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ABSTRACT

Supercritical CO, power systems offer the potential of reduced system footprint and
improved thermal efficiency, through the development and adoption of compact heat
exchangers. Among these heat exchangers, the microtube, printed circuit, and plate heat
exchangers are emerging as the most promising technologies for heat addition to the cycle,
heat recuperation and heat rejection, respectively. To investigate the performance of super-
critical CO, recuperated Brayton cycle for heat to power conversion, simulation models of
the heater, recuperator and cooler were developed using the distributed modeling approach
and the &-NTU method and then integrated with turbomachinery models to form the cycle
model. The influences of flow rates of the heat carrier, cooling and working fluids on the
heat exchanger performance and the integrated system were investigated. For the studied
power system and under the off-design operating conditions, the net thermal efficiency of
the cycle varies between 14.1% and 16.8%. Results show that increasing in the working fluid
flow rate remains the net power output of the cycle but decreases the net cycle thermal effi-
ciency, while increasing in the heat carrier fluid increases both, and the increase of cooling

fluid increases the net power output but maintains the net thermal efficiency.

Introduction

Supercritical CO, Brayton cycles are expected to play
significant role in heat to power conversion. The key
applications include waste heat recovery, concentrated
solar power, fossil fuel and nuclear power generation
[1-3]. The supercritical CO, power systems offer the
potential of smaller size and improved electrical-power-
conversion efficiency, compared to the conventional
steam Rankine cycle. The Sandia National Laboratory
and the Knolls Atomic Power Laboratory in the USA
and the Institute of Applied Energy in Japan are
amongst the first to build supercritical CO, integrated
systems alongside the development of important com-
ponents such as turbomachinery and heat exchangers
[4, 5]. To maintain the cycle compactness and ensure
safe operation, the employed turbomachinery and com-
pact heat exchangers must be designed to operate at
challenging thermomechanical, and thermohydraulic
conditions, due to the high temperatures and pressures

and their large differences between the high- and low-
pressure sides of the system.

The heat exchangers in supercritical CO, power
systems are of three basic types: heater providing the
heat source to the fluid, recuperator recovering the
heat from the expander exhaust, and cooler rejecting
heat to the environment. The heater is mostly oper-
ated under high temperatures and pressures dictated
by the conditions of the heat source and the require-
ment to achieve high energy conversion efficiencies.
Based on the maximum design temperature and pres-
sure, the shell-and-tube, diffusion-bonded, plate-fin,
microtube and printed circuit heat exchangers can be
considered candidate architectures for the heater [6,
7]. However, the large physical size required in the
case of shell-and-tube heat exchangers, leads to high
material and fabrication costs. The printed circuit heat
exchanger (PCHE) is compact but leads to high pres-
sure drop on the heat source side as well high rates of
fouling that necessitates frequent cleaning of the heat
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Nomenclature

A heat transfer area, m?; cross-sectional area of flow, m? u velocity, m/s
C heat capacity rate, W/K; parameter in Eq. (10) Uso incoming free stream velocity, m/s
Cc* heat capacity ratio w width, m
[ specific heat, J/(kg K) Greek symbols
o integrated mean specific heat, J/(kg K) p herringbone angle, ©
d diameter, m € effectiveness
D hydraulic diameter, m n efficiency
f friction factor; function u dynamic viscosity, Pa-s
G mass flux, kg/(m® s) P density, kg/m’
HX heat exchanger segment ¢ corrugation profile aspect ratio
h heat transfer coefficient, W/(m? K); specific enthalpy, Ap pressure drop, Pa

kJ/kg APR difference of pressure ratio
k thermal conductivity, W/(m K) AT temperature difference, K
L length, m Subscripts
m parameter in Eq. (17) air hot air
m mass flow rate, kg/s [ cold side
n parameter in Eq. (10) com compressor
N total segment number h hot side
Nt total entropy generation number hea heater
NTU number of transfer unit i segment number
Nu Nusselt number in inlet
p pressure, Pa; parameter in Eq. (21) isen isentropic
P wetted perimeter of cross section, m 1 laminar
PCHE printed circuit heat exchanger max maximum
PR pressure ratio min minimum
Pr Prandtl number n normal direction
P pressure, Pa; exponent parameter out outlet
Q heat transfer rate, W p parallel direction
R thermal resistance, K/W rec recuperator
Re Reynolds number s stainless steel
s specific entropy, J/(kg K) sc supercritical CO,
Sg entropy generation rate, J/K t turbulent
Sn spacing in normal direction, m th thermal
Sp spacing in parallel direction, m tub turbine
T temperature, K w wall
U overall heat transfer coefficient, W/(m? K) wat cooling water

exchanger. These factors reduce the attractiveness of
the PCHE for applications where the exhaust gas is
not very clean. The recuperator is mainly operated
under high temperatures and pressures and should
withstand the pressure difference between hot and
cold streams. Until now, the Heatric PCHEs have
been the most widely adopted supercritical CO, recu-
perators [8]. Four types of flow passage, including
straight channels [9-11], zigzag channels [12-19],
channels with S-shaped fins [13], and channels with
airfoil fins [14], have been developed and their per-
formance analyzed. Despite their good heat transfer
performance, in general, PCHEs suffer from relatively
high cost and pressure drop [20, 21]. The gas cooler
normally operates at low temperatures and pressures
which reduces concerns of material selection and
structural integrity. Gas coolers can reject heat to
water or brine (liquid coupled) or directly to air (air
coupled). Air coupled gas coolers, depending on the
ambient temperature they can be of the dry or wet
type where water is sprayed over the external surface

