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This paper numerically investigates the thermal-hydraulic performance of a micro shell-and-tube heat exchanger
(MSTHE) for application in the thermal recuperator of the innovative oxy-combustion-based NET Power cycle,
operating under cycle-relevant part-load conditions. The aim is to support the technological transition from the
established printed circuit heat exchangers (PCHE) to MSTHE, which offer a lower inertia, cost-effective, and
maintenance-friendly high-performance alternative. To this end, a thermal-hydraulic computational model of the
MSTHE was developed, capable of capturing the rapid variation of the supercritical CO2 (scCO2) properties and
the partial filmwise condensation of the turbine exhaust gases. Results show that the MSTHE must contain at
least 60,000 tubes so that the pressure drop on the tube-side is lower than 1 bar at nominal conditions. The
MSTHE effectiveness decreases from 89.2% to 65.1% as the cycle load is reduced from 100% to 20%. The overall
heat transfer coefficient decreases gradually between 100% and 40% cycle load, drops sharply between 40% and
30%, and then stabilizes between 30% and 20% cycle load. This stabilization is attributed to the abrupt local
increase of the heat capacity on the scCO2-side during the pseudo-critical phase transition, which also enhances
local condensation heat release and thickens the condensate film on the shell-side. However, it was found that
this phenomenon induces strong axial temperature gradients that may induce thermal stresses, representing a
trade-off to the proposed compact design. While the floating microtube bundle of MSTHEs can accommodate
these thermal stresses, the rigid compact block structure of PCHE is more prone to damage, revealing an addi-
tional key advantage of MSTHEs.

Oxy-combustion consists of burning fuel with pure O, at near stoi-
chiometric conditions, and recirculate the flue gases (mainly CO; and
vapor) to moderate the combustion temperature [6]. Several
oxy-combustion-based power cycle configurations have been proposed,

1. Introduction

Anthropogenic greenhouse gas emissions, primarily from fossil fuel
combustion in the energy sector, which accounted for around 87 % of
global emissions in 2023, have led to unprecedented atmospheric con-
centrations of COy, CH4 and NOy [1]. To limit the resulting increment in
the Earth’s surface temperature to 1.5 °C by 2050, global emissions must
be reduced by 5 to 10 gigatons annually [2]. However, the use of fossil
fuels is expected to continue in the medium term due to their economic
relevance and widespread availability, including coal, with a demand of
167.1 exajoules in 2023 [3]. In this context, carbon capture, usage and
storage (CCUS) systems, among which oxy-combustion is particularly
promising [4,5], are emerging as key technologies to mitigate the
environmental impact.
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among which the NET Power cycle is considered the most promising,
offering high efficiency (55.1 %) and lower plant cost (1560 € kW™ 1) [7,
8]. A thorough review of the state of art on the NET Power cycle can be
found in Ref. [9].

The process flow diagram of the most up-to-date NET Power cycle
embodiment is shown in Fig. 1. Under nominal high-efficiency condi-
tions [10], natural gas is oxy-combusted with 3 % excess Oy and
moderated by a supercritical CO, (scCO3) recirculation stream (RE-7),
producing CO, and steam at 1104 °C and 274 bar (FG-1). The gases are
expanded in a cooled turbine to 44.8 bar, while generating power. The
exhaust (FG-2) is cooled in a recuperative heat exchanger (RHE),
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Nomenclature

A, cross-sectional area of the tube wall, m?
CMF corrected mass flow

specific heat at constant pressure, J kg~! K™?
diameter, mm

equivalent diameter, mm
Ackermann correction factor
friction factor

flow parameter

mass flux, kg m=2s7?
gravitational acceleration, m s~
specific enthalpy, J kg*

2

molar enthalpy, J mol !
pump head, m

> TS =0 Q’n‘ngjﬂp oo

=

molar evaporation enthalpy, J mol !
iteration counter

binary interaction parameter

heat exchanger length, mm
characteristic length of the film flow, m
Lewis number

mass flow rate, kg s~
molecular mass, g mol ™!

molar flow rate, mol s!

local condensing molar flux, mol m~2 s~}
number of sections
number of tubes

Nusselt number

pressure, bar

critical pressure, bar
Prandtl number

pitch

heat flux, kW m—2

heat flow, MW

radius, mm

Reynolds number

gas constant, kJ kg*1 K1
Richardson number
temperature, °C
thickness, mm

kinematic viscosity, m? s~
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volumetric flow rate, m® s

axial direction, mm

molar fraction in the liquid phase
binary diffusion coefficient, m? s~
molar fraction in the gas phase
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Greek letters

a convective heat transfer coefficient, KW m~2 K1
p pressure ratio

o film thickness, pm

€ thermal effectiveness, %

€ intermittency factor

n isentropic efficiency

[ mass transfer coefficient, m s*
9 volumetric vapor content

A thermal conductivity, W m™! K1
U dynamic viscosity, Pa s

p mass density, kg m >

P molar density, mol m 3

c angle of the compressor inlet guide vanes, %
T shear stress, MPa

v specific volume, m® kg~!

® acentric factor

Subscripts

1 H>0

2 CO,

b bulk

c cold

f film

h hot

i inner

lam laminar

0 outer

off off-design

on on-design

r relative

s shell

sat saturation

t tube

tur turbulent

w wall

Superscripts

- mean quantity

* guessed quantity

" molar quantity

id ideal

in inlet

out outlet

Acronyms

ASU air separation unit

CCUS carbon capture, usage and storage
EoS equation of state

HTS high-temperature section

LKP Lee-Kesler-Plocker

LTS low-temperature section
MSTHE micro shell-and-tube heat exchanger
MTS medium-temperature section
PCHE printed circuit heat exchanger
RE relative error

RHE recuperative heat exchanger
scCO, supercritical CO,

condensing steam (FG-4) and preheating recirculating streams. Part of
the HyO-depleted gas is sequestered, while the rest (RE-1) is compressed
in four stages to 80 bar [11], then cooled below the pseudo-critical
temperature of CO, (~ 31 °C), forming a dense supercritical phase
(RE-2). This enables efficient pumping in two stages: first to 120 bar
(RE-4), then to 280 bar. At 120 bar, 13.34 % [12] is mixed with
high-purity O from the air separation unit (ASU), forming the oxidizing
stream OX-1, and the remainder (RE-5) moderates combustion (RE-6)
and cools the turbine (TC-1).

The favorable thermo-physical properties of the dense scCO2-rich
recirculating fluid lead to a low specific pumping work, which allows
achieving a high optimum cycle efficiency of 55.9 % [10]. In order to
pump in the dense supercritical regime, it is necessary to cool the hot
turbine exhaust gases (FG-2) from 765 °C to approximately 57 °C in the
RHE. This process involves an exceptionally high enthalpy change
within the RHE, which demands a considerable heat transfer surface.
Consequently, as shown in Fig. 1, the RHE is divided into three (or even
more [9]) consecutive heat exchange sections: low-temperature section
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(LTS), medium-temperature section (MTS), and high-temperature sec-
tion (HTS). Moreover, to compensate for the difference between the heat
capacities of the pressurized recirculation stream and the exhaust stream
[13], Fig. 1 illustrates the application of additional heat of compression
in the RHE, coming from both the ASU and the adiabatic compression of
11.4 % [10] of the exhaust gases, extracted after the MTS at 138 °C
(slightly above the dew point) [14,15], in the BPC compressor.

