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Abstract

A one-dimensional transient code is developed for studying the flow transient in the supercritical CO; natural
circulation loop. The transient code is validated with the experimental result. Various flow transients such as flow
initiation, power step up and power step back have been studied. The effect of operational parameters and
geometrical parameters on flow initiation transient also has been studied. In all cases steady state has been reached
and instability is not observed in vertical heater vertical cooler configuration of supercritical CO, natural circulation
loop.
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1. Introduction

In natural circulation loop, heat is transferred passively from heat source to heat sink without the use of any
mechanical pumps. Natural circulation loop consists of a heat source at the lower elevation, sink at higher elevation
and piping connecting source and sink. Heat transport by natural circulation of coolant is inherently safer due to its
passive nature. In rectangular closed natural circulation loop, four configurations are possible by varying the heater
and cooler positions namely, Horizontal Heater Horizontal Cooler (HHHC), Horizontal Heater Vertical Cooler
(HHVC), Vertical Heater Horizontal Cooler (VHHC) and Vertical Heater Vertical cooler (VHVC).

Supercritical water reactor (SCWR) is one of the six nuclear reactors, selected by Gen IV International Forum
(GIF) for further development. Instead of supercritical water, some reactor designs consider supercritical CO; as
coolant [1]. Experiments involving supercritical water are expensive since they involve design and development of
very high pressure and high temperature facilities. The variation of density, specific heat, viscosity and thermal
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conductivity of CO; with temperature at supercritical pressures is qualitatively similar to that of water. Hence, CO;
is considered a good substitute for water for heat transfer studies.

Nomenclature
D Diameter % Velocity (m/s)
fo Friction factor U Overall heat transfer coefficient (W/m? K)
Cp Specific heat of fluid at constant pressure (J/’kg K)
g Gravitational acceleration (m/s?) Greek symbols
ke Elbow loss coefficient 7] Angle with horizontal axis
P Pressure (Pa) A Thermal conductivity (W/m K)
q Heat flux (W/ m?) P Density (kg/m?)
r Radius
T Temperature (K) Dimensionless parameter
T, Secondary side temperature (K) Re Reynolds number

A supercritical pressure natural circulation loop (SPNCL) uses fluid above its critical pressure. A fluid heated to
above the critical temperature and compressed to above the critical pressure is known as a supercritical fluid. In
supercritical fluid, the phase change occurs from liquid like fluid to gas like fluid without forming any
discontinuities in the fluid properties. In this paper various flow transients in vertical heater vertical cooler
configuration of supercritical CO; natural circulation have been studied. The effect of various geometrical and
operational parameters on flow initiation transient also has been studied.

2. Experimental Setup

The experimental set up of supercritical CO; natural circulation loop is shown in Figure 1.
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Design details of this loop are published earlier [2] and only relevant details are given here. It is a uniform
diameter rectangular loop with 13.88 mm inside diameter and outside diameter of 21.34 mm. The loop has two
heater sections and two cooler sections. The loop can be operated in any one of the four orientations (HHHC,
HHVC, VHHC or VHVC) by switching on one heater and one cooler. The cooler was tube-in-tube type heat
exchanger with chilled water as secondary coolant flowing in the annulus. The CO; in the loop is pressurized to
desired value by filling the cover gas (helium) above the carbon dioxide in the loop at appropriate pressure. The
operating pressure is measured with the help of two pressure transducers. The fluid temperature is measured at
heater inlet, heater outlet, cooler inlet and cooler outlet positions.

3. Numerical Model

One dimensional governing equations are derived by considering conservation of mass, momentum and energy
over a small control volume. In one- dimensional analysis, the only spatial co-ordinate ‘s’ runs around the loop.
Variable property formulation is derived.

Transient 1D continuity, momentum and energy equations are given below

d d

9 (e L (pv)= 1
S (P)+—-(pv)=0 (1)
El d _ o _ (fo pv?

Sy Loy = 2 P2 cosd [D +1<Lj ' 2

T . componentof fluid element —
Convection pressuregradient o L frictionat walland elbow
weightin"s" direction

2o 2vepn)=2(28)e 2 - Mg v 2ol @

ds os\ " as g

heat gain at source heat lost in sink

The last term in equation (3) on RHS appears only in variable property formulation and is actually a part of
convection term, hence it is modelled using upwind differencing. The third term in equation (3) appears only in
heater section while fourth term is non-zero only in cooler section. Empirical correlations are used for heat transfer
coefficient and friction factor. The secondary side flow is in turbulent region. Hence Dittus-Boelter equation is used
for calculating the outside heat transfer coefficient (h,). Sharma et. al. [3] analyzed the predictability of different
correlations for supercritical heat transfer coefficient and concluded that Bringer-Smith correlation gives better
results. In view of this, the inside heat transfer coefficient (h;) is calculated using Bringer-Smith correlation [4].
Friction factor required in momentum equation is calculated using the following expression.

