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Abstract

The thermal performance of a supercritical JBCQ) recompression cycle is expressively
influenced by main compressor inlet temperaturesige of the cooling system is imperative
since the compressor inlet temperature substaniid@luence the system performance. Due to
nonlinear variation of both thermal and transpadperties of the C@under critical condition,
the cooling tower design and selection for the s€@le power plant is quite different from the
power plants with steam cycle. The present work premensively investigates the effect of
cooling system design on the optimal cycle perforoeaunder different operating condition. An
iterative section method is applied while desigramg optimizing the air-cooled heat exchanger
bundles inside the tower. Prior to the design dlirz draft dry cooling tower (NDDCT), an
optimal operating condition is rectified at whidhetcycle efficiency is maximal. The tower
performance is investigated by demonstrating umitglit heat rejection and average heat
rejection by each heat exchanger bundle. A detaitethomic analysis of NDDCT is performed
which takes account of capital cost, maintenans#, @mnual cost, and specific investment cost.
The thermo-economic assessment of the NDDCT isward by the influence of sGOnlet
temperature inside the tower and variation of amttag.

Keywords: supercritical C£) cooling tower; heat exchanger; concentrated sod@ompression
cycle.
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Highlights

» Detailed modelling of NDDCT coupled with the recaegsion sCecycle.
* Implementation of iterative section method for s@®@at exchanger unit.

* Detailed economic analysis of NDDCT.

* Impact of variant sCgand air temperature on the system performance.
» Exergy and component-wise irreversibility analysis.



1. Introduction

The closed-loop Brayton cycle with supercritical G8CQ) as working fluid is proposed as the
next generation advanced power cycle for applioatias diverse as nuclear, clean coal,
geothermal and concentrating solar thermal [1, [B]. contrast with the conventional
superheated/supercritical Rankine cycle, this sB8fayton cycle provides simple cycle layout
and improved thermal efficiency at the same turlimet condition [3]. The sCOpower cycle
can significantly lessen the overall cost of théaspower plant due to its thermal efficiency
being higher than steam at moderate turbine ietaperatures (500-680) and its suitability for
very high temperatures where steam is no longepdion [4]. The cooling system is a critical
component in sCOpower plants. The cooling process in the s@@yton cycle occurs near the
critical condition. The nonlinear and sharp vadatiof sCQ properties poses a unique heat
exchanger design problem not encountered withahstant property fluids [5].

1.1 Studies on Power Cycles

Thermodynamic analysis of different sg€Qpower cycle options (recuperative cycle,
recompression cycle, and partial cooling cycle)vab that, with judicious process design,
thermal efficiencies over 50% are achievable [1]canpressor inlet temperature of°@5and
60°C is generally considered by assuming dry cooligmerical modelling and prototype lab-
scale experimentation were conducted by Iversai. 6] to assess the transient behavior of the
recompression cycle. Various studies identifiedesgivadvantages of sG@ower cycles over
the steam Rankine cycle. The compact equipmenttdugigh-pressure fluid density, lower
specific volume and simple plant design of s@€§cle place it as the alternative to the tradaion
steam cycle for large-scale electricity generafir8]. Garg et al. [9] outlined the advantages of
the sCQ cycle over the subcritical and transcritical £€ycle by investigating the thermal
efficiency, specific work and irreversibility analg. Conboy et al. [10] conducted a small-scale
experiment with a 20 kW simple Brayton cycle angestigated the dynamic performance of the
printed circuit recuperator, the primary heat exg®, and the turbo-machineries. Ehsan et al.
[11] reviewed the Nusselt number and pressure drop latiores applicable for sCQin a
circular tube. The heat transfer characteristicss6GQ during the cooling process was
comprehensively discussed. Xu et al. [12] repodethprehensive design strategies of sCO
power cycles for traditional coal-fired power applion by investigating the influence of
reheating and intercooling.

1.2 Power Cycle Application in CSP

Sulaiman and Atif [13Jperformed a comparative study of five different sQ@@wer cycles

integrated with solar power tower. The fluctuatiohpower outputs was reported at various
seasonal times, indicating the importance of thelieg system design in air-cooled power
generators. The implementation of sCé&s both heat transfer fluid and working fluid was
proposed for solar tower application by demonstgathe advantages of sg@ver the synthetic

oil, molten salts, and steam generation [14]. Zhal.g15] compared the thermal performance of
various sCQ@ power cycles in CSP with regards to cycle highestperature and recuperator
conductance. Wang and He [16] compared the perfucenaf different sC® power cycles

integrated with the molten salt central receivdre Tomparison performed in terms of specific
work, system efficiency, and receiver performanté].[ Binotti et al. [18] developed a central
receiver high-temperature solar tower model torojze the power cycles. Milani et al. [19, 20]



reported the control strategies and dynamic sinaraif solar driven sC&ecompression cycle
and comparison performed between the direct andectcconfiguration of solar heat input.
1.3 Studies on Dry Cooling for sCO, Cycle

In concentrated solar application, the researchhendry cooling option is receiving attention
since the sC®power cycle can yield higher cycle efficiency amaderate climate condition.
Conboy et al. [21] explored the compatibility drgoting option for sC@ power cycle for
nuclear reactor application. Thermal efficiency vmeedter than steam cycle when the reactor
temperature exceeded 360 Dyreby et al. [22] optimized the pressure ratfoa simple and
recompression cycle by assuming dry cooling in C&pplication. At higher ambient
temperatures, increasing the compressor inlet presktelped to maintain the design-point
thermal efficiency. Padilla et al. [23, 24] perfadhthe detailed irreversibility analysis of four
different sCQ power cycles with dry cooling. Main compressiorleywith intercooling showed
the maximum thermal efficiency of 55% at 860 Moisseytsev andSienicki [25] proposed a
finned type shell and tube heat exchanger cooleddigr flowing on the shell-side and sCi@®
tube side in a supercritical recompression cyclee iumber of tubes and pitch ratio was
optimized. Ho et al. [26] studied the thermo-ecomoamalysis of different power cycles by
considering the cooling system as a finned tubé éezhanger unit. Battisti et al. [27] conducted
a comprehensive system optimization of a recommessycle with single reheating and dry
cooling. Li et al. conducted experiments with ak®0@ condensing C&cycle using an air-cooled
condenser. Milani et al. [20], Luu et al. [28], Maal. [14], Son and Lee [29] and Zeyghami and
Khalili [30] studied various aspects of the dry-tgmb supercritical C@ Duniam et al. [31]
conducted the preliminary analysis of the direa &direct dry cooling system for the s€O
recompression cycle. In our previous work, we depetl a well-validated MATLAB code to
model a NDDCT for 25 MW solar thermal power plaB2[ 33]. In these studies, common
geometric relations for the tower geometry wereduge order to conduct a preliminary
investigation of the direct and indirect coolingtm.

