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Abstract Carbon dioxide (CO,) based natural circulation
loops (NCLs) has gained attention due to its compactness
with higher heat transfer rate. In the present study, experi-
mental investigations have been carried out to capture the
transient behaviour of a CO, based NCL operating under
subcritical as well as supercritical conditions. Water is
used as the external fluid in cold and hot heat exchang-
ers. Results are obtained for various inlet temperatures
(323-353 K) of water in the hot heat exchanger and a fixed
inlet temperature (305 K) of cooling water in the cold heat
exchanger. Effect of loop operating pressure (50-90 bar)
on system performance is also investigated. Effect of loop
tilt in two different planes (XY and YZ) is also studied in
terms of transient as well as steady state behaviour of the
loop. Results show that the time required to attain steady
state decreases as operating pressure of the loop increases.
It is also observed that the change in temperature of loop
fluid (CO,) across hot or cold heat exchanger decreases as
operating pressure increases.

List of symbols

¢, specific heat capacity(J/kgK)

Cu Copper

D internal diameter of inner pipe or loop diameter (m)

d, external diameter of inner pipe or loop diameter
(m)

g gravitational acceleration (m/s?)
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H, total height of vertical pipe (m)

L length of CHX (sink) and HHX (source) (m)
L, total length of a horizontal pipe (m)

L, adiabatic pipe length on horizontal pipe (m)
m mass flow rate (kg/s)

0 heat transfer rate (W)

q" heat flux (W/m?)

R Radius of curvature for bends (m)
SS Stainless steel

T temperature (K)

t time (s)

Greek letters

AT loop fluid temperature difference between riser and
downcomer centres (K)

AT,  temperature rise/drop of water across the CHX or
HHX (K)

Subscripts

CHX cold heat exchanger, sink

CO, carbon dioxide

HHX hot heat exchanger, source
w water

1 Introduction

Natural circulation loops (NCLs) are attractive due to
their simplicity and reliability. In recent years, there
has been an increasing interest towards the applica-
tion of carbon dioxide in the area of cooling, heating
and power generations. Revival of CO, as a refrigerant
in the recent past was reviewed by Pearson [1]. Car-
bon dioxide based NCLs are very compact in com-
parison to other conventional working fluids due to the
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favourable thermophysical properties of CO, [2, 3]. CO,
based NCLs have been proposed for several heat transfer
applications such as new generation nuclear reactors [4],
chemical extraction [5, 6], cryogenic refrigeration [7],
heat pump [8], electronic cooling systems [9], geothermal
[10, 11], and solar thermal applications [12]. However,
detailed studies on CO, based NCLs are limited in litera-
ture. Yanagisawa et al. [13] carried out experimental stud-
ies on a two-phase NCL that employed CO, as secondary
fluid in a vapour compression refrigeration system that
used ammonia as primary refrigerant. Kumar and Ram-
gopal [14] carried out experimental study on a CO, loop
with end heat exchanger in subcritical region (vapour
phase, liquid phase and liquid and vapour phases) by var-
ying the amount of CO, charged into the loop as well as
the external fluid temperatures. Chen et al. [15] carried
out an experimental investigation on steady state perfor-
mance of a CO, based thermosyphon operating near criti-
cal point. They observed small change in bulk mean tem-
perature across the cooler near to pseudocritical points in
supercritical region. Manish et al. [16] conducted experi-
ments in a supercritical pressure natural circulation loop
(SPNCL) with carbon dioxide as working fluid. They
used electric heater in place of HHX and observed insta-
bility in a narrow window of power with the loop oper-
ating in the pseudo-critical temperature range. Liu et al.
[17, 18] carried out experimental study in a simple rec-
tangular loop with vertically placed heating section to
study the steady-state characteristics of supercritical CO,
based NCL. They investigated the effects of system pres-
sure, inlet temperature, heat flux, and buoyancy force on
the system behaviour. No instabilities in the flow were
observed during the experiment. Archana et al. [19] car-
ried out experiment to study the transient behavior of
supercritical CO, based NCL with electric heater in place
of HHX, and developed one-dimensional transient code.
Swapnalee et al. [20] reported test results for supercriti-
cal CO, and water based NCLs. They considered a heater
at the bottom and cold heat exchanger at the top, and pre-
sented results for steady state only.

