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Abstract: Printed circuit heat exchangers (PCHEs), which are used for thermal heat storage and
power generation, are often subject to severe pressure and temperature differences between primary
and secondary channels, which causes mechanical integrity problems. PCHE operation may result
in discontinuity, such as channel misalignment, due to non-uniform thermal fields in the diffusion
bonding process. The present paper analyzes the mechanical integrity, including the utilization
factors of stress and deformation under various channel misalignment conditions. The pressure
difference of the target PCHE is 19.5 MPa due to the high pressure (19.7 MPa) of the steam channel
in the Rankine cycle and the low pressure (0.5 MPa) of molten salt or liquid metal in the primary
channel. Additionally, the temperature difference between channels is around 25 ◦C, however the
average temperature is around 500 ◦C. The PCHE has a relatively large primary channel measuring
approximately 3 x 3 mm, and a steam channel measuring 2 x 1.5 mm. The finite element method
(FEM) is applied to determine the stress by changing the misalignment to below 30% of the primary
channel width. It was found that the current PCHE is operable up to 700 ◦C in terms of the ASME code
under these design conditions. Additionally, the change of utilization factor due to the misalignment
increases, but is still under the ASME acceptance criteria of 700 ◦C; however, it violates the criteria
at 725 ◦C, which is the allowable temperature condition. Therefore, the mechanical integrity of the
PCHE with low-pressure molten salt or liquid metal and a high-pressure steam channel is acceptable
in terms of utilization factor.
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1. Introduction

Heat exchangers are devices that facilitate the exchange of heat between two fluids at different
temperatures while keeping them from mixing together [1,2]. Heat exchangers are mostly used in
processing, power, petroleum, air conditioning, refrigeration, alternate fuels, and other industries.
Heat transfer in a heat exchanger usually involves convection in each fluid and conduction through the
wall separating the two fluids. In general industry, heat exchangers can be classified according to their
construction, transfer process, degree of surface compactness, flow arrangement, pass arrangement,
phase of the process fluids, and heat transfer mechanism. The shell–tube type is the most popular
heat exchanger for industry. However, printed circuit heat exchangers (PCHE) have shown promise
because of their advantages, such as having large area density and good pressure and temperature
capabilities [3–5].

High-efficiency compact heat exchangers are being widely developed and becoming increasingly
important for the nuclear industry. The main target of such development is improvement of the
efficiency, economics, and safety. Depending on the intended scale and application, different types are
being considered, using fluids such as helium, supercritical carbon dioxide (S CO2), mixed nitrogen and
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helium nitrogen, liquid metals, and molten salts. All of these reactors are operated at high temperature.
For example, sodium fast-cooled reactors (SFRs) and supercritical carbon dioxide (S CO2) reactors are
operated at maximum temperatures of 550 ◦C. The only difference is the working pressures, which are
0.1 and 20 MPa, respectively, for these reactor types [6]. For these reasons, safety is an important feature
of PCHEs because some critical issues can occur. Additionally, the development of high-efficiency
plate heat exchangers is also important for thermal energy storage in alternative energy. Alternative
technologies are being developed in order to save fossil resources and reduce air pollution by capturing
and using renewable sources of energy, such as solar, wind, and hydropower, or geothermal heat.
Thermal energy storage (TES) is a technology that stocks thermal energy by heating or cooling a storage
medium, so that the stored energy can be used at a later time for heating and cooling applications and
power generation. One of the issues with this is the thermo-structural fatigue, as observed by Rakesh
et al. [7]. The thermal stresses have been found to be more dominant than stresses due to pressure
cycles. This is due to the higher temperature gradient. Hence, safety has a strong relationship with
high mechanical integrity and long operating life.

