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Due to its high thermodynamic efficiency and small equipment size, the S-CO,
Brayton power cycle is a leading candidate for ship waste heat utilization. The
hybrid heat exchanger formed by diffusion bonding of fins and etched plates can
be used for heat exchange between the high temperature flue gas and the high
pressure S-CO,. However, the law of structural strength is not clear for the hybrid
heat exchanger. It is critical to carry out structural stress analysis. In this study,
to assess the structural strength of the hybrid heat exchanger, the FEM was used
and compared with a currently used method from ASME codes. The results show
that the thermal stress caused by the temperature gradient is independent of the
absolute temperature value. The change in the supercritical carbon pressure in the
etched channel affects the mechanical stress more than the exhaust gas in the fin
channel. Under design conditions, thermal stress and mechanical stress are equal-
ly important to the total stress of the hybrid heat exchanger. Moreover, the total
stress is not a simple numerical superposition of thermal stress and mechanical
stress but instead indicates a complex effect. From the FEM results, the etched
channel exit that withstands a higher pressure load is the weakest point in the hy-
brid heat exchanger core. The FEM is a more comprehensive means for structural
assessment than the ASME codes. This research can provide guidance for structur-
al stress analysis of hybrid heat exchangers.

Key words: structural stress analysis, hybrid heat exchangers,
ASME codes, FEM

Introduction

The application of high efficiency thermal power generation technology in the waste
heat recovery of exhaust gas can reduce fuel consumption and protect the environment [1]. The
S-CO, power cycle uses S-CO,, higher than 30.98 °C and 7.37 MPa [2], as a working fluid to
convert thermal energy from a heat source into mechanical energy due to its good fluidity, high
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heat transfer efficiency, low compressibility, and chemical stability [3, 4]. Compared with or-
ganic and steam-based Rankine cycles, the S-CO, power cycle has the advantages of high cycle
efficiency and compact structure [5], which can effectively meet the limitation of machinery
space. Countries with developed shipping industries, such as the USA, South Korea, Japan,
and China, have performed relevant theoretical and experimental research on the application of
the S-CO, power cycle for marine ships. Combs [6] from the Massachusetts Institute of Tech-
nology examined the use of S-CO, power generation systems in recovering exhaust heat from
naval ships in the 1970's. Echogen Power Systems designed the commercial S-CO, generator
set EPS100 and confirmed the feasibility of a megawatt S-CO, generator set [7]. In cooperation
with the Maine Maritime Academy and Thermoelectric Power Systems, Concepts NREC ex-
plored the application of the S-CO, power generation system to recover heat energy from the
MT-30 gas turbine in a naval ship [8].

In the field of nuclear power stations and solar thermal power stations, the heat source
fluid is relatively pure and clean, so the application of printed circuit heat exchangers (PCHE)
is not problematic [9]. However, the composition of the exhaust gas from the ship’s main en-
gine is complex [10]. Tar and particulate matter can easily block the PCHE channel and sharply
decrease the heat transfer efficiency between hot side and cold side channels. To solve this
problem, conventional plate-fin heat exchangers (PFHE) and shell-and-tube heat exchangers
can be selected as an option, but there is a critical issue: these two types of exchangers cannot
simultaneously readily withstand the high pressure of S-CO, fluid and satisfy the compactness
requirements in the machinery space. Thus, a hybrid heat exchanger (H?X) whose core struc-
ture is a mixed layer of etched channel plates with fins is selected as an effective solution for
the marine S-CO, power cycle. The S-CO, flows through the etched channel, whereas the fin
channel guides the path of the exhaust gas. This type of heat exchanger is compact and has high
efficiency, so it is more suitable for use on ships. Taking a typical 9000 TEU ocean-going con-
tainer ship, as an example, the exhaust gas temperature and scavenging pressure of its main en-
gine MAN 8S90ME-C10.2 are 448 °C and 0.308 MPa, respectively, when operating at a 100%
power load rate (41840 kW). To drive the turbine-alternator-compressor (TAC) integrated into
the dual TAC S-CO, recompression Brayton cycle of the 300 kW level, the inlet pressure of
the S-CO, fluid in the H*X must be higher than 14.0 MPa [11], which implies that the pressure
difference factor between the hot side (exhaust gas) and the cold side (S-CQO,) is larger than 45.
This requirement presents a severe challenge to the optimal design of H*X, especially since its
core structure is composed of etched plates and fins joined by diffusion bonding process. There-
fore, structural stress assessments should be required for safety considerations.

