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H I G H L I G H T S

• NDDCT is designed for the recompression and partial cooling sCO2 cycles.

• Optimum operating conditions are rectified prior to the modelling of NDDCT.

• An iterative method for modelling the finned tube heat exchanger unit is used.

• Impact of ambient temperature is investigated on the cycle performance.

• A comparative study between the recompression and partial cooling cycle.
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A B S T R A C T

In arid areas, dry cooling technology is a preferable alternate of wet cooling mainly owing to the scarcity of
abundant water supply. However, the supercritical CO2 power cycle still offers considerable thermal perfor-
mance even at higher ambient temperature using dry cooling. The novelty of this work is the exhaustive de-
signing of dry cooler for supercritical CO2 cycles (recompression and partial cooling) in concentrating solar
power application. Prior to the design of tower, a preliminary analysis is conducted in achieving the optimum
main compressor inlet temperature (33 °C-recompression and 40 °C-partial cooling) at which the cycle delivers
the maximal efficiency. The comparison is performed at same higher and lower pressure and for the partial
cooling, the intermediate pressure is optimized. At relatively higher compressor inlet temperatures (above
50 °C), the partial cooling achieves higher efficiency while at lower temperatures (30–49 °C), the recompression
shows superior performance. An iterative nodal method is used for the air-cooled finned tube heat exchanger
units that takes account of the dramatic variation in thermodynamic properties of CO2 with the bulk tem-
perature. Kroger’s detailed methodology of designing dry cooler is adapted with the implementation of nodal
approach for CO2 property variation. A dry cooling tower with 52.45m height is essential for the recompression
cycle, whereas the partial cooling requires two towers of the height of 35.4 m and 38.7m. A thermal assessment
is carried out on the dry cooler under various cycle fluid inlet temperatures and ambient temperatures. During
hot and humid ambient conditions, lower compressor inlet temperatures (up to 53.1 °C) are obtained with the
recompression cycle compared to partial cooling (up to 64.5 °C). In extreme climate condition of 50 °C air
temperature, the recompression cycle provides superior thermal efficiency (46.5% against 45.5%). For future
commercialization of dry cooled sCO2 power plant, the recompression cycle is preferred due to its superior
performance and lower capital cost for cooling tower design and solar field. The work demonstrates the impact
of dry cooling tower design strategy in the context of cycle thermal assessment under various working condition.

1. Introduction

There has been increased attention lately on concentrating solar

power (CSP) because of its ability to compensate for the intermittency
of other renewable sources [1]. CSP today employs subcritical steam
Rankine cycles but there is a global drive to replace it with a
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supercritical CO2 (sCO2) Brayton cycle to reduce the capital cost [2,3].
The attractive thermodynamic properties of sCO2 (lower critical tem-
perature and pressure, high isobaric specific heat and density) near the
critical condition (31.1 °C and 7.38MPa) make it an alternative to
steam not only in CSP but also in other advanced power generation with
the following advantages over the Rankine cycle [4,5].

(a) The expansion ratio of sCO2 Brayton cycle is lower compared to the
Rankine cycle and the higher temperature of the turbine exhaust
offers further heat recovery by the recuperators. The exhaust
pressure for the Rankine cycle is below the atmospheric/subcritical
pressure and offers no such potential for further heat recovery.

(b) For turbine inlet temperatures above 560 °C, the cycle efficiency for
sCO2 recompression cycle is greater than superheated/supercritical
steam Rankine cycle.

(c) The heat rejection in sCO2 Brayton cycle takes place near the cri-
tical point. The high fluid density at compressor inlet reduces the
compression work.

(d) The isobaric heat rejection occurs in supercritical condition redu-
cing heat exchanger pinch point restrictions compared to the
Rankine cycle where the steam condenses at a constant tempera-
ture. Moreover, in the Rankine cycle, the sub-atmospheric con-
densation pressure poses the risk of air migration into the circuit
causing corrosion problems.

(e) The compact equipment due to high densities and simple plant
layout of sCO2 Brayton cycle reduces the total cost of the CSP.

(f) In sCO2 Brayton cycle, the working fluid always retains its gaseous
state with the supercritical condition and no phase change occurs,
whereas in Rankine cycle, controlling the dryness fraction of the
steam exiting the turbine is a challenge.

(g) Steam turbine isentropic efficiency drops with size and the drop
becomes substantial at sizes below 50MW [6]. Therefore, steam
Rankine power plants are not commercially feasible at sizes below
50MW and this forces a minimum size for the central tower CSP
plants.

The first sCO2 recuperated Brayton cycle was reported by Feher [7]
to attain higher thermal efficiency with more compact heat exchangers.
Dostal et al. [8] reported a higher cycle efficiency of up to 47% with the
proposed sCO2 recompression Brayton cycle. Ma and Turchi [9] pro-
posed a several sCO2 closed-loop Brayton cycle layouts for CSP plants.
Besarati and Goswami [10] performed comparative studies of different
sCO2 closed-loop Brayton cycles among which the recompression and
the partial cooling cycles provided cycle efficiencies exceeding 50%.
Garg et al. [11] compared a trans-critical condensing sCO2 cycle and a
trans-critical steam Rankine cycle to observe the impact of volumetric
flow rate and entropy generation in CSP systems. Although sCO2 cycles
were mostly proposed for closed-loop Brayton cycle configurations, the
authors [11] proposed a transcritical sCO2 cycle, where the compres-
sion process was carried out by a pump instead of a compressor to
handle high-density liquid to augment the overall thermal efficiency of
the system. Dyreby et al. [12] considered sCO2 Brayton cycles with
recuperation and recompression for the analysis and optimization. The
thermal efficiency was significantly influenced by the pressure ratio and
compressor inlet condition. A comprehensive review of heat transfer
and pressure drop characteristics of sCO2 in the horizontal tube was
presented by Ehsan et al. [13]. Various sCO2 heat transfer and friction
factor correlations were listed in that article. Several studies also re-
ported on the cycle thermal performance and stability with several
arrangements of sCO2 power blocks integrated with CSP systems
[14–19].

