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Abstract
Printed-circuit type multi-stream heat exchanger was designed and fabricated to produce high-temperature steam and air 
simultaneously from high-temperature helium heated using the helium loop, which is simulating VHTR (Very-High Tem-
perature gas-cooled Reactor). This study describes the design methodology and the heat transfer performance evaluation 
results of the multi-stream heat exchanger for stable supply of high temperature steam and air to a 30 kWe SOEC (solid-
oxide electrolyzer cell) system to produce hydrogen with high-temperature nuclear reactor systems. In order to control the 
steam supply above 700 ℃, the steam supply control methodology was established with a pressure control valve between 
the multi-stream heat exchanger and a steam generator. In this study, 20 kg/hr of steam over 800 ℃ and 110 SLPM of air 
over 750 ℃ were supplied stably with the multi-stream heat exchanger using helium loop. The heat transfer performance 
evaluation for steam is 1.1% below the design condition, which meets the design value within the error range. However, for 
air, the heat transfer was found to be 50.6% less than the design value due to a decrease in flow rate and reduced heat transfer 
performance caused by the formation of a deposition layer along the flow path. This high-temperature steam and air supply 
system will be connected with a high-temperature steam electrolysis system to perform the integral hydrogen production 
test using helium loop.

Keywords  Very-high temperature gas-cooled reactor · Helium loop · High-temperature steam electrolysis · Solid-oxide 
electrolyzer cell · Printed-circuit type heat exchanger · Hydrogen production · Performance evaluation

List of symbols
A	� Area [m2]
D	� Diameter [m]
Dh	� Hydraulic diameter ( = 4A∕P ) [m]
f	� Fanning friction factor [–]
h	� Heat transfer coefficient [W/(m2∙K)]
H	� Enthalpy [kg·m2/s2]
k	� Thermal conductivity [W/(m·K)]
L	� Flow length [m]
ṁ	� Mass flow rate [kg/s]
Nu	� Nusselt number ( = hD

h
∕k ) [–]

p	� Pressure [N/m2]
P	� Perimeter of the cross-section [m]
Re	� Reynolds number ( = �uD

h
∕� ) [–]

T	� Temperature [K]
u	� Mean velocity [m/s]
x, y	� Cartesian coordinates [m]

Greek letters
μ	� Dynamic viscosity [kg/(m·s)]
ν	� Kinematic viscosity [m2/s]
ρ	� Density [kg/m3]

Subscripts
c	� Cold
f	� Fluid
h	� Hot
w	� Wall

Introduction

With recent establishment of carbon reduction goals for car-
bon neutrality, there is a growing interest in the hydrogen 
economy [1]. In line with the expansion of the hydrogen 
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economy, various methods and targets for hydrogen produc-
tion are being set. At Korea Atomic Energy Research Insti-
tute (KAERI), Very High-Temperature Gas-Cooled Reactor 
(VHTR) has been developed, which is one of the GEN-IV 
nuclear reactor concepts for large-scale hydrogen production 
[2]. VHTR can be integrated with various hydrogen pro-
duction systems requiring high-temperature thermal energy, 
and High-Temperature Steam Electrolysis (HTSE) is one the 
promising hydrogen production technologies, capable of 
achieving high efficiency under high operating temperature 
conditions [2].

VHTR can operate at outlet temperatures up to 950 °C by 
employing helium gas as a coolant, and helium’s excellent 
thermal conductivity makes it suitable for efficiently trans-
ferring high-temperature heat. To verify key components 
of VHTR, KAERI have constructed a helium experimental 
loop with 600 kW heating power simulating VHTR, and 
intermediate heat exchanger performance tests were con-
ducted by designing Printed-Circuit type Heat Exchangers 
(PCHE) [3]. PCHE, made by diffusion bonding materials 
such as stainless steel, enable highly efficient heat transfer 
under high-temperature and high-pressure conditions. Com-
pared to shell-and-tube type heat exchangers, they offer a 
more compact design, providing manufacturing advantages 
for large-scale heat exchange. Thus, they have been consid-
ered as intermediate heat exchangers for high-temperature 
nuclear reactors [3, 4].

