RESEARCH ON THE DRYING CHARACTERISTICS OF WHITE RADISH SLICES BASED
ON A DUAL-SOURCE HEAT PUMP-LOW-TEMPERATURE REGENERATION
DESICCANT WHEEL SYSTEM

Junhai YAN ¥, Ben WEI, Weinan HAN
*“1School of Smart Energy and Environment, Zhongyuan University of Technology, Zhengzhou, China

* Corresponding author; E-mail: junhaiyan@zut.edu.cn

This study proposes a dual-source heat pump-desiccant wheel drying (HP-
DWD) system that integrates low-temperature regeneration to overcome the
limitations of conventional open- and closed-loop systems. Drying
experiments on white radish slices were conducted at temperatures of 35—
45 °C, air velocities of 1-3 m/s, and slice thicknesses of 3—7 mm. At 45 °C,
HP-DWD reduced drying time by 20% and energy consumption by 8.1%
compared to heat pump drying (HPD), while rehydration capacity improved
by 6%. Exergy efficiency increased by 21.24%, owing to reduced
compressor and condenser losses. The Page model accurately described the
drying Kinetics (R2 = 0.994). These results demonstrate the system's potential
for energy-efficient, high-quality drying of heat-sensitive agricultural
products.
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1. Introduction

Post-harvest drying treatment of agricultural products is not only an effective method for
extending their storage life but also a necessary processing requirement for certain commoditiest*l. For
example, if newly harvested grains such as wheat and corn are not promptly dried to a safe moisture
content level, significant losses may occur due to mold growth and sprouting?. In the processing of
traditional Chinese herbal medicines, drying is also a critical initial stepfl. Common drying
technologies for agricultural products include hot-air drying, heat pump drying, vacuum freeze-drying,
and infrared drying™®. Among these, heat pump drying technology has gained widespread application
due to its advantages such as superior drying performance, safety and environmental friendliness, high
energy efficiency, low operating costs, and broad applicability. Hou et al.Blinvestigated the effect of
intermittent ratios on closed-loop heat pump drying performance using a novel ternary refrigerant,
demonstrating that intermittent operation can significantly enhance the system's coefficient of
performance while maintaining corn kernel quality; however, their study revealed that closed-loop
systems suffer from prolonged preheating periods and diminished efficiency during the later drying
stages when material moisture content decreases. Binfei et al.[®lconducted simulation studies on open-
loop air cycle heat pump drying systems, identifying ambient temperature sensitivity as a major
operational constraint, with system performance deteriorating substantially under low ambient
temperatures. Zhou et al.[lexplored CO, closed-cycle heat pump drying for lemon assisted by
ultrasonic pretreatment, achieving improved drying rates but at the cost of increased system
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complexity and initial investment. These studies collectively highlight an inherent trade-off in
conventional heat pump drying systems: open-loop configurations offer simplicity but suffer from
environmental sensitivity, while closed-loop systems provide stable operation but face preheating
delays and late-stage performance degradation.

Based on the differences in drying medium circulation modes, heat pump drying systems can be
categorized into open-loop and closed-loop configurations. The open-loop system utilizes ambient air
as the drying medium, which requires substantial moisture removal during operation, inevitably
leading to significant heat losses; additionally, as the temperature of incoming fresh air decreases with
ambient temperature fluctuations, the heating load for the drying chamber air supply increases,
compromising system operational stability and reducing energy efficiency™. In contrast, the closed-
loop system employs a fully sealed circulation of the drying medium, minimizing heat losses while
recycling high-humidity exhaust air from the drying chamber through the heat pump evaporator to
recover its latent heat of vaporizationl”l. This allows the refrigerant evaporation temperature to be
lowered due to higher moisture content, thereby reducing the temperature differential between the
evaporator and condenser and improving the system's coefficient of performance (COP); moreover, its
performance remains unaffected by ambient temperature variations—Kkey advantages of this
configuration. However, challenges persist: during the preheating phase, the evaporator relies solely
on chamber air for heat input, resulting in prolonged preheating times; in the later stages of drying, as
material moisture content decreases, the humidity of exhausted air becomes lower, necessitating
greater reliance on electrical energy for drying heat supply, which rapidly increases energy
consumption and significantly reduces the system's COP, offsetting its initial high-efficiency
advantages. To address these limitations, hybrid drying techniques—integrating heat pump systems
with alternative drying methods—have emerged as a promising development direction to overcome
the deficiencies of standalone heat pump drying systems while preserving their operational benefits.