Constrained by the need for practical application cases, there are few studies of
literature on this original H2X. The related research work mostly focuses on conventional
PCHE and PFHE. In PCHE structural stress analysis, researchers have focused on the effects of
pressure and temperature on the structural stress. Lee and Lee [12] used ANSYS-Mechanical
to investigate the structural integrity of intermediate PCHE for sodium-cooled fast reactors at-
tached to S-CO, and found that mechanical stress induced by pressure loading was the primary
source of stress. The weakest position in a micro-channel heat exchanger is the cold flow pas-
sage exit, which is also the high pressure side for a counterflow micro-channel heat exchang-
er. Jeon et al. [13] investigated the thermal performance of heterogeneous-type PCHE and
found that the spacing between the channels significantly affected the structural reliability. Hou
et al. [14] investigated the thermal-hydraulic structural characteristics of micron-sized PCHE
by conducting 3-D numerical simulations and found that the mechanical stress induced by
pressure loading and the thermal stress induced by the temperature gradient were equally im-
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portant sources of stress. Ge et al. [15] presented a homogeneous method to design the strength
of a plate-fin structure and effectively predicted the macroscopic performance of the plate-fin
structure. Ma et al. [16] analyzed the stresses of LNG PFHE structures at different operating
parameters based on the finite element method and thermal elastic theory. Kawashima et al.
[17] discussed both high temperature strength and inelastic behavior of plate-fin structures for
the application of compact heat exchangers. Previous results regarding the structural analysis
of PCHE and PFHE are sufficient to separately evaluate the performance of each channel path.
Multiple heats sources can complicate heat transfer characteristics [18]. The H*X are usually
fixed, different from rotating boundary heat transfer [19]. However, the interaction between
the etched plates and the fins can definitely affect the stress distribution in the H>X. An overall
numerical model must be established to conduct structural stress research, analyze the stress
distribution regularity, and identify the characteristic phenomena.

In this study, an H*X with etched plates and fins was developed. In ANSY S-Mechani-
cal, numerical simulations were performed based on the operating state of the H*X.

The S-CO, power cycle for marine waste heat recovery

The temperature range of marine engine exhaust gas is 200~500 °C, which corre-
sponds to medium-quality heat. According to the characteristics of heat sources, turbine gener-
ator sets, and other equipment, we designed a marine waste heat recovery S-CO, power cycle,
fig. 1, which is a twin-turbo recompression cycle with an output power of 300 kW. The H*X is
a key component in the energy transfer process, and its performance directly affects the gener-
ation power and generation efficiency of the S-CO, power cycle. The design conditions of the
H2X are shown in tab. 1. In particular, the pressure of S-CO, (7.5~20 MPa) is much higher than
the exhaust pressure (0.1~0.4 MPa), which results in a large pressure difference in the H*X.
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] [ | s Generator 1 A
(2]
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Marine engine é _ | Regenerator 1| [ | Regenerator 2| _ | Precooler
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Figure 1. Structure of the S-CO, power cycle for marine waste heat recovery

Table 1. Design conditions of H?X

Hot channel fluid Exhaust gas Hot channel fluid Exhaust gas
Cold channel fluid S-CO, Hot channel inlet pressure [MPa] 0.308
Hot channel inlet temperature [°C] 448 Hot channel outlet pressure [MPa] 0.305
Hot channel outlet temperature [°C] 356.635 Cold channel inlet pressure [MPa] 14.7
Cold channel inlet temperature [°C] 328.635 Cold channel outlet pressure [MPa] 14.55
Cold channel outlet temperature [°C] 420 Thermal duty [kW] 2105.94
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Figure 2. Design size of the H?X

Design of H?X and ASME codes
Design of H?°X

According to the design conditions of
the H?X and thermal-hydraulic calculation
results, the H?X was developed. The core is
mainly composed of three parts, as shown in
fig. 2: the first part is the fins, which are 0.6 mm
thick, and the fins channel is 3.4 mm high and
2.4 mm wide; the second part is the etched
plates with a thickness of 2 mm, and the semi-
circle has a diameter of 2 mm and a center
distance of 3 mm; the third part is the spacers
with a thickness of 1 mm. All parts are joined

by diffusion bonding, which is also known as diffusion welding and is an advanced form of
forge welding. The material of the H>X is 316 stainless steel (SS 316L).
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Figure 3. Schematic of the simplified
model for the mechanical design; (a) primitive
model and (b) simplified model

The ASME codes

No unified criterion has been promulgat-
ed for the H*X mechanical design since H>X
were presented. The model of the selected H2X
in this study includes rectangular channels and
semicircular channels. For semicircular etched
channels, Le et al. [20] adopted a simplified
model, where the rectangular cross-section
replaced the semicircular etched channel con-
figurations based on the design requirements
for non-circular vessels supported by stayed
plates in ASME codes, fig. 3, tabs. 2 and 3 [21].
The H?X model is transformed into a structural

analysis between the rectangular channel and the rectangular channel. The method based on
ASME codes mainly focuses on the pressure load, without thermal stress consideration.

