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Abstract 

Offering an independent humidity management method for buildings, desiccant-coated heat 

exchangers (DCHXs) are deemed a promising approach for improving the overall energy 

efficiency of air conditioning (AC) systems. State-of-the-art DCHXs, however, are bound with 

conventional HX topologies either providing a limited desiccant-air interfacial area or 

introducing excessive pressure drop penalties. Here, a novel 3D-printed DCHX concept 

inspired by the bronchi arrangement of a human lung is introduced to address the shortcomings 

inherent in existing DCHX designs. The proposed lung-inspired DCHX utilizes two 

intertwined bicontinuous flow networks enabling highly efficient heat and mass transfer 

characteristics for augmented adsorption and regeneration processes at low pressure drop 

penalties. While the first network evenly distributes an incoming air stream through the entire 

volume of the lung-inspired DCHX, the second network volumetrically splits a cooling water 

stream within and through the first network. Effects of various parameters including air flow 

rate, outdoor air humidity ratio, and regeneration temperature on dehumidification performance 

and energy efficiency of the proposed lung-inspired DCHX were investigated. Experimental 

results indicated the proposed lung-inspired 3D-printed DCHX outperforms existing DCHX 

systems by demonstrating an excellent balance between a high volumetric adsorption rate and 

a low pressure drop penalty. The volumetric adsorption rate of the proposed lung-inspired 

DCHX technology is 54.8 g/m3-s, a more than two-fold improvement compared with state-of-

the-art DCHX systems. Additionally, the lung-inspired DCHX offers high thermal energy 

efficiency of 56% at a low regeneration temperature of 40°C. Therefore, the proposed lung-

inspired 3D-printed DCHX offers a new solid-desiccant-based air dehumidification pathway 

for next-generation high-performance AC systems.  

Keywords: Dehumidification; Desiccant-coated heat exchanger; Lung-inspired 3D-printed 

heat exchanger; Solid desiccant; Intertwined bicontinuous flow network. 

1. Introduction 

Global demand for energy-efficient air conditioning (AC) systems is boosting due to rising 

consumer awareness over energy efficiency, growing energy bills, and climate change 

concerns. Buildings’ latent cooling (i.e., humidity) load can account for up to 85% of total AC 

energy consumption in mixed-humid and hot-humid climate zones [1]. While the latent cooling 

load is a key contributor to the overall AC demand, existing vapor-compression-based AC 

technologies cannot efficiently treat humidity since latent and sensible cooling loads are highly 
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coupled in current systems. Therefore, effective and/or independent humidity management is 

a key concept to the development of future energy-efficient AC systems. 

A solid-desiccant-based dehumidification system offers a promising approach to 

independently manage latent cooling load, thereby boosting the energy efficiency of AC 

systems. Here, the air humidity is adsorbed by a hygroscopic solid-desiccant material 

demonstrating a natural tendency toward water vapor. Fixed packed solid-desiccant beds are 

common dehumidification systems for compressed air and pressurized process gasses  [2–5]. 

They typically consist of two packed towers for sorption and regeneration processes enabling 

a continuous dehumidification operation. The process air flows through the first packed bed 

and gets dehumidified. Once the first bed is saturated with moisture, the process air is directed 

to the second desiccant bed, and the first bed is regenerated by a hot air stream. In other words, 

the process air is switched between the two desiccant beds at a predetermined cycling time 

depending on the size of the system and its thermo-hydraulic characteristics. Recently, Shamim 

et. al. [6] studied a multilayer fixed-bed binder-free desiccant air dehumidifier for air-

conditioning systems. Silica-based high-purity spherical gels fixed in metal meshes that 

eliminate polymer binders were employed as adsorbents. Compared with conventional 

desiccant dehumidification systems, they observed a significant reduction in pressure drop and 

a boost in dehumidification capacity due to the high adsorption capacity of silica gels. Packed 

desiccant bed systems, however, are bulky requiring a large footprint area due to a low moisture 

removal rate [3]. Furthermore, the packed desiccant-bed towers introduce high air pressure 

drop penalties, thereby increasing the overall energy consumption of the system.   

The moisture removal performance of fixed packed desiccant beds can be improved 

through a desiccant wheel dehumidifier offering a continuous operation and thus eliminating 

switching flow control valves. A desiccant wheel comprises a honeycomb structure 

impregnated with or entirely fabricated from a solid desiccant medium. The wheel slowly 

rotates at a speed of 10 to 30 rotations per hour. While a section of the wheel adsorbs the 

humidity of the incoming outdoor air stream, the other section of the wheel simultaneously 

undergoes the regeneration process facilitated by a hot air stream [7]. Therefore, a desiccant 

wheel allows a continuous dehumidification operation without requiring a complex control 

system. Zhou et al. [8] proposed a non-adiabatic internally-cooled desiccant wheel to enable a 

quasi-isothermal dehumidification process. Compared to a tube-shell design, the proposed 

wheel did not have multiple desiccant layers overlapping each other, thereby avoiding a high 

heat resistance. The enthalpy effectiveness of the non-adiabatic wheel was on average 11% 

higher than that of conventional desiccant wheels under a wet performance mode. Goldsworthy 

et al. [9] investigated limiting mechanisms in desiccant rotary wheel dehumidifiers. They 

concluded that the adsorption process is primarily limited by the exothermic heat generated 

during the adsorption process. Heat carryover from the regeneration section to the adsorption 

segment has been also identified to additionally hinder the dehumidification rate and overall 

energy performance of the system [10–14].  