Li et al. [20] evaluated the component-wise technical feasibilities
and design assessment of recompression cycle in a coal-fired power
plant. Park et al. [21] et al. also analyzed the reduction of levelized cost
of electricity by 7.8–13.6% using sCO2 recompression cycle over the
steam cycle in coal-fired power plants. Villafana and Bueno [22]

performed parametric optimization and thermo-environmental analysis
of sCO2 power cycle coupled with simple recuperated Brayton cycle. Liu
et al. [23] assessed the thermodynamic evaluation in terms of heat
transfer coefficient and pressure loss of various CO2 mixture based
working fluids in sCO2 power cycles applicable for dry cooled CSP
plants. Luu et al. [24] proposed advanced control strategies of sCO2

recompression cycle and the dynamic operation under variant solar
insolation.

1.1. sCO2 power cycles integrated with dry cooling unit

CSP plants are usually situated in dry areas where freshwater is
scarce and dry cooling is the norm. Various studies demonstrated that
sCO2 power cycles perform well even with dry cooling [4,25–28].
Compared to fan-cooled systems, dry cooling using Natural Draft Dry
Cooling Towers (NDDCT) offers advantages of reduced parasitic losses
and lower operating and maintenance costs. Since heat rejection pro-
cess in a sCO2 power cycle takes place near the critical condition, where
the physical properties of sCO2 change with bulk temperature, efficient
design of NDDCT is important as it directly affects the cycle perfor-
mance. Ehsan et al. [29,30] modelled the NDDCT operating with sCO2

for direct and indirect arrangement of the cooling circuit. Duniam et al.
also conducted a study of the direct and indirect arrangement of the dry
cooling tower [31]. In direct cooling, the sCO2 is cooled directly by air;
in indirect cooling, a secondary cooling circuit is used where water-
cooled by air cools sCO2. The lower compressor inlet temperature is
achieved with the direct cooling system. A MATLAB code used for de-
signing the cooling system in [29,30] but the NDDCT model was not
equipped with the power block. Most of the research articles studying
the cycle performance and the compressor inlet condition prescribed by
dry cooling with no details of the cooling system. Few studies (Milani
et al. [28], Conboy et al. [25], Moisseytsev and Sienicki [32], Zeyghami
and Khalili [33], and Li et al. [34]) used dry cooling unit by evaluating
the cooling duty of the air-cooler.

1.2. Research status and scope

Many past studies highlight the potential of super critical CO2 cycles
for power generation with the emphasis on higher thermal efficiencies.
Only a few articles deal with the dry cooling option and even then, in a
cursory section where the dry cooling equipment is included only as
black boxes with prescribed compressor inlet temperature. This is not
adequate because our past papers [29,30] found the performance of the
sCO2 cycle being significantly influenced by the cooling system para-
meters. Moreover, the power cycle performance determines the duty of
the cooling system and the cooling system performance in turn influ-
ences the power cycle efficiency. For future employment of dry cooled
sCO2 CSP plant, a comprehensive design methodology of NDDCT is
required since it is the only viable cooling option in arid areas. The
specific climate conditions and the layout/type of sCO2 power block
significantly impact the design of the cooling tower. This research gap
is identified and current work will address this by conducting a com-
prehensive thermal assessment of dry cooler in sCO2 power cycles for
CSP application. The originality of this work is the exhaustive designing
of the dry cooling tower based on optimal main compressor inlet
temperature for the recompression and partial cooling sCO2 cycle by
applying the nodal approach in the heat exchangers inside the tower.
The emphasis will be on the design of NDDCT and the power block. The
work presented here is novel in terms of sizing the dry cooling tower
(detailed specification of finned tube heat exchanger units and tower
construction) working with sCO2 and its impact on the power cycle
thermal performance. The design of the solar field and CSP tower is not
considered in the present study. Specifically, the scope of the present
article is as follows:

(a) Two configurations of sCO2 power cycles (Recompression cycle and
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partial cooling cycle) are investigated. Prior to the cooling system
modelling, a preliminary analysis with a gas cooler is conducted in
Section 4 to obtain an optimal working condition at various com-
pressor inlet temperature, for which the NDDCT is modeled.

(b) The NDDCT design recognizes the sCO2 property variation in the
air-cooled heat exchanger, as discussed in Section 5. Since the cri-
tical point for CO2 is around 32 °C, its physical properties vary
wildly while the hot sCO2 is cooled by air to near- or below its
critical point. An iterative approach is essential in designing the
heat exchanger unit.

(c) The NDDCTs are designed for a 25MW CSP plant with detailed
modeling approach adapted from Kroger’s method. The perfor-
mance of both cycle layouts equipped with NDDCT is conducted in
Section 6 under the variant cycle fluid inlet condition inside NDDCT
and the air temperature.

The power cycles are optimized on the basis of thermal efficiency.
Although the cycle net power generation at lower ambient tempera-
ture/compressor inlet temperature increases, this occurs by the expense
of higher thermal energy supplied from the CSP components. This
consequently increase the capital cost of the solar field with lower de-
sign point compressor inlet temperature. Hence, the design point
compressor inlet temperature is selected based on the working condi-
tions to attain maximal thermal efficiency.