of the heat exchanger to reduce the temperature of
the supercritical CO, fluid entering the compressor at
just above the critical temperature 31.1°C.
Supercritical CO, gas cooling technology developed
for refrigeration and heat pump applications can also
be employed in supercritical power generation appli-
cations but care should be taken in the selection of
tube and fin material (if fins are employed), to ensure
reliable and efficient operation and minimize the life
cycle cost of the systems. For liquid coupled heat
rejection, plate or shell-and-tube heat exchangers can
be employed that can have lower cost than PCHE:s.
For performance analysis of supercritical CO, heat
exchangers, three-dimensional computational fluid
dynamics has been extensively used to investigate the
heat transfer and pressure drop characteristics of
supercritical CO, in recuperators due to the complex
flow passages and complicated channel geometry [11,
14-19], and in low-temperature coolers where large
variations in thermodynamic properties can signifi-
cantly affect their thermohydraulic performance



[22-31]. Due to the significant computational power
and time requirements, however, these three-dimen-
sional numerical models are normally used to investi-
gate the fluid flow, heat transfer and associated
phenomena in small sections of a heat exchanger as
they are not practical for the modeling of whole heat
exchangers within the overall complex thermodynamic
system [32, 33]. For this reason, the one-dimensional
segmental approach is preferred for the modeling of
large heat exchangers in integrated systems over
three-dimensional modeling. Guo and Huai [9, 10]
employed the segmental approach and the &-NTU
method to develop a one-dimensional model of a
printed circuit recuperator with straight channels.
Marchionni et al. [33] developed a one-dimensional
model of a printed circuit recuperator using the com-
mercial simulation tool GT-SUITE™ to construct
performance maps for a printed circuit recuperator
with zigzag channels and investigate its performance
under different operating conditions. Jiang et al. [34]
presented a one-dimensional model developed in
Aspen Custom Modeler and used it to optimize the
design of a microtube shell-and-tube recuperator con-
sidering manufacturing constraints.

Considering the key function and compatibility
requirement of each type of supercritical CO, heat
exchanger, Chai and Tassou [35] designed a supercrit-
ical CO, recuperated Brayton cycle in which a four-
module microtube heat exchanger, a PCHE with zig-
zag channels and a chevron-type plate heat exchanger
were respectively employed as the heater, recuperator
and cooler. The distributed approach combined with
the e-NTU method was developed for the modeling of
these three heat exchangers. Their thermohydraulic
performance was presented in terms of heat transfer
and pressure drop. However, for the optimal design of
the supercritical CO, power systems, more accurate
information on the performance of the supercritical
CO, heat exchangers and the integrated system are
required as a function of operating conditions and
geometric parameters. Particularly, the off-design con-
ditions are always associated with startups, shutdowns,
and load swings and may be imposed by limitations
in power demand or thermal resource. These varia-
tions lead to temperature or pressure changes to
employed heat exchangers and the turbomachinery.
The off-design performance of the components is
essential for detailed integrated system design, provid-
ing control system setpoints, evaluating the overall
lifecycle performance and assessing the financial feasi-
bility [33, 36]. Consequently, more in-depth studies
are required to better understand the off-design

HEAT TRANSFER ENGINEERING . 3

capabilities of the components and the whole system.
This present work will focus on these three employed
heat exchangers and the integrated system under off-
design operating conditions and examine the influen-
ces of flow rates of the heat carrier, cooling and work-
ing fluids. In most of the previous system simulations
where heat exchangers are part of the system, a con-
stant effectiveness is normally used which is deter-
mined at design conditions and an external heat
source or sink are typically set to operate with a fixed
discharge temperature. However, where the system is
required to operate over a wide range conditions and
knowledge is required of the system behavior during
operation for safety and control optimization pur-
poses, the assumptions of the constant effectiveness
and the fixed temperatures can lead to significant
errors which can adversely impact the design accur-
acy, estimation of the appropriate size of the heat
exchanger, and system cost [36, 37]. The detailed sys-
tem mathematical model presented in this study can
accurately capture the effects of changing CO, proper-
ties and determine the thermohydraulic characteristics
of the heat exchangers, and accurately simulate the
thermodynamics of supercritical CO, heat to power
conversion systems.

Configuration and geometry

This study considers the integrated modeling of a sim-
ple supercritical CO, recuperated Brayton cycle. As
shown in Figure 1, the cycle contains five compo-
nents: compressor, recuperator, heater, turbine and
cooler. The supercritical CO, enters sequentially the
compressor to increase its pressure, the recuperator to
recover heat from the turbine exhaust to increase the
temperature of CO, entering the heater, the heater to
recover thermal energy from the heat source, the tur-
bine to convert the high-temperature high-pressure
energy into power and the cooler to reject heat to the
environment and ensure that the temperature of the
CO, entering the compressor is just above the critical
temperature to complete the thermodynamic cycle.

The heater contains four modules of staggered
microtube bundles. The microtubes have outside
diameter of 2 mm, tube wall thickness of 0.1 mm, and
tube length of 0.5m. The tube spacings are 3.5mm in
normal direction and 4 mm in parallel direction. Each
module has 1,000 microtubes, which are uniformly
distributed in 10 rows.

