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Abstract  

The heat-to-electricity conversion efficiency of next-generation supercritical carbon dioxide 

and concentrated solar power plants is significantly augmented by operating at temperatures 

exceeding 1000°C if durable compact high-temperature heat exchangers (HXs) are developed. 

Whereas metal 3D-printed HXs fail to operate under extreme temperature conditions, ceramic 

3D-printed HXs are deemed promising candidates for high-temperature, highly oxidizing 

environments. Ceramic stereolithography 3D-printed HXs, however, exhibit a high gas 

permeability issue through hot and cold separating walls due to an excessive non-volatile 

photopolymer content utilized. Here, a novel leak-free lung-inspired ceramic 3D-printed HX 

employing a highly complex heat transfer topology is introduced for high-temperature energy-

efficient systems. The high permeability issue of ceramic 3D-printed HXs is fully eliminated 

through a uniform zirconia-based coating. It was found that the effective thermal conductivity 

of the sintered ceramic 3D-printed HX is affected by the coated layer. The high-temperature 

thermo-hydraulic characteristics of the lung-inspired ceramic 3D-printed HX are 

comprehensively examined and compared against a plate-and-frame robocasted 3D-printed 

HX module. Experimental results indicated that the lung-inspired 3D-printed HX significantly 

outperforms its plate-and-frame counterpart. The volume-based power density of the lung-

inspired HX is 8.2 MW/m3 at a hot-side inlet air temperature of 700°C, a 71% improvement 

compared with that of the plate-and-frame HX. More importantly, the higher thermal 

performance of the lung-inspired 3D-printed HX is realized at a lower normalized pressure 

drop penalty of 510 Pa/W, a 22% reduction compared with its plate-and-frame counterpart. 

The insights gained from this study could offer new pathways to design innovative high-

performance leak-free ceramic 3D-printed HXs for high-temperature energy-efficient systems 

and/or corrosive environments. 

Keywords: Ceramic 3D-printed heat exchanger; Lung-inspired heat exchanger topology; 

High-temperature heat exchanger; Stereolithography 3D-printing; Robocasted 3D-printing. 

1. Introduction 

A significant portion of primary energy utilized in several key industrial applications 

including conventional and advanced power generation cycles, aviation, and metal/glass 

production is currently wasted at high temperatures. More importantly, next-generation 

supercritical carbon dioxide and concentrated solar power plants [1], future on-demand 
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mobility and air-transport-class aircraft, and very-high-temperature reactor (VHTR) concepts 

are all expected to operate at temperatures exceeding 1000°C under extreme environments. A 

substantial improvement in thermal conversion efficiency accompanied by a simultaneous 

reduction in fuel consumption, system footprint, and carbon dioxide emissions can be realized 

if the high-temperature thermal energy can be harvested in the case of industrial waste heat 

recovery or exchanged in the case of future power and mobility systems. Current heat 

exchanger technologies, however, fail under severe operating conditions imposed by high 

temperatures present in several aforementioned applications.  

State-of-the-art materials for high-temperature heat exchanger applications are metals and 

superalloys including high-grade steels and nickel-based alloys. For instance, compact metallic 

printed circuit heat exchangers (PCHXs) have been proposed for supercritical carbon dioxide 

power plants [2,3]. Heat exchangers made of metals and superalloy materials, however, 

experience an intense degradation in critical material properties at elevated temperatures and 

particularly lose their strength at temperatures exceeding 800°C [4]. Ceramic heat exchangers 

(CHXs), on the other hand, offer favorable high-temperature thermo-mechanical properties 

including superior mechanical strength and excellent corrosion, oxidation, creep, wear, and 

abrasion resistance, thereby making them a promising alternative solution to metallic heat 

exchangers. In addition, the thermal conductivity of several ceramic materials including 

alumina and silicon carbide is as high as that of stainless steel.  

Banerjee et al. [5] examined the thermal performance of a counterflow tube-in-tube alumina 

reticulated porous ceramic (RPC) HX to recover heat from gases flowing through a solar 

thermochemical reactor. The HX was comprised of two concentric alumina tubes, each filled 

with alumina reticulated porous ceramic with a nominal porosity of 80% and pore density of 5 

pores per inch. At a hot inlet temperature of 1240 K and a laminar flow regime, experimental 

results predicted a maximum overall heat transfer coefficient of 41 W/m-2K-1 and effectiveness 

up to 73%. Kee et al. [6] designed and tested a compact microchannel alumina HX using a 

fabrication process called pressure laminated integrated structures (PLIS). An HX 

effectiveness of 70% was reported at hot and cold inlet temperatures of 750 and 25°C, 

respectively. Fend et al. [7] examined the thermal performance of a ceramic HX utilizing 

honeycomb structures made of extruded silicon carbide. An HX effectiveness of 65% at a hot 

inlet temperature of 950°C was obtained. Haunstetter et al. [8] evaluated the thermal 

performance of a silicon carbide plate-fin HX for power plant applications and high-

temperature processes. The HX was fabricated using a six-step manufacturing process of (i) 

production of green compact plates, (ii) sintering of the plates, (iii) combining every two plates, 

(iv) application of an environmental barrier coating, (v) join sintering, and (vi) final assembly. 

At a temperature of 800°C and a pressure of 5 bar, experimental results showed a high 

effectiveness range of 65-97%. However, the above ceramic HXs are limited to conventional 

manufacturing techniques with constraints on design freedom for enhanced heat transfer 

topologies and ease of the manufacturing process. 

