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Abstract: The performance of an enhanced vapor-injection heat-pump drying system was designed
and theoretically studied in cold areas. According to the simulation findings, the ideal vapor-injection
charge of the system ranges from 12.3 to 13.9%, and its ideal intermediate pressure is between 1.278
and 1.498 MPa when the evaporation temperature is above 0 °C. The ideal vapor-injection charge
of the system ranges from 13 to 20%, and its optimal intermediate pressure ranges from 1.078 to
1.278 MPa when the evaporation temperature is —15-0 °C. The ideal vapor-injection charge of the
system ranges from 20 to 24%, and the intermediate pressure ranges from 0.898 to 1.078 MPa when the
evaporation temperature is below —15 °C. The heat and humidity exhausted air source heat-pump
drying (HHE-ASHPD) system has higher dehumidification efficiency than the closed heat-pump
drying (CHPD) system under the same air temperature, humidity, and volume parameters.

Keywords: heat pump; drying; enhanced vapor injection; COP; SMER

1. Introduction

Drying technology is widely used in agriculture, food, biology, building materials, and
other fields [1]; however, the drying process requires a lot of energy, and this accounts for
15% of the total industrial energy consumption [2,3]. According to the different principles,
common drying technology can be divided into hot air drying [4], microwave drying [5],
infrared radiation drying [6], vacuum freeze drying [7], etc.; however, hot air drying has
poor drying quality, a long drying time, and high energy consumption [8]. Microwave dry-
ing easily causes high localised temperatures and excessive heating [9]. Infrared radiation
drying has the disadvantages of limited penetration depth and uneven drying [10]. Vacuum
freeze drying involves higher energy consumption [11]. By comparison, heat-pump drying
has the advantages of high efficiency and energy conservation, adjustable temperature and
humidity, high drying quality, and various structural forms; thus, it attracts much attention
in the field of drying [12].

The heat pump was first utilized for dehumidification in 1943 by the German Sulzer
Company; since then, heat-pump drying technology has advanced quickly in a vari-
ety of industries [13] and is now widely employed in the fields of food, wood, medical,
and other technology [14,15]. Mei et al. [16] studied the effect of the system on total
flavonoids in the blade of clinacanthus nutans by combining solar energy and heat-pump
drying. The experimental results showed that the percentage of extractable substances and
flavonoid substances in the materials dried in combination with a heat pump and solar
energy increased significantly. To recover waste heat and address exhaust-gas pollution,
Chua et al. [17] paired the heat pump with a tower-type coal-fired corn-drying system.
Bithika et al. [18] improved the banana-drying model by adding narrow parameters, which
significantly improved the fitting results. Wang et al. [19] developed a part air dehumidi-
fication cascade-like heat-pump dryer system combined with a set of heat pipes for heat
recovery; meanwhile, Perna et al. [20] proposed the accurate concept of the dominant
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frequency of the heat pipe to provide a good basis for fully characterizing the device’s
thermofluidic operation. By fusing solar energy with heat-pump systems, Qiu et al. [21]
built a novel form of heat recovery and accumulation of heat-drying systems and studied
the impact of various economic devices on system heat recovery. According to experimental
findings, the solar-assisted heat-pump desiccators (SAHPD) system could conserve 40.53%
of energy by using heat storage and heat recovery. Salih et al. [22] explained the drying
process of tomatoes by using a heat-pump dryer to dry tomato slices at different tempera-
tures. Jeyaprakash et al. [23] studied the change of tomato flavour in heat-pump drying and
compared it with freeze drying, finally finding that heat-pump drying had better flavour
retention. In order to dry cassava trash, Yahya et al. [24] investigated the effectiveness of
solar desiccators (SD) and the SAHPD system. According to experimental results, the SD
and SF of SAHPD were, respectively, 43.2-75.4% and 22.4-58.4%, and the corresponding
average values were, respectively, 66.7% and 44.6%. A completely new solar heat-pump
drying system was proposed by Hao et al. [25] who also conducted simulation and experi-
mentation to evaluate the system’s performance. The results demonstrated that there was
little discrepancy between the simulation value and the actual value, and its efficiency was
higher than the open solar efficiency of 0.23 g of water/g of dry matter. In their analysis
of the development of heat-pump drying technology and discussion of its uses for drying
wood and food, Chua et al. [26] provided a summary. In order to manage the wind speed of
the two-stage evaporator, Du et al. [27] developed a new type of two-stage evaporator heat
pump. They also evaluated the performance and characteristics of the evaporator under
various operating conditions. Tucker et al. [28] used the Midilli and Kucuk model to match
the experimental data and the Arrhenius-type equation to explain the link between water
diffusivity and temperature. Le et al. [29] compared the performance of the heat-pump
dryer under different weather conditions. The specific moisture extraction rate (SMER) of
the system was 0.37 kg/kWh, 0.33 kg/kWh, and 0.26 kg/kWh under sunny, intermittent
cloudy and overcast weather conditions, respectively.

