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ARTICLE INFO ABSTRACT

Keywords: Supercritical carbon dioxide (sCO3) cycle has high efficiency and fast response as load changes. It is important to
sCO cycle examine whether the sCO cycle is suitable in arid area. Hence, we explore the effect of air-cooler and water-
Air-cooler

cooler on the performance of a 300 MW sCO; coal fired generation system. Flow and heat transfer models
were established for air-cooler and water-cooler. The later includes shell-tube-heat-exchangers and a cooling
tower. We show a 0.8 % efficiency drop using air-cooler instead of water-cooler, at an air temperature of T, =
20 °C, which increases as T, rises. The increased temperature of sCO2 and exergy destruction in air-cooler explain
the efficiency penalty. Compared with cooling conditions for water-steam Rankine cycle, larger temperature
difference exists in ~30 K level between sCO2 and cooling fluids, explaining weaker efficiency penalty for sCOy
cycle. Besides, the usage of air-cooler creates a 3.66 million RMB cost reduction than water-cooler. The raised
cost of shell-tube-heat-exchangers for the water-cooler accounts for cheaper construction of the air-cooler. Based
on this study, the air-cooler induces mini efficiency drop and reduced cost, it is concluded that for sCO; cycle it is

Water-cooler

Pressure drop
Heat transfer

Cost

preferable to use the air-cooler, which is benefit to save the water resource in arid area.

1. Introduction

Carbon dioxide emission should be reduced to achieve the goal of
carbon peak and carbon neutrality. Large scale utilization of renewable
energies including solar energy and wind energy is necessary [1]. These
renewable energies strongly rely on weather conditions, displaying pe-
riodic and oscillating characteristics [2], under which the coal-fired
power generation system is changing the role from basic load supply
to adjustable energy source, balancing unstable renewable energies [3,
4].

Supercritical carbon dioxide (sCO3) cycle uses CO; to convert ther-
mal energy into power. Compared with the water-steam Rankine cycle,
the sCO; cycle easily reaches supercritical condition due to its lower
critical parameters of 304.13 K/7.377 MPa [5]. Besides, the inlet vapor
temperature entering turbines can be further increased to improve the
system efficiency, due to more inert feature of CO, with metallic surfaces
than water-steam [6]. The faster response to load variations of sCO5
cycle is attractive for coal-fired power generation to balance unstable
renewable energies [7-9]. For the water-steam Rankine cycle, the load
changing rate reaches 1-4 % Pe/min maximally [10,11], but for the CO5

power cycle, it may reach 6.35-10 % Pe/min [12-14].

Challenges of the sCO5 cycle can be found in various review articles
[15,16-18]. The progress includes the cycle analysis and the optimiza-
tion [19-21], the component development [22-27], and the demon-
stration of power systems [28]. In China, the current author has leaded
the investigation project on large scale sCO; coal-fired power generation
system in the past five years [29-32]. Major progress is summarized
here: (1) The overlap energy utilization is proposed to extract flue gas
energy over entire temperature range [29]. (2) The modular boiler is
proposed to overcome the challenging issue of ultra-large pressure drop
induced efficiency penalty [30]. (3) The general heat transfer correla-
tion of sCO4, is developed to accurately predict the wall temperatures for
key heat exchanger components [31]. (4) Other progresses include the
construction of a convective heat transfer loop with pressures reaching
25 MPa and temperatures reaching 280 °C, maximally [32], a 300 KW
test loop of sCO; boiler [33], and the investigations of sCO, turbines
[34]. A 5 MW sCO, power plant driven by nature gas boiler has been
successfully demonstrated and tested [35].

It is known that for thermal-power-conversion, cooler is a key
component to dissipate the extra heat of power cycle to environment,
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affecting the steady system performance and the transient characteristic
of power plants [36]. Two types of coolers are used: water-cooler (WC)
and air-cooler (AC) [37]. The former uses water to cool the cycle fluid of
water-steam or CO,, with the water carried heat finally dissipated to
environment in a water-cooling-tower (WCT) using the air-water mass
transfer effect [37]. The latter uses air directly to cool the cycle fluid of
water-steam or CO; [37]. Regarding the sCO; coal-fired power plants,
available studies focus on the water-cooling by simply assuming an inlet
water temperature such as 20 °C entering the cooler [30]. We note that
some authors have performed the analysis of the cycle and the air-cooler
performance for sCO, cycle using solar energy as the heat source and
air-cooler to dissipate extra heat to the environment [38-42]. The direct
comparison between air-cooler and water-cooler are not involved in
these references [40-42]. Besides, the comparative cost analysis be-
tween the air-cooler and water-cooler was not performed previously
[38-42]. The original contribution of the present paper lies in the direct
comparison between the two kinds of coolers as well as the costs anal-
ysis. The outcomes of the present paper provide the guideline for the
engineering application.

Here, a short review is given on the cooling technologies for the
water-steam Rankine cycle. Generally, the condenser keeps a constant
saturation vapor temperature in the hotter fluid side, but keeps varied
temperatures along the flow length in the cooling fluid side (water or
air). Due to poorer heat transfer of air, the air-cooler elevates the vapor
temperature and the corresponding pressure in the condenser, deterio-
rating the system performance [43,44]. The investigations conclude
large efficiency penalty by using air-cooler instead of water-cooler [45].
For 50 MW water-steam Rankine cycle, the cycle efficiency decreases
from 34.2 % to 32 % when an air-cooling-tower instead of a WCT is used.
To decrease the efficiency penalty, various techniques have been
applied, including enhanced heat transfer by using finned tubes [37,46,
471, optimization of air flow field and air-fan operation [48-50].

Heat transfer in the cooler of sCO; cycle differs from that of water-
steam Rankine cycle. First, the cooler keeps varied temperatures
across both the CO; fluid side and the cooling fluid side, influencing the
roadmap and the pinch temperature location as well as the magnitude
for the extra heat dissipation. Second, in the cooler, the CO2 pressure
may be ~7.6 MPa before entering the compressor, and the inlet COy
temperature of the cooler can be ~90 °C [29], obviously higher than the
water-steam temperature in the cooler for the Rankine cycle. In other
words, the temperature difference of the cooler across the two sides of
fluids for the sCO5 cycle is larger than that for the water-steam Rankine
cycle. This feature may decrease the sensitivity of the variation of the
system performance with respect to the air-cooling and the
water-cooling. Here, we perform a comparative study on the cooling
technologies for large scale sCO5 coal fired power plants. We note that
few articles deal with the air-cooler for solar energy driven sCO5 cycle,
focusing on small scale system such as 25 MW power capacities [38-40,
511.

In summary, previous studies on sCO; cycle focus on the simple
assumption of the cooling condition to dissipate extra heat of the system
to environment [28-30], little is known whether the sCO2 cycle is
suitable to operate in arid area where the water resource is scarce. One
may ask questions such that what is the efficiency penalty when using
air-cooler instead of water-cooler? What is the difference of the costs
between the two coolers? The objective of this paper is to answer the
above questions. In order to do so, flow and heat transfer models are
parallelly described for the air-cooler and the water-cooler in section 2,
considering the practical engineering designs. These correlations are
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coupled with the cycle analysis. Major findings are described in section
3. Conclusions are summarized in section 4.

