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Abstract. This work presents an experimental study on the performance of biochar powder 

coatings on aluminum surfaces for use in indirect evaporative coolers based on the 

Maisotsenko cycle. The performance of the biochar coated samples was compared to cellulose-

coated aluminum samples and uncoated ones. Results showed that biochar coatings improved 

the performance of uncoated aluminum, with the 150 μm particle size coating offering 

performance comparable to cellulose. However, wetting times were longer, which has 

implications for spraying strategies. 

1.  Introduction 

A rediscovered alternative to vapor compression systems lays on indirect evaporative cooler based on 

the Maisotsenko cycle. These systems exploit the latent heat of water evaporation to cool an air flow, 

thus eliminating the compression work and the need to use refrigerant fluids with positive impact on 

the environment. 

Despite reaching coefficients of performance 5-6 times higher than traditional cooling systems [1], 

evaporative coolers are often penalized by continuous pump operation for the constant spray of water 

in the secondary channel in order to obtain a homogeneous humidification of the heat transfer surface 

[2]. Considerable efforts have been made over the years to improve the water retention and water 

diffusion of the materials used aiming at reducing the energy consumption for water pumping and 

further improve the COP.  

Several researches focused on the study of porous materials for the wet duct of the heat exchanger, 

such as: cellulose fiber coating for metal foils, cotton wool, honeycomb structures, coconut fiber, 

polymer sheets, stainless steel with sintered nickel layer, etc [3, 4].  

This work aims to study the water retention and water diffusion capability of biochar powder 

deposited on aluminum surfaces. 

Biochar is a byproduct of the thermochemical process of gasification of wood biomass and is 

characterized by high porosity and surface area, as well as high resistance over time. 
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Biochar has a particle size that depends on the type of biomass used in the gasification process, 

ranging from tens of millimetres to a few microns. In this work it was test the performance of biochar 

coatings with a particle size of less than 250 μm. 

Aluminum supports measuring 50x50 mm and with a thickness of 100 μm were specifically made 

for the deposition of biochar powders. This was achieved by utilizing an epoxy resin layer as an 

adhesive. 

A prototype of evaporative heat exchanger was used to test the specimens. This heat exchanger had 

the ability to connect to a thermal imaging camera (IR camera), which allowed for the observation of 

temperature distribution on the lower surface of the specimen. 

The analyses of temperature and relative humidity at the inlet and outlet led to the measurement of 

the temperature drop of the air stream generated by the tested specimen, as well as the water 

evaporation rate offered by each specimen. Through IR images were gathered data on the 

homogenization of the water distribution on the coated surface and on the stabilization time of the 

surface temperature, an index of the diffusion speed of the water on the specimen. Performance of 

biochar-coated specimens were compared to non-coated and cellulose-coated aluminium specimens. 

The next section describes the test methods and the test rig used. 

2.  Materials and methods 

 

2.1 Maisotsenko’s cycle 

 

In the Maisotsenko cycle, ambient air is cooled in a heat exchanger. In the simplest configuration 

of the cycle, a counter flow heat exchanger can be used (box in Fig. 1). 

 

 
Figure 1. Psychrometric chart and principle of the Maisotsenko cycle: 1) ambient 

air; 2) released cooled non-humidified air; 3) wet-bulb temperature at ambient 

conditions; 3’) released moist air. (Adapted from Dizaji et al, 2018 [13]) 

 

The Maisotsenko cycle involves cooling ambient air in a heat exchanger, typically by using a counter 

flow heat exchanger with a "dry" duct and a "wet" duct separated by a wall. 

Air is introduced into the dry duct, where it is cooled by transferring heat through the separating 

wall. Some of the cooled air is released as non-humidified air, while the rest is diverted into the wet 

duct, where it is saturated with liquid water that is continuously vaporized. The air is warmed in the 

wet duct by heat transferred from the cooled dry air through the separating wall, and it is released into 

the ambient environment at close to saturation. The Maisotsenko cycle can theoretically cool the non-
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humidified air to the dew point temperature, which is lower than the temperature achieved by direct 

and indirect evaporative cooling systems. This process is illustrated on a psychrometric chart, where 1-

2 represents the cooling process in the dry duct, 2 is the release temperature, and 3 is the dew point 

temperature. The chart also shows the progressive saturation process in the wet duct from 2 to 3’, 

where the moist air is released. 

For this cycle, it therefore becomes important to have a heat transfer surface which, on the one 

hand, guarantees homogeneous water distribution and a high evaporation rate, and on the other, does 

not add excessive thermal resistance in order to keep the heat flow between the dry and wet ducts 

high. 

 

2.2 Tested surfaces 

 

The surfaces were prepared using 100 μm thick aluminum foil which was subsequently coated with 

biochar of different particle sizes.  

The biochar used in these tests comes from a downdraft gasification reactor and has an elemental 

composition shown in Table 1 along with the BET area (porosity indicator).  