The recuperator contains 2,000 zigzag channels in
total: 1,000 on cold side and 1,000 on the hot side.
The channel geometry is the same for the cold and
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Figure 1. Investigated supercritical CO, recuperated Brayton cycle and the employed heat exchangers.

hot sides. The plate is 1.5mm thick and 1.0m long.
The channel spacings are 3.426 mm in the normal dir-
ection to flow and 7.565mm in parallel (longitudinal)
direction to flow. The fin angle to the parallel direc-
tion is 52, and the zigzag fin width, depth and gap
are 0.8, 0.94 and 1.31 mm respectively. These geom-
etry parameters are from Ngo et al. [13].

The chevron-type plate cooler also contains a total
of 2,000 channels (1,000 on the cold side and 1,000
on the hot side). The plate thickness is 0.4 mm, and
the plate length is 1.0m. The corrugation depth is
2mm, the herringbone angle is 65, and the corruga-
tion pitch is 7mm. The area enlargement factor of
this chevron plate is 1.16, and the corrugation profile
aspect ratio is 0.571. These configuration parameters
are from Yang et al. [38]. The material of the heater
and recuperator is stainless steel, and that of the
cooler copper.

Modeling methodology
Heat exchanger models

To accurately capture the performance of the heat
exchangers and the integrated system, the distributed
segmental approach is employed to discretize the dif-
ferent types of heat exchangers into numerous

segments connected in series. The segment design for
a single module of the heater with cross flow is pre-
sented in Figure 2a, and that for both the recuperator
and cooler with counter flow is demonstrated in
Figure 2b. The segments are equally spaced along the
heat exchangers. The ¢&-NTU method is employed to
model the heat transfer in each segment. The tem-
perature and pressure of the heat carrier, cooling and
working fluids are determined through an energy bal-
ance between the two flow streams. In order to cor-
rectly capture the effect of variable thermophysical
properties of supercritical CO,, the temperature- and
pressure- dependent properties are obtained from the
NIST REFPROP v9.1 database and updated in each
segment. The thermophysical properties of the heat
carrier and cooling fluids are also obtained and
updated from this database dependent on their tem-
perature and pressure in each segment. Figure 3
shows the thermophysical properties of supercritical
CO, at pressures of 75 and 150bar for the tempera-
ture range between 0 and 600°C, including density,
dynamic viscosity, thermal conductivity, specific heat,
specific enthalpy, and specific entropy. It can be seen
that the thermophysical properties of CO, change
drastically with temperature close to the pseudocritical
and critical points. Therefore, the heat transfer coeffi-
cient and friction factors have to be calculated locally



my/N, Ty, 1,511

HEAT TRANSFER ENGINEERING . 5

my/N, Ty, x, j+1

my/N, T 1

M, T\',in 1

—

-+

My, T b, out |

AR AT

my/N, Ty N,

i Mg, Tt, out

.

<+

i my, Thin

Figure 2. Distributed modeling approach. (a) For a single heater module with cross flow; (b) For recuperator and cooler with coun-

ter flow.

and for each segment of the heat exchangers. For the
conditions modeled it was determined, using a perform-
ance change of less than 1% that a segment number of
50 would be sufficient for one module of the heater and
100 for the recuperator and cooler respectively.

For each segment, the heat transfer rate from the
hot fluid to the cold fluid is calculated by the ¢-NTU
method [39],

Qi = &Cuin, i(Thi— Tc,i) 1)
1 — exp[—NTU;(1 — C})]

R 2
4 T = Cexp[-NTU (1 — C))] @
U;A;

NTU; = — (3)
min, i
1
+ R i+
hc, iAc,i > hh, iAh,i
Cmin i
C = (5)
! Cmax 1
Crnin,i = min(mcjcpc,i, Ihhﬂ'cph,i) (6)
Cmax,i = max(mqicpc,b rhhﬂ'cph,i) 7)

where Q is the heat transfer rate, ¢ is the heat exchan-
ger effectiveness, Cyin and Cyay represent the smaller
and the larger capacity rates, T is the temperature,

NTU is the number of transfer units, U is the overall
heat transfer coefficient, A is the heat transfer area, h
is the heat transfer coefficient, Ry is the thermal resist-
ance of the channel wall, m is the mass flow rate, and
cp is the specific heat. Subscripts ¢ and h represent the
cold and hot sides of the heat changer.

The heat transfer coefficient and pressure drop of
the fluids are calculated from the empirical correla-
tions for Nusselt number and friction factor for each
heat exchanger type. The Nusselt number and friction
factor of supercritical CO, flowing inside the heater
tubes and the heat carrier fluid across the tube bun-
dles are those proposed by Gnielinski [40] and
Zukauskas [41] respectively.

