
Applied Thermal Engineering 220 (2023) 119578

A
1
n

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/ate

Research Paper

Technoeconomic optimization of superalloy supercritical CO2 microtube
shell-and-tube-heat exchangers
Akshay Bharadwaj Krishna, Kaiyuan Jin, Portonovo S. Ayyaswamy, Ivan Catton,
Timothy S. Fisher ∗

Mechanical and Aerospace Engineering Department, University of California Los Angeles (UCLA), Los Angeles, CA, 90095, USA

A R T I C L E I N F O

Keywords:
Supercritical CO2
Shell-and-tube heat exchanger
Economic optimization
Cost model
Particle Swarm Optimization

A B S T R A C T

Heat exchangers are critical components of aerospace systems and improve efficiency of operation by providing
waste heat recovery. Supercritical CO2 has emerged as a promising candidate working fluid due to its
potential in increasing the power density of heat exchangers. In this paper, a generalized costing model is
developed to estimate the capital costs incurred to manufacture microtube shell-and-tube heat exchangers. This
model is utilized in conjunction with an accurate and efficient 2D numerical shell-and-tube heat exchanger
performance prediction model to conduct optimization studies with two key objectives – minimization of
cost and maximization of heat exchanger power density – on supercritical CO2 microtube heat exchangers
utilizing superalloy Haynes 282 as the solid material. A methodology is then demonstrated to optimize these
heat exchangers using Particle Swarm Optimization for aerospace applications and highly compact and cost-
effective optimal designs with power density around 20 kW∕kg and cost per conductance less than 5 $ ⋅ K∕W
are obtained.
1. Introduction

Heat exchangers enable significant waste heat recovery and efficient
energy management in energy systems by facilitating the transfer of
thermal energy between two fluids [1–3]. Shell-and-tube heat exchang-
ers (STHXs) are the most common high-temperature and high-pressure
heat exchangers [4] and microtube shell-and-tube heat exchangers
(MT-STHXs) are promising new alternatives. STHXs are popular owing
to their high effectiveness, versatility in operation, and low cost [5–7]
but are generally heavier and occupy larger volumes due to the use of
tubes with inner diameters larger than 5 mm. MT-STHXs are gaining
interest as they exhibit all advantages of STHXs and are compact with
high power densities [8]. The drawbacks of STHXs are mitigated in
MT-STHXs by utilizing tubes of smaller inner diameters.

Working fluid selection is critical to achieving high thermal cy-
cle efficiency, low carbon footprint, and compact size. Performance
of nanofluids such as Al2O3/water, TiO2/water, and MWNT-water in
STHXs has been studied [9,10]. However, their impact on reliability
of thermal systems and performance subject to elevated temperatures,
pressures, and wear conditions of an in-the-loop turbine generator as
in the present work remain unclear to us. All the benefits mentioned
earlier can be realized by using supercritical CO2 (sCO2) as the working
fluid [11–13]. Good chemical stability, high density at high tempera-
tures, and a low critical point (7 MPa and 300 K) make sCO2 a more
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attractive candidate fluid for operation in energy systems than other
supercritical fluids [14–16]. Aside from selection of working fluids,
the choice of solid material is crucial because the MT-STHX needs to
withstand long duration of operation at elevated temperatures and pres-
sures. Superalloys such as Haynes 282 are promising candidates due to
their high creep strength at extreme operating conditions [17–19].

Developing accurate and computationally efficient models to pre-
dict thermohydraulic performance of heat exchangers is the first step
towards obtaining optimal designs. A widely used modeling technique
is Computational Fluid Dynamics (CFD), but this method can be compu-
tationally expensive [20–22]. Correlation-based approaches such as the
Kern [23] and the Bell–Delaware [24] method are the other common
prediction techniques, but the Kern method provides a rather conser-
vative estimate of STHX performance while the Bell–Delaware method
is not capable of providing detailed information about the temperature
and flow fields. Correlation-based prediction approaches eliminate the
complexity of the solution but require highly accurate thermohydraulic
correlations to develop a high-fidelity MT-STHX performance predic-
tion model. The above-mentioned drawbacks have been overcome by
Krishna et al. by developing new, highly accurate correlations [25]
and a computationally efficient numerical model [26,27]. The 2D
model utilizes the concept of volume averaging and has been validated
experimentally by Jin et al. [28].
vailable online 21 November 2022
359-4311/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access ar
c-nd/4.0/).

https://doi.org/10.1016/j.applthermaleng.2022.119578
Received 9 August 2022; Received in revised form 5 October 2022; Accepted 24 O
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

ctober 2022

https://www.elsevier.com/locate/ate
http://www.elsevier.com/locate/ate
mailto:tsfisher@ucla.edu
https://doi.org/10.1016/j.applthermaleng.2022.119578
https://doi.org/10.1016/j.applthermaleng.2022.119578
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2022.119578&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Thermal Engineering 220 (2023) 119578A.B. Krishna et al.