Desiccant-assisted drying technologies have emerged as a promising solution to address the
humidity management challenges in drying processes. Innovative polymer-based desiccant wheels are
driving advancements in the drying sector. These wheels utilize polymer composite adsorption
materials with a porous structure to achieve dynamic moisture management through adsorption-
desorption cycles. Zhiyao et al.Plconducted experimental investigations on desiccant wheel
dehumidification systems under low air humidity conditions, demonstrating the effectiveness of
polymer-based desiccant materials in achieving substantial moisture removal with moderate energy
input. The polymer network of the high-molecular-weight adsorbents used enables regeneration at low
temperatures (35-70°C), significantly reducing energy consumption compared to conventional silica
gel or zeolite materials, which require regeneration temperatures of 100-180°CI® %, This not only
allows for the effective use of low-temperature waste heat for adsorbent regeneration but also
substantially lowers carbon emissions during the drying process. Lee et al.[!¥l characterized the
sorption properties of novel polymeric desiccants, revealing their capability for effective regeneration
at temperatures as low as 35-70°C. White et al.l*? further confirmed the viability of alternative
desiccant materials at low regeneration temperatures, achieving comparable dehumidification
performance to conventional materials but with substantially reduced energy consumption. This low-
temperature regeneration characteristic creates a unique opportunity for integrating desiccant wheels
with heat pump systems, where the waste heat from condensers can serve as the regeneration heat
source. The hierarchical pore structure, constructed via nanocomposite technology, significantly



enhances water molecule diffusion rates and adsorption capacity™®. Furthermore, when applied to
agricultural products, low-temperature and low-humidity drying using desiccant wheels maximizes
nutrient retention compared to traditional drying methodsi**l. From a lifecycle assessment
perspective, this technology combines environmental friendliness with economic viability, perfectly
aligning with the green manufacturing demands of the food industry!*&],

This paper therefore proposes a dual-source HP-DWD system that couples a parallel dual-
condenser heat pump with a low-temperature regeneration desiccant wheel. The configuration enables
multi-mode operation (high/low-temperature, gradient drying) and effective waste heat recovery,
offering improved energy efficiency and product quality, especially for heat-sensitive materials. White
radish slices were used as a representative material to experimentally evaluate the system’s drying
performance.

2. Methodology

2.1. Experimental system

As shown in Fig. 1 for the heat pump - Desiccant wheel drying (HP-DWD) system, which has a
ventilation system and heat pump cycle composition, ventilation system is divided into drying
ventilation system and regeneration ventilation system. The working process of the system is divided
into preheating process and drying process.
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Fig. 1 Heat pump - Desiccant wheel coupled closed drying system

Preheating process: Fresh air is cooled by the evaporator, heated through the sensible heat
exchanger and condenser 2, then passes through the regeneration side of the desiccant wheel and the
total heat exchanger before being exhausted. Return air from the chamber is dehumidified by the
wheel and heated by condenser 1, circulating until the set temperature is reached; during this phase the
wheel does not rotate.

Drying process: Return air is pre-cooled in sensible heat exchanger 2, dehumidified by the
wheel, reheated by condenser 1, and supplied to the chamber. Fresh air is dehumidified by the
evaporator, preheated by the exhaust in sensible heat exchanger 2, further heated by condenser 2, used
to regenerate the wheel, and then exhausted through the total heat exchanger.

Heat pump cycle: A parallel dual-condenser arrangement is used. During preheating, only
condenser 1 operates; during drying, the refrigerant flow is split between condensers 1 and 2 to
simultaneously reheat process air and regeneration air.



2.2. Experimental design

This study employed a comparative experimental design to investigate the drying characteristics
of white radish slices using a combined heat pump-desiccant wheel drying system (HP-DWD) versus a
standalone heat pump drying system (HPD). The experimental design followed a single-factor rotation
method: one factor was varied while other factors were fixed at baseline values, allowing systematic
investigation of the effects of temperature, air velocity, and slice thickness on drying performance.
Three sets of variables were tested: drying temperatures of 35°C, 40°C, and 45°C; drying temperatures
combined with airflow velocities of 1 m/s, 2 m/s, and 3 m/s; and slice thicknesses of 3 mm, 5 mm, and
7 mm. The selected thicknesses (3, 5, and 7 mm) cover the typical range used in commercial white
radish processing. The HP-DWD experimental group utilized a single-factor rotation design of these
variables, while the HPD control group maintained fixed parameters of 45°C, 1 m/s, and 5 mm.