Solid Oxide Electrolysis is anticipated to be one of the 
most efficient hydrogen production methods within HTSE, 
using Solid Oxide Electrolyzer Cells (SOECs) under high-
temperature operation conditions. This is because the 

required electric energy for steam electrolysis decreases as 
the operation temperature increases [5]. For hydrogen pro-
duction using SOEC, high-temperature steam and air exceed-
ing 700 °C need to be continuously supplied to the cathode 
and anode sides of the SOEC stacks, respectively. High-
temperature electrolysis under development utilizes elec-
tric heating to provide high-temperature steam. However, 
to make hydrogen cheaper than other fuels, research groups 
are looking to utilize nuclear thermal energy for hydrogen 
production [6]. Therefore, it is necessary to demonstrate a 
high-temperature steam supply system in conjunction with 
a helium loop for hydrogen production using VHTR, but 
integrated test study with helium loops and high-temperature 
electrolysis systems have not yet been conducted.

Based on the accumulated helium loop system technol-
ogy, KAERI designed a printed-circuit type multi-stream 
heat exchanger capable of supplying high-temperature steam 
and air to the HTSE system with SOEC stacks, and aimed to 
demonstrate hydrogen production by integrating the HTSE 
with nuclear reactor systems. Figure 1 shows the process 
flow diagram of the HTSE experiment facility with a helium 
loop. Helium heated through the helium loop is fed through 
the printed-circuit type multi-stream heat exchanger and a 
steam generator to produce high-temperature steam and air, 
which are supplied to the HTSE system with SOEC stacks 
to produce hydrogen. This paper describes the design of 
the multi-stream heat exchanger capable of simultaneously 
produce high-temperature steam and air from hot helium. 
In this study, we conducted an experimental performance 
evaluation of the fabricated multi-stream heat exchanger 
and confirmed that it can reliably supply high-temperature 
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Fig. 1   Process flow diagram of the experiment facility for high-temperature steam electrolysis with helium loop
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steam and air. The design condition is to supply steam and 
air above 700 °C to a 30 kW SOEC system, and the heat 
transfer performance evaluation results of the multi-stream 
heat exchanger are reviewed. This high-temperature steam 
and air supply system would be connected to a SOEC system 
for a demonstration test of hydrogen production with the 
helium loop.

Design of the Multi‑stream Heat Exchanger

Design Methodology for Printed‑Circuit Heat 
Exchanger

The high-temperature steam production system consists of 
a steam generator and a superheater. The steam generator 
is a shell-and-tube type heat exchanger, separated from the 
superheater to mitigate flow instabilities that can result from 
the phase change from water to steam. The steam super-
heater was designed and fabricated as a printed-circuit heat 
exchanger (PCHE), wherein flow channels are etched onto 
metallic plates and the plates are diffusion bonded. The 
steam superheater was designed to transfer heat from helium 
to steam and air simultaneously, and was called a multi-
stream heat exchanger.

Because the VHTRs operate under high-temperature and 
high-pressure conditions, the PCHEs have been considered 
as intermediate heat exchangers of the VHTRs to transfer a 
large amount of heat [3, 4]. PCHEs can be fabricated more 
compactly compared to shell-and-tube heat exchangers, and 
as they increase in size to transfer large amounts of heat, 
PCHEs offer more manufacturing advantages. Its ther-
mal–hydraulic performance and economics are also being 
studied [7]. Additionally, the diffusion bonding technique 
used in the fabrication of PCHEs offers better structural 
integrity and corrosion resistance compared to welding, 
making it suitable for large-scale high-temperature heat 
exchange [8]. Furthermore, in this study, to supply high-tem-
perature air and steam simultaneously to the SOEC system, 
we designed a multi-stream heat exchanger as a PCHE capa-
ble of heating both fluids in a single heat transfer component. 
This study aims to experimentally evaluate the performance 

and considerations of this printed-circuit type multi-stream 
heat exchanger.

The primary considerations in heat exchanger design are 
the required heat transfer area and pressure drop. The total 
pressure drop across each fluid system is determined con-
sidering the compression ratio of the turbo machinery. The 
overall pressure drop in the primary system, utilizing helium 
as the working fluid, cannot exceed 4% of the inlet pressure 
due to the circulator specification. Considering the system 
configuration, the pressure drop on the primary side of the 
heat exchanger was determined to be no more than 2% of the 
inlet pressure, 40 kPa based on 2 MPa. As the steam and air 
systems operate at atmospheric pressure in SOEC stacks, the 
pressure drop for the steam and air were not considered as a 
major design constraint of the PCHE.