2. The numerical model

We start from the description of the sCO; coal fired power plant in
section 2.1. Then, the water-cooler and the air-cooler are described in
section 2.2 and section 2.3, respectively. The coupling simulation of the
cycle and the cooler is described in section 2.4.

2.1. The sCOz coal fired power plant

In this paper, a 300 MW power plant is investigated, which is suitable
to provide flexible electricity output. The cycle integrates various
components of the sCO boiler (see Fig. 1). Different from solar energy
and nuclear energy utilizations, flue gas energies of the sCO, boiler
should be extracted by the cycle over the entire temperature range. The
overlap energy utilization is applied [29], consisting of a top-cycle
responsible for high temperature flue gas energy absorption, and a
bottom-cycle responsible for medium temperature flue gas energy ab-
sorption. Even though flow rates in the two cycles are different, ther-
modynamics parameters such as pressures and temperatures are similar
for the two cycles. Therefore, the two cycles are merged into a single one
to simplify the system configuration (see Fig. 1). The sCO, boiler in-
cludes Heater 1, Heater 2, Heater 4a, Heater 4 b, an air-preheater and an
external-air-preheater (EAP). Compressors C1 and C2 provide the pres-
sure heads to circulate the sCO; flow. The high-pressure turbine T1 and
low-pressure turbine T2 convert thermal energy into power. The
high-temperature recuperator HTR1 and HTR2, as well as the
low-temperature recuperator LTR account for internal heat recovery. To
decrease the ultra-large flow rate induced pressure drop penalty, the
modular boiler design is applied to yield the partial flow strategy [52].

In order to explore the effect of different coolers on the cycle per-
formance, the extra heat of the system is dissipated to environment
either by a water-cooler including a shell-tube-heat-exchanger and a
WCT, or by an air-cooler (see Fig. 1). Table 1 lists the major design
parameters for the 300 MWe power plant. Calculations of the cycle and
the boiler are based on Ref. [30]. The net power Wy and the cycle ef-
ficiency n, are

Whet = Wr1 + Wra — Wep — Wea (@)
Wnet
= , (2
”th Qboiler '

where Wr; and W are the generated power by T1 and T2, respectively.
W1 and Wy are the consumed power by C1 and C2, respectively, Qpoiler
is the heat produced by the boiler. The cycle efficiency is strongly
affected by the average heat absorption temperature Taye ap (heat source
side), and the average heat release temperature Tayere (heat sink side)
[53,54]:

@ Y m(ine — ing)

Taveab = =
b Z ASh Z mAsy (3)

m ico —1 i

Tave.re = Z QC = Z ( - h: ) 5 (4)
> AS. > mAs.

where Qp and Q. are the heat absorbed in the heating process and that

released in the cooling process, m is the mass flow rate in the heating
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Fig. 1. sCO; coal fired power cycle coupling with the air-cooler or the water-cooler.
Table 1
Design parameters of 300 MW sCO, power generation system [30]. (a) water outlet
. L
parameters values ? ? ? window be baffle
net power, Wpet 300 MW ; Ise.Ctllolnl ———
inlet temperature of the turbine, Ts 620 °C ) : : : : : : :‘ : : : : : :
inlet pressure of the turbine, Ps 30 MPa > = e S
outlet temperature of sCO; in the hot side of high-temperature 382°C —» i =
recuperator, Ty, —p I i o
inlet temperature of compressor C1, T; 33°C > = L )
inlet pressure of the compressor C1, P; 7.6 MPa
isentropic efficiency of the turbine, #r 5 0.90 sCO, outlet crossﬂow ' sCO,
isentropic efficiency of the compressor, i 0.93 inlet section section section ? ? ? outlet
pinch temperature difference in the recuperator, ATg 10°C L water inlet
ambient temperature, T, 20.0 °C < >
o ¥ >

process, i and s are the enthalpy and entropy per unit mass. The subscript
h and ¢ mean the heating process and the cooling process, the subscript i
and o mean the inlet and outlet, respectively.

2.2. Water cooler

The water-cooler consists of a shell-tube-heat-exchanger (STHE) and
a WCT. The cooling water and the sCO, are flowing in the shell side and
the tube side, respectively. The final heat carried by the circulating
water is dissipated to environment by the WCT, in which the water is
sprayed into droplets in the tower filling zone and exchanges heat with
the air due to the mass transfer induced evaporative effect [37]. The
water is collected in the bottom pool of the tower, and re-pumped into
the STHE. Because the water mass may lose during the evaporative
process, fresh water may be added into the system to ensure constant
flow rate in the STHE.

2.2.1. The STHE simulation

Fig. 2 shows the basic type E STHE, belonging to the Tubular
Exchanger Manufactures Association (TEMA) family. The CO, flows in
the tube bundles from left to right, while the water flows in the shell side
from right to left, waving its roadmap by periodically arranged baffles.
Various design parameters of the STHE are listed in Table 2. The

(b)

Fig. 2. Flow path and geometrical parameters of shell-tube-heat-exchanger.
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Table 2

Parameters of the shell-tube-heat-exchanger.
parameters values
inner diameter of the shell, Dy 1.5m
outer diameter of the tube, d, 25 mm
inner diameter of the tube d; 22.2 mm

length of the tube, L, 10 m

thermal conductivity of the tube material, k. 50 W/mK
flow rate of cooling CO5, mcoz 1615.1 kg/s
flow rate ratio of cooling CO2, X s 71.5 %

outlet temperature of COo, T 33°C
outlet pressure of COy, Ps 7.6 MPa

Table 3
Pressure loss coefficients for the shell-tube-heat-exchanger [55].

loss coefficient calculation equation

heat transfer correction
factor of baffle
structure, J
correction factor for Ji =0.44(1 —r5) + [1 —0.44(1 —r5)]exp(—2.2nm) s =
heat transfer of Agsp i Agsp +Aotp
leakage between Aosp A0’ ™ " Aver
baffles, J;
correction factor for
pressure drop of
leakage between
baffles, Ry
i 1
coﬁiitf[i:nf:fztro; ffor Jo = exp{ — ConFpp[1 — (2rss)3] }, 1es = 1%, laminar
bypass flow Jj,
correction factor for
pressure drop of
bypass flow, Ry,
correction factor for
heat transfer of inlet
and outlet baffles, Js
correction factor for
pressure drop of inlet
and outlet baffles, Ry

Je = 0.55+ 0.72F,

Ry =exp[— 1.33(1 + r5)|nm™, x = — 0.15(1 +rs + 0.8)

flow Res<100, Cpp = 1.25, turbulent flow Cpp, = 1.35

1
Ry = exp| — CopFapp (1 — 7s3)], laminar flow Res<100,
Cpp = 1.25, turbulent flow Cp, = 1.35

The spacing between the inlet and outlet baffles in this
article is kept consistent with the spacing between the
other baffles., J; =1

Ry=2

calculations of the STHE involves the following processes (see Fig. S1 in
the supplementary materials):

@ Giving the thermal load of the cooler (Q.), the dimensions of the
STHE, and the temperature and pressure values of the two sides of
fluids.