In this paper, a multifunctional heat-pump drying system is designed, which can
complete the conversion between the CHPD system and the HHE-ASHPD system using en-
hanced vapor-injection technology. The performance of the HHE-ASHPD system at various
evaporation temperatures is simulated mathematically, and the dehumidification effective-
ness of the two systems under various conditions is compared to confirm the applicability
of the system selection and produce a theoretical framework for further investigation.

2. Model Establishment
2.1. System Principles

The heat-pump drying system designed in this paper is shown in Figure 1. The
solid line is the heat-pump circulation system, which is mainly composed of a compressor,
electronic expansion valves, condenser, dehumidifying evaporator, external evaporator,
solenoid valves, filter dryer, liquid storage tank, and liquid mirror. For the CHPD system,
the refrigerant is compressed by the compressor before entering the condenser, where it is
throttled and depressurized by the expansion valve before entering the dehumidification
evaporator to exchange heat with the air and finish the dehumidification cycle. For the
HHE-ASHPD system, it opens solenoid valve 12 and closes solenoid valve 13. The air in
the drying chamber is heated by the condenser cycle. When the air humidity reaches the
desired level, humidity and heat removal port 21 is opened to remove the humidity, and
the new air port 20 is opened to introduce fresh air. The air in the drying chamber continues
to circulate after the humidity removal is complete. For the HHE-ASHPD system, the
compressor employs enhanced vapor-injection technology to enhance the unit’s operation
in low-temperature situations.

2.2. Thermodynamic Cycle Analysis

The P-h and T-s diagram of the heat-pump drying system designed in this paper is
shown in Figure 2. The P-h diagram is used as an example to analyze the thermodynamic
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cycle of this system in this paper. The compression process can be divided into three stages:
the first stage of compression before the vapor injection (1-2), the middle stage of the vapor
injection (2-2/, 6-2'), and the second stage of compression after the vapor injection (2'-3). The
refrigerant is diverted into two routes after heat exchange with the external environment in
the condenser (3—4). The branch subcooled liquid refrigerant enters the economizer through
throttling and, finally, enters the compressor (4—4'-6). The subcooled liquid refrigerant of
the main route passes through the economizer, then enters the evaporator through throttling
and, finally, enters the compressor for circulation (4-5-5"-1).
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Figure 1. Schematic diagram of the heat-pump drying system with double evaporator.

1gP T

Figure 2. Double evaporator heat-pump drying system refrigeration cycle: (a) P-h; (b) T-s.

2.3. Compressor Model

In order to replenish gas and enhance enthalpy, the experimental system uses a
compressor with frequency conversion, and the model follows the formula [30]. This is the
formula for model fitting:

y=c1+tcle+cl:+ C4Te2 +osTeTe + C6Tc2 + C7Te3 + CSTeZTc + C9TeTc2 + ClOTCB 1)

where y are compressor power, heating capacity, COP, mass flow rate and other parameters.
T, is the evaporation temperature of the system, °C; T is the condensation temperature
of the system, and °C; ¢y, ¢y, ¢3, c4, 5, Cg, €7, €8, C9 and cqg are the constants corresponding
to each performance of the compressor, which can be obtained through the compressor
selection software or calculated according to the performance parameters.
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The compressor power consumption is:
W =m((hy — 1) + (1+ a) (h3 — hy)) 2

where m is the refrigerant mass flow rate, and kg/s; a is the injection ratio between the air
admixed with increasing enthalpy.

