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Abstract 

Due to the unique geometries and hydraulics of printed circuit heat exchangers and rapidly changing 

properties of supercritical carbon dioxide, the effective design and rating of printed circuit heat 

exchangers is an essential requirement for their use in supercritical carbon dioxide power cycles. In this 

study, one-dimensional design and dynamic models have been developed in Aspen Custom Modeler for 

printed circuit heat exchangers utilized in printed circuit heat exchangers Brayton power cycles. The 

design model is used to determine the optimal geometry parameters by minimizing the metal mass. The 

dynamic model is used to predict transient behavior and can be easily implemented into system-level 

models developed in Aspen Plus Dynamics for cycle performance evaluations. In these models, the heat 

transfer coefficient and friction factor are calculated using data reported by Heatric, a prominent printed 

circuit heat exchanger manufacturer. Both models are validated by comparing with the data from a small-

scale exchanger used in the 100 kWe facility operated by the Naval Nuclear Laboratory, and then applied 

to design and simulate low- and high-temperature recuperators for a 10 MWe supercritical carbon dioxide 

indirect recompression closed Brayton cycle, which is of interest to the U.S. Department of Energy. The 

designs and dynamic responses of the printed circuit heat exchangers are compared with conventional 

shell-and-tube exchangers and microtube shell-and-tube exchangers for the same applications. The 

simulation results indicate that the proposed printed circuit heat exchangers have fast dynamic responses 

due to their small metal masses and high heat transfer coefficients compared with the conventional shell-

and-tube exchangers. Even though the metal masses of the designed PCHEs are slightly higher than those 

of the microtube shell-and-tube exchangers, the printed circuit heat exchangers are still promising 

candidates for heat recuperation because of their mature manufacturing procedures and abundant 

laboratory and industrial operating experience. 
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1. Introduction 

Supercritical carbon dioxide (sCO2) is a promising alternative working fluid for power generation, 

because of its potential high efficiency and power density [1, 2], especially when operating at high 

temperatures [1, 3]. Ahn et al. reviewed several configurations of sCO2 power cycles proposed in the 

open literature [1]. Among those configurations, the indirect sCO2 recompression closed Brayton cycle 

(RCBC) is gaining recent interest [5], and the development of a 10 MWe sCO2 RCBC pilot plant is the 

focus of a Department of Energy project awarded under its Supercritical Transformational Electric Power 

(STEP) program [5, 6]. Different from typical steam-based Rankine power cycles, the entire sCO2 

Brayton cycle is usually operated above the critical point of CO2.  Also the sCO2 cycle pressure ratio is 

much smaller than the steam cycle, because the lowest pressure is slightly above the critical pressure of 

CO2, while the maximum pressure is constrained due to the capital cost and mechanical design of the 

critical equipment as well as piping and measurement system [1]. The previous works of Dyreby et al. [4] 

and Zitney et al. [7] indicate that the sCO2 turbine outlet temperature is still high, and the heat 

recuperation between the hot turbine outlet stream and the cold compressed inlet stream is important to 

the overall efficiency, performance, and dynamic behavior of an sCO2 Brayton cycle. In an optimally 

designed sCO2 Brayton cycle, the heat duty in the recuperators is expected to be much larger than the net 

power output and even the heat input [7, 8]. For example, in a 10 MWe sCO2 RCBC power plant, the total 

heat recovered in the low- and high-temperature recuperators is about 60 MWt, while the required input 

to the primary heater is only 21 MWt [7]. To reduce RCBC capital cost and plant footprint, specially 

designed compact heat exchangers are recommended as a better option than conventional shell-and-tube 

heat exchangers (CSTEs) [9]. Therefore, the effective selection, design, and operation of such 

recuperators are of crucial importance for the successful demonstration and commercialization of sCO2 

Brayton cycles.  

Printed circuit heat exchangers (PCHEs) and microtube shell-and-tube recuperators (MSTEs) are two 

promising commercially-available candidates for use as a high-efficiency compact heat recuperator as 

suggested by Musgrove et al. [10], Le Pierres et al. [11], and Ngo et al [12]. Recently, PCHEs have been 

implemented in several small scale sCO2 test loops such as at the Naval Nuclear Laboratory [13], Sandia 

National Laboratory [14], and Tokyo Institute of Technology (TIT) [12, 15, 16]. In addition, they have 

been widely adopted for next-generation nuclear reactors using cooling mediums such as helium, sCO2, 

sodium, and lead [17]. PCHEs are a kind of micro-channel heat exchanger, consisting of many plates 

etched with a considerable number of micro-wavy channels on each plate [18]. Wavy channels are 

superior to straight channels in PCHEs due to their enhanced heat transfer performance, but at the cost of 

higher pressure drop [12, 19]. Compared with CSTEs, PCHEs are much smaller and lighter due to their 
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high heat transfer area to volume ratio, and can be operated in a wider range of conditions with reasonable 

pressure drop [20].  

It is noted that several optimization studies are available in the open literature for designing compact heat 

exchangers with a focus on optimization strategies, such as successive quadratic programming (SQP) [21, 

22] and genetic algorithms [23]. Those studies also discussed the importance of selecting objective 

functions and constraints and investigated their effects on the design of exchangers [23, 24]. However, 

those studies were not in general conducted using thermal-hydraulic correlations suitable for supercritical 

fluids. In addition, those heat exchanger models were not dynamic, and not readily incorporated into 

system-level steady-state or dynamic modeling environments that enable connection with other 

equipment models. Note that heat exchanger optimization is not only an equipment-level problem, but 

also a system-level problem [8, 9]. The selection of design temperature approach and maximum allowable 

pressure drop affects not only the size of exchanger, but also the cycle efficiency [9] and economic 

performance [8, 25-29]. Therefore, it is important to develop the heat exchanger designs using a modeling 

platform, for example, Aspen Custom Modeler (ACM), which facilitates straightforward use in system-

level modeling environments, for example, Aspen Plus and Aspen Plus Dynamics, for steady-state or 

dynamic cycle simulations, respectively. 

For developing optimal control strategies and for efficient servo and disturbance rejection characteristics 

[30], it is important to study the transient behavior of the recuperator since, due to its high thermal load, it 

can considerably affect the efficiency and load-following characteristics of sCO2 Brayton cycles. 

However, only a few system-level dynamic studies of sCO2 Brayton cycles have been conducted using 

high-fidelity models for compact heat exchangers [31]. In the dynamic model developed by Luu et al., the 

recuperators were simulated by pre-existing basic pipe models in the Dymola Air Conditioning library 

[32]. In the preliminary study of Zitney and Liese, the recuperators were modeled as CSTEs in Aspen 

Plus Dynamics and designed in Aspen Exchanger Design and Rating [7]. Casella and Colonna developed 

a dynamic model of solar sCO2 Brayton cycles using Modelica, where the equipment models were taken 

from the ThermoPower library mainly used for conventional steam-based power cycles [33]. Simoes et al. 

developed a partial differential equation (PDE)-based dynamic model in gPROMS of a double-pipe heat 

exchanger to pre-heat sCO2 flow in a supercritical fluid extraction process, in which the gas phase heat 

balance equations may not be applicable to the compressible sCO2 flow in an RCBC cycle due to the 

rapidly varying properties [34].  