Eliminating traditional fabrication limitations, additive manufacturing (AM) enables 

fabrication of complex topologies with augmented heat transfer characteristics for next-

generation high-temperature HXs. AM also allows rapid and cost-effective prototyping, 

reduces energy use and material wastes, and shortens time to market for small to medium-sized 

production. This is particularly advantageous to the manufacturing of high-temperature HXs 
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in which fabrication typically involves custom-made and/or some highly difficult-to-machine 

ceramic materials. Limited studies have focused on thermal performance evaluations of 

ceramic 3D-printed HXs. Schwarzer et al. [9] and Scheithauer et al. [10] explored the feasibility 

of a lithography ceramic manufacturing (LCM) technique for HX applications. They identified 

suspension development and cleaning from ceramic AM components as two main steps of the 

LCM process chain. Shulman et al. [11] fabricated a zirconia toughened mullite (ZTM) HX 

using the laminated object manufacturing (LOM) technique. It was detected that the leakage 

from the cold to the hot side was a major issue leading to flow mixing and an inflated heat 

transfer, thereby making the experimentally measured thermal performance values deviate 

from their predicted values. Employing an extrusion freeform fabrication (EFF) technique, 

Bower et al. [12] fabricated a water-cooled milli-channel silicon carbide heat sink for electronic 

cooling applications. Thermo-hydraulic performances of several silicon carbide heat sinks with 

different topologies were compared against a copper heat sink. It was found that, despite its 

lower thermal conductivity, the silicon carbide heat sink compares favorably with the copper 

heat sink at similar overall flow rates. However, the above ceramic 3D-printed HXs employ 

simple heat exchanger designs, and thus do not fully exploit design freedoms offered by 

ceramic 3D printing. Additionally, their thermal performance, durability, and reliability have 

not yet been examined for high-temperature heat recovery applications. Furthermore, the gas 

leakage between the hot and cold flow channels remains an issue for advanced ceramic 3D-

printed HXs.  

To address the aforementioned scientific and technological gaps, this study introduces and 

examines an innovative leak-free lung-inspired ceramic 3D-printed heat exchanger topology 

for high-temperature heat recovery applications. The new heat transfer geometry is tailored to 

create a balance between enhanced thermal exchange rate and induced pressure drop penalty. 

The high-temperature thermal performance of the lung-inspired ceramic 3D-printed HX is 

compared against that of a plate-and-frame 3D-printed HX module. In the following, first, the 

proposed lung-inspired HX and its unique features are introduced. Next, the two-examined 

ceramic 3D-printing techniques are reviewed. Then, the experimental test facility and 

numerical procedure are discussed. Finally, the high-temperature thermal performance of the 

lung-inspired ceramic HX topology at various thermo-hydraulic conditions is comprehensively 

discussed. 

2. Lung-inspired ceramic HX topology 

The conceptual design of the proposed ceramic HX topology is inspired by the bronchi 

architecture of human lungs demonstrating an improved volumetric flow distribution. Figs. 1a-

c show an actual image and schematics of the lung-inspired ceramic HX design. At the heart 

of the HX design, there is a representative cell (cf. Fig. 1b) with a trifurcating network of 

channels exhibiting three converging inlet and diverging outlet pathways each of which at a 

different 3D spatial orientation. This allows the evolution of two intertwined bicontinuous flow 

networks for an efficient heat transfer process between hot and cold sides at a reduced pressure 

drop penalty. The first network (i.e., the red color in Fig. 1c) volumetrically splits an incoming 

hot air stream into multiple connected channels that are spread out within the second cold 

network. The second network (i.e., the blue color in Fig. 1c) distributes the cold air stream 

within and through the first hot network, thereby allowing an intimate contact area with a 
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reduced thermal resistance between hot and cold air streams for an augmented heat transport 

process. Fig. 1a shows an image of the lung-inspired silica HX that is 3D-printed using the 

stereolithography (SLA) technique. The overall dimensions and mass of the lung-inspired silica 

HX are 33.2 × 35.2 × 33.3 mm3 and 84.35 g, respectively. The thickness of curved separating 

walls is 2 mm. It is worth noting that the durability of the SLA 3D-printed silica HX was 

evaluated using a torch flame at a temperature exceeding 1100°C as illustrated in Fig. 1d. 

A plate-and-frame alumina HX employing milli-channels (cf. Fig. 1e) was also 3D-printed 

using the robocasting method as a reference HX design. The plate-and-frame ceramic HX was 

designed and tested in a counter-flow arrangement as shown in Fig. 1e. The HX includes twelve 

hot and twelve cold flow channels (cf. Fig. 1f). Each channel has a cross-sectional area of 1.5 

× 1.6 mm2 (cf. Fig. 1g) with a length of 40 mm. The thickness of the separating walls between 

the hot and cold flow channels is 2 mm. The weight of the plate-and-frame milli-channel HX 

is 119.5 g. Additionally, a cross-sectional computerized tomography (CT) scan of the sintered 

plate-and-frame HX design is shown in Fig. 1g exhibiting a high-quality leak-free 3D-printed 

HX module with no large and/or connected voids, thereby eliminating any post-treatment step. 