Experimental studies on NCLs employing supercritical
CO, with end heat exchangers are rarely reported in the
open literature [14, 21], and the same is true for experi-
ments on transient analysis of supercritical CO, based
NCLs. To fill in that critical void, this study presents exper-
imental studies of subcritical/supercritical CO, based NCL
with end heat exchangers. Results are presented on the
transient behaviour of the loop at various operating pres-
sures and temperatures. Loop transient behaviour has been
studied for various tilt angles as well in XY and YZ planes.
The operating parameter range is chosen such that the loop
fluid (CO,) exists as a subcritical or supercritical single-
phase fluid. This experimental work will make it easier for

@ Springer

future researchers to validate their numerical models and
carry out more parametric studies to understand the loop
behaviour.

2 Experimental facility and procedures
2.1 Experimental facility

A detailed schematic of the test facility employed in this
study is shown in Fig. 1a. The arrangement comprises two
tube-in-tube heat exchangers (hot heat exchanger and cold
heat exchanger) and two vertical tubes (riser and down-
comer). Additionally, a CO, reservoir (expansion tank) is
also employed in the test rig.

Both the heat exchangers are counter flow tube-in-tube
type; CO, flows in the inner tube while the external fluid
(water) flows in the outer annulus. K-type thermocouples
(11 sensors, range: —270 °C to 1260 °C, accuracy: 0.4%) of
suitable length are attached to measure CO, and water side
temperatures (positions of temperature sensors are shown
in Fig. la). Two RTDs (Type: Pt100, range: —100 °C to
4200 °C) are also employed to measure the temperature of
CO, at the centre of left and right legs.

The 15L CO, reservoir, employed to function as an
expansion tank, was kept in a water bath. This is required
to maintain loop at a constant operating pressure.

Figure 2 shows a photographic view of the test facility.
A thermostatic bath (Julabo Model F25, range: —20 °C to
4150 °C, accuracy: = 0.01 °C) having a heating capac-
ity of 2 kW is used to supply constant temperature water
to the hot heat exchanger. A chilled water circulator
(Julabo model F1701, range: —40 °C to +40 °C, accu-
racy: & 0.1 °C) of 1 kW capacity (at 273 K) is used to sup-
ply chilled water at constant temperature to the cold heat
exchanger. To measure the mass flow rate of water, two cal-
ibrated rotameters (0—10 LPM range, least count: 0.1 LPM)
are connected separately to both the external fluid systems
and mass flow rate of water is controlled by valves.

A Bourdon pressure gauge (0-200 bar, least count:
5 bar) is connected at the centre of left leg. Thermocou-
ples are attached to the outside surface of SS tubes by alu-
minium tape. Thermocouples used for measuring water
inlet and outlet temperature from the heat exchangers are
in direct contact with water. Two RTDs monitored the tem-
perature of CO, at the centre of left and right legs. Sensors
of both the RTDs are fitted in direct contact with the inter-
nal loop fluid CO,. A computer integrated data acquisition
system (Yokogawa, Model MW 100, accuracy: £ 0.01 °C)
is employed to collect and store various temperature data
of the loop. Geometric details of the test rig are given in
Table 1. The setup is designed such that the loop can be
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Fig. 1 a Detailed schematic
of the test facility. b Rotation
of the loop in XY plane (front
view). ¢ Rotation of the loop in
YZ plane (side view)

(a)

16

RTDs

— CO2 line
Hot water line

Cold water line

. Location of thermocouples/RTDs

1: CHX, 2: HHX, 3: Left leg (Riser), 4: Right leg (downcomer), 5: Rotameters, 6: Thermostatic
bath for HHX, 7: Data acquisition system, 8: Thermostatic bath for CHX, 9: Water bath for
expansion tank, 10: CO; reservoir cylinder (expansion tank), 11: CO> cylinder, 12: Heating
coil, 13: Cooling coil, 14: Valve, 15: Safety valve (pressure relief valve), 16: Pressure gauge,
17: Water pump