n
c

Nomenclature

Variables

𝐴𝑐 Cross-sectional free flow area between two
tubes

[

m2]

𝐴𝐻𝑇 Area of heat transfer
[

m2]

𝑐1, 𝑐2 Acceleration constants
𝐶𝑐𝑎𝑝 Capital cost of shell-and-tube heat ex-

changer [$]
𝐷𝐸 Effective diameter [m]
𝐷𝑓 Fin diameter [m]
𝐷ℎ Hydraulic diameter [m]
𝐷𝑖𝑡 Tube inner diameter [m]
𝐷𝑜𝑡 Tube outer diameter [m]
𝑓 Friction factor
𝑔𝑏 Global best location of the population
ℎ Heat transfer coefficient

[

W∕m2 K
]

𝑛 Number of parameters
𝑁 Population size
𝑁𝑢 Nusselt number
𝑝𝑏 Personal best location of a particle
𝑃𝑓 Fin pitch [m]
𝑃𝑙 Longitudinal pitch [m]
𝑃𝑡 Transverse pitch [m]
Pr Prandtl number
𝑟1, 𝑟2 Random numbers
𝑅𝑒 Reynolds number
𝑡 Iteration number
𝑈𝐴 Conductance

[

$⋅W
K

]

𝑢𝑚𝑎𝑥 Maximum velocity of flow
𝑣 Velocity of a particle
𝑤 Inertia weight
𝑥 Location of a particle
𝛿𝑓 Fin thickness [m]
𝜅 Thermal conductivity

[

W∕m K
]

𝜈 Kinematic viscosity
[

m2∕s
]

Subscripts

𝑒𝑥 External flow
𝑚𝑖𝑛 Minimum
𝑖𝑛 Internal flow
𝑖 Current iteration
𝑚𝑎𝑥 Maximum

Acronyms

CFD Computational Fluid Dynamics
GA Genetic Algorithm
HX Heat exchanger
MT-STHX Microtube shell-and-tube heat exchanger
PD Power density

[

kW∕kg
]

PDTC Cost-constrained power density
PSO Particle Swarm Optimization
STHX Shell-and-tube heat exchanger
sCO2 Supercritical carbon dioxide

The need to achieve enhanced component designs has produced
umerous methodologies to optimize heat transfer processes. Graphi-
al analysis of the search space [29,30], phase-changing optimization
2

design [31], and simulated annealing are among the many methods
reported in the past. CFD may be an accurate option to perform
optimization studies, but the time costs are heavy [32,33]. Genetic
Algorithms (GAs) are frequently used to optimize thermal devices.
Caputo et al. [34] computed total cost as a function of capital cost
and energy expenditure and performed an economic optimization us-
ing a GA. Enforcing pressure drop as a constraint, Selbaş et al. [5]
used a GA to obtain optimal design parameters for an STHX. Hilbert
et al. [33] performed a GA optimization using direct numerical simu-
lations with multiple objective functions — maximizing heat transfer
and minimizing pressure loss.

Though GAs are common, other methods have been reported to
overcome the dependence of GAs’ optimal solutions on initial condi-
tions. The artificial bee colony algorithm was shown by Sahin et al. [35]
to converge much faster than the conventional GA and trial-and-error
methods, but this method requires optimal control parameters to avoid
premature convergence. Rao et al. [36] and Rao and Patel [37] pro-
posed a teaching–learning based optimization algorithm to decrease
the reliance on manual adjustment of parameters. Hadidi et al. [38]
developed a design method based on the imperialist competitive al-
gorithm, and later, Hadidi and Nazari [39] developed an approach
based on a biology-based algorithm, namely, the biogeography-based
optimization algorithm (BBO). Variants of Particle Swarm Optimization
(PSO) [40,41] are reliable techniques to perform these optimization
studies. Unlike gradient-based algorithms such as the gradient-descent
method, PSO is a gradient-free method that does not require gradient
information at any point in time. This feature eliminates the need
for storage of information that specifies a zero gradient at the saddle
point, and thus, PSO is unaffected by discontinuities of the objective
function [42,43].

Optimizing the design parameters of HXs to achieve superior perfor-
mance metrics or targets is critical to the advancement of technology in
industrial and aerospace applications. These targets are represented by
an objective function and are most commonly the minimization of cost
or maximization of heat transfer. Optimization procedures are carried
out by defining the objective, a geometric parameter search space, and
a set of design constraints [23,44–46]. Common constraints in STHX
design ensure that pressure drop does not exceed a given limit and
prescribe a minimum value for effectiveness. Then, an iterative trial-
and-error computation is performed until a set of optimal design values
for the geometric parameters of the heat exchanger is obtained by
minimizing or maximizing the objective function within the parameter
search space.