Due to the uniqueness of the PCHE geometry and significant change in the properties of CO2 in the 

supercritical region, commercial heat exchanger design and rating packages are not accurate for sCO2 



4 
 

Brayton cycles [23, 35]. Most of the rigorous PCHE modeling studies were conducted using commercial 

computational fluid dynamics (CFD) software, such as FLUENT and COMSOL Multiphysics, which are 

usually computationally expensive and not suitable to be implemented in a system-level design or 

dynamic study [7, 19, 31]. Therefore, one commonly used modeling approach is to develop a simplified 

one-dimensional (1D) heat exchanger model [35, 36], in which the correlations for Nusselt number and 

friction factor are estimated using classic empirical equations for forced convection internal flow, or new 

thermal-hydraulic equations are generated from either CFD simulation or experimental data. In the 1D 

model, heat exchangers can be discretized into several segments with the same length [31, 36] or the same 

heat duty [35]. The latter approach is more suitable at the design stage, while the former is more suitable 

during dynamic modeling [9].  

An optimal approach for designing MSTEs for use in sCO2 cycles was developed by researchers at the 

National Energy Technology Laboratory (NETL) [9].  In that study, the 1D PDE-based MSTE models 

were developed in the ACM environment, discretized along the axial direction, designed using thermal-

hydraulic correlations proven for supercritical fluid in straight tubes, and optimized using an SQP 

algorithm with five different objective functions (minimizing the metal mass, thermal residence time, 

total volume, heat transfer area, or maximizing compactness) related to the capital cost and dynamic 

performance. Except for the case of maximizing compactness, the results all pointed to the same set of 

optimal geometry designs, regardless of which objective function was selected [9]. A similar approach 

can be used here for the optimal design of PCHEs, if suitable thermal-hydraulic correlations are available 

for PCHEs. 

Some studies have been conducted to design, simulate, and operate PCHEs for multiple applications. 

Zada et al. provide a preliminary exchanger sizing and capital cost estimation of PCHEs in sCO2 power 

cycle [8]. Le Pierres et al. [11] and Ngo et al. [12] investigated the thermal-hydraulic behaviors and the 

impact of mechanical design issues of PCHEs. Kim and No [37] developed a three-dimensional (3D) 

numerical model of a PCHE for intermediate heat exchangers in high temperature gas-cooled reactors 

using FLUENT, and proposed correlations for predicting friction factor and heat transfer coefficient from 

Reynolds number and channel design parameters in the laminar flow region. However, this may not be 

applicable to the PCHEs in sCO2 Brayton cycles since they operate in the fully developed turbulent flow 

region [37, 38]. Meshram et al. developed a 1D thermal model and used the correlations for Nusselt 

number and friction factor developed from FLUENT CFD simulations, where the PCHE is operated with 

sCO2 fluid in a turbulent flow region [19]. Gezelius developed a PCHE model by assuming straight 

channels, where the thermal-hydraulic correlations were generated by CFD simulation [39]. In the plant-

wide sCO2 Brayton cycle model developed by Carstens [31], PCHEs with straight channels were 
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discretized along the axial direction and modeled by a series of algebraic equations, of which the heat 

transfer coefficient and friction factor were calculated using traditional correlations for fully developed 

laminar or turbulent internal flows, such as the Gnielinski correlation and Colebrook–White equation. In 

Carstens’ model [31], momentum conservation is treated as a quasi-static process, and therefore cannot 

correctly capture the dynamic behavior of PCHEs undergoing rapid changes in operating conditions. 

To summarize, heat recuperation is of crucial importance for improving the economics and performance 

of sCO2 Brayton power cycles [4, 7], and PCHE-based recuperators are one of the most suitable 

candidates because of their commercial maturity [20], strong mechanical design [11] and compact 

footprint [10].  Therefore, it is critical to develop reliable PCHE models that can be used for both design 

and dynamic studies. A desired PCHE model should be able to represent the steady-state performance and 

the dynamic behavior during start-up, shut-down, and load-following operation of an sCO2 power plant, 

yet be computationally tractable when implemented in the system-level model of the entire cycle. 

However, the existing models of PCHEs are either not specially developed for supercritical fluids [23, 24], 

or not computationally tractable for system-level simulation [7, 19, 40], or not optimally designed [19], or 

not validated with either steady-state or dynamic experimental data, especially for applications in sCO2 

power cycles [9, 19, 23, 31, 35]. In addition, a comparison between different types of exchangers for 

sCO2 power cycles using rigorous models has not been made in the open literature. 

With the above motivation, 1D steady-state and dynamic models are developed for PCHEs operated in an 

sCO2 Brayton cycle. Both models are validated by comparing with the experimental data obtained from 

the Integrated System Test (IST) facility, a small-scale (100 kWe) simple recuperated Brayton cycle 

(SRBC), built by the Naval Nuclear Laboratory using the same operating conditions and geometry design 

[13].  In particular, the contributions of this work can be summarized as follows: (1) regressed thermal-

hydraulic correlation for PCHEs with wavy channels and sCO2 working fluid using data available in the 

open literature; (2) developed and validated 1D PCHE models, which are rigorous yet computationally 

tractable for plant-wide simulations; (3) optimized using an SQP algorithm the recuperator design for a 10 

MWe sCO2 RCBC representative of the pilot plant currently under construction for the US DOE-

sponsored STEP project [7]; (4) analyzed the effect of key design parameters on the steady-state 

performance of PCHEs; (5) investigated the transient behaviors of PCHEs using the developed dynamic 

model; and (6) compared the key design measures and dynamic behaviors between optimally designed 

PCHEs and two other competing candidates, namely CSTEs and MSTEs, for the same RCBC application 

and plant scale.  

2. Configurations of sCO2 Brayton Cycles  
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Several layouts of sCO2 Brayton power cycle have been investigated in the open literature [1, 41, 42]. 

Among those suggested layouts, the simple recuperation Brayton cycle (SRBC) layout as shown in Fig. 

1(b) is one of the simplest and often considered for laboratory-scale test facilities, including the 100 kWe 

IST facility built by the Naval Nuclear Laboratory [13]. Other more advanced layouts usually include 

several commonly utilized designs of steam cycles, such as intercooling, reheating, and split flow, etc. [1]. 

The recompression Brayton cycle (RCBC) layout as shown in Fig. 1(a) is a typical sCO2 power cycle with 

split flow, which is considered for the 10 MWe pilot-scale sCO2 Brayton cycle plant project awarded by 

the US DOE’s STEP program [5-7]. In the RCBC layout, two recuperators, a high temperature 

recuperator (HTR) and a low temperature recuperator (LTR), are used for heat recovery. A portion of the 

low pressure stream from the LTR is directly sent to the bypass compressor without cooling and mixed 

with the main high pressure stream before entering the HTR. The RCBC layout avoids a temperature 

pinch due to the significant difference in the specific heat of sCO2 between the high-pressure side and the 

low-pressure side, thereby increasing the amount of heat recovered and the overall cycle efficiency [1].  

In this study, the steady-state and dynamic data over a wide range of conditions as well as the design 

geometries of the recuperator in the laboratory-scale IST facility (Fig. 1(b)) [13] are used to validate the 

PCHE model. Then PCHEs are optimally sized for the HTR and LTR in the pilot-scale sCO2 STEP plant 

(Fig. 1(a)) to investigate the dynamic behavior of recuperators in a more advanced and larger sCO2 cycle. 

The inlet conditions for the recuperators at the design and off-design conditions are shown in Table 1 for 

the cycles corresponding to the STEP and IST facilities. For the IST facility, the inlet conditions for the 

recuperator are measured from the test loop [13]. For the STEP facility, the inlet conditions for the HTR 

and LTR are estimated from a system-level process model developed at NETL using Aspen Plus [5, 7]. 

 

Fig. 1 Cycle Layouts: (a) RCBC (10 MWe STEP plant), (b) SRBC (100 kWe IST facility). 