_ (f;;’ ,'/8)<Rec,,' — 1,000)P7’c’,'

Nu. i ®)
) 1+ 12-7(]2,,-/8)1/2(1)@/? _1)
foi = (0.790InRe,, ; — 1.64)_2 )
P 1/4
Nuy, ; = CRe” P> <%> (10)
0.118
i =025 4+ ———""—"—-+> Re—0.16 11
Ej{ [@—@mﬁ* ma (1)
Uso (Sn/2
Hmax = 5/ 2/2 (12)

[(sn/z)2 + Sg,] —d
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Figure 3. Thermophysical properties of supercritical CO,. (a) Density and dynamic viscosity; (b) Thermal conductivity and specific

heat; (c) Specific enthalpy and specific entropy.

where Nu is the Nusselt number, f is the friction fac-
tor, Re is the Reynolds number, Pr is the Prandtl
number, Rep., is the Reynolds number calculated
based on the maximum flow velocity, u., is the
incoming free stream velocity, d is the outside diam-
eter of tube, S, and S, represent the tube spacings in

the normal direction and the parallel direction of
flow, respectively. The correlation of Gnielinski [40]
for pipe and tube flow is valid for
3,000 < Re < 5 x 10° 0.5 < Pr<2,000. The correlation
of Zukauskas [41] for flow across tube bundles is
applicable for 0.7 < Pr<500 and 10 < Ren., < 10°.



The parameters C and n in Eq. (10) are dependent on
the geometry of the tube bundles and the range
of Repax.

The Nusselt number and friction factor of super-
critical CO, flowing through the recuperator are from
Ngo et al. [13] which developed these correlations
from the same heat exchanger geometry,

Nu; = 0.1696Re % pr?-317 (13)
fi = 0.1924Re; *! (14)

These correlations were proposed based on the
supercritical CO, data base of 35x10° <
Re<22x10* and 0.75<Pr<22, and further vali-
dated by Kim et al. [17] to an extended Reynolds
number range of 3.5 x 10> < Re < 5.8 x 10%

The Nusselt number and friction factor of the cool-
ing fluids in the chevron-type plate cooler are from
Wanniarachchi et al. [42],

1/3 O\
Nu; = [Nud, 4+ N )P prt/3 (o (15)
’ ’ :uw,i
Nui,l — 3'65ﬁ70.455d)0.661Re?.339 (16)
Nuyy = 12.6f ¢! " Re" (17)
m = 0.646 + 0.00118 (18)
fi=+ 0" (19)
fi1 = 1,774 120 p*Re;! (20)
fir = 46.63 " Bp!tPRe, T (21)
p = 0.00423 + 0.0000223 (22)

where f is the chevron angle, ¢ is the corrugation
profile aspect ratio of the developed length to the pro-
tracted length, p is the dynamic viscosity, m and p are
parameters during calculation. This correlation is
applicable for 1 <Re < 10*and 2° < p< 62"

To account for the properties of supercritical CO,
at the near-critical region, the function f(B) developed
by Krasnoshchekov and Protopopov [43] is used to
modify Eq. (15),

ar 011 / k. —0.33 Cowri 0.35
f1B) = (:uw,i) <kw,i Cp,i 23)

hi - hw,i
pr,i = Ti — Tw,i (24)

where k is the thermal conductivity, ¢, is the inte-
grated mean specific heat, h is the specific enthalpy of
fluid, and the subscript w represents the internal
tube surface.
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In the above correlations, the Reynolds number Re;
and hydraulic diameter D are defined as:

GD
Re,‘ = (25)
Hi
4A
D=— 26
7 (26)

where G is the mass flux, A is the cross-sectional area
of the flow, and P is the wetted perimeter of the
cross section.

The pressure drop of these three heat exchangers
on the cold side Ap. ; and on the hot side Apy, ; can
be determined from:

* .G*L
Ape; = Jo1 @)
' zpc, 1DN
:G2L
Apn,i = S (28)
2py, ;DN

where L is the total tube length and N is the total
number of segments.

Integrated system model

The heat exchanger models are combined with the
turbomachinery models to form an integrated thermo-
dynamic system model. The turbomachinery models
are represented by efficiency # and pressure ratio PR
[36].

hcom,out = hcom, in 1 (hcom, out,ideal — hcom,in)/”isen,com

(29)
htub,out = htub,in - (htub,in - htub,out,ideal)’?isen,tub (30)

where hcomour is the actual (real) compressor outlet
enthalpy, heom, in s the compressor inlet enthalpy, A,
moutideal 1 the ideal compressor outlet enthalpy, #jsen,
com 18 the compressor isentropic efficiency; A our iS
the real turbine outlet enthalpy, Ay, is the turbine
inlet enthalpy, hupoutidear i the ideal turbine outlet
enthalpy, #isenwb 1S the turbine isentropic efficiency.
The ideal outlet enthalpy of the compressor and tur-
bine are based on the temperature and pressure and
determined from the NIST REFPROP v9.1 database.
The outlet pressures are calculated from the inlet pres-
sure and the pressure ratio. The outlet temperatures
of the compressor and turbine are determined from
the outlet pressure and enthalpy.

The hot exhaust air and cooling water are the heat
carrier and cooling fluids, respectively. The flowchart
of the integrated system model is shown in Figure 4.
The model firstly reads the input of geometrical
parameters of the component geometry parameters
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Figure 4. Flowchart of integrated system simulation.

and the operating parameters of heat carrier, cooling
and working fluids, and then calls the subroutines of
the individual components for calculations. Based on
the assumed temperature of supercritical CO, into
compressor, the compressor and cooler are firstly cal-
culated. The outputs of the compressor are used as
the inputs of the high-pressure side of the recuperator,
and those of the cooler are employed for the low-pres-
sure side. The outputs on the low-pressure side of
recuperator are then employed as the inputs of tur-
bine. The outputs of the turbine are then applied as
the inputs of the heater. The obtained inlet tempera-
ture and pressure of the heater will compare with the
outlets of the high-pressure side of the recuperator.