Entropy generation [47], entransy generation [48], and field syn-
ergy number [49] have been used as objective functions in the past, but
the most commonly investigated approach involves the minimization
of total cost due to its importance in achieving relevant designs for
industrial and aerospace applications [5,35,39]. Estimation of capital
cost of STHXs is commonly predicted using the Hall equation, which
was developed using the detailed costing procedure for heat exchangers
provided by Purohit as a baseline [50]:

𝐶𝑐𝑎𝑝 = 𝑎1 +
(

𝑎2 × 𝐴𝑎3
𝐻𝑇

)

(1)

where 𝐴𝐻𝑇 is the heat transfer area of the heat exchanger.
However, the Hall equation was developed for STHXs utilizing car-

bon steel, stainless steel, and titanium as the solid materials. Other cost-
ing methods include, but are not limited to, the Pikulik method [51],
which can be used for large kettle-type heat exchangers and fixed
tube-sheet heat exchangers, the Guthrie method [52] which utilizes
heat exchanger surface area to determine capital cost, and the Corripio
method [53] which utilizes operating pressure, material used, type of
heat exchanger, and surface area to calculate capital cost [54].

An accurate, efficient, and versatile numerical model is essential
to conduct optimization studies with multiple parameters. This paper
utilizes the correlation-based numerical model developed by Krishna

et al. [25–27] to predict thermohydraulic performance of MT-STHXs.
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The model is capable of utilizing any working fluid in the CoolProp
database [55] and can accurately obtain thermophysical properties of
these working fluids at various temperatures and pressures. Any solid
material of the user’s choice for the MT-STHX can be utilized, and the
model has a large application scope.

Current cost models are either applicable to devices with steel as
the solid material or are not comprehensive enough to account for the
various components of heat exchangers. The objective and novelty of
this study is to develop a constrained optimization methodology for
MT-STHX design and a related cost model, the form of which can be
adapted to MT-STHXs of various configurations and solid materials.
Two separate optimization studies are carried out with minimization of
capital cost and maximization of power density as objectives. A com-
parative analysis between cost optimized and power-density optimized
MT-STHXs for various MT-STHX capacities is performed to emphasize
trade-offs between cost and power density while optimizing within MT-
STHX constraints. An additional cost-constrained optimization study
is conducted with maximization of power density as the objective to
provide a baseline for optimization of future aerospace devices. The
proposed optimization objective of maximizing power density while
constraining cost is expected to be highly valuable in obtaining prac-
tical, optimal designs of thermal devices for aerospace applications.
This study utilizes microtubes in STHXs in an effort to obtain cost-
effective, highly compact devices and fills an important gap in costing
and optimizing sCO2 heat exchangers for aerospace applications.

2. Particle swarm optimization

PSO is a metaheuristic, gradient-free algorithm initially developed
by Kennedy and Eberhart [56,57] and is generally used to optimize
non-linear functions. PSO is an evolutionary computation algorithm
developed with inspiration from the navigation and foraging of fish
schools, bird flocks, and insect swarms [40]. Each individual, known
as a particle, interacts with the other particles in the swarm to share
essential information and perform complicated tasks collectively or
in this case find optimal solutions based on a given objective [58].
Each particle represents a potential solution in an 𝑛-dimensional space,
where 𝑛 represents the number of parameters to be optimized [58,59].

In the PSO algorithm, minimum and maximum values of a given
parameter are utilized as inputs and an 𝑛-dimensional space comprising
hese parameters is defined as the search space of the problem. Other
nputs include the total number of iterations and the population size
orresponding to the total number of particles in the swarm. Upon
efinition of these inputs, each particle in the swarm is initialized at
andom within the search space, and each particle is given an initial
osition and velocity value. The fitness of a particle is defined as the
alue of the objective function which in this study is either the MT-
THX cost or the reciprocal of MT-STHX power density. Solving for the
bjective function provides a fitness for each particle in the population
or the given iteration.

