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Abstract 
 

Desiccant coated heat exchanger (DCHE) systems have significant potential in 
improving dehumidification performance. The moisture transfer occurring in one single 
air channel of DCHE can dominate the overall system performance. In this study, the 
adsorber with an approximate air channel of DCHE was designed to experimentally 
investigate the kinetics of silica gel and two aluminophosphate zeolites (FAM Z01 and 
FAM Z05). Their dehumidification performances also were simulated at regeneration 
temperature range of 50-80℃ to reveal the applicability in air-cooled cross-flow DCHE. 
Results showed that linear driving force (LDF) model could well describe the dynamic 
water uptake behaviors. Adsorption rate coefficient 𝑘௔ௗ௦  increased with increasing 
inlet air humidity ratio and velocity, but decreased with increasing coating thickness. It 
is worth noting that increasing regeneration temperature had a little effect on 𝑘௔ௗ௦, 
while desorption rate coefficient 𝑘ௗ௘௦  increased significantly. Simulation results 
showed that moisture removal capacity (MRC) and dehumidification performance of 
coefficient (DCOP) of FAM Z05 coated DCHE could reach 0.495 g/kg and 0.57 at 
regeneration temperature of 50℃, which were 2.3 and 15.4 times higher than these of 
silica gel and FAM Z01 coated DCHEs. It demonstrated that FAM Z05 was more 
promising to utilize lower-grade heat energy. 
 
 

Highlights 

 Water uptake kinetics of silica gel, FAM Z01 and FAM Z05 coated adsorber were 

experimentally revealed. 

 Dehumidification performances of three desiccant types DCHEs were numerically 

compared. 

 LDF model could well describe the kinetics of three desiccants coated adsorber. 

 FAM Z05 coated DCHE showed larger potential in utilizing lower-grade heat 
energy. 
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Nomenclature  ∆ℎ௩௦ vaporization latent 
heat of water (J) 

𝐴 sectional area (m2) Greek symbols  
𝐶௣௔ specific heat capacity (J/kg·K) 𝛿 thickness (m) 
𝐷 diffusion coefficient (m2/s) 𝜌 density (kg/m3) 

𝐷𝐶𝑂𝑃 dehumidification performance of 
coefficient 

𝜑 relative humidity 

𝑘 rate coefficient (s-1) Subscript  
𝑚ሶ  mass flowrate (kg/s) 0 initial 

𝑀𝑅𝐶 moisture removal capacity (kg/kg) 𝑎𝑑𝑠 adsorption 
𝑅ଶ square of fitting correlation coefficient 𝑑𝑒𝑠 desorption 
𝑅௚ water vapor gas constant 𝑑𝑢𝑐𝑡 air duct 
𝑡 time (s) 𝑒 effective 
𝑢 velocity (m/s) 𝑒𝑞 equilibrium 
𝑉ሶ  volume flowrate (m3/s) 𝑖𝑛 inlet 
𝑊 water uptake (kg/kg) 𝑚𝑎𝑥 maximum 
𝑌௔ humidity ratio (kg/kg) 𝑜𝑢𝑡 outlet 
 

 
1. Introduction 

High thermal comfort and low energy consumption in buildings have recently 
become more desirable with the increasing demand of sustainable development 
strategies in the world. As one of the main parts of energy consumption of buildings, 
the refrigeration and air conditioning systems have accounted for 30% of total 
worldwide energy consumption [1]. In conventional refrigeration and air conditioning 
systems, the air first was supercooled below its dew point to condense out the moisture, 
and then the cold air was reheated to meet the temperature requirement of supply air. 
The coupling dealing of temperature and humidity with supercooling and reheating 
processes could result in an unsatisfactory thermal comfort and energy waste [2]. To 
reduce building energy consumption while providing a good thermal comfort, the 
development of independent control technologies of temperature and humidity could 
be therefore efficient solution [3-5]. As an effective candidate, solid dehumidification 
cooling systems can realize a less consumption of electricity and a utilization of low-
grade thermal energy. As a result, they are considered as an attractive alternative for the 
conventional systems.  

Solid dehumidification cooling systems can be classified into three types 
according to different constructions of dehumidifier: fixed bed, rotary bed and desiccant 
coated heat exchanger (DCHE) [6]. In both fixed bed and rotary bed, the moisture 
removal capacity could be decreased because of the released adsorption heat during 
adsorption process. The DCHE handling sensible and latent heat load simultaneously 



was developed to address this drawback. Extensive research efforts have been made to 
obtain high-efficient DCHE systems by developing novel desiccant materials as well 
as optimizing structure of DCHE and system cycle [6-8]. 

Desiccant materials play an important role in developing DCHE systems due to 
the strong material dependence of overall performance of the systems [9, 10]. The high 
adsorption capacity and low regeneration temperature are generally preferred for 
dehumidification application. In past studies, silica gel has been widely employed in 
DCHEs, it can be regenerated at relative low temperature as well as has some 
advantages in stability and cost. However, its linear-shaped isotherm caused a slow 
adsorption rate and a possible small adsorption capacity especially at low regeneration 
temperature [11]. Research interests had been triggered in exploiting alternative 
desiccant materials with better adsorption performance even at lower regeneration 
temperature. A new generation of functional adsorbent material (FAM) zeolites 
developed by Mitsubishi Plastics Inc. became an effective choice in recent years. The 
FAM zeolites include three type aluminophosphate materials, i.e., FAM Z01, FAM Z02 
and FAM Z05. The FAM Z01 and FAM Z05 are belonged to AFI type molecular sieves. 
They can be regenerated by the lower regeneration temperature compared to FAM Z02 
due to their smaller adsorption capacity under low relative humidity range. Intensive 
researches on the utilization of FAM Z01 and FAM Z05 in the field of adsorption 
dehumidification and heat pump have been carried out [11-14]. Hong et al. [11] 
numerically compared the adsorption capacity of FAM Z01 and various type silica gels 
coated DCHEs. It demonstrated that FAM Z01 has a high potential to improve the 
performance and reduce system size. The dehumidification performances of FAM Z01 
and FAM Z05 coated DCHEs also were evaluated by Shimooka et al. [15]. They found 
that FAM Z05 coated DCHE has better water adsorption capacity at lower regeneration 
temperature than FAM Z01. Zheng et al. [16] compared the dehumidification 
performance of FAM Z02, FAM Z05 and silica gel coated DCHEs based on a validated 
mathematical model. Results showed that FAM Z05 coated DCHE can have 2-3 times 
larger dehumidification capacity than these of FAM Z02 and silica gel especially at low 
regeneration temperature of 50-60℃. In our previous study [17], the dehumidification 
behavior of an air-cooled cross-flow DCHE coated with FAM Z01 was experimentally 
investigated. It was found that the dehumidified air could be supplied for practical use 
with a sufficiently low absolute humidity even at low regeneration temperature of 60℃. 