To overcome the heat carryover issue, a fluidized bed concept has been proposed as an 

alternative to the desiccant wheel dehumidifiers. A fluidized bed consists of suspended 

desiccant particles flying through a pressurized incoming humid air. Here, active desiccant 

particles capture air moisture, thereby dehumidifying the humid air stream. Chen et al. [15] 

proposed a circulating fluidized system employing two beds for adsorption and regeneration 
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processes. Suspended desiccant particles were continuously switched between the adsorption 

and regeneration fluidized beds through two connecting channels, thereby enabling a 

continuous dehumidification operation. Compared with a packed bed dehumidifier, a 

circulating fluidized bed system with vertical connecting tubes showed a 22% improvement in 

dehumidification rate [16]. Fluidized bed dehumidification systems, however, employ 

suspended desiccant particles undergoing continuous collisions between desiccant particles 

and with the wall boundaries of the system. The result is a fine dust formation in the supply air 

stream. This makes a fluidized bed dehumidifier largely inappropriate for most air conditioning 

applications.  

Several challenges associated with the above solid-desiccant-based dehumidifier systems 

including limited heat and mass transfer characteristics, regeneration heat carryover, and dust 

formation could be potentially addressed by a desiccant-coated heat exchanger (DCHX) 

concept. The main idea of a DCHX module is to use a conventional heat exchanger system 

coated with a solid-desiccant material. A DCHX is ideal for dehumidification applications as 

the heat generated during the adsorption process could be effectively dissipated through its 

embedded cooling channels. Consequently, the development of efficient DCHX-based 

dehumidification systems has recently gained increased attention [17–24]. Existing DCHX 

designs mostly utilize fin-tube and/or other simple heat exchanger topologies [29–34]. Vivekh 

et al. [32] conducted a comprehensive review of recent developments in DCHXs and 

summarized parameters affecting the performance of DCHX systems including inlet air flow 

rate, air flow temperature, inlet air relative humidity, and internal cooling. Recent attempts 

have mainly focused on improving the performance of DCHX systems through novel 

composite desiccants. For instance, superabsorbent polymers and potassium format coated heat 

exchangers were investigated and found to have an almost 3-4 times higher sorption capacity 

than pure/composted silica gel-based DCHXs [33]. Mohammed et al. [34] compared the 

performance of a silica gel aluminum foam heat exchanger and a desiccant packed heat 

exchanger. They showed that the desiccant packed heat exchanger outperforms the silica gel 

aluminum foam heat exchanger due to its higher moisture removal ability and higher density 

of the desiccant material. More recently, Wang et al. [35] examined the dehumidification 

performance of a desiccant-coated microchannel heat exchanger. The surface of the heat 

exchanger was coated with type B silica gel using an electrostatic powder spray. They reported 

that the heat and moisture transfer coefficients increase at smaller hydraulic diameters (i.e., 

smaller fin pitches). Additionally, the air mass flow rate was recognized as the most influential 

parameter affecting dehumidification performance. However, current DCHXs are bound with 

conventional HX topologies that either provide a limited desiccant-air interfacial area in the 

case of fin-tube HXs or introduce excessive pressure drop penalties in the case of packed and 

foam DCHX units.  

Here, a novel lung-inspired 3D-printed DCHX is introduced to address the shortcomings 

associated with conventional DCHXs. The proposed lung-inspired DCHX utilizes two 

intertwined bicontinuous flow networks for the air and cooling water streams to provide 

desirable heat and mass transfer characteristics at a low pressure drop penalty. In the following 

sections, first, the proposed DCHX concept is introduced. Next, the 3D-printing and desiccant 

coating approaches are discussed. Then, the dehumidification test setup facility is explained. 
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Finally, adiabatic/diabatic adsorption and regeneration characteristics of the lung-inspired 3D-

printed DCHX are examined.  

2. Concept: lung-inspired desiccant-coated heat exchanger  

Next-generation high-performance solid-desiccant-based dehumidification systems 

demand highly efficient heat and mass transfer characteristics boosting adsorption and 

regeneration processes at low pressure drop penalties. This requires novel dehumidifier 

architectures employing complex features and flow distribution pathways with amplified 

desiccant-air interfacial areas. This is now possible owing to recent advancements in modern 

manufacturing techniques including 3D printing. 

The proposed 3D-printed DCHX design is inspired by the bronchi arrangement of a human 

lung demonstrating an improved flow distribution for highly efficient heat and mass exchange 

rates. Detailed schematics of the proposed lung-inspired 3D-printed DCHX are shown in Fig. 