Each particle’s velocity and position are updated in the subsequent
teration by utilizing key information from its personal (local) and
he population’s (global) experience. 𝑝𝑏𝑖 is the minimum value of
itness achieved by the given particle (personal best) until the current
teration, and 𝑔𝑏 is the minimum value of fitness achieved in the entire
opulation (global best) through the current iteration. The velocity of
ach particle in the subsequent iteration is determined by three factors.
article velocity representation:

𝑖(𝑡 + 1) =𝑐1𝑟1
[

𝑝𝑏𝑖(𝑡) − 𝑥𝑖(𝑡)
]

+ 𝑐2𝑟2
[

𝑔𝑏(𝑡) − 𝑥𝑖(𝑡)
]

+ 𝑤𝑣𝑖(𝑡) (2)

Particle position:

𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡 + 1) (3)

where 𝑡 is the current iteration number and 𝑖 is the particle number. The
1st term in the right side of Eq. (2) is the exploitation term which helps
the particles move towards the local optimum. In other words, this term
3

Fig. 1. Flowchart of Particle Swarm Optimization (PSO) algorithm for minimization of
an objective function.

utilizes the personal experience of particles to evaluate the motion of
each particle towards its current best location. The 2nd term in Eq. (2)
is the exploration term which helps the particles move towards the
global optimum. In other words, this term utilizes the experience of the
population to evaluate the motion of each particle towards the current
global best location. The 3rd term in Eq. (2) is the momentum of the
current particle.

𝑤, 𝑐1, and 𝑐2 in Eq. (2) are the key control parameters in the PSO
algorithm. Careful selection of these parameters (𝑤, 𝑐 , and 𝑐 ) and
1 2
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Fig. 2. Isometric view of the MT-STHX geometry in consideration.

maintaining an adequate population size and total number of iterations
will ensure that the PSO algorithm reliably predicts a globally optimal
solution. 𝑤 is the inertia weight of the particle and a value of 𝑤 > 1
typically indicates that the particle explores (searches globally) the
search space, while a lower value (𝑤 ≪ 1) means that the particle
exploits (searches locally) the search space. In the past, researchers
typically utilized a constant value of 𝑤 = 1. More recently, others
have shown that gradually decreasing 𝑤 from 0.9 to 0.4 as the iteration
number increases produces globally optimal solutions [60,61].

In this paper, inertia weight is decreased linearly as a function of
iteration number from 0.9 to 0.4:

𝑤𝑡 =
[

(

𝑤𝑚𝑎𝑥 −𝑤𝑚𝑖𝑛
)

×
(𝑡𝑚𝑎𝑥 − 𝑡)
(𝑡𝑚𝑎𝑥)

]

+𝑤𝑚𝑖𝑛 (4)

The values of acceleration constants, 𝑐1 and 𝑐2, govern the extent to
which a particle moves towards the personal best or global best. 𝑐1
and 𝑐2 modulate the contributions of the social and cognitive terms,
and 𝑐1 = 𝑐2 = 2 works well for most applications [56,60,62]. This
paper utilizes 𝑐1 = 𝑐2 = 2, a population size of 𝑁 = 50, and a total
number of iterations of 𝑡𝑚𝑎𝑥 = 1000. A flowchart of the PSO routine for
minimization of an objective function is provided in Fig. 1.

3. Thermohydraulic performance evaluation

The configuration of the MT-STHX modeled here is shown in Fig. 2.
The internal flow enters the inlet port and proceeds straight through to
the end of the MT-STHX where it encounters U-bends. Internal stream
then flows through the U-bends and back to the outlet port where it
exits the MT-STHX. The external flow enters the inlet port and flows in
a serpentine pattern to the outlet where it exits the MT-STHX. Modeling
of the flow streams utilizes the concept of volume averaging to abstract
the geometry of the MT-STHX. Details of the numerical model are
provided by Krishna et al. [26] and the key equations are summarized
below.

The Reynolds number characterizes the flow stream and is essen-
tial to compute key parameters such as heat transfer coefficient and
pressure drop:

𝑅𝑒𝐷ℎ
=

𝑢𝑚𝑎𝑥𝐷ℎ
𝜈

(5)

where 𝑢𝑚𝑎𝑥 is the maximum velocity of flow located at the minimum
free flow area, and 𝐷ℎ is the hydraulic diameter which is defined
separately for external and internal flows. The hydraulic diameter for
the external flow stream is a function of the cross-sectional free flow
area between two tubes, 𝐴𝑐 , area of heat transfer between two tubes,
𝐴𝐻𝑇 , and longitudinal pitch, 𝑃𝑙:

𝐷ℎ𝑒𝑥 =
2𝐴𝑐𝑃𝑙
𝐴𝐻𝑇

(6)

For the internal flow stream, hydraulic diameter is simply 𝐷 = 𝐷 .
4

ℎ𝑖𝑛 𝑖𝑡
Heat transfer coefficients and friction factors for the external flow
stream are estimated by utilizing highly accurate correlations devel-
oped by Krishna et al. [25]. These correlations take a unified form
and can be applied to bare, disc-finned, and cylindrical pin-finned tube
banks. External flow heat transfer coefficient and friction factor are
obtained as:

