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ABSTRACT

A PHE (Process Heat Exchanger) is a key component in transferring high-temperature heat generated from a VHTR
(Very High Temperature Reactor) to a chemical reaction for the massive production of hydrogen. Last year, a 10 kW
class lab-scale PHE prototype made of Hastelloy-X was manufactured at the Korea Atomic Energy Research Institute
(KAERI), and a performance test of the PHE prototype is currently underway in a small-scale nitrogen gas loop at
KAERI. The PHE prototype is composed of two kinds of flow plates: grooves 1.0 mm in diameter machined into the
flow plate for the primary coolant, and waved channels bent into the flow plate for the secondary coolant. Inside the 10
kW class lab-scale PHE prototype, twenty flow plates for the primary and secondary coolants are stacked in turn. In this
study, to understand the macroscopic structural behavior of the PHE prototype under the steady-state operating condi-
tion of the gas loop, high-temperature structural analyses on the 10 kW class lab-scale PHE prototype were performed
for two extreme cases: in the event of contacting the flow plates together, and when not contacting them. The analysis

results for the extreme cases were also compared.
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1. Introduction

Hydrogen is considered a promising future energy solu-
tion, as it is clean, abundant, and storable, and has high-
energy density. One of the major challenges in establish-
ing a hydrogen economy is how to produce massive
quantities of hydrogen in a clean, safe, and economical
way. Among the various hydrogen production methods,
nuclear hydrogen production has garnering attention
worldwide since it can produce hydrogen, a promising
energy carrier, without environmental burden. Research
demonstrating the massive production of hydrogen using
a VHTR (Very High Temperature Reactor) designed for
operation at up to 950°C has been actively carried out
worldwide, including in the USA, Japan, France, and the
Republic of Korea (ROK) [1-3].

A Sulfur-Iodine (SI) process that requires high tem-
perature energy is well known as a feasible technology to
produce hydrogen from water [4]. The SI process for
hydrogen production requires sufficient heat that can be
supplied by a nuclear reactor. A VHTR should be used as
a high temperature energy source. The nuclear hydrogen
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program in the ROK has been strongly considering for
producing hydrogen by employing an SI water-splitting
hydrogen production process as shown in Figure 1 [5,6].
An intermediate loop that transports the nuclear heat to
the hydrogen production process is necessitated for a
nuclear hydrogen program. In the intermediate loop, un-
like the hot gas duct, which provides a route of high-
temperature gas from the nuclear reactor to the interme-
diate heat exchanger, the PHE (Process Heat Exchanger)
is a component that utilizes the nuclear heat from the
nuclear reactor to provide for hydrogen production. PHE
is used in several processes such as nuclear steam re-
forming, nuclear methanol, nuclear steel, nuclear oil re-
fineries, and nuclear steam [1]. The PHE of the SO; de-
composer, which generates process gases such as H,O,
0,, SO,, and SO; at a very high temperature, is a key com-
ponent in the nuclear hydrogen program in the ROK.
Recently, KAERI (Korea Atomic Energy Research In-
stitute) established a small-scale nitrogen gas loop for a
performance test of VHTR components, and manufac-
tured a 10 kW class lab-scale PHE prototype made of
Hastelloy-X. The 10 kW class lab-scale PHE prototype is
composed of two kinds of flow plates; grooves 1.0 mm in
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Figure 1. Nuclear hydrogen system.

diameter machined into the flow plate for the primary
coolant, and waved channels bent into the flow plate for
the secondary coolant. Inside the 10 kW class lab-scale
PHE prototype, twenty flow plates for the primary and
secondary coolants are stacked in turn. A performance
test of the 10 kW class lab-scale PHE prototype is under-
way in the small-scale gas loop at KAERI, as shown in
Figure 2. In reality, the flow plates inside the 10 kW
class lab-scale PHE prototype were not metallurgically

ET AL.

joined with each other. During the performance test of
the 10 kW class lab-scale PHE prototype, the flow plates
might not make contact with each other.

In this study, to understand the macroscopic structural
behavior of the PHE prototype under a steady-state oper-
ating condition of the gas loop, high-temperature struc-
tural analyses on the 10 kW class lab-scale PHE proto-
type were performed for two extreme cases: in the event
of the flow plates making contacting with each other, and
cases in which they do not make contact. The analysis
results for the extreme cases were also compared.

2. Finite Element Modeling

A schematic view of the inside of the 10 kW class lab-
scale PHE prototype is illustrated in Figure 3. The PHE
prototype is designed as a hybrid concept to meet the
design pressure requirements between a nuclear system
and hydrogen production system [7]. That is to say, the
hot nitrogen gas channel has a compact semicircular
shape, similar to a printed circuit heat exchanger, and is
designed to withstand the high pressure difference be-
tween loops, while the sulfuric acid gas channel has a
plate fin shape with sufficient space to install and replace
the catalysts for sulfur trioxide decomposition as shown
in Figure 4.

