg. This leads to continuous switching of the buoyancy force

direction in the loop, which causes the repetitive flow reversal. However, in the case of

2000 W (Fig. 3.7(d)), it can be observed that the left leg density is always higher than

the right leg, leading to flow always being in the counterclockwise direction. It is also

interesting to note that in the case of Fig. 3.7(c), the points of equal density between

left and right leg do not correspond to zero flow rate. This is because the fluid has built

enough momentum in a particular direction and only when this inertial force is over-

come by buoyancy force in the opposing direction, then flow direction changes.

The cause of bi-directional flow and density variation shown in Fig. 3.7(a) and

3.7(c) have been studied with the help of temperature contours obtained during the tran-

sient simulation. Figure 3.8 shows that the instability is a manifestation of hot pockets

continuously circulating the loop. For 500 W (bi-directional flow) case, the temperature

contour consists of one anti-clockwise pulse and one clockwise pulse. Due to contin-

uous heating/cooling at the heater and cooler surface, hot plug/cold plug are formed.

This hot/cold plug diffuses axially along the heater and cooler, and finally it covers the

horizontal leg (refer 621 s). The hot plug enters the right vertical leg, gets accelerated

and reaches half of the right vertical leg (refer 624 s). Due to momentum, it enters the

top of the right vertical leg and the hot plug head enters horizontal leg (refer 628 s) and

reaches a maximum flow in an anti-clockwise direction (as shown in Fig. 3.7(a)). At

this time, the cold plug passes through the left leg and reaches the heater (refer 628 s),

and then to the right leg (refer 637 s). After this, a small reverse and forward flow occur.
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Figure 3.7: Mass flow rate variation at (a) 500 W and (b) 2000 W and density variation
at (c) 500 W and (d) 2000 W heat input at 90 bar.

Due to rapid heating of fluid, hot plug gets quickly formed in the heater, and the newly

formed hot plug will enter the left vertical leg (refer 646 s). Due to the presence of

cold plug at the bottom of the right vertical leg, the newly formed hot plug enters the

top of the left vertical leg and reaches a maximum flow in a clockwise direction (refer

649 s). Then the whole cycle is repeated. Continuation of this entire process leads to

bi-directional oscillations at this heat input. Hence the creation of hot/cold plugs is the

primary cause of instability.
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Figure 3.8: Temperature contour in a central vertical plane at different time instances
for 500 W at operating pressure of 90 bar.

3.5.2 Temperature variation

The variation of the average temperature inside the heater and cooler is plotted in Fig.

3.9 for various heat inputs at 90 bar. Buoyancy forces cause the initial overshoot in tem-

perature due to the longer period of heat-accumulation. This kind of typical overshoot

found at the beginning of flow shows the natural convection phenomenon (Yoshikawa

et al. 2005; Chen et al. 2010). The flow pattern of temperature also varies in a different

mode as the response to heat input changes.

The temperature oscillates vigorously in the initial stage of imposing the heat in-

put at source and later on it continuously fluctuates periodically for 500 W and 1000 W

(as shown in Fig. 3.9(a-b)) or slowly converges to a fixed value for 1500 W and 2000 W
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(for Fig. 3.7(c-d)). This typical repetitive flow reversal was first studied by (Welander

1967). The periodic fluctuation is caused by the movement of hot/cold plugs in the loop,

as shown in Fig. 3.8. It is found that the heater and cooler temperature overlap each

other, and temperature fluctuations in heater and cooler show a similar trend. However,

overlaps are found only for unstable flow cases, while for stable cases the temperature

of the heater and cooler separate from each other. It can be seen that the average heater

temperature magnitude is slightly higher than the cooler temperature for unstable cases.

The flow rate variation at 1500 W and 2000 W (as shown in Fig. 3.6(d) and Fig. 3.6(e))

indicates that the loop attains uni-directional flow after initial flow reversal. The av-

erage temperature of the loop is also observed to be increasing with heat input. Once

the temperature inside the heater reaches a certain value, and the fluid moves into one

of the vertical legs, the considerable increase in buoyancy force leads to a high flow

rate in a particular direction.It has been observed from Fig. 3.8 that hot/cold plugs get

formed due to higher residence time inside the heater/cooler. The very low flow rate

during flow reversal leads to higher residence time, and this phenomenon is prevented

at higher heat inputs due to the unidirectional flow.

For example consider 1500 W (Fig. 3.9(c)), near 100 s observed a very high tempera-

ture inside the heater. This hot fluid on entering the left leg causes a significant increase

in flow in a clockwise direction (as shown in Fig. 3.6(d)), and the flow eventually sta-

bilizes in this direction. Higher friction can counter the change in buoyancy force’s

direction when the hotter fluid moves to the right leg. The absence of fluctuations or

overlaps show the decay of unsteady heat transfer and oscillations, which contribute to

the stabilization of NCL flow. Unidirectional flow leads to better heat transfer in the

loop both in heater and cooler, and hence the loop reaches the steady-state faster.
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Figure 3.9: Temperature variation at (a) 500 W and (b) 2000 W and density variation at
(c) 500 W and (d) 2000 W heat input at 90 bar.

3.5.3 Effect of operating pressure

The fluid flow dynamics of the NCL significantly depend on the operating pressure. The

idea for pressure variation behind this analysis is to produce disruptions in the regular

operational condition of NCL that may be attributed to changes in loading conditions in

natural circulation systems or occurrence of a perturbation in the system during start-up

and shutdown activities. Different operating pressures of 80 bar, 90 bar and 100 bar

were studied for all heat input ranging from 250 W to 2500 W as shown in Fig. 3.6.

It is found that for heat inputs greater than 1000 W, the loop is stable for all operating

pressures considered in the study. Considering lower heat inputs, uni-directional fluctu-

ations are observed at 80 bar, whereas at 90 bar and 100 bar, bidirectional fluctuations
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are observed. An explanation for this is attempted using hot plug theory as well as the

abrupt change in various thermo-physical properties in the operating temperature range.

Let us consider the case of 500 W and study the influence of operating pressure.

Figure 3.10 shows the temperature variation at the centre of the right leg for various

operating pressures.
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Figure 3.10: Transient Temperature variation for various operating pressures for 500 W.

It can be seen that the variation increases with increase in pressure. The characteristics

of a hot plug at various operating pressures provides more insight on stability behavior.

To study this, temperature contours have been plotted for time stamps corresponding

to a half cycle in periodic mass flow rate variation. Contours are plotted for all three

operating pressures and have a uniform temperature range of 305 K to 310 K, as shown

in Fig. 3.11. This temperature range is near to the pseudocritical temperature of 80

bar, at which specific heat capacity and volumetric expansion coefficient are very high.

It may be inferred that the system operated near critical/pseudocritical region to obtain

faster stable condition.
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Figure 3.11: Temperature contours at 500 W at various operating pressures of (a) 80
bar, (b) 90 bar and (c) 100 bar at different time intervals.

From contour (Fig. 3.11), it is observed that the hot plug temperature in case of 90 and

100 bar is slightly higher than that of 80 bar. As this hot plug moves from one leg to

another, the direction of buoyancy force reverses leading to flow reversal.

The large temperature variation for 90 bar and 100 bar in Fig. 3.10 occurs due to the

60



combined effect of abrupt change in thermophysical properties and lower Cp value com-

pared to 80 bar. In the case of 80 bar, due to the higher Cp (Fig. 3.12), the temperature

of a hot plug is lesser, and due to higher volumetric expansion coefficient, the buoyancy

force is higher, which play major roles in preventing the flow reversal. Since heat input

is the same for all three operating pressures, the magnitude of flow rate or inertial force

is almost the same. Flow reversal happens if the hot pocket temperature after passing

the cooler is high enough to counter the inertial force.
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Figure 3.12: Variation of Cp with temperature for various operating pressures (NIST
2013).

Friction is considered as a stabilizing factor for subcritical fluid (mainly liquid

water). In the case of strong buoyancy force in supercritical fluid, the same concept may

not be appropriate. With the effect of strong buoyancy force, fluid gains momentum

and flow becomes unidirectional (stable) at the early stage of the flow. Such behavior

is observed for all the cases of higher heat inputs in the study. For subcritical fluid, it

is reversed; for higher heat input, flow becomes more unstable. At higher L/d ratio,

subcritical loops are stable (Vijayan et al. 2008), but in the case of supercritical fluids,
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higher diameter loops show more stability than smaller diameter loops (Chen and Zhang

2011) i.e.; Smaller diameter means more friction.

To further confirm the effect of operating pressure on instability, amplitude and

frequency analysis of all unstable data obtained during the study is carried out. A

parameter ’Measure of Instability’ is used to compare the unstable mass flow oscillation

for various cases.

Figure 3.13: Measure of Instability.

It is defined as:

Measure of instability =
Amplitude of mass flow oscillation

Time interval between extreme of mass oscillation

=
ṁ1 − ṁ2

t1 − t2

Where ṁ1 and ṁ2 correspond to a maximum and minimum mass flow oscillation after

a consistent mass flow pattern is formed at its corresponding time instance value of t1

and t2. It can be observed from the Fig. 3.13 that the measure of instability for 80

bar is much lower compared to 90 bar and 100 bar at 500 W. This study supplements

the observation that beyond a threshold operating pressure, bi-directional pulsations are

62



observed in the system leading to a higher degree of instability. Increase in pressure

beyond this point does not lead to significant change in instability behaviour of the

loop.

3.5.4 Nusselt number

To discuss the present system’s heat transfer behaviour, the variation in Nusselt number

(Nu) at different operating pressure and heat inputs calculated at the cooler section is

shown in Fig. 3.14.
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Figure 3.14: Variation of Nusselt number at different heat inputs and operating pres-
sures.

Results show the trend of increase in Nu with an increase in heat inputs, decreasing with

an increase in operating pressure. Higher Nu indicates a better heat transfer performance

and hence a more effective natural convection phenomenon.
3.6 Summary

The following conclusions are drawn from the present work:

i. For scCO2-NCL, there exists a threshold heat input value at which the loop switches

from unstable bi-directional or uni-directional fluctuations to stable flow.
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ii. In the range of operating pressure (80-100 bar) considered in the study, it is ad-

visable to operate scCO2-NCL at a lower supercritical pressure to get minimum

instability. The study noticed that operation at lower pressure led to unidirectional

pulsations, whereas bidirectional oscillations were observed at higher pressures.

iii. Hot pockets at higher temperature led to more instability in the loop.

iv. Nusselt number shows that the loop’s heat transfer capability is more at low op-

erating pressure.
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CHAPTER 4

Stability Enhancement of Supercritical CO2 based Natural
Circulation Loop using a Modified Tesla Valve

This chapter deals with the comparative investigation of instability phenomenon in su-

percritical CO2 based regular natural circulation loop (scCO2R-NCL) and a new mod-

ified Tesla natural circulation loop (scCO2T-NCL). Fluid flow behaviour and perfor-

mance of both the loops are determined over a range of pressures (80 to 100 bar) and

heat inputs (500 to 2000 W). The present study focuses on the directional stability of

loop fluid (scCO2) by creating an asymmetrical flow resistance in a NCL with the help

of a modified Tesla valve. The purposes of this investigation are: (i) to check the suit-

ability of the Tesla valve for NCL and to investigate its effect on instability, (ii) to study

the scCO2 flow behaviour at different heat inputs, and (iii) to compare the effect of op-

erating pressure on instability. It is found that in a scCO2T-NCL, there exists a pressure

drop along with the Tesla valve, which changes the system from having unstable repeti-

tive oscillatory flow into a unidirectional flow at all heat inputs and operating pressures

considered in the study.