ℎ𝑒𝑥
𝐷ℎ𝑒𝑥

𝜅𝑒Pr
1
3

=0.47
(𝐷ℎ𝑒
𝐷𝐸

)0.53 ( 𝑃𝑡
𝐷𝑜𝑡

)−0.21 ( 𝑃𝑙
𝐷𝑜𝑡

)−0.19 (𝐷𝑓

𝐷𝑜𝑡

)0.12

×
(𝑃𝑓 − 𝛿𝑓

𝑃𝑓

)−0.38

𝑅𝑒0.60𝐷ℎ𝑒𝑥
(7)

𝑓𝑒𝑥 =0.54
(𝐷ℎ𝑒𝑥

𝐷𝐸

)0.62 ( 𝑃𝑡
𝐷𝑜𝑡

)0.40 ( 𝑃𝑙
𝐷𝑜𝑡

)−0.20 (𝐷𝑓

𝐷𝑜𝑡

)−0.45

×
(𝑃𝑓 − 𝛿𝑓

𝑃𝑓

)−0.23

𝑅𝑒−0.23𝐷ℎ𝑒𝑥
(8)

These correlations can be applied within the ranges 0.2 ≤
𝐷ℎ𝑒𝑥
𝐷𝐸

≤ 7.3,

1.2 ≤ 𝑃𝑡
𝐷𝑜𝑡

≤ 3.5, 1.5 ≤ 𝑃𝑙
𝐷𝑜𝑡

≤ 6.0, 1.0 ≤ 𝐷𝑓
𝐷𝑜𝑡

≤ 2.4, 0.5 ≤ 𝑃𝑓−𝛿𝑓
𝑃𝑓

≤ 1.0,
1,000 ≤ 𝑅𝑒𝐷ℎ𝑒𝑥

≤ 10,000 and predict heat transfer and friction factor of
flow over bare, disc-finned, and cylindrical pin-finned tube banks with
less than 7% and 9% average error respectively [25].

The internal flow heat transfer coefficient and friction factor for
flow in the turbulent regime are estimated by the Gnielinski equa-
tion [63] and Petukhov formula [64], respectively:

ℎ𝑖𝑛 =

(

𝑓𝑖𝑛∕8
)

(

𝑅𝑒𝐷𝑖𝑡
− 1000

)

Pr

1 + 12.7
(

𝑓𝑖𝑛∕8
)0.5

(

Pr0.67 − 1
)

𝜅𝑖𝑛
𝐷𝑖𝑡

(9)

𝑓𝑖𝑛 =
(

0.790ln𝑅𝑒𝐷𝑖𝑡
− 1.64

)−2
(10)

For flow in the laminar regime, the Nusselt number is Nu𝑖𝑛 = 4.36, and
the friction factor is 𝑓𝑖𝑛 = 64∕𝑅𝑒𝐷𝑖𝑡

.
The heat transfer coefficients and friction factors for both flow

streams are essential in predicting the thermal and hydraulic per-
formance of the MT-STHX, respectively. Additional correction factors
are utilized to account for non-idealities in the flow such as, but not
limited to, flow bypass, flow leakage, and contraction and expansion
of flow. Discretized forms of the continuity, momentum, and energy
equations are iteratively solved to obtain the temperature, flow, and
pressure fields within the MT-STHX and in turn, the thermohydraulic
performance of the MT-STHX. Further details of the numerical model
are provided in Ref. [26], and the computational code utilized in this
paper is openly available [27].

4. Cost model

Accurate capital cost estimates of components in the design stages
is essential in predicting the feasibility of the component. Modeling of
MT-STHXs capital costs involves labor and procurement costs of various
subcomponents. The form of the cost model developed in this paper is:

𝐶𝑐𝑎𝑝 =
[

A × HX weight [kg]
]

+
[

B × # of U-tubes
Tube OD [mm]

]

+
[

C × # of U-tubes
]

+
[

D × # of U-tubes
HX length [m]

]

+
[

E × # of baffles × # of U-tubes
]

+ F (11)

In Eq. (11), the 1st term on the right side represents the total cost
of raw materials which is a function of total MT-STHX weight. The 2nd
term provides the cost of tubes; this cost is inversely proportional to the
tube OD because the manufacturing cost of tubes of larger diameters is
less expensive than that of microtubes. The 3rd, 4th, and 5th terms
on the right side of Eq. (11) represent the labor cost of manufacturing
or assembly of various components of the MT-STHX. The 3rd term
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Fig. 3. Demonstration of particle motion in the PSO routine for the 3 MW power-density optimization case.
provides the cost of assembling and joining the tubes to the header,
while the 5th term involves the labor cost of slotting the tubes into
the baffles. The 4th term provides an estimate for the labor cost of
bending the U-tubes while the 6th term captures the fixed costs of
manufacturing the shell, longitudinal baffle, sealing strips, manifolds,
and ports of the MT-STHX.