Many studies have investigated the potential of FAM zeolites in improving the 
performance of DCHE systems under lower regeneration temperature. However, their 
adsorption kinetics in real or approximate air channel of DCHEs have not been revealed 
in detail, although they are very important for practical and large-scale applications of 
desiccant materials. In order to understand the kinetics of moisture transport in 
desiccant layer, the rigorous Fick’s equation is generally required, but it is difficult to 
obtain the analytical solutions under practical situation [18]. By contrast, the well-
known linear driving force (LDF) model provides a simple equation to correlate 
experimental data, which has been widely employed in investigating the adsorption 
kinetics of closed adsorption systems [19]. In several references [19-21], the LDF 
model also was proved to be able to well describe the dynamic behavior of open silica 



gel coated DCHE systems. However, it should be noted that the applicability of LDF 
model is generally limited by the requirements of isothermal adsorption and enough 
adsorption time [18, 22]. In DCHEs, the desiccant coated on the surface of metal wall 
is well cooled by cold fluid at the cooling side of DCHEs during adsorption process, 
and the near-isothermal adsorption can be achieved except the initial stage of switching 
from regeneration to adsorption [20]. This fact supports the feasibility of the LDF 
model in predicting the water adsorption kinetics in open DCHE systems.  

From the aforementioned findings, the comprehensive kinetics analysis of silica 
gel, FAM Z01 and FAM Z05 in approximate air channel of DCHEs are still lack. 
Moreover, although we investigated the dehumidification behaviors of silica gel and 
FAM Z01 coated air-cooled cross-flow DCHEs in the earlier studies [17, 23], seeking 
more suitable low-temperature regenerative desiccants for promoting the utilization of 
lower temperature heat sources is still the goal of further research work. Therefore, in 
this study, the comprehensive comparison of the three desiccants was carried out in 
terms of kinetics and dehumidification performance. The dynamic water uptake 
behavior of an adsorber with open parallel air channel coated with silica gel, FAM Z01 
and FAM Z05 respectively were experimentally measured and fitted by LDF model 
under various parameters. A research effort was conducted to simulate the 
dehumidification performance of the three desiccant types air-cooled DCHEs with the 
same desiccant amount at regeneration temperature range of 50-80℃. 
2. Experiment 
2.1  Coating preparation 

Materials used in this study mainly include RD silica gel, liquid binder, FAM Z01 
and FAM Z05 slurries. The material properties were described in Table 1.  

Table 1 Material properties 
Name Details Manufacturer 
RD silica gel Particle size<7 μm Fuji Silysia Chemical Co., Ltd. 
FAM Z01 slurry Mixture of FAM Z01 and binder Mitsubishi Plastics Co., Ltd. 
FAM Z05 slurry Mixture of FAM Z05 and binder Mitsubishi Plastics Co., Ltd. 

 
Desiccant coated copper sheets were prepared by the following procedures: 1) The 

copper foil was cut into pieces with length 150 mm × width 100 mm and then fixed on 
a flat surface; 2) Three desiccant slurries were prepared. Silica gel and liquid binder 
with the mass ratio 9:1 were mixed with 50%wt deionized water. The mixture slurry 
was sonicated in an ultrasonic oscillator and continuously stirred for 5 minutes to 
disperse the desiccant particles. Similar procedures were used to prepare FAM Z01 and 
FAM Z05 slurries. Since the purchased FAM Z01 and FAM Z05 slurries already 
contained binder, only 25%wt and 35%wt deionized water were needed respectively in 
the preparation process; 3) A certain amount of slurry was taken to put on the copper 
sheet, and it was evenly coated by repeatedly pushing and pulling a steel mold with a 
gap at the bottom surface. Molds with various bottom gaps (The gap heights are 0.1 
mm, 0.2 mm, 0.3 mm and 0.4 mm, respectively) were manufactured to prepare different 
thickness coatings. 4) Desiccant coated copper sheets were first dried in the atmosphere, 
and then cut into pieces with length 100 mm × width 20 mm. Here, considering the 



deviation in cutting, the real size of each copper sheet was re-measured. 
2.2  Thickness measurement 

The thicknesses 𝛿 of desiccant coatings were measured using a surface roughness 
measuring instrument SV-3100 manufactured by Mitutoyo Company, Japan 
(Instrument resolution 10 nm). Since it was difficult to directly measure the thickness 
of coated desiccant on copper sheet, the desiccant coated copper plate prepared by the 
same procedures as the Section 2.1 was used as substitute. The prepared samples were 
first dried in the atmosphere, and then the thicknesses of five positions at the length 
direction of the desiccant coated plate were measured respectively, where the calculated 
average value was considered as the coating thickness. In order to ensure the uniformity 
of thickness, only the coating on the central area with a width about 40 mm was 
measured, while the other parts were scraped off. Considering that the size of coatings 
used in subsequent experiments were 100 mm in length and 20 mm in width, only the 
thickness variations in the width range of 20 mm of the measured results were selected 
to calculate the thickness at each position as shown as Fig. 1. The average thicknesses 
of coatings prepared by different molds were calculated and their densities also were 
estimated according to the coated amount and the size. The values of thickness and 
density were listed in Table 2. It can be found that these desiccant coatings prepared by 
the same mold have the comparable thicknesses. 