1. Fig. 1d shows a cell-level unit that was employed as a base structure for the lung-inspired 

DCHX module. Each cell has three converging inlet pathways and three diverging outlets each 

of which at a different 3D spatial orientation. As shown, the proposed architecture utilizes two 

intertwined bicontinuous flow networks for desirable heat and mass transfer characteristics at 

a low pressure drop penalty. The first network (i.e., the sandcastle color in Figs. 1b and c) 

evenly distributes an incoming air stream through the entire volume of the DCHX. The second 

network (i.e., the blue color in Figs. 1b and c) volumetrically splits the cooling water within 

and through the first network. To enable the desiccant-based dehumidification process, the 

surface of the air network is coated with a desiccant material. The desiccant coating allows 

mass transfer between an incoming humid air stream and the desiccant material. 

 
Fig. 1: Detailed schematics of the proposed lung-inspired 3D-printed DCHX: (a) an overall 3D model, (b) a 3D 

view of the two intertwined bicontinuous flow networks, (c) a 2D cross-sectional view, and (d) a single cell-

level structure. 

Fig. 2 shows schematics of the heat and mass transfer events present in the proposed lung-

inspired 3D-printed DCHX concept during the adsorption and regeneration processes. During 

the adsorption process (cf. Fig. 2a), the humidity of an incoming moist air stream is captured 

by the active desiccant-coated layer. The adsorption process is a mass transfer event governed 

by the water vapor pressure potential (i.e., the difference between the partial water vapor 

pressure of the air stream and the equilibrium water vapor pressure at the desiccant-air 

interface). This process is an exothermic reaction releasing the adsorption heat at the desiccant-
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coated layer. The adsorption heat is dissipated partly by the incoming air stream and largely by 

the cooling water stream flowing through the liquid network. The chilled water stream cools 

the solid desiccant layer, thereby decreasing its equilibrium water vapor pressure. This 

subsequently improves the adsorption rate. Once saturated with humidity, the solid desiccant 

layer is regenerated by a hot air stream. Similar to the adsorption process, the regeneration 

process (cf. Fig. 2b) is a mass transfer event governed by the water vapor pressure potential. 

During the regeneration process, heat is transferred to the desiccant layer increasing its 

equilibrium water vapor pressure. As a result, the previously adsorbed water vapor molecules 

are rejected from the desiccant layer, thereby resuming the water vapor capture potential of the 

desiccant media. This allows the lung-inspired DCHX module to be again employed for the 

adsorption process, thereby completing an adsorption-regeneration cycle. It should be noted 

that the regeneration process can be alternatively enabled by a hot liquid stream flowing 

through the liquid network.  

 
Fig. 2: Schematics of the heat and mass transfer events present in the proposed lung-inspired 3D-printed DCHX 

concept during the (a) adsorption, and (b) regeneration processes. 

The design provides an excellent contact area with a minimum thermal resistance between 

air, coated desiccant media, and cooling water, thereby ensuring effective heat and mass 

transfer characteristics at a low pressure drop penalty as key performance metrics for solid-

desiccant-based dehumidification systems. As the proposed DCHX design is a monolithic 

structure with embedded cooling channels facilitating to dissipate the adsorption heat, the new 

lung-inspired 3D-printed DCHX is expected to outperform existing desiccant-based 

dehumidifiers.  

The proposed lung-inspired 3D-printed DCHX concept is envisioned to be an integral part 

of a solid-desiccant-based air dehumidification system. This allows to independently manage 

humidity in buildings, thereby boosting the energy efficiency of AC systems. The air 

dehumidification system employs two dedicated lung-inspired 3D-printed DCHX modules for 

the adsorption and regeneration processes. While the adsorber DCHX module dehumidifies a 

humid air stream, a hot air stream simultaneously desorbs the captured humidity away from 

the coated desiccant media in the regenerator module. Once the desiccant media of the adsorber 

module is saturated with moisture, the two air streams are switched. This allows a continuous 

dehumidification process. 
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3. 3D-printing and desiccant coating of the lung-inspired DCHX 

The proposed lung-inspired DCHX was fabricated using a stereolithography (SLA) based 

3D-printing method. The SLA method uses an ultraviolet laser beam to selectively cure a 

photopolymer resin. This continuously adds a new layer on top of the previously cured resin 

layer. The laser beam is controlled by a computer-aided design model. The finished product is 

then washed off with alcohol such as isopropyl alcohol (IPA) to remove the excess resin. The 

3D-printed green parts are then fully hardened with an ultraviolet light source for 30 minutes 

to an hour. In this work, the SLA 3D-printer offered by Formlabs Form 3 was employed. Fig. 

3a shows a 3D-printed DCHX employing a lung-inspired architecture. As shown in Fig. 3b, 

the 3D-printed DCHX utilizes two intertwined bicontinuous flow networks for the air and 

cooling water streams. The geometrical specifications of the lung-inspired 3D-printed DCHX 

are listed in Table 1. 

The proposed dehumidifier module has a desiccant layer coated on the air-side flow stream. 