1.4 Research Scope

In all of these past studies on dry cooling of s@Ower generating systems, the air-cooling
system was included as a black box. Its physieal and design details were not mentioned. This
research gap is addressed by investigating the limgdef a natural draft dry cooling tower
(NDDCT) integrated with the sGQrecompression cycle. Although, the cooling potntif a
dry cooling unit is restricted by the dry bulb tesmgture of the air and less efficient than wet
coolers, natural draft dry cooling tower (NDDCT pieferred as a cooling system in s(@Ower
cycles due to inadequate water supply and no nrante and electricity cost associated with
mechanical fans [34, 35].

The present work takes the line of previous workhier and optimizes the NDDCT in the
context of influence on power cycle thermal perfante.The requirements for an efficient
cooling system in the sGQycle is to cool sCPto a desired compressor inlet temperature at
which the cycle provides the maximum efficiencyy@poling using a NDDCT is adapted and
its impact on the system performance is analyzed. abrupt property changes of the s@®@ar

the critical point is a challenge in designing suddoling systems. This is addressed by
discretizing the heat exchangers and analyzinghtte# exchange process in segments. The
thermal assessment of the power cycle is investilgdty calculating several performance
indicators (cycle efficiency, exergy efficiency,atimg efficiency, and irreversibility analysis).



The required specification of NDDCT is revealed ¥arious capacities of power plant (40 MW,
60 MW, 80 MW, and 100 MW). The economic analysisN@fDCT is also performed in terms of
capital cost, maintenance cost, annual cost, agcifgpinvestment cost.

2. Power Cycle Modelling and Validation

A recompression cycle is modelled coupled with M@DCT as shown irFig. 1. The pinch
point problem of simple Brayton cycle is avoidedusyng two recuperators. The thermal energy
is added to the primary heat exchanger to attaendesired turbine inlet temperature. The hot
turbine exhaust transfers some of its sensible toethie return stream in the HTR and LTR. The
stream at the LTR outlet of the low-pressure sgdgplit into two. One path goes to the NDDCT
where the sC®stream is cooled to the desired sGfdtlet temperature by the air-cooled heat
exchanger bundles inside the NDDCT. The other strisacompressed by the RC compressor
and mixes with the outflow from the LTR at high-psare side. The ratio of the NDDCT flow
rate to the RC flow rate is referred to as thetsptio, SR. The split ratio is varied at diffeten
operating conditions in order to satisfy the caistrof the pinch point temperature df5set at
the recuperators. Following are the assumptionsemdaring NDDCT and power cycle
modelling.

(a) All components are completely insulated.

(b) The heat exchange occurs under a steady statetioondi

(c) The changes in potential and kinetic energy offliid are neglected.

(d) A constant pressure drop of 20 kPa is assumedhéoreicuperators.

(e) Expanders and compressors have constant isengffigiencies

() At various air ambient temperatures, the thermadrgyn added to the primary heat
exchanger is a variable so that the desired turibile¢ temperature is reached. This is a
realistic assumption for a sG@ower cycle being heated from the CSP thermaagtar

(g) At the LTR high-pressure outlet, the two mixing sC6treams have the same
temperature.

(h) All other assumptions during modelling of NDDCT #a&en from ref [36].
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Fig. 1. The Recompression cycle coupled with NDDCT.

The power cycle is modelled using IPSEpro, a pmaasulation software [37]The standard
modules are used for all components except the NDD®@e results are validated against the
available literature (Dostal et al. [38], Turchiadt[1] and Besarati and Goswami [39]). In these
papers, the turbine and compressor isentropic iefidies were taken as 90% and 89%,
respectively. They modelled the recuperator usimga exchanger effectiveness of 95%. We
will represent it using a pinch point temperatuiiéfedence of 5C and equal temperature
differential of the sC@ streams at both sides of the recuperator. Theecygehximum and
minimum pressures were taken as 25 MPa and 7.4 MBjpectively. The lowest temperature of
the cycle was set to 32 and cycle thermal efficiency was evaluated foarsge of turbine inlet
temperature of 50C to 850C. The results agree with the literature, as showhable 1, for
turbine inlet temperatures up to 680 At higher turbine inlet temperatures, the pnésmalysis
predicts higher values in efficiency. This is doethe assumption made while modelling the
recuperatorsTable 2 shows the design point operating conditions atctvithe NDDCT is
designed. These parameters are chosen based optitnem operating conditions, as described
in section 3, at which the cycle provides the hgjhtbermal efficiency and from the existing
literature.

Table 1. Validation of present work with recompiessycle.

Parameter Cycle thermal efficiency (%)

Turbine inlet | Dostal et | % of | Turchiet | % of | Besarati and % of | Present

tem%erature al. error al. error | Goswami | error work
49)
500 0.438 0.45§ 0.437 0.229 0.441 0.917 0.436
550 0.462 0.434 0.462 0.478 0.462 0.478 0.461
600 0.482 0.001 0.484 0.414 0.482 0.004 0.482
650 0.501 0.399 0.504 0.398 0.502 0.003 0.502
700 0.514 1.153 0.521 0.192 0.518 0.384 0.521
750 0.528 1.674 0.534 0.558 0.531 1.303 0.537
800 0.541 1.818 0.548 0.363 0.544 1.909 0.551
850 0.551 2.482 0.56 0.709 0.558 1.063 0.564

Table 2. Design point parameters for cycle modegllin

Parameter Value
Plant thermal outputjV,g 40MW, 60MW, 80MW and 100 MW
Adiabatic efficiency of turbineyr 0.93
Adiabatic efficiency of compressatg 0.89
Mechanical efficiencyyy 1.0
Cycle split ratioSR 61%
Turbine inlet temperature, TIT 6%D
Inlet temperature of NDDCT 6c
Desired cycle lowest temperatufa,T 33C
Ambient air properties 2C, 1 m/s, 0.1MPa
The relative humidity of air, R 60 %
Cycle higher pressureyP 20MPa
Cycle lower pressure, P 8 MPa
LTR pinch point temperature °6
Pressure drop in HTR and LTR 20 kPa