To cope with the demanding high heat transfer conditions within the
RHE, printed circuit heat exchangers (PCHE) have become the pre-
dominant technology [16,17]. In fact, the 50 MWy, NET Power cycle
demonstration pilot plant uses PCHEs consisting of etched 1.6 mm
zigzag channels for the RHE [18]. However, recent advances in compact
heat exchangers [19,20] have revealed multiple advantages of innova-
tive micro shell-and-tube heat exchangers (MSTHE) over PCHEs: (i) they
offer greater compactness, resulting in lower mass, cost, and thermal
inertia; (ii) they are easier to clean and maintain against corrosion
clogging issues [21-23], as MSTHEs can be easily disassembled, while
PCHEs must be destroyed to inspect the interior; (iii) their
manufacturing process is more cost-effective, as it is inherited from
conventional shell-and-tube heat exchangers. The lower thermal inertia
of MSTHE: is particularly relevant for the proper operation of the NET
Power cycle in the context of the European electricity market, which is
characterized by its high variability degree.

In the context of the NET Power cycle, no studies have yet been re-
ported in literature addressing the application of MSTHEs in the RHE.
However, several research efforts have been conducted on their imple-
mentation in the recuperator of closed scCO; Brayton cycles. Jiang et al.
[20] optimized the number of tubes, tube diameter, and tube pitch, in a
baffle-free MSTHE bundle, and compared its thermal-hydraulic perfor-
mance to a PCHE under steady and dynamic conditions. The MSTHE
showed higher heat transfer coefficients, requiring less heat exchange
area and metal mass, and demonstrated superior surface area density
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and faster dynamic response. Kwon et al. [19] confirmed these results,
reporting surface area densities of up to 2500 m? m~? for PCHEs and up
to 4500 m? m ™~ for MSTHESs with 1 mm tubes. Thar energy developed a
prototype MSTHE with ~ 20,000 microtubes in a single shell, using
Inconel 625 on the hot-side and SS316L on the cold-side, and designed a
single-flange asymmetric pressure vessel to improve structural integrity
and reduce manufacturing costs [24].

Cai et al. [25] numerically investigated the heat transfer character-
istics between scCO, and water in a MSTHE with 1.6 mm tubes, where
scCO, flowed at low Reynolds numbers and was cooled by shell-side
water. They found that the scCO5 heat transfer coefficient increases
with CO2 mass flow, but is unaffected by the water flow rate. Counter-
flow arrangement yielded higher performance than crossflow. However,
experiments conducted by Cai et al. [26] on a 37 tube MSTHE (1.6 mm
diameter, 500 mm length) revealed that shell-side baffles improve heat
transfer, with smaller baffle spacing further enhancing performance,
although this also resulted in an increased pressure drop [27]. This
apparent discrepancy may be attributed to the dominance of buoyancy
forces at low Reynolds numbers, where a crossflow pattern can induce
thermal stratification in the scCOs-side and suppress turbulence
quantities.

Jin et al. [28] conducted over forty experimental series to investigate
the thermal-hydraulic performance in a fabricated five-cell MSTHE
using scCOy and air as working fluids, with the Reynolds number
ranging between 9000 to 17,000 and 2000 to 18,000, respectively. The
experimental outcomes were used to validate the thermal-hydraulic
models and correlations employed by [29,30]. The results showed
good agreement with model predictions, reporting deviations within 10
% for all key performance metrics, including thermal conductance and
pressure drop.

Despite the growing interest in the MSTHE architecture, the avail-
able literature remains limited and is restricted to a few studies applied
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Fig. 1. Process flow diagram of the oxy-combustion-based NET Power cycle [10,14], and MSTHE configuration and location within the low temperature section

(LTS) of the recuperative heat exchanger (RHE).
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to scCO4 Brayton cycles, mainly focused on geometric design and on the
numerical and experimental analysis on heat transfer and pressure drop.
Regarding the NET Power cycle, no previous studies have investigated
the thermal-hydraulic behavior of MSTHESs under the unique operating
conditions of the recuperator, which involves partial-load regimes and
the presence of hot-gas condensation phenomena. This lack of studies
represents a research gap that this paper addresses through the
following contributions:

i. A numerical evaluation of the performance of a MSTHE in the NET
Power cycle recuperator under cycle-relevant part-load conditions.

ii. A sensitivity analysis of the thermal-hydraulic behavior of the
MSTHE as a function of key geometric design variables.

Findings form this study provide a valuable theoretical background
that can serve as a basis for the efficient design of MSTHE units for
application in the NET Power cycle. It is worth noting that, as illustrated
in Fig. 1, this study focuses on an MSTHE located in the low-temperature
section, where heat is exchanged between the scCO»-rich recirculating
stream (RE-6) flowing through the microtubes, and the wet turbine
exhaust gases (FG-2) flowing through the shell-side. Prioritizing the low-
temperature section is justified by the following two reasons:

i. RE-6, primarily composed of scCO,, operates near the pseudo-critical
region in the low-temperature section, where rapid thermophysical
property variations significantly influence heat transfer.

ii. FG-2 reaches saturation conditions in the low-temperature section,
forming a condensing HpO-rich film around the tubes, which in-
fluences heat transfer effectiveness.

These two reasons introduce an additional challenge in the thermal-
hydraulic design of MTHE units. This challenge is not found in the
medium- and high-temperature sections, which operate far from the
pseudo-critical region and sensible heat exchange between ideal-like
gases can be tackled on the basis of conventional constant-property
flows.

To carry out the present study, a thermal-hydraulic computational
model of the MSTHE, incorporating partial filmwise condensation, was
developed as described in Section 2. Results are presented in Section 3,
with the main conclusions and findings summarized in Section 4.

2. Micro shell-and-tube heat exchanger modeling approach

The off-design modeling approach of the MSTHE for application in
the condensative low-temperature section of the NET Power cycle
recuperator is presented in this section. The operating conditions are
presented in Section 2.1. The geometric parameters of the MSTHE are
described in Section 2.2. The thermal-hydraulic model, which involves
the governing equations and the heat and mass transport theorems, is
detailed in Section 2.3. Finally, the numerical procedures and dis-
cretization strategy are presented in Sections 2.4 and 2.5.

2.1. Operating conditions

Before discussing the MSTHE performance, it is necessary to estab-
lish the part-load operating conditions of the NET Power cycle. These
operating parameters define the boundary conditions applied in the
MSTHE model. To determine the off-design operating conditions, the
thermodynamic model of the NET Power cycle under nominal condi-
tions, developed in Aspen Plus V12.1 [31] by Velazquez et al. [10], was
adapted to simulate the part-load operation. The off-design models of
the turbine, compressors, pumps, and thermal recuperator are described
in Appendix A of the supplementary materials. From a 100 % load
condition, corresponding to the optimized cycle configuration [10], the
cycle load degree was progressively reduced up to 20 %, in 10 % in-
crements. For each cycle load level, mass flows, temperatures, pressures
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and compositions were captured at the inlet of a MSTHE located in the
low-temperature section of the NET Power cycle recuperator, as depic-
ted in Fig. 1. Table 1 shows the resulting off-design boundary conditions
of the MSTHE, as a function of the cycle load level ranging from 100 % to
20 %. Subscripts “c” and “h” refer to the tube-side cold scCO5 and
shell-side hot CO, — H,0 gas mixture, respectively. It is important to note
that the cycle load percentage in this study was defined based on the fuel
mass flow rate entering the cycle. A 100 % load corresponds to a fuel
mass flow rate of 16.52 kg s~ *.