@ Assuming the dimensions of B, Ly, Lip, Ngs and the outlet tempera-
ture of water (Ty,).

@ Calculating the correction factors, geometric parameters of baffles
and tubes.

@ Evaluating the geometric parameters to see if the requirement is met.
If not, keeping the iterative process until the requirement is satisfied.

@ Determining Ty,, and comparing the values of the current iterative
step and the previous step. If the residual error does not meet the
requirement, keeping the iterative process.

@ Calculating the capital cost of the STHE.

@ Finalizing the parameters of sCO, and cooling water, costs and heat
transfer rate.

The flow and heat transfer model using the Bell-Delaware method is
applied to design the STHE [55]. The correlation developed by Yoon
et al. [56] is used to calculate the Nusselt number for sCO3 flowing in
tubes:
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n
Nu, = aRe?Pré (‘%) , ®)

s

where Re, Pr and p are Reynolds number, Prandtl number and density,
respectively, the subscript s means sCOs, pc stands for the pseudo-
critical point. If Ts > T exists, a = 0.14, b = 0.69, ¢ = 0.66, n = 0; if
Ts < Ty exists, a = 0.013, b=1.0,c=—-0.05n=1.6.

The Churchill formula [57] is used to calculate the friction factor f for
sCO3, flowing in tubes:

16 15y &

12
N 37530\ '
Re;

8 12
fi=8{ (5] + |24571n o
S 3
&) o
©

For water flowing in the shell side, the heat transfer coefficient hy, is
cited from Ref. [55].

hw = hidJchJbJera )
where hiq is the heat transfer coefficient for pure crossflow of an ideal

tube bank (see Eq. (8)). The four correction factors of J can be seen in
Table 3. The hyq is

2
; 3
_]id my, Cp,wprw

hig = A, , (€))

where jiq is the ideal Colburn j factor for the shell side (see Eq. (9)). My is
the mass flow rate of water, A,y is the cross-sectional area between two
baffles, c, is the specific heat capacity, the subscript w means water.

jia=0.236Re, 234 (C))
The friction factor f for water flowing in the shell side is as follows:
fu=0.56Re, > 10

The pressure drop of water on the shell side is as follows:

AP, = AP + APyingow + AP, (11)
AP, = (Np — 1)APy 4Ry (12)
2 4 0.6Ny)G?
APwindow = waRl (13)
2p,,
_ N tew
AP, =2AP;,qRyR,( 1+ 14
' Nice
2f N G?
APpiq = M (15)
w

Where AP, APyindow and AP, are the integrated pressure drops for all
the interior crossflow sections, all window sections and that for the
entrance and exit sections, AP}, ;4 is the ideal tube bank pressure drop, as
specified in Ref. [55]. Nj is the number of baffles, N, is the effective
number of tube rows crossed in the baffle window (see Eq. (16)), Ny is
the number of effective tube rows crossed in one crossflow section (see
Eq. (17)), G is the mass flux of water. R is the non-ideal pressure drop
coefficient (see Table 3). The Dg, D¢y, Bc and Ly, are shown in Fig. 2.

0.8 <DSBc D, — Dctl>

New=+— -
Y Ly \ 100 2

1e)
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2.2.2. Simulation of the WCT

The WCT is divided into a spray zone, a filling zone, a rain zone, and
a water reservoir (see Fig. 3). The circulating cooling water is sprayed
into a mist through nozzles, exchanges heat with the air in the filling
zone to decrease its temperature. The cooling capability of the WCT is
limited by the wet bulb temperature of the environment air. The
calculation process of the WCT is summarized here (see Fig. S2 in the
supplementary materials):

Niee = (17)

@ Specifying the parameters of the circulating water and the environ-
mental air.

@ Assuming the parameters such as the tower height Hg, the air outlet

temperature T,s, the air flow rate m,, and the air outlet pressure P,s,

etc.

Calculating the geometrical parameters of the cooling tower, the

specific enthalpy of humid air ip,, at each marked position, and the

flow resistance coefficients K.

Checking if the resistance equation is satisfied. If not, adjusting m,

until convergence.

Calculating the heat transfer rate and checking if the energy con-

servation equation and Merkel equation are satisfied. If not, adjust-

ing T,5 and He until the requirements are met.

@ Evaluating the cost of the WCT.

Table 4

Pressure loss coefficients for the water-cooling-tower [37].

calculation equation

loss coefficient

>2
Keuti = Cr20.011266 exp(0.093d; /Hi)KZ — 0.3105 exp(0.1085d; /H; )Ky — 1.7522 + 4.5614 exp(0.131d;/H;) + sinh ™' {{ [10970.2 exp(—0.2442K;) + 1391.3] /(di/H; — 15.7258)

Mmal
+1205.54 exp(—0.23Ky) + 109.314}

Mmails

“

) (

Pmals
Pma1

)

CpsLisds 'ltsAﬁ2
(nd3Hs)*

Kmﬁ

loss coefficient of tower support, K

;

Mmal
Mmails

An

Ay

Pma1s
Pmal

bi
Kus = ajRey! (

loss coefficient of inlet louver, Ky

loss coefficient of tower inlet, K

x[2r;/d; — 0.01942/(d; /H; — 27.929) — 0.016866]}

;

Mpa1
1.851L5 Gy 1 7752G, " 19%56 | Ky

)Gz

Pma1

05 (/’mals

Ko = 3ay Vw3 (Hsz/dg){0.2246 — 0.31467ayp,,; + 5263.04a, iy, +0.775526 x [1.4824163 exp(71.52a1.dq)—0.91]

0.39064 exp(0.010912a1d;) — 0.17] x [2.08915(ayVma3) 2% +0.14
p

exp{[0.8449 In(a;d3/2) — 2.312)[0.3724 In(@yVma3) + 0.7263]
x1n[206.757 (a1 H) >*** + 0.43] }} (mars/Pmar ) (Mimar /Mimans )

Kisi + Ketefi

structure loss of filler support, K and contraction loss of
filler support, Keicsi

loss coefficient in rain zone, K¢

)

Gals
Pmals

I

2
Grma1
Pma1

G .2
Kam + ( mas
Pmas

Kfdm

loss coefficient of filler, Kg
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@ Finalizing the outlet temperature Tyo of the cooling water, heat
transfer rate, and the WCT cost.

The following assumptions are made: (1) uniform water flow in the
horizontal direction; (2) varied water flow in the vertical direction along
the flow direction; (3) no blockage in the filling zone; (4) uniform air
distribution in the horizontal direction. Flow resistance exists as the air
flows upward, which is predicted as [37]:

3.5(14+wy ) [1-w; /(w; +0.62198)

P.{[1 - 0.00975(Hs + La/2) /Tu1]
7(1 _ 0l00975H6/Tal)3.5(1+w1)[1—w1/(w1+0.62198)]
~(0.02Frp " — 0.14 /Frp) (Mmas /As)* / ﬂmaa}
= (Kts + Kil + Kct + Krz + Kfs + Kctc + Kfi + Kcte + Ksp + Kwd + Kde)ﬁ

(mma15/Aﬁ)2/(2p315) X [1+ &ras (He — Hs — L /2) / Tas

where H is the height of different positions of the WCT, Ly; is the height of
the filling zone, which is 2.0 m in this paper, T,; is the ambient air
temperature (see Fig. 3), w is the humidity ratio, p is the density, m is the
mass flow rate, Ag is the frontal area of the filling zone. The subscripts a
and ma indicate the dry air and the moist air, respectively. The sub-
scripts 1, 3, 5, 6 represent the parameters at the position marked 1, 3, 5
and 6 in Fig. 3, respectively. K is the dimensionless resistance coefficient
(see Table 4). The &ry5 is the lapse rate for this condensation process
[371, in Eq. (19).