3. Preliminary Assessment of Power Cycle



The effect of cycle pressure ratio on this shown inFig. 2, by setting the cycle lower pressure
at 8 MPa and increasing the higher pressure frorviBa to 20 MPa. The input parameters are
taken from table 2. Thg sharply decreases with the increase of the mampoessor inlet
temperature. However, for the range of cycle pmessatio X%=1.5-1.9, they initially increases
with the compressor inlet temperature with a ranig@(’C to 35C. For a higher range of cycle
pressure ratio (x2.1-2.5), they keeps increasing up to the compressor inlet teatyer of
33C. This unique phenomenon at lower CIT occurs duehe variation of the transport
properties of the working fluid in the region ofetipseudocritical temperature. Obviously, the
cycle performance increases with higher cycle presgatio. The influence of the cycle pressure
ratio on theW,g at various compressor inlet temperature is alspotestrated. As expected, the
W, decreases with the increase of the compressdrt@ngerature. As the pressure is lowered,
more heat is extracted from the heat source an@ mork (W) is generated but this comes at

the cost of lower efficiency.
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Fig. 3(a) shows the optimum cycle mass flow rate at varigiedecpressure ratios. Increasing the
pressure ratio decreases the cycle mass flow rapogionally. The corresponding maximum
obtained with various cycle pressure ratio is asown in the figure. Th&ig. 3(b) shows the
influence of theSR on the cycle performance at various pressureg.a values of SR were
used to generate each curvd-ig. 3(b). Each SR value is computed by an optimization @®ece
performed at a different compressor inlet tempeeatas this temperature is varied frontG@o
60°C. For lower pressure ratio cases;$1.5-1.9), the; is maximum at comparatively low&R
but the efficiency falls when the SR is furtherrgsed. At high-pressure ratios,€®.1-2.5), the
maximumy; is observed at the loweSR possible. The selecte®R for each operating condition
set is always maintained by the cycle itself inesrtb comply with the boundary condition set at
the recuperators. Based on the maximum efficiemtyeaed at ¥=2.5 indicated inFig. 3(a),
therefore, the power cycle integrated with NDDCTmisdelled with a cycle higher pressure of
20 MPa and lower pressure of 8 MPa.

4. Design Methodology of NDDCT

4.1 Thermodynamics of NDDCT

In the present work, NDDCT is employed as a coolinghponent in the sCQpower cycle.
Finned tube heat exchanger bundles are installtu harrizontal orientation at the tower inlet.
The draft force generated owing to the densityarare between the hot air inside and the colder
air outside makes the ambient air flow through libat exchangers, remove the heat from hot
sCQ flowing through the tubes, and rise through theeiowithout needing fans. In arid areas,
the use of NDDCT can significantly lessen energgsconption as there are no parasitic losses
compared to mechanical draft cooling. Operationraathtenance costs are also lower and there
are no environmental concerns because corrosiate geposition and the water loss normally
associated with evaporative cooling are not relev&towever, the cooling efficiency is
restricted by the dry bulb temperature of the Riig. 4 shows the features of NDDCT with heat
exchanger bundles arranged horizontally. In thegrework, the NDDCT is designed at’@0
air temperature with 60% relative humidity and wiredocity of 1 m/s. The cooling potential of
NDDCT is significantly influenced by the tower geetry, the specification of the heat
exchanger and the ambient air properties. Dry adi@lbapse rate (DALR) is taken as 0.000975
Km™. The calculation of air properties at various fioss of the tower is shown ifiable 3.
Yoon et al. [40] correlation is used to calculdte bocal Nusselt numbeRus of SCG applicable
for macro tube geometries.

n
Nug = aRe,’Pr,° (%) (1)

The overall conductanctA value of the heat exchanger is expressed by,

1 1 do 1 df 1 1

vA = [(hSAS) 2nkenpneplL n d; 2wk npnypl nd_o + W
2)
The temperature correction factéy, is determined by
Fr=1-Y{ Yt 1a;(1 — @3)Fsin [Ziarctan (ﬂ)] (3)
P2
_ (Tsi—Tso) . _ (Taa—Ta3). _ (P1—92)

Q1 = y Y2 — VY3 T (p1-—
Ti—T, Te:i—=T, 1—(P2)
(Tsi=Ta3) (Tsi=Ta3) ln[(1_¢2)/(1_¢1)]



Various types of flow resistances are encounteyethé air stream inside the NDDCT [36]. The
cooling tower supports exert some lossasyile the air stream flows at the base of the rpwe
from state 1 to 2. The tower supports geometrygflerof support, §f diameter of support,d
and number of tower supportss) significantly influence the loss coefficientskerom section 2

to 3, just before the entrance of heat exchangedles, air experiences losses due to heat
exchanger supports, known as the heat exchangpodupss coefficient Ks. While air stream
flows to the inlet of heat exchanger bundles, tle@eechanges in the fluid pattern and separation
of air flow is observed which further adds the fleasistance known as the tower inlet loss
coefficient, K. From section 3 to 4, air experiences losses @tiget contraction loss coefficient,
Keie, the expansion loss coefficient,Kand the frictional loss coefficient,K Air properties
change significantly at the discharge of the heahanger. From section 4 to 5, the air further
losses its kinetic energy which is evaluated bytthwer outlet loss coefficient, CAll these
flow resistances are considered in calculatingdifaét equation which is essentially the pressure
differential between inside and outside the tower.
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2
2 (52)
Pa1 — |Pas + % = (Kts + K¢t + Kpes + Kete + Kpe + Kcte) 2;‘134 + Pa1 [1 - {1 -

0.00975 %}3'5] + Daall — {1 —0.00975(H5 — % - %)Tatt}g's] (4)
a1



The loss coefficients are shown with the followetguations [36].