It can be seen in Table 1 that, with the exception of pg‘, which re-
mains constant at 44.80 bar, mass flow rates, temperatures, and pres-
sures decrease as the cycle load is reduced. Under part-load conditions,
the thermal input from fuel combustion decreases, leading to lower
water formation and a reduction of ygzo_h. In addition, the heat released
from combustion is reduced, which would tend to lower the turbine
outlet temperature. To maintain this temperature constant, which is
essential for operating the RHE with high effectiveness regardless of the
cycle load level, the recirculation flows are reduced. This justifies the
decrease of both m. and my. The p* decreases in response to the
reduction of the recirculation flow, in order to comply with the turbine
performance curve. Consequently, T decreases due to the lower fluid
heating by viscous dissipation in the scCO, pumps. Ti" drops as a result
of the reduction of the RHE effectiveness. Although the recirculation
flow contains about 2 % mol of impurities [32], pure scCO5 was assumed
for simplification purposes.

2.2. Baseline geometry parameters

A schematic diagram of the baseline configuration and cross-
sectional view of the MSTHE are shown in Fig. 1. The MSTHE is
composed by two inlet flanges, two outlet flanges, two headers, a
straight single floating microtube bundle, and a perfectly insulated
external shell. The floating tubesheet configuration allows axial
expansion to avoid thermal loads. Since the thermal-hydraulic study of
the MSTHE was focused on the low-temperature section of the recu-
perator, the components are fabricated from SS316L [22,23]. Unlike
conventional shell-and-tube heat exchangers, the MSTHE does not
employ flow-guiding baffles. The counterflow arrangement enables high
heat transfer rates and avoids the pressure drop associated with baffles
[13]. The shell-side fluid enters and exits the exchanger perpendicular to
the microtube bundle. It then flows along the remaining annular space
between the shell and the tube bundle, in a counterflow direction rela-
tive to the tube-side flow, over the length of the MSTHE.

As can be seen in Fig. 1, the key geometry parameters that charac-
terize the MSTHE are: length of the tubes (L), number of tubes (N,), inner
diameter of the tubes (D;), tube wall thickness (t;), outer diameter of
tubes (Dy,), distance between tubes (also known as “pitch”, P;), outer
diameter of the shell (D), thickness of the shell (t;), and inner diameter
of the shell (D). Tube bundles can be arranged in either square or
triangular configurations. Among these, the triangular arrangement of-
fers higher compactness and enhanced heat transfer performance [33].
Therefore, as shown in Fig. 1, triangular tube layout was adopted in this
study. Given N;, Dy, and P;, the geometry of the MSTHE can be computed
as proposed by Jiang et al. [34]. Dy; is calculated by Eq. (1); where CL is
the tube layout constant, which in this case is v/3/2; CTP is the constant
(0.93 for a single pass) that considers the residual clearance space be-
tween the outer diameter of the tube bundle (represented by a dashed
line in the cross-sectional view of the MSTHE in Fig. 1) and the inner
diameter of the shell.

0.5
(cmm} o

Dy = 2P,
. ‘ LT(CTP)

The equivalent diameter D,, defined as 4 x free flow area / wetted
perimeter, is the characteristic dimension used to compute the
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Table 1
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Boundary conditions (BCs) for a 10 MWy, off-design MSTHE, as a function the cycle load degree based on the thermal energy of the feedstock from 100 % to 20 %.

NET Power cycle part load degree (fuel-based)

BC Unit 100 % 90 % 80 % 70 % 60 % 50 % 40 % 30 % 20 %
me kgs! 57.71 56.21 54.31 51.94 49.01 45.39 40.92 35.31 28.10
my kgs! 71.44 69.58 67.23 64.29 60.66 56.19 50.65 43.72 34.78
T °C 44.40 42.64 40.74 38.66 36.36 33.81 30.94 27.72 23.89
" °C 138.00 136.66 135.16 133.47 131.52 129.22 126.43 122.86 117.92
pi bar 278.99 261.95 243.79 224.34 203.39 180.60 155.54 127.56 95.53
pin bar 44.80 44.80 44.80 44.80 44.80 44.80 44.80 44.80 44.80
?gl;o.h % 4.85 4.67 4.48 4.28 4.05 3.81 3.54 3.23 2.86
?ic"oz_c % 100 100 100 100 100 100 100 100 100

correlations for heat transfer, Eq. (2), and pressure drop, Eq. (3), for the
non-circular cross-sectional shell-side flow [35].

b, 4(V3P2/4 - aD}/8)
¢ 7D /2

(2)

o A(BP/4— D2 /8)

¢ (aDy + nDg/N,)/2 &)

The thickness of the tubes and the shell were evaluated by Egs. (4)
and (5), and the tubesheet thickness was calculated by Eqs. (6) and (7)
employing the 11th TEMA Standard [36]. py is the design pressure; t,, E,
S, and Y are mechanical design parameters, for which values are shown
in Table 2; F; = 1 for fixed and floating tubesheet; and k, is the mean
ligament efficiency.

4 PaDo
tr = ter + Z(SE +pth) @
_ psDi
t; =t + 2(SE + 0.6pg;) ®
_ FDy; ( pa e
=73 (kes) v
Kewi = 1 — 0.907 / (P:/Dy)’ @

2.3. Thermal-hydraulic modeling approach

Fig. 2 presents the heat transfer model and control volumes, corre-
sponding to the superheated and saturated regions, including the asso-
ciated heat and mass fluxes, used in the derivation of the governing
equations. The hot gas mixture enters the shell-side in a superheated
vapor state. As it flows through the heat exchanger, the shell-side tem-
perature, T, progressively decreases until the fluid in the near-wall
region reaches the saturation temperature, i.e., Ty, = Tsq. At this
point, condensation of the vapor begins, along with small traces of
dissolved COg, forming a HyO-rich condensation film over the cooling
tube walls [39,40], as illustrated in Fig. 2. The film thickness, 5, in-
creases along the flow direction due to the continued condensation at
the vapor-liquid interface. This condensate layer introduces an addi-
tional thermal resistance. The latent heat released during condensation
must be conducted through the film before reaching the outer wall of the
microtubes.

Table 2
Mechanical design parameters of Egs. (4) - (7).
t, (mm) pq (kPa) S* (kPa) E Y Reference
Tube 0.254 1.05p in 87.4-10° 1.00 0.75 [37,38]
Shell  3.175 Phin+170kPa  87.410° 085 - [36]

" For a design temperature of 150 °C.

2.3.1. Model assumptions
The following assumptions were adopted in the development of the
computational model:

i. Steady-state flow.

ii. Newtonian fluid behavior.

iii. Negligible changes in kinetic and potential energy.

iv. Negligible axial heat conduction in the fluid phases (i.e.,
convection-dominated problem). This assumption is justified
despite the small hydraulic lengths, as the flow presents suffi-
ciently high Peclet numbers. In particular, for nominal condi-
tions, the minimum local Peclet numbers are 2.5-10* and 2.6-10*
on the tube and shell sides, respectively, while at a 20 % load the
values are 2.2:10% and 1.3-10*.

v. The inertia forces, resulting from the high velocity of the shell
gas, are sufficient to: (i) prevent condensate droplets from falling
due to gravitational action, and (ii) assume a constant film
thickness in the tangential direction of the tube. Therefore, §
represents the circumferential average film thickness.

The heat transfer mechanisms vary depending on whether the shell-
side COy — HyO mixture is superheated or saturated. Consequently, the
governing heat transfer equations are formulated in differential form
separately for each condition in Section 2.3.2.

2.3.2. Governing heat transfer equations

The mathematical modeling approach of the MSTHE for both the
superheated (T, > Ts) and saturated (T, < Ts) regions is summa-
rized in Table 3.

The governing equations for the superheated and saturated regions
were derived from the conservation of mass, chemical species and en-
ergy, applied to the left and right differential control volumes depicted
in Fig. 2, respectively. The subscript 1 denotes H2O and 2 denotes COs.
Conservation equations in Table 3 are complemented by kinetic theo-
rems for heat and mass transfer in Section 2.3.3.