2.4. Expansion Valve Model

The throttling process can be regarded as an isoenthalpy process, ignoring the pressure
drop and heat leakage loss when the refrigerant flows through the expansion valve. The
calculation formula is as follows:

m = CApy\/20(Piy — Pout) 3)

where Ay, is the circulation area of the electronic expansion valve, m?; p is the density of
refrigerant flowing through the expansion valve, kg/m?; P;, is the inlet refrigerant pressure
of the expansion valve, MPa; P,y is the refrigerant pressure at the outlet of the expansion
valve, MPa; and C is the mass flow coefficient, which can be calculated according to the
empirical formula proposed by Wile [31]:

C = 0.02005,/p + 0.634v 4)
where v is the specific volume of refrigerant.

2.5. Finned Heat-Exchanger Model

Finned heat-exchangers are used in the condenser, external evaporator, and dehumid-
ifying evaporator of the heat-pump system. Aluminum serves as the fin and a smooth
copper tube serves as the refrigerant pipeline. Although the refrigerant will typically be in
a two-phase state when it enters the evaporator, the process of refrigerant heat transfer in a
heat-exchanger can be divided into three stages: the liquid phase region, the two-phase
region, and the gas-phase region. As a result, only the condenser model refrigerant heat-
transfer state is divided into three stages, and the refrigerant in the evaporator only exists
in the two-phase section. As depicted in Figure 3, the heat-exchanger model is condensed
into several one-dimensional flow heat-transfer model components.

L

MM TN RRRRRRRNY
T,.h, 4 | T .k,

21 I R R
R —— T,.h,

Figure 3. One-dimensional flow heat-transfer model of heat-exchanger.

2.5.1. Heat Transfer on the Refrigerant Side
e  Single-Phase Region

My in = Mpyout (5)
iy (M in — Bour) = € Ai(Tw — Ty (6)

where my, is the mass flow rate of refrigerant flowing through the heat-exchanger, kg/s;
hy, is the enthalpy value of the import and exported refrigerant in the heat-exchanger, kJ /kg;
Ty is copper tube wall temperature, °C; Ty, is the average refrigerant temperature of the

heat-exchanger, °C; and 4; is the heat-transfer area, m?2.
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e  Two-Phase Region

The calculation formula proposed by Teraga and Guy [32] is used to calculate the
corresponding two-phase region in this paper,

o (x)(0.2 < x < xy4)

Xtp ) (7)
ar(xg) — (7=32) " (ar(xa) — as) (x = xg)
2.5.2. Heat Transfer on the Air Side
e  Heat-Transfer Coefficient under Dry Conditions
My in = M out (8)
My (ha,in - ha,out) = “A(Tam - Tw) (9)

where, m; j,, M} 1, and m, are the mass flow rate of wet air, kg/s; h, ;;,, and g o, are the
enthalpy value of wet air at the inlet and outlet of the heat-exchanger, kJ/kg; « is the
heat-transfer coefficient under dry conditions, W/ (mZ-OC) ; A is the heat-exchange area of
the heat-exchanger, m?; and T, is the average temperature of the air outside the pipe, °C.

e  Heat-Transfer Coefficient under Wet Conditions

mu(hu,in - hu,out) = gfxlA/(Tam - Tw) (10)

where, ¢ is the moisture-separation coefficient of the heat-exchanger; 4’ is the heat-transfer
coefficient under wet condition, W/(m2.°C); A’ is the heat-exchange area of the heat-
exchanger, mZ; Ty, is the average air temperature outside the tube; and °C; Ty, is the wall
temperature of copper pipe, °C.