Much effort has been given to studying the thermo-hydraulic characteristics of PCHE channels.
The thermo-hydraulic performance of PCHEs for SCO2, which contains helium as the fluid, was studied
by Mylavarapu et al. [8]. There was a difference in the critical Reynold numbers due to the difference
in the shape of the cross-section between the circular and semi-circular ducts. The thermo-hydraulic
performance of a newly developed PCHE, which had a longitudinal corrugation flow channel,
was studied by Kim et al. [9]. The friction factors tended to be greater when the PCHE had a smaller
hydraulic diameter and a larger angle of inclination. Sung et al. conducted a study on heat exchangers
for thermoelectric power generation. The shape of the cross-section was a combined rectangular
and circular shape, with a developed tangled channel. The obtained result showed the increase of
the heat transfer at a relatively lower Reynold number [10]. Yoon et al. conducted an assessment
study of straight, zigzag, s-shape, and airfoil PCHEs for intermediate heat exchanger (IHX) of high
temperature gas reactors (HTGR) and sodium-cooled fast reactors (SFR). The study suggests a best
option named the Kalimer-600 IHX, which is a straight PCHE [11]. For this reason, improvement of
the cross-section shape may enhance the thermo-hydraulic performance. Therefore, the mechanical
integrity of the channel shape effect needs to be studied. A preliminary study on the mechanical
integrity of the proposed design is needed and is the main purpose of this paper. Some studies on
the structural integrity of PCHEs have also been conducted. Lee et al. studied the structural integrity
of an intermediate printed circuit heat exchanger for a SFR attached to supercritical carbondioxide.
It was found that the mechanical stress concentration occurred at the PCHE channel tip [12]. Song et al.
also conducted a study on the structural integrity evaluation of a lab-scale intermediate PCHE in a
very-high-temperature reactor (VHTR). Under the test conditions, the maximum Tresca stress was
far below the allowable stress limit [13]. Mizokami et al. conducted a structural design study of a
plate–fin heat exchanger for HTGRs. In this study, we present a high-temperature structural design
procedure for a plate–fin heat exchanger, which includes strength evaluation for primary stress and
evaluation of creep–fatigue life [14]. Mochizuki and Takano conducted a study on heat transfer in heat
exchangers in sodium fast-cooled reactor systems. The practical Nusselt numbers of a heat exchanger
were derived in the MONJU fast breeder reactor which was a Japanese sodium-cooled fast reactor [15].

The present study examined the stress distribution in a newly designed printed circuit heat
exchanger model. This model is different to the common designs, which mainly use a semicircle
channel shape. This shape is a combination of rectangular and ellipsoidal shapes, as shown in Figure 1.
This PCHE design is planned to be manufactured through chemical etching and diffusion bonding
processes. First, the canals that become the channel will be manufactured by chemical etching. Then,
all layers will be stacked through diffusion bonding. In this case, the successful incorporation of a
heat exchanger in a high-temperature nuclear service requires the manufacturer to be able to reliably
produce high-quality diffusion welds. Because inspecting each weld in the core stack is impractical,
the quality depends on a good understanding of the essential welding variables and strict control
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during the welding process [16,17]. In the diffusion bonding process, misalignment may occur due to
improper process control related to the temperature or pressure. Even though this misalignment can
be controlled by strict variable controls during the bonding process, it is also essential to observe the
effects of misalignment at the microscale, so that the limit corresponding to the safety factor can be
set. In this paper, the misalignment phenomena that may occur in PCHE channels are modeled and
simulated. A two-dimensional simulation using COMSOL Multiphysics is conducted to observe the
effect of channel misalignment on the mechanical integrity of PCHE. Different misalignment conditions
are modeled to compare the stress intensities.
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Figure 1. The schematic illustration of the printed circuit heat exchanger (PCHE).

In addition to the structural integrity study, several previous studies have examined this
misalignment problem. Weld misalignment influences the structural integrity of a cylindrical pressure
vessel; in the most dangerous analysis case, a crack depth of 7 mm and allowable centerline offset
of 8 mm resulted in a pressure limit of 3.15 MPa, which is still 0.65 MPa greater than the hydro
test pressure [18]. Finite element analysis was conducted on cylindrical pressure vessels with a
misalignment in a circumferential joint by Brabin et al. [19]. The results showed good agreement
with [20]. The structural integrity of a steam generator tube sheet with an incorrectly drilled hole
was evaluated according to ASME Section III construction code. The presence of incorrectly drilled
holes or locally thin ligaments was found to not affect the primary stress margin in the tube sheet or
reduce its overall structural integrity [21]. The finite element method (FEM) was used to investigate
local stress concentrations due to the misalignment of welded structures and determine the effect of
geometric variables. The existence of a cope hole was found to influence the peak stress surrounding
the transition zone [22]. From all the previous research mentioned above, there has not been a study
on the misalignment effect in PCHEs under high-temperature conditions. For this reason, this study
investigates the structural integrity of the proposed geometry and the effect of the misalignment
condition along the diffusion bonding line on the structural integrity of the PCHE. The structural
integrity is represented by the utilization factor, which is the ratio of stress intensity to the maximum
allowable stress for design conditions. Besides the utilization factor, displacement is also a main
observed variable, which further includes the displacement value and displacement behavior under
the applied load.