5 (W510.622)RTo5

-1 +w5)g{1 +0.42216 x 10" w2P,5 exp (L"gl”s) e }

$ras = s

Cpma +3.6693 X 10-8W2P,s exp (%-15915) T‘—;
& a5

19

V5 {1 + &p4s (Ho — Hy — L /2) [Tos )~

—0.021233(14w; )/ [:Tas (W5+O.622)]

hdrzarerz _ 12( j-1 ) (H3> ( Pal )S 0,33|: (Wsl + O622> 1
= — || 5=—)5¢"|In
Gw Vmade dd RvTalpwo wr + 0622 (Wsl - Wl)

+4.04016{[0.55 + 41.7215 x (a;da)*****][0.713 + 3.741 (e H3) " ***°][3.11 exp(0.15¢,Vmaz) — 3.13]
xexp{[5.3759 exp(—0.2092a;H;)|In[0.3719 exp(0.0019055a,d3) + 0.55]}}}

Where i = ifgwo — (Cpw — Cpv)(Tas — 273.15).The Frp is [37]

Fr = (Minas /As)” / [Pt (Pms7 — Prnas 8] (20)

The filling zone of the WCT is an important region for heat transfer
between the air and the water, with the calculation model shown in
Fig. 3b. Based on energy conservation, the energy absorbed by the moist

Table 5

Design parameters of water-cooling-tower.
cooling tower parameters values
ambient temperature, T, 20.0 °C
local air pressure, P, 101.305 kPa

relative humidity, RH 70 %

net power, Wyet 300 MW
cooling water flow rate in the cooling tower, my, 3860 kg/s
ratio of tower height to tower inlet diameter 1.4

ratio of tower inlet and outlet diameter 0.7

ratio of tower inlet diameter to inlet height 9
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air equals to that released by the cooling water:

ma (imas - imal) = mwcp.wm(Twi - TWD)7 (21)

where in,s5 is the outlet enthalpy of the air, iy, is the inlet enthalpy of
the air. Assuming that the air leaving the filling zone reaches the satu-
ration state with the water-vapor, the Merkel equation is applied over
the entire area between the inlet of the rain zone and the outlet of the
spray zone [37]:

0.021233(14w;) / [g*Tas (W5+0‘622)]

, as)

+ Aes (mmaS/AG)z/(2pma6)

h Twi d

aL cpwdT,
Me— T _ / _Gowdlw (22)
Gw (lmasw - lma)
Two
hdaL _ hdrzarerz + hdfiafiLfi hdspaspLsp , (23)
GW Gw Gw GW

Where the non-dimensional term hg—jL is called the Merkel number (Me),
hq is the mass transfer coefficient, a is the wetted area divided by the
volume of different zones, L is height of different zones, the subscript
masw means the saturated moist air. The Merkle number in the rain
zone, filling zone and spray zone is expressed as follows:

} x {0.907570,p,q1 — 30341.04a, 4,0, — 0.37564

24
iag L .
hanas fl:0.25575LﬁGw0.094Gg.6023 (25)
w
hdspaspLspi Ga 05
G7w_0.2LS,, ¢.) (26)

where the d, is the mean diameter of the water droplet in rain zone, dq =
0.0035 m, 4 is the diffusion coefficient at inlet, v is the velocity, y is the
dynamic viscosity. The Schmidt number Sc; is

Scy = Hma1 / (pmalll)ﬂ 27)

where the y is the dynamic viscosity, several coefficients of a in Eq. (24)
are shown in Eqgs.(28)-(31).

@, =3.031 x 105 (p g° /o) ">

(28)

a4, =998.0/py0 29
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Fig. 4. Physical models of the air-cooler and the A-type heat exchanger, (a) air-cooling-tower, (b) A-type heat exchanger, and (c) finned-tube.

3 /3 1025 buoyancy effect due to the air temperature difference between the outlet
a, =73.298(8°05,/Piso) (30) region and the inlet region. The finned tube heat exchanger is crucial to
025 dominate the AC performance, consisting of a set of units (see Fig. 4b—c).

a, =6.122(g0vw0/Puo) s (€20)]

These units are horizontally and parallelly positioned in the heat
transfer region. Each heat exchanger unit displays the triangular
configuration. The CO, fluid enters the parallel tubes via the upper
plenum, flows in the tube bundle and dissipates heat to the air there, and
then collects in the bottom plenum. The finned tubes enhance the
convective heat transfer in the air side.

where o is the surface tension of water, the subscript wo means the outlet
water. The design parameters of water-cooling tower are shown in
Table 5.

2.2.3. The economic model of the water cooler

The cost of the water cooler is divided into two parts: the cost of the
STHE and the cost of the WCT. The later consists of the cost of the tower
body and the cost of the filler.

2.3.1. Calculation model of the air-cooler
The simulation of the air-cooler includes the geometrical parameters
of the AC, the heat transfer rate of the heat exchangers, and the cost of
Ceooler = Crower + Cshell_tube + Chis (32) the AC (see Fig. S3 in the supplementary materials). The calculation
process is summarized are as follows.
where C represents the cost, the subscripts fi represents the filler.

The Cghell-tube is calculated based on Ref. [58]. The unit is US dollar @ Assuming the height of the air-cooling-tower (ACT) and the outlet air

for such calculation but is converted into Chinese Yuan here, according temperature of the heat exchangers.
to the exchange rate of 7.23. The carbon steel is selected as the con- @ Determining the air flow rate based on the flow resistance calcula-
struction material. tion of the air.

@ Updating the outlet air temperature based on the heat transfer be-
tween the sCO5 and the air.

@ Iterating the outlet air temperature to obtain the outlet parameters of
sCO, until convergence.

@ Comparing the outlet parameters of sCO, with the cycle specified

Cshell—tube =7000 + 360 Ag]ﬁufmbev (33)

where Aghelitube iS the heat transfer area of the shell-tube-heat-
exchanger. The tower cost Ciower iS

Crower = Vshell Cshelt (€D)] values, changing the height of the tower until the outlet parameters
of sCO,, are equal to the design values.
Csi = Viics, (35) @ Calculating the cost of the ACT.

where cgpe is the investment per unit volume of the tower shell, which is
200 $/m?, cg is the investment per unit volume of the filler [59], which
is 25 $/m3, Vshell and Vg are the volumes of the tower shell and the filler,
respectively.