The coefficients A through F depend on the configuration of MT-
STHX, solid material, and joining processes utilized. Eq. (11) provides
a generic form of the cost function to compute capital cost of MT-
STHXs, and careful selection of the coefficients can help estimate the
cost with an accuracy commensurate with the coefficient uncertainties.
The configuration of the MT-STHX shown in Fig. 2 is selected here, and
Haynes 282 is utilized as the solid material with supercritical CO2 as
the working fluid for both streams. The values of coefficients A through
F would vary based on the intended application, material selection, and
manufacturing processes of the STHXs under consideration. For this
work, the following values for the coefficients are used to compute MT-
STHX total capital cost: A = 255 $/kg, B = 5 $⋅ mm, C = 14 $, D = 2
$⋅m, E = 2 $, and F = 4000 $.

5. Results and discussion

Heat exchangers designed for use in aerospace applications are
optimized with two key objectives in mind: minimization of cost and
maximization of power density. Power density is a measure of the waste
heat recovered by the HX per unit mass and is given by:

HX power density =
HX capacity [kW]
HX weight [kg] (12)

The total weight of MT-STHXs is computed as a summation of individ-
ual components such as the U-tubes, headers, baffles, shell, manifolds,
ports, and longitudinal baffle. By utilizing the cost model, two sets of
optimization studies have been performed using a PSO routine with
5

Table 1
Parameter search space for the optimizations.
Parameter Search space

Tube OD [mm] 1.0–5.0
Transverse pitch/Tube OD 1.5–6.0
Longitudinal pitch/Tube OD 1.5–6.0
Number of U-tubes 20–12,000
Number of baffles 0–16

minimization of cost (cost optimized) and maximization of power-
density (PD-optimized) as the objectives. Optimal designs are obtained
for eight MT-STHX capacities ranging from 50 kW to 3 MW. Five
design parameters are optimized, and the search space of the problem
is provided in Table 1. The mass flow rate is varied to achieve different
MT-STHX capacities, and constraints are set to ensure that the pressure
drops for both flow streams do not exceed 2% of the inlet value. In
order to achieve a given MT-STHX capacity, the MT-STHX length is
treated as a floating parameter. With 𝑁 = 50 and 𝑡𝑚𝑎𝑥 = 1000 as the PSO
control parameters, 50,000 MT-STHX designs are searched for each MT-
STHX capacity to optimize a given objective before the optimal design
is obtained.

A demonstration of the PSO process is provided in Fig. 3 for the 3
MW power-density optimization case. The figure illustrates the explo-
ration of particles over the entire search space, and as the iterations
increase, the particles exploit the search space more locally (closer to
the global optimum) in search of the optimal design. A similar trend
appears for all the optimization cases and MT-STHX capacities in this
study. The search space of all parameters is generally searched contin-
uously except for the number of baffles which is searched discretely
in multiples of 2. This is due to the MT-STHX configuration adopted
wherein a baffle on one side of the MT-STHX has an accompanying
one on the other side of the MT-STHX.
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Fig. 4. Convergence of solution for (a) cost optimized and (b) power-density optimized MT-STHX designs.
Fig. 5. (a) MT-STHX power density and (b) MT-STHX total cost per UA of the cost optimized and power-density optimized designs as a function of MT-STHX capacity.
Table 2
Design details of the cost optimized MT-STHXs.
Capacity Tube OD

[mm]
Number of
U-tubes

MT-STHX
length [m]

Number of
baffles

Power density
[kW/kg]

Cost [$]

50 kW 1.892 36 0.55 14 12.2 6,795
250 kW 2.235 138 0.678 6 14.7 12,684
500 kW 2.32 252 0.772 4 13.6 20,195
1 MW 2.288 520 0.737 4 15.9 34,197
1.5 MW 2.468 730 0.888 2 13.6 48,521
2 MW 2.439 981 0.872 2 15.0 59,986
2.5 MW 2.615 1071 0.944 2 14.2 72,765
3 MW 2.472 1408 0.889 2 15.3 85,417
Solution convergence of the various MT-STHX capacities for both
he power density and cost optimization is shown in Fig. 4. All solutions
enerally converge well with the optimal design not having changed
or approx. 300 iterations or more. Geometric details, cost estimate,
nd performance metrics of the optimal MT-STHX designs for both
ost and power-density optimized cases are summarized in Tables 2
nd 3. As the capacity of the MT-STHX increases, its estimated capital
ost also increases. In order to compare the costs of optimal MT-STHX
esigns with varying capacities, the cost is normalized by the thermal
onductance of the MT-STHX, UA, in units W∕K. Conductance is a

measure of the ability of the heat exchanger to transfer heat and is a
function of the temperatures of both flow streams and the heat transfer
rate between the solid material and the two fluid streams.