 

Table 1. Biochar chemical-physical characterization 

C H N O S ASH BET 

42.25 %w/w 0.80 %w/w 0.17 %w/w 56.78 %w/w 0.00 %w/w 33.2 %w/w 420 m2/g 

 

The as received biochar was sieved according to the ISO 3310-1 reference standard and through a 

RETSCH model AS200 vibrating sieve [5], in order to obtain three different particle sizes: < 75 μm, 

(75÷150) μm, (150÷250) μm hereinafter referred to as 75 μm, 150 μm and 250 μm. The biochar 

powder was glued to a 50x50x0.1 mm aluminum support by spreading a layer of low viscosity two-

component epoxy resin (175-225 cps at 25°C). SEM images of the three surfaces obtained are shown 

in Figure 2. 

 

   
(a) (b) (c) 

 

Figure 2. SEM images of the 75 μm (a), 150 μm (b) and 250 μm (c) biochar coated specimens. 

 

 

2.3 Experimental setup 

 

The test rig (Figure 3) consists of a rectangular measuring channel delimited at the bottom by the 

surface to be tested (1) and at the top by a TPU structure (2) which allows the insertion of the 

micrometric needle (3) used to drip water at controlled flowrate. Each 50x50x0.1 mm surface to be 

tested is glued to a 3D printed support in order to interface correctly with the test rig (Figure 4). Air 

with controlled temperature and humidity enters the inlet duct (4) and exits through the outlet duct (5). 
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The measurement of temperature and humidity is performed in points (6) and (7) through two 

SHT31 [6] sensors. The lower part of the test rig consists of a closing flange (8) and a housing (9) to 

insert the IR camera optics which will be directed towards the lower surface of the specimen, painted 

with matt black. The thermal emissivity of the black surface was measured through the TIR 100-2 

emissometer [7] while the IR camera is a FLIR model 640T [8]. 

 

 

   
(a) (b) 

Figure 3. 3D render of the test rig. Figure 4. Front (a) and back (b) of the test specimen 

support. 

 

2.4 Test methodology 

 

The test methodology adopted aims to reproduce the conditions that occur inside an indirect 

evaporative heat exchanger. Dry bulb temperature (𝑇𝑑𝑏) and inlet air humidity (𝑅𝐻𝑖𝑛) were chosen as 

40°C and 26.5%RH, respectively. The temperature is controlled through a PTC resistor while the 

humidity is regulated with an ultrasonic humidifier. The inlet dry air flow (�̇�𝑎,𝑑𝑟𝑦) was chosen equal 

to 1.44 kg/h in order to have an average air speed in the rectangular duct equal to 1.2 m/s and within 

the velocity range found in literature that lays between 1 and 2 m/s [9, 10]. Once the test rig reaches 

steady conditions, the dripper is activated. The inlet and outlet Tdb and RH are measured through the 

SHT31 sensors connected to an Arduino UNO board [11], while the temperature of the lower surface 

of the test specimen (averaged on the entire area of the painted aluminum) is measured through the IR 

camera software. 

Each specimen is subjected to a preheating phase, after which the injection of water is activated at a 

flow rate (�̇�𝑤,𝑖𝑛) of 3.7 g/h. The water settles on the biochar-coated aluminum specimen and begins 

to expand while it evaporates. This is followed by an evaporative cooling phase of the air leaving the 

test channel which continues until it stabilizes at a minimum value. The same happens for the back 

surface of the specimen, whose average temperature is recorded through the IR camera.  

The IR images are used to both assess the uniformity of the water distribution and to measure the 

surface temperature of the specimen that can be used as comparison between different coatings. 

Through the measured data it is possible to calculate the water evaporation rate 𝑚𝑤,𝑒𝑣𝑎𝑝̇  as reported 

in Eq. 1 [12]. 

 

𝑚𝑤,𝑒𝑣𝑎𝑝̇ = 𝑚𝑎,𝑑𝑟𝑦̇ ⋅ (𝑥𝑜𝑢𝑡 − 𝑥𝑖𝑛)           [
𝑔𝑣𝑎𝑝

ℎ
]        (1) 
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Where 𝑥𝑖 is the absolute humidity of the moist air calculated according to Eq. 2 

 

𝑥𝑖 = 0.622 ⋅
𝜙𝑖 ⋅ 𝑝𝑣,𝑠𝑎𝑡

𝑝𝑎𝑚𝑏 − 𝜙𝑖 ⋅ 𝑝𝑣,𝑠𝑎𝑡
        [

𝑔𝑣𝑎𝑝

𝑘𝑔𝑎𝑠
]  (2) 

 

Where i generically represent the inlet (in) or outlet (out) conditions, 𝜙𝑖 is the relative humidity 

measured through the SHT31 sensors, 𝑝𝑣,𝑠𝑎𝑡 is the water vapor saturation pressure calculated 

according to the correlation in Eq. 3, calculated at the given air temperature 𝑇𝑖 and 𝑝𝑎𝑚𝑏 is the 

atmospheric pressure considered constant and equal to 101325 Pa. 

 

𝑝𝑣,𝑠𝑎𝑡 = 6.11 ⋅ 10
7.5⋅𝑇𝑖

237.2+𝑇𝑖 ⋅ 𝜙𝑖         [𝑃𝑎]  (3) 
 

In the following section the results obtained by comparing the different specimens tested are 

discussed. 