2. Cycle modelling

Two promising configurations of sCO2 Brayton cycle are studied in
the current analysis. The following assumptions are made during the
modelling of the power cycles.

(a) The heat loss to the surroundings for all components is negligible
(except for NDDCT).

(b) The variations in the kinetic and potential energy of the working
fluid are assumed to be insignificant.

(c) The recuperators are considered as counter-current arrangement
and are sectioned into small subsections to predict accurate tem-
perature profiles.

(d) The thermal energy supplied in the heat source is varied so that the
desired cycle highest temperature is achieved.

(e) The pinch point constriction in the Low-Temperature Recuperator
(LTR) is fixed. This parameter determines the split ratio between
the recompression (RC) and main compression compressor (MC).

(f) The fluid streams at the high-pressure outlet of LTR attain the same
temperature before the heat exchange in the High-Temperature
Recuperator (HTR).

2.1. The recompression cycle

The sCO2 recompression Brayton cycle eliminates the pinch point
phenomenon of the recuperative cycle by employing two recuperators
and two compressors. The fraction of mass that flows into the NDDCT is
a very important parameter known as a split ratio. This fraction is
cooled to the required temperature by NDDCT and then is compressed
by the MC compressor. The part that bypasses the NDDCT is com-
pressed to the cycle higher pressure by the RC compressor. The mass
split is controlled so that the temperatures of the two fluid streams are
equal as they enter the flow mixer before the HTR. For a CSP plant, the
heat source in Fig. 1 represents the heat input either directly from the
solar field or from thermal storage. In either case, in the present ana-
lysis, we assume this heat input to vary so as to maintain a required
cycle highest temperature. After expansion, the turbine exhaust trans-
ferences its unutilized heat to the high-pressure gas in the recuperators
before the flow is split.

2.2. The partial cooling cycle

The partial cooling sCO2 Brayton cycle adds a second cooler and
another compressor to the recompression cycle, shown in Fig. 2. There
is no split after the LTR. The entire turbine exhaust is sent to NDDCT-1
and is then compressed to an intermediate pressure in the Pre-Com-
pressor (PC). The flow is split after the PC. One part is cooled by
NDDCT-2 and compressed to the turbine inlet pressure by MC. The
other part is compressed again in RC. Intercooling part of the stream
lowers the total compression work at the expense of extra complexity.

3. Model validation

For model validation, results are compared with past studies
([8,35;10]). The cycle efficiency with turbine inlet temperature in re-
compression and partial cooling cycles is demonstrated in Fig. 3. The
various parameters for the validation study are listed in Table 1.
Compared to the literature, the model shows good agreement. The
slight deviation from the literature is due to the differences in the re-
cuperator representation. In the literature ([8,35;10]), they modelled
the recuperators by defining the heat exchanger effectiveness, whereas,
in the present work, the temperature difference constraint in the LTR is
fixed. The other difference is due to the setting of the intermediate
pressure. In the present study, the intermediate pressure is optimized
for each condition set. Past studies do not describe how they determine
the intermediate pressure. This validated model provides a pathway to
model the concentrated solar power system integrated with sCO2 power
cycles.

4. Evaluation of optimum design condition for NDDCT

In the preliminary analysis, the power cycle modelling with stan-
dard cooler provided in IPSEpro is conducted to obtain the optimal
working condition for which the cycle delivers the highest efficiency.
This provides the lowest temperature of each cycle layout, at which the
NDDCT will be designed. The design methodology of NDDCT is dis-
cussed in Section 7 based on the design parameter evaluated from
Section 6. Table 2 provides a complete definition of the boundary
conditions for both cycles considered in this study. The selection of air
temperature considerably influences the sizing of the tower. Currently,
20 °C chosen as the design point temperature based on the average
ambient temperature in Australia. For other specific location, this value
should be revised accordingly. However, this work still applies to other
ambient conditions.

4.1. The recompression sCO2 cycle

For the recompression power block, the influence of plant lower
pressure on the cycle thermal efficiency, η and the split ratio, SR is
studied for a turbine inlet pressure and temperature of 20MPa and
650 °C respectively. The analysis was repeated for three different main
compressor inlet pressures: 8MPa, 9MPa, and 10MPa. The SR is
evaluated based on the boundary conditions imposed on the cycle
components [8,10]. The SR determines the amount of flow bypass to
NDDCT and it is optimized in the present work. For each pressure, the
efficiency curve peaks near the respective pseudocritical temperature
(33 °C for 8MPa, 40 °C for 9MPa and 45 °C for 10MPa), as shown in
Fig. 4(a). The highest η of 51.37% is obtained at 33 °C for 8MPa case.
For higher temperature, the trend of the η curve changes. Therefore,
during high ambient temperature period, the higher main compressor
inlet temperature, MCIT is compensated by increasing the cycle lower
pressure for the equivalent accomplishment of thermal efficiency.

Similarly, the influence of cycle higher pressure is shown in
Fig. 4(b) for a cycle lower pressure of 8MPa. At main compressor inlet
temperatures less than 40 °C, the higher turbine inlet pressures deliver
higher thermal efficiencies, but the marginal is reduced at higher
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pressures. At higher compressor inlet temperatures, the trend is re-
versed with lower turbine inlet pressures delivering higher efficiencies
although the difference is smaller. Operating the cycle as high as
20MPa with high-density sCO2 is challenging as there is little experi-
ence with current turbomachinery technologies. Therefore, for the
purpose of this analysis, we have compared the relative merits of re-
compression and partial cooling cycles with 20MPa and 8MPa chosen
as the cycle higher and lower pressure respectively

The variation of main compressor outlet temperature (MCOT), Wnet

and heat rejection at various CIT is shown in Fig. 5(a) for the re-
compression cycle operating at a turbine inlet pressure of 20MPa and

exhaust pressure of 8MPa. In Fig. 5(b), the change of SR and η are
plotted against the main MCOT. The efficiency is maximum about 33 °C
for the compressor inlet pressure of 8MPa. The SR also varies at dif-
ferent MCIT in order to preserve the temperature constraint set at LTR.
Fig. 6 reveals the required mass flow rate for 25MW recompression
Brayton cycle. Since there is no constraint on the heat supply, both the
net work and the heat rejection increase with increasing mass flow rate.