  
Fig. 1. (a) An image of the lung-inspired silica 3D-printed HX module, (b and c) 2D and 3D views of the two 

intertwined bicontinuous cold and hot flow networks, (d) the lung-inspired silica 3D-printed HX module under a 

torch flame, (e and f) an image and a 3D schematic of the plate-and-frame alumina HX module, (f) a 3D schematic 

of the plate-and-frame HX, and (g) a cross-sectional CT scan of the sintered plate-and-frame alumina HX module.  

3. Ceramic 3D-printing 

In this study, SLA and robocasting 3D-printing techniques were employed to fabricate the 

lung-inspired silica and plate-and-frame alumina HX modules, respectively. The SLA 

approach enables 3D-printing of highly complex topologies but shows a severe leakage issue 

through walls separating the hot and cold fluids. In contrast, the robocasting technique relies 

on the extrusion of a high-quality slurry with minimum fugitive ‘plasticizing’ materials, 

thereby resulting in high-quality leak-free HX modules. However, the robocasting technique 
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does not allow 3D-printing of highly complex HX structures. In the following, the two 3D-

printing approaches are discussed.  

3.1. The SLA 3D-printing method 

The SLA method is a laser-based 3D-printing system employing a liquid photopolymer 

resin sensitive to ultraviolet light. A schematic of the SLA method is shown in Fig. 2a. The 

resin exposed to the laser beam is selectively hardened to create a desired patterned layer. The 

hardened layer is then moved up in a small increment creating a narrow space that allows the 

uncured resin to enter and be selectively cured. The process is repeated layer-by-layer until a 

model is created. This enables ceramic 3D-printing of highly complex topologies. The SLA 

technique also requires support for overhangs and cavities. In this work, the lung-inspired silica 

HX module is 3D-printed using Formlabs’ Form 2 3D-printer. A layer thickness of 100 microns 

was chosen for 3D-printing. Upon 3D-printing, the green 3D-printed part was sintered at 

1270°C to vaporize the photo-cured polymer resin and densify the ceramic part. Preliminary 

leakage tests showed that the sintered silica HX module was highly porous. A zirconia-based 

coating was then developed and applied to the ceramic 3D-printed HX module. The coated HX 

module was again sintered at 1270°C to harden the coating layer. The result was a high-quality 

leak-proof ceramic 3D-printed HX module. Dimensions and weight of the lung-inspired silica 

HX at different stages of the fabrication process are listed in Table 1. 

Table 1. Dimensions and weight of the lung-inspired silica HX at different fabrication stages. 

Stage Length (mm) Width (mm) Height (mm) Weight (g) 

Green part 40.1 39.1 37.2 118.5 

Sintered part 34.6 36.5 34.4 80.5 

Final coated part 33.2 35.2 33.3 84.35 

3.2. The robocasting 3D-printing method 

Robocasting, on the other hand, is a direct 

ink writing (DIW) technique in which a 3D 

topology is printed layer-by-layer through 

extrusion and deposition of a ceramic slurry  

[13]. A schematic of the robocasting method 

is shown in Fig. 2b. In contrast to other 

extrusion-based 3D-printing techniques 

employing more than 50% non-volatile 

organic additives which cause considerable 

voids upon sintering, the robocasting 

technique limits organic additives to a 

maximum of less than 2% by volume fraction 

[14]. This small fraction of organic additives is then removed during sintering without causing 

a major defect in the final sintered part. Moreover, the robocasting technique is a rapid moldless 

approach in which a ceramic module is 3D-printed, dried, and sintered in less than 24 hours. 

The robocasting technique is divided into 3 main sub-steps of slurry preparation, slurry 

delivery, and sintering of a green body as discussed in the following.  

Slurry preparation: The slurry for the robocasting method usually includes a volatile solvent 

(typically water), a ceramic powder (e.g., Al2O3), and a small amount of a non-volatile organic 

 
Fig. 2. Schematics of (a) the SLA, and (b) 

robocasting 3D-printing techniques. 
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binder. The rheological behavior of a ceramic slurry is an important factor affecting the quality 

of the final sintered product. Fig. 3 shows the effect of solid volume fraction on the viscosity 

of a ceramic slurry. The viscosity of the dispersed slurry is low at a small solid volume fraction 

(i.e., a Newtonian regime). The rheological behavior of the ceramic slurry changes from a 

Newtonian to a pseudoplastic regime as the solid content increases. At around 60 vol% solid 

content, particle collisions become dominant. With a further increase in the solid volume 

fraction, the mobility of ceramic particles is restricted, and the ceramic slurry moves to a 

dilatant regime [16]. If the slurry viscosity is low, beads are loose and cannot properly settle 

on a printed layer. If the slurry viscosity is high, on the other hand, beads have a circular cross-

section and thus a minimum contact area with a previously dispersed layer leading to a lower 

structural strength. Achieving a rectangular cross-sectional area with straight walls and a flat 

top section is an optimal condition. To realize this state, the slurry rheology should be in the 

pseudoplastic regime, but close to the dilatant regime. Under this condition, with a minimum 

drying during the 3D-printing process, the volatile solvent (i.e., water) evaporates and the 

volume percentage of the solid ceramic power increases to the dilatant regime. Thereby, the 

pseudoplastic behavior of the ceramic slurry causes a smooth slurry flow during dispersion, 

but solidification during deposition so the slurry bead can retain its shape [15]. It should be 

noted that the drying rate is also important. If the 

drying rate is too slow, the transformation from 

the pseudoplastic to the dilatant regime is 

delayed and thus the weight of several printed 

layers can exceed the yield stress of the lower 

layers. In contrast, if the drying rate is too high, 

it might cause cracking and delamination in the 

final product. In this study, the alumina feedstock 

for 3D-printing of the plate-and-frame HX 

module contains approximately 38 vol% volatile 

solvent, 60 vol% alumina powder, and less than 

2 vol% organic additives.  