The desiccant material used in this study is a mixture of molecular sieves with a 4A pore 

diameter. This desiccant has a color indicator exhibiting two different colors when it is active 

or otherwise saturated. Properties of the molecular sieve selected are listed in Table 2. To 

prepare the desiccant slurry required for coating, the desiccant particles were initially pounded 

into powders using a mortar and pestle. The desiccant powder was then sieved through a copper 

mesh to procure a uniformly fine desiccant powder as shown in Fig. 3c. 

 
Fig. 3: The lung-inspired 3D-printed DCHX development: (a) an image of the 3D-printed DCHX, (b) a 3D view 

of the intertwined bicontinuous flow networks, (c) desiccant powder, (d) binder solution, and (e) an image of the 

desiccant-coated surface. 

Table 1: Geometrical specifications of the proposed lung-inspired 3D-printed DCHX. 

Parameter Value 

Cell tube diameter 4 mm 

Cell wall thickness 1 mm 

Pitch length 10 mm 

Total number of cell structures 216 

Total number of inlets/outlets 33/33 

The volume of the DCHX 700 (W) × 600 (H) × 550 (L) mm3 

Table 2: Properties of the molecular sieve mixture employed. 

Composition Na12[(AlO2)12(SiO2)12]. nH2O 

Particle size 8-12 mesh 

Pore diameter 4A 

Particle form beads 
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A binder material is required to reliably adhere the desiccant powder to the air-side solid 

surfaces of the proposed DCHX. Li et al. [26] investigated a binder coating method and 

proposed different potential binder agents for various desiccant materials. They suggested the 

optimal binder/desiccant ratio to avoid an excessive resistance that might hinder the mass 

transfer process. For the current work, polyvinyl alcohol (PVA) was chosen to be the binding 

element due to its good adhesive abilities without introducing exacerbated heat and mass 

transfer resistances. The binder solution was prepared by slowly adding and constantly stirring 

the PVA pellets to distilled water at room temperature. The total amount of PVA added was 17 

percent by weight of distilled water. Stirring was continued until no lumps were seen in the 

mixture as it turned to a foggy white solution. This mixture was then kept undisturbed at room 

temperature overnight to obtain a clear solution (cf. Fig. 3d) before using it as a binding agent. 

To coat the desiccant-binder mixture on the air-side solid surfaces of the 3D-printed heat 

exchanger, different ratios of the above PVA-powder solution were explored. Parameters such 

as adherence to the surface, thermal resistance, and air flow resistance were considered. In the 

present experimental study, a mixture combination of 87% by weight desiccant powder and 

13% by weight PVA solution was found to be optimum. The prepared solution was then taken 

in small amounts and deposited onto the heat exchanger air flow surfaces until the whole 

external features were completely coated with the desiccant solution. Once the air-side solid 

surfaces were completely coated with the desiccant glue, it was allowed to be dried as shown 

in Fig. 2e.  

4. Experimental setup and uncertainty analysis 

4.1. DCHX assembly 

Once the desiccant slurry was applied and dried, the lung-inspired 3D-printed DCHX was 

ready to be tested. Fig. 4a shows the 3D-printed DCHX with assembled inlet and outlet 

manifolds. A neoprene rubber lining was provided between the DCHX and manifold interfaces 

to prevent potential fluid leakages. Four T-type thermocouples (Model: ReoTemp F-

M12T1SU4) were employed to measure air and cooling water temperatures at the inlet and 

outlet ports. The 3D-printed DCHX was then embedded in a dehumidification test facility.   

4.2. Dehumidification test facility 

Fig. 4b and c show an image and a schematic of the dehumidification test loop facility to 

evaluate the performance of the lung-inspired 3D-printed DCHX. As shown, the 

dehumidification test facility has two modes of operation. In the dehumidification mode, a 

humid air stream with a known temperature and relative humidity enters the DCHX module. 

The humidity of the incoming air stream is captured by the coated desiccant media as the humid 

air stream passes through the lung-inspired DCHX. Once the desiccant media are statured with 

humidity, the dehumidification process ceases. In the regeneration mode, a hot air stream 

rejects the adsorbed water vapor molecules. This activates the desiccant media for further 

dehumidification process. An air heater adjusts the temperature of the air stream for the 

regeneration process. The dehumidification test facility is equipped with several thermocouples 

(Model: ReoTemp F-M12T1SU4) and an air flow meter (Model: Micro Motion ELITE 

CMF025H Coriolis Flow/Density Meter, Emerson Electric Co.) to measure air temperature and 

mass flow rate. Two warmed-probe humidity sensors (Model: HMT 337, Vaisala Inc.) provide 
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fast and reliable humidity measurements at low to highly humid conditions. They are positioned at 

the inlet and outlet of the DCHX module. 