. in bea = Jic, om, rec (COld s1de) 7

Dsc in hea = Psc, out rec (CONd s1de) 7

Output results

During the calculation, two solving routines are
employed: the inside iteration for the CO, tempera-
ture and the outside one for the CO, pressure. For
the temperature iteration, the solving routine starts
from a CO, temperature a little higher than the cool-
ing water temperature and then iterates with the grad-
ually increased values until the calculated CO,
temperature into the heater matches its outlet value
from the recuperator where the difference less than
1K indicates the matching. For the pressure iteration,
an assumed pressure ratio of the turbine equivalent to
that of the compressor launches the solving routine
and then little-by-litter the decreased pressure ratio to
make the calculated inlet CO, pressure of the heater
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Figure 5. Comparison with results of Guo and Huai [10]. (a) Variation of Q with L; (b) variation of Ng with L.

approach the outlet one exiting the recuperator. For
each assumed pressure ratio of the turbine, the solving
routine of temperature iterates until the matching
requirement are achieved. The computation time of
each simulation is much dependent on the initial
assumed pressure ratio and temperature of supercrit-
ical CO, into compressor and operating conditions,
and takes several minutes or even hours. Based on the
above equations, both the subroutine code of the heat
exchangers and the turbomachinery, and the main
routine code of the integrated system were written in
the MATLAB programming language (MathWorks
Inc, Natick, Massachusetts, United States).

Validation

The modeling approach in this paper of combining
the segmental approach with the ¢-NTU methodology
has been validated by Chai and Tassou [35] in the
modeling of PCHE by comparing the results with

those from three-dimensional CFD simulations. These
simulations used the standard k-¢ model to account
for turbulence, buoyancy and entrance effects. The
real-gas thermophysical properties were obtained
through direct linkage to the NIST Refprop database.
The governing equations of velocity, pressure and
temperature were solved through the ANSYS
FLUENT 17.0 solver. The one-dimensional modeling
employed in the present work is relatively fast and
can provide essential component information and
accurate system overview. The paper also compares
the model predictions for the PCHE with the results
of Guo and Huai [10], that employed a similar distrib-
uted approach and &-NTU method to investigate the
thermohydraulic performance of heat exchanger. The
compared heat exchanger has plate thickness 2.5 mm,
channel pitch 3 mm, semi-circular channel diameter
2mm, and contains 1,500 channels on the cold side
and 1,500 on hot side. For the operating conditions
Tein = 80°C, Thin = 180°C, pein = 200bar, phin =
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Table 1. Operating conditions for performance analysis of the heat exchangers.

Heat exchanger Variable parameters Fixed parameters Scheme
Heater my, = 0.6 —1.6kg/s My, = 1.0kg/s, T, oue = 500°C, 1itse, oun Tic, out, Pic, out
Psc, out = 150 bar, Tair, in = 600 °C,
Pair, in = 1 bar. \i
m,, = 0.5—15kg/s my = 1.0kg/s, Ty, our = 500°C, )
Psc, out = 150 bar, Tair, in = 600°C, R >
Pair, in =1 bar.
Recuperator My . = 0.5—1.5kg/s Mg, = 1.0Kkg/s Ty, ¢ in = 100°C, it b i To b in P i
Psc, ¢, in = 150 bar, Tsc, h, in = 400°Cc, 7
P sc b, in = 75bar. 9
M., = 0.5—1.5kg/s Mg . = 1.0kg/s T, ¢, in = 100°C, Ty 0

Psc, ¢, in = 150bar, Ty h, in = 400°C,
P sc, h, in = 75 bar.

Cooler My = 0.5 —15kg/s my = 1.0kg/s, Tyat, in = 25°C,
Pwat, in = 1bar, 7-sc, out = 35°C,
Psc, out = 75 bar.
M, =08—18ka/s  fi, = 1.0K/S, ey, in = 25°C,
Pwat, in = 1 bar, 7—sc, out — 35 ocl
Psc, out = 75 bar.

Mse, outs Tic, out, Psc, out

Titat, i Dot in, Pvat in
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Figure 6. Influence of CO, mass flow rate on heater performance. (a) Heat transfer; (b) Pressure drop.
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Figure 7. Influence of mass flow rate of heat carrier fluid on heater performance. (a) Heat transfer; (b) Pressure drop.

75bar, and m;, = 1.3kg/s, my;, = 2kg/s. Figure 5
shows the variation of the overall heat transfer rate Q
and the total entropy generation number Ny (
Nyr = ng%) with different heat exchanger length L. It
can be seen that the developed model can predict very
well the thermohydraulic performance of the heat
exchanger with less than 2% difference for both the Q
and Ny, confirming the validity of the modeling
approach adopted. The validated heat exchanger
methodology was subsequently combined with much
simpler turbomachinery models to simulate the whole
integrated thermodynamic system.

Results and discussion
Performance analysis of heater

To investigate the influence of mass flow rates of the
working and heat carrier fluids on the thermohy-
draulic performance of the heater, the flowrate of the
supercritical CO, ri1,, was varied from 0.6 to 1.6kg/s
and the hot exhaust flow rate from 0.5 to 1.5kg/s.