 

Fig. 1 Thickness variation at the width direction of silica gel coating prepared by 
the mold with bottom gap height of 0.1 mm 

 
Table 2 Average thicknesses and densities of desiccant coatings prepared by 

different molds 

Gap height of 
mold(mm) 

Silica gel FAM Z01 FAM Z05 
Thickness 

(mm) 
Density 
(kg/m3) 

Thickness 
(mm) 

Density 
(kg/m3) 

Thickness 
(mm) 

Density 
(kg/m3) 

0.1 0.0568 943.8 0.0399 872.2 0.0456 935.6 
0.2 0.1325 708.2 0.1028 574.7 0.1147 628.0 
0.3 0.1926 738.4 0.1694 698.0 0.1791 758.4 
0.4 0.2502 775.3 0.2191 668.3 0.2704 528.2 

 



2.3 Experimental apparatus and procedure 
Experimental apparatus was designed to investigate the water uptake kinetics of 

desiccant coatings in approximate air channel of DCHEs. Schematic diagram of the 
experimental apparatus is shown in Fig. 2. The apparatus mainly consists of adsorber, 
adsorption/desorption temperature control unit, humidity control unit, flowmeter 
(Kofloc, Model 8550, Accuracy: ±1.5% F.S) and thermo-hygrometer (Vaisala, 
HUMICAP HMT-333, Accuracy: ±0.2 K, ±1%RH). The humidity control unit includes 
a low-temperature thermostat Th1 and two connected gas-washing bottles containing 
deionized water. The mixture gas of water vapor and N2 produced after the dry N2 flows 
through the gas-washing bottles is used to simulate the actual dehumidification air. The 
inlet air humidity of adsorber can reach target humidity by adjusting the temperature of 
thermostat Th1 according to the dew point temperature. The thermostat Th2 with a 
constant temperature of 30℃ is used to adjust the inlet air temperature and adsorption 
temperature of adsorber. Fig. 3 shows the structure diagram of adsorber made by 
aluminium. Two copper sheets coated with desiccant were pasted on the bottom surface 
of air channel of adsorber by using adhesive with high thermal conductivity.  

 

Fig.2 Schematic diagram of experimental apparatus 
 

 

Fig.3 Structure diagram of adsorber 
The main experiment procedures are as follow: Firstly, the desiccant coatings were 

dried in a vacuum drying oven at 100℃ for 8 hours before they were placed in the 
adsorber. The dry samples were weighed and the total weight of two pieces of coatings 
were recorded as 𝑚ଵ. Secondly, before the beginning of adsorption process, the volume 
flowrate 𝑉ሶ௔ of N2 was set as the required experiment value, and the inlet air humidity 
as well as temperature were adjusted to target values by using the thermostat Th1 and 



Th2 respectively. After reaching steady state for the humidity and temperature, the 
adsorber was put into thermostat Th3 for desorption. Thirdly, when the desorption 
process reached equilibrium, the adsorber was removed from thermostat Th3 and put 
into thermostat Th2 for adsorption immediately. The transient variations of inlet and 
outlet air humidity were recorded by Agilent logger. Above adsorption and desorption 
processes were alternatively operated several times. Finally, the desiccant coatings were 
taken out and the desiccant layer on the surface of copper sheets were washed off. The 
net copper sheets were dried and weighed, and the total weight was recorded as 𝑚ଶ. 
The net weight of binder mixed desiccant was calculated as 𝑚ଵ െ𝑚ଶ. 

The inlet air velocity 𝑢௔,௜௡ and water uptake change |𝑊 െ𝑊଴| of coating were 
calculated by the following equations: 

𝑢௔,௜௡ ൌ
௠ሶ ೌ

ఘೌ஺೏ೠ೎೟
ൌ ௏ሶೌ

஺೏ೠ೎೟
                                           (1) 

|𝑊 െ𝑊଴| ൌ ׬ |∆𝑊| 𝑑𝑡
௧
଴ ൌ ׬ 𝑚ሶ ௔ห𝑌௔,௜௡ െ 𝑌௔,௢௨௧ห/ሺ𝑚ଵ െ 𝑚ଶሻ𝑑𝑡

௧
଴            (2) 

where 𝐴ௗ௨௖௧ is the inlet cross section of air channel of adsorber, 𝜌௔ is the air density, 
𝑚ሶ ௔ is the mass flowrate. 𝑌௔,௜௡ and 𝑌௔,௢௨௧ are the absolute humidity ratio at the inlet 
and outlet of adsorber. 𝑊଴ is the initial water uptake. 

The error analysis of experimental results was evaluated by using the propagation 
of uncertainty [24]. The main independent variables, air relative humidity, temperature, 
flowrate and weight have measurement uncertainties of ±1%, ±0.2 K, ±1.5% F.S and ± 
0.1mg respectively. These uncertainties finally translate into the uncertainty of 𝑌௔ and 
∆𝑊. In this study, the inlet and outlet air temperatures were regulated by thermostat 
Th2, so the temperatures both in the adsorption and desorption process can keep 
constant as the temperature of thermostat Th2. It should be noted that the uncertainty 
of 𝑌௔ calculated by relative humidity and temperature might rise significantly at low 
relative humidity due to dehumidification. Thus, the minimum outlet relative humidity 
was used to calculated the uncertainty of 𝑌௔ , it was less than ±3%. The change of 
uncertainty of ∆𝑊 was just attributed to the changes of air absolute humidity, flowrate 
and weight. Within the range of studied experimental parameters, the maximum 
uncertainty of ∆𝑊 was about ±13%. 
3. Theoretical analysis 
3.1  Kinetics evaluation 