Table 2. Parameters of the primitive model [mm]

Parameter

G

t D h 1 b

Primitive model

3

2 2 1 0.5 1

Table 3. Parameters of the simplified model [mm]

Parameter

G

t H h 1 5]

Simplified model

3

2 2 1 0.5 1

The membrane stress, S,,; and S,,, bending stress, S, and Sj,, and total stress, S,; and
Sy, are considered in the structural examination. The wall thickness, ¢, is considered first and
simplified from ASME 13-9. These stress values are computed using:

ml

Ph

" (1)
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The wall thickness, #,, is based on the same principle with different formulae, as de-
scribed:
PH
Sp2 = (6)
ZL2
Sy, =0 (7)
S =80 TSy, (8)

These are assessed against the design stress S at a given joint factor £. For the diffu-
sion bonded block, the joint factor is 0.7. The membrane stress, S,,; and S,,,, must remain below
SE, and the total stress, S,; and S, must remain below 1.5SE by these rules. Explicitly, they are
expressed as eqs. (9)-(12) [20]:

S, <SE 9)
S, <SE (10)
S, <1.5SE (11
S, <1.5SE (12)

Numerical analysis
Model design

In the published literature, there are some models of PCHE core structural assessment
[12, 20], but there are no common models of H*X. The limitations of the FEM are closely asso-
ciated with the model simplification principle and boundary condition determinations. Thus, the
issue of developing a more efficient finite element model to save process time and other CPU
resources motivates one of this study’s original intentions.

The core of a H?X is mainly composed of fins, etched plates, and baffles. During the
diffusion bonding process, each component is exposed to relatively high pressure and tempera-
ture in a vacuum furnace. The selected fin is a straight fin, and the fin structure is simplified,
which is considered an ideal straight fin treatment. Simultaneously, etched channels are ide-
alized as regular semicircular channels. The impact of pressure and thermal loads may cause
certain moments of deformation at these tips. To better characterize these deformations, the
corner of the tip is rounded with fillets of 0.01 mm in radius to avoid unrealistically diverging
stress at the etched channel tip in the linear-elastic solving scheme. The round chamfer of the fin
channel is 0.1 mm. As shown in fig. 4, the minimum periodic unit of the H*X core includes fin
channels A and B and etched channels C and D. The stress intensities in the following chapters
are extracted from paths that represent the cold and hot walls, which are marked in fig. 4. In
addition, the selected stress is von Mises stress.
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Figure 4. The H>X numerical model

Boundary conditions

In the ANSYS workbench static structure module, fixed support to the boundaries
results in an exaggerated and impractical stress intensity distribution, according to previously
calculated results. An unconstrained boundary corresponds to a small, weak support applied in
ANSYS to the boundaries. Then, pressure and thermal loads are applied to the inner walls of
the channel.

The calculation of the H*X numerical model is affected by the edge effect. Therefore,
the numerical model specification of H*X is a 3x3 unit, and the model is 0.1 mm thick. The grid
is refined at the boundary of the calculation model to obtain more accurate calculation results,
as shown in fig. 4.

Results and discussion

As a type of pressure vessel for heat exchange between exhaust gas and S-CO,, H2X
bears both thermal and pressure loads during operation. Generally, the exhaust temperature of
a large low speed two-stroke Diesel engine is 200~500 °C, and the exhaust pressure is 0.1-0.4
MPa under different load conditions. From the operating conditions of the H>X in the cycle, the
S-CO, pressure is 7.5-20 MPa, while the temperature difference between the exhaust and S-CO,
is 10~50 °C. According to these actual conditions, some boundaries for simulation can be as-
sumed to study the influence of thermal stress and pressure on the stress intensity distribution.

Thermal stress

The H*X focuses on heat transfer, so thermal stress is the primary concern. Under
certain specific conditions, the thermal stress may exceed the allowable stress of the material,
which may cause cracks or breaks within certain components and possibly damage the overall
mechanical design.