Fresh white radish (Raphanus sativus L.) of uniform size and maturity was obtained from a
local market. All samples were washed, peeled, and cut into cylindrical slices of specified thickness
using a precision slicing machine. After standardized pretreatment, all samples were grouped and
labeled in units of 500 = 5 g, uniformly spread on porous trays for drying. The systems were preheated
to the set temperatures before samples were introduced into the drying chambers. Mass changes were
recorded every 30 minutes (with a precision of 0.01 g) until the moisture content reached <10%
(w.b.)% at which point the experiments were terminated. Each experimental run was repeated three
times to ensure data reliability. The drying experimental protocol is outlined in Table 1.

Table 1 Experimental design scheme for drying white radish slices

Experiment number Temperature/ Air velocity/ Slice thickness/ System
°C (m/s) mm

1 35 1 5 HP-DWD
2 40 1 5 HP-DWD
3 45 1 5 HP-DWD
4 45 2 5 HP-DWD
5 45 3 5 HP-DWD
6 45 1 3 HP-DWD
7 45 1 7 HP-DWD
8 45 1 5 HPD

The regeneration temperature for the desiccant wheel was selected in the range of 45-50°C to
match the drying temperature of the white radish slices. This temperature range is sufficient for the
polymer-based desiccant material to achieve effective regeneration due to its low-temperature
regeneration characteristics!**2, The specific regeneration temperature was controlled by adjusting
the heat distribution between condenser 1 and condenser 2, ensuring that the regeneration air entering
the wheel maintained the desired temperature for optimal desorption performance.

2.3. Experimental indicators

The moisture content, drying rate, effective moisture diffusion coefficient, and activation energy
of the material during the drying process were calculated using the dynamic weighing method
proposed by Ni et al.?ll] reflecting moisture migration patterns through real-time mass changes.
Energy consumption was evaluated using the energy consumption analysis model referenced from
Liao et al.?? calculating specific moisture removal energy (SMRE). The shrinkage ratio was



determined using the volumetric change measurement method by Barbara et al.[?®l, obtaining the
volume ratio before and after drying. The rehydration ratio was assessed based on the standardized
testing protocol by Hao et al.?*l, where samples were immersed in 30°C distilled water to measure
maximum water absorption capacity.

2.4. Drying kinetics modeling

To quantitatively describe the moisture removal behavior of white radish slices during the HP-
DWD process, the Page model was adopted as the primary drying kinetics model. This semi-empirical
thin-layer equation, derived from Fick's second law of diffusion and widely applied to agricultural
products, is expressed as:

MR =exp(-k-7") Q)

where MR is the dimensionless moisture ratio, k is the drying rate constant, and n is the Page

exponent characterizing the drying mechanism. Model parameters were determined by nonlinear

regression using the Levenberg—Marquardt algorithm. Performance was evaluated using the

coefficient of determination (R?), root mean square error (RMSE), and reduced chi-square (y2), with

the definitions of these statistical indices provided in [°. The Page model demonstrated excellent
fitting accuracy under all experimental conditions.

2.5. Exergy analysis

To evaluate the energy utilization efficiency of the HP-DWD system, an exergy analysis of the
system is conducted.

In this study, the system’s input exergy mainly includes the heat energy converted from the
electrical energy input to the heat pump, as well as the heat energy carried by the fresh air during the
regeneration process of the desiccant wheel in the drying process. The system's output exergy is the
exergy contained in the dried white radish slices. The calculation formula is as follows:
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Where: Pcomp is the compressor power (KW); t is the operating time (h); myq is the mass flow
rate of the regeneration air (kg/h); c, is for the specific heat capacity of air at constant pressure
(kJ/kg-K); Tregin and Tregour are the inlet and outlet temperatures, respectively, on the regeneration side
of the desiccant wheel (K). hg is the latent heat of vaporization (kJ/kg); mw is the mass of water
removed during the drying process (kg); R is the gas constant (kJ/kg-K); To and Tevsp are the ambient
temperature and evaporation temperature (K); Psat(Tevap) and Psat(To) are the saturation pressure (kPa).

The exergy destruction of this system primarily comprises the exergy losses in the heat pump
subsystem and the desiccant wheel subsystem. Specifically, the exergy losses in the heat pump
subsystem include those in the compressor, condenser, and evaporator components, while the
desiccant wheel subsystem involves exergy losses on both the process air (drying) side and the
regeneration air side. The calculation formulas are provided as follows:
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Where: m; and m, are the mass flow rates of refrigerant and air (kg/h); Si» and Sou are the
entropy values of the refrigerant at the compressor inlet and outlet (kJ/kg-K); Tin and Tou are the
temperatures of the air at the inlet and outlet of the component it flows through (K); Py is the actual
vapor pressure of the air corresponding to its temperature (kPa); c,r and cpa are the specific heat
capacities at constant pressure of the refrigerant and air (kJ/kg-K).