(b) sy
C/y*
%
lf"‘r ‘
\‘\
$)
14 \—
[
X
‘94717? ) * v
) /\ g 4
¢ If\ L
0 v
_______ X

@ Springer



Heat Mass Transfer

Fig. 2 Photographic view of
the test facility

1: CHX, 2: HHX, 3: Left leg (Riser), 4: Right leg (downcomer), 5: Rotameters, 6: Thermostatic bath for

HHX, 7: Data acquisition system, 8: Thermostatic bath for CHX, 9: water bath for expansion tank, 10:

CO; reservoir cylinder (expansion tank), 11: CO; cylinder.

Table 1 Geometric details of experimental setup

Parameters Values
HHX and CHX:
Inner tube inner diameter (SS) 7.3 mm
Inner tube outer diameter (SS) 9.6 mm
Outer tube inner diameter (Cu) 16 mm
Outer tube outer diameter (Cu) 19.2 mm
Total Length including side wall thickness (Cu) 400 mm
Internal length (Cu) 390 mm
Height of riser/downcomer 500 mm
Internal diameter of riser/downcomer 7.3 mm
Height of riser/downcomer 500 mm
Radius of curvature at bends 50 mm
Material of the loop SS
Volume of expansion tank ISL

tilted at any required angle in XY or YZ plane as illustrated
in Fig. 1b, c.

2.2 Experimental procedure

Before starting the experiment for transient analysis, ini-
tial temperature of the loop was maintained uniform at
305 K by circulating water in CHX and HHX at required
temperature. To achieve higher operating pressure (in the
case when CO, cylinder pressure is lower), loop fluid is
precooled up to the calculated temperature (using equa-
tion of state for CO,) at cylinder pressure. Thereaf-
ter, water at 305 K was circulated in CHX and HHX to
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Table 2 Range of operating variables for subcritical/supercritical
phase during experiment

Parameters Range Error range (%)
System pressure 50-90 bar +2.5

Hot water inlet temperature (7;) 323-353 K +0.315

Cold water inlet temperature 305 K +0.315

(Te)
Cold water flow rate (m 0.0167-0.05 kg/s £10

0.0167-0.05 kg/s +10

WC)

Hot water flow rate (m,,;,)

achieve the initial condition. Excess pressure, if any, is
relieved to CO, cylinder. The entire range of operating
variables is presented in Table 2 as a test matrix. All tem-
peratures are recorded at an interval of 0.5 s. Each test
run is carried out from the initial state to steady state and
steady state to stop/final state. Steady state condition is
assumed to be reached based on the temperature reading
satisfying the standard steady-state norms at any location
of the loop. The expansion tank is maintained at the oper-
ating pressure of the loop, and it is connected at the cen-
tre of right insulated leg of the loop.

3 Results and discussion

Unless otherwise mentioned, the mass flow rate of water
in CHX as well as in HHX is maintained constant at a
value of 0.05 kg/s. From calculations it is seen that this
flow rate ensures turbulent flow on the water side. Initial
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loop temperature is maintained at 305 K before the start of
experiment. It may be noted that most of the transient anal-
ysis results have been plotted for a position at the centre of
left leg.

3.1 Effect of pressure

Influence of system operating pressure on the transient
behaviour of the loop has been studied experimentally
for a fixed water inlet temperature of CHX (305 K) and
HHX (323 K). Figure 3 shows the variation of CO, tem-
perature at the left leg centre for different operating pres-
sures. Results indicate that the system reaches steady
state quickly when the operating pressure is high. It may
be attributed to good thermo physical properties of fluid
at higher pressure. At constant temperature, all thermo
physical properties (i.e., density, specific heat, volumet-
ric expansion coefficient, viscosity) of CO, increase with
increase in operating pressure. A higher value of these
thermo physical properties except viscosity is favour-
able for NCLs and these properties in combination lead
the system to reach steady state faster. Table 3 depicts
the approximate time to reach steady state for different
operating pressure. It can be seen that there is an abrupt
drop in time to reach steady state as operating pressure
changes from 60 to 70 bar. This occurs due to the addi-
tional effect of operating a loop near critical/pseudocriti-
cal condition at which thermo physical properties are
most favourable to NCL. It is worth mentioning here that
the critical pressure and temperature of CO, are 73.8 bar
and 304.3 K. In the present study, average operating tem-
perature (314 K) of the loop lies near the pseudocritical