Table 1  

Inlet conditions of recuperators in the IST and STEP facilities. 
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 HTR LTR Recuperator 

 STEP (10 MWe) IST (100 kWe) IST (30 kWe) IST (5 kWe) 

𝑇ℎ,𝑖𝑛 (oC) 578.15 191.95 252.3 196.0 203.1 

𝑇𝑐,𝑖𝑛 (oC) 181.95 68.20 52.7 44.5 42.0 

𝑃ℎ,𝑖𝑛 (bar) 89.62 86.87 97.4 93.0 92.5 

𝑃𝑐,𝑖𝑛 (bar) 237.48 238.69 166.1 129.7 118.5 

𝐹𝑚,ℎ (kg/s) 100.17 100.17 5.46 3.53 2.68 

𝐹𝑚,𝑐 (kg/s) 100.17 64.51 5.54 3.66 2.79 

 

3. Optimal design and dynamic modeling of PCHEs 

In this study, PCHEs are selected to recuperate heat in sCO2 Brayton cycles [10-12], of which simple 1D 

models have been developed in ACM for optimal design and dynamic simulation based on the following 

assumptions: (1) fully developed turbulent flow [15, 31], (2) ideal counter-current flow without entrance 

and exit effects [13, 43], (3) negligible axial dispersion effects, (4) 1D temperature distribution along the 

channel axis, (5) negligible heat loss, and (6) uniform temperature, pressure and velocity at the entrance 

of each channel [37, 43].  

The geometry and the optimal design model are described in Section 3.1 and 3.2, while the mass, heat and 

momentum balance equations of compressible sCO2 fluids used in the dynamic model are detailed in 

Section 3.3. The property model and the empirical thermal-hydraulic correlations are discussed in Section 

3.4. It is noted that the above models involve highly non-linear PDEs, and thus the parameters in the 

ACM inbuilt numerical solver should be carefully selected to improve the numerical robustness and 

ensure model stability. In this study, the PDE discretization methods for the cold and hot fluids and walls 

are selected as second-order backward finite difference (BFD2) and second-order forward finite 

difference (FFD2), respectively. The number of nodes along the z direction (Fig. 2(a)) is set to be 100 [9]. 

The Implicit Euler method with variable step size is used as the integrator [44]. 

3.1 Geometry of PCHEs 

As shown in Fig. 2(a), the hot and cold plates with etched channels in PCHEs are arranged alternately and 

assembled together by diffusion bonding [20, 37]. In the design of interest in this study, the cold and hot 

fluids flow mainly counter-currently, where limited cross flow occurs at the entrance and exit due to the 

manifolding arrangement [11, 20]. In addition to counter-current flow, the plates can be customized for 

multi-pass counter-current flow and multi-pass counter cross flow [20]. The geometry parameters related 

to the plate arrangement are the number of plates (𝑁𝑝), the number of channels per plate (𝑁𝑐), and the 
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ratio between the numbers of hot and cold plates (𝑅𝑝). The core dimension is characterized by 𝐿𝑥 × 𝐿𝑦 ×

𝐿𝑧. 𝑅𝑝 is usually set to 1 in most cases, but it can also be set to 2 in some special cases.  For example, in 

the PCHE design given by TIT, two hot plates per cold plate (𝑅𝑝 = 2) was considered in the sCO2 cycle 

test loop [12, 15]. Zohuri also suggests that employing more channels on the hot side can facilitate 

maximum heat transfer [45].  

 

Fig. 2 Geometry of PCHEs: (a) plate arrangement, (b) cross-section, (c) channel design. 

As shown in Fig. 2(b), the cross-section of the etched channels is mostly semi-circular with a channel 

width (𝐷𝑐) varying from 0.2 mm to 5 mm [11, 20]. The wall thickness (𝑡2) and the ridge width (𝑡3) can be 

determined based on the operating conditions, channel width, design stress and corrosion allowance of the 

selected material using the ASME 13-9 code [9, 11]. As shown in Fig. 2(c), a zigzag pattern is commonly 

used in the design of PCHEs [11, 12, 37]. In addition to 𝐷𝑐, wave angle (𝛼) and wave length to width 

ratio (𝐿𝑤 𝐷𝑐⁄ ) are two other important channel design parameters. For example, an increasing 𝛼 will 

increase the overall area to volume ratio and heat transfer coefficient of PCHE [15, 39], but also increase 

the pressure drop, which is not preferred [11]. 𝛼 is usually around 25o to 40o, but can vary from 5o to 45o 

[37-39], while 𝐿𝑤 𝐷𝑐⁄  typically varies from 4 to 7 in a typical PCHE [39]. In this study, only two channel 

designs, namely a low-angle design and a high-angle design, are evaluated using thermal-hydraulic 

correlations developed based on the experimental data available in the open literature [11]. The actual 

channel length (𝐿𝑐) is correlated to the length of the PCHE core (𝐿𝑧) as shown in Eq. (1). In this study, the 

channel width is fixed to 2 mm similar to the work of Heatric [39].  

𝐿𝑧 = 𝐿𝑐cos⁡(𝛼)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1) 

3.2 Design and optimization 
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The steady-state design model for PCHEs is similar to that of MSTEs developed by the authors of this 

paper [9]. Due to the rapidly changing sCO2 properties, the recuperators are discretized into 𝑁  sub-

exchangers along the z direction as shown in Fig. 2(a) [9, 35]. Each sub-exchanger is assigned the same 

heat duty (𝑄𝑘 = 𝑄 𝑁⁄ ), where 𝑄 is the total heat duty calculated from the overall energy balance given the 

design temperature approach (∆𝑇𝑑) and inlet flow conditions (𝑇ℎ,𝑖𝑛, 𝑇𝑐,𝑖𝑛, 𝑃ℎ,𝑖𝑛, 𝑃𝑐,𝑖𝑛, 𝑇ℎ,𝑖𝑛, 𝐹𝑚,ℎ, 𝐹𝑚,𝑐) [9]. 

The inlet and outlet temperatures of each sub-exchanger are calculated by local heat balance as shown in 

Eq. (2). The heat conductance ((𝑈𝐴)𝑘) of each sub-exchanger is calculated using the logarithmic mean 

temperature difference (LMTD) method as shown in Eq. (3). The overall heat transfer coefficient (𝑈𝑘) of 

each sub-exchanger is calculated by Eq. (4) assuming no fouling resistance because of the high CO2 

purity [14, 46]. In Eq. (4), 𝑈𝑘 is evaluated based on the cold-side heat transfer area (𝐴𝑘) given by Eq. (5); 

𝑡𝑒 is the equivalent wall thickness defined in Eq. (6); ℎ are the heat transfer coefficients of the hot (ℎ) and 

cold (𝑐) sides; 𝑘𝑤  is the heat conductivity of metal wall; and 𝐿𝑐,𝑘  is the channel length of each sub-

exchanger. For each sub-exchanger (𝑘), the properties of the sCO2 fluid and metal wall are evaluated at 

the arithmetic mean temperature (0.5(𝑇𝑘−1 + 𝑇𝑘)) and pressure (0.5(𝑃𝑘−1 + 𝑃𝑘)) [36, 47]. The pressure 

drops (|𝑃𝑘−1 − 𝑃𝑘|) in each sub-exchanger are evaluated by Eq. (7), where 𝑓𝑘, 𝜌𝑘, and 𝑣𝑘 denote Darcy 

friction factor, density, and velocity; and 𝐷ℎ is the hydraulic diameter of the semi-circular channel given 

in Eq. (8) defined as 4×free flow area/wetted perimeter.  