64 0.316] @

Re Re025

where first component stands for laminar flow and 2" stands for turbulent flow. This approach ensures transition
from laminar to turbulent flow avoiding discontinuity in friction factor value and thereby avoiding numerical
oscillation.

The governing equations are discretized using finite volume method [5]. The transient term is discretized using
first order implicit method. The convection terms in the momentum and energy equations are discretized using first
order upwind scheme. The diffusion term in energy equation is discretized using central difference method after
integration over a control volume. Cyclic TDMA [6] is used for the solution of set of algebraic equations. The
momentum, energy and pressure correction equations are coupled using SIMPLE algorithm. The convergence is
ensured in each case by reducing the residuals of mass, momentum and energy equations to around 107 at each time
step.
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4. Mesh and time independence study

Mesh independency was studied with different axial grid spacings such as 0.05 m, 0.02 m, 0.01 m and 0.005 m
by keeping time step as 0.01s. The operating conditions are kept constant in each case. The heater power applied is
500 W, operating pressure is 85 bar, secondary side coolant inlet temperature is 280 K and the secondary side
coolant flow rate is 40 Ipm. The heater outlet mass flow rate using different axial grids is shown in Figure 2. The
figure shows that mass flow rate profile computed using grid spacing of 0.01m and 0.005 m coincide with each other

and only small deviation is there for other grid spacing. The cross sectional area used to calculate the mass flow rate
2
is A:nDT", where D; is inside diameter of the pipe. Hence grid spacing taken for the further simulation is 0.01m.

Time independency was studied with different time step such as 0.02 s, 0.01 s and 0.005 s by keeping grid spacing
as 0.0lm. The heater outlet mass flow rate using different time step is shown in Figure 3. There is not much
variation in heater outlet mass flow rate as the time step increases. But the increase in time step needs more SIMPLE
iterations per time step, it takes more computational time with higher time step value. In order to optimize the
computational time, a time step of 0.01s is fixed for further simulation.
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Figure 2 Mesh independence study Figure 3 Time independence study

5. Validation

The code result is compared with the experimental result for VHHC case reported by Vijayan et al [7]. The
experiment conditions are coolant flow rate is 5 Ipm and inlet temperature of the coolant is 28°C and heater power of
232W at atmospheric pressure. The working fluid is water at atmospheric pressure. Time variation of pressure drop
along the bottom horizontal pipe is computed for this power using transient code, which is shown in Figure 4. The
figure shows that the result is qualitatively matching with the experimental results.
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Figure 4 Validation of 1D code with experimental result
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6. Results and Discussion

Various flow transients such as flow initiation, power step up and power step back have been studied. The effect

of various parameters such as operational and geometrical parameter on the flow initiation transient studies also has
been studied.

6.1. Flow initiation transient

In order to study the flow initiation transient in the natural circulation loop, the fluid is kept stagnant. A uniform
initial temperature is specified which is same as that of secondary side temperature. A heater power is given to
initiate the flow from the stagnant condition. The coolant flow rate is kept 40 lpm and coolant inlet temperature is
kept 7° C at the cooler. The results plotted here are at a pressure of 85 bar. In VHVC, the left leg above heater is
referred as the hot leg and the right leg below cooler is referred as the cold leg. The flow depends upon the pressure
difference between these two legs. The heater is placed at the left vertical leg, this ensures the clockwise flow along
the loop in the vertical heater vertical cooler configuration. The transient variations of heater outlet mass flow rate
and temperature rise across heater for heater power of 500 W are shown in Figure 5. The transient variation of heater
inlet, heater outlet, cooler inlet and cooler outlet temperature are plotted and is shown in Figure 6 for heater power
of 500 W. The alternate play of friction force and buoyancy force causes the oscillations in the mass flow rate.
Ultimately a steady state reaches at which the buoyancy force balances the frictional force.
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Figure 7 Transient variation of mass flow rate and temperature rise in

heater at heater power of 1500 W Figure 8 Transient variation of heater inlet and outlet, cooler inlet and
outlet temperature at heater power of 1500 W

The transient variation of heater outlet mass flow rate for heater power of 1500 W is shown in Figure 7. The
transient variation of heater inlet, heater outlet, cooler inlet and cooler outlet temperature are plotted and is shown in

Figure 8 for heater power of 1500 W. The pseudo-critical temperature of CO; at pressure of 85 bar is 310.5 K. The
heater outlet temperature for heater power of 500 W is below pseudo-critical point, so the transient is same as that of
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subcritical flow. But the heater outlet temperature for heater power of 1500 W is above pseudo-critical point. The
fluid initial temperature is below pseudo-critical point. As increasing the temperature, the density decreases rapidly
for supercritical fluid. As the fluid passes through the pseudo-critical point, the fluid density decreases and hence
frictional force increases which induce a reduction in mass flow rate and increase the heater outlet temperature.