4.1 Physical model of NCL

Figure 4.1 illustrates two NCLs: (a) Regular natural circulation loop (scCO2R-NCL)

and (b) Tesla valve natural circulation loop (scCO2T-NCL) in which a modified Tesla

valve incorporated in the left leg. Both loops are investigated to comprehend the impact

of heat input and operating pressure on the flow instability of a scCO2-NCL. Regarding

the loop topology, all the geometrical parameters for the model presented in Fig. 4.1

are given in Table 4.1. The design and dimensions of the Tesla valve are indicated in

Fig. 4.2 and Table 4.2, respectively. The diodicity of the scaled-up design tesla valve

used in this study is shown in Fig. 4.3.
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Figure 4.1: Schematic of (a) Regular natural circulation loop (scCO2R-NCL) (b) Tesla
valve natural circulation loop (scCO2T-NCL).

66



4.2 Modified Tesla valve for NCL

While doing the preliminary study on the regular-NCL (R-NCL) for scCO2, it was found

that the loop is highly turbulent with Re ranging from 80,000 –160,000, and D-type of

Tesla valve was found to be highly effective for these Re. Thus, this valve has been

chosen for the current study, and a scaled-up model is employed in the present study for

scCO2-NCL. The scaling of the Tesla valve is dependent only on the loop diameter and

is independent of loop length.

Table 4.1: Geometrical specification of loop used in present study

Parameters Values (mm)

Inner diameter of the loop (d) 15

Length of heater (Lh) 660

Length of isothermal sink (Lc) 660

Width of the loop (Lw) 1000

Height of loop (H) 1000

Radius (R) 162.5

Vertical distance from horizon for the 1 500

The left valve channel is known as the side channel, and the primary channel

is on the right. The intersections of the channels are allocated as J1 and J2 (shown in

black). Principle rules for improving diodicity are the alignment of the side channels

with the primary channel in junction J2, so that a substantial quantity of fluid enters the

side channel for reverse flow. When fluid moves in the forward direction, the design of

the valve forces most of the fluid to move in the right (primary) channel. However, in

the reverse direction, fluid splits into both arms, and fluid in the left channel opposes

fluid moving in the right channel at junction J1. So, fluid experiences higher resistance

(pressure drop) when moving in the reverse direction.
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Figure 4.2: (a) Design of scaled model of Tesla valve Vries et al. (2017) used in present
study (dimensions are given in Table 4.2). (b) Forward and reverse flow directions are
indicated and channel junctions 1 and 2 (J1, J2) are shown by black region. Inlet and
outlet for the valve are indicated with I/O.
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Figure 4.3: Diodicity of Tesla valve design for supercritical CO2 at 90 bar with different
Reynolds numbers.
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Table 4.2: Geometrical parameters of Tesla valve used in the study.

Parameter Dimensions

d 15 mm

L1 199.43 mm

L2 65.64 mm

L3 100.07 mm

L4 135.02 mm

R1 Radius 18.75 mm

R2 Radius 30 mm

R3 Radius 15 mm

R4 Radius 165 mm

a Angle = 33◦

b Angle = 153◦

c Angle = 75◦

To picturize the working of the modified Tesla valve, fluid flow analysis was done on the

Tesla geometry at Reynolds number of 100,000 with supercritical fluid CO2. Such high

Reynolds numbers are common in supercritical CO2 based NCL (Zhang et al. 2010).

The streamlines of forward and reverse flow in the Tesla valve are shown in Fig. 4.4. In

forward flow conditions, maximum fluid flow occurs from the primary channel (right

side) whereas, in reverse flow, fluid splits into two parts.

Local pressure contours (as shown in Fig. 4.5) indicate that when fluid flows in

a forward direction, it moves without much resistance except at the beginning of the

curved portion. On the other hand, when fluid moves in a reverse direction, a high-

pressure region is set up inside the valve, which acts as resistance to fluid flow.
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Figure 4.4: Streamlines of the flow field in Tesla valve design for a Reynolds number
of 100,000 (a) Forward flow (b) Reverse flow.

Figure 4.5: Pressure contour in Tesla valve design for a Reynolds number of 100,000
(a) Forward flow (b) Reverse flow.
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In a horizontal heater with horizontal cooler (HHHC) NCL, since the system does not

predetermine the circulation direction, fluid tends to take any path (clockwise or coun-

terclockwise). Higher resistance in the reverse direction of the Tesla valve would mean

that fluid will circulate in a forward direction of the Tesla valve in a HHHC NCL.

4.3 Mathematical Formulation

The fundamental conservation equations (mass, momentum and energy) solved for the

simulation are given below. The commercial software ANSYS (FLUENT) V-19.0 is

employed to solve these equations with the associated boundary specifications for two-

dimensional geometry. The mass conservation equation can be given as:

∂

∂t
ρ+

∂

∂x
ρu+

∂

∂y
ρv = 0 (4.1)

Momentum Conservation:
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Energy equation is given as
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Turbulence Model

As found in previous studies for scCO2 (Chen et al. 2010), the flow Reynolds number

can be as high as 104 for even a smaller temperature difference (8 K) between source

and sink. However, turbulence models for supercritical fluids are less developed and still

under intense study (Chen et al. 2014). Therefore, in the present simulation, a general

Renormalization group (RNG) k-ε model is selected as the first step to introduce the

turbulent effect. The RNG k-ε turbulent model is used together with standard wall

function and no-slip condition near the wall. In previous studies, Chen et al. (2010);

Yadav et al. (2012a); Chen et al. (2014) have used the Renormalization group (RNG)

k-ε for scCO2-NCL and achieved accurate results.

Governing equations for the RNG k-ε model include two equations.

Turbulent kinetic energy equation

∂

∂t
ρk +

∂

∂x

(
ρuk − µT

σk

∂k

∂x

)
+

∂

∂y

(
ρvk − µT

σk

∂k

∂y

)
= G− ρε (4.5)

where

G = µT

(
2

[(
∂u

∂x

)2

+

(
∂v

∂y

)2
]

+

(
∂u

∂y
+
∂v

∂x

)2
)

(4.6)

Turbulent kinetic energy dissipation equation

∂

∂t
ρε+

∂

∂x

(
ρuε− µT

σε

∂

∂x
ε

)
+

∂

∂y

(
ρvε− µT

σε

∂

∂y
ε

)
= c1

ε

κ
G− c1ρ

ε2

κ
−R (4.7)
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where

R =
cµη

3ρ
(

1− η
η0

)
ε2

κ (1 + βη3)
(4.8)

η =
Sκ

ε
(4.9)

S =
1√
2

(
∂u

∂x
+
∂v

∂x

)
(4.10)

where the values of constants are as follows :

η0 = 4.8, β = 0.012, cµ = 0.0845, σε = σκ = 0.7178, c1 = 1.42, c2 = 1.68 (4.11)

The remaining mathematical equations are already mentioned in section 3.2.
4.4 Simulation detail

In the present study, a supercritical CO2 based NCL with heater (at the bottom) and

isothermal sink (at the top), as shown in Fig. 4.1, is investigated to comprehend the in-

fluence of heat inputs and operating pressures on the flow field. Sink wall temperature

is kept at 305 K while heat input is varied from 500 W to 2000 W. Initially, I simulated

1200, 1500 and 1800 W, then thought of extending it to the lower side (1000, 750, 500

W) and upper side (2000 W). The wall thickness is kept zero for the simulation sim-

plicity of the model. With low viscosity and high-density fluid flow, the change of the

pressure field is a more important determinant factor than the wall friction factor (Zhang

et al. 2010). Two-dimensional geometry has been prepared, and transient simulations

have been performed by ANSYS version 19.0.

A good number of studies considered 500 W, 1 kW, 1.5 kW, 2 kW heat input

in the literature. These heat inputs values are typically used in a thermal power plant

(boiler part), parabolic/dish type solar collectors and even nuclear reactor, etc. (Swap-

nalee et al. 2012; Sharma et al. 2013; Archana et al. 2015a). However, there is no

such specific reason for selecting unequal intervals of heat flux. External walls are

assumed to be adiabatic. In this simulation, the finite-volume method, based on in-
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tegration over the controlled volume, is used to solve the model equations subject to

the initial and boundary conditions in this numerical solution (Chen and Zhang 2011).

Pressure-Implicit with the Splitting of Operators (PISO) algorithm is used for solv-

ing the pressure velocity coupling in the Navier-Stokes equation (Zhang et al. 2010).

The momentum and energy parameters in the governing equations are iterated with a

second-order upwind scheme that calculates the control volume values using upstream

values and gradients. Turbulence parameters (k,ε ) are iterated with the second-order

upwind scheme. To discretize the pressure term, PRESTO (Pressure staggering option)

is used. The numerical model has been previously used and validated in many natural

heat transfer studies (Zhang et al. 2010; Chen et al. 2010; Chen and Zhang 2011). A

general Renormalization Group (RNG) k-ε model is selected along with an accurate

description of fluid to account turbulence studies (Chen et al. 2010; Yadav et al. 2012a;

Chen et al. 2014). The axial conductivity and viscous dissipation of the flow are taken

into account. Convergence is obtained when residuals of the all-governing equations

were less than 10-3 except the energy equation, which was less than 10-6. Choosing ap-

propriate time steps to model the transient processes is difficult. For the computational

accuracy, efficiency and convergence, the adaptive time study step method is used. In

this adaptive method, the appropriate time step is applied, and then the convergence of

residual is monitored. Variable time steps with adaptive refinement are used, and the

time step changes within the range from 10-5 to 0.01 s according to the convergence

condition (Zhang et al. 2010; Chen et al. 2010; Cao and Zhang 2012). Loop fluid, i.e.,

CO2, is kept in the supercritical region having operating pressure 80, 90 and 100 bar.

The variation in thermo-physical properties of supercritical CO2 near the critical point

is extremely large, so it is vital to capture the property variation due to temperature

changes adequately. Hence, the properties of CO2 at any point in the loop are calcu-

lated at the fixed operating pressure and local temperature. The required properties of

CO2, including density, specific heat, thermal conductivity and viscosity, are obtained

from the NIST (2013) version V9.1.
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4.5 Grid independence study

The meshing of a 2-D geometry is done in ANSYS 19.0 using design modular. The

grid independence test (as shown in Fig. 4.6) is carried out to ensure the reliability

of obtained results. Both scCO2R-NCL and scCO2T-NCL are operated at 90 bar with

sink temperature at 305 K. The temperature recorded for the study is an area average

temperature of loop fluid at the centre of the right leg. The grid-independent uniform

mesh size is found to be 0.85 mm for scCO2R-NCL and 0.7 mm for scCO2T-NCL. With

this grid size, the scCO2R-NCL and scCO2T-NCL have 1.1×105 and 1.6×105 elements,

respectively.
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Figure 4.6: Grid independence study with CO2 at 90 bar and a sink temperature of 305
K for Regular natural circulation loop (scCO2R-NCL) and Tesla natural circulation loop
(scCO2T-NCL)

4.6 Validation

The validation of obtained CFD results with scCO2R-NCL and scCO2T-NCL are val-

idated with correlation of Reynolds Number and modified Grashof number i.e., Re −

Grm in two different ways:

i. Experimental correlations validation with Re − Grm developed by Swapnalee
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et al. (2012).

ii. Numerical correlation validation withRe−Grm developed by Yadav et al. (2012b).

The correlations involve non-dimensional parameters like Re, modified Grashof num-

ber (Grm) calculated at the heater section. Good agreement is found between the gener-

ated results and existing correlations, as shown in Fig. 4.7. The maximum differences

are 11% and 5%, with experimental correlation and numerical correlation. The de-

viations are due to the geometric dependence of NCL behaviours and the inability to

account for the three-dimensional effects in the current two-dimensional model.