The linear driving force (LDF) model [25] was used to evaluate the water uptake 
kinetics. Its mathematical equations for adsorption and desorption process can be 
expressed as: 

ௗௐ

ௗ௧
ൌ 𝑘௔ௗ௦ሺ𝑊௘௤ െ𝑊ሻ                                            (3)

ௗௐ

ௗ௧
ൌ 𝑘ௗ௘௦ሺ𝑊 െ𝑊଴ሻ                                             (4) 

where 
ௗௐ

ௗ௧
  means adsorption/desorption rate, 𝑘௔ௗ௦  and 𝑘ௗ௘௦  are kinetic rate 

coefficient, 𝑊଴ and 𝑊௘௤ are the initial and equilibrium water uptake. 
Integration of the above two equations and definition of dimensionless water 



uptake 𝜃 ൌ ௐିௐబ

ௐ೐೜ିௐబ
, Eq. (5) and Eq. (6) were yielded: 

𝜃 ൌ ௐିௐబ

ௐ೐೜ିௐబ
ൌ 1 െ exp ሺെ𝑘௔ௗ௦𝑡ሻ                                   (5) 

𝜃 ൌ ௐିௐబ

ௐ೐೜ିௐబ
ൌ exp ሺെ𝑘ௗ௘௦𝑡ሻ                                      (6) 

 By using Eq. (5) and Eq. (6) to fit the experimental dimensionless water uptake 
curves, the key kinetic constants, i.e., adsorption/desorption rate coefficients 𝑘௔ௗ௦/𝑘ௗ௘௦ 
can be determined. The kinetic constants are the overall description of mass transport 
characteristics. Studying their parameter dependence is vital to evaluate the mass 
transfer performance.  
3.2 Adsorption isotherms 

Water vapor adsorption isotherms of three desiccant coatings were evaluated by 
Belsorp 18 (Microtrac BEL, Japan) at 30℃ as shown in Fig. 4. It was observed that the 
equilibrium water uptake of silica gel coating gradually increased with the increase of 
relative humidity, and the isotherm showed a near-linear shape at low and medium 
relative humidity range. The Freundlich equation was selected to describe the isotherm 
of silica gel coating [11]:  

𝑊௘௤ ൌ 𝑀𝜑ே                                                   (7) 
where the Freundlich constants M =0.265 and N =0.58 can be determined by fitting 
experimental equilibrium curve. 

Compared to silica gel coating, FAM zeolites coatings have S-shaped isotherms. 
Fig. 4 shows that the equilibrium water uptakes were small at low relative humidity. 
However, with the increase of relative humidity, there was a steep gradient zone of 
equilibrium uptake change, which illustrated that the moisture concentration inside the 
coatings increased rapidly to equilibrium level. This phenomenon caused a much larger 
temperature effect on the equilibrium uptake when plotted as a function of relative 
humidity. The adsorption isotherms of FAM zeolites coatings can be described by the 
modified Langmuir equation in Ref. [26]:  

𝑊௘௤ ൌ 𝑊௠௔௫𝛽𝐹/ሾ1 ൅ ሺ𝛽௧భ െ 𝛼ሻ𝐹௧భሿ
భ
೟భ                              (8) 

where 𝑊௠௔௫ is the maximum equilibrium uptake, 𝐹 ൌ 𝜑exp ሼ ௠

ோ೒்
ሺ1 െ 𝜑௡ሻ ൅ zሽ. The 

physical interpretation of the coefficients 𝛽 , 𝑚 , 𝑛 , 𝑡ଵ , 𝛼  and z  were illustrated in 
Ref. [26], they can be determined by fitting experimental equilibrium curves. In order 
to the convenience of numerical comparison, only one adsorption isotherm was used to 
determine the fitted parameters, although the adsorption isotherms of FAM zeolites 
were significant temperature dependent [27]. We just cared about whether the 
experimental adsorption isotherms can be covered by fitting curves, rather than the 
values and physical meaning of these fitted parameters. Table 3 listed the fitted 
parameters of Eq. (8) for isotherms of FAM Z01 and FAM Z05 coatings. 

Table 3 Fitted parameters of isotherm equations for FAM zeolites coatings. 
 𝑊௠௔௫(kg/kg) 𝛼 𝑚 (kJ/mol) 𝑛 𝛽 𝑡ଵ 𝑧 R2 

FAM Z01 0.19 0.002 120 -1 1 2 4.46 0.97 



FAM Z05 0.21 0.01 100 -2 1 1.5 7.63 0.95 
It was intelligible to find that all the experimental data can be well covered by the 

fitting curves in Fig. 4. The obtained isotherm equations provide reliable prediction of 
equilibrium water uptake, which facilitates to achieve the accurate numerical results in 
subsequent dehumidification simulation. 

 

Fig. 4 Adsorption isotherms of three desiccant coatings at 30℃ 
4. Results and discussion 

Dynamic water vapor adsorption/desorption characteristics of three desiccants 
coated adsorber were experimentally measured at various thickness and operating 
parameters listed as Table 2 and Table 4. One parameter was varied at one time to 
investigate its effect while all other parameters remained the same as the baseline values 
of Table 4. The thicknesses of samples prepared by the mold with bottom gap height of 
0.2 mm was selected as baseline thickness. Other experimental operating parameters 
were listed in Table 4. All adsorption experiments were conducted under the same 
adsorption temperature 30℃. 

Table 4 Various operating parameters 

Parameters Baseline values Parametric variations 

Inlet air velocity, m/s 1 1-3 

Inlet air humidity, kg/kg 0.016 (60%RH) 0.012-0.020(45%-74%RH) 

Regeneration temperature, ℃ 60 50-80 

Fig. 5 shows the typical results of outlet air humidity change in one cycle under 
baseline experiment conditions. It can be found that outlet humidity decreased rapidly 
to the lowest value at the initial stage of adsorption, and then increased gradually to 
inlet humidity. Conversely, the outlet humidity increased rapidly when desorption 
process was initiated. Afterwards, it decreased gradually until desorption equilibrium 
was achieved. Although the change curves were slightly different, all coatings can reach 
adsorption/desorption equilibrium in a relatively short time.  