The temperature and pressure input parameters were
fixed at Ts.oue = 500°C, pscour = 150bar, Thyrin =
600 °C and p,i;in = 1bar. Table 1 shows the operating
conditions for performance analysis of the
heat exchangers.

Figure 6a shows the variations of the calculated
CO, inlet temperature Ty ;, average air outlet tem-
perature T, ou and the associated heat transfer rate
Q with mg. For m increasing from 0.6 to 1.6kg/s,
Tscin rises from 108 to 424 °C whilst T, o increases
from 316 to 464°C and the overall heat transfer Q
drops from 299 to 146kW. In terms of the input
parameters, a larger i results in a lower temperature
drop of T, for a segment i then for the whole flow
passage. Therefore, the increased ri1, leads to the
increased Ty ;, and thus a lower temperature differ-
ence to the hot air. This change further brings about
the increased Ty ou and the decreased Q. It should
be pointed out that the thermal resistance of the
heater is on the hot air side, so the increasing ri
cannot obviously enhance the heat transfer process
and the decreased Q is mostly determined by the
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Figure 8. Influence of the cold CO, mass flow rate on recuperator performance. (a) Heat transfer; (b) Pressure drop.

temperature difference. The corresponding influence
of m, on hydraulic performance is shown in Figure
6b. For m_ rising from 0.6 to 1.6kg/s, the CO, pres-
sure drop Ap. increases from 6 to 47kPa, mostly
caused by the enlarged rr,. and partly from the
increased viscosity for the larger T.. The hot air pres-
sure drop Ap,; just rises a little from 664 to 700 Pa,
due to the slightly larger viscosity for the
increased T,;,.

Figure 7a demonstrates the influence of 1, on the
thermal performance of the heater. With the increase
of my, from 0.5 to 1.5kg/s, the T,.;, decreases from
436 to 229°C, the Ty ou reduces from 456 to 395 °C,
and the corresponding Q dramatically increases from
77 to 327kW. A larger ;. can significantly improve
the heat transfer of hot air: as m,;. increases from 0.5
to 1.5kg/s, the average heat transfer coefficient of hot
air goes up from 146 to 254 W/(m> K). The better
heat transfer performance results in significantly
increased Q. For the influence of r1,;, on the hydraulic
performance, Figure 7b illustrates the variation of
pressure drop on both cold and hot sides. The CO,

pressure drop Ap,. slightly decreases from 21 to
18kPa due to the smaller viscosity with the decrease
of T, while the hot air pressure drop Ap,;, dramatic-
ally rises from 192 to 1453 Pa with the increased rn,;,.

Performance analysis of recuperator

To examine the influence of mass flow rates of super-
critical CO, on the thermohydraulic performance of
the recuperator, the mass flow rates on the hot and
cold sides respectively cover the range from 0.5 to
1.5kg/s. Temperature and pressure input parameters
are: Tyecin = 100°C, psccin = 150bar and T pin =
400°C, p scnin = 75 bar, as shown in Table 1.

Figure 8 demonstrates the variations of the thermal
and hydraulic performance with mass flow rate on the
cold side rig. .. For m . increasing from 0.5 to 1.5kg/
s, the TSC,C,ourt drops from 400 to 268 °C, the Ty hout
reduces from 222 to 100°C, and the related Q
increases from 201 to 351kW. Increasing in i1, . can
clearly enhance the heat transfer: with the increase of
g . from 0.5 to 1.5kg/s, the average heat transfer
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Figure 9. Influence of hot CO, mass flow rate on recuperator performance. (a) Heat transfer; (b) Pressure drop.

coefficient of cold CO, climbs up from 1,881 to
3,751 W/(m? K). It can be seen that the Q significantly
increases with 7 . up to 1.0kg/s and after that the
increase slows down due to the pinch point where the
Tschou approaches the Ty i, and there is little tem-
perature difference between them. For the pressure
drop, the increased 1. . combined with the decreased
viscosity on the cold side results in the increasing
Apsc from 21 to 75kPa. The reduced viscosity on the
hot side leads to a decrease in Apy; from 163
to 89 kPa.

The influence of mass flow rate on the hot side
fi,, on the recuperator performance is shown in
Figure 9. With an increase of m_, from 0.5 to 1.5kg/
s, the T cou rises from 229 to 398 °C, the Tshout
increases from 100 to 167°C, and the associated Q
increases from 190 to 393 kW. The average heat trans-
fer coefficient of the hot CO, increases from 1,650 to
3,312 W/(m? K), which improves the heat transfer
rate, from 379 to 393 kW. Increasing the mmh from
0.5 to 1.5kg/s causes an increase in the Apy . from 32
to 70kPa. As a result of the large variation in the

viscosity of the hot CO, and the increasing mass flow
rate, the pressure drop Aps.p rises rapidly from 22
to 331kPa.

Performance analysis of cooler

To study the influence of mass flow rate of the work-
ing and cooling fluids on the thermohydraulic per-
formance of the cooler, flow rates in the range r1,,, =
0.5—1.5kg/s for water and m, = 0.8 —1.8kg/s for
the supercritical CO,, were used for fixed inlet tem-
peratures and pressures of: Tyaiin = 25°C, Puwatin =
1bar and T oue = 35°C, Pscour = 75 bar, as illustrated
in Table 1.

