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Abstract. The ceramic-based heat exchanger is one of the leading contenders for high-effi-
ciency concentrating solar power plants using a molten salt heat transfer fluid and a supercriti-
cal carbon dioxide Brayton power cycle operating at temperatures above 700 °C due to the 
excellent resistance of ceramics to corrosion, oxidation, erosion, creep, and fouling. In the 
present study, the thermal performance of a ceramic silicon carbide prototype heat exchanger, 
with semi-elliptical heat transfer channels, integrated header channels, and a counterflow con-
figuration fabricated by using binder jetting additive manufacturing, was experimentally inves-
tigated. Experimental heat transfer tests of the prototype were conducted at high temperatures 
and under various test fluid flow rates and inlet temperatures. The experimental heat transfer 
rates compared favorably with simulation predictions. 
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1. Introduction

The supercritical carbon dioxide (CO2) Brayton power cycle is being considered as a highly-
efficient power generation cycle to be integrated with solar receivers for the next-generation 
concentrating solar power plants [1]. In one of such supercritical CO2 systems, molten salts 
are used as heat transfer fluids for transferring heat from solar receivers to the supercritical 
CO2 working fluid at temperatures above 700 °C [2]. These application conditions present mul-
tiple challenges for one of the essential components, the heat exchanger. Metal alloy-based 
heat exchangers will not survive under such high operating pressures and temperatures and 
corrosive environments due to corrosion, oxidation, erosion, creep, and fouling. Ceramic-
based HXs have been investigated for such extreme application conditions [3]. In our previous 
work, a ceramic silicon carbide-based heat exchanger with flow channels of a semi-elliptic 
cross section was developed [4], and its heat transfer performance was measured through 
experiments on a lab-scale prototype at relatively low temperatures [5]. In the present study, 
the heat transfer performance of this test prototype was further investigated at high tempera-
tures and under various test fluid flow rates and inlet temperatures. The results from the pre-
sent study further extend our previous low-temperature testing ones [5] and contribute towards 
the targeted application conditions of temperatures above 700 °C. 

2. Design and fabrication of lab-scale prototype heat exchanger

The lab-scale prototype was designed in Fusion 360 by taking into consideration the stresses 
that would be experienced by a full-size ceramic heat exchanger. The full-size heat exchanger 
was optimized for coupled heat transfer and stress through an iterative process under the op-
eration conditions of (a) a molten salt as the heat transfer fluid with an inlet temperature of 
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750 °C and an outlet temperature of 570 °C, (b) supercritical CO2 as the working fluid with an 
inlet temperature of 540 °C and an outlet temperature of 700 °C, and (c) a supercritical CO2 
operation pressure of 20 MPa. The optimized full-size heat exchanger had a semi-ellipse (a 
modified ellipse with a rectangular section in the middle) flow channel cross section [4]. The 
lab-scale prototype is of a similar semi-elliptical flow channel cross section. It contains eight 
layers of channels with four channels in each layer yielding a total of 16 channels for the first 
heat transfer fluid and another 16 channels for the second heat transfer fluid as shown in the 
simulation results of Figure 7. The lab-scale prototype also contains integrated header chan-
nels connected to protruding inlet and outlet ports [5]. 

The lab-scale prototype was fabricated in several steps. First, the lab-scale prototype was 
additively manufactured from SiC powder by using binder jetting printing. For this step, the 
printer (Innovent+, ExOne Inc., USA) feedstock was alpha-phase silicon carbide powder with 
an average particle size of 50 µm and irregular shape (SCG 240HD, Panadyne Inc., USA). 
The printer used an STL design file obtained from Fusion 360. Printing parameters for the lab-
scale prototype were optimized through test printings. The printed and debound lab-scale pro-
totype was not fully dense. To close internal pores, several liquid polymer infiltration and py-
rolysis process steps were then performed. The measured weight increased rapidly for the first 
four liquid polymer infiltration and pyrolysis cycles, showing that the pores were being filled. 
Additional cycles were performed to completely close the internal pore connections among the 
fluid channels [5]. 

3. Experimental test facility 

Heat transfer experiments were conducted in an test facility consisting of two independently 
controllable cold and hot air flow loops. As shown in Figure 1, each flow loop contained an air 
pump, a flow controller, a flowmeter, a controllable air heater, and thermocouples at the inlets 
and outlets of the test prototype. In both the cold and hot air flow loops, air was pumped by the 
air pumps through the flow controllers, flowmeters, and controllable air heaters, entering the 
inlets of the test prototype at desired cold and hot air inlet temperatures. The two air flows were 
in a counterflow configuration. During experimental tests, the test prototype was placed in a 
furnace. 

 

Figure 1. Experimental test facility. 
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4. Experimental tests and results 

4.1 Heat gain and loss calibration 

The test prototype was well insulated thermally and was placed in the furnace maintained at a 
constant temperature during experimental tests to minimize the heat gain from or heat loss to 
the environment. However, the heat gain or loss was not eliminated completely due to the 
small flow channels, low air flow rates, and relatively high driving temperatures. The heat gain 
or loss was measured experimentally, and results were incorporated into experimental data 
reduction for improving accuracy. 