Correlation suggested by Swapnalee et al. (2012),

Re = 1.907(Grmd/Lt)
0.364 (4.12)

1 2 . 6 1 2 . 8 1 3 . 0 1 3 . 2 1 3 . 4 1 3 . 6 1 3 . 8 1 4 . 04 . 8

4 . 9

5 . 0

5 . 1

5 . 2

5 . 3

5 . 4

5 . 5
 S w a p n a l e e  e t  a l .  E x p e r i m e n t a l  c o r r e l a t i o n  
    
 
 

Y a d a v e t a l .  Numerical correlation 
s c C O R - N C L2
s c C O T - N C L2

L o g 1 0  ( G r m ´  d / L )

Lo
g 1

0 (
Re

ss
)

Figure 4.7: Validation plot of obtained results with steady-state Reynolds number Ress

and modified Grashof number (Grmd/Lt) correlation for supercritical CO2 flow.

Correlation suggested by Yadav et al. (2012b),

Re = 2.066(Grmd/Lt)
1/2.77 (4.13)
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4.7 Results and discussion

To assess the performance of scCO2T-NCL and scCO2R-NCL at various supercritical

pressures and heat inputs, two-dimensional CFD simulations are carried out, and the

results thus obtained are compared and discussed in the following sections. Results

(velocity and temperature) are obtained at the cross-section in the middle of the right

leg (marked as 1 in Fig. 4.1).

4.7.1 Transient variation of loop fluid temperature

Figures 4.8(a-d) show the comparison of temperature variation between scCO2R-NCL

and scCO2T-NCL at various heat inputs to loop fluid at the source.
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Figure 4.8: Transient variation of temperature at 90 bar of CO2 for Regular natural
circulation loop (scCO2R-NCL) and Tesla natural circulation loop (scCO2T-NCL) with
different heat inputs (a) 500 W, (b) 750 W, (c) 1800 W and (d) 2000 W.

A Uniform initial temperature of 305 K is specified for the fluid, which is the same as
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that of sink wall temperature, so that the complete loop always will be in supercriti-

cal condition. Transient temperature variations are studied in the vertical leg because

temperature fluctuation in this region depicts the fluctuation of driving buoyancy force

in the loop, unlike heater or cooler. Heat inputs over a range of 500 to 2000 W are

provided on the heater to trigger stagnant fluid. It is found that up to a specific time,

the temperature remains at 305 K, later the flow starts with overshoots. The initial over-

shoot in temperature is caused by a sudden increase in buoyancy forces due to the heat

accumulation at the beginning. This kind of typical overshoot found in the beginning

validates the natural convection phenomenon (Yoshikawa et al. 2005; Chen et al. 2010).

In both configurations, the temperature oscillates vigorously in the initial stage of im-

posing the heat input, and later on, it increases with a consistent rate until neutral sta-

bility or steady-state establishes in the loop. It is interesting to note that the oscillation

trends are fairly analogous for both the loops at all levels of heat input. The magni-

tude of oscillation in the case of scCO2R-NCL persists over time and never converges

to a steady-state at all levels of heat input. However, in the case of scCO2T-NCL, it

converges over some time, predominantly at higher heat inputs. Thus, incorporation of

the tesla valve in the NCLs has a twin effect on temperature oscillation, i.e., it reduces

the magnitude of temperature oscillation at low heat inputs, and it also establishes a

steady-state at higher heat inputs. The temperature of the loop also rises as the heat

input increases, causing an increase in flow velocity. Due to the high momentum of

fluid at high heat inputs, flow reversal is too difficult. So, the magnitude of temperature

oscillation keeps on decreasing in scCO2R-NCL and scCO2T-NCL with an increase in

heat input. The transient variations of temperature do not provide a clear insight into

the flow pattern in the loop. Hence, to properly understand instabilities and explain the

phenomena observed above, a transient variation of flow is discussed in the next section.
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4.7.2 Transient variation of fluid flow

Figures 4.9(a) and Fig. 4.9(b) show the oscillation of loop fluid flow direction and its

magnitude in the scCO2R-NCL and scCO2T-NCL at 500 W (low) and 1800 W (high)

heat inputs, respectively, for 90 bar operating pressure.
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Figure 4.9: Velocity variation at 90 bar of CO2 for Regular natural circulation loop
(scCO2R-NCL) and Tesla natural circulation loop (scCO2T-NCL) with different heat
inputs (a) 500 W and (b) 1800 W.

It is found that the velocity remains stagnant up to a specific time, and later the heater

triggers the stagnant fluid with overshoots. The velocity value for this heat input is more
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than 0.5 m/s, which is more than the water-based NCL (Yoshikawa et al. 2005). This

high value of velocity can be attributed to the significant volumetric expansion coeffi-

cient and viscosity difference between water and CO2 (Cammarata et al. 2004). The

negative velocity value in the graph indicates the clockwise direction, and the positive

shows anticlockwise, respectively.

At a lower intensity of heat input in the scCO2R-NCL case, Fig. 4.9(a) shows

that the flow of scCO2 in the loop begins to fluctuate and attains a flow reversal condi-

tion. This type of periodic flow reversal variation is common with previous NCL studies

(Chatoorgoon 2001; Chen et al. 2010; Archana et al. 2015a), especially for supercritical

CO2 having smaller friction effect and more density differences. On the other hand, in

the case of scCO2T-NCL, bidirectional flow can be noticed only for a shorter period,

and in due course, unidirectional flow establishes in the loop. It can be observed that

the magnitude of velocity oscillation is very high in both NCLs during the initial stages,

but it gets mitigated at a faster rate in the case of scCO2T-NCL.

An explanation for the above-mentioned results is attempted using the hot pocket the-

ory (Welander 1967; Nayak et al. 2008). When heat is applied to a loop in the stagnant

initial condition, a hot pocket emerges from the heater. This hot pocket grows in length

and eventually starts moving along one of the vertical legs. The length of the hot pocket

can extend much larger than the length of the heater. Due to its relatively higher tem-

perature induces a more significant flow rate due to the increase in buoyancy force.

This explains the initial surge in velocity, which is observed in most cases in Fig. 4.9.

These high temperature regions are unable to heat or cool properly due to less residence

time inside heater or cooler and flow direction changes easily because of high density

changes in systems. Figure 4.10 shows existence of hot pockets in scCO2R-NCL with

500 W operated at 90 bar. Due to geometrical symmetry in scCO2R-NCL, there is

continuous switching in the direction of flow inside the loop as observed at 204 s in

temperature contours.
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Figure 4.10: Temperature distribution for supercritical CO2 based regular natural circu-
lation loop for different time steps at 90 bar and 500 W (a) 200 s, (b) 203 s, (c) 204 s
and (d) 207 s.

Similar temperature contours are also plotted for T-NCL at suitable time-step to de-

pict circulation with the same operating conditions, as shown in Fig. 4.11. It can be

seen that hot pockets created in T-NCL are at a relatively lower temperature when com-

pared to R-NCL. This is because of continuous bidirectional oscillations in R-NCL,

which leads to flow being stagnant at certain time-steps, and this allows the creation of

high-temperature hot pockets. Whereas, in T-NCL, the flow in a reverse direction with

respect to the Tesla valve experiences more resistance than the forward direction due

to adverse-pressure gradient. Thus Tesla valve acts as a fluidic diode, and due to its
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diodicity, flow reversal phenomena is difficult to occur. In other words, the Tesla valve

introduces differing flow impedance to circulation direction and causes unidirectional

(clockwise) oscillations in the loop. So, fluid is continuously in motion in this case

leading to less time spent inside the heater and lowers the temperature for hot pockets.

A hot pocket at a higher temperature will lead to a drastic increase in buoyancy force

on the fluid and causes greater instability in the loop. This also explains the high ampli-

tude temperature fluctuations in scCO2R-NCL compared to scCO2T-NCL, as observed

in Fig. 4.8.

Figure 4.11: Temperature distribution in the 500 W at 90 bar of CO2 for Tesla natural
circulation loop (scCO2T-NCL) at different time steps from 195 s to 205 s.

At higher heat input in both configurations, fluid flow finds its unidirectional path

in the loop (as shown in Fig. 4.9(b)). Oscillation in the case of scCO2T-NCL gets con-
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verged to a steady-state after some time. Whereas in R-NCL, these oscillations stabilise

to a certain amplitude and never converge to a steady state. This implies that the Tesla

valve is able to reduce the hot pockets in the system completely. The absence of hot

pockets results in the stable temperature profile observed in Fig. 4.8(a-d) for scCO2T-

NCL.

Hence, in a loop operating at lower heat input, introducing a Tesla valve reduces

the temperature of the hot pocket, and at higher heat input, the effect of hot pockets are

negligible as it gets eliminated. Hence, employing a tesla valve in the loop minimises

the magnitude of oscillation at low heat input and eliminates the fluctuation at high heat

input.

4.7.3 Parametric study on heat input and loop operating pressure

Figure 4.12 shows the effect of loop fluid pressures (80, 90 and 100 bar) and different

heat inputs (500, 750, 1200, 1500, 1800 and 2000 W) on the velocity pattern in R-NCL

and scCO2T-NCL. The dynamics of the NCL significantly depend on the operating con-

ditions (Saha et al. 2018). For this reason, proper analysis of the fluid flow dynamics

in the NCL with operating pressure is very important. The concept behind this study

is a replication of disturbances in the normal operating condition of NCL, which could

be due to change in the loading conditions of natural circulation systems or the occur-

rence of a disturbance in the system during start-up and shutdown activities. With this

context, the following conclusions are inferred from the results obtained from the CFD

simulation.

Figures 4.12(a,c) for scCO2 R-NCL show that the loop fluid is in the stage of flow re-

versal when the heat inputs are at 500 W (for all pressure) and 750 W (for 100 bar).

For the low heat inputs, i.e., 500 W and 750 W, fluid has less momentum and easily

succumbs to change in the direction of buoyancy force (left or right side), leading to

bidirectional oscillation (also called flow reversal phenomenon). If the fluid has gained

enough momentum in the loop, the change in the direction of buoyancy force in the loop
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may only lead to unidirectional oscillation rather than complete flow reversal. Mathe-

matically, the cause of instability is the existence of multiple solutions for the system,

and the system can not permanently settle for any of them. Geometrical symmetry in

scCO2R-NCL gives the loop numerous alternative solutions, so the system swings from

one solution to another, resulting in unstable conditions. That is why in scCO2R-NCL,

even in a small fluctuation of temperature, it leads to the formation of hot (light) and

cold (heavy) fluid pockets and making it liable to periodic flows. Such fluctuations are

like density wave oscillation (Chatoorgoon et al. 2005) and similar to two-phase NCLs

(Kreitlow et al. 1978; Nayak et al. 2000; Shitzer et al. 1979).

However, when the heat input is > 750 W for scCO2R-NCL, the flow pattern

changes from flow reversal to single-direction flow. Such transition flow behaviour (i.e.,

from flow reversal to uni-direction) has been reported in many literatures (Vijayan et al.

1995; Cammarata et al. 2004; Chen et al. 2014). However, it is also known that the

stability of the scCO2-NCL depends on the geometrical parameters (diameter, aspect

ratio etc.), heat flux, loop inclination, operation procedures and their existing several

transition parameters or stability threshold (Vijayan et al. 1995; Muscato and Xibilia

2003; Duffey and Pioro 2005). Results show that the prediction of flow direction in

scCO2R-NCL is difficult at all operating pressure considered in the study. Hence, the

designing of the loop for a particular application would be challenging.