Figure 10a shows the variation of the thermal per-
formance of the cooler with i1, in the range 0.5 to
1.5kg/s. The calculated T, i, rises from 46 to 235°C,
the associated T\, ou increases from 43 to 70 °C, and
the Q increases from 39 to 284 kW. The average heat
transfer coefficient of the cooling water also increases
from 1,123 to 2,416 W/(m? K), and this heat transfer
enhancement leads to the monotonous increases for
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Figure 10. Influence of mass flow rate of cooling fluid on cooler performance. (a) Heat transfer; (b) Pressure drop.

all Q, Teein and Tyarou- As shown in Figure 10b, the
increasing 1, increases both the water side pressure
drop and also the supercritical CO, pressure drop,
where the Apy.: goes up from 89 to 290Pa and the
Aps. increases from 111 to 156 Pa.

Figure 11a shows the influence of the ri1,. on per-
formance of the cooler. Increasing the . leads to
significant reductions in the Ty i, and the Q. For i1
from 0.8 to 1.8kg/s, the Tyarour diminishes from 227
to 47°C, and the associated Q declines from 220 to
74kW. The larger rir. results in the enhancement of
heat transfer of supercritical CO,: the heat transfer
coefficient of CO, varies from 619 to 1,237 W/(m? K).
The other practically important influence of i, on Q
is the rapidly decreased temperature difference
between the two fluids, and in turn the declined Q
further drags the temperature difference down. As
shown in Figure 11b, the increase in the 71 leads to
increased pressure drop on the hot side of the heat
exchanger, whereas the pressure drop on the water
side will stay fairly constant, where the Ap,. grows
from 108 to 288 Pa and Ap.., keeps around 185 Pa.

Performance analysis of integrated system

For one case of the integrated system simulation, the
input parameters are m, = 1Kkg/s, pscincom = 75 bar,
My, = 1Kg/S, pyarin = 1bar, Tyarin = 25°C, m,, =
1kg/s, Pairin = 1lbar, Ty = 600°C, compressor
pressure ratio PR.,,, = 2, efficiency #.om = 0.75, and
turbine efficiency 7, = 0.8. The power output gener-
ated by the turbine was calculated to be 63kW and
the input consumed by the compressor 38 kW and the
thermal energy received from the heater 169kW.
Consequently, the net power output of the CO, cycle
(power output generated by the turbine minus input
consumed by the compressor) is 25kW, giving a net
thermal efficiency of the cycle (net power output of
the CO, cycle over the thermal energy received from
the heater) of 14.8%.

Figure 12 shows the temperature-entropy and the
pressure-enthalpy diagrams of the integrated cycle.
The temperature and pressure entry to and exit from
the main components of the cycle are shown in Table
2: 344°C into the compressor, 83°C into the
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Figure 11. Influence of CO, mass flow rate on cooler performance. (a) Heat transfer; (b) Pressure drop.

recuperator, 382°C into the heater, 517°C into the
turbine, 443 °C into the recuperator from other side,
and 86 °C into the cooler, respectively; 75bar into the
compressor, 150bar into the recuperator, 149.6bar
into the heater, 149.4bar into the turbine, 76.1bar
into the recuperator from other side, and nearly
75bar into the cooler, respectively.

To investigate the influence of mass flow rate of
the working fluid on the performance of the inte-
grated system, the 71, was increased from 0.8 to
1.2kg/s in steps of 0.05kg/s with all the other fixed
input parameters shown in Table 3. The results are
shown in Figure 13. The increase in . from 0.8 to
1.2kg/s leads to an increase in the power output gen-
erated by the turbine from 53 to 72kW and increase
of power input consumed by the compressor from 28
to 48 kW. The 50% increase of . from 0.8 to 1.2kg/
s results in 71% higher compressor power input while
only 37% higher power output of the turbine, leading
to the similar magnitude of net power output of the
cycle around 25kW. The less increase of power

output of the turbine is caused by the lower entry
temperature with increase of ., 542°C entry for
0.8kg/s flowrate while 491°C for 1.2kg/s. The
increase r . also leads more thermal energy received
by the heater, 146kW for 0.8kg/s while 190kW for
1.2kg/s. The corresponding temperature of CO,
increases in the heater from 405 to 542°C as
0.8kg/s and 365 to 491 °C as i, = 1.2kg/s, while the
temperature of air drops through the heater from 600
to 472°C and from 600 to 428°C, respectively.
Therefore, the related net thermal efficiency of the
cycle decreases from 16.9% to 12.7% as shown in
Figure 13b.

Figure 14 shows the performance of the integrated
system with increasing in mass flow rate of the hot air
m,;. from 0.8 to 1.2kg/s with all the other fixed input
parameters indicated in Table 3. For 1, increasing
from 0.8 to 1.2kg/s, the power output of the turbine
increases from 61 to 64kW, because of the increased
entry temperature from 493 to 533 °C, and the power
input to the compressor remains around 37kW.
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Table 2. The temperature and pressure entry to and exit
from the main components of the cycle.