ASME Section III is taken as the reference construction code. The obtained stress distributions are
used to evaluate the compliance with design criteria by using ASME Boiler and Pressure Vessel Code
(BPVC), Section III. This code contains specific rules for construction of nuclear facility components.
ASME Section III, Division 5 [23] is taken as the reference construction code, specifically Subsection
HB, which covers metallic pressure boundary components. Subsection HB consists of Subpart
A (HBA) for low-temperature service components and Subpart B (HBB) for elevated-temperature
service components. Table 1 shows the values of maximum temperature for various classes of
permitted materials. Subpart HBB is applicable for materials that is used at temperatures above Tmax.
The maximum temperature of liquid sodium in SFR applications is 528 ◦C. Hence, subpart HBB is
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chosen as the construction code for this application. These rules are applicable to class A components,
regardless of the type of contained fluid, such as water, steam, sodium, helium, or any other process
fluids. The obtained stress distribution will be compared to the design loading parameters.

Table 1. Maximum temperature for various classes of permitted materials.

No Materials Tmax (◦C)

1 Carbon steel 370
2 Low alloy steel 370
3 Martensitic stainless steel 370
4 Austenitic stainless steel 425
5 Nickel–chromium–iron 425
6 Nickel–copper 425

2. Numerical Simulation

2.1. Approach and PCHE Design

The nuclear industry uses PCHEs as reactor components. PCHEs are used in advanced nuclear
reactors because they offer a high surface-area-to-volume ratio, high thermal effectiveness, and low
overall pressure drop, as mentioned in [24].

A PCHE is a steam generator and an important component of a sodium-cooled fast reactor. In a
steam generator system, a countercurrent flow is formed by the sodium and steam flow. Steam is
produced at inlet and outlet temperatures of around 230 and 503 ◦C, respectively, with inlet and outlet
pressures of 18 and 16.7 MPa, respectively. Sodium flows at inlet and outlet temperatures of around
528 and 322 ◦C, respectively, with a pressure of 0.5 MPa [25].

Here, a new design for the printed circuit steam generator is proposed. Figure 1 shows a schematic
drawing of the geometry, which consists of water and sodium channels. The sodium channel is
surrounded by the water channel. The water channel is rectangular with 0.1 mm fillets. The sodium
channel is semi-rectangular with an ellipsoidal diameter ratio of 0.5 mm to 3 mm.

2.2. Boundary Conditions

A two-dimensional simulation using COMSOL Multiphysics was conducted with the proposed
geometry. Table 2 lists the five different cases that were simulated to represent the possible
misalignments due to a diffusion bonding discontinuity. The largest simulated misalignment was
1 mm, while the smallest was 0 mm, representing a perfect bond.

Table 2. Five Simulated misalignment cases. Misalignment is measured as the center-to-center distance
along the x direction.

Case # Misalignment (m)

Right direction Left direction
Case 1 0 mm -
Case 2 0.25 mm 0.25 mm
Case 3 0.5 mm 0.5 mm
Case 4 0.75 mm 0.75 mm
Case 5 0.85 mm 0.85 mm

Figure 2 shows the applied boundary conditions for the numerical simulation. The boundary
pressure load was used as the boundary condition. The load-controlled stress limit was analyzed.
For comparison to the construction code, only the primary stress produced by a mechanical load
was considered. Boundary loads of 20 and 0.5 MPa were applied to the water and sodium
channels, respectively.