Whereas in scCO2T-NCL, the flow direction can be decided by putting the Tesla

valve in a particular direction. The diodicity developed on the loop establishes clock-

wise flow (in the present study), and it sustains the convection by continuous heating.

Results obtained for scCO2T-NCL (as shown in Fig. 4.12) show the clockwise flow

(unidirectional) in the loop for all heat inputs and pressures considered in the study.

The magnitude of fluctuations is found to be less in the scCO2T-NCL case compared

to the scCO2R-NCL case. For lower heat inputs, the mass flow rate depicts oscillatory

behaviour where the amplitude and frequency of the oscillation remain constant over

time. The persistent oscillatory behaviour of the loop shows neutral stability.At higher
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heat input of 1800 W and 2000 W, in the case of scCO2T-NCL, the flow sustains a def-

inite direction and eventually establishes a steady flow. It is to be noted that at a higher

heat input, in the case of scCO2T-NCL, the flow direction never changes even during

the initial stage of the flow.
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Figure 4.12: Transient variation of velocity with a different operating pressure of CO2

for regular natural circulation loop (scCO2 R-NCL) and Tesla natural circulation (scCO2

T-NCL) loop at different heat inputs (a) 500 W scCO2 R-NCL, (b) 500 W scCO2 T-
NCL, (c) 750 W scCO2 R-NCL, (d) 750 W scCO2 T-NCL, (e) 1200 W scCO2 R-NCL,
(f) 1200 W scCO2 T-NCL, (g) 1800 W scCO2 R-NCL, (h) 1800 W scCO2 T-NCL (i)
2000 W scCO2 R-NCL and (j) 2000 W scCO2T-NCL.

Also, the magnitude of the velocity oscillation keeps on reducing as the heat input in-

creases. Remarkably, the magnitude of flow rate does not deteriorate by incorporating

the Tesla valve in the NCLs. So, it is recommended to use a Tesla valve with high heat

inputs.

The parametric study of operating pressure in scCO2R-NCL and scCO2T-NCL

show that, in general, higher operating pressures (in the present range of study) led to

more instability in the loop compared to lower operating pressure for the same heat

input. The possible reasons for this might be as follows: Higher pressure generates
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greater temperature differential across the heater and so a bigger density difference is

available between the vertical arms. It results in increase in the buoyancy forces, en-

hanced buoyancy is always responsible for introducing larger disturbances into the flow

stream in the form of velocity and temperature fluctuations, leading the system towards

unstable fluctuations, as is evident from Fig.4.12.

4.7.4 Nusselt number variation

Figure 4.13 shows the Nusselt number (Nu) variation at 90 bar for different heat in-

puts considered in the study.Nusselt number is calculated at the sink section by taking

average thermal conductivity value.
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Figure 4.13: Variation of Nusselt number (Nu) with different heat inputs at 90 bar
for Regular natural circulation loop (scCO2R-NCL) and Tesla natural circulation loop
(scCO2T-NCL).

For the range of operating conditions chosen in the study, regular NCL is unstable in

most transient simulation cases. Thus, the heat transfer capacity (in terms of Nu) of

the loops was compared by considering the maximum absolute value of the parame-

ters (such as heat transfer rate, mass flow rate, etc.) achieved in unidirectional constant

fluctuation conditions. Bidirectional fluctuation (like 500 W case) is referred to as a
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completely unstable case, and hence these cases are not considered for the comparison.

While for Tesla NCL, unidirectional constant fluctuation conditions and steady-state

cases are considered. The Nusselt number for scCO2R-NCL and scCO2T-NCL is ap-

proximately the same. The length of T-NCL being marginally larger than the R-NCL,

friction loss is more which inturn reduces the Reynolds number due to reduction in ve-

locity. As heat transfer coefficient is the function of velocity, there is overall reduction

in the Nusselt number. The maximum drop in Nusselt number in the case of scCO2T-

NCL is found to be ≤ 8% compared to scCO2R-NCL for all heat inputs considered in

the study. Hence, the heat transfer capabilities of the loop are not affected much by

using a Tesla valve.
4.8 Summary

By incorporating the tesla type valve in the natural circulation loops, the following

conclusions are drawn based on the obtained CFD simulation:

i. Directional instability of natural circulation loops can be eliminated by incorpo-

rating a Tesla type valve in the loop.

ii. The incorporation of a Tesla type valve in NCLs mitigates the magnitude of ve-

locity oscillation to a greater extent and eventually establishes a steady-state in

the loop.

iii. In the NCL, the Tesla valve meticulously reduces the temperature oscillation, and

in due course, it sets in the steady-state and thereby reduces the thermal shocks

in the loops.

iv. Tesla valve can reduce flow reversal in low heat input conditions (or lower down

the reversal limit) and prescribe flow direction, ensuring a steady-state at rela-

tively higher heat input conditions.

v This modified design of the Tesla type valve is found to be highly effective for

supercritical CO2 based NCL.
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CHAPTER 5

Instability Mitigation by Integrating Twin Tesla Type Valves
in Supercritical Carbon dioxide-based Natural Circulation

Loop

In the previous chapter, it was observed that the use of a single modified Tesla type

valve in NCL is not capable of mitigating the instability in the case of low heat in-

puts and high pressure. Hence, twin Tesla type of valves is chosen for the study. This

chapter emphasizes the development of NCL integrated with two modified Tesla type

valves to promote the uni-directional circulatory movement of loop fluid and decrease

the magnitude of instability. In this study, numerical simulations have been carried out

for a range of supercritical pressures (80 bar to 100 bar) and heat inputs (500 W to 2000

W) to do the comparative investigation of instability phenomenon in supercritical CO2

based regular natural circulation loop, single Tesla valve NCL and a new modified twin

Tesla NCL. The objectives of the study are (i) to investigate the effect of twin Tesla

valve on the instability and heat transfer capability, (ii) to know the flow behaviour of

supercritical CO2 based NCL at different heat inputs, and (iii) to compare the effect of

operating pressure on instability.

5.1 Twin Tesla model design for NCL

In this research, a supercritical CO2 based NCL with and without a Tesla valve (as

shown in Fig. 5.1) is explored to understand the impact of heat inputs and operating

pressures on flow instability. NCL without a Tesla valve is called a regular natural

circulation loop (R-NCL), and NCL with a modified twin Tesla valve is designated

as a Tesla natural circulation loop (Twin Tesla-NCL). All the geometrical and mate-

rial specifications for the model are given in section All the geometrical and material

specifications for the model are given in the previous sections of 4.1 and 4.2.
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Figure 5.1: Schematic of (a) Regular natural circulation loop (R-NCL) (b) Twin Tesla
valve natural circulation loop (Twin Tesla-NCL).
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5.2 Simulation details and mathematical formulation

In the present study, a supercritical CO2 based NCL with heater (at the bottom) and

isothermal sink (at the top), as shown in Fig. 5.1, is investigated to comprehend the in-

fluence of heat inputs and operating pressures on the flow field. Sink wall temperature

is kept at 305 K while heat input is varied from 500 W to 2000 W. Two-dimensional

geometry has been prepared, and transient simulations have been performed employing

ANSYS version 19.0. In this simulation, the finite-volume method, based on integration

over the controlled volume, is used to solve the model equations subject to the initial

and boundary conditions in this numerical solution (Chen and Zhang 2011). Conver-

gence is obtained when residuals of the all-governing equations were less than 10-3

except the energy equation, which was less than 10-6. Choosing appropriate time steps

to model the transient processes is difficult. For the computational accuracy, efficiency

and convergence, the adaptive time study step method is used. In this adaptive method,

the appropriate time step is applied, and then the convergence of residual is monitored.

Variable time steps with adaptive refinement are used, and the time step changes within

the range from 10-5 to 0.01 s according to the convergence condition (Zhang et al.

2010; Chen et al. 2010; Cao and Zhang 2012). Mathematical formulation for the model

is given in the previous section 4.3 and boundary condition is given below.

i. Sink wall temperature is kept at 305 K.

ii. Heat inputs at heater are varied from 500 W to 2000 W.

iii. Loop fluid Pressure varies from 80 bar to 100 bar

iv. External walls are assumed to be adiabatic.

v. No-slip condition near wall.

vi. Wall thickness is kept zero.

5.3 Grid independence study

The grid independence test (shown in Fig. 5.2) is performed to read minute variations in

the properties and ensure that the results are reliable. The meshing of a two-dimensional
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geometry is done using the ANSYS (V.19) software. A structured non-uniform grid

system is used to mesh the whole area. Quadrilateral (in maximum places) and triangu-

lar, and combination of both are used in the meshing. Figure 5.3 shows the mesh at the

heater section of the loop. For a grid independence study, a sensitivity analysis has been

carried out to reach the independence of the solution from the adopted grid. Mesh was

started with a coarse mesh and gradually refined until it generated a mesh independent

result. The grid-independent uniform mesh size is 0.85 mm for R-NCL and 0.7 mm for

twin Tesla-NCL, respectively. With this grid size, the grid-independent number of ele-

ments found for R- NCL and twin Tesla-NCL are 1.1×105 and 1.2 ×105, respectively.

The sensitivity to the mesh results is reported in Fig. 5.2, which shows the evaluated

temperature (in stable condition) as a function of the number of mesh elements.
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Figure 5.2: Grid independence study for supercritical CO2 based Regular natural cir-
culation loop and Twin Tesla natural circulation loop at 90 bar and sink temperature of
305 K at 1000 W heat input.

The results of the grid-independent study are compared with the grid convergence index

(GCI) method proposed by Roache (1986). This method is based on the application of

Richardson’s extrapolation, in which as the grid is refined (grid cells become smaller
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and the number of cells in the flow domain increases), the spatial and temporal (in un-

steady numerical simulations) discretization errors approaches to zero asymptotically.

The error estimated of R-NCL and T-NCL with the GCI method (Roache 1986, 1994)

is 1.6 % and 1.7 %, respectively, with the mesh generated using 1,16672 and 1,20000

elements.

Figure 5.3: Mesh at heater section.

5.4 Validation

For the validation of obtained CFD results, I have used two famous Re˘Grm ana-

lytical correlations of (i) Swapnalee et al. (2012) correlation, which was developed

based on the experimental studies, and (ii) a numerical correlation developed by Ya-

dav et al. (2012b) with subcritical/supercritical CO2. A good agreement was found

between the simulated results and existing correlations, as shown in Fig. 5.4. The

maximum discrepancies are 14% and 8%, with experimental correlation and numerical

correlation, respectively. The discrepancies may be due to the geometric dependence of

NCL behaviours and the simplifications of the two-dimensional model over their three-

dimensional effects.

Correlation suggested by Swapnalee et al. (2012),

Re = 1.907(Grmd/Lt)
0.364 (5.1)

Correlation suggested by Yadav et al. (2012b),

Re = 2.066(Grmd/Lt)
1/2.77 (5.2)
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Figure 5.4: Validation plot of obtained results with steady-state Reynolds number (Ress)
and modified Grashof number (Grmd/Lt) correlation for supercritical CO2 flow.

5.5 Results and discussion

Results are obtained at the middle of the right leg (marked as 1 in Fig. 5.1) by con-

sidering the area-weighted average across the cross-section of the loop. To minimize

the effect of 90◦ bend at corners, semi-circular elbows are used. Initially, the entire

loop is kept at a uniform temperature of 305 K to ensure ‘no flow condition’; this is

the initial condition applied for unsteady simulation. The operating pressure of the loop

is kept constant for each set of simulations carried out for the heat fluxes varied from

500 W to 2000 W. Effect of operating pressure on the transient behaviour of the loop is

also studied in the supercritical region with the pressure variation form 80-100 bar. The

transient flow behaviour of scCO2 in NCL is recorded from the initial time t = 0 s to t =

500 s until the repetitive behaviour is found.