Slurry delivery: Several 3D-printing parameters including tool path, extrusion flow rate, 

nozzle architecture, drying rate of a deposited layer, and platform temperature should be 

carefully controlled to avoid possible defects either during 3D-printing or sintering step. In 

contrast to a droplet-based DIW, the robocasting technique is a filament-based DIW relying on 

a continuous ceramic filament deposited on a warm platform or a previously printed layer [14]. 

Any discontinuity in the ceramic slurry filament during deposition is not desirable. Hence, an 

optimized tool path algorithm with minimum start-stop points should be employed. Upon 

creating a suitable tool path algorithm, a proper volumetric flow rate of the ceramic slurry 

should be extruded and deposited. An improper combination of extrusion flow rate, nozzle 

diameter, and nozzle/stage speed leads to an inappropriate 3D-printed object. Another 

important parameter with a considerable effect on the quality of a ceramic 3D-printed object is 

the platform temperature affecting the pseudoplastic to dilatant transition upon ceramic 

filament extrusion and deposition [16]. 

Sintering: After ceramic 3D-printing, the produced green body still contains some solvent 

and organics. The green body is then dried to evaporate the remaining solvent and heat-treated 

Fig. 3. Effect of solid volume fraction on slurry 

viscosity. 
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to >1600°C at 2°C/min to decompose the organic additives and increase its density and strength 

[14,15].  

4. Experiment and uncertainty analysis 

4.1. Experimental test setup 

Fig. 4 shows a schematic of the air-to-air HX test loop facility and a closed-view image of 

the HX test section including integrated pressure and temperature sensors. Air was employed 

as the working fluid for both hot and cold flow streams. An in-line electrical heater (Model: 

Sureheat F038823) was utilized to heat the hot-side air stream to the desired test temperature. 

Four ungrounded K-type thermocouples (Model: Omega M12KIN-1/8-U-6-D) with an 

accuracy of ±2.2°C were employed to measure air temperature at the inlet and outlet sections 

of the HX test section. Four pressure transducers (Model: Setra ASM1-020B-A) with an 

uncertainty of ±0.1% reading were used to measure pressure drop across the HX module. 

Additionally, the mass flow rate was measured using two Coriolis mass flow meters (Model: 

Emerson CMFS050HB) with an accuracy of 0.01 g/s. A data acquisition system (Model: 

Agilent 34972A LXI DAQ) was used to read and record temperature, pressure, and mass flow 

rate.  

Table 2 lists the nominal test conditions, range, and uncertainty of main experimental 

parameters including air flow rate, temperature, and pressure. The inlet temperatures of the hot 

and cold streams vary from 250 to 700°C. It should be noted that thermal performances of the 

two ceramic HX types were not examined at the same mass flow rate range since the physical 

dimensions of the lung-inspired (i.e., 33.2 × 33.3 × 35.2 mm3) and plate-and-frame (i.e., 54 × 

51 × 12 mm3) ceramic HXs were not similar. Instead, the hot and cold mass flow rates were 

chosen in such a way that a similar Reynolds (Re) number range was ensured for the two HX 

types. The hydraulic diameters of each HX type were considered as the characteristic lengths 

in the Re number calculations. The hydraulic diameter of the lung-inspired ceramic HX was 

calculated based upon the minimum cross-sectional flow area available. Additionally, each 

experimental test was allowed for at least 10 minutes to reach a steady-state condition at which 

there was no continuous rise and/or decline in air temperature, pressure, and mass flow rates. 

 

 

 

 
Fig. 4. (a) A schematic of the air-to-air HX test loop facility, and (b) an image of the HX test section. 
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Table 2. Nominal test conditions, range, and uncertainty of main parameters. 

Parameters 
Nominal test conditions Operating range 

Uncertainty 
Lung-inspired Plate-and-frame Lung-inspired Plate-and-frame 

𝑇𝑖𝑛,ℎ𝑜𝑡 (℃) 500 500 250 ~ 700 250 ~ 700 ±2.2 

𝑇𝑖𝑛,𝑐𝑜𝑙𝑑 (℃) 25 25 22 ~ 28 22 ~ 28 ±2.2 

𝑚̇ℎ𝑜𝑡 (𝑔 𝑠)⁄  0.843 1.74 1.12 ~ 1.92 0.703 ~ 0.89 ±0.01 

𝑚̇𝑐𝑜𝑙𝑑  (𝑔 𝑠)⁄  0.384 0.67 0.38 ~ 0.77 0.29 ~ 0.478 ±0.01 

𝑅𝑒ℎ𝑜𝑡,𝑖𝑛 1326 1326 867 ~ 1476 1106 ~ 1400 ±1% 

𝑅𝑒𝑐𝑜𝑙𝑑,𝑖𝑛 1102 1102 615~1255 832 ~ 1372 ±1% 

𝑃ℎ𝑜𝑡,𝑖𝑛 (𝑏𝑎𝑟) 2.41 2.85 2.01 ~ 3.02 1.92 ~ 2.53 ±0.1% 

𝑃𝑐𝑜𝑙𝑑,𝑖𝑛 (𝑏𝑎𝑟) 1.14 1.33 1.18 ~ 1.5 1.08~1.23 ±0.1% 

4.2. Data reduction 

The net thermal duty (𝑄̇) exchanged between the hot and cold flow streams is defined as 

follows: 