Appl. Sci. 2020, 10, 2169 5 of 12
Appl. Sci. 2020, 10, x FOR PEER REVIEW  5 of 13 

 

Figure 2. Applied boundary conditions for numerical simulation. 

2.3. Mesh Independent Test 

A mesh independent test was conducted to validate the geometry and mesh construction. Figure 

3 shows  the  test and  results. The number of elements was varied, and  the surface average stress 

intensity was measured.  The  error was  determined  by  subtracting  the  stress  intensity  from  the 

highest stress intensity. The mesh sensitivity showed that the results converged for different numbers 

of elements. 

 

Figure 3. Mesh sensitivity test. 

A mesh independent test was conducted to validate the geometry and mesh construction. Figure 3 

shows  the  test  and  results.  The  number  of  elements was  varied  and  the  surface  average  stress 

intensity was measured.  The  error was  determined  by  subtracting  the  stress  intensity  from  the 

highest stress intensity. The mesh sensitivity showed that the results converged for different numbers 

of  elements. Here,  10,705 mesh  elements were used  in  this  simulation, with  an  average  element 

quality of 79.9%. The elements were triangular elements, with a minimum element size of 0.0045 mm. 

3. Results and Discussion 

3.1. Stress Distribution at the Surface 

2D stress distribution resulted by FEA simulation in the misalignment case of 0.85 mm is shown 

in Figure 4. The simulation result indicates that the highest stress intensity occurs at the tip area of 

the water channel. In the ten cases, the highest stress was in the tip area of the water channel. This 

was due to the higher pressure load in the water channel area. The maximum equivalent surface von 

Mises stress  is shown  in Figure 5. The highest maximum stress  intensity was observed under  the 

Figure 2. Applied boundary conditions for numerical simulation.

2.3. Mesh Independent Test

A mesh independent test was conducted to validate the geometry and mesh construction. Figure 3
shows the test and results. The number of elements was varied, and the surface average stress intensity
was measured. The error was determined by subtracting the stress intensity from the highest stress
intensity. The mesh sensitivity showed that the results converged for different numbers of elements.
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A mesh independent test was conducted to validate the geometry and mesh construction. Figure 3
shows the test and results. The number of elements was varied and the surface average stress intensity
was measured. The error was determined by subtracting the stress intensity from the highest stress
intensity. The mesh sensitivity showed that the results converged for different numbers of elements.
Here, 10,705 mesh elements were used in this simulation, with an average element quality of 79.9%.
The elements were triangular elements, with a minimum element size of 0.0045 mm.

3. Results and Discussion

3.1. Stress Distribution at the Surface

2D stress distribution resulted by FEA simulation in the misalignment case of 0.85 mm is shown
in Figure 4. The simulation result indicates that the highest stress intensity occurs at the tip area of the
water channel. In the ten cases, the highest stress was in the tip area of the water channel. This was
due to the higher pressure load in the water channel area. The maximum equivalent surface von
Mises stress is shown in Figure 5. The highest maximum stress intensity was observed under the
misalignment condition of 0.85 mm, while the lowest intensity was observed under the misalignment
condition of 0 mm. This result indicates that the maximum stress distribution increases with the
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misalignment. The maximum stress intensity in the case of 0.85 mm misalignment is 10% higher
compared to the 0 mm misalignment condition.
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Figure 4. Huber–von Mises stress (a) and total displacement (b) distribution due to pressure load (at
misalignment of 0.85 mm).
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3.2. Stress at Stress Classification Line (SCL)

The main standard for the design of nuclear equipment is American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel (BPVC) section III. ASME code section III has specific
requirements on how to assess the result from the stress analysis to make the necessary verifications
to avoid failure. In this work, PCHE is classified as “safety-related” components associated with
metallic components used in the construction of high-temperature reactor systems. For this problem,
ASME Section III, Division 5, Subsection HB, Subpart B, which covers elevated temperature service
components, is considered as the construction code.