𝐹𝑐(𝐻𝑐,𝑜𝑢𝑡|𝑇𝑐,𝑜𝑢𝑡,𝑃𝑐,𝑜𝑢𝑡 −𝐻𝑐,𝑖𝑛|𝑇𝑐,𝑖𝑛,𝑃𝑐,𝑖𝑛) 𝑁⁄ = 𝑄𝑘 = 𝑎𝑏𝑠[𝐹(𝐻𝑖|𝑇𝑖,𝑃𝑖 −𝐻𝑖−1|𝑇𝑖−1,𝑃𝑖−1)⁡]⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2) 

(𝑈𝐴)𝑘 = 𝑄𝑘 𝐿𝑀𝑇𝐷𝑘⁄ = 𝑄𝑘
(𝑇ℎ,𝑘 − 𝑇𝑐,𝑘) − (𝑇ℎ,𝑘−1 − 𝑇𝑐,𝑘−1)

𝑙𝑛((𝑇ℎ,𝑘 − 𝑇𝑐,𝑘) (𝑇ℎ,𝑘−1 − 𝑇𝑐,𝑘−1)⁄ )
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3)⁄  

1

𝑈𝑘
=

1

ℎ𝑐,𝑘
+

𝑡𝑒
𝑘𝑤,𝑘

+
1

ℎℎ,𝑘𝑅𝑝
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(4) 

𝐴𝑘 =
1

1 + 𝑅𝑝
𝑁𝑐𝑁𝑝 (1 +

𝜋

2
)𝐷𝑐𝐿𝑐,𝑘 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(5) 

𝑡𝑒(𝐷𝑐 + 𝑡3) = (𝐷𝑐 + 𝑡3) × (𝐷𝑐 2⁄ + 𝑡2) − 𝜋𝐷𝑐
2 8⁄ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(6) 

|𝑃𝑘−1 − 𝑃𝑘| ⁡=
1

2
𝜌𝑘𝑣𝑘

2𝑓𝑘
𝐿𝑐,𝑘
𝐷ℎ

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(7) 

𝐷ℎ = 𝜋𝐷𝑐 (2 + 𝜋)⁄ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(8) 

In this study, the HTR and LTR in the 10 MWe RCBC plant are optimally designed using the ACM 

inbuilt optimizer HYPSQP [9, 44] with a ∆𝑇𝑑  of 10 oC [7] and a maximum allowable pressure drop 
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(∆𝑃𝑚𝑎𝑥) of 1.4 bar. Based on the design conditions, the construction material is selected to be SS316 

(𝜌𝑤=7990 𝑘𝑔 𝑚3⁄ ) [9, 13]. The objective is to minimize the total metal mass (𝑀𝐻𝑋) of PCHEs, which is 

one of the key characteristics of compact heat exchangers, closely related to their costs and dynamic 

performance [9, 36]. Given channel design (𝛼) and plate arrangement (𝑅𝑝), the decision variables and 

design constraints are summarized in Table 2. As per Heatric, a prominent PCHE manufacturer, the 

maximum plate size currently available is 600 × 1500 mm [20]. The height (𝐿𝑦) of each PCHE block, a 

stack of plates joined together by diffusion bonding, is limited by the plate bonding equipment to less 

than 1 m [48]; however, if the required height (𝐿𝑦) of final design exceeds its upper bound, multiple 

blocks can then be joined to form the final exchanger core in a single unit with a weight from 1 kg to 60 

tonne [20]. If the required width (𝐿𝑥) or length (𝐿𝑧) of final design exceeds its upper bound, multiple units 

in parallel or series can be considered. The core dimension of each PCHE unit is limited to 2.3 × 2.3 × 8 

m because of the shipping requirement [9, 49]. Note that the ACM inbuilt optimizer can only handle 

continuous optimization variables and cannot process the mixed integer nonlinear optimization problem. 

Therefore, during the optimization stage, the discrete variables 𝑁𝑝 and 𝑁𝑐 are set as continuous variables. 

Then the closest integer value of 𝑁𝑝 and 𝑁𝑐 are considered for the final design.  

Table 2  

Optimization problem formulation of the PCHEs’ designs. 

  Initial value Lower bound Upper bound 

Objective function min(𝑀𝐻𝑋)     

Decision variables 𝐿𝑥 (m) 0.53 0 0.6 

 𝐿𝑦 (m) 4.92 0 8 

Constraints ∆𝑃𝑐 (bar)   1.4 

 ∆𝑃ℎ (bar)   1.4 

 𝐿𝑧 𝐿𝑥⁄    2.5  

 𝐿𝑧 (m)   1.5 

 

3.3 Dynamic modeling 

A 1D dynamic model is developed in ACM to capture the dynamic behavior of PCHEs in the 

recuperation process of sCO2 Brayton cycles, in which the length direction (𝐿𝑧 in Fig. 3) is discretized 

with the same length segment (∆𝑧) [31, 36]. The transient heat transfer equations are written as Eqs. (9), 

(11) and (13), with the boundary condition given by Eqs. (10), (12) and (14). In Eqs. (9) to (14), symbols 

𝜌, 𝑈, 𝐻, 𝐶𝑝, 𝑘, 𝐺, ℎ, and 𝑇 denote the density, molar internal energy, molar enthalpy, specific heat, heat 
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conductivity, total molar flowrate, heat transfer coefficient, and temperature of the cold (𝑐) and hot (ℎ) 

sCO2 fluid as well as the metal wall (𝑤), respectively. 
𝜋

8
𝐷𝑐
2 and (1 +

𝜋

2
)𝐷𝑐 are the cross-sectional area 

and perimeter of each channel, respectively. 𝑁𝑐𝑝 and 𝑁ℎ𝑝 are the number of channels in the cold side and 

hot side, respectively. The cross-sectional area of metal wall per channel (𝐴𝑐𝑤) in Eq. (13) is evaluated by 

Eq. (15c), as shown in Fig. 2(b). 

𝑁𝑐𝑝 (
𝜋

8
𝐷𝑐
2)
𝜕(𝜌𝑐𝑈𝑐)

𝜕𝑡
= −

𝜕(𝐺𝑐𝐻𝑐)

𝜕𝑧
+ 𝑁𝑐𝑝ℎ𝑐 (1 +

𝜋

2
)𝐷𝑐(𝑇𝑤 − 𝑇𝑐)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(9) 

(𝑇𝑐)𝑧=0 = 𝑇𝑐,𝑖𝑛⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(10) 

𝑁ℎ𝑝 (
𝜋

8
𝐷𝑐
2)
𝜕(𝜌ℎ𝑈ℎ)

𝜕𝑡
=
𝜕(𝐺ℎ𝐻ℎ)

𝜕𝑧
+ 𝑁ℎ𝑝ℎℎ (1 +

𝜋

2
)𝐷𝑐(𝑇𝑤 − 𝑇ℎ)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(11) 

(𝑇ℎ)𝑧=𝐿 = 𝑇ℎ,𝑖𝑛⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(12) 

𝜌𝑤𝐶𝑝𝑤
𝜕𝑇𝑤
𝜕𝑡

= 𝑘𝑤
𝜕2𝑇𝑤
𝜕𝑧2

+
(1 +

𝜋
2
)𝐷𝑐

𝐴𝑐𝑤
(

𝑅𝑝

1 + 𝑅𝑝
ℎℎ(𝑇ℎ − 𝑇𝑤) −

1

1 + 𝑅𝑝
ℎ𝑐(𝑇𝑤 − 𝑇𝑐))⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(13) 

(
𝜕𝑇𝑡
𝜕𝑧

)
𝑧=0

= (
𝜕𝑇𝑡
𝜕𝑧

)
𝑧=𝐿

= 0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(14) 

𝑁𝑐𝑝 =
1

1 + 𝑅𝑝
𝑁𝑐𝑁𝑝⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(15𝑎) 

𝑁ℎ𝑝 =
𝑅𝑝

1 + 𝑅𝑝
𝑁𝑐𝑁𝑝⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(15𝑏) 

𝐴𝑐𝑤 = (𝐷𝑐 + 𝑡3) (
𝐷𝑐
2
+ 𝑡2) −

𝜋𝐷𝑐
2

8
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(15𝑐) 

Eqs. (16) and (17) give the mass and momentum balances of the sCO2 fluid, where symbols 𝑣, 𝑃 and 𝑓 

denote the velocity, pressure, and Darcy friction factor, respectively and 𝐷ℎ is the hydraulic diameter of 

the hot and cold channels evaluated by Eq. (8). The inlet pressure and flow rates of the fluids are specified 

as the boundary conditions. The mass flowrates of the hot and cold fluids are given by Eqs. (18) and (19). 