For heat transfer design, an in-house code was developed 
and utilized. Since significant variations in fluid properties 
occur within the channels of the heat exchanger, finite dif-
ference method was employed for heat transfer analysis [9]. 
The fluid was modeled in 1D using heat transfer correlations, 
while the solid was calculated by 2D numerical analysis as 
described in Fig. 2. The flow boundary condition is adiabatic 
except where it interfaces with solids. The heat transfer at 
each node was determined based on changes in enthalpy as 
follows:

The equation for the solid part to calculate 2D heat trans-
fer and heat gain or loss to the fluid part is as follows:

In this study, the PCHE flow paths are designed in a 
semi-circular shape, as shown in Fig. 3. To calculate heat 
transfer coefficients in the PCHE design program, heat trans-
fer correlations for the Nusselt number based on the flow 
regime were input for straight and wavy channels angled at 
15 degrees in the flow direction with semi-circular cross sec-
tion [10, 11]. As with the heat transfer correlations, friction 
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Fig. 2   Finite difference mod-
eling for PCHE design analysis



	 S.-Y. Kim et al.

factor correlations used for straight and wavy channels with 
semi-circular cross-sections were also input into the design 
program [12].

The dimensions considered during the PCHE design pro-
cess included the thickness of the plates (H), the diameter 
of the flow paths (h), the spacing between flow paths (d), 
pressure, and temperature, and so on. For example, optimal 
design was carried out by examining dimensions where the 
thickness of the plate was 1 mm or 1.5 mm, and the diameter 
of the flow paths was 1 mm or 1.5 mm, respectively. The 
flow paths were designed as wavy channels angled at 15 
degrees in the flow direction.

Design of Printed‑Circuit Type Multi‑stream Heat 
Exchanger

Design requirements for the multi-stream heat exchanger and 
the steam generator to produce 820 °C steam and air for a 
30 kW SOEC system were derived based on the operational 
requirements of the helium loop, and they are summarized in 
Tables 1 and 2. Major design parameters such as the helium 
outlet temperature of the multi-stream heat exchanger were 
assumed to be the same as that of the steam generator's 
helium inlet temperature, and the helium temperature and 
mass flow rate were obtained using an iterative method.

Considering diffusion bonding characteristics and high-
temperature experimental conditions, SS304 material was 
chosen for the PCHE. SS304 is available for temperatures 
up to 816 °C according to ASME Sec. VIII [13]. Based on 
the operational characteristics of the helium loop from fun-
damental structural dimensions, design conditions of 816℃ 
and 2 MPa were selected, and heat exchanger design was 
conducted using a diameter of 1.5 mm for the flow channels, 

considering pressure drop and flow fouling. Heat exchanger 
thermal design was carried out using the Logarithmic Mean 
Temperature Difference (LMTD) method with an empiri-
cal margin of 30% considering the configuration of chan-
nels and the effect of longitudinal heat conduction. After 
designing heat exchangers for helium-steam and helium-
air systems separately, the final design was determined by 
adjusting the number of channels per stack to ensure con-
sistency and overall performance. The final size of the heat 
exchanger core was determined to be 136 × 52 × 99 mm3. 
To achieve a more uniform temperature distribution, air flow 
channels were arranged between steam flow channels within 
the PCHE. At these design conditions, the flow regime for 
each fluid is laminar, with Reynolds numbers all below 500. 
In the PCHE design program, the heat transfer coefficient 
correlation and friction factor used for semi-circular flow 
paths under laminar flow conditions are Nux = 4.089 and 
f = 16∕Re , respectively [10, 12].

The design configuration and flow patterns of the multi-
stream heat exchanger, including headers, are depicted in 
Fig. 4. Helium flows straight through the paths from the hot 
end to the cold end to minimize pressure drop in the primary 
side. Steam and air enter the heat exchanger perpendicularly 
from the sides and undergo a 90° turn before branching into 
two streams. To accommodate space constraints, small-sized 
headers were designed, and flow branching was chosen over 
straight channels for air and steam. Additionally, to facilitate 
diffusion bonding at the PCHE core, additional plates within 
30 mm of the top and bottom were added, and spaces were 
provided at the sides for bonding. Figure 5 shows a photo-
graph of the fabricated multi-stream heat exchanger.