In Egs. (12) and (21), 4 represents the thermal conductivity of
S$S316L, which was assumed to be constant and equal to 16 Wm > K.
In the condensate film energy equation, expressed in Eq. (19), the molar
enthalpy change of the liquid film was neglected. Hence, Ty was ob-
tained from the iterative solution of Eq. (19). In Egs. (13) - (21), § was
not considered to calculate the heat and mass transfer area, since it is
much smaller than the outer diameter of the tubes. The energy balance
expressed in Eq. (20) was used to calculate the bulk temperature of the
shell-side gases, Ty, when it is above T4 Otherwise, Ty, was set equal to
Tsqe- Ty was calculated by means of the wall thermal resistance network
of Fig. 3 [30] by Eq. (22), where r = (r; + 1,)/2. Ty, and T,,; were
determined by imposing that, under steady-state conditions, the heat
flow transferred by convection in the fluid phases equals the heat flow
conducted through the solid wall.

_ ln(r/ri)Two + lrl(ro/r)Twi
- In(r, /1)

(22)
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H,O-rich

(Nh ﬁh)adv,in

condensation film

— (Nh Flh) adv,out

(Nf hf )adv,out
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Fig. 2. Heat transfer model of the MSTHE and control volumes, including the energy and mass fluxes, for the deduction of the differential unidimensional governing
equations for the superheated and saturated regions. Subscript “h” stands for hot-fluid (shell-side) and “c” for cold-fluid (tube-side). Subscript “1” refers to HyO and

“2” to CO,.

Table 3

Governing heat transfer equations of the MSTHE model for the superheated T,

> Tyq) and saturated (Ty, < Tsq) regions.

Conservation equation Expression Eq.

Superheated region (T, > Tsat)

Mass (shell-side) dNy, o (8
dx

Mass (tube-side) dN. o [C)
=

Energy (shell-side) . dh (10)
N;,Eh = — apNuDio(Ty — Two)

Energy (tube-side) . dh, an
N, dx = — acNeaDy(Tyi — Tc)

Energy (solid wall) 42T, (12)
As c?; = @Dy (Twi — Tc) — apmDy(Th — To)

Saturated region (Tyo < Tsar)

Mass (tube-side) dN, o 13)
o =

Mass (film) dNy | as
o NN 7Dy,

Mass (shell-side: \ 15

¢ ) % = — NNDy,. s
Chemical species (film) V (16)
P % = flthﬂDw

dx

Chemical species dNpy . a7)

(shell-side) &~ lNeDe

Energy (tube-side) . dh, (18)
N, ax = — acNeDy(Twi — Te)

Energy (film) 1iNaDoAh, (Tf) + anErNeaD (T — Ty) — 19
aiNmDo (Ty — Tio) =0

Energy (shell-side) _dh, . _ (20)
N;,E = Ny o (Th — Tf) —
ahETNtﬂDw (Th — Tf)

Energy (solid wall) d*T, 1)
AsAc o2 = acnDyi(Twi — Tc) — apmDyy (T/ - Two)

Subscripts: ¢ = tube-side cold fluid; h = shell-side hot fluid; w = wall; f = film; 1
= H,0; 2 = CO».

The mole fraction of COy in the HyO-rich condensate phase was
calculated at the vapor-liquid interface, at the temperature Ty, where
thermodynamic equilibrium was assumed to occur. For vapor-liquid
equilibrium calculations, a fitted virial-type Lee-Kesler-Plocker (LKP)

Resistance network

Q

«—

Twi InGr/r) Tw In(r, /1) Two
2mAL 2mAL

Fig. 3. Cross section of a half tube and resistance network to determine the
mean tube wall temperature T,.

equation of state (EoS) was employed. The LKP EoS was fitted in
Ref. [32] using experimental vapor-liquid equilibrium data for COy —
H20 mixtures over a pressure and temperature ranges of 10 — 170 bar
and 25 - 150 °C. The resulting binary interaction parameter between
CO; and H0 was k;; = 0.0125, with k;; = k;;. The rest of fluid properties
were computed using the GERG - 2008 EoS [41].

Due to the low mole fraction of CO; in the condensate film [42,43],
CO5 accumulates near the vapor-liquid interface, forming a concentra-
tion boundary layer that acts as a mass transfer barrier. This accumu-
lation delays the direct contact between vapor and the condensate
surface, thereby reducing the efficiency of the condensation process.
Before condensation can occur, water vapor must first diffuse through
this resistive gas-phase layer to reach the liquid film. Mass transport
within this gas phase layer is predominantly convective. Based on the
mole fraction gradients of HyO and CO; in the gas phase (see Fig. 2), the
local condensing molar flux was calculated using Eq. (23) [44,45].

n= ﬁhé’hln (M) s (23)
X1 — Yin
Since mass and heat transfer occur simultaneously in the shell-side
fluid phase, the Ackermann correction factor Er [46], defined in Eq.
(24), was introduced into Newton’s cooling law for the shell-side
convective heat transport (Egs. (19) and (20)).

Er=—"  with pr="22. 24)
h

T 1l-etr
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2.3.3. Heat and mass transfer correlations

This section presents the correlations used to calculate the heat
transfer coefficients on the shell-side ap, microtube-side a., and
condensate film oy, as well as the mass transfer coefficient 6y, and the
friction factors for both the shell-side f,, and microtube-side f. [47].

ap was computed using forced convection correlations, which
depend on whether the flow regime through the shell is laminar, tur-
bulent or transitional:

Laminar flow regime (Rep, < 2300) [48]:

3 3 3 3 /3
Nty jom = {Nuh_,m,m1 +0.7% 4 (Ntppiam 2 — 0.7) +Nuh>bvlam73] 7
Nuppiam_1 = 3.66,

Nuppjam_2 = 1.077 (Renpp,PrisDe /X) v,

1 2
Nuppjam_3 = *(

1/6

1/2
— s R Pry, D, . 25
2 1+22Prh,b> ( €hb.De Thp he/X) (25)

Turbulent flow regime (Rep, > 104) [49,50]:

N _ (fu/8)(Renpp, — 1000)Pry; [ Pryy ot c
Unpur = 12 273 Pr A
1+12.7(f/8)"2(Pre? — 1) how
1
Ca=1+5(De /x)*2. (26)

Transitional flow regime (2300 < Rep, < 10%:

Nttpra = (1~ €)Ntnbian g, _yz00 + ENUnbarlpg, 100
bDe e

Reh‘we — 2300
€7 7102300 27

Subscripts “b” and “w” refer to properties calculated at bulk and wall
temperature, respectively.

a. was calculated using the empirical correlation given in Eq. (28).
This correlation was fitted from experimental measurements of heat
transfer coefficients in scCO, flowing through a horizontally-oriented
microtube with an inner diameter of 0.88 mm, up to 300 bar [51].
The effects of natural convection on heat transfer, arising from the steep
radial density gradients in scCO2 near to the critical pressure, are
accounted for through the Richardson number, R;. The range of appli-
cation of Eq. (28) is: 10 <p, < 30 MPa, 4099.9 < Re.} < 23847.4,19.8 <

T., <101.8°Cand 8.3 < g, < 21.3 kW m™2,

.\ 1518 4.690 2.\ 2556
Nugp = O.0038Re2yf50Prif3SRi;g'028 (ﬂ) ( C'W> ( C'W)

Pep Hep /1C.b
- 1.943
Cp.C.W )

— hc.w - hc.b
Cpe = (28)
b Tc‘w — Lcb

as was calculated, either for laminar or turbulent flow regimes, from
the Nusselt [52] and Miiller [53] correlations, respectively, as expressed
in Egs. (29) and (30). The range of application of Eq. (29) involves film
Reynolds numbers up to 1800, which includes the wavy laminar regime,
while Eq. (30) is applicable for Reynolds values above 1800.