Tower support loss coefficier{;s =

2ApatsPazs __

2
CptsLtsdisnisAfy

2
mg
(Afr>

Pa3a
(md3Hs3)3 (Pa1)

Contraction coefficient{ . = (1 — = + =) (‘O‘ﬂ)(ﬁ)2
Oc 0¢” " Pa1” Aes

Expansion coefficient .

ds

— (1 — Aesy2(Pazay Afry2
A= G0G)

Inlet loss coefficientK . = 0.072 (—)2 —0.34 (—z) +1.7

H3

d
H
2

Frictional loss coefficient,,, = 31383.9475Ry0-332458  ~ (Bas_Pas

Characteristic Reynolds numb@&y =

Mg

HazaAfrT

0% “paztpas

Outlet loss coefficient{,, = —0.28Fry * + 0.04Fr; 15

mg 2
Froude numberFr, = (Z) /1Pas(Pas — Pas)gds]

The above equation is valid for5 < % < 0.85 and5 < K, <40

3

Table 3. Evaluation of pressure and temperatutbeodir at various states of the tower.

State Temperature Pressure
point
1 Tz =293 K Par = 1.01325x10°
2 Tal = TaZ Pa1 = Paz
3 Taz = Ty — 0.00975H; Pas = Par (1 — 0.00975 )35
al
4 T,. =To be evaluated by the

code

Pas = Pas[1 — 0.00975 L35
a1
(Kts + Kct + Khes + Kctc + Khe +
()
Afy
KCM) 2Pq34

5 Tas — Ta4 I 000975(H5 - H4)

()

zpas

Pas = Pas T BPase = Pas + Kto

6 Toe = Ty1 — 0.00975H,

Pas = Par (1 — 0.00975_)3.5

al

Hs
T,

Table. 4. Geometric details of heat exchanger unit.

Parameter Value Parameter Value
Tube material ASTM A214 Fin type Extruded
mild steel bimetallic
Fin material ASTM 6063| Heat exchanger arrangement horizontal
aluminium
Fin Shape Circular Tube arrangement staggere
Tube thermal conductivity,k| 50 W/mK Fin thermal conductivity,; k 204 W/mK

)}

()

(6)
(7)
(8)
(9)
(10)
(11)

(12)



Tube outside diameter, d 25.4 mm Fin diameter; d 57.2 mm
Tube inside diameter; d 21.6 mm Fin root diameter, d 27.6 mm
Relative tube surface 5.24x10" Fin shape Tapered
roughnesse/d;
Tube rows, p 4 Fin tip thickness 0.26 mm
No. of tubes per bundley, 154 Fin thickness (mean), t 0.48 mm
Tube pitch, P 58 mm Fin root thickness; t 0.74 mm
Tube pitch, P 50.22 mm Fin Pitch,;P 2.7 mm
Tube length, L 15m Air porosityo 0.433

In the present work, circular fins are employedtloa tubes transversally to increase the heat
transfer coefficient of the external fluid. The ésbare staggered to maximize heat exchange. The
fins are of the bimetallic extruded type which agsumed to be perfectly bonded with no
thermal contact resistance and made of mild siéded. variation of fin thermal conductivity k
value of the fin is considered to be insignificéimtoughout the whole fin geometryable 4,
demonstrates the geometric the details of air-cbbleat exchanger model adapted from ref.
[36]. Cooling efficiency of the NDDCT is given by

Range

Nc (13)

- Range+Approach

Where,Range = T; — T,r andApproach = Tg; — Tyerp
Here Ty, Tcr, Twerp are the cycle fluid inlet temperature, outlet terapgre and air wet bulb
temperature respectively.

4.2 Tower Modelling with MDK

The conventional log mean temperature differenc®ITR) method of modelling the heat
exchanger is not adequate for precise calculatfdmeat transfer from sCOThe variation of
thermodynamic and transport properties of sG@th the change of temperature near the
pseudocritical temperature is not accounted by dbweventional method. Hence, the nodal
method is applied while modelling the heat exchanghich takes into consideration of
thermodynamic property changes for both tube sidkaar side. In this approach, a number of
sub-heat exchangers are coupled serially and #utiomal LMTD method is applied at each
node to calculate the local properties. Using tbdah approach, the profile of loch! of the
cycle fluid with the change of temperature is at¢al.Fig. 5 demonstrates the flow procedure to
model NDDCT.

MDK is a model development kit provided by IPSEmsed in the present work for detailed
modelling of NDDCT in the power cycle. The IPSEgimes not contain a natural draft cooling
tower model. Hence, MDK is used in the present workvestigate the cooling mechanism of
sCQ by the air-cooled heat exchanger unit as welbadesign the cooling tower to accomplish
the duty requirements. The effect of different NDD@esign on the performance of the power
plant is investigated. The model development laggugMDL) is used for the mathematical
model. The geometric parameters of NDDCT and thet gondition of the cycle fluid and air are
specified as inputs. The model starts computatigh the preliminary estimates of the outlet
temperatures and the number of bundles. The aitsidenodynamic properties at various
positions of the NDDCT are determined. For the taloe, REFPROP [41] is invoked by the
program to calculate the sGQhermodynamic properties at each node. The locdk b
temperature, the corresponding heat transfer cosffi, and the local heat transfer are evaluated.



The air side characteristic Reynolds number and traasfer coefficient are also evaluated.
Next, the code calculates the tower geometry vhth given inputs. The energy equations for
both sides of the heat exchanger are concurrealed. Various types of loss coefficients are
determined to evaluate the draft equation and agsnilow rate inside NDDCT. If the design
point sCQ outlet temperature is not reached, the code tihamges the initial estimates and

repeats the calculation. With a given input of aaber of bundles, the code determines the tower
geometry.
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Calculation

v

flow rate M:

= Define Taj, Pal, wind velocity Var and relative humidity RA
* Define sCO, pre-cooler inlet condition: Temperature 7, pressure Py and mass

= Define fixed geometric parameters of the tower: aspect ratio H3/dj, inlet height
H; Diameter ratio dv/d area ratio Ap/43 Length of tower support /i, Drag
coefficient Cpe;, Diameter of tower support @i, Number of tower supports »e

v

= Estimation of outlet temperature for cycle fluid, T¢r <
= Estimation of outlet temperature for humid air, Ta¢
= Estimation the number of heat exchanger bundles, 5

v

Calculation of air side thermodynamic
properties (viscosity ua, density pa, thermal
conductively ka, specific heat, Cpa)

Calculation of partial pressure of water vapour,
Py

Calculation of humidity ratio, w and density of
moist air: pal, pad, Pa3, pas, pas

Calculation of water vapour properties at heat
exchanger: uwy, pwy, kwvand Gy

Calculation of moist air temperatures of humid
air at various states of cooling tower: Tz, Taz Ta3,
T4, Tas, Tos.

