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ABSTRACT Heat pump-assisted drying is a highly efficient and easily controllable system
to obtain accurate drying conditions for agricultural products. A heat pump dryer's
mathematical models consist of three sub-models, namely drying models, heat pump
models, and performance models. The research objective was to develop an algorithm
for calculating design parameters for batch-type, closed-loop heat pump dryers. Python
programming language was used to code algorithms for heat and mass balance of the HP
dryer's refrigerant and air cycle under constant drying rate conditions. Inlet drying air
conditions, drying material properties, and drying time were inputs to the algorithm. The
power requirement of compressor, condenser and evaporator, specific moisture
extraction rate, moisture extraction rate, and coefficient of performance were
calculated. These heat pump dryer design parameters can be used in fabricating batchtype heat pump dryers.
Keywords: Drying, Heat pump, SMER
INTRODUCTION Food drying is one of the strategies for food preservation and is
commonly used in the food industry. Drying is an energy-intensive process and a widely
used in many industries, including food, chemical, and process industries. Simultaneous
heat and mass transfer processes occur in the drying process, and it is a complex process.
Several dryer types are used for drying food, such as solar dryers, fluidized bed dryers,
spray dryers, freeze dryers, vacuum dryers, pneumatic dryers, and heat pump dryers.
In conventional dryers, the exhaust air is released into the atmosphere, and losses of
energy taking place, reducing the performance, resulting in low specific moisture
extraction rate SMER (about 0.2–0.6 kg/kWh) (Yamankaradeniz et al., 2016). The heat
pump dryers use this energy in the exhaust air as both the latent heat and sensible heat
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improve the overall thermal performance of the dryer. Further, the condensation at the
evaporator reduces the humidity of the working air, increasing the effectiveness of the
product drying.
The heat pump dryers SMER is in the range of 1.0–4.0 kg/kWh with an average of 2.0-2.5
kg/kWh (Hodgett, 1976; Jolly, 1990). The latent heat of water is equivalent to a SMER of
1.56 kg/kWh. A heat pump, by its name, is a device implicitly supplying heat mainly for
space heating applications and heat recovery. Heat pump dryers are primarily consisting
two components: a drying chamber and a heat pump unit. The heat pump unit includes
an evaporator, condenser, expansion valve, and compressor. Comparing vegetable drying
by the HPD and a conventional dryer using an electrical heater found that an energy
saving of 40% can be made and the processing time reduced by 40.7% (Rossi et al., 1992).
Developing a dryer with optimum design parameters for food drying is complex due to
the different physicochemical characteristics. Also, the drying rates of food products vary
with time. Therefore, the objective of this research was to develop an algorithm to
determine the optimum design parameters for batch-type, closed-loop heat pump drying.
MATERIALS AND METHODS
The schematic diagram of a heat pump dryer is illustrated in figure 1. The air flows through
the drying chamber to gain moisture from the crop. This humid air is cooled down in the
evaporator, recovered the heat, and extracts moisture from the air, completing a
dehumidification process. The heat energy removes from the air by the refrigerant in the
evaporator, and the refrigerant evaporates. A portion of air bypass the evaporator and
directly goes through the condenser, and the total air amount that goes through the
evaporator is feed to the condenser. The condenser released heat energy to the
surroundings due to the condensation of the refrigerant. The dehumidified air gains this
heat energy, and the heated air is directed to the drying chamber.

Figure 1. Schematic diagram of heat pump dryer.
A heat pump dryer's mathematical models consist of three sub-models: drying models,
heat pump models, and performance models.
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Drying model Simulations limited to constant rate drying conduct to avoid dynamic
behavior of falling rate drying. This study considered a linear equilibrium model regarding
thermal equilibrium between drying air and the crop. This model has been modified from
the previous models (Achariyaviriya et al., 2000; Chou et al., 1994; Prasertsan et al., 1996;
Teeboonma et al., 2003; Hossain et al., 2013; Pal & Khan, 2008). The energy and mass
balance equation has expressed as equations 1 and 2.
𝑚𝑑 (ω𝑑𝑜 − ω𝑑𝑖 ) =