2.6. Uncertainty analysis

The uncertainties in this experimental study arise from both direct measurements and calculated
parameters?®l. Direct measurement uncertainties originate from instrument precision and resolution,
while indirect uncertainties propagate through the calculation formulas for derived quantities
(moisture ratio, drying rate, effective moisture diffusivity, and exergy efficiency).

Direct measurement uncertainties, based on instrument precision and minimum measured values,
are summarized in Table 2. Indirect uncertainties were evaluated by the root-sum-square method [2¢],
Table 2 Uncertainty Analysis of Measuring Instruments

Min Max
Instrument Model Range Precision Measured Measurement

Value Error

Electronic balance UTP-313 0~2000g 0.01g 15¢ 0.067%

Moisture analyzer HES83 0~100% 0.01% 90% 0.011%

Vernier caliper MNT-150T 0~150 mm  0.02mm 29 mm 0.069%
Temperature sensor PT100 -50~150°C 0.1°C 25°C 0.4%
Humidity sensor HIH-4000 0~100%RH 3% RH 20% RH 15%

Hot-wire anemometer Testo 425 0~20 m/s 0.03 m/s 1mis 3%

3. Research findings and discussion
3.1. Drying characteristics of white radish
3.1.1  Comparison of different drying methods

When the drying temperature is 45°C, the air velocity is 1m/s, and the thickness of the slices is 5
mm, the moisture ratio change curves and drying rate curves of white radish slices dried by heat pump
drying and HP-DWD are shown in Fig. 2. From Fig. 2(a), it is evident that the novel drying system has
a better drying effect on the material compared with the heat pump drying. The drying time is
shortened by 1 h. Fig. 2(b) shows that the drying rate is higher than that of heat pump drying in the



early stage of drying, and the difference is smaller in the middle and late stages. The maximum drying
rate of the HP-DWD is 7.48 g/(g-h), and the maximum drying rate of the heat pump is 6.39 g/(g-h).
The novel type of drying significantly reduces the humidity of the air, and the partial pressure of the
water vapour in the air is reduced, and the difference of the partial pressure of the water vapor between
the white radish slices and the air is increased, which enhances the drying rate and promotes the
reduction of the moisture ratio of the white radish in the process.
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Fig. 2 Drying characteristic curves of white radish under different drying methods

It should be noted that the data points in Figs. 2-5 represent discrete measurements recorded at
30-minute intervals. The curves connecting these points are intended to illustrate overall trends and do
not imply continuous measurement, which is consistent with typical thin-layer drying studiest?”-21,

3.1.2  Comparison of different drying air temperatures

When the drying air velocity was 1 m/s, the thickness of the slices was 5 mm, and the drying
temperatures were 45, 40, and 35 °C, the change curves of the moisture ratios of the HP-DWD white
radish and the drying rate curves were shown in Fig. 3. The drying temperature had a significant effect
on the drying process of white radish, and the moisture ratio of white radish decreased to below the
drying endpoint in Fig. 3(a), which required 4.0 h, 5.5 h and 5.5 h. Although the drying time to the
drying endpoint was close to the drying time under the drying conditions of 40 °C and 35 °C, the
moisture ratio at the drying endpoint of 40 °C was 0.009 1, that at the drying endpoint of 35 °C was
0.014 5. The moisture ratio at the end of drying at 35 °C was 1.59 times of that at 40 °C. It can be seen
that in the process of decreasing the moisture ratio of white radish slices, the drying time is shortened
with the increase of drying temperature.Fig. 3(b) shows that in the first 3 hours of drying, the higher
the temperature, the higher the drying rate of white radish. After 3 hours of drying, the higher the
temperature the lower the drying rate. This is because as drying proceeds, the moisture content in the
white radish slices with high drying temperature reaches a lower value preferentially, and the drying
rate decreases. The maximum drying rates were 7.48, 5.78, and 5.17 g/(g-h) when the drying
temperatures were 45, 40, and 35 °C, respectively. The rise in drying temperature increased the heat
exchange between white radish slices and air, which accelerated the evaporation and diffusion of
moisture in the material.
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Fig. 3 Drying characteristic curves of white radish under different drying temperatures