Calculation of mean humid air properties
through heat exchanger: ua3¢ pa34 kaz¢and Ca2¢
Calculation of humid air properties at outlet of
heat exchanger: ua¢ pos, ka¢and Cas

Invoke REFPROP

* Calculation of sCO, side thermodynamic
properties (viscosity u: density ps;, thermal
conductively kz, specific heat Cpa)

= Calculation of local Reynolds number Re:,
Prandtl number Pr:, and velocity across tube V.

= Calculation of local LMTD and temperature
profile for each 15 subsections

= Calculation of local heat transfer, g; to gis

* Calculation of local sCO, side heat transfer

coefficient, h; to h;s

Kete, Kerand Ko

v

Finned surface area, 4y)

= Calculation of tower geometry, Hs5 H3 d5 d3, It: ns.
= Calculation of required number of heat exchanger bundles, 23
Calculation of various loss coefficients experienced by air, Kz, K, Kere,

= (Calculation of total heat transfer areas (Bare tube surface area, Ax +
= Calculation of air side characteristic flow parameter, Ry

= Calculation of air side characteristic heat transfer, iy
= Calculation of air side heat transfer coefficient, /i

Change of mitial estimates

|

Calculation of correction factor, Fr
Calculation of Local overall heat transfer coefficient, u;to u;s

!

Solving simultaneously energy equation for air
side, Oq tube side Q: and heat exchanger One

Test equations
* Checking the mass

v balance equation
Solving the draft equation > » Checking the

temperature cross-over

» Checking the design
point sCO2 outlet

A

END

temperature

Fig. 5. Flow procedure applied in MDK to model NDDC



4.3 Optimum geometry of NDDCT

In order to determine the optimum geometry of theDCT, the influence of aspect ratio
(Ri=Hs/d3) and diameter ratioRi=ds/ds) on the tower performance is investigated. Increpsin
the aspect ratio increases the air mass flow peteat exchanger area. According to the study
of [42], the optimum tower geometry depends on tth&er elevationHs with an optimum
diameter ratio. In the present work, the aspeat rataken as 1.4. However, there is an optimum
value of diameter ratio on the tower heat rejecaod air mass flow rate, as shownFig. 6.
Keeping the number of bundledl, fixed, the cycle fluid outlet temperatur@s; shows
insignificant change frorR;=0.7 onwards. At loweRy the cold flow incursion observed at the
top of the tower adversely impacts on the cooliaggrmance [43]. Hence, the convergent tower
outlet is recommended to mitigate the influenceat inflow. However, excessive restriction
in tower outlet diameter increases the dynamic. lbsgeasing thdzy also increases the tower
cost linearly henc&;=0.7 is taken as the optimum valdable 5, shows the geometric inputs
used in the present work to model the NDDCT.
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Fig. 6. Effect of diameter ratio on the variousgraeter of NDDCT.

Table. 5. Geometric details of NDDCT model.

Parameter Value Parameter Value
Aspect ratio, R 1.4 Diameter ratio, R 0.7
Tower inlet heightHs (d4/6.5) m Length of tower suppotits (H3x 1.15) m
Tower heightH, (Hs+Hp) m Support coefficient, 2
Frontal area ratio, #/A; 0.65 Width of tower support,d 0.4m
Number of tower supportsis ds/1.38

4.4 Required Cooling System specification

Table 6, lists the calculated cooling system specificati@t different plant capacities as the
optimum values evaluated at the design conditianall cases, the desired compressor inlet
temperature of 3& is obtained that produces the highgsAs the plant capacity increases, the
unit height heat rejection increases from 0.63 MWiN0.95 MW/m and the average Nusselt
number increases from 1975 to 2168y. 7 shows how a selected number of parameters vary
with the plant size. The cooling potential of thever can also be determined by the amount of



heat rejected by each heat exchanger bundle. Ec4#GHMW case, the average heat rejected by
each bundle is 1.02 MW whereas for 100 MW the vadueacreased to 1.18 MW. It is obvious
that the tower performance increases with highpacigy of a power plant in terms of the unit
height heat rejection and the average heat rejdnyeshch heat exchanger bundle. This figure
also includes the specific investment cos8C, which decreases sharply with increasing
capacity. ThedC is an economic parameter and the next sectioramghow it is determined.

1600071.204 —— Unit Bundle Heat Rejection (MW) r110p1.00 [ 435
—eo— Bare Tube Surface Area, (m2)
—=— Tower Outlet Height, (m) 10.95
140004, 16 —A— Unit Height Heat Rejection (MW) 100 420
’ —a— Specific Investment Cost ($/kW) L 0.90
405
90
12001, 12 085 1390
-80 +0.80
10000- 373
1.084
[0 0.75 L340
8000 \ F0.70 | 345
1.044
s = [ Loss
6000 ¢ 000 1330
1.00 T T T T 50 L0.60 L315
40 MW 60 MW 80 MW 100 MW
Fig. 7. Tower performance for various capacitiethefpower plant.
Table. 6. Optimized results of power cycle and NODC
NDDCT
Parameter 40 MW 60 MW 80 MW 100 MW
Heat RejectedQ 37.8 MW 56.7 MW 76.2 MW 95.4 MW
Outlet height of the toweHs 68 m 80.64 m 91.53 m 100.65 m
% increase in tower height, - 34.4% 52.55 % 6%675
Unit height heat rejection 0.63 MW/m 0.7 MW/m 083v/m | 0.95 MW/m
Heat Exchanger height from grouridl, 7.7m 9.09m 10.3m 11.3m
Inlet height of the towell; 7.47 m 8.86 m 10.06 m 11.06 m
QOutlet tower diameteds 34 m 40.32 m 4576 m 50.32 m
Inlet tower diameten; 48.48 m 57.6 m 65.38 m 71.88 m
Quantity of heat exchanger bundles, 37 52 67 81
Average heat rejected by each bundle 1.02 MW 1L M| 1.14 MW 1.18 MW
Quantity of tower supportsis 35 41 48 52
Tower support dimensiotts 8.62m 10.23 m 11.61m 12.77 m
Frontal area of heat exchanger bundfes| 1205 nf 1693 nf 2183 nf 2638 ni
Air side surface ared, 0.886x16 m* | 1.25x16m? | 1.61x16m? | 1.94x16m?
Tube side surface aref, 5567.83 h 7825.06 10082.3 m 12189 nf
Bare tube side surface arég, 6598.95 A 9274.2 11949.4rf | 14446.3 M
% increase in surface area - 40.54 % 81.09 % 11%8.91
Correction factorF+ 0.945 0.947 0.949 0.950
Overall thermal conductancgA 3775.68 KW/K| 5549.9kW/K | 7384.8kW/K 9155.63kW
Characteristic Reynolds numb&, 97700.4 it 106766 m | 113798 it | 119496 rit
Average Nusselt NumbeKu 1975.72 2069.59 2117.97 2168.17
sCG inlet velocity, vs 0.76 m/s 0.82 m/s 0.84 m/s 0.86 m/s|
sCQ, mean outlet temperatury 33C 33C 33C 33C