𝑚𝑝 (𝑀𝑖 −𝑀𝑓 )
𝑇

𝑚𝑑 [𝐶𝑎 𝑡𝑑𝑖 + ω𝑑𝑖 (ℎ𝑓𝑔 + 𝐶𝑝𝑣 + 𝑡𝑑𝑖 ) − 𝐶𝑎 𝑡𝑑𝑜 − ω𝑑𝑜 (ℎ𝑓𝑔 + 𝐶𝑝𝑣 𝑡𝑑𝑜 )] = 0

(1)

(2)

Heat pump model The basic heat pump model includes component models for the
evaporator, compressor, condenser, and capillary tube. Several assumptions have
simplified the heat pump model. The assumptions for the heat pump unit and dryer unit
are as follows.
Assumptions in the refrigerant flow path
1. The heat pump is operated at a steady state.
2. The refrigerant flow path is an ideal refrigeration cycle.
3. The pressure drop of the pipe system is negligible.
4. The tubes connecting the heat pump components are insulated.
5. The wall of the component housing is adiabatic.
Assumptions in the airflow path
1. The air duct and the drying chamber are thermally insulated.
2. The ambient conditions and specific heat capacity of air are constant.
3. The dryer is in steady-state condition and thermal equilibrium.
4. The system's air pressure is consistent, and the circulating dry air's mass flow rate
is steady.
5. The drying process is under a constant rate period.
6. The air condition leaving the condenser is the same as that of the air entering the
drying chamber.
Compressor model The reciprocating compressor, described by Threlkeld (1970), is given
by Eq. (3). The equation 4 indicates the compressor power requirement (Teeboonma et
al., 2003; Pal & Khan, 2008; Hossain et al., 2013).
𝑊ℎ =

𝑚𝑟 𝑃1 𝑉1
3600

𝑛

𝑃2

(𝑛−1) {(𝑃 )

(𝑛−1)
𝑛

1

− 1}

(3)

For a reciprocatory compressor
𝑃

𝜂𝑣 = 1 + 𝑛 − 𝑛 (𝑃2 )
𝑛=

𝐶𝑟𝑝

1⁄
𝑛

1

𝐶𝑟𝑣
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𝑊ℎ = 𝑚𝑟 (𝐻𝑐𝑜 − 𝐻𝑐𝑖 )

(4)

Capillary tube model The capillary tube is used as an expansion device for pressure
reduction (Pal & Khan, 2008; Hossain et al., 2013; Jolly et al., 1990). This process is
isenthalpic.
𝐻𝑐𝑜 = 𝐻𝑒𝑖

(5)

Fan Power Dynamic pressure losses in ducts occur due to change in direction and
velocity.
𝐹𝑎𝑛 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 = 𝐹𝑎𝑛 𝑡𝑜𝑡𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 × 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (6)
Evaporator model The evaporator model has been developed according to the mass and
energy balance equations and incorporating air bypass factor and modified from the
equations given by Teeboonma et al., 2003; Pal & Khan, 2008; Hossain et al., 2013; Jolly
et al., 1990 (equation 7, 8, and 9).
𝑚𝑒𝑤 = 𝑚𝑎 (1 − 𝐵𝐹)(𝜔𝑑𝑜 − 𝜔𝑒𝑠 )

(7)

𝑄𝑒𝑎 = 𝑚𝑎 (1 − 𝐵𝐹)(ℎ𝑑𝑜 − ℎ𝑒𝑠 ) − 𝑚𝑒𝑤 ℎ𝑒𝑤

(8)

𝑄𝑒𝑟 = 𝑚𝑟 (𝐻𝑒𝑜 − 𝐻𝑒𝑖 )

(9)

Condenser model The condenser model has been developed according to the mass and
energy balance equations (Teeboonma et al., 2003; Pal & Khan, 2008; Hossain et al., 2013;
Jolly et al., 1990) and illustrated by equation 10 and 11.
𝑄𝑐𝑎 = 𝑚𝑎 (𝐶𝑝𝑎 + 𝜔𝑑𝑖 𝐶𝑝𝑣 )(𝑡𝑐𝑜 − 𝑡е𝑜 )