2.6. Economizer Model

The major purpose of the economizer, a specially designed plate heat-exchanger, is
to undercool the refrigerant in the main circuit and to increase system effectiveness. In
the main circuit, which passes via the heat-exchanger, the refrigerant is liquid, and the
vapor-injection channel is a two-phase gas liquid. The two paths satisfy the requirements
for energy conservation and the vapor-injection ratio in the following paths:

a= (h3 —hy)/(hj — hy) (11)
2.7. Wet Air Model

The fundamental component of the moist air calculation model is the computation
of physical parameters, including partial vapor pressure, relative humidity, water vapor
saturation pressure, and others [33]. The following is the calculating formula:

The saturated vapor pressure is calculated by Gerry’s formula [34]. When the temper-
ature is greater than 0.01 °C, the water surface equation is adopted:

3142.305

IgHs = 31.46656 — ——

—8.2lgT + 0.00248T (12)

When the temperature is less than 0.01 °C, the ice surface equation is adopted:

1@%::—6%7%9—%g%z%é+82m2ngr—am6WWMT+Lm5Mx106T2 (13)
101325
s = —ep s (14)

Partial vapor pressure:
Py =Py, — A(t —t5)B (15)
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where B is the ambient atmospheric pressure; and P; j, is the saturated steam pressure.

A = 0.00001(65 + 6.75/v)

2.8. Heat-Pump System and Wet Air Model Solution

Figure 4 displays the established system model. The simulation approach disregards
the pressure drop and heat transfer of the connecting pipe fittings, and the system’s
constraint criteria are the equal flow of refrigerant at the interface and the system’s overall
energy conservation. The flow chart of the wet air mode solution is shown in Figure 5.

|
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Adjust the intermediate
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A

pressure
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Assumed subcooling of
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Y

Injection ratio a calculated
from enthalpy

A

Injection ratio a from
thermodynamic
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Figure 4. Algorithm flow chart of the influence of vapor-injection charge on the performance of

heat-pump drying system.
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Figure 5. Flow chart of wet air mode solution.

3. Analysis and Discussion of Simulation Results
3.1. Variation of System Performance with the Vapor-Injection Charge at Different Evaporation Temperatures

The impact of vapor-injection charge on the heating capacity of the HHE-ASHPD
system is depicted in Figure 6 under the conditions that the condensation temperature is
60 °C and the evaporation temperature fluctuates. The heating capacity of the system will
progressively rise along with an increase in the vapor-injection charge. If the condensation
temperature remains constant, an increase in the vapor-injection charge will cause the
refrigerant flow at the compressor’s output to rise, which will boost the condenser to
transfer heat, but no matter how much the evaporation temperature rises, the heating
capacity with the rising trend of vapor-injection charge is basically the same. When the
evaporation temperature is 7 °C, the vapor-injection charge increases by 15.6%, and the
heating capacity of the system increases by 11.5%. When the evaporation temperature is
0 °C, the vapor-injection charge increases by 17.85%, and the heating capacity of the system
increases by 9.62%. When the evaporation temperature is —5 °C, the vapor-injection charge
increases by 19.6%, and the heating capacity of the system increases by 9.5%. When the
evaporation temperature is —10 °C, the vapor-injection charge increases by 18.8%, and
the heating capacity of the system increases by 8.59%. When the evaporation temperature
is —15 °C, the vapor-injection charge increases by 16.3%, and the heating capacity of the
system increases by 6.9%. When the evaporation temperature is —20 °C, the vapor-injection
charge increases by 20.7% and the heating capacity of the system increases by 8.8%. When
the evaporation temperature is —25 °C, the vapor-injection charge increases by 19.9%, and
the heating capacity of the system increases by 7.6%. It can be seen that enhanced vapor
injection can effectively improve the heating capacity of the system.

The variation trend of compressor power consumption with the vapor-injection charge
is shown in Figure 7. The compressor power consumption rises gradually as the vapor-
injection charge increases when the condensation temperature is determined and the
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evaporation temperature is the same. The major cause is an increase in the quantity of
refrigerant flowing through the compressor and the amount of vapor supplied, which
causes an increase in compressor function. When the evaporation temperature is 7 °C,
the vapor-injection charge increases by 15.6% and the compressor power consumption
increases by 2.8%. When the evaporation temperature is —5 °C, the vapor-injection charge
increases by 19.6%, and the compressor power consumption increases by 2.8%. When the
evaporation temperature is —25 °C, the vapor-injection charge increases by 19.96% and the
compressor power consumption increases by 1.7%. It can be seen that the vapor-injection
charge has little effect on the compressor power consumption.