 
Fig. 5 Transient outlet air humidity of silica gel, FAM Z01 and FAM Z05 coated 

adsorber at baseline conditions 
To further determine the optimized desiccant type under lower regeneration 

temperature, the dehumidification performance of silica gel, FAM Z01 and FAM Z05 
coated air-cooled cross-flow DCHEs were numerically compared based on our 
previous validated mathematical model [28] under regeneration temperature range of 
50-80℃. The two commonly employed performance indices, i.e., moisture removal 
capacity (MRC) and dehumidification performance of coefficient (DCOP) were 
investigated. The MRC represents that the difference of the time average humidity 
ratio between the inlet and outlet of DCHEs during adsorption process, while the 
DCOP reflects the ratio of latent heat dealing capacity to consumed regenerative heat. 
They were defined by the following equations: 

𝑀𝑅𝐶 ൌ ଵ

௧
׬ ൫𝑌௔,௔ௗ௦,௜௡ െ 𝑌௔,௔ௗ௦,௢௨௧൯𝑑𝑡
௧
଴                                 (9) 

𝐷𝐶𝑂𝑃 ൌ
ఘೌ,ೌ೏ೞೇሶ ೌ,ೌ೏ೞ

∆௛ೡೞሺ௒ೌ,ೌ೏ೞ,೔೙ି௒ೌ,ೌ೏ೞ,೚ೠ೟ሻ

ఘೌ,೏೐ೞೇሶ ೌ,೏೐ೞ
ሺ௛ೌ,೏೐ೞ,೔೙ି௛ೌ,ೌ೏ೞ,೔೙ሻ

ൌ
ఘೌ,ೌ೏ೞೇሶ ೌ,ೌ೏ೞ

∆௛ೡೞሺ௒ೌ,ೌ೏ೞ,೔೙ି௒ೌ,ೌ೏ೞ,೚ೠ೟ሻ

ఘೌ,೏೐ೞೇሶ ೌ,೏೐ೞ
஼೛ೌሺ்ೌ,೏೐ೞ,೔೙ି்ೌ,ೌ೏ೞ,೔೙ሻ

(10) 

4.1 Comparison of kinetics 
4.1.1 Effect of inlet air humidity ratio 

Fig. 6(a)-(c) describes the dynamic dimensionless water uptake curves of silica 
gel, FAM Z01 and FAM Z05 coated adsorber under various inlet air humidity of 0.012-
0.020 kg/kg. It was observed that all desiccant coatings followed the similar adsorption 
kinetics pattern. The initial adsorption rate was higher, and then it declined gradually 
as the adsorption approached equilibrium. It also can be found that the curves of silica 
gel and FAM Z01 coatings were approximately overlapped at the first few seconds, 
while these of FAM Z05 coating were obviously lower. One explanation might simply 
be that the FAM Z05 coating had a larger effective adsorption capacity under the 
corresponding adsorption and regeneration conditions as listed in Table 5, where they 
were estimated by interpolation method according to the isotherms in Fig. 4. The LDF 
model fitting curves also were described in Fig. 6. It was observed that the fitting curves 
always were higher than the experiment results at the initial stage of adsorption process, 
but the opposite situation occurred at the final stage. The main reason for this deviation 
is that the initial stage of adsorber switching from desorption to adsorption was a non-



isothermal adsorption process, thus the LDF model developed by isothermal 
assumption resulted in an overestimation for the adsorption capacity. Nevertheless, the 
current experiments can be considered as a near-isothermal adsorption process where 
the initial non-isothermal stage was relative short under a good cooling effect. The 
experiment results still could be well covered by fitting curves, and the correlation 
coefficient R2 of all fitting curves were greater than 0.95.  

 

 
 

 
 

 



Fig. 6 Dynamic dimensionless water uptake curves of silica gel, FAM Z01 and FAM 
Z05 coated adsorber under various inlet air humidity: (a) 0.012 kg/kg; (b) 0.016 

kg/kg; (c) 0.020 kg/kg. 
 

Table 5 Theoretical effective adsorption capacity of desiccant coating 

Inlet air humidity (kg/kg) 
Adsorption capacity (kg/kg) 

Silica gel FAM Z01 FAM Z05 
0.012 0.1294 0.1623 0.1785 
0.016 0.1448 0.1701 0.1883 
0.020 0.1455 0.1751 0.1960 

 
It can be seen from Fig. 7 that the adsorption rate coefficients 𝑘௔ௗ௦ of silica gel, 

FAM Z01 and FAM Z05 coatings increased with the increase of inlet air humidity. This 
is easily understood because the higher air humidity was, the higher the water vapor 
pressure over the desiccant coatings was, the larger adsorption driving force had. An 
intuitive comparison from Fig. 7 shows that the average 𝑘௔ௗ௦ of FAM Z01 coating 
was the largest, followed by silica gel coating, and that of FAM Z05 coating was the 
smallest. However, one noticeable point was that, even though the 𝑘௔ௗ௦  was 
considered as a criterion for the adsorption rate, the effective adsorption capacity as 
listed in Table 5 also can be a dominant factor restricting adsorption rate [29]. Therefore, 
it was difficult to justify that the adsorption rate of FAM Z01 coating was superior to 
the other two coatings in terms of 𝑘௔ௗ௦. Nevertheless, these fitted 𝑘௔ௗ௦ were more 
representative than those results obtained by static adsorption experiments, and they 
truly reflected the overall mass transfer performance in the open dehumidification air 
channel. 