(10)

𝑄𝑐𝑟 = 𝑚𝑟 (𝐻𝑐𝑖 − 𝐻𝑒𝑖 )

(11)

Performance model Several performance models are used to evaluate the performance
of the HP dryers, i.e., the specific moisture extraction rate (SMER), the coefficient of
performance (COP), specific energy consumption, the moisture extraction rate (MER)
(Colak & Hepbasli, 2009 (a); Colak & Hepbasli, 2009 (b); Clements, 1993; Jia, 1990;
Mujumdar, 2007).
Coefficient of Performance The energy efficiency of a heat pump is defined by the COP
and given by equation 12 (Chua et al., 2002; Jia, 1990; Pal & Khan, 2008; Hossain et al.,
2013; Achariyaviriya et al., 2000).
𝐶𝑂𝑃 =

𝑈𝑠𝑒𝑓𝑢𝑙 ℎ𝑒𝑎𝑡 𝑜𝑢𝑡𝑝𝑢𝑡
𝑃𝑜𝑤𝑒𝑟 𝑖𝑛𝑝𝑢𝑡

(12)

Specific Moisture Extraction Ratio
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Specific Moisture Extraction Rate (SMER) is the parameter used as a thermic feature of
heat pump dryer performance, indicating a heat pump's efficacy. SMER is defined as the
ratio between the amount of moisture evaporated and the compressor's energy and the
blower (Mohanraj, 2014). SMER numbers directly measure the energy efficiency in
removing water from the dried material (Minea, 2013). SMER is defined in equation 13
(Achariyaviriya et al., 2000; Colak & Hepbasli, 2009 (b), Chua et al., 2002, Prasertsan et
al., 1997; Pal & Khan, 2008; Hossain et al., 2013).
𝑆𝑀𝐸𝑅 =

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒
𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑑𝑟𝑦𝑒𝑟

(13)

Jia et al. (1990) and Schmidt et al. (1998) also defined SMER as SMERhp (14) and SMERws
(15).
𝑆𝑀𝐸𝑅ℎ𝑝 =
𝑆𝑀𝐸𝑅𝑤𝑠 =

𝑚𝑑
𝑊ℎ
𝑚𝑑
𝑊ℎ + 𝑊𝑓

(14)
(15)

Moisture Extraction Rate The MER indirectly represents dry product throughput and
calculated using equation 16 (Hossain et al., 2013; Pal & Khan, 2008; Prasertsan et al.,
1996).
𝑀𝐸𝑅 =

𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑑𝑟𝑦𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

(16)