4.3. Data reduction and uncertainty analysis 

Moisture removal capacity (MRC) and specific cooling capacity (SCC) of the proposed 

lung-inspired 3D-printed DCHX are defined as follows: 

𝑀𝑅𝐶 =
1

𝑡𝑑
∫ (𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡(𝑡))𝑑𝑡

𝑡𝑑

0

     [𝑘𝑔/𝑘𝑔] (1) 

𝑆𝐶𝐶 =
1

𝑡𝑑
∫ (ℎ𝑖𝑛 −  ℎ𝑜𝑢𝑡(𝑡))𝑑𝑡

𝑡𝑑

0

     [𝑘𝐽/𝑘𝑔] (2) 

where 𝜔𝑖𝑛, 𝜔𝑜𝑢𝑡, 𝑡𝑑, ℎ𝑖𝑛, and ℎ𝑜𝑢𝑡 are inlet humidity ratio, outlet humidity ratio, adsorption 

period, inlet enthalpy, and outlet enthalpy, respectively. 

Adsorption/regeneration rate, �̇�𝑣, of the lung-inspired DCHX is then defined as the net 

moisture exchange rate as follows: 

�̇�𝑣 =
�̇�𝑎

𝑡𝑑
∫ (𝜔𝑖𝑛 −  𝜔𝑜𝑢𝑡(𝑡))𝑑𝑡

𝑡𝑑

0

     [𝑘𝑔/𝑠] (3) 

where �̇�𝑎𝑖𝑟, 𝜔𝑖𝑛, and 𝜔𝑜𝑢𝑡 are air mass flow rate, inlet humidity ratio, and outlet humidity ratio, 

respectively. Volumetric adsorption rate, 𝐽, is considered to compare the performance of the 

proposed lung-inspired DCHX with that of existing DCHXs. The volumetric adsorption rate is 

defined as the adsorption rate per unit volume of the DCHX as follows:  

𝐽 =
�̇�𝑎

𝑡𝑑𝑉
∫ (𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡(𝑡))𝑑𝑡

𝑡𝑑

0

     [𝑘𝑔/𝑚3 − 𝑠] (4) 

where 𝑉 is the volume of the DCHX module.  

The coefficient of performance (COP) for the thermally-driven regeneration process is 

calculated as follows: 

 
Fig. 4: (a) An image of the 3D-printed DCHX assembly, (b) an image of the dehumidification test loop facility, 

and (c) a schematic of the dehumidification test setup. 
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𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = (
�̇�𝑣  ℎ𝑓𝑔

�̇�𝑎𝑖𝑟 × 𝑆𝐶𝐶
)

𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

  (5) 

The uncertainty associated with the MRC, and SCC are calculated as follows: 

𝛿𝑀𝑅𝐶

𝑀𝑅𝐶
= √(

𝛿𝜔𝑖𝑛

∆𝜔
)2 + (

𝛿𝜔𝑜𝑢𝑡

∆𝜔
)2 (6) 

𝛿𝑆𝐶𝐶

𝑆𝐶𝐶
= √(

𝛿ℎ𝑖𝑛

∆ℎ
)2 + (

𝛿ℎ𝑜𝑢𝑡

∆ℎ
)2 (7) 

where ∆𝜔  and ∆ℎ  are (𝜔𝑖𝑛 −  𝜔𝑜𝑢𝑡)  and (ℎ𝑖𝑛 −  ℎ𝑜𝑢𝑡) , respectively. Similarly, the uncertainty 

associated with the volumetric adsorption rate and COP are calculated as follows: 

𝛿𝐽

𝐽
= √(

𝛿�̇�𝑎𝑖𝑟

�̇�𝑎𝑖𝑟
)2 + (

𝛿𝜔𝑖𝑛

∆𝜔
)2 + (

𝛿𝜔𝑜𝑢𝑡

∆𝜔
)2 + (

𝛿𝑉

𝑉
)2 (8) 

𝛿𝐶𝑂𝑃

𝐶𝑂𝑃
= √(

𝛿�̇�𝑣

�̇�𝑣
)2 + (

𝛿�̇�𝑎𝑖𝑟

�̇�𝑎𝑖𝑟
)2 + (

𝛿𝑆𝐶𝐶

𝑆𝐶𝐶
)2 (9) 

Table 3 lists nominal value, range, accuracy, and uncertainty of main experimental 

parameters including air volumetric flow rate, air temperature, relative humidity, pressure, 

adsorption/regeneration rate, and volumetric adsorption rate.  

Table 3: Nominal value, range, accuracy, and uncertainty of main parameters. 

Parameter [unit] Nominal value Range Accuracy Uncertainty 

Air mass flow rate [g/s] 1.0 0.5-1.5 ± 0.005 ± 0.25% 

Air temperature [°C] 50 30-60 ± 0.5 ± 1.25% 

Relative humidity [%] 50 5 - 80 ± 1 ± 2% 

Pressure [kPa] 2.2 0.7-4 ± 0.2 ± 1% 

Moisture removal capacity [g/kg] 

Specific cooling capacity [kJ/kg] 

Adsorption/regeneration rate [mg/s] 

Volumetric adsorption rate [g/m3-s] 