 

3.  Results  

 

The plot in Figure 5 shows the time trends of the Δ𝑇𝑎𝑖𝑟 = 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 generated by the evaporation 

of water on the specimen being tested. 

The two benchmarks are represented by the uncoated aluminum specimen (Al) and the cellulose 

coated specimen (Cellulose). It can be observed that the Al specimen generates the lowest Δ𝑇𝑎𝑖𝑟 while 

the Cellulose specimen presents the most uniform trend among all the samples analysed, reaching a 

maximum Δ𝑇𝑎𝑖𝑟 equal to 1.4 °C. 

 

 
Figure 5. Air temperature drop generated by the different tested specimens. 

 

Although the Δ𝑇𝑎𝑖𝑟 values obtained are comparable to Cellulose, less constant trends are observed 

for biochar-coated samples. The 150 μm coating seems to perform better offering a maximum deltaT 

equal to 1.5 °C and behaving in a similar way to the 75 μm. The 250 μm instead seems to behave 

differently in the initial stages, offering a maximum deltaT equal to 1.2 °C. What seems to unite all the 

biochar coated samples is the slower deltaT rise compared to that obtained with the cellulose sample. 

This is mainly due to the worse diffusion of water as discussed below. 

Figure 6 shows the trends of the water evaporation rate generated by the different samples. The 

differences in relative humidity that have generated these trends are in the order of 10% and the 

uncertainty on relative humidity measurement equal to 2% does not lead to strong quantitative 

assessments. However, the average improvement of the evaporation rate given by the biochar coating 

compared to the untreated aluminum can be observed. In comparison with Cellulose, the biochar 

offers similar evaporation rates, however generating more discontinuous trends due, as will be seen 

later, to the partial distribution of water on the surface. 
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Figure 6. Water evaporation rate generated by the different tested specimens. 

 

The thermographic analyzes returned the temperatures of the lower surface of each sample. Figure 

7a shows the temperature of the 75 μm sample at the end of the preheating phase. The sample is 

heated homogeneously. Figure 7b shows the same sample at the end of the evaporation test: the 

uneven distribution of water can be seen which tends to create different patterns depending on how the 

drops descend along the sample. On the other hand, Figure 7c shows the cellulose-coated sample at the 

end of the same test: the temperature distribution, and consequently the water distribution, is more 

uniform, which validates the consistent data observed in the previous tests. 

 

    

(a) (b) (c) 

Figure 7. IR images of the 75 μm specimen at the end of the preheating phase (a), 75 μm (b) and 

Cellulose (c) at the end of the evaporation test *.  

*The temperature scale is (30 − 40)°𝐶 for pictures (a) and (b), while (20 − 30)°𝐶 for (c). 

 

The time required for the surface temperature to stabilize was determined through IR camera 

recordings. Figure 8 shows the temperature trends of the surfaces by averaging the values over the 

recording area (45x45 mm due to the presence of the PLA support). For each specimen, the graph was 

truncated at the point where a stable temperature was reached within a 1% tolerance. 
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Figure 8. Stabilization time of the surface temperature of the specimens. 

 

Table 2 shows the values of stabilization time and minimum surface temperature for each 

specimen. The 150 μm specimen reaches a minimum temperature of 24.9 °C, slightly higher than the 

cellulose specimen, but taking four times longer due to the lower wettability of the biochar-coated 

surface. The 75 μm specimen has an initial trend similar to the 150 μm specimen, but the minimum 

temperature is higher at 31.9 °C. The 250 μm specimen reaches a surface temperature of only 33.7 °C. 

It can be observed that the 150 μm sample achieved a uniform wetting, unlike the 75 μm and 250 μm 

specimens. Figure 9 shows the IR image of the 150 μm specimen after reaching the stabilization time. 

 

Table 2. IR analysis results 

Specimen Temperature stabilization time [s] Minmum average surface temperature [°C] 

75 μm 2557 33,7 

150 μm 3800 24,9 

250 μm 2344 33,7 

Al 218 36,5 

Cellulose 938 24,1 

 

 
 

Figure 9. Surface temperature of the specimen 150 μm at the stabilization time. 

 

4.  Conclusions 

 

This study experimentally evaluated the performance of aluminum surfaces coated with biochar at 

different grain sizes, for application in indirect evaporative coolers with particular reference to the 

Maisotsenko cycle. The biochar coatings always improved the performance of the uncoated aluminum, 

and in the case of the 150 μm grain size, the performance was comparable to the benchmark identified 
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in the aluminum specimen coated with cellulose, a material commonly used in evaporative coolers. 

However, the wetting times were much longer, which has direct implications for spraying strategies. 

From the IR analysis, it was observed that the high performance of the 150 μm specimen was 

enabled by its high wettability, which allowed for a homogeneous diffusion of water and an increased 

wetted surface area for heat transfer. In the 75 μm and 250 μm specimens, however, the wetting of the 

sample was only partial. 
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