6.2. Effect of operational parameters on flow initiation transient

Effect of operating parameter such as initial temperature, initial fluid velocity, coolant flow rate and operating
pressure on flow initiation transient for heater power of 1500 W has been discussed in this section.
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Figure 10 Effect of initial velocity on flow initiation transient
In order to study the effect of operational parameter, only one parameter is changed and others are kept
constant. The flow initiation transients for different initial temperature such as 280 K and 320 K are shown in Figure
9. One initial temperature is below pseudo-critical point and other initial temperature is above pseudo-critical point.
As the fluid goes through the pseudo-critical point the mass flow rate increases at around time of 150 second
because of high density difference at that point. When the temperature reaches above the pseudo-critical point the
density decreases drastically and the density difference also decreases, which makes the mass flow rate in loop to
decrease beyond flow time of 200 second. When the temperature is above pseudo-critical point, the rise in mass
flow rate is not observed around 150 second, since the density difference is less in that case. The flow initiation
transients for different initial velocity such as 0.001 m/s and 0.02 m/s are shown in Figure 10. From the figure it can
be concluded that the transient is not affected by the initial fluid velocity, since the steady state velocity is higher

than the initial fluid velocity. The steady state value is not affected by the initial temperature and initial velocity.
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Figure 11 Effect of secondary side coolant flow rate on flow initiation Figure 12 Effect of operating pressure on flow initiation transient

transient

The effect of secondary side flow rate on flow initiation transient are studied by keeping different coolant
volumetric flow rate such as 10, 20, 30, 40 and 50 lpm. The flow initiation transient for different coolant flow rate is
shown in Figure 11. As increasing the coolant flow rate the steady state mass flow rate increases. This is because the
average temperature in the loop decreases. The effect of operating pressure on flow initiation transient is studied by
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changing the pressure such as 85, 90 and 95 bar. The flow initiation transient for different coolant flow rate is shown
in Figure 12. The steady state mass flow rate is different in each case, this is because the density difference (driving

force) is not same. The density difference is more for pressure of 95 bar and hence the mass flow rate is more
compared to 85 bar.

6.3. Effect of geometrical parameters on flow initiation transient

The effects of geometrical parameters such as loop diameter and centreline elevation difference between heater
and cooler on flow initiation transient for heater power of 1500 W are discussed in this section. The operational
parameters are same as that mentioned in the previous section. The flow initiation transient for different loop
diameter is show in Figure 13. The oscillation is more for loop diameter of 20 mm, since the loop friction is less.
And oscillation is least for loop diameter of 6 mm since the loop friction is more. The steady state mass flow rate is

different for each case, because of the friction. The higher friction causes the mass flow rate to decrease and the
temperature in loop to increase.
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The effect of centreline elevation difference between heater and cooler (Az) is studied by changing the length of
pre-heater and pre-cooler length. Four case has been taken, first case is Lprh=0.75m; Lprc=0.75m; Az=1.45m, the
second case is Lprh=0.75m; Lprc=1.2m; Az=0.975m, third case is Lprh=1.2m; Lprc=0.75m; Az=0.975m and the
fourth case is Lprh=1.2m; Lprc=1.2m; Az=0.525m. The flow initiation transients for these cases are shown in Figure
7, Figure 14, Figure 15 and Figure 16 respectively.
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The mass flow rate is higher in the first case, since the centreline elevation difference is higher in that case. As
increase in the pre-cooler length does not have any effect in the transient. But increase in the pre-heater length
shows more oscillations in the mass flow rate. In the fourth case the oscillation is more and even the flow reverses.
But in all cases the flow is stabilized and no instability has observed for the VHVC configuration of SPNCL
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6.4. Power step up and step back transient

The power step up and step back transients are shown in Figure 17 and Figure 18.
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transient transient

The power step up study has been done by raising the heater power from 500 to 3000 W with a step of 500 W.
The mass flow rate is plotted during the power step transient in Figure 17. As increase in the power, the steady state
mass flow rate increases. But beyond the power of 1000 W, the mass flow rate decreases. This is because the density
difference is maximum at pseudo-critical point. Beyond pseudo-critical point, the density difference decreases,
which is the cause for mass flow rate to decrease. The power step back study has been done by decreasing the heater
power from 3000 to 500 W with a step of 500 W. The mass flow rate is plotted during the power step transient in
Figure 18. In both power step up and step back transient same steady state is achieved at corresponding power that
means hysteresis is observed.

7. Conclusion

A one-dimensional transient code is developed for studying the flow transient in the supercritical CO, natural
circulation loop. The transient code is validated with the experimental result. Various flow transients such as flow
initiation, power step up and power step back have been studied. The effect of operational parameters and
geometrical parameters on flow initiation transient also has been studied. In all cases steady state has been reached
and instability is not observed in vertical heater vertical cooler configuration of supercritical CO, natural circulation
loop.
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