3500
——7°C
—<«—0°C
3000 | C

—e—-10°C

—a——15°C
—¥—-20°C
2500 w —e—-25°C

2000

Heating capacity (W)
T

1500

]000 1 L 1 L 1 L 1 L 1 L 1
5% 10% 15% 20% 25% 30%

Vapor-injection charge

Figure 6. Influence of vapor-injection charge on the heating capacity of the HHE-ASHPD system.
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Figure 7. Influence of vapor-injection charge on the compressor power consumption of the HHE-
ASHPD system.
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The variation trend of the COP with the vapor-injection charge is shown in Figure 8.
The system performs better when the vapor-injection charge is low and the evaporation tem-
perature is high; however, when the ambient temperature is low, a higher vapor-injection
charge is needed to ensure improved system performance; so, for different evaporation
temperatures, the COP of the system has an optimal value. The diagram indicates that
the ideal vapor-injection charge for the system is 12.3 to 13.9% when the evaporation
temperature is greater than 0 °C, 13 to 20% when the evaporation temperature is between
—15and 0 °C, and 20 to 24% when the evaporation temperature is lower than —15 °C. This
can infer that when the evaporation temperature increases, the optimum vapor-injection
charge of the heat-pump system drops and the COP increases. The cause of this is that as
the evaporation temperature rises, the density of the refrigerant at the compressor suction
port also rises, increasing the mass flow rate of the system, and, as a result, also increasing
the rate at which heating capacity is produced, which also raises the COP of the system.

34

——7°C
0°C

—a— -5 °C

—e—-10°C

30F A —15°C
I —v——20°C

2.8 1 —25°C
. L
o _ M
24
22 F M

20

32+

18 | L | L | L | L | L |
5% 10% 15% 20% 25% 30%

Vapor-injection charge
Figure 8. The effect of vapor-injection charge on the COP of the HHE-ASHPD system.

The enhanced vapor injection is used to increase system efficiency and lower com-
pressor exhaust temperature since the conventional heat-pump system has a problem with
high compressor exhaust temperature and low efficiency while operating at low evapora-
tion temperature. The compressor exhaust temperature with the vapor-injection charge
is shown in Figure 9. The compressor exhaust temperature decreases obviously as the
vapor-injection charge increases. This is because the refrigerant’s entropy will decrease
during mixing as a result of the increased vapor-injection charge. The drop in entropy will
result in a decrease in the compressor exhaust temperature when the isentropic efficiency of
the compressor and condensation pressure is fixed. The compressor exhaust temperature
reaches 134.3 °C when the evaporation temperature is —25 °C and the vapor-injection
charge is 13.4%, but when the vapor-injection charge is 28.9%, the compressor exhaust
temperature is lowered to 109.2 °C. The compressor exhaust temperature reaches 120.1 °C
when the evaporation temperature is —10 °C and the vapor-injection charge is 8.2%, but
when the vapor-injection charge is 26.9%, the exhaust temperature is lowered to 95.25 °C.
The compressor exhaust temperature can reach 108.4 °C when the evaporation temperature
is 0 °C and the vapor-injection charge is 4.4%; however, the compressor exhaust tempera-
ture drops to 86.9 °C when the vapor-injection charge is 22.3%. As can be observed, the
compressor is efficiently protected at low temperatures by the enhanced vapor-injection
technology, which also greatly lowers the compressor exhaust temperature.
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Figure 9. Effect of vapor-injection charge on exhaust temperature.

3.2. Effects of Various Air Circulation Modes on the Effectiveness of the System’s Dehumidification

System simulation was used to compare the dehumidification effectiveness of the
CHPD system and HHE-ASHPD system at various drying temperatures and humidity
levels and airflow of 1400 m3/h. The influence is shown in Figure 10. From the graph, the
drying temperature at 50 °C and the relative humidity of the air increased from 20 to 80%,
and the SMER of the CHPD system increased by 247.3%. While the SMER of the HHE-
ASHPD system increased by 248.0%. When the humidity is 50% and the air temperature
rises from 45 °C to 50 °C, the SMER of the CHPD system increases by 4.67%. When the air
temperature is 45 °C, the air relative humidity increases from 20% to 25%, and the SMER
of the CHPD system increases by 21.5%. while the SMER of the HHE-ASHPD system
increases by 21.5%. When the air temperature and humidity are 50 °C and 50%, the SMER
of the HHE-ASHPD system is 20% higher than that of the CHPD system. Under different
air temperature conditions, as the relative humidity of the air increases, the SMER of the
heat-pump drying system gradually increases, and the influence of the relative humidity of
the air on the dehumidification capacity is greater than the influence of the air temperature.
Under the same temperature and humidity conditions, the SMER of the HHE-ASHPD
system is greater than that of the CHPD system.