Aflam-L 1- Ph/ﬂf) 173
Nutg igm = 22" — 0.693 (7 . (29)
#lam /1f Ref
% 0.0283Re/**pri/®
e L 30)

o 1+ 9.66Re;3/gpr;1/6’

In Egs. (29) and (30), £ is the characteristic length of the film flow
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and Rey is the film Reynolds number, defined as follows:

1/3
(%
=L (31
g
my
Re; = 32
= wbers (32)

Although Egs. (29) and (30) were derived for a film flow over vertical
surfaces, they can be reasonably extended to horizontal tubes [54]. Nuy,
and thus ay, was calculated by combining Nug ,m and Nug .-, through the
following quadratic superimposition:

J
2 _ \/ (Kf‘lamKrNuf.lam)z + (Kf‘mrKrNuf,rur)? (33)

Nllf = /lf

Coefficients K;, K¢ iam and Ky, introduced in Eq. (33), account for
the influence of the shell gas flow velocity on the heat transfer within the
film. At the vapor-liquid interface, the axial velocity of the film and shell
gas flows must coincide [55]. This generates a velocity gradient of the
shell gas in the near-interface region and, thus, a shear stress at the
interface, 7. 74 increases the mean velocity of the film flow, leading to
two effects: (i) film thinning, which reduces the thermal resistance; and
(ii) amplification of turbulent fluctuations in the film, which intensifies
heat diffusion by turbulent action. Effect (i) is accounted for by K,
which is valid for laminar and turbulent flow regimes [56]. Effect (ii) is
accounted for by K jon and Kj -, which depend on the flow regime [57].
Details on the calculation of K, K¢ am and K, are provided in Appendix
B of the supplementary material. In addition, § was calculated from the
local volumetric vapor content, 9, according to Eq. (34). The calculation
procedure of 9 is also presented in Appendix B.

Dio, (34

Resistance in the gas phase, caused by CO5 accumulation, was taken
into account based on the mass transfer coefficient ;. 8, was calculated
from a;, using the Chilton-Colburn analogy [58]:

ap

0}1 - —————
Pnpnled®’

(35)

where the Lewis number, Le, is defined as the ratio of thermal diffusivity
to mass diffusivity, Le = An/(pnCpnyy). The binary diffusion coefficient
between CO, and Hy0, y;, was estimated using the Fuller’s correlation
[59], at a pressure of 1 bar, as shown in Eq. (36).

@ 0.00143T375(M; ' + M, 1)
- .
pV2[(Z80)" + (2 802)'”]

with A,; =13.1 and A, = 26.9. (36)

To account for the effect of elevated pressures, y, was corrected
using the Riazi-Whitson correlation [60] of Eq. (37), which depend on
the critical pressure of the mixture, p.,, and the acentric factor, w.

P
(Pwtn) _ Hn e
= 1.07{ = ’
(Pnrn) Hiy
with B = —0.27 — 0.380 and C = —0.05 + 0.1a. 37

It is worth noting that the heat and mass transfer correlations on the
shell-side can be reliably applied within their application range, since
the flow is not in a supercritical state.

fr and f; were calculated by using the high-accuracy explicit model of
Romeo et al. [61], and the temperature correction factor of Musgrove
et al. [62], as follows:



I Velazquez et al.
. D 0972 /D ) /D 0.9924
—— =-2In ¢/D__ 5027 In e/ *456711'1 o
VA 37065 Reipp, \3.827 Reyp, |\ \7.7918
5.3326 0.9345

Tb 0.1
fh Orfc :fo (T) . (38)

2.4. Numerical procedures for model resolution

The thermal-hydraulic model of the MSTHE was implemented in
Matlab R2022b [63]. The numerical procedure used to solve the model
is illustrated in the flow diagram shown in Fig. 4. Since heat transfer in
scCO, and filmwise condensation are local phenomena, the heat
exchanger length was discretized into N; heat exchange sections. The
governing differential equations for heat transfer were then solved
numerically along the direction of the shell-side flow discretizing the
convective transport terms of the governing equations using the
first-order upwind discretization scheme [64].

The procedure begins with the input of the independent geometric
parameters. Egs. (1) - (7) are used to define the complete geometry of

START
k=1
N, =175

!

MSTHE Geometry
(Egs. (1) - (7))

l

Boundary conditions

.

Initial conditions

(k=1)

——

Superheated region
(Egs. (8) - (12))

Saturated region
(Egs. (13) - 21))

Fig. 4. Flow diagram of the numerical procedure for solving the thermal-
hydraulic model of the MSTHE.
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the MSTHE. Next, boundary conditions are specified. Due to the coun-
terflow configuration, the boundary condition for the tube-side inlet
temperature must be applied at k = N;, even though the numerical
integration begins at k = 1. Consequently, the initial temperature of the
tube-side fluid at k = 1 must be estimated and subsequently adjusted
iteratively until the calculated temperature at k = N; matches the
specified boundary value T%. The shell-side fluid enters the MSTHE in a
superheated vapor state. The heat transfer model for the superheated
region (Egs. (8) - (12)) is solved progressively until the fluid near the
cooling tube wall reaches the saturation point, or until k = N; if satu-
ration is not reached.

Once the shell fluid in the near-wall region reaches the dew point, the
condensation model for the saturated region (Egs. (13) - (21)) is applied
to the remaining sections. Equations are iteratively solved until the last
section k = N; is reached. Finally, it is verified whether the calculated
tube-side inlet temperature T<=N: agrees with the specified boundary
condition T within a tolerance of 0.1 °C. If the condition is met, the
computation ends. If not, a new guess for T5* is generated using a
relaxation-based Newton-Raphson correction, and the entire model is
recalculated until convergence is achieved.

2.5. Number of sections, N;

The number of sections N; into which the heat exchanger was dis-
cretized was determined by balancing computational accuracy and ef-
ficiency. Increasing N, reduces the spatial discretization step, thereby
improving the resolution of the varying thermophysical properties of the
scCO, and the local condensation process along the MSTHE. However, a
higher number of sections also leads to a considerable increase in
computational time, since the full calculation procedure shown in Fig. 4
must be executed for each division. To determine the optimal value of
N;, the MSTHE model was run under the nominal boundary conditions
(100 % cycle load) shown in Table 1, with N, varying from 50 to 1000. It
was assumed that an optimal Ny would be the minimum value for which
the relative error in key output variables (T2, Tp*, Ap., Ap, and N ) did
not exceed 0.1 %, compared to the results obtained with N; = 1000.

Fig. 5 shows the variation of these output variables with respect to N
on a logarithmic scale. As expected, the relative errors decrease with

. . - out . .
increasing N;. However, for T, Tp* and N}7 , minor fluctuations are

observed. These fluctuations are attributed to the local uncertainties in
the calculation of T; within each section, which propagate along the

10
Tout Thout
c S
1 E
é 0.1 -
5 F
[ o
N
= 0.01 E
o) E
=2
0.001
I y
0.0001 b—0——->———
0 200 400 600 800 1000

Number of sections, N, (-)

Fig. 5. Evolution of the output variables T2, Ty, Ap., Ap, and N}?Ut as a

function of the number of sections N;. For Ny = 175, the relative errors are
below 0.1 %.
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length of the MSTHE and slightly affect the final output value. Based on
the analysis shown in Fig. 5, it was determined that for Ny = 175, the
relative error in all evaluated output variables remains below 0.1 %.
Therefore, the value of Ny = 175 was selected.

3. Results and discussion

Section 3.1 presents the baseline geometrical configuration of the
MSTHE, validated in Section 3.2. This geometrical configuration serves
as the reference for the thermal-hydraulic performance assessments
conducted in Sections 3.3 and 3.4, as a function of the geometrical
variables and the cycle load level, respectively.