Point in the cycle Temperature (°C)  Pressure (bar)

Entry to the compressor 344 75
Entry to recuperator 83 150

Entry to heater 382 149.6
Entry to turbine 517 149.4
Entry to recuperator from other side 443 76.1
Entry to cooler 86 75

Consequently, the corresponding cycle output keeps
going up from 23 to 27kW. The increase 1, also
brings more thermal energy which can be received by
CO, from the heater, 165kW for 0.8kg/s while
173kW for 1.2kg/s. The corresponding temperature
of CO; in the heater is 369°C entry and 493°C exit
as ri,, = 0.8kg/s, while 399°C entry and 533 °C exit
as m,, = 1.2kg/s. The associated temperature of air

through the heater drops from 600 to 423°C and
from 600 to 470°C, respectively. The corresponding
net thermal efficiency of the cycle increases from
14.1% to 15.4%.

Figure 15 shows the variations of the performance
of the integrated system for a rise in the water flow-
rate m,,, from 0.8 to 1.2kg/s while keeping all other
input parameters constant as indicated in Table 3.
The turbine power output decreases slightly from 64
to 63kW, resulting from the reduced entry tempera-
ture from 524 to 515°C, while the compressor input
power decreases from 40 to 36 kW, caused by the
lower inlet temperature into the compressor (35.6°C
entry the compressor as #,,, = 0.8kg/s while 33.6°C
entry as r,, = 1.2kg/s). Therefore, the net power
output of the CO, cycle increases from 24 to 27 kW.
The corresponding temperature of CO, in the heater
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Table 3. Operating conditions for performance analysis of integrated system.

Investigated fluid Variable parameters

Fixed parameters

Working m, = 08—12kg/s

Heat carrier

m,, = 0.8—1.2kg/s

Cooling M, = 0.8 —1.2kg/s

Psc, in, com = 75 bar, mwa( =1 kg/S, Pwat, in =
1bar, Tyat, in = 25°C, My, = 1K9/s, Pair, in =
1bar, Toi, in = 600°C, PRiom = 2, Neom =
0.75, b = 0.8.

msc = 1Kkg/s, Psc, in, com = 75 bar, mwat = Tkg/s,
Pwat, in = 1 bar, Twat, in — 25°C, Pair, in =
1bar, Ty, in = 600°C, PRiom = 2, Neom =
0.75, b = 0.8.

msc =1 kg/S, Psc, in, com = 75 bar, Pwat, in =
1bar, Tyat, in = 25°C, My, = 1K9/s, Pair, in =
1bar, Ty, in = 600°C, PRiom = 2, Neom =

0.75, Heup = 0.8.
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Figure 13. Influence of mass flow rate of working fluid on integrated system performance; (a) Turbine output, compressor input

and cycle output; (b) Thermal efficiency.

increases from 403 to 524°C as m,,, = 0.8kg/s while
380 to 515°C as i, = 1.2kg/s, and thus the associ-
ated received thermal energy from the heater increases
from 153 to 178 kW. Consequently, the net thermal
efficiency of the cycle climbs very slowly around 15%
with increase of 71, as shown in Figure 15b.

Conclusions

In this study, a detailed mathematical model of an
integrated supercritical CO, heat to power system is
presented. Microtube, printed circuit and chevron-
type plate heat exchangers have been assumed as the
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Figure 14. Influence of mass flow rate of heat carrier fluid on integrated system performance; (a) Turbine output, compressor

input and cycle output; (b) Thermal efficiency.

heater, recuperator and cooler, respectively. The mod-
els of these three heat exchangers have been developed
using the segmental approach and the ¢&-NTU method.
The individual heat exchanger models and that of the
integrated system have been used to investigate the
influence of the heat carrier, cooling, and working flu-
ids on the performance of the heat exchangers and
the integrated system.

The temperature difference between the heat carrier
and working fluids mostly determines the heat trans-
fer process of the heater. Increasing in the mass flow
rate of the heat carrier fluid increases the heat transfer
capacity but with a penalty of increased pressure drop
which can be problematic in exhaust heat recovery
applications. Increasing the mass flow rate of working
fluid on either side of the recuperator leads to an
increase in the heat transfer capacity but also an
increase in pressure drop. The internal pinch point in

the recuperator can largely weaken the heat transfer
process when the temperature difference between the
two fluids is a minimum. Increasing the mass flow
rate of cooling fluid increases the heat transfer rate of
the heat exchanger with a very small penalty of
increased water side pressure drop. Increasing the
working fluid flow rate causes a significant increase of
pressure drop in all these three heat exchangers.
Under the investigated off-design operating condi-
tions, the studied integrated system produces the net
cycle power output in the range of between 23 and
27kW, and the associated net thermal efficiency of
the cycle lies in the range of from 14.1% to 16.8%.
Increasing in the working fluid mass flow rate
increases the power output generated by the turbine
and the power input consumed by the compressor as
well as the received thermal energy from the heat
source, while retains the net cycle power output and
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Figure 15. Influence of mass flow rate of cooling fluid on integrated system performance; (a) Turbine output, compressor input

and cycle output; (b) Thermal efficiency.

reduces the related net cycle thermal efficiency.
Increasing in the heat carrier fluid mass flow rate
increases the power output from the turbine as well as
the received thermal energy, maintains the power
input to the compressor, thus improves both net cycle
power output and net cycle thermal efficiency.
Increasing in the cooling fluid mass flow rate
decreases the compressor power input, increase the
thermal energy recovery and the net cycle power out-
put, while remains net thermal efficiency of the cycle.
The present work is expected to provide practical
guidance to the optimal design of the supercritical
CO, power systems in the future.
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