𝑄̇ = 𝑚̇ℎ𝑜𝑡𝑐𝑝,ℎ𝑜𝑡(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡) = 𝑚̇𝑐𝑜𝑙𝑑𝑐𝑝,𝑐𝑜𝑙𝑑(𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛) (1) 

where 𝑚̇ and 𝑐𝑝 are air mass flow rate and specific heat, respectively. The heat exchanger 

effectiveness (𝜀) is defined as the ratio of the net thermal duty to the maximum possible heat 

transfer rate (𝑄̇𝑚𝑎𝑥) as follows: 

𝜀 =  𝑄̇𝑎𝑣𝑒 𝑄̇𝑚𝑎𝑥⁄  (2) 

where 
𝑄̇𝑚𝑎𝑥 = (𝑚̇𝑐𝑝)

𝑚𝑖𝑛
(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛) (3) 

The maximum possible heat transfer rate between the hot and cold flow streams represents 

a hypothetical situation in which one fluid experiences the maximum possible temperature 

difference (i.e., 𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛) in a counter-flow heat exchanger of infinite length. The 

maximum possible temperature difference is perceived by the fluid with the minimum heat 

capacity rate (i.e., 𝑚̇𝑐𝑝).  

The logarithmic mean temperature difference (LMTD) of the HXs is also defined as follows:  

∆𝑇𝑙𝑚 = (∆𝑇1 − ∆𝑇2)/ln (∆𝑇1 ∆𝑇2⁄ ) (4) 

where  

∆𝑇1 = (𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡) (5) 
∆𝑇2 = (𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛) (6) 

The UA value of the HXs can be obtained as follows:  

𝑈𝐴 = 𝑄̇/∆𝑇𝑙𝑚 (7) 

where U is the overall heat transfer coefficient and A is the heat transfer area. 

Additionally, the volume (VBPD) and mass-based power densities (MBPD) are also defined 

as the ratios of the net thermal duty to HX volume and mass, respectively, as follows:  

𝑉𝐵𝑃𝐷 = 𝑉/𝑄̇ (8) 
𝑀𝐵𝑃𝐷 = 𝑀/𝑄̇ (9) 

where 𝑉 and 𝑀 are the volume and mass of the ceramic heat exchanger. 

4.3. Uncertainty analysis 

The uncertainty associated with a function F which is a function of 𝑋1, 𝑋2, …, 𝑋n with 

uncertainties of 𝛿𝑋1, 𝛿𝑋2, … 𝛿𝑋n is calculated as follows [17]: 

𝛿𝐹 =  √∑ (
𝜕𝐹

𝜕𝑋𝑖

)
2

𝛿𝑋𝑖

2

𝑖
 (10) 

Therefore, the uncertainty associated with the HX thermal duty (𝑄̇) can be calculated as: 

𝛿𝑄̇/𝑄̇ =  √(𝛿𝑚̇ℎ𝑜𝑡/𝑚̇ℎ𝑜𝑡)2 + (𝛿∆𝑇ℎ𝑜𝑡/∆𝑇ℎ𝑜𝑡)2 (11) 
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where ∆𝑇 is the temperature difference between the inlet and outlet sections. The uncertainty 

associated with the temperature difference can be calculated as: 

𝛿∆𝑇 = √(𝛿𝑇𝑖𝑛)2 + (𝛿𝑇𝑖𝑛)2 (12) 

Using a similar approach, the uncertainties associated with effectiveness, 𝐿𝑀𝑇𝐷, 𝑈𝐴, 𝑉𝐵𝑃𝐷, 

and 𝑀𝐵𝑃𝐷 can be estimated as follows:  

𝛿𝜀 𝜀⁄ =  √(𝛿𝑄̇ 𝑄̇⁄ )2 + (𝛿𝑄̇𝑚𝑎𝑥 𝑄̇𝑚𝑎𝑥⁄ )2 (13) 

𝛿(𝐿𝑀𝑇𝐷) =  √(
1 −

1
𝑅

− ln(𝑅)

(ln(𝑅))2
. 𝛿(∆𝑇2))

2

+ (
𝑅 − 1 − ln(𝑅)

(ln(𝑅))2
. 𝛿(∆𝑇1))

2

 (14) 

𝛿(𝑈𝐴)

𝑈𝐴
=  √(

𝛿𝑄̇

𝑄̇
)

2

+ (
𝛿𝐿𝑀𝑇𝐷

𝐿𝑀𝑇𝐷
)

2

 (15) 

𝛿(𝑉𝐵𝑃𝐷)/𝑉𝐵𝑃𝐷 = √(𝛿𝑄̇ 𝑄̇⁄ )2 + (𝛿𝑉 𝑉⁄ )2 (16) 

𝛿(𝑀𝐵𝑃𝐷)/𝑀𝐵𝑃𝐷 =  √(𝛿𝑄̇ 𝑄̇⁄ )2 + (𝛿𝑀 𝑀⁄ )2 (17) 

where 𝑅 is ∆𝑇2 ∆𝑇1⁄ . Also, 𝛿(∆𝑇1), and 𝛿(∆𝑇2) can be calculated as follows: 