It is noted that the air flow is caused by the buoyancy effect, creating
the driving force to overcome the flow resistance of the air flowing
through the ACT (see Fig. 5a). The flow resistance is calculated based on
the Konger’s theory [37]:

2.3. Air-cooler
The air-cooler (AC) uses nature air to dissipate heat of the CO5 fluid

(see Fig. 4a). The ACT is divided into an air inlet region, a heat transfer
region and an air outlet region. The circulation of air is caused by the
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ds Table 7
(a) < | > Geometrical parameters of finned-tube-heat-exchanger.

y @ mtower outlet tube parameters value fin parameters value
. tube material ASTM A214 fin material ASTM 6063
air,outlet low carbon aluminum
: steel
I thermal conductivity of =~ 50 W/mK number of tube 1
: tower shell tube, k passes, Myp
i outer diameter of the 19 mm thermal 204 W/(m K)
! tube, d, conductivity of fin,
| ke
H i inner diameter of the 14 mm fin diameter, d¢ 57 mm
3 : tube, d;
i relative roughness of 524 x 1074 finned cross- conical
! the tube surface, &/d; sectional shape
: length of the tubes, L, 6m average fin 0.5 mm
heater iexchanger CO, inl thickness, &¢
Koot KngKere ‘ SCO; inlet number of tubes per 46 fin spacing, Lp¢ 2.8 mm
| . l TOW, Ny
[ ! air inlet transverse tube spacing, 58
K, KetKhes : <_ Lpt
E : — longitudinal tube 52
: — spacing, Ly
i width of each heat H3/1.15
! ground exchanger, Bpe
(b) sCO, flowing = he;g(]z}tl :Ifl e:;c]‘;{heat 0.5m
1 vl y  y+l n 8eD he
A _ T
m 1,m y-L, y,m ytl, n,m s
m m P.{[1 - 0.00975(H; + Hy)/(2T)]*
» I x[1 —0.00975(Hs — Hs/2 — Hy/2)/Tas]>® — (1 — 0.00975Hs /Tal)”’}
z 1.0 + 2 )
é z l,Z yZl’: v,z :yzl, n,z = (Kts + Kctc + Khes + Kct + Khe + Kcte)he (ma/Afr) /(2/)334)
— 1
= ppp—p— 35 2
< ' : x[1 —0.00975(Hs — H3/2 — Hy/2)/Taa]”” + (1 4+ Kyo) (M4 /As) /(2Pa5)
- T (36)
| 1,1 yll’ v,1 y11, n,1
where H is the height of different positions of the ACT, Ty is the ambient
% air temperature (see Fig. 5), p is the density, m is the mass flow rate, Ay, is
AA A AL TP, the frontal area of the finned tube heat exchanger. The subscripts a and
ma indicate the dry air and the moist air, respectively. The subscripts 1,
T; Py —> —> 7., P, 3, 4 and 5 represent the parameters at the position marked 1, 3, 4 and 5
in Fig. 5a. Various pressure loss coefficients K exist in Eq. (36), which
AAAAL TP, can be seen in Table 6.

2.3.2. The heat transfer model of the ACT

The heat exchangers are arranged in multiple rows. Compared with
the inline arrangement, the staggered arrangement has better heat
transfer performance and adopts a single tube pass. Due to the poor heat

Fig. 5. Calculation model of the air-cooling-tower and the A-type
heat exchanger.

Table 6 transfer of the air, the welding circular fins on the tube surface enhances
Pressure loss coefficients for the air-cooling-tower [37]. heat transfer (see Fig. 4c). The geometrical parameters of the finned tube
- - - heat exchanger are shown in Table 7.
loss coefficient calculation equation . X
— - The calculation of the finned tube heat exchanger adopts the Kong-
loss coefficient of tower support, K . = M (”aﬂ) er’s model [37]. Each finned tube is divided into several nodes along the
) N (nd3Hs) Pa1 length direction. For a single node, the heat transfer rate on the air side
contraction loss coefficient, K 2 1 Pa3 An\2 ) . i
Kete = (1 -= - —) (; ") ( A ) and the sCO; side are Q, and Qs, respectively (see Fig. 5b). Egs.(35) and
a3 .
expansion loss coefficient, Kete pae { An (36) calculate Q, and Qs based on the enthalpy change across the inlet
Kete = ( ) ( ™ ) ( ) and outlet of the node, respectively. The two values are equal to the heat
loss coefficient of cooling tower » Aj transfer calculation Qpe.
inlet, K, Kct *Kc(he< a34)< r) H
> Ret 3
Qa =MyCpa (Ta,y+l - Ta,y) (37)
Kethe 70072( ) 7034( )71.7
loss coefficient of cooling tower Kio = — 0.28Frp~! + 0.04Frp 15, Qs =myCp (Ts.y+1 - Ts,y) (38)
outlet, Ky, 1 m
o = hslo p)gd(A_a) (Toy = Taya1) — (T Toy)
a5\/a6 — Pa5)555 \/25 — lay+1) — y+1 — la
loss coefficient of heat exchanger, ~13893.94795 L2 2 Pa3 — Pag Ry = Qne = UAFr = i a 3 (39)
Khe T RS 2t 1 (7? Tf% 1)
ma sy+1—Tay
HazaAte

where UA is the overall heat transfer coefficient, Fy is the heat transfer
area, the last term in Eq. (39) is the logarithmic mean temperature
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Input the parameters of cycle and boiler (see the Tabel 1)
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Fig. 6. Calculation flow-chart of the sCO, coal-fired power generation system.

Table 8

Model validation for the water-cooling tower.
parameters present study Ref. [37]
My 12500 kg/s 12500 kg/s
m, 16522.44 kg/s 16522.46 kg/s
Twi 40 °C 40 °C
Two 21.39 °C 21.39°C
Qw 972.06 MW 972.06 MW
Qa 971.97 MW 972.06 MW

difference (LMTD), m is the mass flow rate, c;, is the specific heat, and T
is the temperature, the subscripts a and s stand for air and sCOs,
respectively, y and y+1 represent the parameters at the node y and the
right node y+1, respectively. The UA is

1 N 1 lnd°+ 1 1ndf+ 11
hA, 2nkanyn AL d;  2nkengn AL dy,  haAa|

UA = (40)

where hs and h, are the convective heat transfer coefficients for sCO, and
air, respectively, A represents the heat transfer area, k; and kf are the
thermal conductivities of the tube and the fin, respectively, ny, is the
number of heat transfer tube bundles, n; is the number of tubes per
bundle, and AL is the length of the calculation node.

Briggs and Young [60] proposed the heat transfer correlation of air
for fin-tube-heat-exchanger with staggered tube banks.