5.5.1 Feasibility of twin Tesla in NCL

It was concluded from the previous chapter that the loop operating at low heat input

and higher pressure shows higher instability. Thus, the present configuration of twin

Tesla NCL is tested first for the most unstable operating conditions. Figure 5.5 shows
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the transient velocity variation at an operating pressure of 90 bar at 500 W heat input

and mass flow rate variation at an operating pressure of 100 bar at 500 W heat input for

R-NCL, T-NCL and twin Tesla NCL. It is found that the velocity/mass stays at nearly

zero value up to a certain time, and the temperature remains at 305 K, and after some

time, the flow starts with overshoot. The initial overshoot in velocity is the sudden

motion caused by buoyancy forces due to the beginning period of heat accumulation.

This kind of typical overshoot found in the beginning without the help of any moving

device shows the natural convection phenomenon (Zhang et al. 2010; Chen et al. 2010;

Cao and Zhang 2012). The negative velocity value shows the flow is in a clock-wise

direction and vice versa.

It is depicted from Fig. 5.5(a) that after initial overshoot in velocity, the flow

of scCO2 in R-NCL begins to fluctuate, and flow pattern changes with respect to time

and attains a flow reversal phenomenon. However, in T-NCL, after the overshoot at the

beginning, velocity experiences bidirectional fluctuation same as the R-NCL, but due

to the influence of the Tesla valve in the loop after some time, a uni-directional flow is

established.
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Figure 5.5: Transient variations of (a) velocity at 90 bar for a heat input of 500 W
(b) mass flow rate at 100 bar for heat input of 500 W for R-NCL, T-NCL and Twin
Tesla-NCL.

In twin Tesla NCL, the magnitude of velocity oscillation is comparatively less than T-

NCL and R-NCL, and also establishes unidirectional flow without showing any flow

reversal in the beginning. Thus, twin Tesla can be used as a viable option to curb insta-

bility for low heat inputs.

Similarly, a comparative analysis for the mass flow rate of R-NCL, single Tesla-

NCL and twin Tesla-NCL at higher input of 500 W and at a higher pressure of 100 bar

is shown in Fig. 5.5(b). It is found that the oscillation in R-NCL is maximum while in

twin Tesla NCL it is minimum. Thus, the increase in the number of Tesla type valves

mitigates the instabilities in the NCL.

5.5.2 Flow behaviour

The velocity and transient temperature variations are shown in Fig. 5.6 against time

for an operating pressure of 100 bar at 500 W heat input for R-NCL and twin Tesla is

obtained at the middle of the right leg (marked as 1 by considering the area-weighted

average across the cross-section of the loop.

In the R-NCL case (as shown in Fig. 5.6(a)), the flow of scCO2 in the loop begins
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to fluctuate, and the flow pattern changes with the temperature (as shown in Fig. 5.6(b),

near to 60 s it shows a flow reversal phenomenon.
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Figure 5.6: Variations of (a) velocity and (b) temperature at 100 bar at a heat input of
500 W for R-NCL and twin Tesla-NCL
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This type of periodic flow reversal variation is common with previous NCL studies

(Welander 1967; Chatoorgoon 2001; Chen et al. 2010; Archana et al. 2015a) supercrit-

ical CO2 having smaller friction effect and more significant density differences. The

pseudo-critical temperature at 100 bar is ∼ 318 K; at this temperature, specific heat ca-

pacity forms a high peak, whereas viscosity, thermal conductivity, and density decrease

significantly.

While in the twin Tesla-NCL case (as shown in Fig. 5.6(b)), after the initial

overshoot, temperature experiences the same change in the fluctuation amplitude as the

R-NCL value, i.e., equal to 321 K. After the initial fluctuation, the temperature of the

loop varies only ±1 K from a mean value of 315 K due to the influence of the tesla

valve in the loop. The magnitude of temperature oscillation is comparatively less in

twin Tesla-NCL (±1 K) than R-NCL (±3 K). Thus, incorporating the Tesla valve in the

NCLs have a twin effect, first on temperature oscillation, i.e., it mitigates the magnitude

of temperature oscillation and second, it also establishes unidirectional flow.

Due to the impedance created by the Tesla value, the flow in the reverse direc-

tion experiences more resistance than the forward direction, which develops a pressure

gradient along the vertical pipe. This pressure gradient creates a smooth movement of

fluid in one direction only from the left leg to the right leg (i.e., a clock-wise direction).

Owing to the fluidic diodicity of the Tesla valve, the magnitude of fluctuation is also

less. This pressure gradient phenomenon is enlightened in Fig. 5.7.

Transient results for the velocity and the pressure difference vs time are reported in Fig.

5.7, over a time duration from 100 s to 375 s to understand a strong correlation between

pressure difference and velocity clearly. The operating pressure of the loop is kept at

100 bar, and hence the values show the pressure variation considering 100 bar as the

mean value (zero at the initial condition).
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Figure 5.7: Velocity and pressure variation oscillations at 100 bar at a heat input of 500
W for (a) R-NCL and (b) Twin Tesla NCL.

In twin Tesla NCL, the Tesla valve generates potent pressure fluctuations ranging from

40 Pa to 110 Pa (as shown in Fig. 5.7(b)), which creates a pressure gradient along

the vertical pipe, and this pressure fluctuation induces strong natural convection flow.
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Whilst for R-NCL, the pressure fluctuations ranges from 25 Pa to -50 Pa (as shown in

Fig. 5.7(a)), which is less than twin Tesla NCL pressure fluctuation. Due to this high-

pressure gradient, a fluidic diodicity is developed along with the Tesla valve, and at this

fluidic diodicity, flow reversal phenomena are difficult to occur, and hence a unidirec-

tional flow is established. This high fluctuation in pressure gradient developed by the

Tesla valve may be the probable reason for unidirectional flow developed in twin Tesla

NCL.

5.5.3 Transient variation of temperature

Figures 5.8(a-d) compare temperature variation between R-NCL and twin Tesla NCL

for various heat inputs at a pressure of 100 bar is obtained at the middle of the right

leg (marked as 1 by considering the area-weighted average across the cross-section of

the loop. A uniform initial temperature of 305 K is specified for the fluid, which is the

same as that of sink wall temperature so that the complete loop will be in supercritical

condition. Then heat inputs over a range of 500 W to 2000 W are provided on the heater

to trigger the fluid flow from its quiescent state.

In both configurations, the temperature oscillates vigorously in the initial stage

of imposing the heat input at the source, and later on, it increases with a consistent rate

till neutral stability or steady-state establishes in the loop. Interestingly, the oscillation

trends are somewhat analogous for both the loops at all heat input levels. However, the

magnitude of temperature oscillation in the case of twin Tesla NCL is comparatively

less due to the influence of the tesla valve in the loop. Further, the amplitude of tem-

perature oscillation keeps decreasing in both cases, with an increase in heat input. For

R-NCL, the fluid temperature continues to fluctuate abruptly, while for twin Tesla NCL,

the fluid temperature slowly converges or vary with a constant magnitude always less

than the R-NCL.
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Figure 5.8: Variation of temperature at 100 bar for R-NCL and twin Tesla NCL cases
with different heat fluxes of (a) 500 W, (b) 1000 W, (c) 1500 W and (d) 2000 W

At 2000 W heat input, the loop temperature in twin Tesla NCL gradually reaches a

steady state without any fluctuations. Thus, incorporation of the tesla valve in the NCLs

mitigates the magnitude of temperature oscillation, and it also establishes a steady state.

The temperature of the loop also rises as the heat input increases, causing an increase

in flow velocity. Due to the high momentum of fluid at high heat inputs, flow reversal

is difficult.

5.5.4 Transient variation of mass flow rate

Figures 5.9(a-f) show the transient variation of the mass flow rate of supercritical CO2

at an operating pressure of 100 bar for different heat inputs.

Figures 5.9(a-b) for R-NCL show that the loop fluid is in the flow reversal stage
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when the heat inputs range from 500 W to 750 W, and the oscillation frequency and

peak flow of mass increases with an increase in heat input. For the low heat inputs,

i.e., for 500 W and 750 W, the flow direction, instead of settling down in one direction,

shows bidirectional oscillation (also called flow reversal phenomenon). However, Figs.

5.9(c-f) (for R-NCL) show that the flow pattern changes from flow reversal to single-

direction flow when the heat input is ≥1000 W. Such kind of transition flow behaviour

(i.e., from flow reversal to uni-direction) has been reported in many literatures (Vijayan

et al. 1995; Cammarata et al. 2004; Chen et al. 2014).

An explanation for the results mentioned above is attempted (in the previous chapters)

using the hot pocket theory (Welander 1967). When heat is applied to the loop, a hot

pocket emerges from the heater. This hot pocket grows in length and eventually starts

moving along one of the vertical legs. The length of the hot pocket can extend much

larger than the length of the heater. Due to its relatively higher temperature induces

a more significant flow rate due to the increase in buoyancy force. This explains the

initial surge in velocity observed in most cases in Fig. 5.5(a).

In R-NCL, the buoyancy force generated is not sufficient enough to overcome

friction force and inertia force, that is why flow direction changes quickly. Due to geo-

metrical symmetry in R-NCL, even in a small fluctuation of temperature, it leads to the

formation of hot (light) and cold (heavy) fluid packets and making it a liable to periodic

flows. However, it is also known that the stability of the scCO2-NCL depends on the

geometrical parameters (diameter, aspect ratio etc.), heat inputs, loop inclination, oper-

ation procedures and their existing several transition parameters or stability threshold

(Vijayan et al. 1995; Muscato and Xibilia 2003; Duffey and Pioro 2005). Results show

that the prediction of flow direction in R-NCL is difficult. Hence, designing the loop

for a particular application always needs design precision so that flow direction can be

predicted easily.
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Figure 5.9: Mass flow rate of CO2 for R-NCL and twin Tesla-NCL cases at 100 bar
with different heat inputs of (a) 500 W, (b) 750 W, (c) 1000 W, (d) 1200 W, (e) 1500 W,
and (f) 2000 W.

Whereas, in twin Tesla NCL, the direction of the flow can be decided by putting

the Tesla valve in a particular direction. Results obtained for twin Tesla NCL show
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the clock-wise flow (unidirectional) along the loop for all heat inputs considered in the

study, as shown in Fig. 5.9(a-f). In twin Tesla NCL, the flow in a reverse direction for

the Tesla valve experiences more resistance than the forward direction due to an adverse

pressure gradient. Thus Tesla valve acts as a fluidic diode, and due to its diodicity,

flow reversal phenomena is difficult to occur. In other words, the Tesla valve introduces

differing flow impedance to circulation direction and causes unidirectional (clock-wise)

oscillations in the loop. At heat input of 2000 W, in twin Tesla NCL, the flow sustains

in a definite direction and eventually establishes a steady state. It is to be noted that at

a higher heat input, in twin Tesla NCL, the flow direction never changes even during

the initial stage of the flow. The diodicity developed on the loop establishes clock-wise

flow, and it sustains the convection by continuous heating. So, it is recommended to use

a Tesla valve with high heat inputs.

Table 5.1: Repetitive oscillation or unidirectional start time for regular natural circula-
tion (R-NCL) and twin Tesla circulation loop (Twin Tesla-NCL).