𝜕𝜌

𝜕𝑡
+
𝜕(𝜌𝑣)

𝜕𝑧
= 0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(16) 

𝜕(𝜌𝑣)

𝜕𝑡
= −

𝜕(𝜌𝑣𝑣)

𝜕𝑧
−
𝑑𝑃

𝑑𝑧
±
1

2
𝜌𝑣2 𝑓 𝐷ℎ⁄ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(17) 
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𝐹𝑚,ℎ = 𝜌ℎ𝑣ℎ
𝑅𝑝

1 + 𝑅𝑝
𝑁𝑐𝑁𝑝

𝜋𝐷𝑐
2

8
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(18) 

𝐹𝑚,𝑐 = 𝜌𝑐𝑣𝑐
1

1 + 𝑅𝑝
𝑁𝑐𝑁𝑝

𝜋𝐷𝑐
2

8
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(19) 

3.4 Property models and thermal-hydraulic correlations 

In this study, NIST REFPROP is used to evaluate sCO2 fluid properties based on Helmholtz free energy 

[9]. It is noted that most of the thermal and transport properties of CO2, such as molar enthalpy (𝐻), 

viscosity (𝜇), thermal conductivity (𝑘) and density (𝜌) can be evaluated by ACM inbuilt property calls [9], 

while the property call for calculating internal energy (𝑈) is not available. Hence, in this study, 𝑈 is 

evaluated by using the thermodynamic definition ⁡𝑈 = 𝐻 − 𝑃𝑉 , where 𝑉  is the molar volume. For 

material SS316, the temperature-dependent⁡correlations of heat conductivity (𝑘𝑤⁡) and specific heat (𝐶𝑝𝑤⁡) 

are given by Eqs. (20) and (21), where 𝑘𝑤⁡is in W/m/oC; 𝐶𝑝𝑤⁡is in kJ/kg/oC; and 𝑇𝑤 is in oC [9]. As shown 

in Fig. 3, the thermal-hydraulic performance of the low- angle and high-angle channels are characterized 

by Eqs. (22) and (23), respectively, which are the empirical correlations regressed from the data available 

by Heatric with a Reynolds number ranging from 3000- 20600 [11].  Here, the Nusselt number and 

Reynolds number are calculated using the hydraulic diameter given by Eq. (8).  

 

Fig. 3 Thermal-hydraulic correlations of Heatric’s PCHEs. 

𝑘𝑤 = 13.189 + 0.0153𝑇𝑤 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(20) 

𝐶𝑝𝑤10
3 = 463.54 + 0.3119𝑇𝑤 − 0.0002𝑇𝑤

2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(21) 

𝑁𝑢 = 0.0176𝑅𝑒0.809𝑃𝑟1 3⁄ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(22𝑎) 
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𝑓 = 0.3905𝑅𝑒−0.0355⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(22𝑏) 

𝑁𝑢 = 0.0845𝑅𝑒0.721𝑃𝑟1 3⁄ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(23𝑎) 

𝑓 = 1.336𝑅𝑒−0.1268⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(23𝑏) 

4. Results and discussion 

In this study, the recuperators are optimally designed and simulated for the pilot-scale 10 MWe sCO2 

RCBC plant. In Section 4.1, both the steady-state (design) and dynamic models are validated by 

comparing with the data of the 100 kWe IST facility [13]. The optimal design of larger PCHEs for the 10 

MWe application is detailed in Section 4.2. The dynamic characteristics of the optimally designed HTR 

and LTR using PCHEs are investigated in Section 4.3 by introducing step changes along with fast and 

slow ramps to the inlet conditions. In Section 4.4, the designs and performance of PCHEs are compared 

with those of MSTEs and CSTEs for heat recuperation in sCO2 cycles. 

4.1 Model validation 

In this section, the steady-state (design) and dynamic models of the PCHEs are validated by comparing 

with the data of the IST facility (Fig. 1(b)) operated by the Naval Nuclear Laboratory [13]. As shown in 

Table 3 for the PCHE with SS316 as the material of construction, the dimensions (𝐿𝑥 , 𝐿𝑦 , 𝐿𝑧) are set to be 

the same as the recuperator used in the IST facility, while the other geometry parameters, such as 𝑁𝑝⁡and 

𝑁𝑐, are calculated from the limited geometry data available from the Naval Nuclear Laboratory [11, 13, 

20]. It is noted that ACM uses an equation-oriented simulation approach. Therefore, the design model 

discussed in Section 3.2 can be used for exchanger rating as well, if ∆𝑇𝑑 is set as a free variable and 

geometry parameters are fixed [44].  

Table 3  

Design of the PCHE in the IST facility. 

Parameter Value Parameter Value 

𝐿𝑥 (mm) 296 𝑅𝑝  1 

𝐿𝑦 (mm) 418 𝐷𝑐 (mm) 2.00 

𝐿𝑧 (mm) 1496 𝑡2 (mm) 0.63(1) 

(1) Same as the value calculated using ASME 13-9 code 

Table 4 summarizes the steady-state experimental data (Exp) as well as the simulation results generated 

by both design (Des) and dynamic (Dyn) models at the design condition (Net Power = 100 kWe) and two 
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off-design conditions (Net Power = 30 kWe and 5 kWe) [13]. A small discrepancy between the Des and 

Dyn models is observed, which is due to the difference in spatial discretization methods used in those 

models as described in Sections 3.2 and 3.3. The discrepancy can be reduced by adding more 

discretization nodes at the cost of higher computational time. In Fig. 4, the temperature profiles at the two 

off-design conditions are compared with the data reported by Clementoni et al. [13]. It is observed that 

both models can reasonably predict the performance and temperature profiles of PCHEs at a wide range 

of operating conditions. The differences between the model and the experimental data in pressure drop are 

about 0.2 bar, while the differences in outlet temperature, mainly on the cold side, are less than 5 oC, 

about 6% of the temperature changes across the recuperator. Possible reasons for this small difference are 

the inaccuracy in the enthalpy model, which is estimated to be about 2-4% [50], the inaccuracy in the 

estimate of the heat loss to the environment [16], and the missing pressure data during off-design 

operation [13]. Note that the temperature discrepancy is only observed at the off-design cases where the 

pressure changes during power down and power up were not reported by Clementoni et al. [13]. In 

addition, Nikitin et al. reported that the imbalance in the heat loss from the cold and hot sides will cause 

imbalance in the overall heat duty. They also noted that the absolute amount of heat loss does not strongly 

depend on the Reynolds number and overall heat duty, so those differences are expected to get smaller 

with increasing equipment scale due to the smaller ratio between heat loss and overall heat duty [16].  

Table 4  

Comparison between the experimental data and modeling results of the IST’s PCHE. 

Case Design 100 kWe Off-Design 30 kWe(1) Off-Design 5 kWe(1) 

 Exp Dyn Des Exp Dyn Des Exp Dyn Des 

𝑇ℎ,𝑜𝑢𝑡 (
oC) 58.3 57.7 58.1 48 48.6 48.8 46 46.3 46.4 

𝑃ℎ,𝑜𝑢𝑡 (bar) 96.4 96.2 96.2  92.6 92.6  92.2 92.2 

𝑇𝑐,𝑜𝑢𝑡 (
oC) 177.5 178.3 177.5 133 129.2 128.7 140.5 135.8 135.3 

𝑃𝑐,𝑜𝑢𝑡 (bar) 165.4 165.6 165.6  129.5 129.5  118.3 118.4 

𝑄 (kW) 1459 1465 1459 825 809 806 670 668 666 

(1) 𝑇𝑐,𝑜𝑢𝑡, 𝑃𝑐,𝑜𝑢𝑡, and 𝑄 are read from the history plots during power-up transient. 
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Fig. 4 Comparison in temperature profiles of the IST’s PCHE.  