The heat gain and loss were calibrated through specially designed experiments. For the 
heat gain calibrations, air flowed through only the cold air channels of the test prototype, and 
the furnace was heated. Because there was no air flowing through the hot air channels of the 
test prototype, the temperature rise in the cold air from the inlet to the outlet was caused by 
the heat gained from the hotter furnace air. This heat gain can be characterized by the following 
equation 

 ṁcold aircp(Tcold air outlet-Tcold air inlet)=cheat gain∆Tfurnace-cold air (1) 

where ṁ is the mass flow rate, cp is the mass specific heat capacity, T is the temperature, 
cheat gain is a constant determined from the heat gain tests, and the heat gain driving tempera-
ture is defined as the temperature difference between the furnace and the average of the cold 
air inlet and outlet. For the heat loss calibrations, air flowed through only the hot air channels 
of the test prototype, and the furnace was not heated but its temperature rose due to the heat 
from the hotter air flow. Because there was no air flowing through the cold air channels of the 
test prototype, the temperature decrease in the hot air from the inlet to the outlet was caused 
by the heat lost to the colder furnace air. This heat loss can be characterized by the following 
equation 

 ṁhot aircp(Thot air inlet-Thot air outlet)=cheat loss∆Thot air-furnace (2) 

Where cheat loss is a proportional constant determined from the heat loss tests and the heat loss 
driving temperature is defined as the temperature difference between the average of the hot 
air inlet and outlet and the furnace. The heat gain and loss calibration results are shown in 
Figure 2. The linear plots of Figure 2 are typical of these types of heat gains and losses. 

   

Figure 2. Heat gain and loss calibration results. 
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4.2 Flow rate effects on the heat transfer rate 

In the present study, heat transfer experiments were conducted for three cold air flow rates of 
87.5 SCFH, 112.5 SCFH, and 129 SCFH and three hot air flow rates of 140 SCFH, 150 SCFH, 
and 160 SCFH, where one standard cubic foot per hour (SCFH) is 0.00787 l/s. The hot air 
temperature at the inlet of the test prototype was adjusted to 540−560 °C, and the inlet tem-
perature difference between the hot and cold air flows was adjusted to approximately 200 °C. 
During experiments, the flow rates, inlet temperatures, and outlet temperatures of both the cold 
and hot air flows were displayed on-screen of a data acquisition system for monitoring testing 
status. Fifty readings of the sensor outputs were recorded when a steady-state condition was 
reached. 

Based on the experimental data, the heat transfer rate was calculated for both the cold 
and hot air flows. The heat balance between the heat transfer rates of the cold and hot air 
flows was checked for each experimental test. The relative heat transfer difference, 
rq̇hot air vs cold air

, was calculated by the following equation 

 rq̇hot air vs cold air
= �q̇hot air-q̇cold air� ��q̇hot air+q̇cold air� 2⁄ ��  (3) 

where q̇ is the heat transfer rate. The maximum relative heat transfer rate difference is 6.54%. 
These results served as verification of the overall experimental results, including experimental 
measurements, heat gain and loss calibrations, and experimental data reduction procedures. 

Figure 3 shows the flow rate effects on the heat transfer rate calculated as an average 
heat transfer rate of the cold and hot air flows. As shown in Figure 3, the heat transfer rate 
increases with both the cold and hot air flow rates as expected. This trend is similar to that 
from the lower-temperature experiments [5]. It is expected that the heat transfer rate will con-
tinue to increase with increased cold and hot air flow rates beyond those tested. 

 

Figure 3. Flow rate effects on the heat transfer rate. 

As further verification, two additional sets of repeating tests were conducted for two hot 
air flow rates of 140 SCFH and 150 SCFH. The flow rates and inlet temperatures of the cold 
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temperature difference of approximately 200 °C between the hot and cold air flows. The heat 
transfer rate as functions of the air flow rate is shown in Figure 4. As shown in Figure 4, the 
heat transfer rates for all three test sets follow a similar trend with the maximum relative differ-
ence of 3.69% between them. The deviation is within the experimental uncertainty and might 
be caused by slight differences of the air inlet temperatures. 
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Figure 4. Experimental repeatability (different symbols indicating different test sets). 

4.3 Inlet temperature difference effects on the heat transfer rate 

To investigate the effects of the inlet temperature difference between the hot and cold air flows, 
∆Tinlet=Thot air inlet-Tcold air inlet, on the heat transfer rate, experimental tests were conducted for 
two additional inlet temperature differences of approximately 160 °C and 240 °C. The tests 
were conducted for three cold air flow rates of 87.5 SCFH, 112.5 SCFH, and 129 SCFH and 
two hot air flow rates of 140 SCFH and 150 SCFH. Figure 5 illustrates the effects of the inlet 
temperature difference on the heat transfer rate. As shown in Figure 5, the heat transfer rates 
for three inlet temperature differences follow very similar heat transfer increase trends to the 
cold and hot air flow rate trends. The heat transfer rates increase with the inlet temperature 
difference as expected. The flow rate and temperature difference effects, on heat exchanger 
heat transfer rates, show the additively manufactured prototype to be functioning normally 
without structural problems. 