Power Cycle

Parameter 40 MW 60 MW 80 MW 100 MW

Heat input in PHE 48.7 MW 78 MW 156.1 MW 195.1 MW

Turbine Work 33.1 MW 53 MW 106.1 MW 132.7 MW

RC compression work 5.1 MW 8.3 MW 16.5 MW 20.6 MW

MC compression work 3 MW 4.8 MW 9.6 MW 12.1 MW
Heat recuperated in HTR 104.4 MW 168.7 MW 337.4 MW 421.8 MW
Heat recuperated in LTR 28.6 MW 45.8 MW 91.6 MW BIKIW

sCO, mass flow 388 Kg/s 583 Kg/s 778 Kg/s| 972 Kg/s

Table 7 demonstrates the

4.5 Economic Analysis of NDDCT

detailed cost model of the ND2@apted from ref [42, 44, 45].
Table 8, shows the cost comparison for various capactid$DDCT. The cost model includes
capital cost, labour cost, maintenance cost, anop@itating cost, and specific investment cost.
As shown before, tower performance improves wiinptapacity. Th&8 C also decreases from
412 $/kW to 333 $/kW when the size is increasethfd® to 100 MW. For instance, to build the
cooling tower for the 80MW solar thermal power plan is beneficial from an economic
perspective to construct one tower instead of tiaartsowers of each 40 MW capacity. One big
tower is recommended over multiple short towers dopower plant with the higher thermal

output.
Table 7. Cost equations for heat exchanger and NDDC
Cost of Heat Exchanger
Parameter Equation
Fin cost per unit tube length n(df — df) 1
Cf f = 4 tr Pf e +1)puCua + Caf

Tube cost per unit tube
length,C;

Total finned tube cost,

Heat exchanger header cos

—

Pai IS the density of fin material made of aluminuf,,; is the unit cost of
aluminum taken as 6 $/kg ady, is the fabrication cost taken as 0.4 $/k
_ m[d? = (dr — 26,)°]

Ct Psteel Cut + Cat

Psteer 1S the density of tube material made of ste®), is the unit cost of
steel taken as 1.6 $/kg afig is the fabrication cost taken as 4 $/kg.
Cre = npneny Ly (Cf +Cp)
L.is the length of heat exchanger bundle.
Cheader = Cftfheader

Cheader freader 1S the weighting factor taken as 0.2.
Heat exchanger labour cost, Ciabouwr = (Cft + Cheader) fiabour
Crabour frabowr 1S the labour cost weighting factor taken as 0.8.
Total cost of heat exchanger, Che = (Cr¢ + Cheader + Ciavour) fre
Che fre is the heat exchanger weighting factor taken as 1.
Cost of NDDCT
Parameter Equation

Tower shell cost(;,.;;
Foundation cosGr,ynaation
Tower support cost,,pore

Tower labour cost;;4p0ur

Total NDDCT costL;ower

2.4(D; + Ds)

5
Cfoundation = ffoundationDS
ffoundaation iS the unit cost of tower foundation taken as 22,8/m.

Cshent = (1392.2H% — 31937H; + 10°)

Csupport = Cfoundationfsupport
fsupport iS the weighting factor of support taken as 0.6

Ctlabour = (Cshell + Csupport + Cfoundation)ftlabour
fravour 1S the weighting factor for labour taken as 1.0.

Ctower = (Cshell + Csupport + Cfoundation + Ctlabour)ftower




| frower 1S the weighting factor for tower taken as 1.2.

Maintenance and Annual Cost

Parameter Equation
Maintenance costy,; Cyc = 0.01Cy, + 0.005C;per
Fixed charged raté i@+t
T @A+dr-1

i is the interest rate of 9% ands the repayment period of 30 years.

Annual costL nual
Specific investment cosg§C

Cannual -

K(Che + Ctower) + CMC
SIC = (Che"'ctower)n in $/kW

Wnet(l_n)

Table 8. NDDCT Cost comparison in AUD $ for variauapacities of the power plant.

Parameter 40 MW 60 MW 80 MW 100 MW
Total cost of the heat exchangéy, | 2,212,184 | 3,109,014 4,005,847 4,842,890
Tower labour cost,;4pour 5,567,626 | 7,509,923 9,436,564 11,223,096
Total NDDCT costC;ower 13,362,304 18,023,816 22,647,754 29,635,430
Maintenance costy,. 28,802 40,102 51,382 61,896
Annual costCnnuar 1,544,766| 2,097,094 2,645,746 3,155,082
Specific investment cosgC 412 372 349 333
($/kW) (B/kW) ($/kw) ($/kW)
5. Resultsand Discussion
5.1 Tower sizing
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Fig. 8 show the variation of compressor inlet temperatune the required number of air-cooled
heat exchanger bundles with the tower outlet hdgh40 MW, 60 MW, 80 MW, and 100 MW
respectively. As the tower height gradually incesaghis causes the reduction of the cycle fluid
outlet temperature. Since %3 is the optimum compressor inlet temperature & frescribed
operating condition, the NDDCT is designed accaydin this design point. Thé&l, also
increases proportionately with the increase of tdvegght.