The dehumidification efficiency of the CHPD and HHE-ASHPD systems under differ-
ent air volumes and drying temperature of 50 °C is shown in Figure 11. When the relative
air humidity is 30%, 50%, and 70%, respectively, the SMER of the CHPD system steadily
declines with the air volume, falling by 26%, 16%, and 11%. The primary cause is that the
dehumidification evaporator has a constant heat-exchange capacity, and moisture conden-
sation necessitates that the air temperature is lowered to the dew-point temperature. The
sensible heat generated by the air rises as the airflow through the dehumidifier evaporator
increases, making it more difficult to condense water. When the relative humidity reaches
30%, 50%, and 70%, respectively, the SMER of the HHE-ASHPD system steadily rises with
the air volume, rising by 9.5%, 13.4%, and 15.6%. Because this cycle of dehumidification
depends on the external discharge of high-humidity air, the dehumidification efficiency
increases with air volume and wet air released per unit of time.
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Figure 10. The influence on the SMER of two drying modes under different drying temperatures
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Figure 11. Effects of air volume and relative humidity on the two circulation modes.

4. Summary

The performance variations of the HHE-ASHPD system under various evaporation
temperatures, vapor-injection charges, and intermediate pressures were evaluated by
developing a mathematical model of each major component. To achieve the greatest system
performance at this temperature, the vapor-injection charge and intermediate pressure
were optimised at various evaporation temperatures; additionally, the dehumidification
effectiveness of two drying modes under identical drying circumstances is contrasted. The
conclusions are that:
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The HHE-ASHPD system increased vapor-injection technology lowers the compressor
discharge temperature while raising heating capacity and COP. The intermediate
pressure of the system is positively correlated with the vapor-injection charge, and as
the evaporation temperature drops, so does the intermediate pressure;

For different evaporation temperatures, the HHE-ASHPD system has a suitable vapor-
injection charge to cause the system to perform at its best. When the evaporation
temperature is higher than 0 °C, the optimal vapor-injection charge of the system
is 12.3~13.9%. When the evaporation temperature is —15~0 °C, the optimal vapor-
injection charge of the system is 13~20%. When the evaporation temperature is lower
than —15 °C, the optimal vapor-injection charge of the system is 20~24%;

Under the condition of the same air volume and different air temperatures, the SMER of
the heat-pump system increases gradually with the increase in air relative humidity, and
the influence of relative air humidity on dehumidification capacity is greater than that
of air temperature. Under the same temperature and humidity conditions, the SMER of
the HHE-ASHPD system is greater than that of the CHPD system. Under the condition
of the same air temperature and different air volume, the dehumidification efficiency of
the CHPD system decreases with the increase in humidity, while the dehumidification
efficiency of the HHE-ASHPD system increases with the increase in humidity.
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Abbreviations

CHPD Closed heat-pump drying

copr Coefficient of Performance
HHE-ASHPD  Heat and humidity exhausted air source heat-pump drying
SAHPD Solar-assisted heat-pump desiccators
SD Solar desiccators

SMER Specific moisture-extraction rate (kg/(kW-h)
Symbols

a Injection ratio

A Area (m?)

B Ambient atmospheric pressure (MPa)
c Constant

C Mass flow coefficient

h Enthalpy value (k] /kg)

m Mass flow rate (kg/s)

P Pressure (MPa)

T Temperature (°C)

v Specific volume (m3/kg)

1% Power consumption (kW)

Greek Letters

¢ Moisture-separation coefficient

P

Density (kg/m?)
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o Heat-transfer coefficient (W/(m?2-°C))
Subscripts

a Wet air

c Condensation

e Evaporation

h Heat-exchanger

in Inlet

l Wet air

out Outlet

w Wall
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