4.2. The partial cooling cycle

For the analysis of the partial cooling cycle, the cycle higher and

Fig. 1. The sCO2 recompression cycle integrated with dry cooling.

Fig. 2. The sCO2 partial cooling cycle integrated with NDDCTs.

Fig. 3. Model validation for (a) recompression cycle, RC and (b) the partial cooling cycle, PC against literature.
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lower pressure are kept at 20MPa and 8MPa respectively. Fig. 7(a)
plots how the cycle work output comes down with theMCIT at different
intermediate pressures (main compressor inlet pressure). This figure
shows how sensitive the partial cooling cycle is to the cooling tower exit
temperature. Increasing the cycle intermediate pressure increases the
Wnet. The cycle shows better robustness for the higher intermediate
pressure of 11MPa and 12MPa cases. However, to maintain operation
under optimized conditions, if the cycle intermediate pressure is in-
creased, then one also needs to increase the Ms and SR as demonstrated
in Fig. 7(b). The influence of intermediate pressure on the η is revealed
in Fig. 7(c) for various MCIT conditions. For each operating pressure,
the η is maximum close to its respective pseudocritical temperature. The
cycle intermediate pressure of 11MPa is found to be the optimum in-
termediate pressure for the partial cooling cycle. For higher compressor
inlet temperature, the 11MPa case shows higher efficiency for
MCIT=45 °C and MCIT=50 °C cases. Increasing the intermediate
pressure also increases the power consumption by the compressors, as
shown in Fig. 7(d). The total compression work rises from 6.73MW to
8.63MW when the intermediate pressure increases from 9MPa to

14MPa. For 11MPa intermediate pressure, the increase of pre-com-
pressor, the recompression compressor and the main compressor outlet
temperature with various CIT are shown in Fig. 8(a). The cycle SR
varies with the change ofMCIT in order to maintain the constraint set in
the recuperator. Certainly, increasing the MCIT, reduces the Wnet, η and
heat rejection, as shown in Fig. 8(b).

4.3. Cycle comparison

The two cycles are compared against each other for the same op-
erating higher and lower pressure of 20MPa and 8MPa. For the partial
cooling cycle, the intermediate pressure needs to be increased in order
to obtain equivalent or higher η. If the intermediate pressure is in-
creased, the partial cooling cycle can deliver higher η and better ro-
bustness at higher MCIT as shown in Fig. 9(a). At lower intermediate
pressures (9MPa and 10MPa), the partial cooling cycle efficiency η is
always lower than that of the recompression cycle. Another figure of
comparison is the pinch point temperature difference because the value
of the pinch point difference influences the cost and choice of the heat
exchanger. As depicted in Fig. 9(b), the recompression cycle is more
sensitive to pinch point temperature difference and its work output
drops much quicker at higher pinch temperature differences.

5. Methodology of NDDCT modelling

Knowing the optimal working condition obtained from the previous
section, the tower is now integrated into the sCO2 power cycle.
Horizontally placed air-cooled heat exchanger bundles are employed in
this study. The tubes in the bundles are arranged in staggered config-
urations. Transversal rounded fins are being attached the tubes to
augment the air-side heat transfer surface area, as demonstrated in
Fig. 10. The draft force is created because of the temperature variation
between the hot inside air and outside ambient air. The higher the
temperature variance and height of the tower, the larger the draft. The
draft is balanced by the total resistance to flow at the operating point.

Table 1
Cycle parameters for model validation against various literature.

Parameter Value Remarks

Efficiency of turbine 93% 90% used for recompression cycle
Efficiency of compressor 89%
Recuperators effectiveness 95% Pinch point temperature 5 °C is used
Main Compressor inlet temperature 32 °C
Turbine inlet temperature 500–850 °C
Maximum cycle pressure 25MPa
Cycle lower pressure 7.4MPa
Cycle intermediate pressure – Optimized for the partial cooling cycle

Table 2
Operating parameters for 25MW sCO2 cycle modelling.

Parameter Recompression cycle Partial cooling cycle

Efficiency of turbine 0.93 0.93
Efficiency of compressor 0.89 0.89
Mechanical losses 0% 0%
Cycle highest temperature 650 °C 650 °C
Main Compressor inlet

temperature
30–70 °C 30–70 °C

Ambient air condition 20 °C, 1 m/s, 0.1 MPa 20 °C, 1m/s,
0.1 MPa

Maximum cycle pressure 20MPa 20MPa
Cycle lower pressure 8MPa 8MPa
Cycle intermediate pressure – 9–14MPa
Pinch point temperature

constraint
5 °C 5 °C

Fig. 4. Variation of thermal efficiency at different (a) cycle lower pressure and (b) cycle higher pressure with compressor inlet temperature.
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The energy equations for airside and cycle fluid side are outlined as
follows.