(Lor — £:)792 o\ 01134
";7%:0.134%11«33[ (Lot tf)} (L‘" 5f> i (41)

a df - do Of
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Fig. 7. Model validation for air-cooler.
Table 9
Parameters for the coolers.
water-cooled values air-cooled value
Water-cooled tower tower height, Hs 130.0 m
height of tower, Hg 130.0 m height of tower inlet, H;  10.3 m
height of tower inlet, H3 10.3 m diameter of tower inlet, 92.9m
d;
diameter of tower inlet, d3 92.9m diameter of tower 65 m
outlet, ds
diameter of tower outlet, dg 65 m number of cooling tube 260
bundle, ny,
height of filler 2.0m air flow rate, m, 17701.0
kg/s
air flow rate, m, 11400 cooling capacity, Qeooler ~ 298.7 MW
kg/s
cooling capacity, Qcooler 299.5 CO;, cooling flow rate 1652.1 kg/
MW s
Shell and tube heat exchanger CO, cooling flow rate 73.2%
ratio, Xc s
baffle clearance, B, 0.37 m CO;, outlet temperature, 34.2°C
Ts
baffle spacing, Ly 0.45m CO,, outlet pressure, P 7.6 MPa
tube pitch, Ly, 0.032 m net power, Wyet 291.5 MW
inlet temperature of 23.8°C
circulating water, Ty;
outlet temperature of 43.2°C

circulating water, Ty,
number of shell and tube 10
heat exchangers

Where the Reynolds number Re, = Gad,/u,. Eq. (41) is valid under the
conditions of 1000 < Re, < 18000, 11.013 mm < d, < 40.89 mm, 1.42
mm < (df-do)/2 < 16.57 mm, 0.33 mm < §¢ < 2.02 mm, 1.30 mm < Lyf <
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Fig. 8. Thermal efficiencies of the 300 MW sCO, power generation systems
using water-cooler and air-cooler.

4.06 mm, and 24.49 mm < Ly < 111 mm.
Robinson and Briggs [61] proposed the friction factor correlation of
air for the heat exchanger.

D,
_Pa 2
fa 2LplfRB 42)
L -0.927 L 0.515
firp =9.465Re, [ -2 -2 ) (43)
d, Ly

where Ly and Ly are longitudinal tube spacing and transverse tube
spacing, respectively, D, is the equivalent diameter of air flow, d, is the
out diameter of tubes. Eqs.(42) and (43) are valid under the conditions
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Fig. 10. Energy distribution in the water-cooling and air-cooling cycle.

Ceooler = Crower + Che (44)

The right side of Eq. (44) is given by Eq. (34) and Eq. (45) [63],
respectively.

Che = CheAhe-, (45)
where cpe is the investment per unit area of the fined-tube-heat-
exchanger, 11 $,/m? [63], Ape is the effective frontal area of the heat
exchanger.

Table 10
Physical properties of working fluids calculated by the NIST software [62].

density specific heat thermal viscosity
of 2000<Re, < 50000, 18.64 mm < d, < 40.89 mm, 39.68 mm < df < (kg/m>) capacity conductivity (pPas)
69.85 mm, 10.52 mm< (df-d,)/2 < 14.48 mm, 42.85 mm < Ly <114.3 (kJ/kg K) (mW/(m K)
mm, and 37.11 mm < Ly; <98.99 mm. The heat transfer coefficient and cooling water 998.21 4.1841 598.01 1001.6
friction factor for sCO5 flowing in tubes are shown in Egs. (5) and (6), (20 °C, 0.1 MPa)
which are not repeated here. Thermal physical properties of sCO; are cool air 520 °C, 1.1888 1.0061 25.873 18.205
. . 0.1 MPa
cited from the commercial software REFPROP 9.0 [62]. caturated water 0.033578 1.8964 20.242 70.530
vapor (50 °C, 5
2.3.3. The economic model of the air-cooler kPa)
The capital cost of an air-cooler (Ccqoler) consists of the construction sC0O2(33°C, 7.6 346.97 20.372 69.976 25.416
cost of the tower body (Ciower) and the cost of the finned-tube-heat- MPa)
$CO5(100 °C, 7.6 132.52 1.3036 27.967 20.273
exchanger (Che): MP.
a)
(a) 750 (b)
1 water-cooling system air-cooling system
5' 5 '
60047, ..=540.5°C j A 1 T a=542.3°C /f
O [§
;(3 4504 P,=7.6 MPa 6b 1 P,=7.6 MPa
= T,=33.0°C T,=342°C
300 B
150+ 2 7 2 o
8 Tave, re:64'0 °C 8 Tan% f¢:70'9 C
P 16
0 T T T T T T T T
1.2 1.6 2.0 2.4 2.8 32 1.2 1.6 2.0 2.4 2.8 3.2

s (kJ/(kg-K))

s (kJ/(kg'K))

Fig. 9. T-s diagram of the sCO, cycle using water-cooler (a) and air-cooler (b).
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2.4. The coupling simulation of the cycle and the cooler

The correlations and equations presented in this paper were devel-
oped using air as the working medium. Notably, these equations have
been successfully applied in studies on sCO5 coolers, as demonstrated in
Refs. [38-42], highlighting their applicability beyond water-based
systems.

In this paper, the sCO cycle is coupled with either the water-cooler
or the air-cooler (see Fig. 6 for the coupling calculations of the cycle and
the tower.) The detail cycle calculation and boiler design calculation can
be seen in Ref.[30]. The model validation for water-cooler and air-cooler
can be seen in Table 8 and Fig. 7.

3. Results and discussion

In order to perform the comparative studies using the coolers, the
height-to-diameter ratios of the two coolers are identical. The geomet-
rical parameters of the water-cooler are calculated to obtain its pa-
rameters under the design conditions. Then, the parameters of the air-
cooler are set to be identical to those of the water-cooling tower (see
Table 9 for these parameters).

3.1. Effect of air-cooler and water-cooler on the cycle performance

Thermal efficiency (5,) is a key index to evaluate the sCO4 cycle
performance, which is influenced by various factors. By setting identical
design parameters such as the main vapor temperature Ts = 620 °C, the
main vapor pressure Ps = 30 MPa and the air temperature of 20 °C, Fig. 8
plots the efficiencies of the power plants coupling with the air-cooler
and the water-cooler. It is seen that the efficiencies reach 50.0 % and
49.2 % with the water-cooler and the air-cooler, respectively, indicating
a 0.8 % efficiency penalty by using the air-cooler. In contrast, the effi-
ciency penalty reaches 2.2 % for the water-steam Rankine cycle power
plant by using the air-cooler instead of the water-cooler [45]. We
conclude that the sCO3 cycle has weaker efficiency plenty by using the
air-cooler instead of the water-cooler than the water-steam Rankine
cycle. This benefit comes from the fact that the temperature difference
between the sCO and the cooling fluids is larger than that between the
water-vapor and the cooling fluids for the water-steam power plant,
which will be discussed later.

For thermal engines, the average heat absorption temperature (Tave,
ab) reflects the coupling between the heat source and the cycle. Mean-
while, the average heat release temperature (Tave, re) reflects the
coupling between the cycle and the final heat sink [53,54]. The cycle
efficiency is improved by elevating Tave, ab and/or lowering Taye, re. The
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T-s diagrams for the cycles using the water-cooler and the air-cooler are
shown in Fig. 9, where s is the entropy. It is seen that compared with the
water-cooler, the air-cooler not only increases Taye, ab by ~2 K, but also
increases Taye, re by ~7 K. The comprehensive effect introduces a 0.8 %
cycle efficiency difference of the cycles between using the air-cooler and
the water-cooler.