315 | TC =305 K
T,=323K

313+
g
2t
=
A
I —a— 50 bar
g 309 —— 60 bar|
€ —e— 70 bar
(] —O— 80 bar|
F 07 —a— 90 bar

305

0 200 400 600 800 1000
Time (s)

Fig. 3 Variation of loop fluid (CO,) temperature at left leg centre
with time for different operating pressure

Table 3 Time to reach steady state for different operating pressure

Pressure (bar) 50 60 70 80 90

Time (s) 950 850 350 300 170

point (313.1 K) for 90 bar which causes the system to
reach steady state faster at 90 bar.

3.2 Effect of tilt

Experiments are carried out to study the effect of loop tilt
angle on loop behaviour. The loop is tilted in XY plane as
well as in YZ plane. Figure 4 shows the variation of loop
fluid (CO,) temperature at the centre of the left leg with
time for different angles of tilt and at an operating pres-
sure of 90 bar. Results show that the time taken to reach
steady state is almost the same in all the cases at 90 bar.
Experiments are also conducted for other pressures and
same trend is observed. Effect of tilt on temperature of
loop fluid (at left leg centre) can be seen clearly at 45°
tilt angle. As loop is tilted in YZ plane, effective height
of the loop decreases which reduces the buoyancy effect
and causes temperature of the loop to increase. At a tilt
angle of 30°, there is no significant change in tempera-
ture of loop fluid compared to 0° tilt angle. This is also
observed in a numerical study carried out by Yadav et al.
[22]. Lower loop temperature is observed in the case of
tilting loop by 45° in XY plane. It occurs due to more sta-
ble (unidirectional) flow compared to tilting in YZ plane
or 0° case [22, 23].

315
P =90 bar N
T, =305K
33| |1,=323k
=3
o 311
3
o
Q. 309 —0— 30° XY|
g —o—30°YZ
- —o— 45° XY
307 —A—45° YZ
305
0 100 200 300 400
Time (s)

Fig. 4 Variation of loop fluid (CO,) temperature at left leg centre
with time for different angles of tilt at 90 bar
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Fig. 5 Variation of the loop fluid (CO,) temperature difference for
different tilt angles

3.3 Effect of tilt on temperature difference
between riser and downcomer

Test results on the temperature difference between riser and
downcomer are obtained at 90 bar for different angles of
tilt and are shown in Fig. 5. The loop is tilted in XY plane
as well as in YZ plane. At a higher angle of tilt (45°)in the
YZ plane, mass flow rate of loop fluid decreases due to
weaker buoyancy effect [21, 22] leading to an increase in
temperature difference between the left leg and the right
leg. Whereas, in the case of tilt in XY plane, temperature
difference between left and right leg is less due to more sta-
ble (unidirectional) flow as explained above in Sect. 3.2.

3.4 System behaviour under changing hot water inlet
temperature for different pressures

Figure 6 depicts system behaviour under changing hot
water inlet temperature (323-353 K) at an operating
pressure of 90 bar. Initially hot water inlet tempera-
ture is set at 323 K. After the loop fluid (CO,) attains
steady state and the system is allowed to function for
a few more minutes in this condition, warm water inlet
temperature is increased step wise (10 K per step) up
to 353 K. This leads to a similar step escalation in heat
transfer rate. Similar results (transient behaviour of the
loop) are observed for other operating pressures (50—
80 bar). Figure 7 shows the effect of operating pres-
sure and hot water inlet temperature on the loop fluid
temperature difference between left leg centre and right
leg centre. It is observed that as pressure increases, the
temperature drop or rise of loop fluid decreases. This
effect could be attributed to favourable thermophysi-
cal properties of CO, at higher pressures near critical
or pseudocritical point. From simulation results [24-
27] it is evident that near the critical or pseudocritical
point, Reynolds number is very high which indicates
high mass flow rate as well as high heat transfer rate.
Specific heat capacity near critical/pseudocritical region
reaches the maximum which also leads to a fall in tem-
perature difference.