3.1.3 Comparison of different drying air velocities

When the drying temperature was 45 °C, the thickness of the slices was 5 mm, and the drying
air velocity was 1, 2, and 3 m/s, the moisture ratio change curves of the HP-DWD white radish slices
and the drying rate curves were shown in Fig. 4. From Fig. 4(a), it can be seen that the moisture ratio
of white radish decreases with the increase of air velocity, and when the air velocity is 1, 2 and 3 m/s,
the time of white radish arriving at the drying endpoint is 4.0, 4.0 and 3.5 h. However, the moisture
ratio of 1 m/s is higher than that of 2 m/s when arriving at the drying endpoint, which is due to the fact
that the high air velocity makes the thickness of the air film around the material decrease, and enables
the moisture inside the material to diffuse out of the material surface rapidly. material surface. From
Fig. 4(b), it can be seen that at the early stage of drying from 0 to 0.5 h, the drying air velocity is
increased, and the water evaporation velocity is fast, so the drying rate at the early stage of drying with
3 m/s air velocity is the largest, which reaches 8.58 g/(g-h), and the maximum drying rate under the
drying air velocity of 1 m/s is 7.48 g/(g-h). This shows that the air velocity has a small effect on the
drying of white radish slices, and it is difficult to carry out moisture migration at the later stage of
drying. The change of drying rate under different air velocity was not obvious and was basically flat.
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Fig. 4 Drying characteristic curves of white radish under different drying air velocity



3.1.4 Comparison of different slice thicknesses

When the drying temperature is 45 °C, the drying air velocity is 1 m/s, the thickness of white
radish slices are 3, 5, 7 mm, respectively, the HP-DWD white radish slices of the moisture ratio
change curve and drying rate curve as in Fig. 5. From Fig. 5(a), it is obvious that the different
thickness of the slices has a significant impact on the change of the moisture ratio, the thickness of the
slices of white radish slices of 3 mm, 5 mm, 7 mm to reach the end of the drying time, respectively,
2.5, 4.0, 6.5 h. This is because the thicker the slice thickness requires more heat in the process of
drying, the slower the evaporation of the internal moisture of the white radish slices, and the longer the
time used, 4.0 and 6.5 h.From Fig. 5(b), the thinner the slices, the higher the drying rate. At 0.5 h of
drying, the drying rate of 3 mm and 5 mm slices reached the maximum values of 11.62 and 7.62
0/(g-h), while the drying rate of 7 mm slices of white radish reached the maximum value of 5.45
9/(g-h) after decreasing and then increasing during the drying period of 0~1.5 h. The first decrease was
due to the fact that the surface of the slices had moisture when the material was fed into the drying
chamber. The first decrease was because the slices were fed into the drying chamber with moisture on
the surface of the slices and this part of the drying was easy to be carried out, so the first peak was
reached at 0.5 h of drying. In the drying process due to the thickness of 7mm thick, resulting in drying
the surface of the material and the existence of temperature difference between the interior, the
moisture inside the material cannot quickly diffuse to the surface, and the moisture migration path is
longer, resulting in increased resistance to diffusion to form a lag, the drying rate in the 0.5 ~ 1.0h
drying rate appears to reduce the phenomenon. In drying 1.0 ~ 1.5 h white radish slices inside and
outside the temperature tends to be the same, moisture migration to the surface of the water content
increases the drying rate peaked again. In the late drying of thicker white radish slices drying rate is
greater than the thickness of thinner white radish slices drying rate, this is due to the thickness of thin
white radish slices of water content decreases faster, the water diffusion resistance increases.

a 10 —&— 3mm b 12 —&— 3mm
\ —®— 5mm —&—5mm
—A—7mm 10 —A—7mm
0.8 —
=
2 EX
g e
o 0.6 3
2 g6
3 2
S04 s 4
[a]
0.2 2
N —A
0.0 n n ! . n \f\Aﬁ"\A\\A 0 ! ! ! ! ! ‘l‘
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Drying time/ h Drying time/ h

Fig. 5 Drying characteristic curves of white radish under drying with different slice thicknesses

3.2. Drying quality of white radish

From Fig. 6, it can be seen that in the HP-DWD process, the higher the drying temperature, the
more serious the shrinkage of white radish slices. it can be seen that the rehydration capacity 35 °C >
40 °C > 45 °C > single heat pump 45 °C. At 45 °C drying temperature, the HP-DWD has better
rehydration capacity compared with single heat pump drying. The longer drying time of the heat pump
slowed down the water migration rate, which damaged the tissue structure of white radish and reduced



the rehydration capacity. The HP-DWD significantly reduces the air humidity to accelerate the drying
process and reduces the degree of quality loss of white radish slices in the drying process.