 

Fig. 5 Comparison in dynamic behavior of the IST’s PCHE during power-up. 

In Fig. 5, the transient data during power up between two off-design points in the IST facility is used to 

validate the dynamic model develop in this study [13]. It is noted that the data reported by Clementoni et 

al. are collected from the full sCO2 cycle test, and therefore the inlet conditions of the recuperator were 

oscillating [13]. In this comparison, the inlet conditions (i.e. temperature and flowrate) are specified in the 

model, while the outlet conditions are calculated. Several flowsheet tasks are added into ACM to mimic 

the changes in the inlet condition during power up as shown in Figs. 5(a) and 5(d). As shown in Figs. 5(b) 

and 5(c), even though the absolute value of 𝑇𝑐,𝑜𝑢𝑡 predicted by the model is about 5 oC lower like the 

results shown in Table 4, in general the shape of the transient data, especially the simulated response time, 

is similar to the experimental data. It can be observed that the dynamic model can successfully capture the 

dynamic behavior of PCHEs. However, it is observed that the model has a smoother transient behavior in 

comparison to the experimental data, which may be due to the differences in the inlet pressure of the hot 
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stream and/or cold stream. Note that the experimental data were collected from a simple cycle facility as 

shown in Fig. 1(b), where the system pressure is expected to change slightly during transient operation 

affecting the characteristics of the dynamic response. However, the transient pressure data of the 

experimental system were not reported by Clementoni et al. [13].  

4.2 Optimal design of PCHEs in the 10 MWe plant 

In this section, the HTR and LTR in the 10 MWe sCO2 RCBC plant (Fig. 1(a)) are optimally designed 

using the model discussed in Section 3.2 with the operating conditions summarized in Table 1, and the 

optimization problem formulation summarized in Table 2. Table 5 reports the conditions of outlet streams 

and heat balance of the recuperators in a baseline design. Table 6 gives the optimal designs (O1L, O2L, 

O1H, O2H) generated by SQP algorithm for the recuperators with different 𝑅𝑝 (1 or 2 hot plates) and 𝛼 

(low or high angle), of which the profiles of Reynolds number and heat transfer coefficient are given in 

Fig. 6. The letter O in the design names represents optimal, the numbers 1 and 2 denote one or two hot-

plate(s) (per cold plate) stacking, and L and H represent low- and high-angle channel.  As mentioned in 

Section 3.2, the size of the plates in PCHEs are limited by current manufacturing methods, therefore, 

multiple trains may be needed for a large amount of heat recuperation. In Table 6, 𝑃 × 𝑆 is the number of 

trains required in parallel and in series;⁡𝐿𝑥, 𝐿𝑦, and 𝐿𝑧 are the width, height and length of each train; and 

𝑀𝐻𝑋 is the total metal mass of all trains. Compared with the performance of a small-scale PCHE designed 

by TIT for an sCO2 application [16], the overall heat transfer coefficients (𝑈𝐻𝑋) of our designs with low-

angle channels are about 40% lower, while with high-angle channels they are about 30% higher. Similar 

comparison results between different PCHE channel designs are reported by Le Pierres et al. [11]. In 

addition, the metal mass of the HTR with the design O2H in a 10 MWe RCBC plant is roughly about one-

ninth of that of the micro-channel recuperators optimized by Schmitt et al. in a 100 MWe RCBC plant, 

which also shows that the design model can be used for a wide range of throughput [36].  

Table 5  

Conditions of outlet streams and heat balance in the 10 MWe sCO2 RCBC plant. 

 HTR LTR 

𝑇ℎ,𝑜𝑢𝑡/ 𝑇𝑐,𝑜𝑢𝑡 (
oC) 192.0/ 532.1 78.2/ 182.0 

𝑃ℎ,𝑜𝑢𝑡/ 𝑃𝑐,𝑜𝑢𝑡 (bar) 88.6/ 236.1 85.5/ 238.0 

𝑄 (MW) 45.15 14.46 
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The results show that the designs with 𝑅𝑝 = 2 (O2L, O2H) have lower metal mass (𝑀𝐻𝑋) for both HTR 

and LTR than the designs with 𝑅𝑝 = 1 (O1L, O1H), while the advantage of using two hot plates per cold 

plate is more significant for the LTR. As shown in Table 6, the length (𝐿𝑧) of the recuperators are 

constrained by the maximum allowable pressure drop (∆𝑃𝑚𝑎𝑥), which is similar to the conclusions drawn 

from a previous study conducted by the authors of this paper for optimal design of microtube recuperators 

in sCO2 RCBC plants [9]. For a large PCHE, the required heat transfer area (𝐴𝐻𝑋) to achieve a desired 

∆𝑇𝑑  or 𝑄  can be satisfied by increasing (𝑁𝑝 × 𝑁𝑐), the total number of channels. However, Table 6 

indicates that given a fixed mass flowrate, an increasing number of channels (𝑁𝑝 × 𝑁𝑐) will decrease the 

velocity, therefore decreasing 𝑈𝐻𝑋 and increasing the required 𝐴𝐻𝑋 .  In the HTR, the mass flowrates at 

the cold side and the hot side are similar. If considering equal plate numbers and the same channel design 

for the hot and cold fluids, the volumetric flowrate at the hot side is usually higher because of higher 

temperature and lower pressure, which will eventually lead to higher pressure drop in the hot side and 

limit 𝐿𝑧. In the LTR, this situation is worse because of the even higher mass flowrate in the hot side, as 

shown in Table 1. Therefore, the difference in 𝑀𝐻𝑋 between the two-hot-plate design and the one-hot-

plate design of the LTR is larger than that of HTR. In general, the two-hot-plate design appears more 

competitive for the sCO2 Brayton cycle presented here. 

Table 6 also indicates that the designs with high-angle channels (O1H, O2H) can significantly reduce the 

overall metal mass, while the designs with low-angle channels (O1L, O2L) are less compact and require 

multiple parallel trains due to the upper bound on plate size. The designs with high-angle channels are 

superior simply because of their higher heat transfer rate as shown in Fig. 3(b). Therefore, the designs 

O2H with 𝑅𝑝 = 2 and high-angle channels have the smallest metal mass and are selected as the final 

optimal designs for both recuperators, of which the geometry data are used in the following dynamic 

simulation. Fig. 7 gives the temperature profiles of both HTR and LTR with the final optimal design (O2) 

in the 10 MWe plant. As shown in Fig. 7, the plot of the wall temperature stays almost in the middle of 

the plots for the cold fluid and hot fluid temperatures. It indicates the heat transfer resistance is similar for 

the hot and cold sides [9].  

Table 6  

Optimal design of the recuperators in the 10 MWe sCO2 RCBC plant(1). 