Heat Input

W

Repetitive Oscillation or unidirectional flow

flow start time of R-NCL

Unidirectional flow start

time for Twin Tesla-NCL

500 W 60 s (Reversal flow) 150 s

750 W 80 s (Reversal flow) 120 s

1000 W 140 s (Uni-directional flow) 80 s

1200 W 110 s (Uni-directional flow) 60 s

1500 W 60 s (Uni-directional flow) 52 s

2000 W 25 s (Uni-directional flow) 443 s (Reached steady-state)

Table 5.1 above, shows the repetitive oscillation or unidirectional flow start time

for regular natural circulation (R-NCL) and twin Tesla natural circulation loop (twin

Tesla NCL).It can be seen from Table 5.1 that with the increase of heat inputs, the flow

time parameter is relatively shorter due to quick initiation. It is also observed that the

flow pattern of CO2 in the loop changes with the amount of heat input. Mass flow rate
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is also found to be increased with heat input (Pegallapati et al. 2020).

5.5.5 Effect of operating pressure on flow instability

Figures 5.10(a-d) show the effect of loop fluid pressures (80, 90 and 100 bar) on the

mass flow rate in twin Tesla NCL at different heat inputs (500, 1000, 1500 and 2000

W). The dynamics of the NCL significantly depend on the operating conditions (Saha

et al. 2018). For this reason, proper analysis of the fluid flow dynamics in the NCL with

operating pressure is very important. The pressure change concept behind this study

is to check the feasibility of twin Tesla in the NCL. With this context, the following

conclusions are inferred from the results obtained from the CFD simulation.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0- 1 0 0
- 8 0
- 6 0
- 4 0
- 2 0

0
2 0
4 0
6 0
8 0

1 0 0 ( a )

Ma
ss

 Fl
ow

 Ra
te 

(kg
/h) T w i n  T e s l a  N C L

T i m e  ( s )

 8 0  b a r
 9 0  b a r
 1 0 0  b a r

5 0 0  W

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0
- 1 5 4
- 1 2 3

- 9 2
- 6 2
- 3 1

0
3 1
6 2
9 2

1 2 3

T w i n  T e s l a  N C L

Ma
ss

 Fl
ow

 Ra
te 

(kg
/h)

T i m e  ( s )

 8 0  b a r
 9 0  b a r
 1 0 0  b a r

1 0 0 0  W( b )

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0- 3 0 0
- 2 5 0
- 2 0 0
- 1 5 0
- 1 0 0

- 5 0
0

5 0
1 0 0
1 5 0
2 0 0

T w i n  T e s l a  N C L

Ma
ss

 Fl
ow

 Ra
te 

(kg
/h)

T i m e  ( s )

 8 0  b a r
 9 0  b a r
 1 0 0  b a r

1 5 0 0  W( c )

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0- 3 5 0
- 3 0 0
- 2 5 0
- 2 0 0
- 1 5 0
- 1 0 0

- 5 0
0

5 0
1 0 0
1 5 0
2 0 0

T w i n  T e s l a  N C L

Ma
ss

 Fl
ow

 Ra
te 

(kg
/h)

T i m e  ( s )

 8 0  b a r
 9 0  b a r
 1 0 0  b a r

2 0 0 0  W( d )

Figure 5.10: Variation of mass flow rate with different operating pressure at different
heat inputs of (a) 500 W, (b) 1000 W, (c) 1500 W, and (d) 2000 W for twin Tesla NCL.
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In twin Tesla NCL, irrespective of the operating pressure, the valve ensures di-

rectional stability, i.e., clockwise flow is found at all heat inputs considered in the study.

It is found that the mass flow rate increases with an increase in the loop fluid pressure;

the same phenomenon is observed by Archana et al. (2015b) on scCO2 based NCL.

From the Figs. 5.10(a-d), it can be inferred that with an increase in pressure, the magni-

tude of oscillation of mass flow rate or the degree of instability is more. In the consid-

ered range of heat inputs, the average temperature of the loop varies from 320 to 332 K,

which is near to the pseudocritical region of 100 bar pressure (higher pressure). Near

the pseudocritical region, variation in thermophysical properties is abrupt, and hence it

causes instability in flow.

5.5.6 Nusselt number

Figure 5.11 depicts Nusselt number (Nu) variation at an operating pressure of 90 bar

for different heat inputs calculated at the sink section.
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Figure 5.11: Variation of Nusselt number (Nu) with different heat inputs at 90 bar of
supercritical CO2 for regular natural circulation loop (R-NCL), single Tesla NCL and
twin Tesla NCL (twin Tesla NCL).

Results show the trend of an increase in Nu with an increase in heat inputs. R-NCL is
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unstable in most of the transient simulation cases for the range of operating pressures

chosen in the study. Thus, the heat transfer capacity (in terms of Nu) of the loops was

compared by considering the maximum absolute value of the parameters (such as heat

transfer rate, mass flow rate, etc.) achieved in unidirectional constant fluctuation condi-

tions.

Bidirectional fluctuation (like 500 W case) is referred to as a completely unstable case,

and hence these cases are not considered for the comparison. While for Tesla NCL,

unidirectional constant fluctuation conditions and steady-state cases are considered. It

is found that the mass flow rate in R-NCL is maximum. High mass flow acts as addi-

tional incentive to increase Re and hence in increase in the h.Hence, maximum Nusselt

number is found in R-NCL. Figure 5.11 indicates that the maximum drop in Nusselt

number in twin Tesla NCL is 15%, whereas, for single T-NCL, it is 8% compared to

R-NCL. Hence, it is advisable to use a single Tesla in the loop to better heat transfer

capability and mitigate instability. However, for lower heat input, twin Tesla NCL can

be used if a single Tesla valve cannot curb instability.

5.6 Summary

Computational fluid dynamics study is conducted to find a solution to the eternal prob-

lem of instability associated with the natural circulation loop (NCL). Results are ob-

tained with supercritical CO2 based twin Tesla-NCL and compared with regular-NCL

and single Tesla NCL at different heat inputs and operating pressures. Based on the

simulation results, the following conclusions are made:

i. Twin Tesla NCL is capable of mitigating oscillation even for low heat inputs.

ii. Oscillation in twin Tesla is found to be minimum, while for R-NCL it is maxi-

mum.

iii. Increase in the number of Tesla valves mitigates the instabilities in the NCL.

iv. In twin Tesla NCL, steady-state reaches at a faster rate compared to R-NCL
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v. The maximum drop in Nusselt number in twin Tesla NCL is 15%, whereas, for

single T-NCL, it is 8% compared to regular NCL. Hence, it is advisable to use a

single Tesla in the loop to better heat transfer capability and mitigate instability.

However, for lower heat input, twin Tesla NCL can be used if a single Tesla valve

is not able to curb instability.
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CHAPTER 6

An Experimental Study with Supercritical CO2 based
Natural Circulation Loops

This chapter discusses a set of experimental investigations with Regular NCL (R-NCL)

and single Tesla NCL (T-NCL). A detailed methodology to develop a high-pressure ex-

perimental setup and the instruments used to perform experiments are also presented.

The uncertainty analysis is included in the section.

6.1 Design of regular natural circulation loop setup

A detailed schematic representation of a regular NCL (R-NCL) experimental facility

used in this study is shown in Fig. 6.1. The setup consists of an electrical heater, a cold

heat exchanger, a mass flow meter and two insulated legs (left and right leg). In addition

to these main components, a CO2 reservoir is also employed in the experimental setup.

Figure 6.1: Schematic of the regular NCL (R-NCL) with instruments used in the exper-
iment.

109



An NCL of 1 m× 1 m is consist of two horizontal circular pipes (heat transfer sections)

and two vertical circular pipes (circulation driving sections) connected with four bends,

as shown in Fig. 6.2.

Figure 6.2: Design of fabricated regular natural circulation loop.

The geometrical detail of R-NCL is given in Table 6.1. All four pipes and the bends are

made of stainless steel (SS-316) with a uniform inner diameter d = 15 mm throughout

the circulation loop, having a thickness of 3 mm and capacity to withstand pressure is

up to 210 bar. The entire loop is insulated with asbestos rope and foam tape insulation

with a thickness of 3 mm, each used to minimize heat transfer from the loop to the

ambient. SS Grade 316 is a standard molybdenum-bearing grade austenitic stainless

steel, which contains 6-18.5% Cr, 10-14% Ni, 2-3% Mo. The Molybdenum (93Mo42)

gives 316 better overall corrosion resistant properties and Chromium (52Cr24) increases

the oxidation resistance capacity. A tube in tube type of heat exchanger having 660 mm

length, the outer diameter of 32 mm and thickness of 3 mm is used.
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Table 6.1: The geometrical dimensions of R-NCL.

Loop detail Size (mm)

Inner diameter of the loop pipe 15

Outer diameter of the loop pipe 21

Thickness of the loop pipe 3

Length of heater and heat-exchanger (L1) 660

Length of right leg and left leg (H0) 1000

Radius of bend (outer) 60.5

Radius of bend (inner) 39.5

Outer diameter of heat-exchanger 32

Annulus distance (radial) 2.5

Figures 6.3(a) and (b) show the photographic view of the setup without insulation and

with one-layer asbestos rope insulation, respectively.Six pre-calibrated T-type thermo-

couples are located at different locations along the loop to monitor the inside tempera-

ture of loop fluid, i.e., CO2.

111



Figure 6.3: Photographic view of the experimental setup (a) Without insulation and (b)
With one layer insulation (asbestos rope).

The thermocouples are directly connected to loop by using nut and ferrule arrangement,

in such a way that its probe directly touches the the loop fluid. (shown in Fig. 6.3(a)).

6.2 Design of Tesla natural circulation loop setup

A detailed schematic representation of the Tesla NCL experimental setup used in this

study is shown in Fig. 6.4. The experimental setup consists of an electrical heater, a

cold heat exchanger, a mass flow meter, two insulated legs (left and right leg) and the

attached instruments. In addition to these main components, a modified Tesla valve is

integrated on the left leg of the loop to promote uni-directional flow, as shown in Fig.

6.5, and all the geometrical dimensions of T-NCL is given in Table 6.2.

Entire loop along with the Tesla valve is fabricated by using 316 grade stainless

steel material. The inner diameter of the loop is 15 mm throughout the circulation loop

with a thickness of 3 mm and having the capacity to withstand pressure is up to 210 bar.

Similar to R-NCL, the entire loop is insulated with asbestos rope and foam tape. The

length of the heat exchanger is 660 mm, outer diameter 32 mm and thickness of 3 mm.
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Figure 6.4: Schematic of the Tesla NCL with heater and heat exchanger.

Figure 6.5: Design of fabricated Tesla natural circulation loop.

Figures 6.6 (a) and (b) show the photographic view of the setup without insulation and
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the inner view of the modified Tesla valve, respectively. The design and dimensions of

the Tesla valve are already indicated in Fig. 4.2 and Table 4.2 in section 4.2.

Table 6.2: The geometrical dimensions of T-NCL.