RESULTS AND DISCUSSION
SOLUTION ALGORITHM
Python programming language was used for the algorithm development. The inputs for
the simulation procedure are initial and final moisture contents, product weight, total
drying time, and evaporator bypass air ratio. The temperature and relative humidity for
drying products are guessed values for each crop. Accordingly, the humidity of the air was
calculated using a psychrometric set of equations. The humidity ratio of air entering the
drying chamber is calculated by the air's known conditions entering the drying chamber.
The optimum mass flow rate for the crop also a guessed value. The evaporator bypass
ratio is added to the algorithm for further proceed. The compressor power requirement,
specific moisture extraction rate, and coefficient of performance are significant outputs
of the algorithm. The algorithm was developed for several refrigerants that can be
selected, such as R12, R22, R114, R502, and R717.
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Figure 2. Flow chart for the algorithm.
VALIDATION OF THE ALGORITHM
The algorithm was validated for several crops which dried under a heat pump drying
system. The selected crops were coffee (Coffea arabica) (Fernando et al., 2021), papaya
(Carica papaya) (Soponronnarit et al., 2007), chestnuts (Castanea crenata) (Giovenzana
et al., 2013), alfa-alfa (Medicago sativa) (Adapa et al., 2002). The data were feed to the
algorithm, and calculated the design parameters. The SMER values resulted from the
program were 0.719 kWh kg-1, 0.363 kWh kg-1, 0.490 kWh kg-1, and 0.620 kWh kg-1, and
the corresponding SMER values were 0.709 kWh kg-1, 0.374 kWh kg-1, 0.520 kWh kg-1,
0.644 kWh kg-1, respectively. The error percentage for SMER values from literature and
resulted from the program were 1.32%, 2.95%, 6.12%, and 3.82%, respectively. The
results indicated that the developed algorithm provided better results for SMER and
thereby demonstrated the algorithm's accuracy.
CONCLUSION Heat pump dryer algorithm was developed and tested to simulate HP dryer
design components and performance. It has several refrigerants that can be selected,
such as R12, R22, R114, R502, and R717. The results reported in the present work
confirmed the viability of developing a computer program based on correlations, energy
and mass balance, heat and mass transfer, and experimental data on the physical
properties of agricultural products. There were several assumptions on developing the
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algorithm, which was typical routines in the HP drying process. The HP dryer code was
developed, debugged, and tested. The algorithm provides output results on condenser
capacity, evaporator capacity, compressor power requirement, and performance indices
such as COP, SMER, and MER. The algorithm was compared and simulated and
experimental results for different agricultural products. The results indicated that the
developed algorithm helps design and select various components of a batch-type, closedloop heat pump drying process under constant drying rate conditions.
REFERENCES
Achariyaviriya, S., Soponronnarit, S., & Terdyothin, A. 2000. Mathematical model
development and simulation of heat pump fruit dryer. Dry. Technol., 18(1-2), 479-491.
Adapa, P. K., Schoenau, G. J., & Sokhansanj, S. (2002). Performance study of a heat pump
dryer system for specialty crops—Part 2: Model verification. International journal of
energy research, 26(11), 1021-1033.
Chou, S. K., Hawlader, M. N. A., Ho, J. C., Wijeysundera, N. E., & Rajasekar, S. 1994.
Performance of a heat‐pump assisted dryer. Int. J. Energy Res., 18(6), 605-622.
Chua, K. J., Chou, S. K., Ho, J. C., & Hawlader, M. N. A. 2002. Heat pump drying: Recent
developments and future trends. Dry. Technol., 20(8), 1579-1610.
Clements, S., Jia, X., & Jolly, P. 1993. Experimental verification of a heat pump assisted
continuous dryer simulation model. Int. J. Energy Res., 17(1), 19-28.
Colak, N., & Hepbasli, A. (a). 2009. A review of heat pump drying: Part 1–Systems, models
and studies. Energy Convers. Manag., 50(9), 2180-2186.
Colak, N., & Hepbasli, A. (b). 2009. A review of heat-pump drying (HPD): Part 2–
Applications and performance assessments. Energy Convers. Manag., 50(9), 21872199.
Fernando, A. J., Amaratunga, K. S. P., Madhushanka, H. T. N., & Jayaweera, H. R. Y. S. 2021.
Drying performance of coffee in a batch-type heat pump dryer
Trans. ASABE, (In Press).
Giovenzana, V., Beghi, R., Guidetti, R., & Fiala, M. 2013. Industrial heat pump dryer for
chestnuts (Castanea sativa Mill.): performance evaluation. Appl Eng Agric, 29(5), 705715.
Hodgett, D. L. Efficient drying using heat pump. 1976. Chemical Engineering, 311, 510512
Hossain, M. A., Gottschalk, K., & Hassan, M. S. 2013. Mathematical model for a heat pump
dryer for aromatic plant. Procedia Engineering, 56, 510-520.
Jia, X., Jolly, P., & Clements, S. 1990. Heat pump assisted continuous drying part 2:
Simulation results. Int. J. Energy Res., 14(7), 771-782.
Jolly, P., Jia, X., & Clements, S. 1990. Heat pump assisted continuous drying part 1:
Simulation model. Int. J. Energy Res., 14(7), 757-770.
Mohanraj, M. (2014). Performance of a solar-ambient hybrid source heat pump drier for
copra drying under hot-humid weather conditions. Energy Sustain. Dev., 23, 165–169.
Minea, V. (2013). Drying heat pumps—Part II: Agro-food, biological and wood products.
Int. J. Refrig., 36, 659–673.
Mujumdar, A. S. 2007. Handbook of Industrial Drying. CRC Press. New York, USA.
Pal, U. S., & Khan, M. K. 2008. Calculation steps for the design of different components of
heat pump dryers under constant drying rate condition. Dry. Technol., 26(7), 864-872.

