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Abstract –Korea Atomic Energy Research Institute has developed high-temperature 
Printed Circuit Heat Exchangers (PCHE) for a Very High Temperature gas-cooled 
Reactor and operated a very high temperature Helium Experimental LooP (HELP) 
to verify the performance of the high temperature heat exchanger at the component 
level environment. PCHE is one of the candidates for the intermediate heat 
exchanger in a VHTR, because its design temperature and pressure are larger than 
any other compact heat exchanger types. High temperature PCHEs in HELP consist 
of an alloy617 PCHE and an 800HT PCHE. This study presents the high 
temperature test of an 800HT PCHE in HELP. The experimental data include the 
pressure drops, the overall heat transfer coefficients, and the surface temperature 
distributions under various operating conditions. The experimental data are 
compared with the thermo-hydraulic analysis from COMSOL. In addition, the single 
channel tests are performed to quantify the friction factor under normal nitrogen 
and helium inlet conditions. 

 
I. INTRODUCTION 

 
After the Fukusima Daiichi nuclear disaster, 

future nuclear systems are focused on a passive 
safety without additional electricity and water 
coolant supply.  A Very High Temperature gas-
cooled Reactor (VHTR) has shown a great 
opportunity owing to its inherent safety. Since a 
VHTR has a high temperature at the outlet of the 
reactor above 850℃, its applications include not 
only high efficient electricity but also industrial heat 
supply such as hydrogen production, steam-
reforming, and other industrial processes [1, 2].  

The development of high temperature 
components is very important because of its higher 
operation temperature than that of a common light 
water reactor and high pressure industrial process. In 
particular, the Intermediate Heat eXchanger (IHX) is 
a key-challenged high temperature component in a 
VHTR. Heat generated by fission reactions in the 
nuclear fuels is transferred from the VHTR to the 
intermediate loop through the IHX. A Printed Circuit 
Heat Exchanger (PCHE) is one of the candidates for 

the intermediate heat exchanger in a VHTR because 
its operation temperature and pressure are larger than 
any other heat exchanger types [3].  Mylavarapu et al. 
[4] fabricated a laboratory scale alloy617 PCHE and 
experimentally investigated its thermo-hydraulic 
performance in a High-Temperature Helium Facility 
(HTHF) at up to 800℃ and 3 MPa. 

Korea Atomic Energy Research Institute has 
developed a high temperature PCHE [5] for a VHTR 
and operated a very high temperature Helium 
Experimental LooP (HELP) to verify the 
performance of the high-temperature heat exchanger 
at the component level [6].  

In this study, studies are introduced for a high 
temperature test of the 800HT PCHE in HELP. The 
experimental data include the surface temperature 
distribution, the pressure drops, and the inlet and the 
outlet temperatures of an 800HT PCHE installed in 
HELP. The experimental data are compared with a 
thermo-hydraulic analysis from COMSOL [7]. In 
addition, the single channel tests provide the friction 
factor including the loss coefficients at the normal 
nitrogen and helium inlet conditions. 
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II. EXPERIMENTAL SETUP & NUMERICAL 
ANALYSIS 

 
II.A. HELP & 800HT PCHE 

 
The primary goal of HELP is to maintain the 

component-level operation condition for the 
verification tests of scale-down key components in a 
nuclear hydrogen system. Figure 1 shows HELP 
assembled with its key components. The design [8] 
and operation experiences [9] of a small-scale gas 
loop provide the basic information for the design, 
construction, and operation of HELP. Its size was 
designed for the verification tests of a 150 kW-
intermediate heat exchanger or the simulation test in 
a 1/6 scaled-down fuel block.  

The loop consists of the primary loop and 
secondary loop. The primary loop and secondary 
loop simulate a VHTR and an intermediate loop in 
the nuclear hydrogen production system, respectively. 
The loops were designed to withstand the maximum 
temperature of 1000℃ as the outlet temperature of 
its primary high temperature heater. Its working fluid 
is helium as the actual coolant of the VHTR. The 
primary loop is composed of a preheater, a high 
temperature heater, a hot gas duct, intermediate heat 
exchangers, a water cooled shell & U-tube heat 
exchanger, a gas-bearing blower, a passive venting 
system and gas filters. The secondary loop has the 

same system configuration as the primary loop 
except a high temperature heater and a blower outlet 
filter. A water-cooled stainless steel 316L PCHE is 
installed to cool the secondary hot gas from the 
intermediate heat exchangers to the temperature 
under 300℃. Two loops share a helium supply 
system, a helium purification system for oxygen and 
humidity removal, and a water loop for a cooling 
tower, as shown in Figure 2. 