3.1. Baseline geometrical configuration

First, a baseline geometrical configuration of the MSTHE was
established to comply with the nominal operating conditions given in
Table 1 (at 100 % of cycle load). To this end, the design constraints for
MSTHE:s given in Table 4, proposed by Jiang et al. [34], were consid-
ered. Based on these constraints, a heat exchanger configuration con-
sisting of 65,000 tubes with an outer diameter of 1.8 mm, arranged in a
triangular pattern with a pitch of 1.25D,,, was adopted. The exchanger
length was determined through trial-and-error to achieve a thermal
power of 10 MWy, under nominal conditions, resulting in a length of
3500 mm. The resulting baseline MSTHE configuration is shown in
Table 5.

Fig. 6 depicts the temperature profiles along the axial direction of the
MSTHE, obtained under nominal conditions according to the exchanger
configuration in Table 5. It can be seen that the pinch-point of 4.7 °C
occurs at the dew point temperature of the hot gases, 118.6 °C. The
temperatures of the condensate film and the inner and outer walls of the
tube are close to each other. This is due to the low resistance to heat
transfer by convection in the condensate film and conduction through
the tube wall.

3.2. Model validation

The reliability of the results produced by the MSTHE model was
assessed through a validation process. In the absence of experimental
data, the primary output variables of the model were compared with the
results obtained from overall mass and energy balances calculated using
Aspen Plus [31]. Fig. 7 shows the flow diagram implemented in Aspen
Plus. The cold inlet stream (MCI) is heated in a heat exchanger (H) by
thermal energy transferred from the hot stream (MHI), which is cooled
in a separate heat exchanger (C). The temperatures, pressures, and mass
flow rates of the hot (MHI) and cold (MCI) streams entering the system
were set according to the nominal operating conditions (100 % cycle
load) shown in Table 1. Additionally, the outlet temperature of the cold
stream (MCO) was fixed at 138 °C, as defined in Table 1. This approach
allows for a direct comparison between the output values obtained from
the numerical integration of the MSTHE model and the resulting mass
and energy balances resolved in Aspen Plus.

Table 6 presents the comparison between the main output parame-
ters obtained with the MSTHE model and those from Aspen Plus. The
largest deviations were found in the prediction of the molar fraction of
H20 and COg, 4.44 % and 6.51 %. The low relative errors reported in

Table 4
Design constraints of a MSTHE [34].

Parameter Unit Lower limit Upper limit
Number of tubes, N; 47,000 80,000
Outer shell diameter, Dy, mm - 2300

Tube length, L mm - 8000

Pitch, P, /Dy, - 1.25 1.5

Outer tube diameter, Dy, mm 1.0 3.5
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Table 5

Baseline geometry configuration of the MSTHE.
Parameter Unit Value
Number of tubes, N; 65,000
Outer shell diameter, Dy, mm 600
Tube length, L mm 3500
Pitch, P, /D, - 1.25
Outer tube diameter, Dy, mm 1.8
Tube arrangement triangle

140

Pinch-point: 4.7 °C

120 k Dew point: 118.6 °C

100 r

T (°C)

80

60

40 L 1 L L 1 1 1 1 L 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

x (mm)

Fig. 6. Temperature profiles along the heat exchanger x-direction. under
nominal conditions, the pinch-point of 4.7 °C occurs at the dew point of the hot
gases, 118.6 °C.

Table 6 confirm that the MSTHE model is capable of reliably capturing
the condensation and heat transfer phenomena under the evaluated
conditions.

In Section 3.3, a sensitivity study is conducted on the MSTHE per-
formance as a function of the geometric design variables.

3.3. Sensitivity study of geometrical variables

This section evaluates how the major geometric parameters of the
MSTHE influence its thermal-hydraulic performance. The analysis was
based on the baseline MSTHE design presented in Table 5; with the
boundary conditions fixed at the nominal values (100 % of cycle load)
listed in Table 1. Fig. 8 shows the performance maps of the MSTHE as a
function of N; and Dy, for two pitch values: P, = 1.25D,, and P; =
1.45D,, The performance maps include the thermal power (a and b),
overall heat transfer coefficient (¢ and d), effectiveness (e and f), and
pressure drops on the cold-side (g and h), and hot-side (i and j). The
effectiveness, defined in Eq. (39), represents the ratio between the actual
heat flow exchanged and the theoretical maximum. The N; ranges from
50,000 to 80,000, and Dy, from 1.5 mm to 3 mm; values commonly re-
ported in the MSTHE literature [24,34].

(1) i (Th = TE)

3.3.1. Effect of the number of tubes, N;

Fig. 8(a) shows that increasing N, causes a reduction of the thermal
power exchanged in the MSTHE, for a constant P; and Dy,. For a P; value
of 1.25Dy,, the thermal power drops from 10 MWy, for 50,000 tubes to
about 8.3 MWy, for 80,000 tubes. This thermal power drop is caused by
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25—
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BN
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Fig. 7. Flow diagram of the model implemented in Aspen Plus to perform the
MSTHE model validation.

the reduction of the flow velocities on both the shell and tube sides,
which diminish the heat transfer rates and the operating effectiveness, as
illustrated in Figs. 8(c) and 8(e). The reduction in the tube-side velocity
is directly related to the increase of the cross-sectional flow area. It was
also found that the shell-side flow passage area scales proportionally
with the number of tubes, as shown in Eq. (40).

_zN;

Aph - 4 (40)

4PZ(CL) .,
7(CTP) “’}

Lower flow velocities throughout the exchanger also lead to a
decrease in pressure drops, as shown in Figs. 8(g) and 8(i). When P, is
fixed at 1.25D,,, the tube-side pressure drop ranges from 4 bar to 8 bar
for 50,000 tubes depending on tube diameter, but falls below 1 bar when
the number of tubes exceeds 60,000, regardless of the P, value. This
finding suggests that, under the studied boundary conditions, an MSTHE
bundle should contain >60,000 tubes to maintain the tube-side pressure
drop under 1 bar. This condition is favorable for an efficient operation of
the NET Power cycle.

3.3.2. Effect of the tube diameter, D,,

For a fixed P, and N, increasing Dy, results in a slight increase in both
the thermal power and effectiveness, as shown in Figs. 8(a) and 8(e).
This increase is due to a larger heat exchange area, which exceeds the
decrease of the heat transfer coefficient, resulting in a net increase of the
thermal conductance. Consequently, the thermal power and effective-
ness reach maximum values of 10 MWy, and 90 %, respectively, for
50,000 microtubes with an outer diameter of 3 mm. However, the
resulting MSTHE configuration would lack compactness and require a

Table 6
Comparison of the main output parameters of the MSTHE model and the global
mass and energy balances in Aspen Plus. all relative errors are below 6.51 %,
indicating that the heat and mass transfer mechanisms of the MSTHE model are
reliable.

Output parameter MSTHE Aspen Plus Mass & RE* (
model energy balances %)
Cold fluid temperature, T ( 137.10 138 0.65
°Q)
Hot fluid temperature, Tg”‘ ( 52.16 52.09 0.13
°Q)
Heat flow, Q (MWy,) 9.89 10.00 1.11
Condensate molar flow, N;"t 74.50 74.36 0.19
(mol s71)
H,0 mole fraction, ¥, ( 0.45 0.48 4.44
%)
1.33 1.24 6.51

CO, mole fraction, X¢o, ; (
%)

* RE: Relative Error.
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substantial amount of material, leading to higher costs and a slower
dynamic response to changes in the operating point. The heat transfer
coefficient reaches a maximum value of about 1.6 kW m 2 K~! for
50,000 tubes with a 1.5 mm outer diameter, as a consequence of the high
Reynolds numbers. Nevertheless, as plotted in Figs. 8(g) and 8(i), the
corresponding pressure drops are excessively high, and would compro-
mise the efficient operation of the NET Power cycle.