In this study, finite element analysis is utilized to analyze and obtain the stress intensities. In order
to comply with design codes stated in ASME section III, the stress linearization method is needed.
Stress linearization is a technique used to decompose actual stress distribution across thickness into
membrane and bending stress. This technique is stated in ASME Section VIII, Division 2 [26]. The stress
linearization method is done by following the statement given by ASME VIII below.

The membrane stress tensor is the tensor comprised of the average of each stress component along
the stress classification line, or:

σ(i j,m) =
1
t

∫ t

0
σi j dx (1)
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The bending stress tensor is the tensor comprised of the linear varying portion of each stress
component along

σ(i j,b) =
6
t2

∫ t

0
σi j

( t
2
− x

)
dx (2)

The equivalent stress can be calculated by

σe =
[
σ2

x + σ
2
y + σxσy + 3τ2

xy

]1/2
(3)

To obtain the linearization result, stress classification lines (SCLs) are necessarily needed. Stress
classification lines should represent the areas of interest of the proposed geometry, such as the
sodium-to-sodium area, steam-to-steam area, and sodium-to-steam area. For this purpose, 10 SCLs
have been taken throughout the geometry as shown in Figure 6 below.
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Numerical simulation using COMSOL Multiphysics 5.3 resulted in 10 linearized stress values as
shown in Figure 6. Linearized stress values between sodium channels are represented by SCL 1, SCL 2,
and SCL 3. The interest areas between steam channel stress values are represented by SCL 4, SCL 5,
and SCL 6. SCL 7–10 represent areas between steam and sodium channels. The linearization results
are shown in Figure 7.

The linearization results are compared with the ASME Section III stress value requirements
for design load conditions. For design load conditions, a variable named So is needed. So is the
maximum allowable value of the general primary membrane stress intensity for use as a reference for
stress calculation under design loading. For the load-controlled stress limit under the design limit,
two equations are used for compliance

Pm ≤ So (4)

PL + Pb ≤ 1.5So (5)

where Pm is the general primary membrane stress intensity resulted by linearization along the SCLs
and PL + Pb is the combined primary membrane stress intensity and bending stress intensity. Therefore,
values decrease with the increase of working temperature, as shown in Figure 8. The proposed
system aims to be used in sodium fast-cooled reactor wherethe maximum working temperature of
a steam generator heat exchanger is 550 ◦C. Therefore, for this purpose the maximum allowable
stress (So) should be set at 88 MPa. Hence, the 1.5So will be 132 MPa. The maximum resulting
value using the linearization method is 27.5 MPa for the primary membrane stress intensity and
32.8 MPa for the combined primary membrane and bending stress intensity. These values are obtained
from linearization along SCL 6. Both conditions are found in the 0.85 mm misalignment condition.
The condition without any misalignment resulted in the highest stress intensity values of 26.6 MPa
and 31.5 MPa for primary membrane stress and combined primary and bending stress, respectively.
Compared to the requirements of the design condition, all misalignment conditions for the sodium
channel still comply with the acceptance criteria. This means the misalignment condition for the
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sodium channel does not have too much of an impact on the acceptance criteria. However, deeper
analysis of the utilization factor is performed to observe the effects of this misalignment condition.Appl. Sci. 2020, 10, x FOR PEER REVIEW  8 of 13 
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Figure 8. Stress classification line for stress linearization method.

3.3. The Utilization Factor Increases as the Misalignment Increases

The linearization method stress intensity values along the SCLs are still acceptable compared to
the requirements of ASME III design conditions. However, deeper analysis should be done to observe
the real effects of this misalignment condition. One of important factors in design and manufacturing
is the utilization factor. Utilization factor is defined as the ratio of the worst condition to the acceptable
condition. In this case, the ratio of the highest stress intensity resulting from the linearization method
along SCLs and the So value are considered. The utilization factor is the ratio of the stress intensity
resulting from linearization method along SCLs to the So as the minimum acceptable conditions.

Uf = σ/So (6)
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The graphs shown in Figure 9 below indicate that the utilization factor increased with the increase
of misalignment of sodium channel conditions. The maximum utilization factor is shown with 0.85 mm
misalignment with both negative and positive shifting. The conditions still maintain the utilization
factor at 30% of the allowable value, which is the safe condition for design load application.
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Figure 9. Increase of utilization factor as the increase of the misalignment condition: (a) compared to
So; (b) compared to 1.5So.