 

 
Fig. 1: Very High Temperature Helium Experimental 

LooP (HELP) 
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HELP has two helium-to-helium printed circuit 
heat exchangers. One is an 800HT PCHE and the 
other is an alloy617 PCHE. The 800HT PCHE is 
designed to make the operation condition for the 
verification test of the alloy617 fabricated in the 
future. Table 1 shows the design specification of the 
800HT PCHE. In the present, the 800HT PCHE is 
installed at the helium-helium option for the high-
temperature performance test of a high-temperature 
heater in HELP.   

 
Table 1: Design Specification of 800HT PCHE 

Items Hot Side (A) Cold Side (B) 
Working Fluid Helium Helium 
Mass Velocity 0.1 kg/s 0.05 kg/s 

Inlet Temperature 750°C 700°C 
Outlet Temperature 550°C 300°C 

Design Pressure 35 bar 35 bar 
 
To maximize the heat-transferred area of the 

PCHE, flow channels in its core matrices were 
etched in the wavy channels. In addition, one flow 
channel branches off into two wavy channels and 
they join the outlet channel, as shown in Figure 3. 
The width and depth of the semielliptical channel are 
1.5 mm and 0.7 mm, respectively. The entire 800HT 
PCHE is composed of 60 stacks of 40 channels per 
stack, and each system has 30 stacks.  

 

 
Fig. 3: Channel Design of 800HT PCHE 

 
The external surface of the PCHE is colored in 

Cr-oxide green paint to maintain a high emissivity of 
over 0.9 for visualization of the surface temperature 
distribution by an infrared camera. There is no 
insulation in the experiments for the comparison with 
the structural analysis results. Three tied global 
expansion joints are installed to absorb the thermal 
expansion of the high temperature components, 
because the allowable stress of the alloy617 is too 
small to except the elbows of the pipeline to absorb 
the thermal expansion. Kim et al.’s [10] experimental 
results show that the thermal stress was large enough 
to result in a plastic windingness of the inlet nozzle 

of the PCHE. In the future, a thermal insulator will 
be installed on the external surface. The 
displacement of the expansion joints by the thermal 
expansion will be measured by a linear variable 
differential transformer to evaluate the boundary 
condition of the stress analysis.  Figure 4 shows the 
800HT PCHE and the stainless steel 316L PCHE 
installed in HELP. 

 

 
Fig. 4: PCHEs in HELP 

 
The pressure transmitter and differential pressure 

gauge produced by Rosemount Inc. are used to 
measure the pressures of each system and the 
differential pressure drops between the inlet and 
outlet of the PCHE. The helium mass flow velocities 
are measured at the inlet of the helium pre-heaters by 
U-tube coriolis mass flow meters.  
 

II.B. Numerical Analysis & Single Channel Test 
 
COMSOL multi-physics software [7] is used to 

provide the input data for the structural analysis [11] 
of the 800HT PCHE under the design conditions. 
The model for the 800HT PCHE is too complex to 
conduct a full-scale thermo-hydraulic simulation 
such as the stainless steel 316L PCHE [12]. In this 
study, only two stacks are simulated under the 
experimental condition except for the inlet and outlet 
plenums, as shown in Figure 5.  

 

 
Fig. 5: Modeling of PCHE (COMSOL 4.3b) 

 
The finite element method (FEM) is used for 

discretization, 3D unstructured meshes (tetrahedral 
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mesh) are used for the metal sheets, and 1D meshes 
are used for all micro-channels in the 800HT PCHE 
using a COMSOL pipe flow module, which is the 
same methodology used in Lee et al.’s analysis [12]. 
The mass flow and temperature in the PCHE are 
governed by the three equations for a laminar flow 
using a pipe flow module in COMSOL 4.3b. The 
friction factor, loss coefficients, and Nusselt number 
in the pipe module are obtained from the 
computation fluid dynamics analysis of the single 
channel. The above three factors were verified under 
a single channel test, as shown in Figure 6.  

 

 
Fig.6: Single Channel Simulating 800HT PCHE 
 
The single channel of Fig. 6 has the same 

dimensions as the wavy channels in Figure 3. The 
micro-channel was made of stainless steel. The mass 
flow controller facilitates the various mass flow 
condition tests under normal nitrogen and helium 
outlet conditions. In the future, a heat transfer 
coefficient test will be conducted using an oil chiller, 
which will make a single channel isothermal surface 
condition. 

 
III. RESULTS AND DISCUSSION 

 
Table 2 shows the experimental data for the 

thermal structural analysis under high-temperature 
conditions. The working fluid of the primary and 
secondary systems was helium at the same working 
fluid of the VHTR. 