5.2 Heat Transfer Characteristics

Fig. 9(a) shows the variation of the tube-side heat transfsfficienths and local tube side
velocity profile for various power plants. Thg value sharply increases around tube length
position ofx¥/L=0.7 when the temperature is near pseudocriticapégatureTye (Tpe=34.3C).
When the bulk temperature is below fhig, the hs value sharply falls for the rest of the tube
length. Since the Reynolds number is higher at drighower plant capacities, highbs are
attained for 60 MW, 80 MW, and 100 MW cases. At itlet of the tube, the tube velocity is
significantly higher since the density of the gasignificantly lower. As the temperature of the
Ts gradually decreases, the fluid density and theogisg both increase which decrease Ree
along the length of the tube. The tube velocityigher for 60 MW, 80 MW, and 100 MW cases.
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Fig. 9(b) reveals the lengthwis& andU profiles of the cycle fluid. For all cases, the ids$
sCQ outlet temperature is reached. From tube poskibr0.7 onwards, the trend at profile
becomes flat due to the sharp rise of isobariciipdwat in the vicinity of the pseudocritical
region. Similarly, the profile of the overall hetatansfer coefficientU is also shown by
considering the air side heat transfer coefficiemtewise, thehs, the U shows similar trend
along the tube lengtlkig. 9 (c) demonstrates the pinch point temperature alontetigth for all
four cases. No pinch point violation occurs in gayts of the air-cooled heat exchanger. During
each iteration, our model checks any temperatusseseover (pinch point degradation) in any
parts of the heat exchangers. The simulation resoitfirms no violation of pinch point
constraint in the heat exchangers and NDDCT.

5.3 Evaluation of loss coefficients

c Kts- Kct-
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Fig. 10. Proportions of different loss coefficiefiis 40 MW NDDCT.

Fig. 10 demonstrates the proportion of various loss coiefits due to the flow resistances at the
various position of cooling tower for the 40 MW ea3he heat exchanger loss coefficients K
contributes the majority of the losses (about 98¢ to the fluid friction in the heat exchanger
tube bundles. Next, thecKcontributes about 7% of the total loss due to #et 6f distorted air
velocity profile before the entrance of heat exd®rbundles and separation of flow at the inlet
of the NDDCT. The other loss coefficients:KKce, Kio, and Ks are comparatively lower in
comparison with the K and K. All these flow resistances are taken into consitilen while
evaluating the draft equation of the NDDCT.

In the next section, the thermal assessment ofptiveer plant integrated with the detailed
NDDCT model is demonstrated by investigating thehe exergy efficiency and the cooling
efficiency of the NDDCT. The results are only shdiw@n40 MW case since similar performance
is observed for other power plants with an outglGMW, 80 MW, and 100 MW.

5.4 Influence of NDDCT inlet temperature

The effect of NDDCT inlet temperature on theand the split ratio is shown iRig. 11(a).
Increasing the sCOtemperature from 88 to 118C, they significantly drops from 52.2% to
42.6%. The split ratio decreases up t8&7&nd then increases exponentially to 62. 7.
11(b) reveals the variation of heat transfer in the leg@hangers and NDDCT with the increase
of NDDCT inlet temperature. The heat transfer iea HiTR decreases from 169.2 MW to 135.5



MW, and for LTR, the value increases from 45.6 MWW68.8 MW. The heat addition to the
primary heat exchanger increases (78 MW to 96 M\ith) mlet temperature which also reduces
the . Higher inlet temperature also augments the inteenperature differential of the fluid
streams inside the NDDCT for which the heat dumipgdhe NDDCT rises from 38.1 MW to

56.5 MW.
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Fig. 11. (a) Effect of NDDCT inlet temperature pandSR and (b) heat transfer rate in the heat excharayets
NDDCT.

5.5 Impact of Air Temperature

The impact of air temperature on the net power iggio® and total compression work is shown
in Fig. 12. The cycle performance is reduced from 40 MW t®3IW when the temperature
rises from 26C to 50C. The total compression work increases from 12W ¥ 21.2 MW with

air temperature. The MC compression work considgrahcreases with air temperature.
Increasing the air temperature decreases the as fltav inside the NDDCT and increases cycle
mass flow into the NDDCT. The air mass flow almlostarly decreases from 2072 Kg/s to 1737
Kg/s. The variation of cycle mass flow is due te tihange iIr8R with air temperature.
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Fig. 12. Influence of air temperature on cycle perfance, cycle mass flow and air mass flow.
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15 25

The change of inlet and outlet temperatures of si@€lde NDDCT is shown iifrig. 13. As the
air temperature rises, the inlet temperature ofdyde fluid in NDDCT also increases. The
compressor inlet temperature increases almostrhinedhe heat rejection in the NDDCT
depends on the sG@nd air temperatures and first sharply decreases 80C air temperature
and then insignificantly increases at higher amgeratures. Thg and theye both decrease with
air temperature and both parameters are maximutreadesign point temperature of’@0 The

ne decreases from 80.2% to 74.7%. These results shathe net power output from an air-
cooled sCQ power generator deviates significantly from itsida-point output when the air
temperature differs from the design-point air terapge value. This means that the selection of
the design-point air temperature is one of the irgm design choices when designing a sCO
power generator.

1.001 1.06

g s
< =)
S 1.0005 <
C 5 1.04 ©
< g
g o
., 1 ¥
o Q8 .
=R 1.02 o
< X >
2 0.9995 g
@ e
2 g
g —o—Kits —B8—Kctc 1 =
£ 0.999r7 ——Kct —A—Kcte =
% —o—Kto —e—Khe o

—@— Ktotal z

0.9985 0.98
15 20 25 30 35 40 45 50

Air temperature,°C)
Fig. 14. Normalized values of loss coefficientsatious ambient temperature.

The contribution of various loss coefficients expeced by air inside the NDDCT at various air
temperature is shown iRig. 14. The Ky and Ksboth increases up to air temperature otC30



and then monotonously decreases with air temperaiithre k; remains constant with the air
temperature since the value of; ks independent of fluid properties and determinexnfthe
given geometry of the tower. Theskand K, both increase with air temperature. The overall
effect is the increase of total loss coefficientKwith the air temperature.