The effect of the constant temperature difference is investigated first. The temperature
difference between the fin channel and the etched channel is set to 30 °C, tab. 4. The pressure



Wang, J., et al.: Structural Stress Analysis of Hybrid Heat Exchangers in ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1B, pp. 811-823

817

load applied to the inner walls of all channels is 0.1 MPa. The impact of a constant temperature

difference on the thermal stress distribution is shown in fig. 5.
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Figure 5. Stress distribution with a constant temperature difference

Table 4. Maximum thermal stress with a constant
temperature difference [MPa]

Tas [°C] | Tcp[°C] | Channel A | Channel B | Channel C | Channel D
450 420 61.85 54.07 73.09 78.81
420 390 61.90 54.15 72.61 78.34
390 360 61.13 53.45 72.19 77.84
360 330 61.39 53.67 72.50 78.17

The temperature increases with a constant 30 °C difference on both sides, while the
thermal stress distribution along both sides does not significantly change. The absolute value
of temperature does not affect the thermal stress, which indicates that the thermal stress is in-
dependent of temperature. In addition to the stress concentration area, the maximum thermal
stress on the fin channel occurs on the spacer. Meanwhile, the maximum thermal stress on the
etched channel occurs on the arc. Among all channels, Channel D has the largest thermal stress,
which requires special attention. However, the temperature difference does not impact the ther-
mal stress of the H2X. The allowable stress of SS 316L decreases with increasing temperature,
so the temperature-varying properties of SS 316L should be considered.
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Then, at a constant temperature of 450 °C on the fin channel, the temperature on the
etched channel gradually decreases from 420-330 °C with a step length of 30 °C, tab. 5. The
pressure load applied to inner walls of all channels is 0.1 MPa. The impact of varying tempera-

ture differences on the thermal stress distribution is shown in fig. 6.
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Figure 6. Stress distribution with different temperature differences

Table 5. Maximum thermal stress with different temperature differences [MPa]

Tan [°C] Teon [°C] Channel A | Channel B | Channel C | Channel D
450 420 61.85 54.07 73.09 78.79
450 390 123.07 107.57 146.69 158.13
450 360 183.00 159.85 220.05 237.13
450 330 242.18 211.37 295.00 317.67

For the thermal stress in channel D, the temperature difference increases by 10 °C,
which is equivalent to an increase of 26 MPa in stress magnitude. Thus, when the temperature
difference exceeds 40 °C, the thermal stress exceeds 100 MPa, which exceeds the allowable
stress. Thermal stress is closely related to the strain caused by non-uniform thermal expansion
or contraction due to temperature differences in different parts of the material. The high tem-
perature difference leads to higher thermal stress, which requires special attention.
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Mechanical stress

The effect of the exhaust pressure is subsequently considered. The pressure loads
applied to the inner walls of the etched channels are 14.55 MPa. A set of gradually increasing
pressure loads of 0.1-0.4 MPa is applied to the inner walls of the fin channels. Figure 7 shows
the distribution of mechanical stress in the four channels.
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Figure 7. Mechanical stress distribution with different fin channel pressures

Table 6. Maximum mechanical stress with different
fin channel pressures [MPa]

Pug Pcp | Channel A | Channel B | Channel C | Channel D
0.1 14.55 33.02 13.49 45.34 21.90
0.2 14.55 33.00 13.54 4521 22.01
0.3 14.55 32.97 13.59 45.08 22.12
0.4 14.55 32.95 13.65 44.95 22.24

Although the stress in the finned channel is 0.1-0.4 MPa, the mechanical stress in the
four channels remains almost constant at the position of maximum stress, tab. 6. The change
in pressure in the fin channels affects the stress along some paths in Channels A and B. For ex-
ample, in channel A, the path runs from 1.5-4 mm and from 8-10.5 mm. In particular, the stress
distribution characteristics of the two fin channels are very different; notably, channel A has
one peak, while channel B has two peaks. The maximum stress of channel A is approximately
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33 MPa, while the maximum stress of channel B is approximately 13.5 MPa. However, due to
different distributions of mechanical stress along the path, these changes vary across different
positions. This result can be explained by the impact of pressure on the mechanical stress in-
tensity.