 
Table 2: Experimental Conditions under High 
Temperature  

Items  Primary 
System 

 Secondary 
System 

Working Fluid Helium Helium 
Pressure 29.7 bar 26.5 bar 

Mass Velocity 2.61 kg/min 2.78 kg/min 
Inlet Temperature 716°C 267°C 

Outlet Temperature 359°C 612°C 
Differential Press. 78 kPa 65 kPa 

 
Fig. 7 shows the external temperature distribution 

under the experimental conditions of Table 2. This 
PCHE is the mixing type of a rectangular counter-
current type and two triangular cross-flow types. 
Despite the difference between the experimental 
condition and the preliminary analysis condition, the 

temperature contour shape from experimental results 
is very similar to that from analytical result, as 
shown in Figure 8 [11]. The thermal structural 
analysis is performed under the boundary condition 
based on a uniform temperature gradient assumption 
at all channels. 

 

 
Fig. 7: Distribution of PCHE Surface Temperature 

by Infrared Camera (solid line: primary system, dash 
line: secondary system) 

 

 

Fig. 8: ABAQUS Analysis Results [11]. 
 
Fig. 10 shows the COMSOL analysis results on 

the 800HT PCHE under the boundary conditions of 
Figure 5.  

Table 3 shows the COMSOL analytical results 
including the outlet temperature and the pressure 
drop. The predicted pressure drop is larger than the 
measured pressure drop. Dust in the high-
temperature test increased the pressure drop because 
of the decreased flow area. 

Since the 800HT PCHE is not a counter-current 
heat exchanger type, the outlet temperature 
distribution is not uniform. A channel that has a 
longer length in the high temperature region has a 
higher outlet temperature. These fluid temperature 
and heat transfer coefficient distributions in the pipe 
module will be provided as the input data of a high 
temperature structural analysis. 

The single channel test provides experimental 
data for the verification of the friction factor, loss 
coefficient, and Nusselt number in the pipe module. 
In this study, the pressure loss coefficients are 
measured at the outlet condition with normal 
nitrogen and helium flow. The pressure drop and 
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non-dimensional pressure drop in the single channel 
are defined through the following equation. 

 
effaccoutintot pppp D+D+D=D ,

     (eq. 1) 

2V
pP eff

r
D=               (eq. 2) 

 

  
(a) Primary System 

 

  
(b) Secondary System 

 
Fig.9: COMSOL 4.4 Results: Pipeline Temperature 

Distribution 
 

Table 3: COMSOL Analysis Result 
Items  Primary 

System 
 Secondary 

System 
Working Fluid Helium Helium 

Pressure 25.0 bar 20 bar 
Mass Velocity 3.0 kg/min 3.0 kg/min 

Inlet Temperature 750°C 300°C 
Outlet Temperature 382°C 676°C 
Differential Press. 32.1 kPa 33.5 kPa 

 
To quantify the friction factor and loss coefficient, 

the sudden contraction at the inlet, the sudden 
expansion at the outlet, and the acceleration by the 
pressure drop must be subtracted from the measured 
total pressure drop. Figs. 10 and 11 show the 
pressure drop and the non-dimensional pressure drop 
defined in equation (2). The experimental data show 
that there is no effect on the pressure loss coefficient 
of the working fluid density. Thus, the loss 
coefficient can be used under a high pressure 
condition. 

The pressure drop at the 800HT PCHE can be 
predicted from the non-dimensional pressure drop of 
Figure 10. However, the predicted value from the 
single channel test results is much smaller than the 
measured pressure drop in HELP and that predicted 

by COMSOL analysis. Dust in the high temperature 
test and the distortion of the micro-channel will 
result in an increase of the pressure drop.  

 

 
Fig. 10: Pressure Drop at the Single Channel 

 

 
Fig. 11: Non-dimensional Pressure Drop at the 

Single Channel 
 

IV. CONCLUSION & FUTURE WORKS 
 
In this paper, experiments and a numerical 

analysis are summarized for a high temperature test 
of the 800HT PCHE in HELP. The preliminary test 
for the 800HT PCHE was successful. The basic 
thermo-hydraulic data provide the basic information 
for the high-temperature structural analysis at the 
high temperature test above 800℃.  

The pressure drop of the 800HT PCHE cannot be 
quantified because of the distortion of the micro-
channel. The compressed stress of the 800HT stacks 
was larger than that of the stainless steel stacks. Thus, 
the diffusion bonding technology of 800HT stacks 
must be improved for no distortion of the channels in 
the stainless steel stacks. 

The performance test with helium will provide a 
valuable overall heat transfer coefficient in the 
800HT PCHE. In particular, the measured 
displacement of the expansion joint will supply the 
boundary condition for a high temperature structural 
analysis.  
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