 

 
Fig. 7 Adsorption rate coefficients 𝑘௔ௗ௦ of silica gel, FAM Z01 and FAM Z05 

coatings under various inlet air humidity 
4.1.2 Effect of inlet air velocity 

Fig. 8(a)-(c) describes the dynamic dimensionless water uptake curves of silica 
gel, FAM Z01 and FAM Z05 coated adsorber under various inlet air velocity of 1-3m/s. 
The overall mass transfer behavior of desiccant coated adsorber was controlled by the 



air- and solid-side mass transfer resistances. According to Ref. [30], the overall mass 
transfer coefficient is the function of Reynolds, temperature and absorbed water uptake. 
Due to near-isothermal adsorption, it seemed that the increasing Reynolds dominated 
the enhancement of overall mass transfer. As it can be found that the higher air velocity, 
the steeper dynamic water uptake curves and the faster rate to reach adsorption 
equilibrium. All fitted curves still were higher than the experiment results at the initial 
stage of adsorption process but lower at the final stage. The time corresponding to the 
intersection points of fitting curves and experiment results became smaller with the 
increase of air velocity, which illustrated the effect of residual heat when adsorber 
switching from desorption to adsorption was eliminated faster under higher air velocity. 
The minimum correlation coefficients R2 of all fitting curves of LDF model was 0.94. 

 

 
 

 
 



 
Fig. 8 Dynamic dimensionless water uptake curves of silica gel, FAM Z01 and 

FAM Z05 coated adsorber under various inlet air velocity: (a) 1 m/s; (b) 2 m/s; (c) 
3 m/s. 

Fig. 9 shows the almost linear changes of adsorption rate coefficients 𝑘௔ௗ௦ with 
increasing air velocity. This fact also supported the above conclusion that the 
enhancement of overall mass transfer was dominated by the increasing Reynolds. The 
silica gel and FAM Z01 coatings possessed a comparable 𝑘௔ௗ௦ at the corresponding 
air velocity, their average 𝑘௔ௗ௦ increased from 0.0147 s-1 to 0.019 s-1 and 0.0148 s-1 to 
0.0205 s-1 respectively when the air velocity increased from 1m/s to 3 m/s. By 
comparison, an obviously smaller 𝑘௔ௗ௦ for FAM Z05 coating was observed, which 
increased from 0.0076 s-1 to 0.0127 s-1. These obvious effects of air velocity on 𝑘௔ௗ௦ 
demonstrated that the air-side mass transfer resistance still played an important role in 
the overall mass transfer process under current coating thickness. 

 

 
Fig. 9 Adsorption rate coefficients 𝑘௔ௗ௦ of silica gel, FAM Z01 and FAM Z05 

coatings under various inlet air velocity. 
4.1.3 Effect of regeneration temperature 

Dynamic water adsorption/desorption uptake curves of silica gel, FAM Z01 and 
FAM Z05 coated adsorber under various regeneration temperature were depicted in Fig. 
10. Due to the fact that the adsorber obtained a good cooling after switching from 



desorption to adsorption, the regenerative residual heat can be eliminated in time. Three 
desiccant coatings showed similar adsorption kinetics even for various regeneration 
temperatures. A rapid decrease of water uptake was observed for the three desiccants 
coated adsorber at the initial stage of desorption process and then it slowly declined, 
but the decrease was relative gentle at regeneration temperature of 50℃. The good 
agreement between experiment results and fitting curves also was observed in Fig. 10, 
and the minimum correlation coefficients R2 of fitting curves of adsorption and 
desorption were 0.94 and 0.93 respectively.  

 

 
 

 
 



 

 

 

Fig. 10 Dynamic dimensionless water adsorption/desorption curves of silica gel, FAM 
Z01 and FAM Z05 coated adsorber under various regeneration temperature: (a) 50℃; 

(b) 60℃; (c) 70℃; (d) 80℃. 
 

Table 6 Theoretical effective adsorption capacity of desiccant coating 
Regeneration temperature 

(℃) 
Adsorption capacity (kg/kg) 

Silica gel FAM Z01 FAM Z05 
50 0.1166 0.0790 0.1867 
60 0.1448 0.1701 0.1883 
70 0.1598 0.1723 0.1891 
80 0.1727 0.1750 0.1898 

 
The adsorption/desorption rate coefficients 𝑘௔ௗ௦/𝑘ௗ௘௦ of three desiccant coatings 

under various regeneration temperature were depicted in Fig. 11. In current study, the 
corresponding air relative humidity decreased from 0.2 to 0.05 when regeneration 
temperature increased from 50℃ to 80℃. According to Table 6, the FAM zeolites 
coatings can be regenerated well under all regeneration temperature except FAM Z01 
coating at regeneration temperature of 50℃. It seemed that the effective adsorption 
capacity of FAM zeolites coatings dominated the adsorption kinetics because their 



𝑘௔ௗ௦ maintained a slight change as that of effective adsorption capacity. Notably, the 
𝑘௔ௗ௦ of silica gel coating did not show obvious dependence on the increasing effective 
adsorption capacity and it almost maintained a constant value. These different 
adsorption characteristics could be attributed to the effect of adsorption isotherm shape. 
Likewise, different desorption behaviors also were observed in Fig. 11. When the 
regeneration temperature was in the range of 50-60℃, the highest average 𝑘ௗ௘௦ was 
found for silica gel coating and these of FAM Z01 coating were the smallest, while the 
results were exactly contrary in the regeneration temperature range of 70-80℃. 

 

 
Fig. 11 Adsorption/desorption rate coefficients 𝑘௔ௗ௦/𝑘ௗ௘௦ of silica gel, FAM Z01 

and FAM Z05 coatings under various regeneration temperature 
4.1.4 Effect of coating thickness 

The dynamic water uptake curves of silica gel, FAM Z01 and FAM Z05 coated 
adsorber with various coating thickness were described as Fig. 12. In general, the 
diffusion resistance and non-isothermal effect were the two limiting mechanisms of 
adsorption kinetics [31]. In current study, the diffusion resistance should be considered 
as the main factor restricting the adsorption kinetics due to good cooling effect. The 
thicker the desiccant coating, the greater the moisture transfer resistance and the slower 
adsorption kinetics as shown in Fig. 12. The LDF model based on isothermal adsorption 
assumption was still applicable for capturing the experiment results. The minimum 
correlation coefficients R2 of fitting curves was 0.95. 