Mechanical stress [MPa]

Mechanical stress [MPa]

()

Then, the effect of the S-CO, pressure on H*X is considered. A fixed pressure load of
0.308 MPa is applied to the inner wall of the fin channel. Then, the pressure load on the etched
channel is changed from 14.55-8.55 MPa in 2 MPa steps, which guarantees a linear decrease
in pressure difference between the two sides, tab. 7. The mechanical stress distribution exhibits
large changes with the pressure difference between the two sides, fig. 8.
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Figure. 8 Mechanical stress distribution with different etched channel pressures

Table 7. Maximum mechanical stress with
different etched channel pressures [MPa]

Pasy Pcp Channel A | Channel B | Channel C | Channel D
0.308 14.55 32.97 13.60 49.56 48.76
0.308 12.55 28.43 11.75 42.69 42.00
0.308 10.55 23.83 9.90 35.81 35.20
0.308 8.55 19.34 8.06 28.95 28.45

Figure 8 shows that for both fin channel and etched channel, the pressure change of

S-CO, has a great influence on the maximum stress of each channel. When the mechanical
stress on the etched channel changes from 14.55-8.55 MPa, the maximum stress on the fin
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channel and etched channel linearly decreases. The maximum mechanical stress on the fin
channel arises on the spacer. However, on the two sides of the semicircular section, the me-
chanical stress exhibits an increasing trend with the pressure difference. Among all channels,
Channel C has the largest thermal stress.

Total stress under design conditions

Figure 9 shows the distribution of thermal stress, mechanical stress, and total stress.
In general, thermal stress and mechanical stress are equally important to the total stress of the
H?X. The total stress is not a superposition of the absolute value of the thermal stress and me-
chanical stress and is a complex effect. For the fin channel, on the whole, the stress intensities
of almost all fields are far below the allowable stress intensity, except at the tips. The total stress
distributions exhibit some differences in the two fin channels because of the comprehensive ef-
fects of the thermal and pressure loads. The total stress is between the thermal and mechanical
stresses in some areas of concern, such as at 0 mm and 6 mm along the path of channel B. The
strain resulting from thermal stress is partially offset by that caused by mechanical stress, and
the total stress decreases to the safety zone, which is certainly promising for structural integrity.
For the etched channel, in the area with larger total stress than the thermal stress, the total stress
is the sum of the mechanical stress and thermal stress. Therefore, the etched channel exit that
withstands a higher pressure load is the weakest point in the H>X core.
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Figure 9. Stress distribution under design conditions
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Comparison of FEM and ASME codes

The preliminary examination results based on ASME codes and total stress obtained
by the FEM are listed in tab. 8.

Table 8. Preliminary examination results based on FEM and ASME codes

Allow stress [MPa] | FEM [MPa] ASME codes [MPa]
Channel
S Skem St Sz Sk S Si 1.5SE
A 89.27 87.95 0.52 1.232 | 62.49 1.41 1.232 | 93.74
B 89.27 37.02 0.52 1.232 | 62.49 1.41 1.232 | 93.74
C 88.00 87.53 14.55 29.1 61.6 | 130.95 | 29.1 92.4
D 88.00 92.36 14.55 29.1 61.6 | 130.95 | 29.1 92.4

The S; values at the etched channel exits of the H*X do not satisfy inspection require-
ments according to the ASME codes, tab. 8. The stress intensities at most positions are far be-
low the allowable values. However, the maximum total stress obtained by the FEM is different
from those of the ASME codes. The total stress intensities of the two sides of channel D exceed
the allowable stress of SS 316L. In contrast, channels A-C are in a safe state, which correspond
to lifetimes above 100000 hours. For the etched channel, the stress obtained using ASME codes
overestimates the numerical result derived from FEM. This result demonstrates that a method
based on ASME codes would yield overly conservative preliminary examination. The etched
channel structure should be further optimized to maximize the lifetime.

Conclusions

In this study, an H>X with semicircular etched plates and fins was developed. Numer-
ical simulations were conducted to analyze the stress distribution regularity of the H2X under
thermal load, mechanical load, and design conditions. Then, the simulation results were com-
pared with ASME codes under design conditions. The main conclusions are as follows.
® The thermal stress caused by the temperature difference is independent of the absolute value
of the temperature. However, the allowable stress of SS 316L decreases with increasing
temperature. In the actual use of H2X, although the high temperature of the heat source can-
not be avoided, the large temperature difference in H>X can be avoided as much as possible
to prevent large stresses that can easily cause damage.

® The pressure of cycle working fluid in the S-CO, Brayton power cycle is usually
7.5-20 MPa, while the pressure of flue gas is generally within 1 MPa. Due to the pressure
characteristics of S-CO, and flue gas, the pressure change on the S-CO, more greatly affects
the mechanical stress than the flue gas.

® In the fin channels, thermal stress is as important as mechanical stress. However, in the
semicircular etched channels, the changing trend of the total stress mainly depends on the
changing trend of the thermal stress. The total stress is not a simple numerical superposition
of thermal stress and mechanical stress but a complex effect.

¢ In the design of H?X, both mechanical stress and thermal stress must be considered with
ASME codes. The FEM is a more comprehensive means for structural assessment than the
method from ASME codes.
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