𝛿(∆𝑇1) =  √(𝛿𝑇𝑎𝑖𝑟,𝑜𝑢𝑡)
2

+ (𝛿𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛)
2
 

(18) 

𝛿(∆𝑇2) =  √(𝛿𝑇𝑎𝑖𝑟,𝑖𝑛)
2

+ (𝛿𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡)
2
 (19) 

5. Numerical simulation 

Experimental results were further analyzed by three-dimensional (3D) computational flow 

dynamic (CFD) simulations. Fluid flow was considered to be steady-state, laminar, and 

incompressible. The continuity, momentum, and energy equations can be written as:  
𝜕𝑢𝑖

𝜕𝑥𝑖

=  0 (20) 

𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

= −
1

𝜌

𝜕𝑃

𝜕𝑥𝑖

+ 𝜗
𝜕𝑢𝑖

𝜕𝑥𝑗𝜕𝑥𝑗

 (21) 

where 𝑢, 𝜌, 𝑃, and 𝜗 are the velocity, density, pressure, and kinematic viscosity, respectively. 

The energy equation for air and solid materials can be expressed as follows: 

𝑢𝑗

𝜕𝑇

𝜕𝑥𝑗

= −𝛼
𝜕𝑇

𝜕𝑥𝑗𝜕𝑥𝑗

 (22) 

where T and α are temperature and thermal diffusivity, respectively. 

The above governing equations were solved in ANSYS Fluent software. First, a 3D model 

of the heat exchanger was created in SolidWorks software. Then, the HX geometry was 

imported to the SpaceClaim module of the ANSYS Workbench to designate fluid and solid 

bodies. The modified geometry was then discretized in the Meshing module of the ANSYS 

Workbench. Following a mesh independent study, a tetrahedral computational mesh type with 

an element size of 0.3 mm was chosen resulting in 11.8 and 16.5 million computational cells 

for the plate-and-frame and lung-inspired HXs, respectively. The CFD simulations were 

conducted under a steady-state condition and a laminar flow regime. The inlet and outlet 

boundary conditions were set as mass flow inlet and outflow conditions, respectively. 

Additionally, no-slip and isolated boundary conditions are considered for internal walls and 

external surfaces of the HXs, respectively. Table 3 lists thermo-physical properties of the 

working fluid and ceramic materials employed in the CFD modeling.  
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The CFD model was validated against the experimental results of the present study for the 

plate-and-frame alumina 3D-printed HX module as shown in Fig. 7. The thermal conductivity 

of alumina material 3D-printed through the robocasting technique was experimentally 

measured at different temperatures at Oak Ridge National Laboratory (ORNL) of the U.S. 

Department of Energy and employed in the CFD model (cf. Fig. 5). As evident in Fig. 7, the 

simulation results well predict the experimental data of the plate-and-frame alumina 3D-printed 

HX module at various hot inlet air temperatures with a maximum deviation of less than 5%. 

The validated model was then employed to estimate the thermal conductivity of the lung-

inspired zirconia-coated silica 3D-printed HX module. This was necessary as the effective 

thermal conductivity of the lung-inspired silica 3D-printed HX module might have been 

affected by the zirconia-coated layer. 

Table 3. Thermo-physical properties of different materials in CFD simulation at the nominal test condition. 
Properties Hot air Cold air Alumina Silica 

Density (kg/m3) 0.991 1.153 3900 2600 

Thermal conductivity (W/m-K) 0.0519 0.0365 Fig. 5 Fig. 5 

Specific heat (J/kg-K) 1076 1019 780 730 

Viscosity (kg/m-s) 3.35 × 10-5 2.35 × 10-5 - - 

6. Results and discussion 

6.1. Effective thermal conductivity of the zirconia-coated silica 3D-printed HX 

The effective thermal conductivity of the 

lung-inspired silica 3D-printed HX module is 

affected by the zirconia-coated layer. 

Therefore, the experimentally measured 

thermal performance data of the lung-inspired 

zirconia-coated silica HX module were 

compared against those of numerical 

simulations conducted at different thermal 

conductivities. The zirconia thermal 

conductivity is slightly higher than the silica 

thermal conductivity. Therefore, the thermal 

conductivity of the zirconia coated silica was 

considered to be a coefficient of the base silica 

thermal conductivity. The thermal conductivity 

of the base silica is reported by Ryningen et al. [18] and shown in Fig. 5. A comparison between 

the experimental and numerical results confirmed that the thermal conductivity of the zirconia-

coated silica is 1.2 times higher than that of the base silica. Under this condition, the CFD 

model well predicts the experimental data at different hot inlet temperatures with a maximum 

deviation of less than 5% as shown in Fig. 7. It should be also noted that the numerical model 

was first validated against the experimental data of the plate-and-frame alumina 3D-printed 

HX module as discussed in section 5 and shown in Fig. 7. 

Fig. 6 shows temperature contours of the air (main images) and solid (inset images) domains 

for the lung-inspired zirconia-coated silica and plate-and-frame alumina HX module at the 

nominal test conditions listed in Table 2. The CFD model also includes fluid flow through the 

 
Fig. 5. Thermal conductivity of alumina, base silica, 

and zirconia-coated silica materials.  
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headers and inlet/outlet tubes. As evident, the lung-inspired HX module can volumetrically 

distribute the incoming hot air stream within and through the cold air stream. Under the 

nominal test conditions, the thermal duty of the lung-inspired and plate-and-frame HX modules 

are 218.7 and 119.7 W, respectively. The hot-side air inlet temperature decreases from 500°C 

to 383.2 and 367.9°C for the lung-inspired and plate-and-frame ceramic HX modules, 

respectively. Additionally, the cold-side air inlet temperature increases from 25°C to 344.3°C 

and 330.4°C for the lung-inspired and plate-and-frame ceramic HX modules, respectively. 