a

0.55 |-

o
w
&

Shrink ratio

0.53

0.55

HPD

B shrink ratio

XY Rehydration ratio |

2.46

HP-DWD

N N N N
N w = (4]
Rehydration ratio

L
N
S

g
o

b 0.60

Shrink ratio

2.77

40

B Shrink ratio
XY Rehydration ratio

0.54

L
N
o

L
N
[

N
~

Rehydration ratio

Drying methods

HP-DWD Temperature/ °C

Fig. 6 Shrinkage ratio and rehydration

From the four groups of drying samples under the conditions in Fig. 7, it can be seen that under
the same drying conditions, the appearance of white radish slices dried by the HP-DWD is flatter than
that of heat pump drying, indicating that the HP-DWD can better maintain the integrity of the tissue
structure of white radish slices, and the color and luster of both of them show a slight yellowish color
and have a small number of black dots. Under the HP-DWD method, it can be seen that the
appearance of white radish slices under different drying temperatures, white radish slices under low
temperature drying at 35 °C are the most flat, with uniform distribution of color and luster, which is
white. With the increase of temperature, the appearance of white radish decreased in flatness, and the
color and luster showed a slight yellowish color with a small number of black dots.

HPD 45°C HP-DWD 45°C

HP-DWD 35°C

HP-DWD 40°C

Fig. 7 Dried samples of white radish under different working conditions

3.3. Analysis of effective water diffusion coefficient and energy consumption

The effective moisture diffusion coefficient (Der) can indicate the rapidity of moisture migration
velocity of dried materials during the drying process. The effective moisture diffusion coefficient



under different conditions can be seen from Table 3. With the increase of temperature, the effective
moisture diffusion coefficient shows a rising trend, which indicates that temperature has a promoting
effect on moisture migration. With the increase of air velocity, the effective moisture diffusion
coefficient increased, but compared with temperature, the increase was not obvious and the growth
rate gradually decreased. The effective moisture diffusion coefficients were affected differently by the
thickness of the slices. The effective moisture diffusion coefficient at 3 mm thickness showed a
decreasing trend, while the effective moisture diffusion coefficients at 5 and 7 mm thicknesses showed
an increasing trend with decreasing thickness. This is due to the fact that the thickness of 3 mm is too
thin, the moisture migration path is short, the diffusion resistance is small, and the internal moisture of
the white radish slices migrates to the surface quickly to exchange with the moisture in the air. The
drying process proceeds too rapidly, which is inconsistent with the assumption of Fick's law and is not
applicable to the formula. Based on the time to reach the end point of the drying process and the
drying rate, it was concluded that the 3 mm thickness of the slices had a higher moisture diffusion
coefficient. Thus, the moisture diffusion of white radish slices in the combined drying process is
mainly affected by the drying temperature and the thickness of the slices, and the air velocity has less
influence on the moisture diffusion.

Table 3 Effective moisture diffusion coefficient under different drying conditions.

Experimental conditions k1 Dest
HP-DWD 35°C-5mm-1m/s 2.25E-04 5.71E-10
HP-DWD 40°C-5mm-1m/s 2.69E-04 6.82E-10
HP-DWD 45°C-5mm-1m/s 3.58E-04 9.08E-10
HP-DWD 45°C-5mm-2m/s 3.61E-04 9.15E-10
HP-DWD 45°C-5mm-3m/s 3.65E-04 9.25E-10
HP-DWD 45°C-3mm-1m/s 5.37E-04 4.90E-10
HP-DWD 45°C-7mm-1m/s 1.71E-04 8.50E-10

HPD 45 °C-5mm-1m/s 3.14E-04 7.96E-10

The Dest values obtained in this study (4.90x1079~9.25x101° m?/s) fall within the range reported
for other root vegetables: 5.0x10719~1.2x10"° m?/s for potatol®¥, 3.5x1071°~8.5x101° m2/s for carrot*],
and 4.0x101°~1.0x10"° m?/s for sweet potatol®®l. Specifically for white radish, Sahin et al.B™ reported
effective moisture diffusivities in the range of 3.2x107'° to 8.7x107'® m*s under various drying
temperatures, which align well with our measurements. This agreement validates the experimental
methodology and confirms that white radish exhibits moisture diffusion characteristics typical of high-
starch root vegetables.The activation energy (Ea) for moisture diffusion during the drying process was
determined from the Arrhenius-type relationship: D,, =D, exp(—E,/RT). The Ea value obtained for
white radish slices under HP-DWD conditions is 28.6 kJ/mol, which falls within the range reported for
other root vegetables: 25-35 kJ/mol for potatol®¥, 30-42 kJ/mol for carrot®, and 22-38 kJ/mol for
sweet potato®l, The Ea value of 28.6 klJ/mol aligns well with literature data for root vegetables,
confirming the reliability of the calculated activation energy. The relatively low Ea compared to leafy
vegetables (often >45 kJ/mol) indicates that white radish moisture removal is less temperature-
sensitive, suggesting that low-temperature drying strategies can be effectively employed without
incurring prohibitive increases in drying time. From a process optimization perspective, this justifies
the selection of 35°C as the optimal drying temperature, balancing acceptable drying duration with
superior product quality.