Fig. 5 provides a comparison of the power density and cost for the
various MT-STHX capacities of the power density and cost optimized
designs. Table 3 indicates that all power-density optimized designs have
a tube OD of 1 mm. As the tube diameter decreases, the volume and
weight of the MT-STHXs decreases for a given MT-STHX capacity. Due
to the inverse relationship of weight with power density for a given
MT-STHX capacity, the power density of the MT-STHX increases. To
achieve the same MT-STHX capacity with smaller tube diameters, the
6

number of U-tubes in the MT-STHX must increase to create sufficient
area of heat transfer. Increased power density is not always preferred,
as the increase in number of tubes corresponds to higher tube man-
ufacturing, procurement, and joining costs. This trend is apparent for
both the cost and power-density optimized designs as the number of U-
tubes in the optimal designs increase with an increase in the MT-STHX
capacities.

The tube diameter of the cost optimized designs is larger than that
for the power-density optimized designs. When optimizing for mini-
mization of MT-STHX cost, the expenses incurred by manufacturing,
procuring, and joining these tubes need to be minimized. This increase
in tube diameter corresponds to a reduction in the number of U-tubes of
the optimal MT-STHX of a given thermal capacity as heat transfer area
is directly proportional to both tube diameter and number of tubes.
A trend common to both sets of optimized designs is that the number
of baffles decreases as MT-STHX capacity increases. The power-density
optimized designs for MT-STHXs with 1.5 MW capacity and higher have
no baffles in the flow stream but contain only one longitudinal baffle.
This implies that the external flow has only two shell-side passes — one
flow pass perpendicular to the tube bundle on one side of the MT-STHX
and another flow pass on the opposite side of the MT-STHX.
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Table 3
Design details of the power-density optimized MT-STHXs.
Capacity Tube OD

[mm]
Number of
U-tubes

MT-STHX
length [m]

Number of
baffles

Power density
[kW/kg]

Cost [$]

50 kW 1 162 0.206 8 26.8 11,726
250 kW 1 666 0.248 4 33.3 29,283
500 kW 1 1410 0.275 2 32.0 50,674
1 MW 1 2926 0.272 2 27.9 101,998
1.5 MW 1 5063 0.436 0 21.5 141,260
2 MW 1 6650 0.411 0 23.2 184,864
2.5 MW 1 8264 0.396 0 24.2 229,353
3 MW 1 10171 0.395 0 22.6 282,852
Fig. 6. (a) Convergence of solution for PDTC-optimized MT-STHX designs and (b) MT-STHX power density of the PDTC-optimized designs as a function of MT-STHX capacity.
The power density of the cost optimized designs is around 12–16
W∕kg, with the 1 MW optimal design having the highest power density
f 15.9 kW∕kg and the 50 kW design having the lowest power density
f 12.2 kW∕kg. No trend is apparent in the power density of the 50 kW
o 1 MW power-density optimal designs, but the power density of the
.5 MW to 3 MW optimal designs is 21–24 kW∕kg. Among the power-
ensity optimal designs, the 250 kW MT-STHX has the highest power
ensity of 33.3 kW∕kg, and the 1.5 MW MT-STHX has the lowest power
ensity of about 21.5 kW∕kg.

Fig. 5 shows that the optimal MT-STHX cost per conductance fol-
ows almost an inverse relationship with MT-STHX capacity for both the
ost and power-density optimized designs. The curves peak at the limit
ase of 50 kW, with the cost optimal design having a MT-STHX cost per
onductance of about 14 $ ⋅ K∕W and the power-density optimal design
aving a value of about 23 $ ⋅ K∕W. The MT-STHX cost per conductance
or the larger MT-STHX capacities asymptotes around a specific value
or both the cost and power density optimization cases. This value is
round 3 $ ⋅ K∕W for the cost optimized designs and 9.5 $ ⋅ K∕W for
he power-density optimized designs.

.1. Cost-constrained, power density optimization

Even though the power-density optimized designs produce about
wice the power for the same weight of the cost optimized designs,
heir capital cost is also 2- to 3-fold higher. Aerospace applications
equire highly compact HXs of large capacity, especially in smaller
ir mobility vehicles where volume and weight demand a premium.
dditionally, HXs for any application, or any thermal device, need to
e made as cost effectively as possible, given their wide use across
any industries. Consequently, co-optimization of power density and

ost of HXs is a common goal. To address this issue and to provide
sample optimization to meet this combined objective, a MT-STHX

ost per conductance less than 5$ ⋅ K∕W constraint was set and the MT-
THX designs were optimized with maximization of power density as
he objective function. With 𝑁 = 50 and 𝑡𝑚𝑎𝑥 = 1000, about 50,000

MT-STHX designs were searched, and cost-constrained power-density
optimized (PDTC-optimized) designs were obtained for MT-STHX ca-
pacities varying from 500 kW to 3 MW. The MT-STHXs with 50 kW and
7

250 kW capacity are excluded from this case as even the cost optimal
designs for these capacities have an MT-STHX cost per conductance
greater than 5 $ ⋅ K∕W.