 
Fig. 6. Temperature contours of the air (main images) and solid (inset images) domains for (a) the lung-inspired, 

and (b) the plate-and-frame ceramic HX modules. 

6.2. Thermo-hydraulic performance of the ceramic 3D-printed HXs 

In this section, the effect of the hot air inlet temperature and hot/cold air mass flow rate on 

the thermo-hydraulic performance of the ceramic 3D-printed HXs are studied. Fig. 7a shows 

VBPD of the lung-inspired and plate-and-frame ceramic 3D-printed HXs as a function of the 

hot air Re number. The Re number of the cold side was kept constant at 1102. The air inlet 

temperatures of the hot and cold sides were also fixed at 500 and 25°C, respectively. As shown, 

the simulation results well predict the experimental data at different hot-side air Re numbers 

with a maximum deviation of less than 5%. The VBPD values of both ceramic HX types 

increase with the hot-side air mass flow rate. This is attributed to the convective heat transfer 

coefficient, which increases at higher air mass flow rates. As evident, the VBPD of the lung-

inspired zirconia-coated silica 3D-printed HX is substantially higher than that of the plate-and-

frame alumina 3D-printed HX module. For instance, at a hot-side air Re number of 1326, the 

VBPD of the lung-inspired HX is 6.7 MW/m3, while the VBPD of the plate-and-frame HX is 

3.35 MW/m3. This is attributed to an improved volumetric flow distribution and thus an 

efficient heat transfer process offered by the lung-inspired HX design. More importantly, the 

higher thermal performance of the lung-inspired zirconia-coated silica HX is achieved at a 

lower normalized pressure drop penalty than that of the plate-and-frame alumina HX as shown 

in Fig. 7b. For instance, at a hot-side air Re number of 1326, the normalized pressure drop of 

the lung-inspired ceramic HX is 510 Pa/W, which is 22% lower than that of the plate-and-

frame ceramic HX. It should be noted that a normalized pressure drop penalty, defined as the 
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pressure drop divided by the HX thermal duty, was employed since the overall physical 

dimensions of the lung-inspired (i.e., 33.2 × 33.3 × 35.2 mm3) and plate-and-frame (i.e., 54 × 

51 × 12 mm3) HXs were not the same. Furthermore, the normalized pressure drop penalties of 

both ceramic 3D-printed HX types increase with the air mass flow rate due to augmented 

frictional pressure losses. Therefore, the bronchi arrangement of the lung-inspired ceramic HX 

design allows high thermal duties at reduced pressure drop penalties.   

Fig. 8 shows the experimentally measured UA value and effectiveness of the lung-inspired 

and plate-and-frame ceramic HXs as a function of the hot-side air Re number. As shown in 

Fig. 8a, the UA values of both ceramic HX types increase with the hot-side air mass flow rate 

(i.e., Re number) due to an augmented heat transfer coefficient. However, the slope of the curve 

is higher for the lung-inspired ceramic 3D-printed HX compared with the plate-and-frame 

ceramic 3D-printed HX module. In other words, the heat transfer coefficient of the lung-

inspired HX module is more augmented by the air mass flow rate compared with that of the 

plate-and-frame HX module. This indicates that the volumetric flow distribution offered by the 

lung-inspired HX design and supported by the two intertwined bicontinuous flow networks 

becomes more efficient at higher mass flow rates. Additionally, Fig. 8b shows that the HX 

 
Fig. 7. Variations of (a) VBPD, and (b) hot-side normalized pressure drop penalty of the lung-inspired and 

plate-and-frame ceramic 3D-printed HXs versus the hot-side air Reynolds number. 

 
Fig. 8. Variations of (a) UA value, and (b) effectiveness of the lung-inspired and plate-and-frame ceramic 

3D-printed HXs versus the hot-side air Reynolds number. 
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effectiveness of both lung-inspired and plate-and-frame ceramic 3D-printed HX modules 

increase with the hot-side air mass flow rate. The heat capacity rate (i.e., 𝑚̇𝑐𝑝) of the cold air 

stream is lower than that of the hot air stream. Therefore, the minimum heat capacity rate and 

thus the maximum possible heat transfer rate remains constant with the hot air mass flow rate. 

Under this condition, a rise in the actual HX thermal duty with the hot air mass flow rate results 

in a rise in the HX effectiveness as shown in Fig. 8b. In other words, a larger fraction of the 

maximum possible heat transfer rate is exchanged at higher hot air mass flow rates. 

Specifically, at a hot air Re number of 1476, the lung-inspired zirconia-coated silica 3D-printed 

HX module offers an exceptionally high HX effectiveness of 69% which is comparable with 

metal HXs. 

Fig. 9a shows VBPD of the lung-inspired and plate-and-frame ceramic 3D-printed HXs as 

a function of the hot air inlet temperature. The Re numbers of the hot and cold sides were kept 

constant at 1326 and 1102, respectively. The cold air inlet temperature was also fixed at 25°C. 