3.3.3. Effect of the pitch, P,

Increasing Py, while keeping N; and D, constant, leads to an increase
of the shell diameter and shell flow passage area. This diminishes the
shell flow velocity and, consequently, reduces the thermal power, heat
transfer coefficient, effectiveness, and pressure drop on the shell-side, as
depicted in Figs. 8(b), 8(d), 8(f) and 8(j), respectively. In particular,
increasing P; from 1.25D;, to 1.45D,, results in the following changes:
the maximum thermal power drops from 10.04 MWy, to 9.70 MWy,; the
heat transfer coefficient decreases from 1.64 kW m 2 K! to 1.15 kW
m 2 K’l; the effectiveness falls from 90.35 % to 87.00 %; and the shell-
side pressure drop reduces from 4.38 bar to 0.74 bar. Since the tube-side
flow velocity remains constant regardless of P;, the pressure drop on the
tube-side is unaffected by changes in the P, value.

Once the influence of geometric variables on the MSTHE perfor-
mance has been assessed, Section 3.4 investigates the behavior of the
MSTHE under cycle-relevant part-load conditions.

3.4. Part-load behavior of the micro shell-and-tube heat exchanger

To assess the performance of the MSTHE under partial cycle load
conditions, the MSTHE model was evaluated using the off-design
boundary conditions presented in Table 1, which were obtained from
an off-design thermodynamic model of the NET Power cycle. All vari-
ables, except the shell fluid pressure, decrease as the cycle load is
reduced. Fig. 9 illustrates the variation of (a) the thermal power and
effectiveness of the MSTHE, and (b) the overall heat transfer coefficient
and pressure drops, as a function of the cycle load degree (based on the
cycle fuel input).

The thermal power transferred in the heat exchanger decreases with
the reduction of the cycle load degree, as can be seen in Fig. 9(a). This is
due to the decrease in the mass flow rates on both the shell and tube
sides. The effectiveness of the heat exchanger follows a parabolic
decrease from 89.22 %, under nominal conditions, to 65.13 % at 20 % of
cycle load. Despite the decrease of the inlet temperatures of both the hot
and cold fluids with decreasing cycle load (as listed in Table 1), the
maximum temperature difference in the exchanger, T, - Tcin, remains
approximately constant. Consequently, according to the effectiveness
definition in Eq. (39), the combination of this effect with the lower
thermal power results in the observed drop of the effectiveness.

A lower thermal power also leads to a reduction in the flow velocities
on both sides of the exchanger, reducing the heat transfer by turbulent
action. As a result, both the heat transfer coefficient and the pressure
drops diminish, as can be seen in Fig. 9(b). The pressure drop on the
tube-side drops more steeply than on the shell-side as the cycle load
decreases. Furthermore, the heat transfer coefficient shows a moderate
decline from nominal conditions down to a 50 % of cycle load. Below 50
%, it drops rapidly to 30 %, and then remains nearly constant between
30 % and 20 % of cycle load. This behavior can be attributed to the
evolution of the hot- and cold-side heat transfer coefficients, a; and a,
as a function of the cycle load. These trends are shown in Figs. 10(a) and
10(b).

The coefficients a, and a, decrease smoothly as the cycle load de-
creases from 100 % to approximately 50 %. This trend is attributed to
the moderate reduction in the mass flow rates with the cycle load
through the MSTHE, as indicated in Table 1. Below a cycle load of 40 %,
the pressure reduction in the tube-side fluid leads to a significant
reduction in a., due to the presence of a low-density, gas-like super-
critical phase.
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Fig. 8. Performance maps of the MSTHE as a function of the number of tubes N, and tube diameter D,,, for two pitch values: P, = 1.25D,, and P; = 1.45D,.
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Fig. 9. Performance indexes of the MSTHE as a function of the cycle load de-
gree (based on the fuel input). (a) Thermal power and effectiveness, and (b)
overall heat transfer coefficient and pressure drops. These thermodynamic in-
dexes decrease as the cycle load decreases.

As the load level is further reduced to 30 % and 20 %, the tube-side
scCO, approaches its critical pressure. As shown in Fig. 11, this condi-
tion leads to an abrupt increase in the local specific heat capacity within
the pseudo-critical region, where the supercritical phase transition be-
tween gas-like and liquid-like properties occurs. Thus, the Prandtl
number increases significantly by virtue of the heat capacity. This results
in the substantial local increase of ., observed in Fig. 10(b), at a dis-
tance between 2500 mm and 3500 mm along the tube length. In addi-
tion, the reduction of the thermal power and inlet fluid temperature at
low cycle loads promote the amplification of the peak values of a, [51].
Consequently, the sudden rise in a, at a 20 % of cycle load causes the
overall heat transfer coefficient to remain nearly constant between 20 %
and 30 % of cycle load. This finding suggests that operating conditions
near the critical pressure of the tube-side scCO2 enhance the heat
transfer effectiveness of the MSTHE at minimum NET Power cycle load
degrees.

The sharp variation of @, near the pseudo-critical temperature of the
scCO, at low cycle loads leads to a decrease in the condensate film
temperature. This, in turn, results in: (i) an increase in the sensible heat
transferred from the shell-side hot gas to the condensate phase, and (ii) a
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higher condensate formation rate. These effects cause a localized surge
in the heat flux from the shell-side to the tube-side in the region of the
MSTHE where the tube-side scCO; approaches its pseudo-critical tem-
perature. Consequently, the axial temperature gradients of both the hot
and cold fluids (dTy/dx and dT./dx) become markedly steep at this
location. This behavior can be seen in Fig. 12, which shows the evolution
of (a) dTy/dx and (b) dT./dx along the MSTHE, as a function of the cycle
load degree.

Such abrupt temperature gradients can compromise the structural
integrity of the microtubes by inducing thermal shock phenomena,
which may promote material cracking and differential thermal expan-
sion. Under cyclic part-load operation, the repeated expansion and
contraction of the microtube bundle can lead to the accumulation of
thermo-mechanical fatigue damage, potentially reducing the service life
of the MSTHE and imposing more stringent inspection and maintenance
requirements. In addition, corrosion mechanisms on the heat exchanger
surfaces may be accelerated [21]. Moreover, the inherently non-uniform
heat flux distribution along the tube wall, combined with circumferen-
tial wall temperature gradients induced by buoyancy-driven effects,
further amplifies the development of thermal stresses in the microtubes
[65,66]. From an operation perspective, these findings highlight the
importance of carefully managing part-load transient and load variation
rates in order to mitigate excessive thermal gradients. From a mechan-
ical design standpoint, the results also reveal an additional advantage of
MSTHEs over PCHEs: the floating microtube bundle configuration pro-
vides enhanced tolerance to thermal expansion and stress accommoda-
tion, whereas the rigid PCHE structure is more susceptible to stress
accumulation and potential structural damage under similar operating
conditions.

It was found that the proximity of the scCOs-side to its critical point
at low cycle loads has significant implications for the filmwise conden-
sation process occurring on the outer microtube walls. Fig. 13 depicts
the evolution of (a) ri, (b) ¥n,01 — ¥m,04, and (c) 5 along the MSTHE, as a
function of the cycle load degree.