All parts of the 10 kW class lab-scale PHE prototype
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Figure 2. Small-scale nitrogen gas loop.
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Figure 4. Flow plates of a lab-scale PHE prototype. (a) Pri-
mary flow plate; (b) Secondary flow plate.

are made of Hastelloy-X of high-temperature alloy. Gro-
oves 1.0 mm in diameter are machined into the flow plate
for the primary coolant (nitrogen gas). Waved channels
are bent into the flow plate for the secondary coolant
(SO; gas). Twenty flow plates for the primary and sec-
ondary coolants are stacked in turn, and are bonded along
the edge of the flow plate using a solid-state diffusion
bonding method. After stacking and bonding the flow
plates, the outside of the PHE is covered with a Hastel-
loy-X plate 3.0 mm thick, and is welded along its edges
using TIG welding.

Figure 5 shows the overall dimensions and each part
of the 10 kW class lab-scale PHE prototype from a 3-D
CAD modeling. Figure 6 shows the set-up of the PHE
prototype in a small-scale nitrogen gas loop. Based on
Figure 6, FE modeling using commercial code [-DEAS
was carried out. For the sake of simplicity and an under-
standing of the overall structural behavior of the PHE
prototype, the FE model was formulated with linear solid
elements including brick elements, wedge elements, and
tetrahedron elements. The structural FE model of the
PHE prototype was formulated using 870,696 brick ele-
ments.

For the FE model, the inflow/outflows of the primary
and secondary coolants are shown in Figures 7 and 8 [8].
The inflow of the primary coolant into the PHE prototype
and the outflow of the primary coolant from the PHE
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Figure 5. Parts of a 10 kW lab-scale PHE prototype.
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Figure 6. Set-up of a 10 kW class lab-scale PHE prototype
in a small-scale nitrogen gas loop.
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Figure 7. Inflow/outflow of the primary coolant.

prototype, after the heat is transferred to the secondary
coolant, are shown in Figure 7. The inflow of the secon-
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dary coolant into the PHE prototype and the outflow of
the secondary coolant from the PHE prototype, after the
heat is received from the primary coolant, are shown in
Figure 8.

>

Secondary coolant
inflow

3. Analysis
3.1. Thermal Analysis

Figures 9 and 10 show the input data of the primary/
secondary flow plates for a thermal analysis under a gas
loop test condition of 850°C in the event that flow plates
contact and do not contact, respectively. Table 1 shows
the material properties of Hastelloy-X alloy extracted
from a website [9]. Based on the input data shown in
Figures 9 and 10, thermal analyses on the 10 kW lab-
scale PHE prototype has been carried out using I-DEAS/
Figure 8. Inflow/outflow of the secondary coolant. TMG ver. 6.1 [10].

L)

Secondary coolant
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Table 1. Material properties of Hastelloy-X.

Temperature (°C) Modulus of Poisson’s Ratio Thermal Conductivity Specific Heat Coefficient of Thermal
P Elasticity (GPa) (W/m-C) (J/kg'K) Expansion (10°%/°C)
20 205 0.3 11.6 486 -
100 202 0.3 12.9 - 133
200 195 0.3 14.6 490 14.0
300 190 0.3 16.3 - 14.3
400 183 0.3 17.9 494 14.5
500 177 0.3 19.5 - 14.7
600 168 0.3 21.1 498 15.1
700 161 0.3 229 - 15.7
800 153 0.3 24.6 515 16.0
900 145 0.3 26.3 - 16.3
1000 135 0.3 27.9 544 16.7
Primary coolant 815.56°C, Secondary coolant
outlet pipe 829.11 W/ inlet pipe
—— — 1 500°C,
| A 93.0 Wm?
. :
£ A i 8
3 ‘I I AR IIII]IIIIII i =
2 R
5 Il T
= Il =
i ll L, =
I A
Il [
- —Y— 849.96°C,
. ] —k— 151.67 W/n?
Primary coolant inlet pipe 850.01°C,
(3.0 MPa) 836.0 W/m? Secondgry coolant
: outlet pipe

Figure 9. Thermal input of flow plates for a thermal analysis in the event of flow plates contacting each other.
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Figure 10. Thermal input of flow plates for a thermal analysis in the event of flow plates not contacting each other.