CIGR 5th International Conference – Virtually from Québec City, Canada – May 11-14, 2021

7

Prasertsan, S., Saen‐Saby, P., Ngamsritrakul, P., & Prateepchaikul, G. 1996. Heat pump
dryer Part 1: Simulation of the models. Int. J. Energy Res., 20(12), 1067-1079.
Prasertsan, S., Saen‐Saby, P., Ngamsritrakul, P., & Prateepchaikul, G. 1997. Heat pump
dryer Part 2: Results of the simulation. Int. J. Energy Res., 21(1), 1-20.
Prasertsan, S., & Saen-Saby, P. (1998). Heat pump drying of agricultural materials. Dry.
Technol., 16(1-2), 235-250.
Rossi, S. J., Neues, L. C., & Kicokbusch, T. G. 1992. Thermodynamic and energetic
evaluation of a heat pump applied to the drying of vegetables. Drying, 92, 1475-8.
Schmidt, E. L., Klöcker, K., Flacke, N., & Steimle, F. 1998. Applying the transcritical CO2
process to a drying heat pump. Int J Refrig, 21(3), 202-211.
Soponronnarit, S., Nathakaranakule, A., Wetchacama, S., Swasdisevi, T., & Rukprang, P.
(2007). Fruit drying using heat pump. International Energy Journal, 20(1), 39-53.
Teeboonma, U., Tiansuwan, J., & Soponronnarit, S. 2003. Optimization of heat pump fruit
dryers. J Food Eng, 59(4), 369-377.
Threlkeld, J. L. 1970. Thermal environmental engineering (Vol. 11). Prentice Hall.
Yamankaradeniz, N., Sokmen, F. K., Coskun, S., Kaynakli, O., & Pastakkaya, B. (2016).
Performance analysis of a re-circulating heat pump dryer. Thermal Science, 20(1), 267277.
NOMENCLATURE
𝐵𝐹
bypass factor
𝐶𝑝𝑎
specific heat of dry air (kJ/kg K)
𝐶𝑝𝑣
specific heat of water vapor (kJ/kg K)
𝐶𝑟𝑝
specific heat of refrigerant at constant pressure (kJ/kg K)
𝐶𝑟𝑣
specific heat of refrigerant at constant volume (kJ/kg K)
𝐻
enthalpy of refrigerant (kJ/kg)
ℎ
enthalpy of air (kJ/kg dry air)
ℎ𝑒𝑤
enthalpy of condensed water at the evaporator surface
temperature (kJ/kg)
ℎ𝑓𝑔
latent heat of vaporization of water at reference temperature
of 0⁰C (kJ/kg)
𝑚𝑎
mass flow rate of dry air (kg/s)
𝑚𝑑
dry mass air flow rate (kg/s)
𝑚𝑒𝑤
rate of moisture condensed at the evaporator surface (kg/s)
𝑀𝑓
final moisture content of product (%, w.b.)
𝑀𝑖
initial moisture content of product (%, w.b.)
𝑚𝑝
dry mass of the product (kg)
𝑚𝑟
mass flow rate of refrigerant (kg/s)
𝑚𝑤
mass of moisture removed during drying (kg)
𝑃
pressure (kPa)
𝑄
heat transfer rate (kW)
RH
relative humidity (%)
𝑡
temperature of air (K)
𝑇
total time (h)
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𝑊ℎ
𝑊𝑓
ω
𝜂𝑣
SUBSCRIPTS
𝑎
𝑐
𝑑
𝑒
𝑒𝑠
ℎ𝑝
𝑖
𝑜
𝑟
𝑤𝑠

power input to the compressor (kW)
power input to the fan (kW)
humidity ratio of air (kg water/kg dry air)
volumetric efficiency

air
condenser
drying chamber
evaporator
evaporator surface
heat pump
inlet
outlet
refrigerant
whole system
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