 



 
 

 
 

 
 



 
Fig. 12 Dynamic dimensionless water uptake curves of silica gel, FAM Z01 and FAM 
Z05 coatings prepared by different molds with various bottom gap height: (a) 0.1 mm; 

(b) 0.2 mm; (c) 0.3 mm; (d) 0.4 mm. 
Fig. 13(a) describes the change of adsorption rate coefficients 𝑘௔ௗ௦  of three 

desiccant coatings under various thicknesses. There were two effects caused by the 
increasing thickness: one was larger water adsorption amount due to more desiccant, 
and the other was larger heat and mass transfer resistance. Both of them could increase 
the adsorption equilibrium time and decrease the 𝑘௔ௗ௦. It can be seen that these 𝑘௔ௗ௦ 
declined with different extents as the thickness increased. According to the reference 
[32], the average internal effective diffusion coefficient (𝐷௘) of plane desiccant layer in 

adsorption process can be calculated by 𝐷௘ ൌ
௞തೌ೏ೞఋమ

ଷ
. The changes of 𝐷௘ in silica gel, 

FAM Z01 and FAM Z05 coatings were illustrated in Fig. 13(b). It was observed that 
the 𝐷௘ rose almost linearly with the increase of thickness for all desiccant coatings. 
Thus, the 𝐷௘  can be fitted by the linear equation of 𝐷௘ ൌ 𝐶𝛿, where the value of 

𝐶 ൌ ௞തೌ೏ೞఋ

ଷ
 was a constant. The fitted values of 𝐶 for silica gel, FAM Z01 and FAM 

Z05 coatings were 5.54 ൈ 10ିଵ଴ , 5.90 ൈ 10ିଵ଴  and 4.43 ൈ 10ିଵ଴ , respectively. 
These results provided a simple way to predict the value of 𝑘ത௔ௗ௦ when the coating 
thickness was determined.  
 



 
 

 
Fig. 13 Adsorption rate coefficients 𝑘௔ௗ௦ and average effective mass transfer 
coefficients 𝐷௘ of silica gel, FAM Z01 and FAM Z05 coatings under various 

coating thickness: (a) 𝑘௔ௗ௦; (b) 𝐷௘. 
4.2 Comparison of dehumidification performance 

In this section, the dehumidification performances of silica gel, FAM Z01 and 
FAM Z05 coated air-cooled cross-flow DCHEs were numerically investigated under 
the low regeneration temperature range of 50-80℃. The cooling air velocity and 
temperature in DCHEs were selected as 4 m/s and 30℃ to achieve a good isothermal 
cooling effect. The length of desiccant coated dehumidification channel was 0.2 m 
same to the current experiment. The air velocities for adsorption and regeneration were 
fixed at 1 m/s. All of the inlet air humidity ratio were selected as 0.016 kg/kg. The 
average densities of coatings were estimated by the results in Table 2. The values of 
specific heat and thermal conductivity of FAM Z01 and FAM Z05 were set to be equal 
because they had similar structure. The adsorption heat of FAM Z01 and FAM Z05 
were assumed to be 3030 kJ/kg and 2800 kJ/kg according to the Ref. [33]. Table 7 
listed the key simulated input parameters. In order to ensure the same amount of 
desiccant in DCHEs, the thickness of FAM Z01 coating was first selected as 0.1 mm, 



and then the thicknesses of silica gel and FAM Z05 coatings were estimated as 0.088 
mm and 0.099 mm respectively according to the coating density and geometric 
structure of air channel in DCHEs [28]. Such a low thickness can ignore the mass 
transfer resistance in desiccant layer for numerical modelling [34]. The effective mass 
fractions of all coatings were assumed as 0.9. Different cycle times (300 s and 600 s) 
were simulated. A fully long regeneration process under the corresponding 
regeneration conditions was firstly simulated and the final states were set as the initial 
states of the first dehumidification cycle. Three dehumidification cycles were 
calculated and the numerical results of the third cycle were used to calculate the 
dehumidification performance, i.e., MRC and DCOP. 

 
Table 7 Input parameters of different coatings 

Properties Silica gel FAM Z01 FAM Z05 
Density 791.5 kg/m3 703.3 kg/m3 712.6 kg/m3 

Specific heat 921 J/kg·K 805 J/kg·K 805 J/kg·K 
Thermal conductivity 0.198 W/m·K 0.113 W/m·K 0.113 W/m·K 

Adsorption heat 2650 kJ/kg 3030 kJ/kg 2800 kJ/kg 
Pore diameter 2.4 nm 0.73 nm 0.73 nm 

 
The comprehensive effect of desiccant properties (kinetics and isotherm) on 

dehumidification performance can be analyzed based on the comparable standard due 
to the same desiccant amount and negligible intralayer mass transfer resistance through 
numerical simulation. Fig. 14 shows the transient change of outlet air humidity of silica 
gel, FAM Z01 and FAM Z05 coated DCHEs under regeneration temperature of 50℃ 
and 80℃ for various cycle times. Compared to the first dehumidification cycle, all 
minimum values of outlet air humidity increased as the cycle progresses. It was 
illustrated that these desiccant coatings were not able to achieve full regeneration under 
the investigated regeneration conditions. For a fixed cycle time, if the desorption rate 
is less than the adsorption rate, the dehumidification capacity of the DCHEs might 
gradually decay with the progress of the cycle such as the FAM Z01 and FAM Z05 
coated DCHEs in Fig. 14(a) and Fig. 14(c), but these decays would eventually reach 
equilibrium and stable cycle could be achieved. With the increase of regeneration 
temperature, the desorption rate increased and the better regeneration was achieved, 
there was a relatively stable cycle for the transient change of outlet air humidity after 
the first cycle as shown in Fig. 14(b) and Fig. 14(d). It is worth noting that the transient 
change of outlet humidity of silica gel coated DCHE always could maintain a stable 
periodicity under different regeneration temperatures and cycle times, this can be 
attributed to the near linear-shape adsorption isotherm of silica gel coating. By 
comparing the Fig. 14(a)-(d), it can be inferred that the appropriate cycle time and 
regeneration temperature should be ensured for the stable and efficient operation of 
DCHEs, and they might be various for different desiccant types DCHEs. 