 HTR LTR 

Designs O1L O2L O1H O2H O1L O2L O1H O2H 

𝑃 × 𝑆  2×2 2×2 2×1 1×1 2×2 2×2 1×1 1×1 

𝑁𝑝  2282 1960 5240 4231 1682 1199 3676 2500 
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𝑁𝑐  262 274 98 109 275 302 106 125 

𝑁𝑝 × 𝑁𝑐 (103) 739 537 514 461 462 362 389 312 

𝐿𝑥 (m) 0.36 0.38 0.32 0.35 0.38 0.41 0.34 0.39 

𝐿𝑦 (m) 3.71 3.17 4.26 6.88 2.74 1.95 5.98 4.06 

𝐿𝑧 (m) 0.90 0.95 0.80 0.86 0.94 1.03 0.85 0.96 

∆𝑃𝑐 (bar) 0.49 1.40 1.4 1.40 0.17 0.65 0.18 0.67 

∆𝑃ℎ (bar) 1.40 1.02 0.49 1.08 1.40 1.40 1.40 1.40 

𝑀𝐻𝑋 (tonne) 26.37 24.67 12.19 11.40 21.14 17.71 9.57 8.23 

𝑈𝐻𝑋
(1) (W/m2/K) 597 632 1398 1437 565 660 1323 1438 

(1) 𝑄 = 𝑈𝐻𝑋𝐴𝐻𝑋𝐿𝑀𝑇𝐷𝐻𝑋, where 𝑄, 𝑈𝐻𝑋, 𝐿𝑀𝑇𝐷𝐻𝑋, 𝐴𝐻𝑋 denote the overall heat duty, heat transfer 

coefficient of the heat exchanger, and the average total heat transfer area (𝐴𝑐 + 𝐴ℎ) 2⁄ . 

 

Fig. 6 Profiles of the recuperators with baseline and optimal designs. 
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Fig. 7 Temperature profiles of the recuperators with the final optimal design (O2H). 

4.3 Time constant and dynamic behavior of PCHEs 

The geometry parameters in the final optimal designs (O2H) obtained in Section 4.2 are specified in the 

dynamic model for both recuperators. The results generated by the steady-state model under the design 

conditions are used as the initial conditions for the dynamic simulations presented below. To evaluate the 

time constants of the HTR (Fig. 8) and LTR (Fig. 9) in the 10 MWe RCBC plant (Fig. 1(a)), ± 30oC step 

changes are introduced to the inlet temperature of the cold side (Figs. 8(a) and 9(a)) and the hot side (Figs. 

8(c) and 9(c)), while  ± 10% changes are introduced to the inlet flowrate of the cold side (Fig. 8(b) and 

9(b)) and the hot side (Figs. 8(d) and 9(d)). The transient response can be characterized by the time 

constants (𝜏), defined as the time for the system’s response to reach 1 − 1 𝑒 ≈ 63.2⁄ % of its final value 

given a step input. Table 8 indicates a small time constant (about or less than 15 sec) for step changes to 

the inlet temperature, but a relative large time constant (about 1 or 2 min ) for step changes in the inlet 

flowrate. Similarly, comparing Figs. (a) and (c) with Figs. (b) and (d), it is observed that the dynamic 

responses of the recuperators to temperature changes are faster than those to flowrate changes, which may 

be due to the more significant changes in the thermal holdups caused by flowrate changes. 

The dynamic behavior of the recuperators in a 10 MWe sCO2 RCBC plant is studied by introducing 

temperature and flowrate ramps with different rates. With a fast ramp rate (30oC inlet temperature over 30 

sec and 10% in the flowrate over 150 sec), the results are shown in Figs. 10 and 12. With a slow ramp rate 

(30oC inlet temperature over 60 sec and 10% in the flowrate over 150 min), the results are shown in Figs. 

11 and 13. As shown in Figs. 10 to 13, the dynamic responses of the PCHEs to the changes in temperature 

and flowrate are relatively fast, which corroborates the expectations given the low metal mass and high 

heat transfer coefficient of the PCHEs optimally designed for the sCO2 Brayton cycles. 
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Fig. 8 Step changes on the inlet conditions of the 45 MWt HTR. 

 

Fig. 9 Step changes on the inlet conditions of the 15 MWt LTR. 
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Fig. 10 Dynamic behavior of the HTR with fast ramps. 

 

Fig. 11 Dynamic behavior of the HTR with slow ramps. 

 

Fig. 12 Dynamic behavior of the LTR with fast ramps. 
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Fig. 13 Dynamic behavior of the LTR with slow ramps. 

Table 8  

Time constants of the recuperators in the 10 MWe plant. 

 HTR LTR 

𝜏 (sec) 𝑇𝑐,𝑖𝑛 𝑇ℎ,𝑖𝑛 𝐺𝑐,𝑖𝑛 𝐺ℎ,𝑖𝑛 𝑇𝑐,𝑖𝑛 𝑇ℎ,𝑖𝑛 𝐺𝑐,𝑖𝑛 𝐺ℎ,𝑖𝑛 

𝑇𝑐,𝑜𝑢𝑡   7 65 70  12 119 133 

𝑇ℎ,𝑜𝑢𝑡  11  105 96 17  137 126 

 

4.4 Comparisons between different exchangers  

The designs and dynamic behavior of PCHEs with the optimal design given in Section 4.2 are compared 

with those of MSTEs and CSTEs for the HTR and LTR recuperators in the 10 MWe sCO2 RCBC plant 

with the same operating and design conditions. Here, the CSTEs are simulated using the HeatX model in 

Aspen Plus Dynamics with the size data (𝐴𝐻𝑋 and 𝑀𝐻𝑋) calculated using Aspen Exchanger Design and 

Rating (EDR). In this study, only 3/4 inch tube (commonly used in CSTEs) and 1/4 inch tube (smallest 

tube size used in CSTEs) are considered and noted as CSTEa, and CSTEb, respectively. Note that both 

HeatX model and EDR have limits on the discretization number which may result in a small numerical 

discrepancy. The MSTEs are designed and simulated in ACM using the design and dynamic models 

previously reported by the authors [9, 51, 52]. The key design measures of each recuperator are 

summarized in Table 9, while their dynamic responses to a 30oC step increase in the cold side inlet 

temperature are plotted in Fig. 14. Note that 𝑀𝐻𝑋 includes the shell mass of the CSTEs and MSTEs. 
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Table 9  

Design measures of different types of recuperators in the 10 MWe sCO2 RCBC plant. 

 HTR LTR 

 CSTEa CSTEb MSTE PCHE CSTEa CSTEb MSTE PCHE 

𝑃 × 𝑆  3×5 4×2 1×1 1×1 3×5 3×2 1×1 1×1 

𝐷𝑜 or 𝐷𝑐 (mm) 19.05 6.35 2.38 2.0 19.05 6.35 1.59 2.0 

𝑁𝑡 (103) 119.0 298.8 471.7  138.8 241.5 628.7  

∆𝑃𝑐 + ∆𝑃ℎ (bar) 1.72 2.39 2.45 2.48 1.47 1.20 2.80 2.07 

𝑈𝐻𝑋 (W/m2/K) 448 638 1623 1437 292 547 2073 1438 

𝐴𝐻𝑋 (m2) 4271 2982 1179 1332 4982 2634 702 1012 

𝑀𝐻𝑋
(1) (tonne) 52.77 24.02 5.09 11.40 28.94 11.67 2.15 8.23 

𝐴 𝑉⁄ (2) (m2/m3) 46 153 1514 1305 54 199 2411 1289 

𝑣𝐻𝑋 (m3) 3.52 1.39 0.99 0.81 3.38 5.03 0.34 0.62 

𝑀𝐻𝑋 Saved (%)  54.5 90.3 72.7  59.7 92.6 71.6 

(1) For CSTEs, 𝑀𝐻𝑋 denotes the total mass of the whole 𝑃 × 𝑆 group 

(2) For compact heat exchangers, 𝐴 𝑉⁄ = (𝐴ℎ + 𝐴𝑐) 𝑉𝐻𝑋⁄  is a measure of the compactness 

 

Fig. 14 Dynamic behavior of different types of recuperators in the 10 MWe sCO2 RCBC plant. 