High Temperature Steam/Air Supply System

Experiment Facility

Figure 6 illustrates the Process and Instrumentation Dia-
gram (P&ID) of the high-temperature steam/air supply 
system with helium loop. It is the preliminary experiment 

Fig. 3   Design dimensions of PCHE flow paths

Table 1   Design requirements of the multi-stream heat exchanger

Parameter Primary side Secondary side Third side

Working fluid Helium Steam Air
Inlet pressure [MPa] 2 0.5 0.11
Flow rate [kg/min] 0.42 0.33 0.19
Inlet temperature [℃] 850 155 155
Outlet temperature [℃] 565 820 820
Amount of heat transfer 

[kW]
− 10.36 + 8.05 + 2.31

Table 2   Design requirements of the steam generator

Parameter Primary side 
(tube side)

Secondary 
side (shell 
side)

Working fluid Helium Steam
Inlet pressure [MPa] 2 0.5
Flow rate [kg/min] 0.42 0.33
Inlet temperature [℃] 565 20
Outlet temperature [℃] 163 155
Amount of heat transfer [kW] − 14.84 + 14.84
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to generate high-temperature steam and air, which will 
be supplied for the hydrogen production in HTSE system 
[14]. In this preliminary study without SOEC stacks, the 
high-temperature steam and air produced through the 
experiment are exhausted to the outside of the building. 
This experiment facility is composed of one loop and three 
lines of different fluids.

•	 Helium loop (red lines); It circulates high-temperature 
helium. Via the multi-stream heat exchanger and the 
steam generator, this loop transfers the heat to generate 
high-temperature of steam and air for HTSE in SOEC 
stacks.

•	 Purified water line (blue lines); It provides purified 
water to the steam generator with mass flow controller, 
which controls the water supply and prevents pressure 
fluctuations due to pump operation.

•	 Steam line (orange lines); It provides superheated 
steam from the steam generator to the multi-stream heat 
exchanger. The steam supply is controlled by a pressure 
control valve (PCV), which controls the pressure at the 
top of the steam generator to supply a constant amount of 
steam to the multi-stream heat exchanger and discharge 
excess steam to the outside.

•	 Air line (green lines); It supplies dry air to the HTSE 
system. Air is heated up through the multi-stream heat 
exchanger, and it is used as sweep gas of anode side 
in SOEC stacks. A preheater was used to meet the air 
inlet temperature condition of the multi-stream heat 
exchanger.

Figure 7 shows the experiment facility for high-tempera-
ture steam and air supply with helium loop constructed with 
the designed heaters and heat exchangers. It is intended to 
reduce heat losses through insulation, and a heating jacket 
was used to compensate for heat losses for the multi-stream 
heat exchanger, made of ceramic wool and equipped with an 
embedded heating element, allowing temperature control via 
PID (Proportional-Integral-Derivative) control.

Instrumentation and Control

The helium flow rate of the helium loop is controlled 
through the circulator and flow bypass valve, and the flow 
rate is measured by Coriolis flowmeter. The cooler of the 
helium loop uses water coolant on the secondary side, which 
is cooled through the chiller, as described in Fig. 6.

The pressure and differential pressure in the helium 
loop were measured using Rosemount pressure transmit-
ters with an error of ± 0.025%. Although not depicted in 
Fig. 6, the Rosemount differential pressure gauges were 

Fig. 4   Design of the printed-
circuit type multi-stream heat 
exchanger and flow paths (A: 
helium, B: steam, C: air)

Fig. 5   Fabricated multi-stream heat exchanger
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used to measure the pressure difference of each fluid pass-
ing through the steam generator and the multi-stream heat 
exchanger. The upper plenum pressure of the steam gen-
erator was measured using WIKA pressure gauges with an 

error of 0.1%, and it is used to control the PCV (PN9000-
15 mm, Spirax Sarco) for steam vent.

For stable operation of the steam generator, a Liquid Flow 
Controller (LFC) (KC-30 K, Alicat CODA) is employed 
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to maintain a constant flow rate for the target water level 
inside the steam generator. In the pure water supply sys-
tem, de-ionized water passes through a water purifier and is 
pressurized up to 10 bar using a pressure pump. LFC also 
absorbs pressure fluctuations with a pressure regulator due to 
intermittent operation of the pressure pump. To measure the 
flow rate of the vented steam, a vortex flowmeter (KTV-700, 
KOMETER) was installed along the steam vent line. Line-
tech's Mass Flow Controller (MFC) was used for air supply. 
Temperature measurement was conducted using WATLOW's 
K-type thermocouples.