10 

30 

10 

43.3 

7-13 

22-41 

6-13 

26.1-54.8 

± 0.77 

± 2.3 

± 0.77 

± 3.6 

± 7.7% 

± 7.7% 

± 7.7% 

± 8.2% 

Coefficient of performance 0.46 0.3-0.56 ± 0.05 ± 11% 

4.4. Test procedure 

Adsorption tests were conducted to evaluate the dehumidification performance of the 

proposed lung-inspired 3D-printed DCHX module. The coated desiccant media were initially 

regenerated to ensure a consistent activation level before each adsorption test. An air stream at 

a temperature of 50°C and a mass flow rate of 1.0 g/s was employed to regenerate the desiccant 

media. To study the adsorption characteristics of the proposed lung-inspired DCHX, an inlet 

air relative humidity level of 80% and various air mass flow rates of 0.5, 1.0, and 1.5 g/s were 

examined. Additionally, the heat released during the adsorption process decreases the 

performance of the DCHX module. One objective of the proposed lung-inspired 3D-printed 

DCHX is to volumetrically cool the desiccant media and further improve the adsorption 

process. Therefore, two series of adsorption tests without (i.e., adiabatic) and with internal 

cooling (i.e., diabatic) were examined.  

The coated desiccant media were initially saturated to ensure a consistent thermodynamic 

state for the desiccant media before each regeneration test. Here, an air stream at a relative 

humidity of 80%, a temperature of 30°C, and a mass flow rate of 1.0 g/s were used to saturate 
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the desiccant media. To understand the regeneration characteristics of the proposed lung-

inspired DCHX module, three inlet air temperatures of 40, 50, and 60°C at three different air 

mass flow rates of 0.5, 1.0, and 1.5 g/s were investigated. Additionally, each test was repeated 

at least three times to ensure repeatability of the data presented. 

5. Results and discussion 

The dehumidification performance of the lung-inspired 3D-printed DCHX module was 

studied from three major perspectives: adiabatic adsorption process, diabatic adsorption 

process with internal cooling, and regeneration process. Additionally, the thermal energy 

efficiency of the lung-inspired DCHX was examined at different regeneration temperatures.  

5.1. Adiabatic adsorption characteristics of the lung-inspired DCHX 

Fig. 5a and b show the outlet air humidity ratio and instantaneous adsorption rate of the 

lung-inspired 3D-printed DCHX versus time at two different air mass flow rates of 0.5 and 1.5 

g/s during the adsorption process. The inlet air relative humidity, temperature, and humidity 

ratio were fixed at 80%, 30°C, and 21.6 g/kg, respectively. Before each adsorption test, the 

desiccant media was first activated by a hot air stream at a temperature of 50°C. As evident, 

the lung-inspired DCHX demonstrates a promising potential in dehumidifying the inlet humid 

air stream and delivering a relatively dry air condition. At a fixed air mass flow rate, the outlet 

humidity ratio increases with time. This is attributed to the water vapor pressure potential, 

which decreases as water vapor molecules are adsorbed at the desiccant-air interface during the 

dehumidification process. This subsequently decreases the instantaneous adsorption rate as 

shown in Fig. 5b, thereby increasing the outlet air humidity ratio with time. Additionally, the 

instantaneous adsorption rate increases at higher air mass flow rates as shown in Fig. 5b. For 

instance, the time-averaged adsorption rate of the lung-inspired 3D-printed DCHX is 11.4 mg/s 

at an air mass flow rate of 1.5 g/s, which is a 90% improvement compared with an adsorption 

rate of 6.0 mg/s at an air mass flow rate of 0.5 g/s. This is because the mass transfer boundary 

layer thickness shrinks at higher air mass flow rates, thereby increasing the overall adsorption 

rate. This also leads to a rapid rise in the outlet air humidity ratio with time at higher mass flow 

rates as shown in Fig. 5a. At higher adsorption rates, the desiccant media get saturated more 

quickly, thereby increasing the outlet air humidity ratio.  

 
Fig. 5: Variations of the (a) outlet air humidity ratio, and (b) instantaneous adsorption rate versus time at two 

different air mass flow rates of 0.5 and 1.5 g/s during the adsorption process. 
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5.2. Diabatic adsorption characteristics of the lung-inspired DCHX 

The equilibrium water vapor pressure at the desiccant-air interface is reduced if the 

desiccant media is simultaneously cooled during the adsorption process. This subsequently 

improves the adsorption performance. The proposed lung-inspired 3D-printed DCHX 

volumetrically distributes a cooling water stream within and through the desiccant media, 

thereby facilitating rejection of the heat released during the adsorption process. Fig. 6 shows 

variations of the outlet air humidity ratio and corresponding instantaneous adsorption rate 

versus time at three different air mass flow rates of 0.5, 1, and 1.5 g/s during adiabatic (i.e., no 

internal cooling) and diabatic (i.e., with internal cooling) adsorption processes. The inlet 

temperature of the cooling water stream was constant at 18°C. As evident, the outlet air 

humidity ratio of the diabatic adsorption process is lower than that of the adiabatic adsorption 

process at all air mass flow rates examined. In other words, a higher humidity content is 

captured when the desiccant-coated layer is cooled. This is clearly illustrated in Fig. 7 in which 

the instantaneous adsorption rate of the diabatic adsorption process is higher than that of the 

adiabatic adsorption process at all air mass flow rates. For instance, at an air mass flow rate of 

1.5 g/s, the time-averaged adsorption rate of the diabatic adsorption process is 12.6 mg/s, an 

11% improvement compared with that of the adiabatic adsorption process.  