Fig. 6 illustrates the solution convergence of the PDTC-optimization
case and provides comparisons among the MT-STHX cost per conduc-
tance and MT-STHX power density for the various MT-STHX capacities.
The MT-STHX cost per conductance is approximately 5 $ ⋅ K∕W for
all optimal designs. As implied from the previous optimization cases,
the power density of the MT-STHX is inversely proportional to cost.
With maximization of power density as the objective, the optimization
routine finds the best MT-STHX design at the limit of the MT-STHX
cost per conductance constraint. The power densities for all optimal
designs fall around 18–23 kW∕kg, with the 1 MW MT-STHX having the
highest power density of 22.7 kW∕kg and the 3 MW MT-STHX having
the lowest power density of 17.8 kW∕kg. The high values of power
density obtained in this paper can be attributed to the utilization of
microtubes and sCO2 as the working fluid.

Table 4 provides the geometric details, cost estimates, and perfor-
mance metrics of the PDTC-optimized MT-STHX designs. Importantly,
geometric parameters such as tube OD, number of U-tubes, and MT-
STHX length of the PDTC-optimized MT-STHX designs lie in between
those of the PD-optimized and cost optimized MT-STHX designs. Due to
the relatively stable value of tube OD near 1.7 mm for all optimal de-
signs, the number of tubes increases with increasing MT-STHX capacity.
This trend is maintained to prevent the violation of the pressure drop
constraint of the internal flow stream. Aside from the 500 kW design,
which consists of four baffles in the flow stream, all other optimal
designs have only two baffles and thus a total of four shell-side passes
for the external flow stream.

6. Conclusion

This article provides a new multivariate optimization methodol-
ogy and a generalized equation form to estimate the capital cost of
various configurations of microtube shell-and-tube heat exchangers.
An accurate and computationally efficient numerical model to predict
MT-STHX thermohydraulic performance is utilized in conjunction with
the developed cost model to perform multiple optimization studies
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Table 4
Design details of the PDTC-optimized MT-STHXs.
Capacity Tube OD

[mm]
Number of
U-tubes

MT-STHX
length [m]

Number of
baffles

Power density
[kW/kg]

Cost [$]

500 kW 1.8 470 0.497 4 19.5 24,106
1 MW 1.654 1215 0.462 2 22.7 46,021
1.5 MW 1.618 1625 0.5 2 22.5 60,767
2 MW 1.718 1968 0.542 2 21.2 76,574
2.5 MW 1.655 2833 0.5 2 18.8 108,790
3 MW 1.888 2479 0.616 2 17.8 106,217
with minimization of cost and maximization of power density as the
objectives on MT-STHXs utilizing Haynes 282 as the solid material and
supercritical CO2 as the working fluid. The optimization studies carried
ut have the following highlights:

• MT-STHX designs with power density as high as 33.3 kW∕kg
for the power density optimized designs and MT-STHX cost per
conductance as low as 2.8 $ ⋅ K∕W are obtained.

• Despite these promising values, aerospace applications demand
HXs to be optimized simultaneously for minimization of cost
and maximization of power density. An optimization study is
performed by constraining MT-STHX cost per conductance with
maximization of power density as the objective. Power densities
for these optimal designs are as high as 22 kW∕kg when the MT-
STHX cost per conductance was constrained to be less than 5
$ ⋅ K∕W.

This manuscript provides a necessary basis for cost evaluation and
ptimization of MT-STHXs for utilization in future applications in the
erospace industry. The methodology utilized in this study can be trans-
ated and utilized to estimate cost of and optimize other components
f thermal power cycles to achieve thermally efficient, highly compact
erospace systems. A potential direction to further this study is utiliz-
ng fins on microtubes to achieve higher component power densities.
ins enhance the heat transfer by providing additional heat transfer
urface area and in turn reduce volume and weight of the MT-STHX
ompared to bare tube MT-STHXs with the same capacity. Significant
mprovements in the processes involved in fabricating bare and finned
icrotubes would be important in the context of the present study, and

easible bulk manufacturing methods must be developed. This would
n turn reduce the cost of manufacturing and procurement of such
icrotubes and significantly reduce the capital cost of the fabricated
T-STHXs, making them comparable in price to conventional STHXs.
ith reduced cost of fabricating MT-STHXs, most major drawbacks of

onventional STHXs would be addressed, and compact, low-cost, highly
fficient thermal cycles in aerospace systems could be realized.
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