As illustrated in Fig. 6, the shell and helical tube type 
steam generator was adopted in this experiment. Heated 
helium flows inside the tube, while pure water is injected 
into the shell side. Water partially fills the steam genera-
tor, where it is heated and evaporates in submerged area, 
while steam is superheated in exposed area. Through pre-
liminary experiments, it was confirmed that the water level 
in the steam generator directly influences both the steam 
generation rate and the steam superheating. Specifically, 
lower water levels lead to decreased steam generation and 
increased superheating, while higher water levels result 
in increased steam generation and reduced superheating. 
Therefore, maintaining a consistent water level is crucial for 
supplying steam at a constant temperature and flow rate. The 
following outlines the steam supply control methodology 
established in this study to ensure steady-state conditions 
with the experiment facility [15].

1.	 Under ideal steady-state conditions, supplied water and 
generated steam should be equal. In this state, as the 
water supply rate decreases, the water level decreases, 
maintaining a condition where the steam generation rate 
exceeds the water supply rate and eventually equalizes 
with it. Likewise, when the water supply rate increases, 
the water level rises, equalizing with both the water and 
steam supply rates.

2.	 After controlling the steam generation rate and steam 
superheat through water supply, the power of the heat-
ers in the helium loop and the flow rate of helium are 
controlled based on the temperature of helium and the 
required heat input.

3.	 The PCV maintains pressure in the upper plenum of 
the steam generator, ensuring a stable steam supply to 
the multi-stream heat exchanger. In this experiment, 
steam is discharged for two primary reasons. Firstly, to 
achieve steam outlet temperature over 800 °C for the 
multi-stream heat exchanger, the inlet temperature of 
helium should exceed the target temperature and over-
produced steam must be vented. Therefore, steam dis-
charge is required for high-temperature steam genera-
tion tests over the designed steam flow rate range of the 
heat exchangers. This allows for a consistent supply of 

steam to the multi-stream heat exchanger through PCV, 
minimizing the influence of changes in steam genera-
tor helium inlet temperature due to variations in steam 
supply. Secondly, to protect the measurement devices, 
such as the vortex flowmeter and PCV, their operating 
temperatures must remain below 250 °C. Overproduc-
tion of the steam and its discharge serve the purpose of 
safeguarding the equipment under various flow condi-
tions.

4.	 Once the flow rates and temperatures of steam and air 
generated through the multi-stream heat exchanger meet 
the targets, the helium inlet temperature of the steam 
generator is determined. This enables the estimation 
of the heat supply capacity of the steam generator. The 
supplied heat is mostly utilized for evaporation rather 
than superheating water or steam. Therefore, supplying 
the amount of water corresponding to the heat transfer 
ensures the system operates under steady-state condi-
tions.

The heating jacket temperature of the multi-stream heat 
exchanger is set to 500 °C to compensate for heat loss (maxi-
mum power approximately 2 kW). Air to the superheater is 
supplied with a target inlet temperature of 200 °C. A 5 kW 
air heater connected to an AC power supply is used for man-
ual control.

Results

High‑Temperature Steam/Air Supply Test

As a preliminary test for the high-temperature steam/air 
production system integrated with the helium loop for high-
temperature electrolysis, the performance of the printed-cir-
cuit type multi-stream heat exchanger was evaluated through 
tests to produce high-temperature steam and air. Figures 8, 9, 
10, 11 present the data from the high-temperature steam/air 
production tests. Stable operational conditions were assumed 
from 9 h onwards from the data acquisition, and continuous 
operation for one hour was conducted to verify the stability 
of the operating conditions.

Figure 8 illustrates the inlet and outlet temperatures of 
each fluid in the multi-stream heat exchanger, showing that 
the temperatures of each fluid remain constant after 9 h. It is 
crucial to maintain stable conditions by producing steam at 
a constant temperature and flow rate in the steam generator 
and supplying it to the multi-stream heat exchanger. Fig-
ure 9 shows the inlet and outlet temperatures of helium, pure 
water, and steam in the steam generator, while Fig. 10 dis-
plays the mass flow rate of pure water supplied to the steam 
generator and the amount of steam discharged externally, 
not supplied to the multi-stream heat exchanger. Figure 11 
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illustrates the pressure in the upper plenum of the steam 
generator.

The stable maintenance of steam outlet temperature, pres-
sure, supply of pure water, and external steam discharge 
from the steam generator after 9 h confirms that the steam 
supplied to the multi-stream heat exchanger has reached a 
steady state condition and was maintained consistently. Dur-
ing the experiment, it was initially considered that steady-
state was reached after 7 h. However, it was observed that 
the water level in the steam generator continued to increase 
and the steam exit temperature gradually decreased. This 
indicated that more water was being supplied than the ther-
mal energy helium could transfer. Therefore, we controlled 
the water supply from 8 to 9 h as shown in Fig. 10, and 
reviewed the heat transfer amount to ensure all variables 
reached a steady state. Through these experiments, it was 
confirmed that the test facility integrated with the helium 

loop can reliably generate and supply steam exceeding 
800 ℃ and air at around 750 ℃.