Fig. 8 shows variations of the time-averaged volumetric adsorption rate, moisture removal 

capacity (MRC), and specific cooling capacity (SCC) as a function of mass flow rate for the 

diabatic and adiabatic adsorption processes. The volumetric adsorption rate, MRC, and SCC 

of the diabatic adsorption process exceed those of the adiabatic adsorption process due to a 

lower equilibrium water vapor pressure of the cooled desiccant media. As expected and shown 

in Fig. 8a, the volumetric adsorption rate increases with the air mass flow rate due to an 

 
Fig. 7: Variations of the instantaneous adsorption rate versus time at three different air mass flow rates of (a) 0.5, 

(b) 1.0, and (c) 1.5 g/s during adiabatic and diabatic adsorption processes. 

 

 
Fig. 6: Variations of the outlet air humidity ratio versus time at three air mass flow rates of (a) 0.5, (b) 1.0, and 

(c) 1.5 g/s during adiabatic (i.e., no internal cooling) and diabatic (i.e., with internal cooling) adsorption 

processes. 
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enhanced convective mass transfer process. Fig. 8a also shows that the MRC decreases with 

the mass flow rate. For instance, the diabatic MRC decreases from 12.9 to 8.4 g/kg when the 

air mass flow rate increases from 0.5 to 1.5 g/s. The MRC is directly proportional to the 

adsorption rate and inversely related to the air mass flow rate. Although the adsorption rate 

increases with the air mass flow rate, its effect on the MRC is more pronounced, thereby 

decreasing the MRC at higher air mass flow rates. Additionally, Fig. 8b shows that the SCC 

decreases with the air mass flow rate. In other words, the outlet air enthalpy is closer to the 

inlet air enthalpy at higher air mass flow rates. For instance, the diabatic SCC decreases from 

40.6 to 27.4 kJ/kg when the air mass flow rate increases from 0.5 to 1.5 g/s.      

5.3. Regeneration characteristics of the lung-inspired DCHX 

The water vapor molecules adsorbed onto the surface of the desiccant-coated layer need to 

be rejected to recover its water vapor uptake capacity. This is accomplished by the regeneration 

process in which a hot air stream heats the desiccant-coated layer increasing its equilibrium 

water vapor pressure at the desiccant-air interface, thereby facilitating the regeneration process. 

Fig. 9 shows the outlet air humidity ratio and instantaneous regeneration rate of the lung-

inspired 3D-printed DCHX versus time at two different air mass flow rates of 0.5 and 1.5 g/s 

 
Fig. 9: Variations of the (a) outlet air humidity ratio, and (b) instantaneous regeneration rate versus time at 

two different air mass flow rates of 0.5 and 1.5 g/s during the regeneration process. 

 

 
Fig. 8: Variations of the time-averaged (a) moisture removal capacity and volumetric adsorption rate, and (b) 

specific cooling capacity versus air mass flow rate during diabatic and adiabatic adsorption processes. 
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during the regeneration process. The inlet temperature of the air stream was fixed at 50ºC. 

Before each regeneration test, the desiccant media was first saturated using a humid air stream 

at a relative humidity of 80%, a temperature of 30°C, and a mass flow rate of 1 g/s. At a fixed 

air mass flow rate, the outlet air humidity ratio decreases with time. This is because the 

available water vapor pressure potential for the regeneration process decreases as the 

previously adsorbed water vapor molecules are rejected at the desiccant-air interface. This 

leads to a reduction in the instantaneous regeneration rate as shown in Fig. 9b, thereby reducing 

the outlet humidity ratio with time. Additionally, the instantaneous regeneration rate increases 

at higher air mass flow rates as shown in Fig. 9b. For example, the time-averaged regeneration 

rate of the lung-inspired 3D-printed DCHX improves from 4.8 to 9.4 mg/s (i.e., a 96% 

enhancement) when the air mass flow rate increases from 0.5 to 1.5 g/s. This is because the 

mass transfer coefficient increases at higher air flow rates due to a reduced mass boundary 

layer thickness, thereby increasing the regeneration rate. This also results in a rapid drop in the 

outlet air humidity ratio with time at higher mass flow rates as shown in Fig. 8a.  

Fig. 10 shows the effect of the air inlet 

temperature on the thermal COP of the 

regeneration process at an air inlet mass flow 

rate of 0.5 g/s. As evident, the thermal energy 

efficiency of the regeneration process 

decreases with the air inlet temperature. For 

instance, the thermal COP of the regeneration 

process decreases from 0.56 to 0.3 when the 

air inlet temperature increases from 40 to 

60°C. This can be attributed to the water vapor 

pressure of the air and desiccant media and the 

time scales of the regeneration cycle and 

convective heat transfer process. At higher air 

inlet temperatures, the partial water vapor 

pressure of the air is higher. However, at short regeneration cycles, the desiccant media might 

not have enough time to fully sense the higher air temperature and thus increase its water vapor 

pressure for the regeneration process. In other words, at short regeneration cycles and higher 

air inlet temperatures, a larger part of the sensible heat carried by the hot stream leaves the 

system before being involved in the regeneration process. The result is a drop in thermal COP 

with the air inlet temperature as shown in Fig. 10.  