At the same time, it can be seen that at a temperature of 45°C, the moisture diffusion coefficient
of HPD is between the moisture diffusion coefficients of the HP-DWD at 40°C and 35°C, which
indicates that the HP-DWD can at least reduce the drying temperature by more than 5°C while
achieving comparable moisture diffusivity. The effective diffusion coefficient of HP-DWD at 45°C is
about 1.14 times that of HPD at the same temperature. And from Fig. 8 can be seen in the same
temperature, the HP-DWD energy consumption is lower than the HPD 8.1%.

15 1.48

=
~
T

1.36

=
w
T

=
N
T

Energy consumption/ (kJ/g)

=
=
T

1.0

HPD HP-DWD
Drying method

Fig. 8 Energy consumption of different drying methods

3.4. Drying kinetics modeling with the Page model

The Page model was fitted to all experimental drying curves to quantitatively characterize the
moisture transfer behavior of white radish slices under HP-DWD conditions. Table 4 summarizes the
model parameters and goodness-of-fit statistics for representative experimental conditions.

Table 4 Page model parameters under different drying conditions.

Experimental conditions k n R? Ve RMSE

HP-DWD 35°C-5mm-1m/s 0.342 13 1.311 78 0.995 93 0.000 49 0.022 29
HP-DWD 40°C-5mm-1m/s 0.394 24 1.269 21 0.996 32 0.000 45 0.021 18
HP-DWD 45°C-5mm-1m/s 0.541 74 1.297 11 0.994 38 0.000 78 0.027 95
HP-DWD 45°C-5mm-2m/s 0.597 63 1.301 38 0.996 49 0.000 50 0.023 36
HP-DWD 45°C-5mm-3m/s 0.661 96 1.262 37 0.996 37 0.000 53 0.022 99
HP-DWD 45°C-3mm-1m/s 1.013 77 1.288 93 0.996 71 0.000 59 0.024 40
HP-DWD 45°C-7mm-1m/s 0.335 60 1.273 83 0.997 11 0.000 34 0.018 40

The Page model demonstrated excellent fit quality across all conditions, with R2 values ranging
from 0.988 to 0.995, confirming its suitability for describing the drying kinetics of white radish slices
in the HP-DWD system. The n values, consistently below unity (1.26~1.31), indicate that the drying
process is diffusion-controlled and occurs predominantly in the falling-rate period for all tested
conditions. The drying rate constant k increases with temperature (from 0.342 at 35°C to 0.541 at 45°C)
and air velocity (from 0.541 at 1 m/s to 0.661 at 3 m/s), but decreases with slice thickness (from 1.013
for 3 mm to 0.335 for 7 mm), consistent with the drying rate trends discussed in Section 3.1.

The excellent predictive capability of the Page model (all R? > 0.98) supports its application for
process optimization and control in the HP-DWD system, enabling accurate prediction of drying



endpoint and moisture content evolution under varying operating conditions. The model parameters
can serve as quantitative inputs for developing advanced control strategies, such as model predictive
control, to optimize drying performance in real-time based on measured moisture content.

3.5. Exergy analysis

As shown in Fig. 9, the exergy efficiency under different drying methods and temperatures is
presented. When the system's output exergy remains constant, the exergy efficiency of the HP-DWD
system increases with rising drying temperatures. At the same drying temperature, the exergy
efficiency of the HP-DWD system is 21.24% higher compared to the HPD system. This improvement
reflects the enhanced thermodynamic performance of the integrated system, where the desiccant wheel
enables more effective utilization of the available energy by reducing the humidity load on the heat
pump and allowing operation at lower temperatures.
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Fig. 9 Comparison of exergy efficiency at different drying temperatures

Table 5 displays the exergy loss analysis of the systems. It can be observed that differences exist
in input exergy and exergy losses between the HPD and HP-DWD systems. In the HPD system, the
compressor exhibits the highest exergy loss, reaching 1.49 kW, which accounts for 63.79% of the total
losses. In contrast, while the compressor's exergy loss in the HP-DWD system decreases, the desiccant
wheel also contributes significantly to exergy losses. Compared to the HPD system, the exergy losses
of the compressor and condenser in the HP-DWD system are reduced by 7.2% and 8.3%, respectively,
whereas the exergy loss of the evaporator increases by 8.2%. The compressor exergy loss reduction is
attributed to the lower compression ratio required when operating at the optimal drying conditions, as
the desiccant wheel pre-dehumidification reduces the moisture content of the process air, allowing the
evaporator to operate at a higher evaporation temperature.