= − = = −Q M C T T Q M C T T( ) ( )a a pa a a s s s si so34 4 3 (1)

= − − −
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−
−

Q UAF T T T T[( ) ( )]

ln
hx

T si a so a
T T
T T

4 3
( )
( )

si a
so a

4
3 (2)

Here, Q Q,a s and Qhx are the heat transfer in airside, sCO2 side and
heat exchanger respectively. Ma and Ms are the mass flow rates and
Cpa34 mean air side specific heat evaluated at the mean of Ta4 and Ta3. Tsi
and Tso are the sCO2 inlet and outlet temperatures. Different subscripts
on temperature, T, height, H, area, A diameter, d, density ρ, and pres-
sure P represent various location inside the NDDCT.

The draft equation is expressed as,

Fig. 5. Influence of compressor inlet temperature on (a) COT, Wnet and heat rejection and (b) thermal efficiency and split ratio.

Fig. 6. Selection of mass flow rate for the recompression cycle.

Fig. 7. Influence of intermediate pressure on (a) Wnet, (b) mass flow and split ratio, (c) cycle efficiency, and (d) power of compressors.
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Table 3 lists all the equations used to evaluate the loss coefficients.
The draft equation takes account of these losses. Temperature, density,
and pressure at various sections of the tower are given below. Table 4
lists the important constitutional relationships, Table 5 shows the
evaluation of parameters for correction factor and Table 6 displays the
details of the heat exchanger bundles. The temperature gradient dTa/dz
takes account of the ambient temperature drop from the ground level
and this occurs in the region of the surface boundary layer. This allows
correct interpretation of cooling tower dataset. Another parameter, air
porosity σadepends on the fin specification and tube outside diameter
which significantly impacts the fin effectiveness. According to our heat
exchanger specification, the σa is 0.44 which provides the fin effec-
tiveness within the design limit.
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Fig. 8. Influence of CIT on the (a) pre, recompression, and main compressor outlet temperature and the split ratio, and (b) thermal efficiency, Wnet, and heat
rejection. The intermediate pressure=11MPa.

Fig. 9. Cycle performance comparison with respect to (a) MCIT and (b) pinch point temperature constraint.
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Yoon et al. [38] correlation is used for the determination of the heat
transfer coefficient of sCO2. The value of coefficients a, b, and c are
reported in [38].
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The temperature correction factor, FT is calculated by
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1
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Fig. 10. The nomenclature used for modelling of the finned tube heat exchanger and various losses encountered by the airstream at different parts of NDDCT.

Table 3
Flow resistance equations for NDDCT modelling.

Loss Coefficient Equation

Support loss efficient [36], Kts
=K ( )ts

CDtsLtsdtsntsAfr
πd H

ρa
ρa

2

( 3 3)3
34
1

Here, C L d n, , , andDts ts ts ts represents drag coefficient, length, diameter, and the number of tower supports

respectively
Contraction loss efficient, [36], Kctc = − +K (1 )( )( )ctc σc σc

ρa
ρa

Afr
Ae

2 1
2

34
1 3

2Here, σc is the contraction ratio depends on geometry.

Expansion loss efficient, [36], Kcte = −K (1 ) ( )( )cte
Ae
A

ρa
ρa

Afr
Ae

3
3

2 34
1 3

2

Cooling tower inlet loss coefficient,
Kct

Preez and Kroger [37] correlation,

= ⎡
⎣⎢

− + − + ⎤
⎦⎥

− ⎛
⎝

⎞
⎠( ) ( ) ( )K xK18.7 8.095 1.084 0.0575ct

d
H

d
H

d
H he

d
H3

3
3
3

2
3
3

3 [0.165 0.035 3
3

]

Cooling tower outlet loss coefficient
[36], Kto

= − +− −K Fr Fr0.28 0.04to D D
1 1.5 = −( )Fr ρ ρ ρ gd/[ ( )D

Ma
A a a a5

2
5 6 5 5]

FrD is the Froude number
Heat exchanger loss coefficient,

[36], Khe

Characteristic Reynolds number, =Ry Ma
μa AfrT34

= +− −
+

K Ry31383.9475 (he σa

ρa ρa
ρa ρa

0.332458 2
2

3 4
3 4

)
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= −
−

φ T T
T T

( )
( )

a a

si a
2

4 3

3

=
−

−
− −

φ
φ φ( )

ln[ ]φ φ
φ φ

3
1 2
( )

(1 ) / (1 )
1 2

2 1

The computation of ai k, is given from the following Table. 5.
The conventional technique of designing the heat exchanger is not

sufficient for sCO2 cooling. The conventional procedures such as using
LMTD or NTUs are based on nominally constant thermodynamic
properties. The rapid changes of sCO2 thermodynamic properties near
the critical point make these methods inapplicable. An iterative ap-
proach is applied that considers the property changes with the change
of temperature. The heat exchangers are discretized as a series of sub-
divisions and the log mean technique is used in every small subdivision
to capture the local bulk fluid properties. This approach allows the
prediction of the local fluid properties along the length. It is noted that

detailed modelling of the recuperators and turbo-machineries are not
considered in the present work. The fluid in the state in these compo-
nents is away from the critical point and conventional methods do
apply. The modelling of the power cycles integrated with NDDCT model
is conducted with the simulation software IPSEpro [39]. The modelling
of NDDCT is performed by the model development kit (MDK) provided
by IPSEpro. The sCO2 thermodynamic properties are evaluated by the
property software package, REFPROP [40]. Table 7 shows the cycle
duty requirements of NDDCT modelling. The two critical parameters for
the NDDCT design are the design values of the tower cycle fluid tem-
perature and the environmental temperature. Fig. 11 demonstrates the
flowchart followed by the MDK script to model the NDDCT.