Loop detail Size(mm)

Inner diameter of the loop pipe 15

Outer diameter of the loop pipe 21

Thickness of the loop pipe 3

Length of heater and heat-exchanger (L1) 660

Length of right leg and left leg (H0) 1000

Vertical length of Tesla valve (L2) 200

Radius of bend (outer) 60.5

Radius of bend (inner) 39.5

Outer diameter of heat-exchanger 32

Annulus distance (radial) 2.5

Figure 6.6: (a) Photographic view of the experimental setup (b) Modified Tesla valve
inner view.
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6.3 Fabrication of modified Tesla valve

The modified Tesla valve used in the current experimental study is indigenously fabri-

cated by adopting a different technique, as it is a unique dual-veined flow path design,

and this flow path comprises various curvatures of sharp radius. The accuracy of these

curvatures and the flow path surface smoothness inside the tesla valve directly impacts

the diodicity generation across the tesla valve and, in turn, affects the directional stabil-

ity of the loop. Design and fabrication of a tesla valve for a laboratory-sized NCL using

tube are challenging, requiring very high precision workmanship. The overall length of

the modified tesla valve used in the experiment is 199.43 mm, and the fabrication of it

by retaining required curvatures within such a short length using a 15 mm diameter tube

is very intricate work, as the number of weld joints involved is more. These weld joints

have to be located very close to each other, making fabrication activity much more dif-

ficult. Hence, it is difficult to ensure precise dimensions, which is mandatory to achieve

the required diodicity, in such a small-sized prototype tesla valve with too many weld

joints. Further, the very high temperature of welding distorts the shape of the tesla valve

as the thickness of SS tube material is very less. Apart from the high precision require-

ment, the strength of the weld joint is also the main concern as the operating pressure

of the loop fluid is significantly very high. Considering these complexities involved in

fabricating the tesla valve using 3 mm thick SS tube material, a different technique has

been adopted to address both accuracy and safety issues.

The innovative technique employed in fabricating the Tesla Valve: Instead of us-

ing a 3 mm thick stainless steel tube material, an innovative technique utilized a 16 mm

thick stainless steel plates material to fabricate the modified Tesla valve using Comput-

erized Numerical Control (CNC) machine.Using CNC machining technology, the tesla

valve shaped flow path is machined in two rectangular SS 316 plates of 250× 150× 16

mm. In one of these plates, a half-circled groove of 15 mm diameter at inlet and outlet

to join the loop pipe, and depth of 7.5 mm is machined, which resembles the shape of

the Tesla valve flow path, as shown in Fig. 6.7.
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Figure 6.7: Photographic view of modified Tesla valve.

Similarly, in the second plate, the identical half-circled shaped groove is machined with

a mirror image shape to the first plate, as shown in Fig. 6.7. To avoid ingress of loop

fluid from the left channel to the right channel, one groove of 2.5 mm is machined in

one of the plates, then a rubber gasket of 3 mm is inserted in this groove before bolting

the plates. These two plates are welded together (TIG welding) at all four sides to make

it a single block. Thus, a modified Tesla shaped flow path is formed using two plates

and welded at the left leg of the natural circulation loop to form a T-NCL.

The modified Tesla valve is attached at the bottom of the left leg to create high

impedance from the reverse side, allowing fluid to move in the forward direction only.

The right-side channel of the valve is the primary channel, and the left side channel is

secondary. The channels’ intersections are marked as junctions J1 and J2 (shown in

Fig. 6.6(b)). Due to the alignment of the secondary channels with the primary channel

at junction J2, a substantial quantity of fluid enters the secondary channel for reverse

flow, which improves the diodicity of the valve. When fluid moves in the forward di-
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rection, the design of the valve forces most of the fluid to move in the right (primary)

channel. However, fluid splits into both arms in the reverse direction, and fluid in the

left channel opposes fluid moving in the right channel at junction J1. Hence, fluid ex-

periences higher resistance (pressure drop) when moving in the reverse direction.

6.4 Data collection and instrumentation for R-NCL and T-NCL

A thermostatic bath (Thermo scientific PC200) having a heating/cooling capacity of 2

kW supplies external fluid (water) at a fixed temperature to the heat exchanger. The

mass flow rate of external fluids is measured using a calibrated rotameter (0-5 LPM

range) with a valve arrangement connected to a cold heat exchanger (CHX). A dif-

ferential pressure transducer made by Honeywell (range 0-1000 mbar) is connected to

either end of the heater. A safety valve cum pressure gauge (0-250 bar) is attached at the

middle of the right leg, and it is set for 140 bar for the entire experiment. One Coriolis-

type mass flow meter (Model: Rheonik RHE16) is placed at the right vertical leg to

measure the mass flow rate of loop fluid (scCO2), capable of recording 0–500 kg/h.

The Rheonik RHE16 Coriolis mass flow transmitter is a state-of-the-art multifunction

DIN rail mount Coriolis transmitter. With full MODBUS capability, the RHE16 pro-

vides flow, density and temperature measurement to any supervisory control system.

The heat input at the source is controlled by a dimmerstat (Make: Automatic electric,

Model: 20D-1P) and measured by a power meter. Altogether, nine pre-calibrated T-

type thermocouples (shown in Fig. 6.1) are placed on the experimental loop to monitor

the temperatures throughout.

A computer integrated data acquisition system (Model: KEITHLEY-2700) hav-

ing a Kickstart software (LabVIEW software) used for the in-time screening/monitoring

(the reading error for the data collection is within ±0.1 %) all the data for temperatures

and pressure. Monitored data are stored in the computer.

Figure 6.8 and Fig.6.9 show the various equipment used in the experiment. Table

6.3 shows the equipment details, operating range and accuracy.
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Figure 6.8: Equipment used for test facility (a) Rotameter (b) Safety valve (c) Differen-
tial Pressure transducer (d) Dimmerstat (e) Thermocouple.

The photographic view of the assembled test facility for R-NCL is shown in Fig. 6.10

and for T-NCL in Figure 6.11.

Figure 6.9: Equipment used for test facility (a) Thermostatic bath (b) Data acquisition
system (c) Vacuum pump (d) Mass flow meter.
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Table 6.3: Equipment details used for experimentation.

Equipment Make/Type Range Accuracy

1. Thermostatic bath with

inbuilt pump and

heat exchanger

Thermo scientific

PC200

-60 to 150 ◦C Heating

/cooling capacity

2 kW

±0.01 ◦C

2. Thermocouple T-type -270◦C -370 ◦C ±0.25 ◦C

3. Data Acquisition System KEITHLY-2700 ——– ±0.01 ◦C

4. Differential Pressure transducer Honeywell 0-1000 mbar ±0.1 mbar

5. Mass flow meter Rheonik, RHE 16 0-500 kg/h ±0.1 kg/min

Rotameter —— 0-10 LPM ±0.1 LPM

6. Watt Digital Meter HTC PM-03 5-2200 W ±1 W

7. Pressure Gauge Delta/Bourdon tube 0-150 bar ±1 bar

Figure 6.10: Experimental setup of regular natural circulation loop.
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Figure 6.11: Experimental setup of Tesla natural circulation loop.

6.5 Experimental procedure

After fabrication, the loop is subjected to leakage test up to 150 bar i.e., one and half

times the operating pressure. When no leakages were observed, then with the help of a

vacuum pump, the loop was evacuated. After that, the loop was charged with CO2 from

the CO2 cylinder (capacity: 65 bar). Based on the required initial condition (tempera-

ture and pressure), the loop along with the expansion tank were precooled to a certain

temperature (calculated from NIST (2013) REFPROP software V 9.1) at a fixed charg-

ing pressure. The high-pressure operations are very dangerous, so special care was

taken during the experiment. The precise temperature and pressure values are recorded

during charging. External fluid (water) is made to flow inside an annular tube of the heat

exchanger at a specified mass flow rate and temperature. As the loop reaches the initial

operating condition, the heating system is initiated. When heating started, loop temper-

ature starts varying with a small variation in loop pressure. The accumulator/expansion

tank (cylinder) connected to the loop maintains almost a constant operating pressure in

120



the loop. The capacity of the expansion cylinder is kept 100 times more than the volume

of the loop. In the current discussion, each experiment started at an initial temperature

(T0) of 32◦C and pressure (P0) of 90 bar for both the loops. The transient pressure, mass

flow rate and temperatures are recorded throughout the experiment to observed the flow

behaviour of the loop.

6.6 Uncertainty analysis

Every measurement is subject to some uncertainty. A measured result is only complete

if it is accompanied by a statement of uncertainty in the measurement. Error is usu-

ally defined as the difference between the actual value and the calculated or measured

value. Uncertainty refers to a possible value that the error may have. Measurement

uncertainties can come from measuring instruments, ambient conditions or various pa-

rameters/variables considered during experiments. Such uncertainties can be estimated

using statistical analysis of a set of measurements and other kinds of information about

the measurement process.

In this study, the heat transfer rate is an important parameter that depends on

the mass flow rate (ṁ), temperature difference (4T), and specific heat of the external

fluid. Since specific heat of external fluid is considered to be constant, the functional

dependency of the various performance parameters relation formula is given as:

QCHX = f
( .
mw,∆TCHX

)
(6.1)

Uncertainty in heat transfer rate:

Minimum mass flow rate (rotameter) measured in 3 LPM and least count is 0.1 LPM.

Hence maximum uncertainty in the case of mass flow rate measurement is

∆mw

mw

=
0.1

3
= ±0.033 = ±3.3% (6.2)
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For the Coriolis mass flow meter

∆ml

ml

=
0.1

30
= ±0.0033 = ±0.33% (6.3)

The minimum temperature measured is 32 ◦C, and the least count is 0.25 ◦C. Hence, the

maximum uncertainty in the case of temperature measurement with a data acquisition

system is
∆T

T
=

0.25

32
= ±0.0078125 = ±0.78125% (6.4)

Uncertainty in calculating heat transfer rate based on external fluid flow

∆Q

Q
=

[(
∆mw

m

)2

+ 2

(
∆T

T

)2
]1/2

(6.5)

∆Q

Q
=
[
(0.033)2 + 2(0.0078125)2

]1/2
= 0.034 = 3.4%

Uncertainty in calculating heat transfer rate based on internal fluid flow

∆Q

Q
=

[(
∆mw

m

)2

+ 2

(
∆T

T

)2
]1/2

(6.6)

∆Q

Q
=
[
(0.0033)2 + 2(0.0078125)2

]1/2
= 0.0034 = 0.34%

However, the heat transfer rate is an input in the experiment and measured using Wattmeter

having uncertainty,
∆W

W
=

1

250
= ±0.004 = ±0.4% (6.7)

Uncertainty of correlation used for validation:

Correlation by Chen and Zhang (2011),

Re = 1.129(Grmd/Lt)
0.3924 (6.8)
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This correlation consists of mass flow rate and heat input as main variables, consider-

ing other thermophysical properties and geometrical parameters constant. Hence, total

uncertainty (X) involved in the correlation,

X =

[(
∆m

m

)2

+

(
∆Q

Q

)2
]1/2

= ±0.00518 = ±0.5% (6.9)

6.7 Results and discussion

Experimental investigations with Regular NCL (R-NCL) and Single Tesla NCL (TNCL)

have been done at a pressure of 90 bar over a heat input ranges from 250 W-1000 W.

Mass flow rate, differential pressure and temperatures at varies locations are recorded

during experiments. Obtained experimental data is also used to validate simulation re-

sults.

6.7.1 Mass flow rate variations

Figures 6.12(a-d) show the transient variation of the mass flow rate of supercritical CO2

at an operating pressure of 90 bar at various levels of heat input ranging from 250 W to

1000 W.

In R-NCL, at a lower level of heat input (250 W and 500 W), in the beginning,

the flow undergoes a relatively low flow rate, and after that, the fluid circulates with

flow oscillation, and flow reversal emerges, while that the flow pattern changes from

flow reversal to uni-directional flow when the heat input is ≥ 750 W. At low heat input,

the driving force/buoyancy force and inertia developed are not sufficient enough to pro-

vide a uni-directional flow. However, at a higher level of heat input, the fluid responds

more sensitively to the changes in the heat input and takes a uni-directional path due

to a higher inertial effect. At a higher level of heat input, the differential temperature

at the inlet and outlet of the heater, i.e., at the bottom of the left and right legs, will be

high and enhance the flow velocity. This increased velocity overcomes all the resistive

forces in the loop, and flow follows a unidirectional path. Due to the high momentum
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of fluid at high heat inputs, flow reversal is difficult.