The results in Table 9 indicate that the CSTE metal mass (𝑀𝐻𝑋) can be reduced by roughly 50-60% by 

reducing the tube size from regular 3/4 inch (CSTEa) to the smallest 1/4 inch (CSTEb).  Fig. 14 shows 

that the time constants are also reduced accordingly. To further reduce the metal mass or increase the 

speed of dynamic response, compact exchangers should be considered. According to Heatric, a properly 

designed PCHE is up to 85% smaller and lighter than a regular CSTE [20]. As shown in Table 9, both 

MSTEs and PCHEs have much smaller metal mass (𝑀𝐻𝑋), fluid holdups (𝑣𝐻𝑋) and heat transfer area 

(𝐴𝐻𝑋), because the small channel diameter (𝐷𝑜) or width (𝐷𝑐) in those exchangers can significantly 



24 
 

increase their heat transfer coefficient (𝑈𝐻𝑋 ) and compactness (𝐴 𝑉⁄ ). With the current designs, the 

recuperators’ 𝑀𝐻𝑋 can be reduced by roughly 72% if using PCHEs, which is within the typical size range. 

It may be possible to further reduce 𝑀𝐻𝑋⁡by considering other channel designs and flow arrangements 

[53]. The 𝑀𝐻𝑋 of MSTEs is roughly 90% of CSTEs, and even lighter than PCHEs, because of the higher 

compactness (𝐴 𝑉⁄ ) of MSTEs [9]. On the other hand, PCHEs in general have stronger construction and 

less risk in terms of mechanical failure than MSTEs. Note that the difference in key design measures 

between MSTEs and PCHEs for the LTR is larger than that for the HTR. It may be because of the 

different hydraulic diameters. For the HTR, the optimal tube size of MSTE is 2/32”, which is similar to 

the channel width used in PCHEs, while for the LTR, the optimal tube size of MSTE is 1/16”, much 

smaller than the channel width (2 mm as recommended by Heatric) used in PCHEs [20]. Therefore, the 

LTR using MSTE has much higher 𝐴 𝑉⁄  and 𝑈𝐻𝑋 . Fig. 14 indicates that MSTEs have slightly faster 

dynamic responses than PCHEs, while the dynamic responses of both compact heat exchangers are much 

faster than those of CSTEs, especially for the HTR. This is expected due to the difference in 𝑀𝐻𝑋, 𝑈𝐻𝑋 

and 𝑣𝐻𝑋. The study shows that a PCHE is still a promising alternative to a CSTE, especially for the HTR, 

for recuperating heat in sCO2 power cycles compared with MSTE because of its mature manufacturing 

procedures, reliable mechanical strength and successful laboratory and industrial experience. For the LTR, 

which has the imbalanced flowrate between the hot and cold side, the 1/4” CSTE may still be a promising 

candidate for the 10 MWe RCBC power plant because of its smaller pressure drop, reasonable metal mass, 

and abundant manufacturing and operating experience; although, more manifolding of CSTE (3×2 shells 

for a 10 MWe power plant) would be a drawback.  

5. Conclusions 

In this study, printed circuit heat exchangers are designed and simulated for the high-temperature and the 

low-temperature recuperators in a 10 MWe sCO2 recompression closed Brayton cycle plant using one-

dimensional models developed in Aspen Custom Modeler. Both models are validated by comparing with 

the experimental data of a small-scale exchanger used in a 100 kWe facility. The optimal design results 

indicate that a design with two hot plates per cold plate and high-angle channels has less metal mass and 

therefore is a better option for a large-scale applications. The weights of the optimized high-temperature 

and low-temperature recuperators using printed circuit heat exchangers are 11.40 and 8.23 tonnes, 

respectively, roughly 70% of the weight of conventional shell-and-tube exchangers designed for the same 

application. The time constants of the printed circuit heat exchanger are less than 15 sec for changes in 

the inlet temperature and about 1 to 2 min for changes in the inlet flowrate, which is much shorter than 

those of conventional shell-and-tube exchangers. Comparisons between different types of exchangers 

used for sCO2 Brayton cycles indicate that printed circuit heat exchanger is a promising candidate 
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because of its compactness, fast dynamic response, and mature manufacturing status. It is envisioned that 

he models developed in this work will be leveraged in designing and developing control and operating 

strategies for the 10 MWe demonstration plant to be built in San Antonio, TX under the US DOE STEP 

project, where PCHE has been selected for high-temperature heat recuperation. In addition, these models 

can be used as a baseline for scaling up and other potential applications involving supercritical fluids and 

compact heat exchangers. 
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Nomenclature 

Abbreviations 

1D  One-dimensional 

3D   Three-dimensional 

ACM  Aspen Custom Modeler 

BFD  Backward finite difference 

CFD  Computational Fluid Dynamics 

FFD  Forward finite difference 

H  high-angle channel (40o) 

HTR   High temperature recuperator 

IST  Integrated System Test 

L  low-angle channel (30o) 

MSTE Microtube shell-and-tube 

exchangers 

NETL  National Energy Technology 

Laboratory 



26 
 

NIST National Institute of Standards 

and Technology 

O  optimized 

PCHE  Printed circuit heat exchanger 

PDE  Partial differential equation 

RCBC Recompression closed Brayton 

cycle 

sCO2  Supercritical carbon dioxide 

SQP successive quadratic  

programming 

SRBC Simple recuperated Brayton 

cycle 

STEP Supercritical Transformational 

Electric Power 

TIT  Tokyo Institute of Technology 

Roman symbols 

𝐴𝑐 Cross-section area of metal wall 

per channel in m2 

𝐶𝑝  Specific heat in kJ/kg/oC 

𝐷𝑐  Channel width in m 

𝐷𝑒 Hydraulic diameter in m 

𝑓  Darcy friction factor 

𝐹𝑚  Mass flowrate in kg/s 

𝐺  Molar flowrate in kmol/s 

ℎ Heat transfer coefficient in 

kW/m2/oC 

𝐻  Molar enthalpy in kJ/kmol 

𝑘 Thermal conductivity in 

W/m/oC 

𝐿𝑐    Actual channel length in m 

𝐿𝑤    Wave length in m 

𝐿𝑥    Width of PCHE core in m 

𝐿𝑦    Hight of PCHE core in m 

𝐿𝑧    Length of PCHE core in m 

𝑀𝐻𝑋   Total metal mass of the 

recuperator in kg (1 tonne = 

1000 kg) 

𝑁𝑐  Number of channels per plate 

𝑁𝑐𝑝  Number of channels in cold  

                          plates 

𝑁ℎ𝑝  Number of channels in hot  

                          plates 

𝑁𝑝  Number of plates 

𝑁𝑢   Nusselt number 

𝑃    Pressure in bar 

∆𝑃𝑚𝑎𝑥 Maximum allowable pressure 

drop in bar 

𝑃𝑟  Prandtl number 

𝑄  Heat duty in MW 

𝑅𝑝 Ratio between the number of 

hot and cold plates 

𝑅𝑒  Reynolds number 

𝑇  Temperature in oC 

∆𝑇𝑑 Design temperature approach in 
oC 

𝑡2  Wall thickness in m 

𝑡3  Ridge width in m 

𝑡𝑒  Equivalent wall thickness in m 

𝑈 Internal energy in kJ/kmol; 

overall heat transfer coefficient 

in W/m2/oC 

𝑈𝐴  Heat conductance in kW/oC 

𝑉  Molar volume in m3/kmol 

𝑣  Velocity in m/s 
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Greek symbols 

𝛼   Wave angle 

𝜌  Density in kg/m3 

𝜏  Time constant in s 

Subscripts 

𝑐  Cold fluid 

ℎ  Hot fluid  

𝑖𝑛  Inlet  

𝑘  Index of sub-exchanger 

𝑜𝑢𝑡  Outlet  

𝑤  Wall 
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