The code initiates the calculation with inlet sCO2 temperature in the
tower, ambient temperature with fixed geometric relationships of the
tower. The outlet parameters are assumed for heat exchanger segment
with a fixed heat exchanger bundles. The equations to calculate the
airside properties (thermal properties, partial pressure of water vapor,
Reynolds number, humidity ratio, and local heat transfer) are discussed
in ref [36] The heat exchangers are discretized and the sCO2 local heat
transfer coefficients hs are calculated separately for each heat exchanger
segment. Pressure losses in all locations of the NDDCT are evaluated
using the airflow rate for the current iteration. This is repeated until the
iterations converge and a design is found that can handle the required
load. Knowing the local fluid properties of both sides of the heat ex-
changer, the code then evaluates the draft equation with all losses taken
into consideration. The air mass flow is the solution from the draft

Table 4
Geometric construction details of a finned tube heat exchanger.

Parameter Equation Parameter Equation

The free flow area of control volume, Acvc = − −A P d P t( )( )cvc t r f f Total air side surface area,
AaT

= +A A A n( )aT f r b

The frontal area of the control volume, Acvfr =A P Pcvfr t f Equivalent hydraulic
diameter, dea

=dea
Acvc Pl
Acva

4

The overall fin surface area for a control
volume, Acva

= ⎡⎣ − ⎤⎦ + −A P P d πd P t2 ( )cva t l
π

o r f f4
2 The air porosity, σa =σa

Acvc
Acvfr

The overall effective air-side fin surface
area, Af

= ⎡
⎣

− + ⎤
⎦{ }A n n π d d d t( )f r tr

Lt
Pf f r f ft

2
4

2 2 Fin efficiency, ηf
= = = ⎛

⎝
− ⎞

⎠
⎡
⎣⎢

+ ⎛
⎝

⎞
⎠

⎤
⎦⎥

η b φ[ ] 1 1 0.35lnf

bdr φ

bdr φ
ha

kf tf

df
dr

df
dr

tanh(
2

)

(
2

)

2
( )

0.5

The exposed root area, Ar = −A πn n L d P t P( )/r r tr t r f f f Fin effectiveness, ef = − −e η1 (1 )f
Af
Aa f

Table 5
Evaluation of ai k, for correction factor.

ai k, i = 1 i= 2 i=3 i= 4

k=1 −1.14×0.01 −1.39× 0.01 −7.23× 0.001 6.10×0.001
k= 2 6.15× 0.1 1.23× 0.1 5.66× 0.01 −4.68× 0.01
k= 3 −1.20 −3.45× 0.1 −4.37× 0.01 1.07×0.1
k= 4 2.06 3.18× 0.1 1.11× 0.01 −7.57× 0.01

Table 6
Fixed geometric parameters for cooling tower modelling.

Parameter Value Parameter Value

Specification of heat exchanger
Tube material ASTM A214 mild steel Fin type Extruded bimetallic
Fin material ASTM 6063 aluminium Heat exchanger arrangement horizontal
Fin Shape Circular Tube arrangement staggered
Tube thermal conductivity, kt 50W/mK Fin thermal conductivity, kf 204W/mK
Tube outside diameter, do 25.4 mm Fin diameter, df 57.2 mm
Tube inside diameter, di 21.6 mm Fin root diameter, dr 27.6 mm
Relative tube surface roughness, ??/di 5.24× 10−4 Fin shape Tapered
Quantity of tube rows, nr 4 Fin tip thickness, tft 0.27mm
Tubes per bundle, ntb 154 Fin thickness (mean), tf 0.49mm
Transversal tube pitch, Pt 58mm Fin root thickness, tfr 0.7 mm
Longitudinal tube pitch, Pl 50.22mm Fin Pitch, Pf 2.7 mm
Tube length, Lt 15m Air porosity, σa 0.44

Specification of NDDCT
Aspect ratio of cooling tower, H5/d3 1.4 Length of tower support: lts (H3× 1.15) m
Tower inlet height, H3 (d3/6.5) m Support drag coefficient, CDts 2
Tower Diameter ratio, d5/d3 0.7 Thickness of tower support, dts 0.5 m
Heat exchanger coverage of tower inlet, AfrT/A3 0.65 Quantity of tower supports: nts d3/1.38

Ambient Air Condition
Air inlet temperature at ground level, Ta1 20 °C Temperature gradient: dTa/dz −0.00975 K/m
Pressure at ground level, Pa1 99695 N/m2 Relative humidity, Wa 60%
Wind Speed, Va 1.0 m/s Universal gas constant, R 287.08 J/kgK
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equation which allows calculating the heat dissipation in the tower. The
code alters the initial estimates (air outlet temperature and heat

exchanger bundles) if the desired MCIT/NDDCT exit temperature is not
achieved.

Table 8 lists what the script calculated as sizes of the tower and the
heat exchangers that will deliver the duty specified in the previous
table. For the recompression cycle, the NDDCT of 52.4 m height is ne-
cessary whereas for partial cooling cycle two cooling towers are re-
quired with heights of 38.7 m and 35.4 m. In Section 6, the thermal
performance of the two-cycle layouts equipped with NDDCT is com-
pared under various sCO2 inlet temperature inside NDDCT and ambient
temperature.

Table 7
Cycle duty requirements for NDDCT modelling.