It can be found in Fig. 13(a) that the shell-side wet gases reach the
saturation point progressively closer to the hot-end of the MSTHE as the
cycle load degree decreases. The overall trend of r along the MSTHE
results similar for all cycle load degrees; n initially increases, reaches a
peak value, and then gradually declines due to the reduction in the vapor
partial pressure in the shell-side fluid flow. However, for cycle load
degrees of 40 %, 30 % and 20 %, n exhibits a second peak at axial po-
sitions of about 1500 mm, 2000 mm and 2750 mm, respectively. This
second peak of n increases the local amount of condensation heat
released in those regions of the MSTHE, which enhances the overall heat
transfer rates at low cycle loads.

When observing Figs. 13(a) and 10(b), it can be deduced that the
peaks of n occur when the tube-side scCO; reaches the pseudo-critical
temperature. The sudden increase of a. within the pseudo-critical re-
gion causes a sharp reduction of the condensate film temperature, as
previously stated. This temperature drop leads to a higher difference of
the H;0 mole fraction between the hot gas bulk and the film interface,
Y,0h — Yu,04, as illustrated in Fig. 13(b). Consequently, the vapor
transport rate from the gas bulk to the vapor-liquid interface is locally
intensified, with a consequent improvement of the heat transfer per-
formance. Conversely, the second peak of n leads to a rapid increase in
the condensate molar flow rate Ny, resulting in a sudden thickening of
the condensate film, as shown in Fig. 13(c). Accordingly, the thermal
resistance of the film slightly increases in the region near the pseudo-
critical temperature of the tube-side scCO- at low cycle load conditions.

In general, as can be found in Fig. 13(c), the condensate film thickens
as the cycle load decreases. This behavior is attributed to the reduction
in mass flow rates through the heat exchanger, which leads to a lower
shell-side flow velocity. As a result, the velocity gradient near the vapor-
liquid interface diminishes, thereby reducing the interfacial shear stress
4. The reduction of 73, under partial loads, also causes a mitigation of
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turbulent fluctuations within the condensate film. As a result, both heat
and mass transfer rates within the condensate are reduced. This reduc-
tion of the transport rates within the condensate promotes the accu-
mulation of CO2 molecules at the film interface, further increasing the
resistance to vapor transfer in the wet gas phase.

Fig. 14 represents the evolution of the pinch-point as a function of
the cycle load degree. At nominal conditions, the pinch-point presents a
value of 4.7 °C and is located 700 mm from the hot-end of the heat
exchanger. This location coincides with the saturation temperature of
the shell-side hot gas, as discussed in Section 3.1. As the cycle load is
reduced from 100 % to 90 %, the pinch-point shifts towards the cold-end
of the exchanger and rises slightly to 5.6 °C. Thereafter, as the cycle load
degree decreases further from 90 % to 20 %, the pinch-point gradually
declines while remaining at the cold-end of the MSTHE.

4. Conclusions

This paper presents as a novelty a comprehensive investigation of the
thermal-hydraulic performance of a micro shell-and-tube heat
exchanger (MSTHE) operating under partial load conditions, for its
application in the innovative oxy-combustion-based NET Power cycle.
The study focuses on the condensative low-temperature section of the
thermal recuperator, which operates in the vicinity of the critical point

% cycle load
100%
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- 80%
- 70%
20% load - 60%
- 50%
40%
- 30%
20%

40% load

30% load

0 500 1000 1500 2000 2500 3000 3500
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(b)

Fig. 12. Axial temperature gradients on (a) the shell-side dT;/dx and (b) the tube-side dT./dx along the heat exchanger x-direction, as a function of the cycle part
load degree (fuel-based). The strong axial temperature gradients, caused by the supercritical phase change, may compromise the mechanical integrity of the MSTHE.
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Fig. 13. (a) condensing molar flux r, (b) H,O molar fraction gradient yg,04 — Yn,0 s and (c) condensate film thickness §, along the heat exchanger x-direction, as a
function of the cycle load degree (fuel-based). The rapid increase in a, during the supercritical phase change instantaneously lowers the condensate temperature,
leading to secondary peaks in ri and Yy,0 — Yn,04. The condensate film thickens as the cycle load decreases.

of CO,. The objective is to promote, for the first time, a feasible tech-
nological transition from printed circuit heat exchangers (PCHE) to
MSTHE, which, according to literature, offer numerous techno-
economic advantages.

To this end, a novel thermal-hydraulic model of a horizontally-
oriented MSTHEs was developed, capable of capturing the non-linear
pressure and temperature dependence of supercritical CO2 (scCO2)
properties, as well as representing partial filmwise condensation of the
turbine exhaust gases. Subsequently, the performance of the MSTHE was
assessed as a function of its geometrical design parameters and the NET
Power cycle load level. The key findings of this research are the

following:

— Reducing the number of tubes improves the performance of the

MSTHE. However, to ensure a proper operation of the NET Power
cycle, under the boundary conditions considered in this study, the
MSTHE must contain at least 60,000 tubes, which allows

14

maintaining the tube-side pressure drop below 1 bar. Increasing the
tube diameter from 1.5 to 3.0 mm results in a slight increase in
thermal power and effectiveness. Nevertheless, this penalizes the
compactness and increases the dynamic response time. The effect of
the microtube diameter on bending was not assessed, representing a
limitation of the study. It was found that increasing the tube pitch
reduces the thermal effectiveness, although it decreases the pressure
drop on the shell-side.

— At nominal conditions, the MSTHE effectiveness is high, 89.2 %, and

progressively decreases to 65.1 % when the cycle load is reduced to
20 %, with a thermal power drop from 10 to 4.6 MWy,. The overall
heat transfer coefficient decreases smoothly between 100 % and 40
% cycle load, falls rapidly from 40 % to 30 %, and remains approx-
imately constant between 30 % and 20 %.

Numerical results revealed that the favorable maintenance of the
heat transfer coefficient between 30 % and 20 % load is due to the
pseudo-critical phase property transition on the scCO»-side, which
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Fig. 14. Evolution of the pinch point, ATmn, as a function of the cycle load
degree (fuel-based). under nominal conditions, the pinch point is 4.7 °C and is
located at the saturation point of the shell-side gases. As the cycle load de-
creases, the pinch point lowers and shifts toward the cold-end of the MSTHE.

abruptly increases its local heat transfer coefficient. This, in turn,
causes a sudden reduction of the condensate film temperature, which
locally intensifies the condensation heat release rates. However, it
was found that this originates strong axial temperature gradients
within the microtubes, which could compromise their structural
integrity. While the floating microtube bundle of MSTHEs can
accommodate the thermal stresses, the rigid compact block structure
of PCHEs may suffer damage. This novel finding reveals an addi-
tional key advantage of MSTHEs over PCHEs, which contributes to
improving the thermal effectiveness and mechanical performance of
future heat recuperation units for the NET Power cycle.

— The MSTHE proposed in this work features a compact design that
facilities its construction and reduces thermal inertia, a pivotal
advantage given the high thermal demand. As a trade-off, the system
is exposed to thermal gradients that may induce mechanical fatigue
stresses through repeated expansion and contraction of the micro-
tube bundle.

Future research could focus on the following key aspects:

Conducting a MW-scale experimental validation of the model
developed in this work under operating conditions representative of
the NET Power cycle.

Performing a comprehensive experimental comparison of the
thermal-hydraulic performance of PCHE and MSTHE heat exchange
architectures under part-load conditions of the NET Power cycle.
This analysis would enable the derivation of relevant conclusions
and guide future design strategies for the thermal recuperation unit.
Extending the model developed in this work to cover the remaining
sections of the recuperator, which represents a limitation of this
study, with the aim of designing an optimal heat exchange network
based on MSTHE units.

From a mechanical design perspective, investigating the vertical
orientation of a MSTHE to mitigate mechanical stresses in the tubes
induced buoyancy and thermal stratification effects.
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