5.4. Comparison against existing solid-desiccant-based dehumidification technologies 

Fig. 11 compares the volumetric adsorption rate of several existing solid-desiccant-based 

dehumidification technologies as a function of their associated air pressure drop penalties. A 

system with a high volumetric adsorption rate and a low pressure drop penalty is desirable. As 

it can be seen, a fluidized bed dehumidification system developed by Chen et al. [15] showed 

a maximum volumetric adsorption rate of about 0.84 g/m3-s at a pressure drop penalty of 

around 4 kPa. A circulating fluidized bed system developed by Chiang et al. [16] revealed a 

maximum volumetric adsorption rate of approximately 1.4 g/m3-s at a pressure drop penalty of 

around 1.3 kPa, a performance improvement over standard fluidized bed systems. Rotary wheel 

 
Fig. 10: Variations of COP at different air regeneration 

temperatures. 
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desiccant dehumidification systems 

demonstrate a notable volumetric adsorption 

rate of about 6.75 g/m3-s at a low pressure 

drop penalty of around 0.2 kPa [36]. A 

desiccant packed heat exchanger developed 

by Mohammed et al. [34] exhibited a high 

volumetric adsorption rate of approximately 

22 g/m3-s at an estimated pressure drop 

penalty of around 1 kPa. The proposed lung-

inspired 3D-printed DCHX design offers an 

excellent balance between a remarkable 

volumetric adsorption rate and a low pressure 

drop penalty. At the highest air mass flow 

rate examined (i.e., 1.5 g/s), the volumetric 

adsorption rate and pressure drop penalty 

values of the proposed DCHX technology are 54.8 g/m3-s and 4 kPa, respectively. This 

signifies that the lung-inspired 3D-printed DCHX significantly outperforms existing solid-

desiccant-based dehumidification technologies.  

6. Conclusion 

In summary, this study introduced an innovative 3D-printed DCHX concept inspired by 

the bronchi arrangement of a human lung to address the shortcomings of standard DCHX 

designs. The lung-inspired DCHX employs two intertwined bicontinuous flow networks 

ensuring a volumetric distribution of one fluid network within and through the other network. 

This results in highly efficient heat and mass transfer characteristics for augmented adsorption 

and regeneration processes at low pressure drop penalties.  

Various factors affecting the adiabatic/diabatic adsorption, regeneration, MRC, SCC, and 

thermal energy efficiency characteristics of the proposed lung-inspired 3D-printed DCHX were 

experimentally examined. The main concluding remarks of the present study are: 

 The transient and time-averaged adiabatic/diabatic volumetric adsorption rates of the lung-

inspired 3D-printed DCHX increase with the air mass flow rate.  

 The volumetric adsorption rate of the diabatic process is higher than that of the adiabatic 

process. The diabatic volumetric adsorption rate is 54.8 g/m3-s, which is an 11% 

improvement compared with an adiabatic volumetric adsorption rate of 49.3 g/m3-s at an 

air inlet mass flow rate of 1.5 g/s. 

 The time-averaged adiabatic/diabatic MRC and SCC values decrease with the air mass flow 

rate. The diabatic MRC decreases from 12.9 to 8.4 g/kg when the air mass flow rate 

increases from 0.5 to 1.5 g/s. The diabatic SCC decreases from 40.6 to 27.4 kJ/kg when the 

air mass flow rate increases from 0.5 to 1.5 g/s.   

 The transient and time-averaged regeneration rates of the lung-inspired 3D-printed DCHX 

increase at higher air mass flow rates. At an air inlet temperature of 50°C, the time-averaged 

regeneration rate increases from 4.8 to 9.4 mg/s (i.e., a 96% enhancement) when the air 

mass flow rate increases from 0.5 to 1.5 g/s. 

 The proposed lung-inspired DCHX technology outperforms state-of-the-art DCHX 

 
Fig. 11: Volumetric adsorption rate of various solid-

desiccant-based dehumidification systems as a function 

of their associated air pressure drop penalties. 
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systems by offering a high volumetric adsorption rate of 54.8 g/m3-s at a low pressure drop 

penalty of 4 kPa.  

The experimental results presented here demonstrate the promising potential of the 

lung-inspired 3D-printed DCHX concept for a wide range of applications including 

desiccant-based air conditioning and drying systems. It is envisioned that these systems 

employ two lung-inspired DCHX modules for the adsorption and regeneration processes, 

thereby allowing a continuous dehumidification operation. Future works will focus on 

performance evaluation and optimization of the proposed lung-inspired DCHX technology 

at the system level incorporating both adsorption and regeneration processes 

simultaneously. Additionally, adsorption and regeneration performances of the lung-

inspired DCHX concept with emerging solid desiccants including metal-organic 

frameworks (MOFs) will be examined.  
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