Parameter Recompression cycle Partial cooling cycle

Inlet temperature of NDDCT 75 °C 63 °C
Turbine inlet pressure 20MPa 20MPa
Turbine exhaust pressure 8.0MPa 8.0 MPa
Cycle intermediate pressure – 11MPa
Cycle mass flow 248.7 Kg/s 226.2 Kg/s
Air ambient temperature 20 °C 20 °C
Plant thermal output 25MW 25MW

Fig. 11. NDDCT modelling procedure by MDK.
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6. Thermal assessment of power cycles equipped with NDDCT

6.1. NDDCT inlet temperature variation

The impact of varying the inlet sCO2 temperature in NDDCT on the
thermal performance of NDDCT is shown in Fig. 12(a) and (b) for the
recompression and partial cooling cycle respectively. By increasing the
inlet temperature, heat dissipated by the tower rises for both cycles. The
variation of heat transferred by the recuperators is also shown in these
figures. For both cycles, QHTR decreases and QLTR increases with the
increase of sCO2 inlet temperature. The η sharply decreases since more
heat energy are required to be added to the heat source for the ac-
quirement of higher inlet temperature in NDDCT, as revealed in
Fig. 13(a). For partial cooling cycle, the heat input to the cycle is higher
compared to the recompression cycle due to lower heat source inlet
temperature of the high-pressure stream. The turbine inlet temperature
is always kept at 650 °C to perform the inlet temperature variation.
Fig. 13(b) demonstrates the PC andMC inlet temperature and mass flow
rate at a various sCO2 inlet temperature of NDDCT. For the re-
compression cycle, the compressor inlet temperature remains almost
constant and lower in comparison with the partial cooling cycle. The
mass flow rate for the recompression cycle is higher than the partial
cooling cycle.

6.2. Air temperature variation

The thermal performance of NDDCT is expressively impacted by the
air temperature. Increasing the air temperature from 15 °C to 50 °C,

reduces the heat transferred by the HTR and for LTR, the heat transfer
almost remains constant, as shown in Fig. 14(a). Heat dissipated by the
tower and heat addition in the heat source heat exchanger both declines
with air temperature. Certainly, the CIT for the recompression cycle
increases from 31.1 °C to 53.1 °C and the Ma in tower drops from 1181
Kg/s to 990 Kg/s, shown in Fig. 14(b). Similarly, for the partial cooling
cycle, the influence of air temperature is shown in Fig. 15(a) and (b).
Likewise, the recompression cycle, all the parameters QHTR, QLTR, and
Qheat source decrease with the increase in air temperature. For ambient
temperature up to 25 °C, the Ma value for NDDCT-2 is higher compared
to NDDCT-1. From 25 °C air temperature onwards, the trend of the air
mass flow reverses. However, for both towers, Ma decreases with the
rise air temperature. For NDDCT-1, the heat rejection merely increases
(13.5–15.1MW) whereas, for NDDCT-2, the heat rejection decreases
from 15.7MW to 10.1MW. This variation is due to the change of SR
which consequently changes the inlet condition of NDDCT’s at various
ambient temperature.

The iterative section method adapted in the heat exchanger inside
the NDDCT allows the examination of sCO2 local hs, local bulk tem-
perature, Ts, tube side local Reynolds number, Re as demonstrated in
Fig. 16(a) and (b) for the recompression cycle. The profiles are shown
for three cases of ambient air (20 °C, 25 °C, and 30 °C). Since sCO2 is
cooled, the Ts decreases along the heat exchanger length. For an am-
bient temperature of 20 °C, when the Ts approaches near to its pseu-
docritical temperature, a sharp rise of hs is observed at 80% tube length.
For the other two cases, the hs keeps increasing till the end of the tube
and the pseudocritical temperature is not reached. At the inlet of the
heat exchanger, the Ts is higher which yields lower viscosity and den-
sity for which the Re is higher at the inlet of the tube. As the Ts gra-
dually decreases, the Re value also decreases due to higher fluid den-
sity. Moreover, at higher air temperature, the Re value also increases
due to higher Ts. In Fig. 17(a) and (b) the variation Ts and hs is shown
for the partial cooling cycle for both NDDCTs. Likewise, the re-
compression cycle, similar Ts profile is observed. Since the NDDCT-1
operates at a lower pressure of 7.96MPa, the Ts profile of sCO2 never
reaches to its pseudocritical temperature (Tpc= 34.6 °C for 7.96MPa).
Hence the hs keeps increasing with the decrease of Ts till the end of the
pipe for NDDCT-1. However, the NDDCT-2 operates at cycle inter-
mediate pressure of 11MPa and for all three cases of air temperature
(20 °C, 25 °C, and 30 °C), the Ts approaches to its pseudocritical tem-
perature (Tpc= 49.8 °C for 11MPa). Therefore, a sharp rise of hs is
observed as the Ts approaches pseudocritical temperature for NDDCT-2
of the partial cooling cycle.

It is well known that the MCIT considerably impacts the cycle per-
formance. Hence, in Fig. 18(a), the increase of MCIT with air tem-
perature is shown for the recompression and partial cooling cycle. For
the partial cooling cycle, PC compressor inlet temperature and MC

Table 8
NDDCT size for specific duty requirements.

Parameter Recompression
cycle

Partial cooling cycle

NDDCT-1 NDDCT-2

Outlet height of the tower,
H5

52.45m 38.7 m 35.4 m

Outlet diameter, d5 26.22m 19.4 m 17.7 m
Inlet diameter, d3 37.46m 27.66m 25.25m
Quantity of finned tube

bundles, nb
22 12 10

Quantity of NDDCT supports:
nts

27 20 18

Dimension of NDDCT
support: lts

6.65m 4.92m 4.5 m

Overall air side surface area 5,27,127m2 2,87,524m2 2,39,603m2

Overall tube side surface area 3924m2 2140m2 1,783m2

Cycle fluid outlet
temperature

33.1 °C 40.1 °C 39.9 °C

Fig. 12. Impact of sCO2 temperature on (a) the recompression cycle and (b) the partial cooling cycle.
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compressor inlet temperature are not equal. The accomplishment of
ideal intercooling is not observed. The lowerMCIT in the recompression
cycle yields higher η during high ambient temperature period, as shown
in Fig. 18(b). The change in SR for both cycles at various air tem-
perature is also shown. For the recompression cycle, the highest η is
achieved at 20 °C air temperature which gives the compressor inlet
temperature of 33.1 °C. As the ambient temperature increases, η de-
creases from 51.17% to 46.5%.