Figures 11 and 12 show the thermal analysis results of
the PHE prototype inside/outside under the test condition
of a small-scale nitrogen gas loop. According to Figures
11 and 12, the temperature distributions are nearly sym-
metrical along the vertical axis. In addition, the maxi-
mum temperature of the outside is about 836.26°C when
the flow plates make contact with each other, while the
maximum temperature of the outside is about 748.61°C
when the flow plates do not make contact.

3.2. Boundary Conditions for Structural
Analysis

Based on the thermal analysis results shown in Figures
11 and 12, high-temperature elastic/elastic-plastic struc-
tural analyses using ABAQUS Ver. 6.8 [11] were per-
formed by imposing displacement constraint conditions
at each end of the primary/secondary flow pipelines as
shown in Figure 13, considering the pipeline stiffness of
the small-scale nitrogen gas loop [8,12,13]. These condi-
tions were established in previous work [8]. The bilinear
stress-strain curve of Hastelloy-X for an elastic-plastic
structural analysis extracted from a website [9] is shown
in Figure 14.

According to the test condition of the small-scale ni-
trogen gas loop, the in/outflow pressures for the primary
and secondary coolant are 3.0 MPa and 0.1 MPa, respec-
tively.

3.3. Structural Analysis Results

Figure 15 shows the elastic stress contours at the pres-
sure boundary of the PHE prototype. A maximum local

Copyright © 2013 SciRes.
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Figure 11. Temperature contours of the PHE outside in the
event of flow plates contacting each other.
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Figure 12. Temperature contours of the PHE outside in the
event of flow plates not contacting each other.
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stress of 331.23 MPa occurs around the edge between the
top and side plates, which exceeds the yield stress of the
material (238.0 MPa at 744.46°C) by 39.17%. Figure 16
shows the elastic-plastic stress contours at the pressure
boundary of the PHE prototype. According to Figure 16,
a maximum local stress of 263.60 MPa also occurs
around the edge between the top and side plates, which
exceeds the yield stress of the material (238.12 MPa at
742.23°C) by 10.70%. The maximum local stress that
occurs around the edge in the FE model will decrease to
a certain degree when considering the chamfered edges,
since the edges of the PHE prototype are chamfered real-
istically.

Figure 17 shows the elastic stress contours at the
pressure boundary of the PHE prototype. The maximum
local stress of 272.96 MPa exceeds the yield stress of the
material (243.44 MPa at 657.93°C) by 12.13%. Figure

S out

18 shows the elastic-plastic stress contours at the pres-
sure boundary of the PHE prototype. According to Fig-

Figure 13. Boundary conditions for a structural analysis. ure 18, the maximum local stress of 253.75 MPa also

800 exceeds the yield stress of the material (242.20 MPa at
700, _zgscc 677.55°C) by 4.77%.
e To understand the macroscopic structural behavior of a
600+ / :22302 PHE prototype under a steady-state operating condition
= 5001 —871°C of a gas loop, high-temperature structural analyses on a
&40/ / —982°C 10 kW class lab-scale PHE prototype were performed for
] LY two extreme cases: in the event of contacting the flow
G /‘///{/ plates with each other, and when not contacting them.
2001+— The maximum stress level of the PHE prototype under
100?,//_///,/——— real test conditions seems to be within two extreme cases.
0 —=— 0 The maximum local stresses, peak stresses, occur around
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the edges in the FE models, as shown in Figures 15-18.
However, the chamfering (or rounding) along the edge of

Figure 14. Bilinear stress-strain curve of Hastelloy-X. the prototype is not considered in the FE model for the
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Figure 15. Overall stress contours from an elastic analysis for flow plates contacting each other.
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Figure 16. Overall stress contours from an elastic-plastic analysis for flow plates contacting each other.
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Figure 17. Overall stress contours from an elastic analysis for flow plates not contacting each other.
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Figure 18. Overall stress contours from an elastic-plastic analysis for flow plates not contacting each other.
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sake of simplicity. Thus, the peak stress occurring around
the edges in the FE model will decrease to some extent
when considering the chamfered edges, since the edges
of the prototype are in reality chamfered. Therefore, the
high-temperature structural integrity of the PHE proto-
type seems to be guaranteed in the gas loop test condi-
tion.

4. Conclusion

To investigate the macroscopic structural behavior of a
PHE prototype under a steady-state operating condition
of a gas loop, and as a precedent study before performing
a performance test in a gas loop, high-temperature struc-
tural analyses on the 10 kW class lab-scale PHE proto-
type were performed for two extreme cases: in the event
of the flow plates contacting together and not contacting
together. As a result of the analyses, the structural integ-
rity of the PHE prototype under real test conditions
seems to be guaranteed, considering the chamfering ef-
fect on the edge of the PHE prototype.
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