In T-NCL, even at lower heat input, the flow takes a unidirectional path due to

the favourable differential pressure gradient developed in the forward direction across

the Tesla valve. Because of the impedance developed by the Tesla value, the flow in the

reverse direction encounters more resistance than the flow in the forward direction, re-

sulting in a pressure gradient along the vertical pipe. This pressure gradient causes fluid

to flow smoothly in only one direction, from the left leg to the right leg (i.e., a clock-

wise direction). The negative mass flow rate value shows the flow is in a clock-wise

direction and vice versa. At all levels of heat inputs, because of diodicity in T-NCL, the

frequency and amplitude of mass flow oscillation consistently decrease with time for a

given heat input, and at 750 W and 1000 W, the loop reaches to steady-state. It is very

interesting to note that incorporating the Tesla valve in the loop effectively mitigates the

inherent instability behaviour of the natural circulation loop without sacrificing (maxi-

mum 7% reduction) the performance of the loop to the mass flow rate.

The measured time required to reach steady state for the experimental study is

found to be longer than the simulation study. It occurs due to the assumptions of adia-

batic walls considered in the simulation. In experiments, heat transfer from the loop to

the surrounding cannot be made zero, and it also varies as the temperature of the loop

changes. Additionally, the heat loss to the ambient puts the loop to behave as the case

of lower heat input. It is to be noted that the loop at lower heat input takes more time to

reach steady state in the case of supercritical CO2.
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Figure 6.12: Mass flow rate variation at 90 bar with different heat inputs at (a) 250 W,
(b) 500 W, (c) 750 W and (d) 1000 W.
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6.7.2 Temperature variations

A comparative transient temperature variation of R-NCL and T-NCL for various heat

inputs at a pressure of 90 bar are shown in Fig. 6.13(a-d) is calculated at the center of

right leg. In CHX, water is used as a coolant fluid at a temperature of 32◦C with a mass

flow rate of 3 LPM to sensibly remove the heat from the loop. The heat inputs over a

range of 250 W to 1000 W are applied to the heater to trigger the fluid flow from its

quiescent state. Circulation of the loop fluid is maintained due to the buoyancy effect

caused by heating at the bottom and cooling at the top.

It is proven that the heat exchanger efficiency deteriorates if its nature switches

from counter-flow to parallel flow. Similarly, the heat transfer performance at the heater

also gets affected if the temperature difference between the heating section and the loop

fluid keeps on changing with time.
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Figure 6.13: Variation of temperature at 90 bar for R-NCL and T-NCL cases with dif-
ferent heat inputs at (a) 250 W, (b) 500 W, (c) 750 W and (d) 1000 W.

So, the temperature distribution in the loop fluid adversely affects the overall heat trans-

port capacity of the loop and eventually amplifies instability in the loop. Hence, by

providing a uni-directional flow, the oscillatory behaviour of the loop gets reduced to

the maximum extent and enhances the heat transport capability.

From Fig. 6.13, it is observed that fluid temperature oscillation is appreciably

reduced with Tesla valve integration in the loop. The effect of Tesla in mitigating the

oscillatory nature of the loop fluid keeps on improving with an increase in the heat input

at the source. The amplitude of temperature oscillation of loop fluid in T-NCL is less

than R-NCL, and at a higher level of heat input, its reduction is very noticeable. It is

interesting to note that the time duration required to reach a stable state or a steady state

in T-NCL is less than R-NCL at all levels of heat input. In T-NCL, the temperature

reaches a steady state at a faster rate than R-NCL at higher heat input considered in the

experimental study.
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6.7.3 Pressure variation

Figures 6.14(a-d) depict the variation of differential pressure across the heater in the

R-NCL and T-NCL at various heat input levels ranging from 250 W to 1000 W.
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Figure 6.14: Variation of differential pressure across heater at 90 bar for R-NCL and
T-NCL cases with different heat inputs at (a) 250 W, (b) 500 W, (c) 750 W and (d) 1000
W.
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The differential pressure gradient across the heater is the one that decides the flow be-

haviour of the loop. At higher heat input, the mass flow rate increases due to higher

buoyancy force cause a higher pressure drop across the heater. Also, as the heat input

increases, the density of the loop fluid decreases and thus, flow velocity in the loop

increases. An increase in the fluid velocity along the Tesla valve increases the pressure

drop across it, as shown in Fig 6.14. The pressure drop in the T-NCL is high compared

to R-NCL at all heat inputs due to additional length of curved part in the Tesla valve.

6.8 Validation

Validation of obtained simulation results are done with the experimental data and avail-

able correlation given by Chen and Zhang (2011) in terms of non-dimensional parame-

ters (shown in Fig. 6.15), a good agreement is found between them.
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Figure 6.15: Validation of simulation data with experimental results and available cor-
relation.

Reynolds number is calculated on the basis of below formulae:

Re =
4m

πµd
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Where, m i.e., mass flow rate is obtained from Coriolis flow meter and thermophysical

properties are calculated from NIST (2013) data, based on the loop temperature taken

from thermocouples. The maximum deviation of simulation results from experimental

data is 12% and from correlation is 4%.

Simulation results obtained from CFD analysis are also validated with the experimental

data in terms of mass flow rate (as shown in Fig. 6.16), and the comparison reflects a

good match.

The maximum difference is found to be 6% between the experimental and the numerical

data. The deviations are due to the three-dimensional (experimental) analysis and two-

dimensional CFD simulation.
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Figure 6.16: Validation of simulation data with experimental results in terms of mass
flow rate.

6.9 Summary

Conclusions from experimental results can be summarized as follows:

i. Experimentally it is also found that Modified Tesla valve is found to be an effec-

tive tool to curb instability in NCLs.

ii. For the accuracy of the curvatures, flow path surface smoothness inside the Tesla

valve and capability to withstand the supercritical pressure, it is advisable to use

sufficiently thick SS plates with proper CNC machining procedure to fabricate

the modified Tesla valve.

iii. A reasonably good agreement is exhibited between the simulation predictions and

the test data.

iv. The reported time required to reach steady-state in study is longer in the experi-

mental study than the simulations.
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CHAPTER 7

Conclusions and Scope of Future Work

7.1 Conclusions

The present dissertation analyzes several aspects of supercritical CO2 based NCL with

and without Tesla valve in both numerical and experimental points of view. To provide

a comprehensive overview of the dissertation, all the investigations are briefly summa-

rized, and the salient observations are reiterated in the following sections.

7.1.1 Supercritical CO2 flow instability in natural circulation loop

Three-dimensional computational fluid dynamics (CFD) simulation on a supercritical

CO2 based natural circulation loop (scCO2-NCL) with heater as a source and heat-

exchanger as a sink is carried out by varying the operating pressure from 80 to 100 bar

and heat input from 250 W to 2500 W. The following conclusions are drawn from the

study:

i. For supercritical CO2 based NCL, a threshold heat input value exists at which the

loop switches from an unstable bi-directional or unstable unidirectional fluctua-

tion to a stable flow.

ii. In the range of operating pressure (80-100 bar) considered in the study, it is ad-

visable to operate scCO2-NCL near pseudo-critical region to get minimum insta-

bility. The study noticed that operation at pseudo-critical pressure (also lower

pressure in this study) led to unidirectional pulsations, whereas bidirectional os-

cillations were observed at pressures away from pseudocritical region.

iii. Unidirectional flow shows better heat transfer in the loop.
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7.1.2 Instability mitigation by integrating modified Tesla type valve

As observed in the previous section, NCL can undergo continuous fluctuations and

flow reversals. Therefore, an effort has been made to identify suitable options for sup-

pressing instability. Thus, the possibility of implementing a modified Tesla valve in

the loop has been used to curb instability by promoting a unidirectional flow. A two-

dimensional comparative computational fluid dynamics simulation with and without a

modified Tesla type valve for supercritical CO2 based NCL having heater as a source

and isothermal wall as a sink over a range of pressures (80 to100 bar) and heat inputs

(500 to 2000 W) have been carried out to determine the fluid flow behaviour and perfor-

mance of both the loops. The following conclusions are drawn based on the obtained

CFD simulation:

i. By inserting a modified Tesla valve in the loop, directional instability of natural

circulation loop can be avoided.

ii. Modified Tesla valve in NCLs is capable of mitigating the magnitude of velocity

oscillation to a greater extent and eventually establishes a steady-state in the loop.

iii. Oscillation in temperature and the thermal shocks in the NCL can be reduced

with the help of modified Tesla valve.

iv. Modified Tesla valve can reduce flow reversal in low heat input condition (or

lower down the reversal limit) and prescribe flow direction, ensuring a steady-

state at relatively higher heat input conditions.

v. This design of the Tesla valve is found to be highly effective for mitigating insta-

bility in supercritical CO2 based NCL.

7.1.3 Instability mitigation by integrating twin Tesla type valves in NCL

In the previous section, it was observed that the use of a single Tesla type valve in NCL

is not capable of mitigating the instability at low heat input (500 W). Hence, twin Tesla

type of valves is chosen for the study. 2-D CFD simulations have been carried out for
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a range of supercritical pressures (80 to 100 bar) and heat inputs (500 to 2000 W) to

do the comparative investigation of instability phenomenon in supercritical CO2 based

regular natural circulation loop, single Tesla NCL and twin Tesla NCL. The following

conclusions are drawn from this study:

i. For low heat inputs, twin Tesla valve can be used as a viable option to curb insta-

bility.

ii. Oscillation in regular NCL is maximum, while in twin Tesla NCL it is minimum.

Thus, an increase in the number of Tesla type valve mitigates the instabilities in

the NCL.

iii. Twin Tesla valve is capabale of providing steady state at a faster rate.

iv. The maximum drop in Nusselt number in Twin Tesla NCL is 15%, whereas,

for single T-NCL it is 8% compared to regular NCL. Hence, it is advisable to

use single Tesla in the loop for better heat transfer capability and to mitigate

instability. However, for lower heat input, twin Tesla NCL can be used if a single

Tesla valve is not able to curb instability.

7.1.4 Experimental investigation

Experimental investigations with regular NCL (R-NCL) and single Tesla NCL (TNCL)

have been done at a pressure of 90 bar for the various heat inputs 250 W, 500 W, 750 W,

and 1000 W. Mass flow rate, differential pressure, and temperatures at various locations

are recorded during experiments. Obtained experimental data is also used to validate

simulation results. Conclusions from experimental results are summarized as follows:

i. Experimentally, it is proved that the modified Tesla valve is found to be an effec-

tive tool to curb instability in NCLs.

ii. The measured time required to reach a steady-state for the experimental study is

found to be longer than the simulation study.
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iii. Simulation results show a higher amplitude of instability than experimental data.

iv. A reasonably good agreement is exhibited between the simulation predictions and

the test data.

7.2 Scope for future work

In the course of the present study, a few areas were set aside that need to be addressed

in the near future. Some are enumerated below:

i. More experiments with and without Tesla valve with precisely controlled instru-

mentation system and image-sensing technologies are needed to understand the

effect of the operating parameters on fluid behaviour.

ii. Experiments with different geometrical modification (like change in diameter,

height and orientation etc.) with greater precision and accuracy are required.

iii. Due to the dearth of any direct controlling mechanism in supercritical fluid-based

NCLs, intense analysis at the design level is needed to ensure proper performance

prior to real-time operation.

iv. A fully dedicated study on the factors affecting the stability behaviour needs to

be investigated numerically and experimentally.
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