5.6 Cooling Potential of NDDCT

The cooling potential of the NDDCT can be deterrdifieom the evaluation of cooling
efficiency. The range of the tower increases witheamperature due to the increase in both inlet
and outlet temperature of sg@ NDDCT, as shown ifrig. 15. The tower approach decreases
and the cooling efficiency increases with air terapgre. However, this improvement of cooling
efficiency is not beneficial for the power planhae the cycle; significantly drops with air
temperature.
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5.7 Irreversibility Analysis

The component wise irreversibility contribution2’C air temperature is depicted Fig. 16.
The heat source heat exchanger contributes thestighmeversibility of 68.75 MW. The HTR,
NDDCT, and Turbine contribute 21%, 15% and 13%heftbtal irreversibility. The equations to
evaluate the irreversibility in the present worlsi®wn inTable 9. The variation of component-
wise irreversibility with air temperature is showm Fig. 17. In NDDCT, increasing the air
temperature significantly increases exergy inpw ttuan increase of sG@nlet temperature.
The energy gained by ambient air shows no sigmfichange. The overall impact, thepcr
increases from 2.6 MW to 3.7 MW. In the primary theachanger, the exergy input decreases
for the acquirement of the same outlet temperdturahich thelpye decreases from 6.1 MW to
5.4 MW with ambient air. The irreversibility of tHRC compressor shows little variation with air
temperature antlyc andlyrbine bOth increase with air temperature. Thes shows its maximum
value of 4.8 MW at 1% air temperature and then significantly drops & MW at 50C air
temperature. The highest irreversibility of 6.1 M8found from the primary heat exchanger at
15°C air temperature. The total irreversibility of thewer cycle decreases from 17.2 MW to
15.5 MW with an increase in air temperature. Insie@ the air temperature gradually rises the
sCQ inlet temperature of the heat source from °@84o0 508C. The reduction of total
irreversibility is due to the requirement of lessgergy input from the primary heat exchanger at
higher air temperature.
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Table 9. Irreversibility equations for individuadmponents.
Component Equation
Primary Heat IPHE = [mc(hin - hout) - TO(Sin - Sout)] - [ms(h4 - hS) - TO(S4 - SS)]
Exchanger
High-temperature Lyrg = [ms(he — hy) — To(S6 — 57)] — [ms(hy — h3) — To (54 — S3)]
recuperator
Low-Temperature Irr = [ms(h; — hg) — To(s7 — sg)] — X[ms(hy — h3) — To(sz — s3)]
recuperator
NDDCT Inpper = (1 = X)[mg(hg — hy) — To(sg — 51)] — [Ma(ho — hy) — To(So — 0]

RC compressor

Ipc = (1 = X)Wre — (1 = X)[mg(h; — hg) — Ty (S5 — Sg)]

MC compressor

Iuc = XWye — X[mg(hy — hy) — To(s2 — $1)]

Turbine

Irurbine = Ms(hs — he) — To(ss — 5¢)] — Wr




5.8 Comparison Against Wet Cooling System

In general, power cycles in CSP application aretimdecated in a hot climate where solar
insolation is quite high. However, the abundanstirgvater supply to cool the working fluid is
indeed a great challenge. In comparison with taditional steam cycle, the sg@ower cycle is
mostly suited with the dry cooling system in teraidower requirement of air mass flow rate,
lower parasitic losses, lower thermal irreversil@ti, and smoother cooling profile of s€énd
air. The dry cooled steam cycle efficiency sigrafidy drops at higher ambient temperature.
However, this not the case for dry cooled s@Ower cycle, since the efficiency is significantly
higher during hot climate. Hence, dry cooling isated as an alternative to a wet cooling system
for sCQ power cycles in the CSP application. Although wet coolers are more efficient than
the dry cooling system, the choice of wet coolar€8P is eliminated in the present work due to
the inaccessibility of water. There are environrakmssues with wet coolers such as water
evaporation, accumulation of dissolved solids, emdosion. In comparison with the traditional
steam cycle, this sGpower cycle can still provide higher thermal effitcy even with dry
cooling [4, 21]. The acquirement of higher effiagrwith dry cooled sC®power cycles allows
the potential applicability of dry cooling in CSPpication. Compared to the forced draft
system, the NDDCT offers no parasitic losses. ghbr ambient condition, there is an efficiency
penalty with dry cooling. To compensate for thigfpemance degradation, various cooling
techniqgues can be applied. Zeyghami and Khalili] [Bfbposed a radiative cooling system
incorporated as an additional cooling componeraroéir cooling system to enhance the cooling
performance of the power cycle by cooling it to tesired temperature. Another remedy would
be the hybrid cooling approach. Several studieddfat al. [46, 47], Alkhedhair et al. [48], Zou
et al. [35] are available in the literature to c@ngate the performance degradation with the dry
cooling system.

5.9 Design Recommendation of NDDCT

The present work emphasizes the design methodabthe dry cooling system applicable to a
sCQ, power cycle. Before designing the NDDCT, the optimoperating condition of the power
cycle needs to be rectified based on the prescridmdthdary condition. For a specific CSP
location, the design parameter (air temperature satdr irradiation) of the tower is of great
importance. The present analysis does not refanyospecific location, however, it provides a
comprehensive guideline in designing the coolingeioand it is still applicable for higher air
temperature values. Various geometric inputs of tbwer (aspect ratio, diameter ratio, and
frontal area ratio) must be optimized before cotidgdhe economic analysis.

Conclusion

The thermal performance of the power plant is itigated by demonstrating thg the g, the
cooling efficiency, and the irreversibility analysiThe major findings of the analysis are
summarised below.

* In the preliminary analysis, the effect of the gree ratio on th&V«, they, and theSR
Is investigated. The is maximum at the loweSR. They also increases when the main
compressor inlet temperature increases in the rah@PC to 33C. This suggests a
unique heat transfer of sGQ@ue to a sharp change in transport properties tiear
pseudocritical temperature.



Various geometric parameters are optimized prioth® design of the cooling tower.
Next, the NDDCT is designed for various capacitésthe power plant. The tower
performance is evaluated in terms of unit heiglatt hejection and average heat rejection
by each bundle. The higher the tower, the betetdtver thermal performance. Detailed
economic analysis of NDDCT is performed based dimoped geometry.

The variation of NDDCT inlet temperature on theleygerformance is also investigated.
Both the  and W, significantly decrease with the increase of NDD@ilet
temperature. The increase in air temperature cahsdacrease of the main compressor
inlet temperature considerably which finally redsitiee cycle performance.

The irreversibility analysis shows that the primémat exchanger, the HTR, and the
NDDCT contribute the major portions of the totakirersibility. The physical reasoning
of the change of irreversibility with air tempenauis also explained. The total
irreversibility reduces with the increase in amfgerature.

The advantages of dry-cooled sC@ower cycles are discussed compared to steam
Rankine cycle. The possible remedies to comperfeatthe performance degradation
with dry cooling during higher ambient temperatame also briefly discussed. The
design recommendation of NDDCT is explained.
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