Performance Evaluation Results

Table 3 summarizes the test results with the average values 
and 95% confidence interval of the steady-state conditions 
for 1 h in the steam generator and the multi-stream heat 
exchanger compared with the design values. The confidence 
interval of temperature measurements being within 5 K or 
less allowed us to confirm that the system was in a steady 
state during the one-hour period. Table 4 presents the com-
parison of the heat transfer performance test results obtained 

Fig. 8   Temperature results for helium-steam-air multi-stream heat 
exchanger inlet and outlet by fluid

Fig. 9   Temperature results for steam generator inlet and outlet by 
fluid

Fig. 10   Mass flow rate of purified water supplied to the steam genera-
tor and vented steam

Fig. 11   Pressure results at the upper plenum of the steam generator
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from the experimental results with the design values. The 
pressure of the helium loop increased from the design pres-
sure of 20 bar to about 34 bar to achieve the target helium 
flow rate, due to the increased pressure drop from the Corio-
lis mass flowmeter measuring the helium flow rate. From the 
experimental results, it was observed that the helium temper-
ature between the outlet of the multi-stream heat exchanger 
and the inlet of the steam generator, assumed to be the same 
in the design process, decreased by approximately 40 ℃ due 
to heat losses.

From the heat transfer test results in Table  4, it is 
noted that the steam heat transfer in the multi-stream heat 
exchanger is 1.1% lower than the design value. However, 
this discrepancy falls within the measurement error range 
of the steam flow rate, so it can be considered as meeting 
the performance target. While passing through the multi-
stream heat exchanger from the inlet to the outlet, the steam 

temperature increased to 676.2 ℃ in the experiment, exceed-
ing the design value of 665 ℃.

The reason for the negative heat loss in the test result is 
attributed to the effect of the heating jacket encasing the heat 
exchanger to compensate for heat losses. The temperature 
condition of the heating jacket was set to 500 ℃ to roughly 
match the helium outlet temperature condition of the multi-
stream heat exchanger. However, the high-temperature parts 
of each fluid are around 800 ℃, while the inlet tempera-
tures of steam and air average around 200 ℃. Consequently, 
there is a significant local temperature difference within the 
multi-stream heat exchanger. Therefore, the experimentally 
observed negative heat losses are attributed to the influx of 
thermal energy from the heating jacket specifically into the 
low-temperature inlet regions of steam and air.

Unlike steam, the air heat transfer performance in the 
multi-stream heat exchanger was observed to be 50.6% lower 

Table 3   Test results compared 
with the design

Parameter Design Test result

Heat transfer device Multi-stream heat exchanger
 Helium flow rate [kg/min] 0.42 0.418 ± 0.004
 Helium pressure [bar] 20 33.83 ± 0.07
 Helium inlet temperature [℃] 850 844.4 ± 1.7
 Helium outlet temperature [℃] 564.5 613.2 ± 1.0
 Steam flow rate [kg/hr] 20 19.7 ± 0.5
 Steam inlet temperature [℃] 155 132.0 ± 0.8
 Steam outlet temperature [℃] 820 808.2 ± 1.0
 Air flow rate [SLPM] 160 109.6 ± 6.3
 Air inlet temperature [℃] 155 266.4 ± 2.3
 Air outlet temperature [℃] 820 744.3 ± 1.2

Heat transfer device Steam generator
 Helium inlet temperature [℃] 564.5 572.2 ± 0.8
 Helium outlet temperature [℃] 155 52.4 ± 0.9
 Water flow rate [kg/hr] 20.16 25.22 ± 0.06
 Water inlet temperature [℃] 20 29.7 ± 0.6
 Steam pressure [bar] 5 2.75 ± 0.01
 Boiling temperature [℃] 151.8 130.6
 Steam outlet temperature [℃] 155 138.4 ± 0.8

Table 4   Heat transfer results 
compared with the design

Parameter Design Test result

Heat transfer device Multi-stream heat exchanger
 Helium heat transfer [kW] 10.36 8.36
 Steam heat transfer [kW] 8.05 7.96
 Air heat transfer [kW] 2.31 1.14
 Heat loss [kW] –  − 0.74