Unlike the previously reported experimental stud-
ies [2], where constant heat flux was applied at the heat
source, the present investigation with heat exchangers
at both ends, exhibits no oscillations or pulsating flow
within the range of study.

as3 | —
—=— CHX water inlet /
—o— HHX water inlet \,f’
—_ 3431 o Leftleg centre / o
X —o— Right leg centre
® 333} fi o
g /
©
)
a 323+ PO
£
(7]
-
313 +
303

0 500 1000 1500 2000 2500 3000 3500

Time (s)

Fig. 6 Temperature variation with time under varying hot water inlet

temperature at 90 bar
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Fig. 7 Effect of operating pressure on loop fluid temperature at dif-
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(a) 80 bar
325 m,, = 0.05 kg/s
—&— CHX water inlet
—~ 320 | —O— HHX water inlet
5 —eo— Left leg centre
(] —O— Right leg centre
=
© 315
[
Q
g
A 310
305
0 200 400 3000 3500 4000 4500 5000 5500
Time (s)
b
( ) 90 bar
325 - m,, = 0.05 kg/s
c 3200 —&— CHX water inlet
5 —— HHX water inlet
o —e— Left leg centre
2 —O— Right leg centre
© 315
<]
Q.
5
- 310 -
305 |-H
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Time (s)

Fig. 8 Die down time of system at operating pressure of a 80 bar and
b 90 bar

3.5 Effect of pressure on die down (pull down) time

Figure 8a, b shows the time taken to reach the initial
state from steady state at 80 and 90 bar respectively. The
test protocol for this particular exercise required the hot
water circulating pump to be switched off after the system
reached steady state and then the system was allowed to
cool down keeping cold water pump in running condition.
Results were obtained for a hot water inlet temperature of
323 K, which was maintained before switch OFF. Time
taken to reach initial state to steady state and vice versa
is higher at 80 bar (300 and 2200 s) than that at 90 bar
(170 and 1400 s). This occurs due to the excellent thermo-
physical properties (higher specific heat and higher volu-
metric expansion coefficient) of the fluid at higher pres-
sure (90 bar). It may be inferred that the system should be
operated near critical/pseudocritical region to obtain faster
response. Results also show that the loop is stable and no

90 bar
8 - n
= m,=0.05kg/s °
® m, =0.0167 kg/s
6
7~
) .
= 4r
<
]
2L
I @
1 1 1 1
323 333 343 353

Hot water inlet temperature (K)

Fig. 9 Effect of hot water inlet temperature and water mass flow rate
at operating pressure of 90 bar

oscillating or pulsating flow is observed in the present
range of study.

3.6 Effect of water inlet temperature and mass flow
rate

Figure 9 shows the effect of water inlet temperature and
mass flow rate on the loop fluid temperature difference
(AT) between left leg and right leg. Water mass flow rate at
both the heat exchangers are kept the same. Hot water inlet
temperature of HHX is varied from 323 to 353 K while
keeping the cold water inlet temperature of CHX constant
at 305 K. Results show that at higher water mass flow rate
(i.e., high Reynolds no.) in CHX/HHX, temperature differ-
ence of loop fluid is higher in all the cases. It occurs due
to higher heat transfer coefficient at water side in the heat
exchangers. Results also show the increase in loop fluid
temperature difference as water inlet temperature of HHX
increases. It occurs due to higher buoyancy effect caused
by larger temperature difference between CHX and HHX.

3.7 Variation of temperature with time at different
locations

Variation of temperature with time at different locations
of the loop is presented in Fig. 10 at a system pressure of
90 bar. Even though the system is insulated, a tempera-
ture difference of 0.5 K is observed between bottom and
top of the riser (left leg). This temperature difference may
be attributed to pressure drop of CO, as well as the heat
loss to the ambient due to imperfections in the insulation
employed. Similarly small temperature difference (0.3 K)
is observed between the downcomer (right leg) top and bot-
tom as well. Figure 10 also shows the temperature drop/
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Fig. 10 Variation of loop fluid (CO,) temperature with time at differ-
ent locations
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Fig. 11 Variation of heat transfer rate and heat flux at varying hot
water inlet temperatures at 90 bar

rise of CO, across HHX and CHX. Temperature drop/rise
in both the heat exchangers is not exactly the same due to a
greater heat loss in the HHX than the CHX.