 

 

 



 

 

 

Fig. 14 Transient change of outlet air humidity of silica gel, FAM Z01 and FAM 
Z05 coated DCHEs: (a) regeneration temperature 50℃ and cycle time 300 s; (b) 
regeneration temperature 80℃ and cycle time 300 s; (c) regeneration temperature 

50℃ and cycle time 600 s; (d) regeneration temperature 80℃ and cycle time 600 s. 
Effect of regeneration temperature on MRC and DCOP of silica gel, FAM Z01 and 

FAM Z05 coated DCHEs under various cycle times was presented in Fig. 15. Generally, 
the higher regeneration temperature, the better desorption of DCHEs and the higher 
MRC as shown in Fig. 15(a) and Fig. 15(c). However, there was an exception for FAM 
Z05 coated DCHE under cycle time of 300 s. It can be explained that the residual heat 
of regeneration process was difficult to be released in relatively short cycle time when 
the cycle was switched, which seriously affected the moisture removal of FAM Z05 
coating during adsorption process due to its low adsorption capacity in wider range. 
With the increase of regeneration temperature, the MRC of FAM Z01 coated DCHE 



increased to even be higher than these of the other two DCHEs under regeneration 
temperature of 80℃ and cycle time of 300 s. The different change trends of DCOP for 
three desiccant types DCHEs also were observed from Fig. 15(b) and Fig. 15(d). The 
silica gel coated DCHE had a decreased DCOP with the increasing regeneration 
temperature for various cycle times, while a totally opposite change trend of DCOP for 
FAM Z01 coated DCHE was observed. It should be noted that the DCOP of FAM Z05 
coated DCHE could achieve a peak value at the regeneration temperature of 70℃ and 
cycle time of 600 s, while it gradually decreased with the increasing regeneration 
temperature for the cycle time of 300 s. In summary, the difference of dehumidification 
performance of the three desiccant types DCHEs became smaller as regeneration 
temperature increased. FAM Z05 coated DCHE achieved better dehumidification 
performance at low regeneration temperature and short cycle time, its MRC and DCOP 
could reach 0.495 g/kg and 0.57 at the regeneration temperature of 50℃ and cycle time 
of 300 s, which were 2.3 and 15.4 times higher than these of silica gel and FAM Z01 
coated DCHEs, respectively. Different from Ref. [16], the dehumidification 
performance of silica gel coated DCHE in current study was even better than FAM Z05 
coated DCHE at the regeneration temperature of 50℃ and cycle time of 600 s, but its 
DCOP was only 0.29 which was significantly lower than the corresponding DCOP of 
FAM Z05 coated DCHE at cycle time of 300 s. Therefore, from the perspective of 
efficient utilization of lower temperature heat energy, FAM Z05 was more promising 
than FAM Z01 and silica gel in air-cooled DCHE systems especially at low regeneration 
temperature less than 50℃. 

 

 



 

 

 

 



 

Fig. 15 Effect of regeneration temperature on MRC and DCOP of silica gel, 
FAM Z01 and FAM Z05 DCHEs under various cycle times: (a) MRC under cycle 
time 300 s; (b) DCOP under cycle time 300 s; (c) MRC under cycle time 600 s; (d) 

DCOP under cycle time 600 s.  
5. Conclusion 

In this study, the water uptake kinetics of silica gel and two aluminophosphate 
zeolites (FAM Z01 and FAM Z05) coated adsorber were investigated under various 
parameter conditions. The dehumidification performances of three desiccant types air-
cooled DCHEs also were simulated at the low regeneration temperature range of 50-
80℃. The conclusions mainly included: 

(1) The experimental dynamic dimensionless water uptake results of silica gel, 
FAM Z01 and FAM Z05 coated adsorber could be well covered by the fitting curves of 
LDF model. The fitting curves were higher than the experiment results at the initial 
stage of adsorption process, but the opposite situation occurred at the final stage.  

(2) The inlet air humidity ratio, regeneration temperature, air velocity and coating 
thickness affected the adsorption rate coefficient 𝑘௔ௗ௦. The 𝑘௔ௗ௦ increased with the 
increase of air humidity and air velocity, but decreased with increasing coating 
thickness. It is worth pointing out that the increasing regeneration temperature had a 
little effect on the 𝑘௔ௗ௦ , while the desorption rate coefficient 𝑘ௗ௘௦  increased 
significantly. 

(3) The moisture removal capacity (MRC) and dehumidification performance of 
coefficient (DCOP) of the three desiccant types DCHEs showed different change trends 
as regeneration temperature increased under various cycle times (300s and 600s). 
Almost all MRCs were gradually increased except that of FAM Z05 coated DCHE at 
the short cycle time. Silica gel coated DCHE had a decreased DCOP, while that of FAM 
Z01 coated DCHE was increased. It should be noted that the DCOP of FAM Z05 coated 
DCHE could achieve a peak value at regeneration temperature of 70℃ and cycle time 
of 600 s, while the DCOP gradually decreased under the short cycle time. Simulated 
results also showed that the MRC and DCOP of FAM Z05 coated DCHE could reach 



0.495 g/kg and 0.57 at the regeneration temperature of 50℃ and cycle time of 300 s, 
which were 2.3 and 15.4 times higher than these of silica gel and FAM Z01 coated 
DCHEs, respectively. It demonstrated that the FAM Z05 was more promising to utilize 
the lower-grade heat energy with temperature less than 50℃. 
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