Heat transfer device Steam generator
 Helium heat transfer [kW] 14.84 18.77
 Water/steam heat transfer [kW] 14.84 18.31
 Heat loss [kW] – 0.46
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than the design value. This was due to the blockage of the 
air flow path during repeated high-temperature experiments, 
likely caused by high-temperature oxidation or carboniza-
tion. As the air flow paths narrowed, the pressure differ-
ence of the air in the multi-stream heat exchanger contin-
ued to increase. Eventually, as the pressure drop in the air 
flow path began to exceed the supply pressure of the air, 
the target air supply flow rate could not be met, resulting 
in a 31.5% decrease in the supplied air flow rate, from 160 
SLPM to about 110 SLPM. Despite the decrease in air flow 
rate, the outlet temperature of the air in the multi-stream 
heat exchanger did not reach the designed target of 820 ℃, 
even with the air inlet temperature raised to above 260 ℃ 
through preheating. This means that heat transfer through 
the air flow paths is also worsened than designed. Further 
discussion related to the flow channel pressure drop of the 
printed-circuit type multi-stream heat exchanger is con-
ducted in Sect. 4.3.

Regarding the steam generator, it was confirmed that the 
steam production heat transfer performance exceeds the 
design by 23.4%. The low heat loss of 2.5% in water/steam 
heat transfer is because the high-temperature helium flows 
through the helical tube surrounded by water and steam. The 
excess heat transfer performance of the steam generator is 
attributed to approximately 25% increased water flow supply, 
intended to prevent excessive steam superheat at the outlet. 
The control of the steam generator's upper plenum pressure 
using the PCV ensures stable supply of the target steam flow 
rate supplied to the multi-stream heat exchanger.

The difference in steam supply pressure between the 
design conditions and the test results is attributed to the 
direct discharge of steam to the building exterior from the 
rear of the multi-stream heat exchanger, determined by the 
pressure drops through the flow channels and piping. Com-
putational analysis was conducted using the PCHE design 
program to confirm the effect of pressure on heat transfer 
performance of the multi-stream heat exchanger.

If the mass flow rate and temperature conditions remain 
constant, the product of density and velocity is constant, and 
the Reynolds number ( Re = �uDh∕� ) is determined by the 
dynamic viscosity. However, the dynamic viscosity of steam 
at 500 ℃ between the pressures of 2 bar and 5 bar differ by 
less than 0.1%, about 28.57 × 10–6 kg/(m∙s), so the Reynolds 
number remains constant [16]. In the PCHE design program, 
the heat transfer coefficient is determined by the Reynolds 
number, so there is almost no effect on the heat transfer coef-
ficient depending on the pressure of the steam. Furthermore, 
because the flow paths of the multi-stream heat exchanger 
were designed under laminar flow conditions, Nu = 4.089 
for the steam flow [10]. Therefore, the PCHE design pro-
gram showed a difference of less than 1 ℃ in the steam 
outlet temperature of the multi-stream heat exchanger, even 
with varying steam pressure conditions. This indicates that 

even in conditions of low pressure for high-temperature elec-
trolysis testing, where relatively small amounts of steam are 
supplied, the heat transfer performance of the multi-stream 
heat exchanger would not be reduced.

Pressure Drop Across the Multi‑stream Heat 
Exchanger

Using the PCHE design program, the pressure drop for each 
fluid under the design conditions of the multi-stream heat 
exchanger is as follows: 2.7 kPa for helium, 1.3 kPa for 
steam, and 2.1 kPa for air. Through repeated experiments, 
it was observed that the pressure drop in both the steam and 
air flow paths tended to increase with each high-temperature 
test. The pressure drop in laminar flow conditions is as fol-
lows [12]:

In the PCHE, the flow length (L) remains constant, and 
when the mass flow rate is constant, the �u varies inversely 
with the flow cross-sectional area (A) according to the fol-
lowing equation:

Therefore, when the mass flow rate and temperature 
are the same, the pressure drop in the PCHE’s flow paths 
under laminar flow conditions is inversely proportional to 
the square of the cross-sectional area of the flow paths. The 
measured pressure drops for each fluid in the tests presented 
in this paper are as follows: 2.5 kPa for helium, 52.7 kPa for 
steam, and 225.3 kPa for air. The differential pressure of 
helium was found to be lower than the design value, while 
that of the steam deviated from the design value by about 
40 times and that of the air by more than 100 times, even 
though the experimental and design conditions such as flow 
rate are different to fulfill other operating conditions in the 
experiment. Therefore, it is inferred that the flow paths of the 
PCHE may have narrowed due to high-temperature oxidation 
or carburization in repeated high-temperature experiments.