Due to the different cooling performance of the two cooling methods,
it can be seen in Fig. 9, the T; for water-cooling system and air-cooling
system is 33 °C and 34.2 °C, respectively. Increasing the inlet temper-
ature of the compressor will increase its power consumption. The output
power of turbine for water-cooling system and air-cooling system is
462.6 MW and 462.2 MW, respectively (see Fig. 10). The compressor
power consumption for water-cooling system and air-cooling system is
163 MW and 171 MW, respectively (see Fig. 10). Therefore, the net
power of the water-cooling sCO» cycle is 300 MW, while the net power
of the air-cooling sCO; cycle is 291.5 MW.

3.2. Heat transfer behavior of the air-cooler and the water-cooler

Here, a short review is given on the heat carrier fluid to be cooled by
the cooler, which is sCO, for the sCO3 cycle and water-vapor for the
Rankine cycle. For the sCO; cycle, heat transfer takes place due to
sensible heat release in supercritical pressure, but due to latent heat
dissipation in subcritical pressure for the Rankine cycle. This difference
influences the heat transfer roadmaps in the coolers, creating different
effect of the coolers on the power generation systems.

Now we turn to analyze the effect of cooling fluids on the sCO5 cycle.
The physical properties of air and water are obviously different (see
Table 10). At atmospheric pressure and the temperature of 20 °C, the
density of water is three magnitudes larger than that of air. Meanwhile,
the special heat and the thermal conductivity of water are four times and
twenty-three times of air, respectively. These differences result in sig-
nificant different heat transfer behavior between air and water.

Fig. 11 illustrates the T-AH diagram for the STHE and the air-cooler,
where AH is the enthalpy change along the heat transfer roadmaps. The
pinch temperature is defined as the minimum temperature difference
across the two sides of fluids along the whole heat transfer roadmap. It is
seen that the pinch is located just before the sCO, leaves the STHE,
which is 8.8 °C for water cooling (see Fig. 11a), but exactly located at the
point 1 at the sCO; outlet, which is 14.2 °C for air cooling (see Fig. 11b).
Having the temperatures of the four state points across the sCO5 side and
the cooling fluid side, the LMTD is determined to be 33.4 °C in the STHE,
and 34.2 °C in the air cooler, indicating mini difference of the LMTD for
the two coolers.

It is noted that the LMTD is only determined by the temperatures of

@ 5 (b)
water-cooler 3 air-cooler 8
100+
S
=
504
0 T T T T T T T T T
0 80 160 240 320 0 80 160 240 320
AH (MW) AH (MW)

Fig. 11. T-AH diagram of the heat transfer roadmaps between the heat carrier fluid and the cooling fluid: (a) for the water-cooler, (b) for the air-cooler.
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Fig. 12. Heat transfer coefficients between sCO, and the cooling fluid of water (a) and air (b).

the four state points during the heat transfer process, and has nothing to
do with the heat transfer roadmap. In order to explore the roadmap
(integration) effect, the previously proposed integrated average tem-
perature difference (IATD) is applied [64], which is written as follows
for the present problem:

IATD = fOAH (TSC02 — Teooling ﬂuid)d(AH)
N AH

(46)

Noting that AH is the total thermal load during the heat transfer
process, the subscript “cooling fluid” refers to either water or air. Giving
the T-AH curves shown in Fig. 11, the IATD is 32.7 °C for water cooling
and 45.3 °C for air cooling. An important index of IATD is that IATD can
characterize the degree of the exergy loss during the heat transfer
process.

In the paper, the exergy is only physical exergy, expressed as follows
[54]:

e=(h—Tos) — (ho — ToSo) (47)
ED,wa\er—cooler =Mco2 (eS - el) —my (eon - ew.i) (48)
ED,air—cooler =Mco2 (83 - el) —my (ea.o - ea.i) (49)

52
A —=— water-cooling system

50 —@— air-cooling system
48
S
= 46 4

44 |

42 T . T . T : . : .

20 25 30 35 40
T, (°C)

Fig. 13. Thermal efficiencies of the sCO; cycle dependent on air temperatures.
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Fig. 14. Comparison of costs for the water-cooler and the air-cooler.

where the subscript 0 refers to the ambient conditions. The exergy loss
for air-cooler is 35.1 MW while the exergy loss for water-cooler is 25.4
MW. The larger the IATD, the larger the exergy loss is. The IATD based
on Fig. 11 tells us that the air cooling elevates the exergy loss, explaining
the cycle efficiency penalty by using the air-cooler instead of the water-
cooler. It is noted that the LMTDs have weak difference, but the IATDs
are obviously different, regarding the two coolers. The former is related
to the heat transfer calculation only, but the later has connection with
the exergy loss which is further connected with the cycle efficiency.

We examine the heat transfer coefficients (h) for the sCO, and the
cooling fluids, noting that L, in Fig. 12 represents the total flow length of
the heat exchangers. For water cooling, the h is stable along the flow
length for water, but increase from the inlet point 8 to the outlet point 1
for sCO5. The heat transfer coefficient of sCO5 reported in this paper is
comparable to that in Ref. [40] (see Fig. 7). Giving the logarithm co-
ordinate in the vertical direction, the h of water is apparently larger than
those of sCO- (see Fig. 12a). The heat transfer coefficients of air are the
smallest among the sCO; in Fig. 12a-b, water and air (see Fig. 12a and
b). The difference of h for sCO2 in Fig. 12a and b is attributed by the mini
temperature difference of sCO,, and different flow channel sizes of sCO»
in the two coolers.

Many works have been done on the water-steam Rankine cycle using
the air-cooler and the water-cooler [65], for which the temperature
difference between the saturation temperature of water-vapor and the
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cooling fluids is ~10 K, which is slightly larger with the air-cooler than
that with the water-cooler. However, the mini difference of the tem-
perature differences by using the two coolers creates obvious cycle ef-
ficiency penalty. The cycle efficiency is sensitive to the variation of the
cooling conditions for the Rankine cycles. This situation is changed for
the sCO5 cycle. Due to larger temperature difference of sCO, and the
cooling fluids (~30 K LMTD), the cycle efficiency is insensitive to the
variation of the cooling conditions, explaining weaker efficiency penalty
by using the air-cooler, compared with the Rankine cycle.

As this study focuses on a large-capacity unit with a heat dissipation
of approximately 300 MW, a substantial heat exchange area is required.
The cooling pipes for air cooling are arranged in parallel, resulting in a
minimal pressure drop on the sCO5 side. In the air cooler, the pressure
drop on the sCOj3 side is 8.8 Pa, which is negligible compared to the inlet
pressure of 7.6 MPa. On the air side, the pressure drop is 64.4 Pa, which
is of the same order of magnitude as reported in Ref. [39]. In the
shell-and-tube heat exchanger for the water cooler, the pressure drop on
the sCO; side is 211.4 Pa, which is also negligible, while the water side
experiences a pressure drop of approximately 133.3 Pa. To date, no
literature has been found reporting pressure drops on the water or sCO5
sides in shell-and-tube heat exchangers for sCO; cycles, making direct
comparisons impossible.