The experimental results show that the VBPDs of both ceramic HX types increase with the hot 

air inlet temperature. For instance, increasing the hot air inlet temperature from 300 to 700°C 

improves the VBPDs of the lung-inspired and plate-and-frame ceramic HXs from 3.25 to 8.2 

MW/m3 (i.e., a 151% improvement) and 1.98 to 4.75 MW/m3 (i.e., a 140% improvement), 

respectively. This is attributed to the logarithmic mean temperature difference (i.e., LMTD), 

which increases at higher hot air inlet temperatures, thereby increasing the HX thermal duty 

and VBPD. The simulation results also closely predict the experimental data with a maximum 

deviation of less than 5%. Additionally, the results demonstrate that the thermal performance 

of the lung-inspired HX is significantly higher than that of the plate-and-frame HX. For 

example, the VMPD of the lung-inspired ceramic HX is 71% higher than that of the plate-and-

frame ceramic HX at a hot air inlet temperature of 700°C. This again emphasizes that the lung-

inspired HX offers an exceptional design with an augmented heat transfer coefficient and 

thermal duty for high-temperature applications. Additionally, Fig. 9b shows the effectiveness 

of both ceramic 3D-printed HX types remains almost constant versus the hot air inlet 

temperature. This indicates that both the actual HX thermal duty and the maximum possible 

heat transfer rate increase at the same rate with an increase in the hot air inlet temperature.  

 
Fig. 9. Variations of (a) VBPD, and (b) HX effectiveness of the lung-inspired and plate-and-frame ceramic 

3D-printed HXs versus the hot-side air inlet temperature. 
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Fig. 10 shows VBPD and MBPD of the lung-inspired and plate-and-frame ceramic 3D-

printed HX modules as a function of the cold air Re number. As evident, the VBPD and MBPD 

of both ceramic HX types increase with the cold air Re number. This is attributed to the heat 

transfer coefficient, which increases at higher air mass flow rates, thereby increasing the HX 

thermal duty and subsequently VBPD and MBPD metrics. Additionally, the long-inspired 

zirconia-coated silica HX significantly outperforms the plate-and-frame alumina HX in terms 

of both VBPD and MBPD metrics for all cold air mass flow rates examined. For instance, at a 

cold air Re number of 1102, the VBPD and MBPD of the lung-inspired HX topology are 170% 

and 261% higher than those of the plate-and-frame HX design, respectively. This again 

confirms the lung-inspired ceramic HX module offers a superior topology for enhanced high-

temperature heat transfer applications.     

 
Fig. 10. Variations of (a) VBPD, and (b) MBPD of the lung-inspired and plate-and-frame ceramic 3D-printed 

HXs versus the cold-side air Reynolds number. 

Fig. 11 shows a comparison between VBPD 

and hot-side air normalized pressure drop values 

of the lung-inspired zirconia-coated silica and 

plate-and-frame alumina 3D-printed HXs. The 

VBPD of the lung-inspired ceramic HX 

increases from 5 to 5.9 MW/m3 when the hot-

side normalized pressure drop penalty varies 

from 350 to 550 Pa/W. In contrast, the VBPD of 

the plate-and-frame ceramic HX increases from 

3.1 to 3.4 MW/m3 when the hot-side normalized 

pressure drop penalty varies from 560 to 660 

Pa/W. Therefore, the lung-inspired ceramic HX 

demonstrates a higher VBPD value at a lower 

normalized pressure drop penalty compared with 

the plate-and-frame ceramic HX module.  

7. Conclusion 

In this study, a novel leak-free lung-inspired ceramic 3D-printed HX topology was 

introduced for high-temperature energy applications. The gas leakage (i.e., permeability) issue 

associated with thin separating walls of a ceramic stereolithography-based 3D-printed HX 

 
Fig. 11. A comparison between the VBPD and hot-

side air normalized pressure drop penalty of the lung-

inspired zirconia-coated silica and plate-and-frame 

alumina 3D-printed HXs. 
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design was resolved by a zirconia-coated layer. The high-temperature thermo-hydraulic 

characteristics of the lung-inspired ceramic 3D-printed HX design were compared against those 

of a plate-and-frame ceramic robocasted 3D-printed HX design. Although restricting the design 

freedom, the ceramic robocasted 3D-printing results in leak-free HX modules without requiring 

any post-treatment steps due to a small fraction of organic additives employed. 

It was identified that the zirconia-coated layer improves the effective thermal conductivity 

of the lung-inspired silica 3D-printed HX by 20%. The results showed that the lung-inspired 

ceramic 3D-printed HX topology offers a higher volume-based power density at a reduced 

normalized pressure drop penalty compared with the plate-and-frame ceramic HX design. This 

is because the lung-inspired HX topology leverages two intertwined bicontinuous flow 

networks allowing a volumetric flow distribution of the hot air stream within and through the 

cold air stream with an enhanced heat transfer process. The lung-inspired ceramic HX offers a 

volume-based power density of 8.2 MW/m3 and a normalized pressure drop penalty of 510 

Pa/W at an inlet hot-side air temperature of 700°C, which are a 71% improvement and a 22% 

reduction compared with those of the plate-and-frame ceramic HX, respectively. The results 

presented here suggest that the ceramic 3D-printed HX modules employing complex heat 

transfer topologies offer new pathways for next-generation, high-temperature, energy-efficient 

energy applications.   
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