To verify this, the flow paths at the inlet and outlet of the 
multi-stream heat exchanger were observed using a bore-
scope camera. Through this, it was confirmed that part of 
the steam and air flow channel outlets of the multi-stream 
heat exchanger were blocked by oxides, which would con-
tribute to the increase in pressure drop along the steam and 
air flow paths.

These deposits can also accumulate on the flow channel 
walls and affect the heat transfer rate between fluids. As 
discussed in Sect. 4.2, the mass flow rate of the air sup-
plied to the multi-stream heat exchanger decreased by only 
31.5%, but the heat transfer to the air decreased by 50.6%. It 
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is estimated that the deposits are the reason for a significant 
reduction in the heat transfer rate in the air flow channel. 
However, simply identifying the deposits at the inlet and 
outlet of the flow paths is not sufficient to determine the 
extent of the deposits along the flow path and to quantify 
their influence on the heat transfer rate. Therefore, further 
research is needed to understand the causes of these deposits 
and to implement design improvements that take them into 
account.

Additionally, despite a significant increase in the pres-
sure drop in the steam flow path, as in the air flow path, the 
heat transfer to the steam did not decrease significantly in 
Table 4. This is likely because the deposition layer in the 
steam flow path is thinner than that in the air flow path, 
and as shown in Table 5, the thermal conductivity of steam 
is significantly higher than that of air at high temperature 
condition. Therefore, it is estimated that the effective over-
all heat transfer coefficient between the helium and steam, 
including the deposition layer, remains higher than the con-
vective heat transfer coefficient of steam. In the future, the 
heat exchanger will be disassembled and the composition of 
the deposition will be analyzed to confirm the material and 
the cause of their formation.

In this study, the experimental performance evaluation of 
the PCHE designed to supply high-temperature steam and 
air to a 30 kW SOEC was conducted. We confirmed the heat 
exchange performance of the PCHE and its ability to con-
trol and supply flow rates stably. Additionally, based on the 
established methodology and the discussion, an additional 
test for supplying high-temperature steam and air to a 6 kW 
SOEC was carried out, although it is not covered in this 
paper. It was confirmed that the experiment facility could 
heat the steam and air up to 700 °C under lower flow rate 
conditions, even if deposits accumulated inside of the flow 
paths of the multi-stream heat exchanger. In the future, this 
high-temperature steam/air supply system will be connected 
to a 6 kW SOEC system to conduct hydrogen production 
demonstration tests.

Conclusions

In this study, a printed-circuit type multi-stream heat 
exchanger, capable of producing high-temperature steam 
and air using a helium loop, was designed and the perfor-
mance evaluation of the heat exchanger was conducted. 
The multi-stream heat exchanger was designed to perform 
30 kW high-temperature electrolysis, with steam mass 
flow rate of 20 kg/hr and air mass flow rate of 11.52 kg/
hr (160 SLPM). The design temperatures for the inlet and 
outlet of steam and air are 155 and 820 ℃, respectively. 
Accordingly, the heat transfer rates for steam and air are 
8.05 kW and 2.31 kW, respectively, totaling 10.36 kW. 
As a preliminary test for the high-temperature electrolysis 
test integrated with the helium loop, the high-temperature 
steam and air supply system with the multi-stream heat 
exchanger was constructed and tested. To stably control 
the steam flow rate before the multi-stream heat exchanger, 
a pressure control valve was installed and the steam sup-
ply control methodology was established. Through per-
formance evaluation tests, it was confirmed that the test 
facility could stably supply over 800 ℃ steam at a rate of 
20 kg/hr and about 750 ℃ air at a rate of 110 SLPM. The 
heat transfer rates of steam and air were determined to 
be 7.96 kW and 1.14 kW, respectively. While the steam 
heat transfer rate meets the design conditions within the 
measurement error range, the air heat transfer rate is 
approximately 51% lower than the design due to blockage 
of the air flow channels in the multi-stream heat exchanger, 
resulting in a decrease in the mass flow rate supplied by 
approximately 32% due to increased pressure drop in the 
flow channels. In the future, this high-temperature steam 
and air supply facility would be connected to a 6 kW high-
temperature electrolysis system to perform an integral test 
of hydrogen production, and the operating conditions of 
the integral test facility with solid-oxide electrolyte cell 
stacks would be reviewed.
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