The exergy loss of the evaporator increases slightly in the HP-DWD system because the
desiccant wheel pre-dehumidification reduces the moisture content of the air entering the evaporator,
decreasing the latent heat recovery potential. However, this trade-off is outweighed by the significant
reductions in compressor and condenser exergy losses. The desiccant wheel contributes 15-26% of the
total exergy losses depending on operating conditions, identifying it as a key component for further
efficiency improvement. The exergy loss in the desiccant wheel arises primarily from the irreversible
mixing and heat transfer processes during adsorption and regeneration.



Table 5 Exergy analysis of different drying systems

Drying methods = Temperature Component Unit time Exergy
and time exergy loss/ kW loss rate/%
HPD 45°C. 5h Compressor 1.49 63.79
Condenser 0.65 27.57
Evaporator 0.202 8.64
HP-DWD 35°C. 5.5h Compressor 1.162 52.51
Condenser 0.502 22.68
Evaporator 0.216 9.76
Desiccant wheel 0.333 15.04
40°C. 5.5h Compressor 1.22 49.9
Condenser 0.528 21.6
Evaporator 0.217 8.88
Desiccant wheel 0.48 19.63
45°C. 4h Compressor 1.39 46.65
Condenser 0.60 20.17
Evaporator 0.22 7.26
Desiccant wheel 0.77 25.92

Although certain components in the HP-DWD system exhibit higher exergy losses, the total
exergy loss of the system is 42,980 kJ, slightly higher than the 42,150 kJ of the HPD system. However,
considering its shorter drying time and potential for enhanced energy efficiency, the HP-DWD system
still demonstrates superior performance in terms of energy conservation and efficiency. The exergy
efficiency improvement of 21.24% represents a substantial thermodynamic advantage that justifies the
additional system complexity.

4, Conclusion

This study proposed and experimentally validated a novel dual-source heat pump-low
temperature regeneration desiccant wheel drying system (HP-DWD). By integrating heat pump and
rotary dehumidification technologies, the system effectively addresses the technical bottlenecks of
conventional open-loop and closed-loop heat pump drying systems while enabling flexible switching
among high-temperature, low-temperature, and gradient drying modes. Through systematic
investigation of white radish slice drying characteristics under varying conditions (temperatures of
35°C, 40°C, and 45°C; air velocities of 1, 2, and 3 m/s; slice thicknesses of 3, 5, and 7 mm), the
following conclusions are drawn:

(1) At 45 °C, HP-DWD reduced drying time by 20% (from 5.0 to 4.0 h), increased maximum
drying rate by 17.1%, and lowered energy consumption by 8.1% compared to HPD.

(2) Temperature and thickness strongly influenced drying kinetics; air velocity had a weaker
effect. Drying rate at 45 °C was 44.7% higher than at 35 °C, and reducing thickness from 7 to 3 mm
improved efficiency by 61.5%.

(3) Best quality was obtained at 35 °C, with rehydration 13% higher than at 45 °C and minimal
discoloration.



(4) Exergy efficiency improved by 21.24%, with compressor and condenser losses reduced by
7.2% and 8.3%, respectively. The desiccant wheel was identified as the primary source of remaining
exergy loss.

(5) The Page model (R? > 0.988) and activation energy of 28.6 kJ/mol confirm that white radish
drying is moderately temperature-sensitive, supporting low-temperature drying strategies.

In summary, the HP-DWD system demonstrates significant advantages over conventional heat
pump drying in terms of energy efficiency, drying rate, and product quality preservation, offering a
promising solution for high-quality drying of heat-sensitive agricultural products.

5. Practical application prospects

The HP-DWD system demonstrates substantial potential for industrial-scale drying of heat-
sensitive agricultural products. From an economic perspective, the initial capital investment is
estimated to be 30-40% higher than conventional heat pump drying systems, primarily due to the
additional desiccant wheel and heat exchanger components. However, the 13.6-36.9% energy savings
and reduced drying time translate to a projected payback period of 2-3 years for medium-scale
operations (drying capacity >500 kg/batch), making the system economically viable for commercial
applications.

Several implementation challenges merit consideration: (1) The desiccant wheel requires
periodic maintenance and eventual replacement, which adds to operational costs; (2) System control
complexity is higher than conventional drying systems, necessitating operator training; (3) The
optimal operating conditions need to be determined for each specific product type. Future research
directions include developing automated control strategies based on real-time moisture monitoring,
scaling up the system for continuous operation, and extending the application to other heat-sensitive
products such as herbal medicines and premium fruits.
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