Since this proposed design is newly considered, the elevated temperature for other purposes
should be considered. The utilization factor under elevated temperature (those exceeding 500 ◦C)
is obtained, as shown in Figure 10. The figure shows that the condition of misalignment will be
acceptable up to 725 ◦C. This means the application conditions above 725 ◦C cannot comply with the
misalignment condition of 0.85 mm. This suggests that this proposed design can comply with the
requirements of the ASME code for system applications under 725 ◦C.
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Figure 10. Maximum allowable misalignment (% of initial channel’s width) under various
temperature conditions.

3.4. Yielding Section under Design Loading

The yield strength or yield stress is a certain stress magnitude at which the material begins
to deform plastically. Below the yield stress, the material deforms elastically and returns to its
original shape when the applied stress is removed. Once the stress magnitude passes the yield stress,
the material deforms permanently, which cannot be reversed. In this model, stainless steel 316 (SS31600)
was set as the material. In this case, it is assumed that diffusion welds have the same material properties
as the base metals. At a temperature of 550 ◦C, the yield stress (Sy) of SS31600 is 116 MPa as shown in
Figure 11 [27]. This indicates that no section in the simulated cases yielded due to the applied pressure



Appl. Sci. 2020, 10, 2169 10 of 12

load under a working temperature of 550 ◦C. However, if a higher temperature condition is considered
for application, yielding may occur on the surface. As shown in Figure 12, yielded section increases
above 625 ◦C.
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Figure 11. Maximum stress for each misalignment condition compared to yield stress of material SS316.
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4. Conclusions

In this study, two-dimensional FEM simulations were performed to observe the effects of primary
channel misalignment in the PCHE under five different misalignment conditions.

1. The highest stress intensity was located at the tip edge of the water channel for the higher-pressure
intensity compared to that in the sodium channel;

2. The stress intensity increases as the misalignment increases, causing the utilization factor to
increase, which is less safe compared to the condition without misalignment;

3. The proposed geometry design can comply with the design limit condition up to 700◦ C in terms
of the ASME code. This means the for the SFR application, which has an average temperature of
550◦ C, the geometry design can comply with the design limit conditions. However, the design
can comply with the acceptance criteria up to 725◦ C under 30% misalignment condition;

4. The study shows that the design of PCHEs needs to be more precise regarding welding and
assembly processes, due to decreasing utilization factor. More strict construction and assembly
process monitoring, especially during stacking and welding processes, is needed to avoid this
utilization factor degradation due to misalignment conditions.



Appl. Sci. 2020, 10, 2169 11 of 12

Author Contributions: Conceptualization, A.P.S. and J.Y.L.; methodology, A.P.S.; software, A.P.S.; validation,
A.P.S. and J.Y.L.; formal analysis, data curation, A.P.S.; writing—original draft preparation, A.P.S.; writing—review
and editing, A.P.S. and J.Y.L.; visualization, A.P.S.; supervision, J.Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant, funded by the
Korea government (MSIP) (No. 2017M2A8A4018624).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Abbreviations
ASME American Society of Mechanical Engineers
PCHE Printed Circuit Heat Exchanger
FEM Finite Element Method
SCO2 Supercritical Carbon dioxide
SFR Sodium Fast-cooled reactor
TES Thermal Energy Storage
IHX Intermediate Heat Exchanger
HTGR High-Temperature Gas Reactor
SCL Stress Classification Line
Symbol
Sm The Lowest Stress Intensity value at a given temperature
K Factor K
So Maximum allowable stress intensity
Smt Maximum allowable stress intensity value time dependent
Pm Primary membrane stress intensity [MPa]
PL Primary membrane stress local [MPa]
Pb Primary bending stress [MPa]
Uf Utilization factor as the ratio of stress intensity to the maximum allowable stress
m Misalignment case (mm)
σij,m Membrane Stress
σij,b Bending Stress
σe Equivalent Stress
σx Stress tensor in x direction
σy Stress tensor in y direction
σz Stress tensor in z direction
Sy Yield Stress
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