   

Figure 5. Inlet temperature difference effects on the heat transfer rate. 

4.4 Thermal cycle effects on the heat transfer rate 

High-temperature exposure and thermal cycle effects on the heat transfer were also investi-
gated through the following processes. First, the test prototype was heated to approximately 
700 °C and kept at that temperature for one hour by using the controlled furnace heating. Then, 
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the furnace heating control program was stopped, and the test prototype was cooled to room 
temperature. After one thermal cycle, heat transfer experiments were conducted for three cold 
air flow rates of 87.5 SCFH, 112.5 SCFH, and 129 SCFH and two hot air flow rates of 
140 SCFH and 150 SCFH. The inlet temperatures of the hot and cold air flows were adjusted 
to be similar to those for pre-thermal cycling with an inlet temperature difference between the 
hot and cold air flows of approximately 200 °C. Additionally, five of the same thermal cycles 
were conducted on the test prototype. Heat transfer experiments were conducted under similar 
testing conditions. As shown in Figure 6, the heat transfer rates for the post-thermal cycle 
experiments agree well with those for the pre-thermal cycling with a maximum relative differ-
ence of 4.88% between them. 

   

Figure 6. Thermal cycle effects on the heat transfer rate. 

4.5 Comparison of experimental data and simulated results 

To verify the viability of simulation models for the design of the ceramic heat exchanger and 
for the prediction of its thermal performance, the experimental data were compared with sim-
ulated results. In the present study, numerical simulations for the test prototype were con-
ducted by using the COMSOL Multiphysics commercial software. The three-dimensional com-
putation model simulated the test prototype geometry under uniform flow distribution through 
all flow channels without the effects of the header channels. For each experimental test, the 
measured flow rates and inlet temperatures of the cold and hot air flows were used as simula-
tion inputs, and the outlet temperatures of the cold and hot air flows were computed as model 
outputs. As an example, Figure 7 illustrates the simulated temperature distribution for one of 
the experimental tests with a cold air flow rate of 112.5 SCFH, a hot air flow rate of 150 SCFH, 
a cold air inlet temperature of 355 °C, and a hot air inlet temperature of 557 °C. Based on the 
experimental parameters, the prototype heat transfer rates were calculated and compared with 
the experimental data for all cold and hot air flow rates. The relative heat transfer difference, 
rq̇experimental vs simulated

, between the experimental data and the simulated values, was calculated 
for each experimental test by the following equation 

 rq̇experimental vs simulated
= ��̇�𝑞𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − �̇�𝑞𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠� ��q̇experimental+q̇simulated� 2⁄ ��  (4) 

The results show that the maximum relative heat transfer difference is less than 15%, which is 
considered reasonable. The potential causes for the differences include the test prototype 
header effect that was not considered in the simulation model and the heat gain and loss effect 
that was not modelled perfectly in the simulations. Also, any flow maldistribution among chan-
nels was not included in the simulations. 
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Figure 7. Simulated temperature distribution. 

5. Conclusions 

Heat transfer of a ceramic prototype heat exchanger was experimentally investigated at ele-
vated temperatures with the hot air inlet temperature in the range of 540−560 °C. The following 
are the key results and conclusions. 

The maximum relative heat transfer rate difference was 6.54% between the hot and cold 
air flows in the experiments. These results served as verification of the overall experimental 
results, including experimental measurements, heat gain and loss calibrations, and experi-
mental data reduction procedures. 

Average heat transfer rates were calculated for three cold air flow rates and three hot air 
flow rates. The heat transfer rate increases with both the cold and hot air flow rates. This trend 
is similar to that from the lower-temperature experiments. It is expected that the heat transfer 
rate will continue to increase with increased cold and hot air flow rates beyond those tested. 

The effects of the inlet temperature difference between the hot and cold air flows were 
investigated. The result show that the heat transfer rates for three inlet temperature differences 
follow very similar increase trends to the cold and hot air flow rate trends. The heat transfer 
rates increase with the inlet temperature difference. The flow rate and temperature difference 
effects, on heat exchanger heat transfer rates, show the additively manufactured prototype to 
function normally without structural problems. 

Heat transfer experiments were conducted to the test prototype after one and six thermal 
cycles at 700 °C. The results show that the heat transfer rates for the post-thermal cycle ex-
periments agree well with those for pre-thermal cycling. 

Numerical simulations were conducted based on the experimental conditions by assuming 
a uniform flow distribution in the flow channels. The results show that the maximum relative 
heat transfer difference between the experimental data and the simulated values is less than 
15%, which is considered reasonable. The prediction accuracy can be further improved by 
including test prototype header and flow distribution effects. 

Overall, the results of this study show the integrity of the additively manufactured ceramic 
heat exchanger at temperatures up to 700 °C. The results form the basis for further develop-
ment, of a full-size ceramic heat exchanger using the additive manufacturing approach, with 
significant cost savings over conventional manufacturing methods. 
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