In the preliminary analysis of the cycle, it is shown that for the same

operating condition, the partial cooling cycle provides the higher η
when the main compressor inlet temperature is more than 50 °C com-
pared to the recompression cycle. However, when the cycle is in-
tegrated with a detailed model of NDDCT, even at an air temperature of
50 °C, the recompression cycle always retains its lower compressor inlet
temperature range in comparison with the partial cooling cycle. For the
recompression cycle, CIT increases up to 53.13 °C which is sufficiently
lower than partial cooling cycle. Hence, higher cycle η is obtained with
recompression cycle. If theoretically, the MCIT further increases for

Fig. 13. Variation of sCO2 temperature on (a) the heat source heat exchanger and (b) the compressor and cycle mass flow rate.

Fig. 14. Air temperature variation on (a) heat transfer rate, (b) CIT, and airflow in NDDCT for the recompression cycle.

Fig. 15. Air temperature variation on (a) heat transfer rate, (b) heat rejection, and airflow in NDDCTs for the partial cooling cycle.
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both cycles, the partial cooling cycle would provide higher efficiency
and better robustness in comparison with the recompression cycle.
However, in a more realistic situation when the cycle is coupled with
NDDCT, at various air temperature, the recompression cycle shows
better thermal performance. However, a higher Wnet can be obtained
from the partial cooling cycle during high ambient temperature period,
as shown in Fig. 19. The total compression work, Wc for the re-
compression cycle increases from 7.7MW to 13.5MW, whereas for
partial cooling cycle it is from 6.1MW to 10.5MW. The improvement of
Wnet for the partial cooling cycle is 1.7–4.2% in comparison with the
recompression cycle. But again, the heat input to the cycle is higher for
the partial cooling cycle in comparison with the recompression cycle.

7. Conclusion

In the present work, a dry cooling system is modelled for both re-
compression and partial cooling sCO2 cycles applicable for CSP plant. In
arid of CSP application, a comprehensive analysis of constructing dry
cooling tower is necessary especially when the working fluid is sCO2.
This involves additional precaution in constructing the finned tube heat
exchanger units within the NDDCT. The choice of design-point air
temperature based on a specific location is important in evaluating the
cooling duty and sizing the tower. The choice of power block sig-
nificantly impacts on the overall size of the cooling tower. Initially, a
preliminary analysis is carried out with the standard model of the gas
cooler to explore an optimum operating condition for which the NDDCT
is designed. Summary of the major findings is described below.

▪ The influence of various cycle pressures is investigated. For the
partial cooling cycle, intermediate pressure significantly affects the
cycle performance, hence it is optimized. Both cycles are compared
for the same operating higher and lower pressure. For the re-
compression cycle, the lower compressor inlet temperature is not

always desired for attaining higher η, especially with sCO2. In order
to achieve higher thermal efficiency, the cycle lower pressure should
be close to the critical condition of CO2. The η is maximum near to
the pseudocritical temperature. For the partial cooling cycle, in-
creasing the cycle intermediate pressure yields higher Wnet but there
is an optimum operating pressure at which both cycle the η and Wnet

are maximum.
▪ The impact of the compressor inlet temperature on the η, turbine
work, compressor work, and heat transfer by the recuperators and
cooler is investigated. The lower compressor inlet temperature is
obtained for the recompression cycle, whereas at relatively higher
values, the partial cooling cycle provides better performance based
on the Wnet generated. Based on the outcome, an optimum operating
condition is prescribed for both cycles for which the cooling tower is
designed.

▪ The section approach is adapted in the heat exchanger modelling
inside the NDDCT. This allows the examination of bulk temperature
change of sCO2 and the corresponding lengthwise heat transfer
profile within the tube. The recompression cycle necessitates a
tower height of 52.45m whereas, for the partial cooling cycle, two
NDDCTs are required with a tower height of 38.7 m 35.4 m, re-
spectively.

▪ The impact of the sCO2 temperature inside NDDCT on the thermal
performance is performed. The higher inlet temperature inside
NDDCT reduces the η for both cycles due to an increase of heat
addition to the heat source heat exchanger. During the high ambient
temperature period, the lower compressor inlet temperature is
achieved with the recompression cycle compared to the partial
cooling cycle. Although, the recompression cycle shows higher η, the
Wnet by the cycle is higher for the partial cooling cycle.

For large scale power generation, recompression cycle is preferred
over the partial cooling or other complicated layouts due to its superior

Fig. 16. Profiles for (a) cycle fluid temperature and lengthwise heat transfer profiles and (b) local Reynolds number in the tubes of the heat exchanger.

Fig. 17. Variation of the Ts and hs in (a) NDDCT-1 and (b) NDDCT-2 of the partial cooling cycle.
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performance in terms of less complexity in the layout and lower capital
cost in tower design and solar field. Although the partial cooling gen-
erates higher net power compared to recompression, this comes at the
expense of higher thermal energy supplied to the cycle which conse-
quently increases the capital cost in sizing the heliostat field and central
receiver.
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