3.3. Off-design condition for the air-cooler and the water-cooler

The above section deals with the design condition with the air
temperature of T, = 20 °C. The effect of T, on the cycle efficiency is
plotted in Fig. 13, with T, varied in the range of (20~40) °C. It is seen
that the efficiencies are always larger for the sCO; cycle using the water-
cooler than that using the air-cooler. The efficiency gap in between the
water-cooling system and the air-cooling system increases with in-
creases of air temperatures. For example, the efficiency gap is 0.8 % at
T, = 20 °C, but becomes 2.1 % at T, = 40 °C. Generally, the increase of
T, elevates the temperature level of the sCO, cycle, deteriorating the
cooling effect to weaken the cycle efficiency. The variation trend shown
in Fig. 13 is caused by the comprehensive effects of T, on the system: (1)
the physical properties of air are changed as T, changes, (2) the tem-
perature difference between the sCO, and the air is changed as T,
changes, (3) the mass transfer induced evaporative effect between the
air and the water in the WCT is influenced due to the variations of T,.

3.4. Costs of the air-cooler and the water-cooler

Cost is an important factor for construction of a power plant. Here,
we focus on the costs of the water-cooler and the air-cooler, which are
shown in Fig. 14 for 300 MW power plant. The water-cooler involves the
costs of the WCT including an inside filling zone, and an external STHE.
Meanwhile, the air-cooler involves the costs of the tower body and in-
side finned-tube-heat-exchanger units. The outcome is 43.76 million
RMB for the water-cooler, and 40.10 million RMB for the air-cooler. The
air-cooler induces a 3.66 million RMB reduction in the construction cost
compared with the water-cooler. For the two cooling technologies, the
tower bodies have similar construction costs. The difference in the total
cooler costs lies in the raised cost of the external STHE for the water-
cooler (see Fig. 14). Since the focus of this thesis is a large-capacity
unit with heat dissipation of approximately 300 MW, a significant
heat exchange area is required. Consequently, 10 heat exchangers are
necessary, which contributes to the increased cost of the STHE system.

It should be noted that the above conclusion can be extended to other
capacity units as well. Since the cooling load of the sCO; cycle is pro-
portional to the unit’s capacity, the cost of the cooler will similarly scale
with the cooling load. Furthermore, for different capacities, the tem-
perature difference between the inlet and outlet of the cooler remains
similar, meaning the relative cooling performance of air coolers and
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water coolers will be consistent with the observations for the 300 MW
unit.

4. Conclusions

Even tough significant works have been done on the water-steam
Rankine cycle using the air-cooling technology, less attention has been
paid on the sCO; cycle using the air-cooling technology. Here, we pro-
vide a comparative study on the sCO cycle coupling with the air-cooler
and the water-cooler. Major conclusions are as follows:

1. The flow and heat transfer correlations cited from the literature form
an integrated model to simulate the air-cooler and the water-cooler,
which is further coupled with the thermodynamics cycle. Hence, not
only the cycle efficiency, but also the costs of the coolers are
determined.

2. The sCO; coal fired power plant with a 300 MW capacity has a 0.8 %
cycle efficiency penalty by using the air-cooler instead of the water-
cooler, at the air temperature of T, = 20 °C. The efficiency gap be-
tween using the two coolers is increased with increases of the air
temperatures.

3. At T, = 20 °C, the LMTD and the IATD are 33.4 °C and 32.7 °C
respectively for the water-cooler, which become 34.2 °C and 45.3 °C
respectively for the air-cooler. The elevated temperature level of the
sCO5 cycle and the increased exergy loss in the cooler explain the
efficiency penalty by using the air-cooler instead of the water-cooler.

4. Compared to the water-steam Rankine cycle with ~10 K temperature
difference in the cooler, the sCO5 cycle has larger temperature dif-
ference in ~30 K level for such heat dissipation, resulting in insen-
sitive effect of the cooling conditions on the cycle performance,
explaining weaker efficiency penalty by using the air-cooler instead
of the water-cooler.

5. For the sCO, cycle, the air-cooler induces a 3.66 million RMB
reduction in the cost compared with the water-cooler. The raised cost
of the STHE for the water-cooler accounts for the cheaper con-
struction of the air-cooler than the water-cooler.

6. We conclude that it is preferable to use the air-cooler, which is
important to save the water resource under dry weather conditions.
The air-cooler of sCO- cycle induces mini efficiency drop compared
with the water-steam cycle, accompanying by a reduced cost of the
cooler compared with the water-cooler.
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Nomenclature
a correction factor
A area, m?>
B width, m
Bc baffle clearance, m
c cost factor
[N specific heat capacity, J/(kg K)
C cost, RMB
d diameter, mm
D equivalent diameter, m
e specific exergy, kJ/kg
Ep exergy destruction rate, MW
f friction coefficient
Fr correction factor
Frp correction factor
G mass flux, kg/ (m?s)
h heat transfer coefficient, W/(m?K)
hq mass transfer coefficient, m/s
H height, m
i enthalpy per unit mass, kJ/kg
j heat transfer correction factor
k thermal conductivity, W/(m-K)
K loss coefficient for cooling tower
L length, m
m mass flow rate, kg/s
Me Merkel number
n number
Nu Nusselt number
P pressure, MPa
Q thermal load, MW
R pressure drop correction factor
Re Reynolds number
RH relative humidity
s entropy per unit mass, kJ/(kg K)
S entropy, kJ/K
T temperature, K or °C
UA overall heat transfer coefficient, W/K
v velocity, m/s
\% volume, m*
w humidity ratio, kg/kg of dry air
w work, MW
X split ratio from the total mass flow rate
Greek symbols
o convective heat transfer coefficient, W/(m?-K)
Oe correction factor
5 thickness, m
AL the length of the node, m
AP pressure drop, MPa
AT temperature difference, °C
€ restriction resistance coefficient
n efficiency
] angle,’
A diffusion coefficient, m*/s
1 dynamic viscosity, Pa s
P density, kg/m>
19 correction factor
Subscripts
a air
ave average value
b tube bundle
be baffle spacing
c cooler
cr cross flow section
ct cooling tower inlet
cte cooling tower expansion
cte cooling tower contraction
d water droplet
de drift eliminator
f fin
fi filler
fr frontal
fs filler support
h heat source

(continued on next page)
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(continued)
he heat exchangers
id ideal
il inlet louver
i inner or inlet
j calculation node
o outer or outlet
1 longitudinal tube pitch
ma moist air
masw saturated moist air
pc pseudocritical
pf fin spacing
pl longitudinal tube
pt transverse tube
r tube row
1z rain zone
s sCO4
sp spray zone
t tube
tee effective tube rows crossed in one crossflow section
tew effective tube rows crossed in the baffle window
th thermal
tp tube pitch
to cooling tower outlet
ts tower support
w water
wp tube passes
y,z calculation node
Abbreviations
AP air preheater
C compressor
EAP external air preheater
HRH high temperature reheater in boiler
HTR high temperature recuperator
IATD integrated average temperature difference
LMTD logarithmic mean temperature difference
LRH low temperature reheater in boiler
LTR low temperature regenerative heat exchanger
RH reheater in boiler
SH superheater in upper furnace
T turbine
TEMA Tubular Exchanger Manufacturers Association
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