3.8 Variation of heat transfer rate and heat flux
with temperature of HHX

From experiments, heat transfer rate is estimated based
on the change in water temperature at CHX or HHX for
an operating pressure of 90 bar. Figure 11 shows the vari-
ation of heat transfer rate as well as heat flux at varying
hot water inlet temperatures. A low mass flow rate of water
(0.0167 kg/s) is maintained to obtain measurable tem-
perature difference of water across the heat exchanger,
as this will lead to smaller error in the measurement of
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temperature difference. An average of more than 100
steady state results was considered to calculate the water
temperature difference across the heat exchanger. Results
shows that as HHX water inlet temperature increases, the
heat transfer rate as well as heat flux increase due to higher
buoyancy effect caused by temperature difference.

Heat transfer rate (Q) is calculated using water inlet and
outlet temperature at HHX or CHX.

0= mwcp,wATw (1)

where, m,, is mass flow rate of water, Cpw is specific heat
of water and AT, is water temperature difference between
inlet and outlet of the heat exchanger.

Heat flux (¢”) is given by,

n_ @
~ wd,L 2)

q

Where, d, is the outer diameter of the internal loop, and L
is the length of heat exchanger.

3.9 Uncertainty analysis

Uncertainty analysis is carried out to appropriately capture
the measurement errors in the results presented.

Functional dependency of the various performance
parameters (specific heat of water is assumed to be con-
stant), given as:

0 = f(@my,, AT,) 3)

Heat transfer rate (Q) is calculated by considering the
following parameters:

Minimum mass flow rate measured is 1.0 LPM and least
count is 0.1 LPM. Hence maximum uncertainty in case of
mass flow rate measurement is.

Am,, 0.1

= — =30.1 = +10%
o 1 0 “

Minimum temperature measured is 32 °C and least
count is 0.1 °C. Hence, the maximum uncertainty in case of
temperature measurement with data acquisition system is.
AT, 0.1

= — = 30.003125 = £0.3125% 4)
T 32

Uncertainty in calculating heat transfer rate is.

1/2
AQ _ Amy, 2 ATy ?
2= |5 ()] ©
% - [(0.1)2 + 2(0.003125)2} Y010 = 10%

The error bar in the form of uncertainty in calculating
heat transfer rate is shown in Fig. 11.
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4 Conclusions

Experimental investigations have been carried out to
study the transient and steady state behaviour of a CO,
based NCL. Subcritical and supercritical phases of the
CO, are considered with an operating pressure in the
range of 50-90 bar and an operating temperature range
of 323-353 K. Conclusions from the test results can be
enumerated as:

1. Results show that the time required for reaching
steady state decreases as operating pressure of the
loop increase. There is an abrupt drop in time to
reach steady state as operating pressure approaches
to critical/pseudocritical condition.

2. Temperature of loop fluid (at left leg centre) at a tilt
angle of 45° in YZ plane is higher compared to tilt
in XY plane due to reduction in effective height of
the loop. At a tilt angle of 30°, there is no significant
change in temperature of loop fluid compared to 0°
tilt angle.

3. Effect of tilt in XY plane as well as in YZ plane on
the time to reach steady state is not found to be sig-
nificant within the range of study.

4. As operating pressure increases, the temperature
difference between riser and downcomer decreases
due to higher specific heat capacity and volumetric
expansion coefficient at higher pressures.

5. As HHX water inlet temperature increases, the heat
transfer rate as well as heat flux increase due to
higher buoyancy effect caused by temperature differ-
ence.

6. At higher water mass flow rate, temperature differ-
ence of loop fluid across the CHX or HHX is higher
due to high heat transfer rate at heat exchangers.

7. Within the range of study (50-90 bar, 323-353 K),
the NCL is found to be stable.
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